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Two recent dielectric models, viz. the inverse exponential model of Block and Walker (BW)
and the mean spherical model of Wertheira (W), were applied to the conceptually simple solvato-
chromic theory in the attempt to appreciate their ability to predict excited state dipole moraents
(1) on the basis of the solvent dependence of electronic absorption spectra. Validity of the sug-
gested equations was tested by standard methods of statistical analysis, as well as by comparison
of the predicted x, values with those obtained independently from electrooptical measurements.
All variants, including the original Onsager (O) formulation appear to be acceptable, the cor-
relation coefficient varying from 0-920 to 0-962. However, they predict different 4, values the order
of magnitude being (for a given solute) invariably (ue)Bw > (/1e)0 > (ue)w. In view of the large
uncertainties in the cavity radius @, no unambiguous conclusions can be drawn on the preference
of the respective models. Provided that the mean polarizability « is approximated by a = a3/2.
the most satisfactory results (mean relative error in g, cf about 4-6%,, R == 0-930—0-9¢0) are
obtained by using the reaction field mcdel of Blcck and Walker.

The solvent-induced shifts of electronic absorption bands (solvatochromism) has
been used extensively as a source of information about the change of electron density
with excitation and resulting electron distribution of electronically excited mole-
cules' ~1°. The most readily available quantity is the vector difference in permanent
dipole moments, A;l(Ay = M, — yy), between the excited and ground state sub-
scribed e and g, respectively. Several reviews on the subject have appeared® !°
and new studies are still continuing!!~ !¢, despite the known limitations!” of the
method for the quantitative evaluation of g,.

In deriving the pertinent solvatochromic equations, perturbation theory results
are related to solute and solvent macroscopic parameters (e.g. fi, fig, o and &, n)
by applying the reaction field model'®:!'° and identifying the terms with classical
electrostatic interactions, e.g. dipole-dipole and dipole-induced dipole.

According to the reaction field formalism'®!° the interaction energy of the solute
dipole with the dielectric is given as AE; = E; — E{ = —1/2uR, where E; is the i-th
state energy in the solvent, E? is the corresponding energy in vacuo and R is the
reaction field, i.e. the field which arises by polarization of the surrounding and acts
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Dipole Moments in Excited State 1681

back on the dipole. Since there are two mechanisms for production of reaction
fields, orientational and induced polarizations, the total reaction field R can be
partitioned as a sum of these two contributions, i.e. R = R, + R;,, where

R =fu(l — of)™! (1a)
Ry = f'u(l — of’)™! (1b)
Roe = (f — f) Bl(1 — of) (1 — of )] (1c)

Here, o represents an average polarizability, f and f’ are generally the reaction field
tensors. Usually the solvent is approximated by a homogeneous and isotropic
dielectric where the solute molecules are localized in cavities with a definite shape.
In the most simple case the shape of the cavity is assumed to be spherical; then the
tensors f and f’ are reduced to scalars f and f'. If furthermore the dipole of the solute
is approximated by a point dipole localized at the center of the sphere, then

f=1/.1=2a"4ne) (e — 1)/(2e + 1) . 1 )
and

f =/ .1=2a3%4ne)™ " (n* — 1)(2n* + 1) .1 3

with a being the radius of the sphere, ¢, the permittivity of the vacuum, ez the bulk
relative dielectric constant and n the refractive index.

Assuming that the solvent reorientation is slow compared to the absorption process
in accordance with the Franck-Condon principle, the shift in transition energy
upon solvation is

AE = AE, — AE, = hc Ay = —1/2(u.R{C — p,R,). “@

Numerous approximations underlying the original theoretical treatment together
with further simplifications in deriving final solvatochromic equations were already
reviewed®:®. Despite the differences in approximations involved, all current solvato-
chromic theories lead finally to similar expressions. If we (1) restrict ourselves
to molecules having symmetry axis, (2) ignore any changes in polarizability on ex-
citation (x = a, = o) and introduce the notation

B, = l‘g(l'e - i‘g) B, = 0'5(#5 - #ﬁ)

By = 05(u, — n,)*  Bj = nme — 1)

the resulting equations may be summarized as shown in Table 1.
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1682 Koutek :

In a recent paper'! we have tested the validity of these (and related) equations
for the determination of excited state dipole moments using expressions for f and f’
given by Eq. (2) and (3). It was found that (i) each of the equations may be rewritten
as a linear sum of terms in product function form

AEik'__ZBij‘ij-l-C’ (5)
j=1

where B;; is a solute factor depending exclusively on the solute i properties and F,
is a solvent factor characterized by the solvent k macroscopic properties, and (ii)
Eqs (5a) and (5b) led generally to better agreement with electrooptical experiments
than the other equations.

