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Abstract—Examination of the UV spectra of a large series of solvatochromic indicators of the general
formula 1-X-4- N02 CeH, in aprotic solvents confirmed the proport10nahty between the dipole moments of
these compounds in the ground (Hg) and first electronically excited (! Ay, K) states: p, = r M. The coefficient
ry was determined by applying the equation of the Bakhshiev—Bilot—Kawski solvatochromism theory both to
nonspecifically solvated molecules and to their H complexes with aprotic protophilic solvents. An anisotropy
of the electron redistribution was revealed for low-symmetry 1-substituted 2,4-dinitrobenzenes. The r, value
obtained allowed the calculation of the Kamlet-Taft empirical solvatochromic parameter ©* on the basis of

generalized characteristics of the solvent.
DOI: 10.1134/S1070363206040189

The main relationships in the effect of an aprotic
inert solvent on the position of bands in the electronic
absorption spectra of solvatochromic indicators of the
general formula 4-NO,C¢H,X were discussed in [2].
The solvent effects were considered in that paper with
the aid of the Kamlet-Taft empirical relationship (1)
and Eq. (2) of the Bakhshiev-Bilot—Kawski solvato-
chromism theory [3-5]:

Vmax

= vy — st

ey
(2)

A%

max — Y

e — afi — Py
where v, ¢;, p,, and s are constants of a given indi-
cator; w* is the quantitative measure of the capability
of the solvent to stabilize dipolar molecules or ions
of a solute by the mechanism of nonspecific solvation;

is the wavenumber of the absorption maximum of
the indicator vapor; and f; and f, are functions of
“universal” interactions [3-5]. For particular sets of
indicators, a linear relationship was found between v,
and the first vertical ionization potential of the com-
pound modeling the C4H,X subunit. The other con-
stants of indicators (s, c;, p,), characterizing their sol-

I For communication XXVII, see [1].
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vatochromic behavior,
the dipole moment in

appeared to be proportional to
the ground electronic state ,:

s = 5y + moh, 3)
€ = ¢y + mk,, “4)
Py = Py + Moy, )
mp = 2k, — Mpld’, (6)
= 302 - D@y, (7)

where a is the Onsager molecular radlus and Q, Jmean
value of the refractive index function (n° + 1)/(n* + 2)
of the solvent. These relationships allow calculation of
the dipole moment of the molecule in the correspond-
ing Franck—Condon nr* excited state (p.) using only
the data furnished by absorption spectroscopy and
dielectrometry:

Ke = Tyl (3)
ry = 2m2/3§m1 - 1.

Compounds for which the excitation in the absorp-
tion band results in the electron transfer along the
vector ﬁg are empirically subdivided into two groups.
ry = 2.14%0.21, and for the sec-
ry = 2.3840.37. Available data obtained

For the first group,
ond group,
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Table 1. Results of B3LYP/6-31G*(CI) calculations of low-energy m — n* transitions in the UV spectra of compounds
1-X-2,4-(NO,),CgH; and experimental wavenumbers of long-wave absorption maxima in cyclohexane

B3LYP/6-31G*(Cl) Experiment
X

transition” v, cm™! f predominant configurationb ¥ state v, cm™!

NHCH, g —> Mg 27230 | 0.009 0.629+1 S, 25900

Ty =T 32550 | 0.038 0.59m+2 S, 30500

NH, g —>Tg 28560 | 0.009 0.629m+! S, 27600

Ty =T 33790 | 0.033 0.58\m+2 S, 32150

OH g —> Ty 29920 | 0.006 0.63pm+! S, 29900
ng—>my, | 35940 | 0.019 0.57Ym+? S, 38000 sh

Ty Ty 38740 | 0.042 0. 55\1""+1 S, 39200
(r—>7)° | 30240 | 0.001 0.40\1";1;11, 0.34ym+2 S, 33000 sh

Cl (n>7)¢ | 34610 | 0.003 0.43¥m+1 0. 39\1'"“2 S, 38500

ng—>my, | 36840 | 0.022 0.52pm+2 S, 43150

4 The electronic nature of the transitions is shown in Fig. 1. b T,
¢ Multielectron excitation.

by electrooptical methods [6—10] show that such I,
values agree with the experimental data. For example,
the p/p, ratio found from the experimental data is
2.26 for nitrobenzene, 2.2-2.5 for 4-nitroaniline, and
2.1-2.2 for N,N-dimethyl-4-nitroaniline. However,
when examining the effects of an inert medium, the
p, values were measured in CCl, in which many
aromatic nitro compounds are only sparingly soluble;
therefore, the specific features of their solvatochromic
behavior were not revealed in full measure. Two im-
portant questions remained to be answered: How does

vary in the series of nitroarenes 4-NO,CH,X and
cﬁ)es it vary at all? Does r, depend on the chemical

0
nature of the medium?

In this study we examined the solvatochromic be-
havior of indicators of the above series in an aliphatic
aprotic protophilic medium. As solvent for measuring

we chose 1,4-dioxane whose molecules, like those
0? CCl,, have no permanent dipole moment. Thanks
to the pronounced protophilic properties of dioxane,
it appeared possible to vary in a wide range the nature
of the auxochrome and appreciably extend the set of
compounds with “solvation-active” CH, NH, and OH
bonds, and, in particular, to reveal the effect of forma-
tion of H-bonded solvation complexes. Also, in the
aprotic protophilic medium we analyzed the solvato-
chromic behavior of those heteroaromatic compounds
whose spectral and electrical characteristics in inert
solvents obeyed Egs. (3)—(5) [2]. As low-symmetry
aromatic nitro compounds to be studied we chose
m-dinitrobenzene derivatives. According to [11], the
UV spectra of such compounds may contain a band
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a ‘P electronic configuration corresponds a ¢; — @; transition.

corresponding to the transition to the mm* state in
which one of the partially occupied © orbitals is loca-
lized on the 4-NO,C4H;X fragment, and the other, on
the C¢H;X fragment. To extend the data set, we also
obtained new data on the solvatochromic behavior of
aromatic nitro compounds 4-NO,C¢H,X in an inert
medium.

Electronic nature of long-wave absorption bands
of 1-substituted 2,4-dinitrobenzenes. The correlation
and structure of m-type molecular orbitals of 1-substi-
tuted 2,4-dinitrobenzenes are shown in Fig. 1. These
data in combination with the theoretical data (Table 1)
show that, when an auxochrome is a pronounced elec-
tron donor, low-energy m — m* transitions cause one-
electron excitation and electron density redistribution
either to the chromophore in the p-position only
(mg — mj,y) or to the chromophore in the o-position
only (mg — =§). With a halogen atom as auxochrome,
the 1 — w* transition causing the transfer of the orbi-
tal electron density in the 4-nitrobenzene fragment
remains one-electron (Table 1). Taking into account
the scope of this paper, we considered data for the
absorptlon band correspondlng to the ng — =iy, tran-
sition ((pm - (pm +2» electronic configuration ‘Pm+2
Fig. 1). The B3LYP/6-31G*(CI) calculations showed
that this transition is fully similar in the electronic
nature and main characteristics to the most intense
low-energy transition in the UV spectra of aromatic
nitro compounds of the general formula 4-NO,C¢H,X
(the theoretical and experimental data are given in
Table 2; the correlation of the m-type molecular orbi-
tals is shown in Fig. 2). Note that both low-energy

No. 4 2006
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Fig. 1. Correlation of the = molecular orbitals in the series of 1-substituted 2,4-dinitrobenzenes. Data on the orbital energies
and electron density distribution were obtained by B3LYP/6-31G* calculations.

n — 7* transitions in the UV spectra of compounds  nitro group: the (p,i_1 - (p,?1 + transition, from the
belonging to the latter group are one-electron and  benzene ring (forbidden), and the (p,%1 - (p,?1 4o tran-
cause transfer of the orbital electron density to the  sition, from the auxochrome. The assignment of the
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nitro compounds 1-X-4-NO,CgH,. Data on the orbital energies

and electron density distribution were obtained by B3LYP/6-31G* calculations.

electronic absorption bands to ® — w* transitions for
some of compounds that previously were not studied
theoretically is shown in Fig. 3.

