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The Charge Transfer Complexes of Monoalkylbenzene with Iodine in Carbon

Tetrachloride (II)
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Ulcraviolet spectrophotometric investigations were carried ont on monoalkyibenzene-iodine systems in carbon tetrachtoride.
The results reveal the formation of one-to—one molecular complexes. On the basis of the equilibrium constants for these com-
plexes of representative monosubstituted benzenes, the following order of increasing slability is obtained:
i-propyl-<i-butyl- < {-butyl- < n-butyl-benzene. The values of AH, AG and AS for the interaction of a number of
monoalkyl substituted benzenes with iodine have been determined. In general, it can be said that as AH becomes increasingly
negative, corresponding decreases in the AG and the AS values are observed, and these variations are linear. The ther-
modynamic constants become increasingly negative with increasing monoalkyl substitution of the aromatic donor nucleus. The
complex bond is therefore weak, and its formation is accompanied by relatively small entropy changes. Thus, analysis of these

findings js discussed.

Introduction

After Benesi and Hildebrand’ first demonstrated the forma-
tion of one to one molecular complex between benzene and
iodine in carbon tetrachloride solution, studies were extended
to other system by a number of workers?,

In a previous study? of this series’, it was observed that the
solutions of monoalkylbenzene (benzene, methyl-, ethyl-,
n-propyl-benzene) with Iodine in carbon tetrachloride showed
the presence of absorption maxima in the vicinity of 300m g,
where none of the component materials had strong absorp-
tion. This phenomenon was attrituted to the formation of one
to one molecular complexes in solution. From spec-

trophotometric data, we obtained the equilibrfium constants
for the complex formation and the molar absorptivities of the
complexes at their absorption maxima. The equilibrium con-
stants at 25°C for the monoalkylbenzene complexes were
found io increase in the order, benezene <methyl-
< ethyl- < n-propyl-benzene.

The present study involved the spectrophotometric investi-
gations at 25, 40, 60 °C on the systems of monoalkylbenzene
{i-propyl-, n-butyl, i-butyl-, r-butyl-benzene) with iodine in
carbon tetrachloride. Carrying out ultraviolet spectro-
photometric studies to measure the temperature dependence of
complex formation, Keefer and Andrews® determined AH,
AG and AS for carbon tetrachloride solutions of iodine with
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polyalkylbenzenes. For iodine complexes with benzene and
toluene and related electron donors*’, heats of formation
lying between -1 and -2 kcal/mole have been obtained.

In these previous studies, however, equilibrium constants

and thermodynamic functions of monoalkylbenzene-iodine
complexes have not been investigated so far. It therefore ap-

peared

to be interest to extend the studies to

monoalkylbenzene-iodine systems in carbon tetrachloride, in
order to determine the relative complexing power of iodine
with monoalkylbenzenes. In the present study, spec-
trophotometric investigations are reported carried out to
determine the temperature dependence of one-to-one complex
formation in the cases of iodine and a series of monoaikylated
benzenes of rather differing donor strengths in carbon
tetrachloride.

Experimental

Materials. Samples of Merck & Co. iodine (superpure

grade), carbon tetrachloride(uvasol grade) were used without

further

purification. Samples of Merck & Co. i-

propylbenzene, n-butylbenzene, i-butylbenzene, and
¢-butylbenzene(synthesis grade) were purified by drying and
distilling. Prior to use, the following boilding points and
refraction indices were determined:

Boiling point npD
i~Propylbenzene 152.6 °C 1.4917
n-Butylbenzene 182-183 °C 1.4900
i-Butylbenzene 172-173 °C 1.4865%
{-Butylbenzene 168.5-169 °C 1.4925

Spectrophotometric Measurements. The experimental pro-

cedures utilized for both the preparation of stock solutions
and the spectrophotometric measurements of the solutions
were described previously, and will not repeated in this paper.
The spectra of CT-complexes is measured on a Cary model 14
spectrophotometer together with a set of 10mm quartz cell
which have teflon stopper (Hellma Co. No. 110-0S). All the
measurements were carried out at temperature 25, 40 and
60°C.