So far, the theory of solvent shifts has been treated almost exclusively within
the Onsager reaction field model. Although constantly (and justly) criticized for its
oversimplification of reality and other shortcomings, the Onsager model provides
an invaluable starting point in the evolution of more sophisticated approaches.
There are two obvious flaws in the Onsager model. In the vicinity of the polar solute
molecule, the solvent may be oriented by the electric field of the dipole, and its di-
electric constant there will be much lower than the bulk value used in Eq. (2) Further-
more, for a given solute dipole, the reaction field of Onsager reaches?® 85% of its
maximum possible value at 5 &~ 12, but it was experimentally found that the solvent
effect increased appreciably for solvents with e > 12. Both these flaws are due to the
representation of the field factor f by Eq. (2) which therefore needs improvement,
or perhaps even replacement. On the other hand, the electronic polarization should
not be subjected to saturation effects to that extent as are orientational processes.

TABLE I
Basic equations describing the solvent effect on absorption spectra

Eq.* AE,_, Ref.
Sa  BlfU—af) P — (1 —af) 1+ Byf’ 1
56 Bl —af )" A — a7t — f(A— af )+ Byf'@—af Y1 — af)"? 2,3
Sc B fUl—af)" 4+ By (1 —af)7! 6
5d B, f+ B5f 4
Se B f(l —af)" Y+ By f (1 —af)t sb

9 Both the dispersion and temperature dependent terms are ignored in all equations; ? original
work uses an equivalent equation AE._,= 0-5/43 A —af)y™ 1 — 0562 /0 — af) 1 —
— 05peu(f— [ —af)TH A —af)"h
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Therefore, it could be well described by the reaction field factnr f as defined by Eq.
(3).

Various local-field models have been proposed which, removing the Onsager
discontinuity, include the concept of local order at the boundary achieving the ap-
propriate bulk dielectric constant at large distances. Examples of such reaction
field models are those of Block and Walker?!, Wertheim?2 and Fulton?3. To include
continuous permittivity variation across the cavity boundary, Block and Walker?!
attempted an analytical solution of the modified Laplace equation for the radial
potential by assuming a spatial dependence of the permittivity in the form &(r) =
= ¢gexp [—a(ln gg)/r] for » > a. At 0 £ r £ a, &(r) = 1. Accordingly, the cor-
responding reaction field, RBY, is established as -

RBY = (pa™3)(4neo) ™" [3epIn epf(sp In g5 — &5 + 1) — (6/In g + 2)] =
= B u = (2pa=3) (4ne,)" F(e)®Y . (6)

For comparison, the mean spherical model of Wertheim?2, where analytic potentials
representing fluids are modelled as composed of hard spheres may also be cast
in terms of classical fields. It has been shown??'2* that the reaction field appropriate
for polar liquid is proportional to the intrinsic variable ¢ (molar volume, pair distri-
bution, and correlation function dependent), which is in turn a function of the bulk
dielectric constant, e = (1 + 4&)* (1 + &)* (1 — 2¢)7°. The corresponding reac-
tion, field, R¥, may be written as

RY = (pa™3)(4neo)" ' 16¢ = ¥ . p = (2pa™3) (4ney) ™' F(e)V . (7)

In this paper we note that, in addition to the Onsager field, any local field can be
used as the driving field in deriving the solvatochromic equations. Among the fields
mentioned above, however, the Fulton’s one is exceptional since it takes account
of the microscopic structure of the medium by modelling the solution as a rigid
cubic lattice. Here, we restrict our analysis to a comparison of the results based
on the Onsager field with those derived using Block-Walker and Wertheim local-field
models, which we believe to be more realistic than other theories. To our knowledge,
no such attempt has been made in the previous works concerning excitated state
dipole moment determination.

The aim of this communication is (1) to modify the practically used solvent-shift
equations by involving Block-Walker and Wertheim reaction field models, and (2)
to check the validity of the modified equations for the determination of correct
solvent shifts and excited state dipole moments, by comparing predicted quantities
with corresponding values obtained experimentally from independent measure-
ments.
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As model compounds we have chosen nitrobenzene (I), 4-aminonitrobenzene (1),
4-dimethylaminonitrobenzene (111) and N-methylacridone (I V). The selection of these
compounds was dictated (1) by the availability of sufficient number of the solvent-
-dependent spectral data to allow serious statistical analyses, (2) by the presence
of symmetry axis (or at least by the expected collinearity g, || gg), and (3) by the
knowledge of the u, values from the more reliable electrooptical measurements.}

EXPERIMENTAL

The wavenumbers v, for compounds I—IV in various solvents together with several molecular
properties of the compounds needed for the analysis were taken from original papers (Table II).

