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Abstract:

Beer’s law is not obeyed by aqueous solutions of ethylpyridinium bromide.
being due to the formation of an interionic CT complex between ethylpyridinium and bromide ions.

This is interpreted as
The CT

band is shifted toward the red as the bulk polarity of the solvent is decreased and also as the temperature of the so-
lutionis increased. The temperature-induced red shift, also reported by earlier workers for alkylpyridinium iodides,
but not understood so far, has now been interpreted as being largely due to a lowering of the solvent polarity at

the higher temperature.

The dissociation constant, K, of the ion pair complex decreases logarithmically, and the

molar extinction coefficient, e;q, increases linearly as the bulk dielectric constant, D, is decreased.

antzsch? had noticed about 60 years ago that Beer’s

law was not obeyed by aqueous solutions of alkyl-
pyridinium iodides. In more recent years, Kosower
and his coworkers®~7 have interpreted this unusual
spectral behavior as being due to the formation of a
charge-transfer (CT) complex between the alkylpyri-
dinium ion and the iodide ion. As opposed to molecu-
lar CT complexes,® the ground state of such an inter-
ionic CT complex is charged and the excited state is
neutral. The remarkably high sensitivity of CT tran-
sition energy of such complexes to the polarity of the
solvent has been studied in detail by Kosower and his
coworkers .57

Ray and Mukerjee®-!2 have recently studied the inter-
ionic CT interactions in long-chain alkylpyridinium
iodides in both ion pairs in solution and on the surface
of micelles. In addition, they have demonstrated the
existence of CT interactions of alkylpyridinium ions
with a variety of other anions® on the micellar surface
and with bromide and chloride ions in chloroform solu-
tions as well. The ion pair CT bands in chloroform
have been shown to appear at successively higher wave-
lengths in the order: 1= > Br— > CI-.

Little studies have, however, been made on the effects
of temperature on the CT interactions in alkylpyri-
dinium halides. Although red shifts® 1213 of the iodide
bands at higher temperatures were reported by earlier
workers, the origin of such effects was not understood.
The lack of any detailed studies on the effects of tem-
perature in these systems may be attributed to the fact
that the uv spectra of alkylpyridinium iodides are not
consistent and not reproducible?® due to the formation
of triiodides. The latter have very intense absorbances
in the wavelength regions of interest (¢ 21,000 at 3625 A
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and € 35,000 at 2950 A, in chloroform), and no accurate
analytical method apparently exists to correct for any
triiodide formation.” Dilute thiosulfate®*!2 solutions
have often been used. This, however, cannot be recom-
mended, as it has been shown by us that pyridinium
thiosulfate® ! has CT bands similar to the iodide bands
but lower in intensities.

We, therefore, decided to study the effects of tem-
perature and solvent polarity on the CT interactions in
ethylpyridinium bromide (EPB) in ion pairs in solution.
Unlike the pyridinium iodides,? consistent and repro-
ducible uv spectra are obtained with the bromide. As
in the case of iodides,? most of the CT band of EPB in
water is buried under the much more intense pyridin-
ium absorption band, but its long wavelength end is
sufficiently visible to be useful for the present study.
No CT complex is presumably formed between the pyr-
idinium ion and the perchlorate ion. Using 1.62 M
methylpyridinium perchlorate solution, Kosower? has
shown that the absorption of the free pyridinium ion is
negligible above 288 mu at this concentration. Since
we worked at much lower salt concentrations (0.2 M
or less) and since bromide ions do not absorb at these
wavelengths, any absorbances above 288 mu may be
regarded as due to the pyridinium bromide CT complex.
The bulk dielectric constant of the medium was varied
from 78.5 to 37.7 at 25° by using water—-ethylene glycol
mixtures (0-100 vol 7).

Experimental Section

Reagent grade ethylpyridinium bromide was obtained from
Matheson Coleman and Bell and was vacuum dried before use.
Chromatoquality, reagent grade ethylene glycol, also supplied by
the Matheson Coleman and Bell, was dried overnight with anhy-
drous sodium sulfate and distilled under reduced pressure before
use.

The uv absorbance measurements were carried out in a Cary 14
spectrophotometer. The cell compartments and the cell holders
were thermostated. Temperatures of solutions were kept con-
stant within £0.05°.