A necessary condition for quantitative description
of the relationship between the solvatochromism
parameters and dipole moment , is that the absorp-
tion band of the indicator should have the same elec-
tronic nature. Therefore, for all the compounds and
solvents examined, we used the band of the transition
with the transfer of the orbital electron density from
the auxochrome to the p-NO, group. The weak band
in the UV spectra of the indicators 4-NO,CsH,X,
though being a charge-transfer band, is of little use.
Its solvatochromic behavior could be examined only
in a few cases. Even if this band is observed at all,
with increasing solvent polarity it becomes either
severely broadened with the loss of the vibronic struc-
ture and observed maximum, or fully obscured by the
stronger adjacent band.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol

An interesting result was obtained in calculation of
the UV spectrum of 4-nitrobenzaldehyde. The calcula-
tions show that its isomers and/or analogs may exhibit
an absorption band corresponding to the ® — w* tran-
sition with transfer of the orbital electron density to
both chromophores simultaneously (Table 2, Fig. 2).

Dipole moment in the ground electronic state f,.
To determine whether r, is a constant for a given set
of indicators or it depends on particular auxochrome,
it was necessary to examine a wider set of compounds
than that in [2] and to consider not only inert solvents
but also aliphatic aprotic photophilic solvents. As
already noted, the major problem is the low solubility
of the indicators (especially anilines and their analogs)
in CCl,. To estimate u, in CCl, for compounds for
which these quantities could not be determined experi-
mentally, we used the relationships between W(CCl,)
and the dipole moments measured in dioxane and/or
benzene or calculated theoretically (Tables 3, 4).
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Table 2. Results of B3LYP/6-31G*(CI) calculations of low-energy m — n* transitions in the UV spectra of compounds
1-X-4-NO,CcH, and experimental wavenumbers of long-wave absorption maxima in cyclohexane

B3LYP/6-31G*(Cl) Experiment
X
transition® v, cm™! f predominant configuration” ¥ state v, cm™!
SO,Cl Ty > T 36810 | 0.003 0.57 m+! S, 33350, 34500, 35650
T —> T 39330 | 0.050 0. 55\1”"+1 S, 40100
H T, > T 35900 | 0.002 0.65% ™+l S,('By)  |~35000
T —> T 39350 | 0.032 0.619 m+! S,('A)) 39550
CH,CI T, > T 35660 | 0.002 0.65% ™! S, ~35000
s —>Tg 37820 | 0.045 0.61p +! S, 38550
CH,4 T, > T 35940 | 0.002 0.65% "+ S, -
M5 —> T 37670 | 0.040 0.60' ™ e S, 37650
F I 37530 | 0.001 0. 65\1”"+1 S,('B,) -
L 38070 | 0.033 0.60F ™ i S,(A)) 38850
Br I 36690 | 0.002 0.649 ™ m+1 S,(!B,)  |~34000, ~35000
L 35250 | 0.040 0.62'¥ ﬁ” S,(A)) 36850
OH L 35510 | 0.037 0.60p "+ S, 34900
I 37540 | 0.001 0. 63‘1”"*1 S, -
OCH=CH,‘| mz—>my 32350 | 0.038 0. 63‘1”"*1 S, 34100
I 37040 | 0.001 0.62¥™ m+1 S, -
OCH, L 34640 | 0.040 0.60F ™ i S, 34000
I 37260 | 0.002 0. 63‘1”"*1 S, -
NH, Tg—> 15 33040 | 0.041 0.58 ™ i S, 32000
I 37230 | 0.000 0.59% ™ m+1 S, -
N(CH,), L 32130 | 0.046 0.60% ™ i S, 32000
I 36560 | 0.000 0. 61\1”"+1 S, -
N(CH3), Tg—> 75 30670 | 0.046 0.59 ™ e S, 28100
I 36590 | 0.000 0. 51\1”"+1 S, -
N(CH,), L 30360 | 0.050 0.58¥™ i S, 27500
(n>n) 36460 | 0.000 0.50% ™ m+2 0.48 ™+l S, -
SCH, Tg—> 75 30640 | 0.038 0. 61\1”"+1 S, ~29000, 30450
I 36250 | 0.000 0.59% ™ m+1 S, -
CHO Tg—> 15 34240 | 0.003 0.60% ﬁ” S, ~33000, ~34000,
~35000
I 37860 | 0.053 0.55¢ "+ S, 38450
T —> Ty 45500 | 0.000 0.60% ™ 2 S, -
C=N I 35890 | 0.003 0.64¢ ™ m+1 S,('B,)  |~33500, ~34500
L 37400 | 0.050 0.60'F ﬁ” S,(A)) 39450
C=CH L 33570 | 0.050 0.60p "+ S,('A}))  |~33000, ~34000,
35400
I 35400 | 0.002 0.649 "+ S,('By) -

4 The electronic nature of the transitions is shown in Fig. 2. b Toa ‘Pf electronic configuration corresponds a (pl - (p transition.
¢ The © molecular orbitals are classed without taking into account fragment orbitals of the vinyl group. d Data of [12]. e Multielec-
tron excitation.
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For indicators that are nonspecifically solvated
with 1,4-dioxane, the dipole moments u(C,HgO,) can
be estimated as follows [2]:

W(C4HgO,) = (0.02+0.07) + (1.05£0.02)u(CCly), (9)
r 0.996, sd 0.13, n 28.

For hydrogen bond-donors, which are specifically
solvated with 1,4-dioxane, the formula for calculating
the dipole moments is somewhat different [2]:

WC4HO,) = (0.22£0.07) + (1.07x0.02)p(CCly), (10)
r 0.998, sd 0.10, n 14.

The relationship between the p, values measured in
benzene and in CCl, is as follows:

WCgHg) = (-0.07£0.05) + (1.04x£0.01)i(CCly), (11)
r 0.996, sd 0.13, n 65.

This equation is based on available [13] and newly
obtained data which will be published later. It is valid
for all isomers of aromatic and heteroaromatic nitro
compounds except phenol derivatives and indicators
with the COR, C=N, and N=O chromophores.

The results of comparison of the theoretically cal-
culated (HF/6-31G*) dipole moments Hg and those
measured in CCl, require certain comments. Since the
calculation procedure used reproduces the bond con-
figuration at the aniline N atom insufficiently ade-

Table 3. Dipole moments of compounds 1-X-4-NO,PhR

1 1 1 1
45000 40000 35000 30000 25000 v, cm™!

Fig. 3. Assignment of bands in the electronic absorption
spectra of aromatic nitro compounds 1-X-4-NO,-CcHy
in cyclohexane [X: (a) CHO, (b) C=N, (c) SCHj,
(d) C=CH, (e) SO,CI] to low-energy T — 7* transitions
calculated by the B3LYP/6-31G*(CI) method.

601

X R Method p, D

N(CH,), H HF/6-31G* 8.39
Dielectrometry, benzene 7.26%P

Dielectrometry, dioxane 7.45

N(CH,), H HF/6-31G* 6.44

N(C,Hs), H HF/6-31G* 7.99
Dielectrometry, benzene 7.14%b

Dielectrometry, dioxane 7.30
N(CH,)s H Dielectrometry, benzene 6.74%b

NHN=C(CHj;), H ” 7.27

Dielectrometry, dioxane 7.62

NHN=C(CH,)4 H Dielectrometry, benzene 7.10

Dielectrometry, dioxane 7.37

NH, 2,6-Br, HF/6-31G* 5.57

Dielectrometry, benzene 4.70

Dielectrometry, dioxane 5.43

NHN(CH,), H ” 7.57
NH, 2-NO, Dielectrometry, benzene 5.87%
Dielectrometry, dioxane 6.50%P

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 76 No.4 2006
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Table 3 (Contd.)