Results and Discussion

Calculation of the Equilibrium Constant for the

CT-Complex Formation. The equilibrium constants X for the
complex formation and the molar absorptivities, £ of the
complexes at their absorption maxima were evaluated by
method described previously?.

Therefore, the following equation holds:
{81, 1 1 1

A-8, (B, (E-E£)K

+ (1)

bl, €-%,
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[n the cases studied in this paper, [D],, the initial molar con-
centration of the donor, is much bigger than [B],, the molar
concentration of the halogen present initially. Where A4
denotes the absorbancy, £ and £, molar absorptivities of the
complexes and the free halogens at the wave lengths cor-
responding to the absorption maxima of the complexes,
respectively, and X the equilibrium constant., Formula (1) is
obviously of the type y = mx+ b. The values of the equilibrium
constnat K and the absorption coefficient a were found with
the aid of this equation.

After having determined the values for A experimentally,
the corresponding y values were plotted against those of the x
term. The plots reveal a good linearity between the two quan-
tities in all the systems under investigation.

The values of the 7 and b terms were calculated from the
slopes and the intercepts of the straight lines. The least square
method was used to determine slopes and intercepts. As we
know (E-€)-Kand £~ &, the values of X and a can easily
be calculated. Thus the temperature shift (the blue shift re-
ferred to in the papers by Ewald er a/.2%) of the absorption
maxima of the CT-complexes appears according to increase in
temperature.

Thus, the each value of €, (value is derived through experi-
ment; Table 1 and of 4 (Table 2-5) in equation (1) is
equivalent to the corresponding values which are given in
presence of wave length of absorption maxima of
CT-complexes determined by the temperature shift. The
values obtained by our experiments, put into equation (1),
yield a linear relationship between y and x. They thus again
confirm the original assumption of Benesi and Hildebrand
that one-to-one molecular complexes are formed.

The Monoalkyibenzene-Todine CT-Complexes Formation.
To illustrate the linear relationship between y and x, one exam-
ple has been choosen(i-propylbenzene-iodine CT-complex}
and is shown in Figure 1. The values obtained with the aid of
eguation (1) are listed in Table 6. Values can be ordered accor-
ding to the increase in the number of alkyl substituents to yield
the following series: i-propyl- < i-butyl < r-butyl- < n-
butyl-benzene. )

Bence, the X values of the benzene- and toluene-iodine
complexes given in a previous study? Table6, as examples of
monoalkylbenzene-iodine complexes, show that we got almost
the same results as those obtained by the different authors?'°,

When studying the alkylbenzene-iodine monochloride com-
plex, Andrews and Keefer observed that ethyl-, isopropyl-,
and (-butylbenzene, within close limits, yield the same K,
values as does toluene. As shown in a previous study? of this
series, Table 6, the K values can be ordered according to the in-
crease in the number of alkyl substituents to yield the follow-
ing series: upsubstituted < methyl- <ethyl- <n-propyl-
benzene.

As a result, the complex stability of n-alkylbenzene
is greater than that of /- and r-alkylbenzene, probably
because the steric hindrance of n-alkylbenzene is smaller
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TABLE 1: Molar Absorptivities of lodine im Carbon Teirachlorides at Several Tempersatures