Results and Discussion

Absorbances at 290 mu are plotted against the con-
centration of EPB in water and ethylene glycol at 25 and
45° (Figure 1). These and similar plots for longer
wavelengths (not shown) indicate that Beer’s law is not
obeyed by EPB solutions at these wavelengths. This
is similar to what was observed by Hantzsch? and con-
firmed by Kosower and coworkers? in pyridinium iodide
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Figure 1. Absorbance data as a function of EPB concentration
in water: (Q) 25°, (@) 45°; in ethylene glycol: (A) 25°, (A) 45°.
solutions. By analogy to the iodide systems, therefore,

it can be postulated that the absorbing species involved
is the CT complex in ethylpyridinium bromide ion
pairs. This conclusion is supported by our previous
observations® of pyridinium bromide CT bands both
in chloroform and on the micellar surface in water.

Figure 2 shows the absorption spectra of EPB in
water, 40 vol 97 ethylene glycol, and ethylene glycol at
25 and 45°. Since the absorbances due to both pyr-
idinium ions® and bromide ions are negligible at wave-
lengths above 288 my, at concentrations 1.62 M or less,
any absorption above this wavelength is taken to be due
to the CT interaction in the ion pair only.

It is evident from Figure 2 that as the polarity of the
solvent is decreased, the log OD vs. A plot moves out
into longer wavelengths. The observed increase in OD
at any given wavelength can be due to two factors: an
increase in the concentration of ion pairs in the less polar
medium, and a red shift of the actual CT band due to
a decrease in the solvent polarity.?

Interestingly, an increase in the temperature of each
solution from 25 to 45° also results in an increased OD
in all the cases (Figures 1 and 2), although a decrease
in OD may actually be expected because of an increase
in the dissociation of the ion pair complex at the higher
temperature.

Hantzsch!® had noted that the color of an ethylpyr-
idinium iodide solution in chloroform changes from
yellow at 25° to colorless at —75°. Over the same
temperature range, a red-orange solution of 1-ethyl-4-
carbomethoxypyridinium iodide in chloroform was
found by Kosower?® to turn pale yellow. Also, it has
been observed by Kosowers that the “Z-value,” defined
as the CT transition energy (kcal/mol) at the wave-
length of maximum absorption for the latter compound,
decreases with increasing temperature and the apparent
molar extinction coefficient, calculated on the basis of
total salt concentration, increases. A shift in the red
by 2 mu has been observed in the micellar CT band of
dodecylpyridinium iodide!! as the temperature was
raised from 25 to 45°.

Thus, although all the past observations mentioned
above, made in pyridinium iodide systems, actually
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Figure 2. Absorption spectra of EPB in water, 0.1021 M: (O)
25°, (@) 45°; in 40 vol % ethylene glycol, 0.1190 M. (O) 25°,
(m) 45°; in ethylene glycol, 0.1266 M. (A) 25°,(A) 45°,

confirm the present observations, no attempt seems
to have been made so far to interpret this temperature
effect.

The strong dependence of the pyridinium iodide CT
band position on the solvent polarity is now well estab-
lished.*~? The pyridinium bromide band also appears
to be dependent on solvent polarity both from the
present study as well as from our previous observation®
that in chloroform (D = 95) solution the pyridinium
bromide band appears much further toward the red
than the CT band on the micellar surface or in ethylene
glycol (D = 37.7) (this work). Also, it is a well-known
fact that the dielectric constant, D, of a solvent is a de-
creasing function of the temperature,!* ¢, i.e., dD/d¢ is
negative. In the present paper it is postulated that the
observed temperature effect on the CT absorption is,
at least in part, a result of the decrease in the bulk polar-
ity of the solvent at the higher temperature.

To test this hypothesis, the dissociation constant,
K,, and the molar extinction coefficient, ¢, of the ion
pair complex are determined as a function of the di-
electric constant of the medium at 25 and 45°.