X R Method p, D
NHCH; 2-NO, Dielectrometry, benzene 6.36"
Dielectrometry, dioxane 6.58
NH-C¢H,;-4'-NO, H HF/6-31G* 4.70
Dielectrometry, dioxane 4.81
NHCOCH; H " 6.62
NHN=C(n-Pr)-CH=CCl, H ” 7.24
NHN=C(n-Pr)-CCl=CHCl H " 7.00

3 Data of [13]. ° Mean value.

Table 4. Theoretical (HF/6-31G*) and experimental (CCl,) dipole moments (D) of substituted anilines, pyridines, and
nitrobenzenes in the ground state

Compound HF/6-31G* CCly Compound HF/6-31G* CCly
Anilines Pyridines
N,N-Me,-2-OMe 0.88 1.18 2-N,N-Me, 1.73 1.99
N,N-Me,-4-N,N-Me, 1.22 1.33 4-N,N-Me, 4.26 4.17
N,N-Me, 1.46 1.55 2-N,N-Me,-4-Me-5-NO, 6.92 6.04
N,N-Me,-2-Cl 2.46 2.21 Nitrobenzenes
N,N-Me,-4-Cl 3.84 3.35 4-SO,C1 1.59 1.25
N,N-Me,-4-Br 3.89 3.37 4-CHO 3.12 2.23
N,N-Me,-3-NO, 6.11 5.15 4-Cl1 3.14 2.69
N,N-Me,-4-NO, 7.88 6.87 4-Br 3.27 2.63
3-NO,-4-Me 5.35 4.41 3-NO,-4-OH 3.77 2.92
3-NO, 5.74 4.84 3,5-Br-4-OH 3.83 3.27
3-NO,-6-Me 5.97 4.92 2-OH 3.98 3.20
2,4,6-Me, 1.39 1.31 3-NO, 4.78 3.69
NCOMe-2-NO, 1.48 1.61 H 5.07 3.88
NCOMe-2-NO,-4-Me 1.79 1.79 4-N(CH,), 8.39 7.05
NMe-2-NO, 5.00 4.27 4-OCH=CH, 5.25 4.02
NMe 1.48 1.71 3-Me 5.33 4.23
H 1.54 1.46 2-Cl 5.58 4.41
N,N-Et,-4-NO, 7.99 6.90 4-Me 5.61 4.45
2-NO,-4-OMe 4.04 3.60 2-OMe 6.11 4.77
2-NO, 5.04 4.25 4-OMe 6.14 4.90
2-NO,-4-Me 5.19 4.08 4-OEt 6.36 5.07
2-OMe-5-NO, 6.64 5.46
NPh-2-NO, 5.18 3.99
quately, the correlation between u(CCl,) and w(HF/6- Other aromatic nitro compounds
31G*) is described by the system of three equations
(for specific data, see Table 4): HW(CCly) = (0.04£0.11) + (0.78 £0.02)p(HF/4-5,G*), (14)

N-Substituted anilines r 0994, sd 0.12, n 17.

W(CCly) = (0.39+0.10) + (0.81x0.02)w(HF/¢-53,G*), (12)

r 099, sd 0.18, n 11. Apparently, nitro derivatives of diphenylamines are

N-Unsubstituted anilines exceptions: Their representative 4,4'-dinitrodiphenyl-
WCCl,) = (0.26£0.11) + (0.78+0.02)u(HF/6-31G*), (13)  amine (Table 4) falls into the third, rather than first,
r 0997, sd 0.12, n 9. group.
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Description of solvatochromism. Data on the ef-
fect of aliphatic aprotic protophilic solvents on the
indicator absorption band of aromatic p-nitro com-
pounds with auxochrome X = NR,, OR, COR, C=CH,
and also of 1-methyl-4-nitroimidazole and 1-methyl-3-
nitropyrazole were taken from the literature
[12, 14-34].

603

Data for the other compounds of this series will be
published in further papers. As aprotic protophilic
solvents we used ethers, esters, trimethoxymethane,
tertiary amines, amides, nitriles, ketones, carbonates,
HMPA, nitromethane, tetramethylurea, sulfolane, and
DMSO. New data obtained in inert solvents are given
in Table 5.

Table 5. Solvatochromism of the strongest long-wave absorption band in the UV spectra of indicators 1-X-4-NO,CcH, in

inert aprotic solvents

X
Solvent e d
F Cl COOMe COCH,Br COOCH,SiF; OSiMe;
Hexane -0.08 39100 37700 38650 38050 39550 34800
Heptane -0.02 38950 37700 - 38000 39550 34650
Cyclohexane 0.00 38850 37750° 38650 38000 38850°¢ 34550
Octane 0.01 39050 ¢ 37650 38700° 38000 39400 34600
Decane 0.03 38900 37600 - 38000 - 34550
Dodecane 0.08 38800 37550 - 37900 39300 34500
Carbon tetrachloride 0.28 38500 37100 38250 37750 - 34100
1-Chlorobutane 0.39 38300 36950 38150 37650 - 33700
1-Bromobutane 0.48 37900 - - 37500 - 33550
1,2-Dichloroethane 0.81 37600 - 37650 37300 38500 32950
Dichloromethane 0.82 37600 36300 37700 37350 - 33000
1,1,2,2-Tetrachloroethane 0.95 37300 36100 - 37150 38400 32600
Table 5. (Contd.)
X
Solvent o
OCH,SiMe(OMe), OCH,Si(OMe); |NHN=CMe, |NH-4-NO,-C6H4 | 1-NH,-2,6-Br,
Hexane —0.08 33850 33800 28600 - 30900
Heptane —0.02 33750 33750 28500 - 30850
Cyclohexane 0.00 33550 33600 28300 - 30700
Octane 0.01 33850° 33850° 28400 - 30750
Decane 0.03 33650 33650 28300 - 30600
Didecane 0.08 - - 28250 - -
Carbon tetrachloride | 0.28 33000 33050 27550 26950 30200
1-Chlorobutane 0.39 32650 32800 28650° 27100° 29700
1-Bromobutane 0.48 - 26900 26200° -
1,2-Dichloroethane | 0.81 32000 32150 26050 25450 -
Dichloromethane 0.82 32000 32100 26100 25550 29000
1,1,2,2-Tetrachloro- | 0.95 31550 31700 25650 25400 28600
ethane
X
Solvent o
NHN=C(CH,)s NHN=C(Pr)-CH=CCl, |NHN=C(Pr)-CCl=CHCl NHCOMe
Hexane —0.08 28300 27650 28350 33500
Heptane —0.02 28100 27500 28150 33250
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Table 5. (Contd.)

VOKIN et al.

X
Solvent o
NHN=C(CH,)5 NHN=C(Pr)-CH=CCl, |NHN=C(Pr)-CCI=CHCl NHCOMe
Cyclohexane 0.00 28000 27400 28000 33250
Octane 0.01 28000 27500 28100 33300
Decane 0.03 27800 - - -
Didecane 0.08 27800 - - -
Carbon tetrachloride | 0.28 27350 26950 27450 32700
1-Chlorobutane 0.39 26650 26450 26850 31800"
1-Bromobutane 0.48 28350° 25950% 26650 % -
1,2-Dichloroethane | 0.81 25650 25700 26300 31500
Dichloromethane 0.82 25750 25700 26300 31550
1,1,2,2-Tetrachloro- | 0.95 25350 25300 25850 31350
ethane

3 The polarity parameter was taken from [35, 36]. b Measured in pentane (7* —0.08). € In trichloroethylene (7* 0.53). 4 In isooctane
(m* 0.00). © In decalin (7* 0.09). f In chloroform (7* 0.58). & In pentachloroethane (m* 0.62).

To describe the solvatochromism of indicators in
inert solvents, we used Eq. (1). For aprotic protophilic
solvents, the nonspecific (sm*) and specific (bp) sol-
vatochromic effects were calculated by Kamlet-Taft
empirical equation (15):

v = vy — st* — bp — €, (15)

where 3 is the quantitative measure of the capability
of a solvent molecule to act as H-bond acceptor in an
H complex with the solute; & is the group measure of
the covalence of the coordination bond [37]. The form
of Eq. (15) suggests that the contributions to the
spectral shift from the specific (Avg,.. = bp) and non-
specific (Av, e = STF) solvation mechanisms are
additive. This is due to the fact that H complexes with
the solvent are individual species with a common
center of gravity and the inherent set of geometric and
other (in particular, p,) parameters. Such species are
not proton donors and are solvated by the nonspecific
mechanism only, similarly to molecules without
“solvation-active” bonds.

The spectral information suitable for quantitative
study of universal interactions of solvation H com-
plexes with the solvent can be readily obtained by
transforming Eq. (15) into (16):

V.=Vy — AVnonspec' (16)

This transformation lifts obstacles to application
of the solvatochromism theory to specifically solvat-

ing media. The use of Eq. (16) also eliminates doubts
expressed by some authors [38—41] in the correctness

of directly using the functions of universal interac-
tions in cases when indicators are potentially capable
to form hydrogen bonds with solvent molecules.

The v, values in the gas-phase spectra of indi-
cators (v,), required for applying Eq. (2) to aprotic
protophilic solvents, were calculated by empirical
equation (15) (at 7* = =¥ = ~1.10, B =& =0). This is
caused by several factors. First, v, cannot be meas-
ured at temperatures close to 20°C for the majority of
compounds because of their low volatility. Second,
solvation H complexes in the vapor have low stability
and occur in equilibrium with the free subunits. Third,
extrapolation of data obtained at high temperatures to
20°C often involves large errors.