Values of dielectric constant (eg) and refractive indices (n) at 25°C, taken frcm the recomended

sources3” served as a uniform basis for the determiration of working solvent functions F(e)

and F(n). Numerical values of these functions were calculated on Hewle(t-Packard 9830A
calculator.

The linear lecast squares multiple regression prcgram (Hewlett—-Packard Standard statistic
Pac No 2) was used to fit Eqs (5a)— (5d) to the cata yielding the best fit parameters By, B, and v.
All points exhibiting deviation 2—3 times greater than the standard deviation were excluded
from the regression. The omitted points correspond mostly to solvents which frequently exhibit
anomalous behaviour (dioxan, hydroxylic and polychlorinated solvents). The quality of the fit
is illustrated in Fig. 1 by plotting observed vs calculated wavenumber shifts (Eq. (5d), Block-
-Walker model) for 4-dimethylaminonitrcbenzene (III).

RESULTS AND DISCUSSION

The expressions for the frequency shift (Eqs (5a)—(5d), Table I) form the central
point of our analysis.* They are presented in a form permiting direct -comparison
of the three local-field models investigated, viz. the inverse exponental model of Block
and Walker, the mean spherical model of Wertheim and the classical model of On-
sager. Using the explicit expressions for reaction field factors f corresponding
to these models (Table III), the only parameter to be specified is the mean polariz-
ability a. There is uncertainty, however, as to the proper polarizability to employ
in the calculations. Of the four equations mentioned above the Eq. (5d) is exceptional
in that it, since based on an unpolarizable dipole, automatically assumes a = 0.
Exact solution of the Egs (5a)—(5¢) may be found if « can be expressed in terms
of the radius cavity a. Hence, « = a2 has been employed throughout this work.
As an advantageous consequence, the general form of Eq. (5) is retained, the only
difference among the Eq. (5d) and Eqs (5a)—(5c) being the form of the resulting
solvent function F(e).

* As no substantial difference exists between Eqs (5¢) and (Se), only the former will be con-
sidered in this work.
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TABLE II
Physical constants of model compounds

Compound %+ 10°%" #1003 a.10° Vias| Ref ¢
Cm Cm cm cm
1 13-09 29-97 3:20°¢ 41 667 27
11 20-94 51-61 3:45¢ 34210 28
111 22-81 49-95 3-68 — 29, 30
v 17-98 24-31 3-60° — 31

8 Ref.2%; ? electrooptical values, ref.2%; € ref.12; 4 the references give wavenumbers; © ref.%.

TasLE III
Comparison of different local-field models

fa*(8mey) ™1

Model Eeff
Onsager (O) &g eg — 1/2e5 + 1
Block-Walker (BW) &g exp [—a(ln eg)/r] 3eg In sB/(ZsB Ineg — 2e5 + 2) — 3/In £p
—1
Wertheim (W) 4 8¢

% In the case of Wertheim model, equation eg = (1+ 482 (1 + o+t — 25)"6 can be inverted
numerically to determine the parameter ¢ as the function of eg; over the usual range of interest,
1 < &g < 100, an approximate solution is given by £ = (1/24) In eg.

FiG. 1
Graphical representation (left side wvs. right
side) of the equation (5d) in Block-Walker
version for4-dimethylaminonitrobenzene(I1I)

R — 1 1
B o 2
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Strictly speaking, the polarizability of the sphere is related to the refractive index
and radius a in the ideal case by a = a*(n* — 1)/(n* + 2) = Ka®. If, for example,
a® is determined from kinetic theory, the «/a® increases from 0-22 for helium to 074
for xenon, giving a mean value of K = 1/2 which is used by many authors. Conse-
quently, the functional form of F(g)° changes from (g5 — 1)/(2¢g + 1) corresponding
toa = 0, to (eg — 1)/(eg + 2). On the other hand, since n? for a wide range of aro-
matic molecules is!® 2:56 + 0-32, the most reasonable approximation should be
a = a3|3. This value would change the solvent function F(e)° to 3(eg — 1)/(4eg + 5).
Taking into account the large uncertainties connected with the cavity radius estima-
tion (see below) together with the fact that an errror of about 14:5% in a (resulting
from the assumed equality a, = (2/3)'/3 a,) can completely compensate the dif-
ference between « = a3/2 and « = a*|3, we consider the frequently used approxima-
tion « = a*[2 to be satisfactory. Anyhow, of the two cases, « = 0 and « = a°/2,
the former represents a more crude approximation.