It is conceivable? that several kinds of ion pairs, such
as “intimate,” ‘‘solvent sharing,” or ‘‘solvent sep-
arated,”” may exist in solution, but owing to the short-
range nature of the CT forces, only the “intimate’ ion
pairs are likely to be involved in the CT interactions.
Since the “intimate’ ion pairs are in equilibrium with
the other kinds, the former may be regarded as a con-
stant fraction of all ion pairs, independent of concentra-
tion. The equilibria can be written as

(RPy*Br“) :— (RPy+Br_)solvent sharing =
(RPy+Br—)solvent separated ~— RPy+ + Br- (1)

The dissociation constant, Ky, is given by
Kq = (C — G&)*/C 2

where C = total salt concentration and C; = concentra-
tion of all ion pairs. Assuming that the absorbance is
(14) H. S. Harned and B. B. Owen, “The Physical Chemistry of

Electrolytic Solutions,” 3rd ed, Reinhold, New York, N. Y., 1958,
pp 159-162.
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Figure 3. The variation of the dissociation constant of the EPB
CT complex with the dielectric constant at 25°.
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Figure 4. The variation of the molar extinction coefficient at 290
my of the EPB CT complex with the dielectric constant at 25°.

due only to the ion pairs and not the free ions, the molar
extinction coefficient, ¢, can be defined as ¢ = a/C,,
where @ = OD and ¢ is the average for all ion pairs.
As before,® the following equations can be written

(KaC)2JC =1 — CJC = | —
aleC = (1/C)(Kaale)”* (3)

and
a/C = ¢ — (Ka€)/¥(a"*/C) @

Since the calculations are of an approximate nature,
the activity coefficients are considered to be unity.

The plots of a/C vs. a/*/C are indeed found to be
linear. The slopes and the intercepts of these straight
lines are calculated by the least-squares method. The
values of Kj and e S0 obtained are listed in Table 1.

Table I. Dissociation Constants and Molar Extinction
Coefficients of EPB CT Complexes in Water-Ethylene
Glycol Mixtures

Solvent Temp, Dielectric Ky,
(vol 7 EG) °C constant!4 mol/l. €230
0 25 78.5 0.95 40
45 71.7 0.95 48
20 25 72.3 0.91 53
40 25 65.8 0.67 57
45 59.9 0.67 71
60 25 58.3 0.40 64
80 25 49.2 0.17 59
100 25 37.7 0.10 81
45 33.9 0.10 93
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Figure 5. Plot of the molar extinction coefficient of the EPB CT

complex against wavelength in water: (QO) 25°, (@) 45°; in 40 vol
9% ethylene glycol: (O) 25°, (W) 45°; in ethylene glycol: (A)
25°, (A) 45°.

At 25°, K, is found to increase by about a factor of
ten as the bulk D is increased by slightly more than a
factor of two. A plot of log K, against D¢ is found to
be linear (Figure 3). On the other hand, the molar ex-
tinction coefficient, e:q0, is found to decrease by about a
factor of two over the same range of D, at the same
temperature, the decrease being approximately linear
with D (Figure 4). The K, value for EPB in water,
0.95 (mol/l.), may be compared with that of methyl-
pyridinium iodide* in water, 0.43. The higher Ky
value for EPB indicates that the bromide complex is
weaker than the iodide complex, which may be expected.
Similarly, the Ky values, 0.10 and 0.041, for EPB and
dodecylpyridinium iodide® in ethylene glycol (D = 37.7)
and 809, methanol (D = 40.1), respectively, show a
similar order in the magnitude which is further indica-
tive of the relative strengths of the bromide and the
iodide complexes. The corresponding molar extinction
coefficients at 290 mu for the latter two solvents are 81
and 430, respectively. A lower ego value for EPB is
actually expected, as the bromide band appears at a
lower wavelength than the iodide band.

The measurements are extended to 45° in 0, 40, and
100 vol % ethylene glycol in water. The K, values and
the eqo values are calculated in a similar manner for
this temperature and listed in Table I. The K4 values
at 45° are found to be the same as at 25° for all three
solvents. Even though the calculations are rather ap-
proximate, this invariance of K; with temperature is
interesting and can be explained if it is assumed that
any dissociating effect due to the higher temperature
is counterbalanced by an associating effect of a com-
parable magnitude due to a lowering of the bulk polarity
of the solvent at the higher temperature. The molar
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extinction coefficients, on the other hand, are found to
increase at the higher temperature (Table I and Figure
5), which would be expected if the polarity of the
medium is decreased.