To check the validity of the v, values thus calcu-
lated, they were compared with the available experi-
mental data (Table 6). It is seen that the estimated and
directly measured values of v, are well consistent,
except the data for X = Br and N(C,Hjs),. However, in
this case the deviation is about 800 cm™ (to different
sides), which coincides with the interval between the
vibronic components of the indicator band (see [2]
and Figs. 3c, 3d). This fact suggests that a change in
the aggregation state leads in some cases to a change
in the relative intensities of the vibronic components,
causing a jumpwise shift of the global maximum of
the absorption band. Hence, the use of calculated
values of v, is preferable when considering the spectra

g
of condensed phases.
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Relationship between s and p,. Linear equation
(3) can become common for all aprotic solvents if two
conditions are met: If variation of the chemical nature
of the solvent affects p, and p, of an indicator simi-
larly and if formation ofg a solvation complex similarly
affects the characteristics of the ground electronic and
Franck—Condon excited states of the indicator. To elu-
cidate the general relationship between s and p,, we
primarily used the most representative group of indi-
cators (4-NO,C4H,X, where X = H, C=N, CHO,
OCH=CH,, CH;, OH, NH,, NHCH;, and also 2,6-di-
bromo-4-nitrophenol and 1-methyl-4-nitroimidazole)
among those described in [2]. In accordance with the
data newly obtained for an inert medium, this group
was supplemented by the compounds 4-NO,C,H,X

Aprotic media
Inert
Protophilic aromatic
Protophilic aliphatic

My (solvent), D
6.87 (CCly)

7.27 (C4HgO,)

The relationship between s and p, for the group
of indicators under consideration is sﬁown in Fig. 4.
The relationship is common for all nonspecifically
solvated aromatic nitro compounds. Variation of the
chemical nature of the solvent affects only the charac-
teristics of 1-methyl-4-nitroimidazole (Fig. 4, point
22). The second condition is met for weak hydrogen-
bond donors with X = NHC¢H,-p-NO,, NH,, and
NHCH;. Formation of a strong intermolecular hydro-
gen bond between the solvent and 4-nitrophenol (two-
centered) or 2,6-dibromo-4-nitrophenol (three-cen-
tered) disturbs the relationship between s and p, valid

for the other representatives of this group (Fig. 4,
points /2, 19). The general correlation equation (17)
obtained after exclusion of the three above-mentioned
compounds does not differ from Eq. (18) obtained
previously [2] for an inert medium:

Aprotic protophilic solvents
s = (290£30) + (450£10)p,, 17)
r 0997, sd 70, n 33.

Inert medium [2]
s = (230£60) + (460+10)p,, (18)
r 0.997, sd 70, n 11.

The next of the groups distinguished in [2] (4-NO,-
C¢H,X, where X = SO,Cl, Br, C=CH, CH,Cl, SCH;,
OCH;, or OC,Hs, and 1-methyl-3-nitropyrazole) was
supplemented by the indicators 4-NO,C(H,X with
X = N(C,Hs), and N(CH,),, and also by 2,6-dibromo-
4-nitroaniline. In this group, in going from inert to

6.85, 6.96, 6.93 (CgHy)

dipolarity of the indicators in an inert medium was
characterized by p,(CCly), and in aprotic protophilic

solvents, by u,(C4,HgO,). The solvatochromic behavi-
of the compounds in aprotic inert and protophilic
solvents was characterized separately. The necessity
of separate description of the solvatochromism in the
electronic absorption spectra of nitroazoles was dem-
onstrated in [31] by the example of isomeric nitro-
pyrazoles. For aromatic nitro compounds, different
types of aprotic solvents should also be considered
separately, as indicated by data for N,N-dimethyl-4-
nitroaniline (see below) whose UV spectra were ex-
amined in detail in three sets of solvents: [12, 14, 16,
18, 21, 22, 25, 26, 29].

1 1

Vg, €m” -5, cm~ r sd n
28150+40 3270480 0.995 140 20
28150+110 3330+140 0.976 130 29
28120+50 3490470 0.992 90 43

aprotic protophilic solvents, the first of the conditions
formulated above is not met for nitroarenes with auxo-
chromes X = SO,Cl, Br, CH,Cl, SCH;. The second
condition is not met for the solvation complex with
a bifurcate hydrogen bond between the solvent and
2,6-dibromo-4-nitroaniline. Relationship (19) between
s and p,, obtained in an aprotic protophilic medium

Table 6. Measured (gas phase) and calculated [Eq. (15)]
wavenumbers of absorption maxima of compounds 1-X-4-

vg, cm_1
X

calculated measured *
H 41830 41650, 41820, 41940
CH,CI 40880 40800° (50-90°C)
CH; 40490 39850, 39970, 40330
F 40820 40140, 40800
Cl 39420 39250, 39650° (50-90°C), 39790
Br 38600 39250° (50-90°C), 39520
OH 37250 37310, 37910, 37940
OCH;4 37000 36870,b 36900, 37100, 37110
OC,H; 36470 36700 (50-90°C)
NH, 34520 34210, 34370, 34480, 34680
NHCH; 32750 32620
N(CH;), 31960 31370, 31460
N(C,Hs), 31160 30390

2 Data from [25, 42-46]; the temperature ranges are indicated
in these papers. b This work.
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Fig. 4. Correlation between the regression coefficient s
and ground-state dipole moment of aromatic compounds
X-4-NO,PhR. Aprotic inert medium is denoted by light
circles, and prortophilic medium, by dark circles. R = H;
X: (I) C=N, (2) SOCL, (3) CHO, (4) CI, (5) Br,
(6) CH,CL, (7) H, (8) OCH=CH,, (9) NH-4-NO,C¢Hy,
(10) CH,-4'-NO,CcHy, (/1) CH3, (12) OH, (/3) NHCHj3,
(I14) N(CHy)s, (I5) N(CHj3),, (16) NHN(CHjy),,
(I7) NH,, (I18) NHNH,; (/9) R = 2,6-Br,, X = OH;
(20) R = 2,6-Bry, X = NH,; (2I) R = 2-NO,, X =
NHNH,; (22) 1-CH3-4-NO,-imidazole.

VOKIN et al.

for this narrow range of indicators (excluding 4-NO,-
C¢H,SCH,;), coincides with general relationship (17)
characterizing the previous group:

s = (300£40) + (440i10)pg,
r 0.999, sd 30, n 4.
Thus, in some cases transfer of an indicator from

an inert solvent to an aprotic protophilic solvent
moves is from one group to another.

19)

Taking into account such movements, all the sol-
vatochromic indicators examined in aprotic medium
can be subdivided into five groups (Table 7). The
relationship between s and ., is described by a set of
linear correlations with somewhat differing slopes
(my) and absolute terms (sy) (see the next section).

It is well known that, in complexes with a weak
hydrogen bond, the electronic excitation is not deloca-
lized to the second subunit of the complex. Therefore,
when discussing the effect of formation of the solva-
tion complex, we could attribute changes in s to a
sharp increase in the Onsager radius, with the arm of
the molecular dipole changing insignificantly (espe-
cially if p, of the electron-donor subunit is close to
zero). The available quantitative data on the effect ex-
erted on s by the structural chemical size of auxo-
chrome X in compounds 4-NO;C¢H,X, obtained at
p, = const (Table 8), seem to be consistent with this
assumption.