Temp (°C)
25 40 60
Iy Wave length  Absor- Molar ab- Wave length  Absor- Molor ab- Wave length Absor- Molar ab-
10*mole + /! (mp) bancy(4) sorptivity(ay  (m) bancy(A) sorptivity(ap)  (m) bancy(4) sorptivity(ap
3.22 293 0.154 47.8 292 0.150 46.5 290 0.147 45.6
5.00 293 0.238 47.6 292 0.229 45.8 290 0.225 45.0
6.67 293 0.318 47.7 292 0.309 46.3 290 0.298 44.7
7.45 293 0.358 48.0 292 0.346 46.5 290 0.334 44.9
Av, 478 Av. 46.3 Av, 45.1
3.22 302 0.122 37.8 30t 0.122 378 300 0.118 36.6
5.00 302 0.192 38.4 301 0.187 37.4 300 0.182 36.4
6.67 302 0.260 39.0 301 0.253 379 300 0.24] 36.1
7.45 oz 0.290 B9 301 0.281 377 300 0.2713 36.7
Av. 38.5 Av, 3.7 Av. 36.5
3.22 303 0.118 36.6 302 0.116 36.0 301 0.113 35.1
5.00 303 0.189 378 302 0.182 36.6 300 0.174 34.8
6.67 303 0.251 37.6 302 0.245 36.7 3ot 0.235 38.2
7.45 303 0.284 38.1 302 0.275 36.9 301 0.265 356
Av. 37.5 Av. 36.6 Av, 352
3.22 304 0.114 354 303 a.112 4.7 302 0.110 34.1
5.00 304 0.184 36.8 303 0.178 35.6 302 0.174 34.8
6.67 304 0.245 36.7 303 0.238 35.7 302 0.228 342
7.45 4 0.276 371 303 0.267 59 02 0.258 34.6
Av. 36.5 Ay, 35.5- Av,. 344
TABLE 2: Formation of i-C H,C,H. ], in Carbon Tetrachloride at Several Temperatures
Temp. (°C}
i~C{HCH,, L, 25 40 60
mole- /- 10* mole- 1! A, Y, A Y. A, Y,
[P, 8], at 303 mp 104 mole- {-! atdo2mp  10* mole I-! at 301 mp 10 mole: /!
0.269 3.34 0.234 15.2 0.201 17.7 0.169 21.2
5.02 0.349 15.2 0.304 17.6 0.258 20.9
6.67 0.462 15.3 0.403 17.6 0.340 21.1
Av. 15.2 Av, 17.6 Av. 21.1
0.386 3.34 0.319 10.9 0.276 12.6 0.233 15.1
5.02 0,484 10.8 0.414 12.7 0.348 15.2
6.67 0.638 10.9 0.557 12.5 0.468 15.0
Av, 10.9 Av. 12.6 Av. 15.1
0.512 3.34 0.412 8.36 0.360 9.60 0.308 1.3
5.02 0.619 8.37 0.539 9.64 0.474 11.0
6.67 0.823 8.36 0.715 9.66 0.619 11.2
Av, 8.36 Av. 2.63 Av. 11,2
0.637 3.34 0.501 6.84 0.436 7.87 0.367 9.39
5.02 0.747 6.90 0.660 7.83 0.554 9.37
6.67 0.999 6.91 0.878 7.82 0.736 9.3?
Av, 6.88 Av. 7.84 Av, 9.38
than that of i-and ¢-alkylbenzene. Furthermore, the stabili- «-hydrogen atoms of the alkyl substituents. On the basis
zation of these complexes could be due to enhanced ring of the inductive effects of these groups one would rather

electron density resulting from hyperconjugation involving predict the opposite order of reactivity. Lichtin and Bartlett'!
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TABLE 3: Formation of #n-C H,C H,1, in Carbon Tetrachloride at Several Temperatures