In dioxane-water mixtures!4 (0-50 wt %), the dielec-
tric constant is known to decrease by a constant frac-
tion, viz. 9-109Z, as the temperature is increased from
25 to 45°, the value of this fraction being almost in-
dependent of the composition of the solvent mixture.
Assuming that similar decreases occur in ethylene glycol-
water mixtures, values of D at 45° may be estimated to
be 71.7, 59.9, and 33.9 for 0, 40, and 100 vol % eth-
ylene glycol, respectively. The observed increases in
€290 at 45° are about those expected from Figure 4, for
0 and 40 vol 9 ethylene glycol; the increase for pure
ethylene glycol is somewhat higher than the expected
value. In view of the approximate nature of the cal-
culations involved, the above agreements may be con-
sidered to be fair. Thus, the observed temperature
effect can be explained largely in terms of the decrease
in the polarity of the bulk medium at the higher tem-
perature.

If it is assumed that the shape of the pyridinium
bromide CT band, when log e is plotted against \, re-
mains unchanged over the temperature range 25-45°,
as has been observed for pyridinium iodide® bands, then
the magnitudes of the red shifts for the same tempera-
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ture range are 1.3-1.4 mu for the three solvents. This
is comparable to the 2-mu shift in the red observed for
the micellar CT band in dodecylpyridinium iodide.!!
The blue shifts in the pyridinium iodide CT bands, re-
ported by earlier workers,®!? due to cooling may be at
least partly because of an increase in the dielectric con-
stant of the medium at the lower temperature.

Assuming that the pyridinium bromide band shape
remains unaltered also over the dielectric constant range
78.5-37.7, the total red shift in going from water to
ethylene glycol is only 8.5 mu (Figure 5), considerably
less than the 30-mu red shift observed in the case of
pyridinium iodide.!® This indicates that the effect of
solvent polarity is actually less on the position of the
bromide band than on that of the iodide band.

The uv absorption behaviors at 25 and 45° for the
long-chain compound, dodecylpyridinium bromide?®
(DPB), in 1007 ethylene glycol are found to be very
similar to those of EPB at these temperatures. The
observed OD’s are, however, slightly higher for DPB.
This might be due to some premicellar association effects
in DPB which presumably forms micelles!® in pure
ethylene glycol.
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Abstract:

Approximate nonempirical SCF-MO calculations using a minimum basis of Slater atomic orbitals have

been made on the most likely structures of the nitric oxide dimer. The planar trans configuration has been found
to have the lowest energy, with the following optimum geometry: R(NO) = 1.23, RINN) = 1.53 A, NNO =

104.6°.

The optimum cis geometry has an energy 3.5 kcal/mol higher, and the near-rectangular structure sug-
gested by X-ray evidence has an energy 66 kcal/mol higher.

The dissociation energy of the dimer has been estimated

by calculating the energy for the reaction (NO), + H, — 2HNO and using an experimental energy for HNO —
0.5H; 4+ NO. The resulting value of 3.6 kcal/mol is near the upper limit of the experimental estimates.

In this paper we report the results of ab initio mini-
mal-basis SCF calculations for the nitric oxide
dimer and for the molecule HNO. Our aim is to cal-
culate reliable bond lengths and angles of (NO), at
equilibrium in the gas phase, and assign a structure.
Calculations on the closed-shell molecule HNO are
carried out first to test the reliability of the method for a
species containing the N-O bond, and second to
es%timate the energy of (NO), by calculating the energy
0
(NO); + H; —> 2HNO

and using an experimental energy for the reaction
HNO — 0.5H: + NO
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istry, University of California, Berkeley, Calif. 94720,
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The nitric oxide dimer has been postulated as an
important intermediate in several gas-phase reactions
of nitric oxide, most recently in a study of the chemi-
luminous NO 4 O reaction.? It was inferred some
years ago from X-ray crystallography of the solid?® and
from the magnetic susceptibility*®* and vibrational
spectra* of the liquid and solid that nitric oxide in its
condensed phases consists almost entirely of dimer
molecules. Only recently, however, has the gas-phase
dimer been observed directly, by mass spectroscopy?®
and in the infrared spectrum of NO gas.¢
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