Table 7. Ground-state dipole moments and quantitative characterisitcs of solvatochromism of aromatic (1-X-4-NO,PhR)
and heterocyclic nitro compounds in aprotic inert (IN) and protophilic (PR) media

§ H, Vmax = Yo — ST Vmax = Vg - lel - CZfZ
X R |3
= | D Vo cm™! s, em™| r | sd| n Vos cm™! cq, cm™! Do em™| R | sd | n
First group
F H IN |2.60 |38950£20 [1690+40 |0.997| 5012 [40850%100 |2020+130| 7920+430 [0.988(110 (12
PR |2.68 |38850£50 [1770+£60 |0.991| 6016 [40750£90 |1450+130| 8670510 [0.989( 90 (16
Cl 2-NO, |IN [3.40 |43300£60 [2140£150]0.986{150| 8 (45670150 [2480+200( 9690+640 [0.985|150 | 9
SCH;4 H PR |4.56 |30980£80 |2500£120]0.989|100({11 |33710£90 |2080£140|12410£530 [0.996| 90 (11
1-CH;-4-NO,- PR |7.33 |135340£70 |3830£100]0.995|110{19 [39370£250 |3300+270|17950+1280 [0.980({260 (19
Imidazol
Second group
C=N H IN |0.90 |39430£10 |690+£10 ]0.998| 60({12 [39800+50 | 710+£100| 3510£270 (0990 50 | 6
PR |0.96 |39150£40 |790+60 |0.971| 50{14 [40000£60 | 620190 | 3910+350 (0978 60 (14
SO,(Cl1 H PR |1.43 |40340£30 |940+£40 ]0.990| 60({12 [41340+70 | 810+£100| 4450+390 (0981 70 (12
CHO H IN (2.23 |38470+£20 |1230£40 [0.995| 40|13 |39820+£70 |1420£80 | 5550+£280 |0.988( 70 (12
PR |2.58 |138680+40 [1380+60 |0.991| 50{13 [40190£80 |1200+110| 6630+460 [0.990 80 (12
Cl H IN |2.69 |37640£10 [1470£20 ]0.999| 6010 [39270+60 |1830+80 | 6850+240 [0.995( 60 (10
PR |2.70 |137700£40 [1560£60 |0.990| 50{16 [39370+70 |1220+£100| 7790+430 [0.991| 80 (16
Br H PR |2.80 |36980£40 [1490+50 |0.993| 60|14 [38580+80 |1270+£100| 7090+440 [0.989( 90 (14
OH 2,6-Br, [IN [3.27 |34680£30 [1690£60 |0.994| 70|11 [36590+110 [2000+150| 7950+480 |0.987|120 |11
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§ H, Vmax = Yo — ST Vmax = Vg - lel - CZfZ
X R 3
= | D Vo cm™! s, em™| r | sd| n Vos cm™! cq, cm™! Do em™| R | sd | n
Second group
CH,Cl1 H PR [3.77 |38700+£60 |1980+90 [0.991| 70|11 |40870+80 |1660+130| 9750+480 |0.995| 80 (11
H H IN (3.88 |39600+20 [|1990+40 (0.998| 80|12 |41850+130 |2300+170| 9290+540 |0.985{130 (11
PR [4.03 |39590+60 |2040+80 [0.991| 70|13 |41670+90 |1720+150( 9400+580 (0.992{100 (13
OCH=CH, |H IN (4.02 |134130+£30 |2010+70 [0.996| 70| 9 |36430+130 |2640+210| 9280+570 |0.989|140 | 8
PR [4.12 |34210+60 |2220+90 [0.990| 90|13 |36640+110 |1910+140{10810+590 (0991120 (13
NH- H IN (4.3 |27400+120 |2230+180 [0.987|140| 6 |29850+130 |27304+190(10270+540 (0.993]|130 | 7
4'-NOy-
CeHy
PR [4.81 |27130+£70 |2490+100 [0.985| 90|21 |29750+120 |2220+150 [11370+650 |0.987(130 (21
CH,-4- |H PR [4.68 |37600+50 |2480+80 [0.993| 80|17 |40300+120 |2070+140(12140+620 |0.990|130 (17
NO,-C¢H,
CHj, H IN [4.45 |37650+40 |2280+80 [0.995|100(12 |40180+170 |2760+220 [10450+750 |0.983({180 (11
PR [4.61 |37830+50 |2420+70 [0.994| 70|18 |40470+100 |2010+120(11820+530 |0.9921110 (18
OH H IN [4.85 |35100+£50 |2540+100 [0.990|150|14 |38060+160 |2810+220 [12400+680 |0.983(180 (14
NH, 2,6-Br, [PR [5.43 |31110£80 [2680+100]0.986{100|18 (339404130 [2300+150 {12660+690 [0.988|140 |18
NHCH; |H IN [6.55 |29380+40 |3240+90 [0.997|110|11 |32960+150 |3930+220 (14820+660 [0.990{170 (12
PR [7.17 |29060+70 |3350+90 [0.993| 70|18 |32680+130 |2970+150[15860+660 |0.993|140 (18
N(CH,); |H IN [6.6 |27860+110 32204190 (0.993|140| 6 |31630+240 |3780+370 (1569041050 |0.989]|240 | 7
PR (6.9 |27970+110 |3500+160 [0.992{100| 9 |31760+120 |31404+280[16670+890 0.997|120 | 8
N(CH;3), |H IN [6.87 |28150+40 |3270+80 [0.995|140|20 |31890+160 |4100+230 [15380+650 [0.989(200 (16
PR (7.27 |28120+£50 |3490+70 [0.992| 90|43 |31570+220 |6090+180 (1527041010 |0.962240 (39
1-CH;3-4-NO,- IN (7.0 |35450+60 |3470+120(0.993|160|14 |39320+180 |4230+230{15890+790 (0.990{190 (13
Imidazol
NHN- H PR [7.57 |29570+100 |3650+ 130 [0.986|120]|18 |33520+170 |6090+230 (1762041000 |0.990|180 (18
(CH3),
NH23 H IN [6.25 |31170+£30 |3220+80 [0.996|130]|17 |34780+130 |4020+180[14890+560 |0.991|150 (17
PR [6.85 |60890+80 |3300+90 [0.988|110|27 |34300+170 |2890+160[15120+830 |0.981|190 (27
NHNH, |H PR [6.67 |29590+ 140 |3440+200 [0.978]|150|15 |33230+190 |2920+270 {16350+1100 |0.988]200 (15
NHNH, |2-NO, [PR |6.90 [60710£70 [3360%130|0.991]| 60|15 |34250+190 |2640+340|16490+1220 |0.987(200 |15
Third group
SO,Cl1 H IN (1.25 |40150+£20 |720+40 [0.985| 50|12 |40980+60 | 830+80 | 3490+270 |0.975| 70 (12
Br H IN [2.63 |36910+£20 |1320+30 [0.997| 40|12 |38410+120 |1690+160| 6370+490 |0.975{120 (11
C=CH H IN (3.49 |25490+30 |1600+50 [0.994| 70|12 |37320+120 |1830+160| 7700+520 |0.981{130 (12
PR (3.65 |36100+40 |1580+50 [0.992| 40|17 |37800+80 |13404+90 [ 7590+420 |0.989| 80 (17
CH,Cl1 H IN (3.68 |38610+20 |1700+30 [0.998| 40|11 |40520+80 |2040+100| 7930+340 |0.993| 80 (11
SCH;4 H IN (4.39 160540+30 201060 [0.996| 70|11 |32790+130 |2410+160| 9310+560 |0.988(130 (10
NH, 2,6-Br, [IN [4.7 60730240 [2210£80 |0.995| 90| 9 (33180+120 [2860+180 (10040+510 (0.991|120 | 9
OCH;4 H IN (4.90 |34190+40 |2310+80 [0.990{130|20 |36880+140 |2700+190 [11300+600 |0.983(160 |16
PR (5.20 |34260+50 |2460+70 [0.983|100|41 |36780+150 |2080+130[11400+680 |0.963|170 (39
OC,H; H IN (5.07 |33760+40 |2360+70 [0.996| 80|10 |36390+160 |2940+210[10630+670 |0.988|160 | 9
PR [5.27 |33810+60 |2420+80 [0.994| 80|13 |36430+110 |2090+130(11670+540 (0993|110 (13
1-CH;-3-NO,- IN [5.75 |139510+£30 |2640+60 [0.998| 70|11 |42460+170|3170+220(12200+700 |0.988({170 (11
Pirazol
PR [6.20 |39300+70 |2850+100 [0.994| 80|12 |42300+180 |2610+280 [12920+1070 |0.987(180 |12
N(C,Hs), H IN [6.90 |27650+40 |3190+100 [0.996|120|11 |31200+190 |3760+280 [14750+830 |0.984(210 (12
PR [7.30 |27550+£50 |3280+70 [0.996| 80|19 |31040+150 |2960+140(15180+710 |0.991|150 (19
| | | | | | | | |
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Table 7. (Contd.)
§ H, Vmax = Yo — ST Vmax = Vg - lel - CZfZ
X R |3
= | D Vo cm™! s, em™| r | sd| n Vos cm™! cq, cm™! Do em™| R | sd | n
Third group
N(CH,), |H IN |7.10 |27550£110 |3190£200]0.993|140| 6 [31070£280 |3650+450|14730+1210 [0.985[280 | 6
PR |7.45 |127520£120 {3270+ 180]0.990|110] 9 [31060£120 |2970+£290|15490+930 (0.997(120 | 8
NH, 2-NO, |IN (5.7 |32160£50 |2610£120]0.988(140|14 (35130170 (2890220 (12320+690 [0.982|180 (13
1,2-(CH3),-4-NO,- |PR |7.64 |34950£80 [3450%£110]0.994{100|15 |38590£230 |2920+£330(16410+1360 |0.982|240 |15
Imidazol
Fourth group
COOCH,-|H IN |2.87 |139450£20 [1140£50 ]0.996| 50| 7 [40720£90 |1340+140| 5380400 [0.985( 90 [ 8
SiF; PR |3.40 |139600£80 [1350£50 |0.985| 60{13 |41070+100 |1200+140| 6530540 [(0.979(100 (13
COCH; |H PR |3.43 |138720£40 [1330£60 |0.989| 60[15 |40160+100 |1080+£110| 6580510 [0.979(100 (15
CONH:- |H PR |3.95 |139070£40 |1640£60 |0.991| 40(11 |40810£110 |1400£160| 7880+£620 [0.986(110 (11
NH,
OH 2,6-Br, |PR [4.41 |34870£90 [1680+£120]0.987| 70|17 (36600+110 [1480+150( 7680+600 |0.978|120 |17
OCH,Si- |H PR |4.70 |133820£70 |1800£120]0.982| 60{10 [35790+170 |1760+£310| 88001000 (0972170 | 9
CH,F,
OH3 H PR |5.38 |134920+£70 |2120£100]0.988| 80|24 [37100£140 |1840+£130| 9710660 [0.974(150 (24
OCH,Si- |H IN |5.40 |133650£40 |2130£80 |0.995| 90|10 (36060170 |2510+£220| 9960+740 [0.982(170 (10
CHj; - H PR |5.73 13368050 |2240+70 |0.993| 70{17 [36070+130 |1850+£150|11090£670 [0.986(130 (16
(OCHy),
N(CH;)Z H IN |5.6 |32010£100 |2250£170]0.985|120| 7 [34520+£160 |2590+260 10480710 [0.988(160 | 7
NH, 2-NO, |PR [6.50 |32080£80 [2710£120]0.988| 80|20 (34940+130 (24504140 (12360+650 |0.988(140 |20
NHCH; |2-NO, |PR [6.58 |60510£60 |2590+£60 |0.989| 80|22 |33240%120 |2310£110|11960£570 ]0.989|130 |22
NHN=C-. |H IN |6.8 2802040 |2870£90 |0.995|110{12 [31240£120 |3430+£170|13290£590 [0.992(140 (12
(CHy)s PR |7.37 127960+ 120 |2960£ 160 ]0.973|130{17 [31130£150 |2350+200|14580+£850 [0.989(150 (17
NHN=C- |H IN |7.1 |28390£20 |2890£50 |0.999| 60{12 (31610150 |3430+£190|13340+660 [0.990(160 (12
(CH3), PR |7.62 |28240£70 |2990+100]0.985| 90|22 [31400£150 |2600+180 14010810 [0.985(160 (22
Fifth group
COCH,Br |H IN |2.67 |37990£20 | 88030 |0.993| 40(12 |38970£80 [1030£90 | 4060+£320 [0.976| 80 (11
PR |2.85 |138190£60 | 870£80 |0.955 60[15 |39130+70 | 590+130| 4650480 [(0.972| 80 (15
COCH; |H IN |3.25 |138600£20 [1140£40 |0.997| 40| 7 [39860+100 |1310+£140| 5200+£430 [0.983(100 | 7
OCH,Si- |H IN |5.52 |133660£30 [1980+60 |0.997| 70{10 [35900%160 |2330+£210| 9280+710 [0.981{170 (10
(OCH;); PR |5.61 |33730£40 |2080£70 |0.993| 50{16 |35930+100 |1680+150|10270£610 [0.989(110 (15
OSi(CHy); |H IN |5.62 |34610£30 |2070£50 ]0.997| 60({12 |36940+£120 |2470£150| 9600+£510 [0.989(120 (11
NHCO- |H IN |6.0 |33260£50 |2140£90 |0.994|110] 9 [35630+£140 |2620+180| 9780+610 [0.988(140 (10
CH
NH%H3 2-NO, [IN [6.2 6050060 [2280+130]0.986{160|11 (33000150 [2780+190(10310+£660 [0.987(150 |11
NHN=C- |H IN |6.3 |28070£60 |2290+110]0.990|140{10 [60680+170 |2710+£230|10750+730 [0.984(180 (10
(Pr)CCl=
CHC1
NHN=C- |H IN |6.6 2746040 |2240+80 |0.996| 90{10 [29970£160 |2690+£220|10410£690 [0.985(170 (10
(Pr)CH=
CCl,