Temp. (°C)
1-C H,CH,, I, _ 25 40 60
mole- ! 10* mole- 7! A, Y, A, Y, A, Y,
D1, 81, at 303 my 10* mole- 1 at 302 mpyt 10* mole- 1-* at 302 mp 107 mole- -
0.308 334 0.260 13.5 0.223 15.8 0.187 19.0
5.02 0.396 13.3 0.342 15.5 0.289 18.5
6.67 0.528 13.3 0.455 15.5 0.382 18.6
Av, 134 Av. 15.6 Av. 18.7
0.427 3.34 0.350 2.89 0.303 11.5 0.253 13.8
5.02 0.525 2.93 0.451 11.6 0.381 13.8
6.67 0.696 9.95 0.608 1.4 0.512 13.6
Av. 9.92 Av. 11.5 Av. 13.7
0.549 144 0.424 8.11 3.370 9.33 0.317 10.9
5.02 0.641 8.07 0.561 9.26 0.487 10.7
6.67 0.858 8.01 0.747 9.24 0.635 10.9
Av. 8.06 Av,. 9,28 Av. 10.8
0.692 3.34 0.530 6.45 0.467 7.34 0.400 8.60
5.02 0.802 6.41 0.701 7.36 0.602 8.59
6.67 1.058 6.46 0.927 7.39 0.797 8.62
Av, 6.44 Av, 7.36 Av. 8.61
TABLE 4: Formation of /~-C H,C Hy1, in Carbon Tetrachloride at Several Temperatures
Temp. (°C)
i-CgHC H,, L 25 40 60
mole- 10* mole- -t A, Y, A, Y, A, Y,
(D) [Bl, at 304 my 104 mole- 1! at 303 mp 104 mole- ¢ at 302 myt 10* mole- -
0.305 3.34 0.254 13.8 0.218 16.2 0.186 19.1
5.02 0.390 i3.5 0.332 16.0 0.277 19.3
6.67 0.509 13.8 0.443 15.9 0.369 19.3
Av. 13.7 Av. 16.0 Av. 19.2
0.424 3.34 0.338 10.2 0.292 11.9 0,248 14.1
5.02 0.506 10.3 0.447 1.7 0.381 13.8
6.67 0.680 10.2 0.5%4 11.7 0.496 14.]
Av. 10.2 Av. 11.8 Av. 14.0
0.545 3.34 0.425 8.08 0.367 2.40 0.304 11.4
5.02 0.639 8.09 0.554 9.36 0.466 11.2
6.67 0.850 8.08 0.740 9.32 0.630 11.0
Av. 8.08 Av. 9.36 Av. 11.2
0.687 334 0.520 6.57 0.458 7.48 (.380 9.06
5.02 0.783 6.57 0.687 7.50 0.575 9.00
6.67 1.038 6.58 0912 7.51 0.769 8.95
Av. 6.57 Av. 7.50 Av. 9.00

have given interesting coments on the problems which show up
when basing theoretical work on a series of measurements
reflecting the result of these effects.'?

The above anlysis yields almost the same order of X values
as found by Brown and Brady'’ w.r.t. alkylbenzene-HCI.
When surveying the data given in Table6 with respect to
evidence of a steric repression of complex formation, it seemed

reasonable to adopt the viewpoint that the free energies of
iodine-monoalkylbenzene interactions may serve as a com-
parative scale for the electronic influences of alky! substituents
on donor strengths in the absence of unfavorable steric situa-
tions. This is supported experimentally by our present study.
Accordingly the logK_ values for the monoalkyl-
benzene-iodine complexes at 25 °C have been plotted against
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TABLE $: Formation of (~CHC H, I, in Carbon Tetrachloride a1 Several Temperatures

Temp. (°C)
1-CH,C H,, L, 25 40 60
mole- 7! 10* mole: ¢! A, Y, A, Y, A, Y,
(D1, (8], at30dmp  10°mole: ! at303myu  10* mole: /™! at302mp 104 mole- /-
0.310 3.34 0.270 129 0.232 15.2 0.193 18.4
5.02 0.405 13.0 0.346 15.3 0.293 18.2
6.67 0.535 13.1 0.467 15.1 0.388 . 18.3
Av. 13.0 Av, 15.2 Av. 18,3
0.340 3.4 0.358 9.65 0.30 11.2 0.260 13.4
5.02 0.540 9.63 0.462 11.3 0.389 13.5
6.67 0.720 9.60 0.620 11.2 0.521t 13.4
Av. 9.63 Av. 11.2 Av. 134
0.533 31.34 0.446 7.69 0.385 8.94 0.323 10,7
5.02 0.672 7.68 0.581 8.92 0.491 10.6
6.67 0.895 7.67 0.781 8.81 0.650 10.6
Av. 7.68 Av. 8.89 Av. 10.6
0.697 3.34 0.548 6.23 0.475 7.21 0.398 8.64
5.02 0.830 6.19 0.711 7.24 0.598 8.65
6.67 1.10% 6.20 0.948 7.22 0.802 8.57
Av, 6.21 Av, 7.22 Av, 8.62
2r £0°
]
- 80
g
15.
(Y]
S X
~ M g.
]
§ —
)
St
=
S
6 =
] 1 1 [ L
0 1 2 3 4 5
7 3 3 A Number of moncalkyl groups
. 1/[010, l~mole" Figure2. Plotof log K versus the number of manoalkyl substituents