Within the framework of this hypothesis, it is easy
to explain the movement of 4-nitrophenol and 2,6-di-
bromo-4-nitrophenol from the second to the fourth
group (characterized by lower s at the same p,) upon
formation of the solvation complex (Table 7). How-
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ever, it remains unclear why in the series of weak
H-bond donors (4-nitroaniline, N-methyl-4-nitroani-
line, etc., Table 7) the molecules and their solvation
complexes belong to the same group and why 2,6-di-
bromo-4-nitroaniline moves from the third to the sec-
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ond group whose representative, at the same dipolar-
ity, have relatively higher values of s. Passing from
molecules to solvation complexes can be simulated by
passing from 4-nitrotoluene to 4,4'-dinitrodiphenyl-
methane, or from 4-nitroaniline to 4,4'-dinitrodiphen-
ylmethane. In these pairs of compounds, the electronic
excitation is localized within similar fragment, and
the second molecule in each pair is considerably larg-
er than the first molecule. Nevertheless, the molecules
and solvation complexes of all the four indicators
belong to the second group (Table 7).

The pattern becomes more understandable if we
assume that the Onsager radius in the spectroscopic
sense is determined by the molecular system fragment
on which the electronic excitation is localized (orien-
tation—induction interactions in the excited state do
not involve the periphery of the solvation shell). As a
result, the same group may include both molecules
with different structural chemical radii and solvation
complexes of weak H-bond donors. Then the move-
ment of an indicator from one group to another upon
formation of a relatively strong two-centered hydro-
gen bond with solvent molecules can be readily ex-
plained. In such complexes, not only the XH bond
but also the aromatic fragment as a whole is polarized,
which affects the ug/a3 ratio. This assumption opens
the way to understanding the specific features of the
spectroscopic behavior of three-centered solvation
complexes. They differ from the initial molecules by
the lower strength of the intramolecular hydrogen
bond and from two-centered H complexes by the
mutual orientation of the subunits [34, 47-49].

Relationship between p, and p,. The relationship
between these quantities is similar to that between s
and p, (see below). Furthermore, there is a linear
correlation (20) between s, and py:

s = (59£7) + (0.226+0.005)p,,
r 0.999, sd 13, n 5.

(20)

This means that the contribution from dispersion—

Table 8. Effect of substituent in compounds 4-NO,CqH,X
on the solvatochromic coefficient s

Inert medium Aprptic P r(?to-
philic medium
X
Mg D |s, cm™! Mg D |s, cm™!
F 2.60 | 1690 | 2.68 | 1770
Cl 2.69 | 1470 | 2.70 | 1560
Br 2.63 1320 | 2.80 | 1490
NH, 6.25 | 3220 - -
NHN=C(Pr)CCI=CHCIl | 6.3 2290 - -
NHCH; 6.55 | 3240 - -
NHN=C(Pr)CH=CCl, 6.6 2240 - -
N(CH3), 6.87 | 3270 | 7.27 | 3490
N(C,Hs), 6.90 | 3190 | 7.30 | 3280
NHN=C(CH,)5 6.8 2870 - -

polarization interactions to s for a given group of
indicators is approximately constant; in going from
one group to another, this contribution regularly
changes; subdivision of indicators into groups is par-
tially governed by changes in the extent of compensa-
tion of the spectroscopic effect of these interactions.
If the subdivision of indicators into groups is fully
governed by a change in the contribution of disper-
sion—polarization interactions to s, the groups will be
characterized by equal values of m, and m,, which is
the case for the first and second groups (Table 9).

Thus, there are two factors causing the movement
of an indicator from one group to another: changes in
the ug/a3 ratio and in the contribution of the disper-
sion—polarization interactions to s. The first factor
leads to variations of the slope of the linear depend-
ences s = s, + My, and the second factor determines
a jumpwise change in the absolute term.

Relationship between ¢; and p,. Contrary to the
expectations, when considering the relationship ¢; ~
f(uy), we obtained an essentially different result.

Table 9. Parameters of Eqgs. (3) and (4) for separate groups of indicators

§ =80 + mohy Py = Py + Mo,
Group n
50» cm™! m, cm™ D! r sd Dos cm™! my, cm~ D! r sd
First 570+80 440420 0.998 | 70 28004310 2070+70 0.998 270 5
Second 290+30 450+10 0.997 | 70 15404260 2080+50 0.991 570 33
Third 150+40 430+10 0.997 | 60 860+230 1990+40 0.996 310 19
Fourth -70+60 410+10 0995 | 70 -80+360 190060 0.992 370 16
Fifth -150+£80 380+20 0.993 | 70 -340+500 173090 0.988 430 10
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Fig. 5. Correlation between the regression coefficient ¢
and ground-state dipole moment of aromatic compounds
1-X-4-NO,PhR. Aprotic inert solvents are denoted by
light circles, and protophilic solvents, by dark circles.
For numbering of the indicators, see caption to Fig. 4.

The parameter c¢; of the solvatochromism theory
determines the orientation—induction term of the spec-
tral shift and is related to the molecular parameters
as follows [9]:

;= 2ug(ucosp — py)la’, 21)
where ¢ is the angle between the vectors of the mo-
ments ﬁg and [,. In the chosen aromatlc nitro com-
pounds, ¢ =0, i.e., ¢; = 2p,(He — Yy Ya®. We found
that the following relationship is Vahd for a separate
group of indicators in an inert medlum ¢ = 2ry, -
l)u /a®, where r, = const and p /a’ = const. Hence if
ry 18 1ndependent of the group properties of solvents,
transfer of an indicator from an inert solvent into an
aprotic protophilic solvent should cause c¢; and s to
increase. However, actually ¢, regularly decreases at
such transfer. Irrespective of the solvation mechanism,
this trend is the more pronounced, the higher the di-
polarity of the indicator molecule (Fig. 5).

Such an unexpected relationship between € and

manifested in aprotic protophilic solvents, is most
hlg<ely associated with the fact that aprotic solvents are
more diverse in the chemical nature than inert solv-
ents. We failed to reveal any specific factor responsi-
ble for distortion of the linear relationship between ¢,
and , in aprotic protophilic solvents. Analysis of the
whole data set on ¢; and p, showed that the correla-
tion consists of several linear sections with the slopes
close to those found for inert solvents, separated by
steps (as shown in Fig. 5). Therefore, the distortion

of the linear correlation should be attributed to two
approximations of the theory: neglect of the relief of
the electron density distribution in indicator molecules
and assumption of their constant polarizability (this
assumption actually leads to the final equation suit-
able for practical purposes). Both approximations
(neglect of higher multipoles and of variation of the
polarizability) can lead to underestimation of an addi-
tional contribution to ¢;, which depends in a certain
fashion on the auxochrome and on solvent properties.
If such contributions actually exist, it can be assumed
that the true value of c;, ¢!, is close to that found on
the basis of the solvatochromism theory in an inert
medium, as in the case of s and p,. In turn, this as-
sumption means that the p,/c] ratio only weakly de-
pends on the solvent, and this conclusion can be indi-
rectly verified. Indeed, assuming p,/c} to be a con-
stant of the given indicator series, independent of the
chemical structure of the solvent, we can readily esti-
mate the solvent parameters n* on the basis of univer-
sal interaction functions and compare them with the
empirically obtained values of cj.

According to definitions of [29], n* = (v, — V) X
(Ven — Vpmso) > Where v, v,, and vpygo are the
wavenumbers of the absorption maxima in the UV
or visible range in cyclohexane, given solvent, and
DMSO, respectively. With expression (2), it can be

readily shown that the correlation of n* with f; and f,
of a varied solvent is as follows:

o= wg + yfp + v (22)

where v = 1/(0.84 + 0.026p,/c,), n (value of wn* for
gas phase) = —0. 257yp2/c1, f1 = (2n + DI(n® + 2) x
(8 - 1)/(8 +2) — (= DI® + 217, Hh= n® - 1) x
n* + 2)7!, € is the static dielectric permittivity of a
medium, and n is its refractive index.

To check this assumption, we used a set of aprotic
solvents with the group parameter & 0. In this set, the
parameters ©*, f;, and f, are varied in a wide range.
The parameter 6 additionally takes into account differ-
ences in the polarizability of aliphatic (& 0.0), halo-
gen-containing (& 0.5), and aromatic (5 1.0) solvents

[50]. The pz/ct1 ratio was taken equal to that estimated
for all types of solvents on the basis of data for inert

medium ( p,/c} = 3.87). We excluded from the sample
the indicators with a low dipole moment, since the
po/c, ratio for them may have a large error because of
weakly pronounced solvatochromism. The final sam-
ple consisted of 32 indicators. The estimated values of
n* of the gas and of the most frequently used solvents
with 6 0 (n¥,.) are given in Table 10, together with
the empirical values of this solvatochromic parameter
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Table 10. Parameters characterizing the capability of a medium for nonspecific solvation
No. Solvent N 5 T | 8. || No. Solvent N 5 mET | e
1 |Gas phase 0 0 —1.1 |-1.06 || 18 |Acetone 0.79 | 0.22 | 0.71 | 0.69
2 [Pentane 0 0.22 [-0.08 |-0.15 || 19 |Acetonitrile 0.86 | 0.21 | 0.75 | 0.72
3 [Hexane 0 0.23 |-0.08 [-0.11 | 20 |Ethyl formate 0.55 1022 [ 0.61 | 043
4 | Heptane 0 0.24 |[-0.02 |-0.07 || 21 |Ethyl chloroacetate 0.65 | 0.25 | 0.70 | 0.66
5 | Cyclohexane 0 026 | 0 0.01 [ 22 |Propylene carbonate 0.88 | 0.25 | 0.83 | 0.90
6 | Octane 0.01 | 0.24 | 0.01 |-0.06 || 23 |Tetramethylurea 0.79 | 0.27 | 0.83 | 0.89
7 |Decane 0 0.25 | 0.03 |-0.03 || 24 |Nitromethane 0.85 | 0.24 | 0.85 | 0.83
8 |Dodecane 0 0.25 | 0.08 [-0.03 | 25 |HMPA 0.81 | 0.27 | 0.87 | 0.91
9 [Triethylamine 0.07 [ 0.24 |1 0.14 | O 26 |Butyrolactone 0.84 | 0.26 | 0.87 | 0.90
10 [Dibutyl ether 0.21 | 0.24 | 0.24 | 0.15 || 27 |DMF 0.84 | 0.26 | 0.88 | 0.90
11 |Diethyl ether 0.38 1 0.22 | 0.27 | 0.25 || 28 |1-Methyl-2-pyrrolidone | 0.81 | 0.28 | 0.92 | 0.95
12 [Diisopropyl ether 0.33 1 0.23 | 0.27 | 0.24 || 29 |DMSO 0.84 | 0.28 | 1.00 | 0.98
13 |Butyl acetate 0.41 | 0.24 | 0.50 | 0.36 || 30 |Ethyl trichloroacetate 0.54 | 0.27 | 0.61 | 0.62
14 |Ethyl acetate 049 | 0.23 | 0.55 | 041 || 31 |Cyclohexanone 0.71 | 0.27 | 0.76 | 0.81
15 | 1,2-Dimethoxyethane 049 | 0.23 | 0.53 | 0.41 || 32 |Sulfolane 0.83 | 0.28 | 0.98 | 0.97
16 |THF 0.55 | 0.25 | 0.58 | 0.55 || 33 |Tributylamine 0.05 | 0.26 | 0.16 | 0.06
17 | Butanone 0.77 | 0.23 | 0.68 | 0.71

(m¥r) taken from [35, 36] and given for comparison.
Taking into account the fact that =¥, . and n¥, were
determined using different sets of indicators, the cor-
relation between the two scales can be considered as

very good [Eq. (23)]:

= (-0.05£0.02) + (1.03+0.03)m§,
r 0991, sd 0.06, n 33.