Figure 1. Plot of [8]/A-E 48}, versus 1/1D], of the /-propyl-
benzene-iodine system at several temperatures,

the number of alky! donor substituents (see Figure 2). Most of
the data, when so plotted, conform reasonably well to a
straight line. Marketed deviations from linearity, which may
be associated with the structures, are not observed generally.

on the donor ring for monoalky!benzene-10dine complexes at 25 °C,

touluene?, 3;

Doncrs: 1, benzene?, 2; . ethylbenzene?, 4
n-propylbenzene? 5; i-propylbenzene, 6; n-butylbenzene, 7;

i-buytibenzene, 8; 1-butylbenzene.

Heat of CT-Complex Formation. The heats of complex for-
mation were calculated from spectrophotometric data taken at
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three different temperatures (25, 40 and 60 °C). The ratios of
equilibrium constants at two different temperatures which
were required to calculate the AH values were obtained using
the ratios of the slope coefficients obtained when plotting the
data, according to equation (1), at temperatures 7, and 7T,
using equation (2):

TABLE 6: Absorption Maxima, Molar absorptivities and Equili-
brinm constants for Monoalkylbenzene-lodine CT-Complexes at 25°
in Carbon Tetrachloride

R max 3 KC
Alkytbenzene my a xi0° +-mole™!
i-Propytbenzene 303 12,2 0.213
n-Butylbenzene 303 10.5 0.250
i-Butylbenzene 304 11.5 0.223
7-Butylbenzene k1) 11,9 0.223
TABLE 7: Thermodynamic Functions® for Monoslkytbenzene-

{odine CT-Complexes in Carbon Tetrachloride

-AH -AR  -AH  -AG  -AS

Alkylbenzene 35 40°C 40, 60°C  av. 25°C  25°C

i-Propylbenzene  1.95 2.02 1.9 0470 509
n-Butylbenzene 208 2.16 2.12 0.564 5.21
i-Butylbenzene 2.00 2.00 2.00 0.496 5,05
1-Butylbenzene 2.02 2.01 2.02 0.496 5.11

@ AH, AG in kcal-mole-1, 4S in cai-mole-!-deg-!.

0.6F
3
X 0.4f
(L]
3
1
1 1 1
0z 15 20 7.5

-2 H, keal.mote™

Figure 3. Plot of - AG versus - AH for monoalkylbenzene-iodine

complexes at 25 °C. Donars: 1; benzeneZ, 2;

toluene®, 3;
ethylbenzene?, 4; n—propylhenzenez, 5 i-propytbenzene, 6;