(23)

%
Tale

Estimation of .. As noted above, the absorption
band chosen for the analysis belongs to the most in-
tense T — 7* transition in the UV spectra of the indi-

1

Group Cgp» cm” my, cm™ ! D!
2 200+90 570+20
3 2604120 500+20
4 —-180+180 51030
5 -150+110 450+20

It is seen that r, randomly varies from one group
to another, with the difference between its maximal
and minimal values being within the determination
error. Thus, within the errors arising in quantitative
description of the solvatochromism, the coefficient r,
can be considered as constant for the given series of
aromatic and heteroaromatic nitro compounds. At its
mean value (r, ~2.35), the calculated and directly
measured [8—15] values of p, of compounds 1-X-4-
NO,C¢H, are in reasonable agreement (Table 11).

cators. Note that this transition does not always lead
to the first excited state. In aromatic nitro compounds,
an inversion of the nw* states S; and S, on the energy
scale is observed as the electron-withdrawing power
of the auxochrome is enhanced (Table 2). The relative
position of the indicator band in heteroaromatic nitro
compounds also varies [32, 51].

To estimate p,, we used Eq. (8). The factors m,
required to calculate the proportionality coefficient r,
have already been presented. The factors m,; deter-
mined, for the above reason, in an inert medium are
given below together with r, (€ = 0.755).

r sd n n
0.994 120 14 2.23+0.19
0.989 140 11 2.48+0.23
0.994 110 5 2.33+0.32
0.995 80 7 2.44+0.35

Anisotropy of electron redistribution. Changes in
the direction of I, relative to [, should be expected in
the case of 1-substituted 2,4-dinitrobenzenes, because
of low symmetry of the nitrobenzene fragment in
these compounds. Quantitative data on the solvato-
chromism of these indicators are given in Table 12.
The mutual orientation of [, and K, of these com-
pounds can be readily revealed using Bakhshiev—
Bilot-Kawski equation (2). In this equation, ¢; is a
function of angle ¢ between the vectors of the dipole
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Table 11. Calculated [Eq. (8)] and directly measured
[8-10] excited-state dipole moments of compounds 1-X-4-
NO,C¢H, (S, for introbenzene, §; for p-nitroanilines)

Hes D
X Solvent calculated found
(rILL 2.35)
H Dioxane 94 9.5+1.0
CCly 9.1 -
NH, Dioxane 16.0 15.5+2.8
Benznene - 14.0
CCly 14.7 -
N(CHy), Dioxane 17.1 -
Benzene - 15.0
CCly 16.1 -

moments of the ground and excited states and p, is
independent of this angle. Therefore, using p,, it is
easy to determine the group to which the given indi-
cator belongs. Then the angle ¢ of this indicator can
be determined from the actual values of ¢; and p
using the group linear relationship ¢,(¢ = 0) = f(u,).

The simplest procedure for estimating ¢ is that
based on data for an inert medium [Eq. (24)]:
cosp = [l + (rH -

Diylry. 24)

VOKIN et al.

where 3 = [c)(¢ = 0) — cllei(@) — col.

Calculation of ¢ from data for aprotic protophilic
solvents is more difficult. In this case, at least one
more indicator with the same p, but with highly sym-
metrical nitrobenzene fragment is required.

In the series of the chosen 1-substituted 2,4-dinitro-
benzenes, only in three cases (Table 13) we were able
to estimate ¢. These results suggest that the auxo-
chrome structure noticeably affects this angle.

EXPERIMENTAL

The UV spectra of solutions of compounds in inert
and protophilic solvents were recorded on a Specord
UV-Vis spectrophotometer at 22-25°C. The dielectric
permittivities of solutions of nitro compounds in
CCl,, benzene, and 1,4-dioxane were measured on an
Sh2-5 device (Angarsk OKBA Joint-Stock Company)
at 1 MHz and 25°C. The dipole moments were calcu-
lated by Higasi’s formula [52].

Acetone and hexanone 4-nitrophenylhydrazones
were prepared by the standard procedure [53]. Organo-
silicon derivatives of nitrobenzene were prepared by
procedures described in [54, 55], and heterocyclic
nitro compounds, by procedures described in [56, 57].
The other aromatic nitro compounds with substituents
para relative to the nitro group are commercial
products (chemically pure grade); they were puri-

Table 12. Quantitative characteristics of the solvatochromism of compounds 1-X-2,4-NO,CgHj

X Medium* Vo cm™! s, cm™! b, cm™! r(R) sd n

Cl IN 43300460 2140+ 150 - 0.986 150 8
NHNH, PR 30710+70 3360+130 410+90 (0.991) 60 15
NH, IN 32160+50 2610+120 - 0.988 140 14
PR 32080+80 2710+120 1220+110 (0.988) 80 20

NHCH; IN 30500+ 60 2280+ 130 - 0.986 160 11
PR 3051060 2590+60 540+90 (0.989) 80 22

4 Here and hereinafter: IN, inert medium; PR, protophilic medium.

Table 13. Parameters of Eq. (2) for compounds 1-X-2,4-NO,C¢H; and angles ¢ between the vectors of the dipole
moments in the ground and excited states

X Medium Hg» D cq, cm™! Do cm™! R sd n Group ¢, deg

Cl IN 3.40 2480+200 9690+ 640 0.985 150 9 First -

NHNH, PR 6.90 2640+340 16490+1220 | 0.987 200 15 Second ~20

NH, IN 5.7 2890+220 12320+ 690 0.982 180 13 Third ~17
PR 6.50 2450+ 140 12360+ 650 0.988 140 20 Fourth -

NHCH; IN 6.2 2780+£190 10310+ 660 0.987 150 11 Fifth 0
PR 6.58 2310110 11960+570 0.989 130 22 Fourth -
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fied by recrystallization from organic solvents or
vacuum sublimation. The purity of compounds and
solvents was checked by physicochemical methods.

Ab initio calculations of the ground-state dipole
moments and characteristics of UV spectra of nitro
compounds were performed with the GAUSSIAN-98
program package [58].

Propyl 2,2-dichlorovinyl ketone 4-nitrophenylhy-
drazone. Propyl 2,2-dichlorovinyl ketone (1.67 g) was
slowly added to a solution of 1.53 g of 4-nitrophenyl-
hydrazine in 40 ml of ethanol containing 0.5 ml of
sulfuric acid. The reaction mixture was stirred for
30 min and left overnight. The precipitate was filtered
off, washed with water to neutral reaction, and dried.
Yield 2.87 g (95%), mp 115-117°C. IR spectrum, v,
ecm™: 3300 (NH); 3030 (=CH); 2950, 2920, 2870
(C3H5); 1600 (C=N); 1585 (C=C); 1550, 1310 (NO,).
'"H NMR spectrum (DMSO-dg), 6, ppm: 091 t (3H,
CH;, J 7.2 Hz), 1.46 m (2H, CH,, J 7.2 Hz), 2.46 t
(2H, CH,, J 7.2 Hz), 6.71 s ng H*Y), 7.28 d (2H,
H>°, J 7.3 Hz), 8.09 d 2H, H’*, J 7.3 Hz), 10.32 s
(1H, NH). Found, %: C 43.83; H 4.35; Cl 23.23; N
13.95. C;,H3CILN;0,. Calculated, %: C 47.80;
H 4.32; Cl 23.22; N 13.94.

Propyl 1,2-dichlorovinyl ketone 4-nitrophenylhy-
drazone was prepared similarly from 1.53 g of 4-nitro-
phenylhydrazine and 1.67 g of propyl 1,2-dichloro-
vinyl ketone. Yield 2.82 g (98%), mp 114-116°C. IR
spectrum, Vv, em™: 3295 (NH); 3180, 3075 (=CH);
2950, 2910 (C5H;); 1600 (C=N); 1590 (C=C); 1520,
1310 (NO,). 'H NMR spectrum (DMSO-d;), 8, ppm:
1.01 t (3H, CH;, J 7.7 Hz), 1.59 m (2H, CH%,' J
7.7 Hz), 2.60 t (2H, CH,, J 7.7 Hz), 7.34 d (2H, H’ o
J 7.4 Hz), 737 s (1H, H), 8.12 d (2H, H*”, J
7.4 Hz), 10.34 (1H, NH). Found, %: C 47.70; H 4.34;
Cl 2347, N 13.91. C;,H5CI,N;0,. Calculated, %:
C 47.68; H 4.35; Cl 23.45; N 13.90.
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