n-butylpenzene, 7; i-butylbenzene, 8B, t-butylbenzene.,

Oh Cheun Kwun

{slope) 7
H
2.308 log oA Ly
(slope} T, R T, T,

For each complex, values of AH were calculated in this way
from data taken at each wave length at 25 and 40°C and also
from data taken at 40 and 60°C. The average vaiues of AH
calculated from data at two temperatures, AH ,, ,.and AH
a0, sooc ar€ listed in Table 7. The heats of formation are express-
ed in mole fractions. The values for AG and AS given in
Table 7 have been calculated using the reported values of &H
and the equilibrium constants, X,,.. The values of AG, AH,
AS, which may be regarded as the values of complex forma-
tion at 25°C, are given in Table?. Our value for the
benzene-iodine complex in a previous study' of this series,
Tablel is almost equal to that obtained by the previous
authors? The AH values listed in the Table should differ by
approximately 200 cal from those derived from equilibrium
constants which are based on molar concentrations of the
donors's, As can also been seen from the Table, decreases in
AH with the formation of iodine-monosubstituted benzene
complexes, when changing the donor substituents, are accom-
panied by parallel decrease in AG and AS of the interactions.
The thermodynamic data of our present paper do indeed con-
form well to the linear plots of A versus AG and AH versus
AS for iodine-substituted polyalkylbenzene complexes® (see
Figure 3 and 4).

The observed variations in AH with AG for
iodine-monoalkyl-benzene compliexes are lincar. This can
only hold true either if AS also varies linearly with AH. In

[ 1

i
10 15 2.0 25
- dH, keal mole”

Figure 4. Plot of - AS versus - AH for monoalkylbenzene-iodine

complexes at 25°C Donors: 1, benzene?, 2; toluenez; 3
ethylbenzene?, 4; n-propylbenzene?, 5; i-propylbenzene, 6

n-butylbenzene, 7; i-bulylbenzene, 8; t-butylbenzene.
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other words, barring unusual steric effects in donor molecuies,
one can in the present instance measure the effects of alkyl
substitution on the tendency of complex formation equally
well in terms of variations in AG, AH or AS.

It is particularly intersting that as A values become more
negative, corresponding decreases in AS are observed. The
simultaneous decrease of these terms may serve as an indica-
tion of physical restraints imposed upon the complex com-
ponents as the strength of the bond between them increases.
van de Stolpe®, studying the formation of a number of such
iodine complexes, reports values of AS ... which are all of the
order of magnitude of 4 to Se.u. It is apparent from Table7
that the AS values for iodine complex formation with
monoalkylbenzenes show a definite downward trend as the
number of alkyl substituents at the aromatic uncleus increases.
In all cases, both AH and 7- AS terms have an appreciable
influence on the magnitude of AG for complex formation.
The changes in AG with increasing alkyl groups at the benzene
ring are consistent with the anticipated electronic
influences!*:'¢ of alkyl substituents on the #-electron density
of the donor nucleus,
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Fluorescence of Phototautomeric Lumichrome in Pyridine-Dioxane

Pill-Soon Song* and Jung Do Choi**

Department of Chemistry, Seoul National University, Seout 151, Korea (Received May 29, 1980)

Lumichrome (7, 8-dimethylalloxazine) exhibits two fluorescence emission maxima at 440 and 540 nm in pyridine-dioxane.
These emission band maxima are actributable to radiative decays from the excited states of lumichrome and its flavin
tautomer, 7,8-dimethylisoalloxazine, respectively. The growth of the latter can be followed upon excitation of the former
with a 2-nanosecond light puise generated from the nitrogen plasma discharge lamp. The excited state tautomerism results
from proton transfer from N-1 to N-~10 position during the lifetime of the lumichrome singlet excited state. The rate depends
on the concentration of general base, pyridine, and it is an order of magnitude slower than diffusion-controlled

Processes.

Introduction

In our previous reports’?, we described the photo-
tautomerism of Ilumichrome (7, 8-dimethylalloxazine, 1,
Scheme 1) in pyridine~dioxane and acetic acid-ethanol mix-
tures, as studied by fluorescence intensity and nanosecond

time-resolved methods. Lumichrome exhibits two fluo-
rescence emission maxima in these mixtures; for example, 440
and 540nm, in pyridine-dioxane, The latter is due to the
isoalloxazine tautomer (2, a flavin) formed in the excited state
from the alloxazine 1 singlet during its lifetime as the result of
pyridinecatalyzed transfer of proton from N-1 to N-10.2
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