Restricting first ourselves to the case of nonpolarizable dipole (« = 0), the solvent
functions F(e) corresponding to particular models may be compared as shown
in Fig. 2, where for a given solute, functions F(¢)®™ and F(¢)" are plotted as a function
of F(¢)°. Upon identifying the Fulton’s parameters d* and v as proposed by Deutch®?,
the Fulton solvent function F(e)f is also presented for illustration. Interestingly,
the F(¢)®¥ and F(e)" show a similar type of behavior. It follows from the inspection
of the plot that both the Block—~Walker and Wertheim model predict a large dif-
ference from the Onsager one, especially for higher values of eg. Over the range
2 < gy < 50, which covers most of the solvents commonly used, F(¢)° varies by ¢.0-3
while F(g)®¥ and F(g)¥ vary by c. 0-19 and 1-05, respectively.

FiG. 2

Solvent parameters F(g) according to Block-
—~Walker (BW), Wertheim (W) and Fulton (F)
models (« = 0), as a function of (eg — 1)/
/(2eg + 1). Straight line of unit slope cor-
responds to the Onsager model; 1 F(e)w,
06 2 F(e)¥, 3 F(e)BY
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Writing Eq. (5d) for each of the models examined in the form

AE = —2pa 3(Ap)° AF(e)° — (u2 — pl) a3 AF(n), (54,0)
AE = —2p,a 3(Ap)®Y AF(e)®Y — (u2 — p2)a 3 AF(n), (54, BW)

AE = —2p,a™3(Ap)¥ AF(e)Y — (u2 — pl)a=2 AF(n), (54, W)

where F(n) = (n* — 1)/(2n* + 1)
and taking into account variances in F(¢) described above, the immediately following
implication is that for a given solute the predicted p, values would be approximately
in the relation (Au)®™ ~ 1-5(An)° and (Ap)¥ ~ 0-3(Ap)°.

Tables IV to VII summarize the results of statistical analyses of the data for com-
pounds I—1IV. Still accepting Eq. (5d) as a base for the discussion, we note that

TABLE IV
Statistics of Eq. (5) for nitrobenzene (1)?

c 30

Model Eq. R 0, BB’ F° Fy° ”ec~n‘1°

o Sa 0972 41656 — 2060 2683 95 187
—10807

5b 0971 41005 — 1670 2646 84 177
— 5357

Sc 0972 41263 — 2060 2738 51 18-7
— 5014

5d 0982 41849  — 4864 4303 63 265
— 6809

BW  Sa 0953 42174 — 6650 1418 156 314
— 19999

5h 0953 41254 — 5400 1418 169 280
—10997

5c 0952 41427 — 6637 1522 46 314
— 6360

5d 0962 41803 — 8860 1916 52 375
— 9249

w 5d 0950 41817 — 1593 1427 45 175
—10007

* Final number of solvents n = 19; b multiple correlation coefficient; € intercept; 4 coefficients
of Eq. (5); € partial F-tests.
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from the statistical point of view all reaction fields examined appear to be acceptable,
the multiple correlation coefficient varying from 0-920 to 0-982 with most values
greater than 0-940. Moreover, partial F-tests support in all cases the reliability
of both terms in Eq. (5d) at the 99% confidence level. Hence, the dipole-induced
dipole andfor dispersion interactions are generally operative and any single para-
meter correlation based exclusively on the F(¢) function would be inadequate. Con-
cerning excited state dipole moments, the respective reaction field models afford
different results. Whereas (and somewhat surprisingly) all u, values based on the
classical Onsager model are found to agree within ~ +10% with the electrooptical
data (Fig. 3a), the Block-Walker model tends to overestimate u, values and the
opposite is true for the Wertheim model. It should be pointed out, however, that
Wertheim takes a = d, the exact hard sphere diameter in deriving his equation.
Bearing in mind that slopes B, relate Aua~3 and realizing that in the context of this
paper the radius a could adopt a value less than d, our results based on the Wert-
heim model likely give the lower limits to the true values.

TABLE V
Statistics of Eq. (5) for 4-aminonitrobenzene (11)*

c 30

Model Eq. R 0, BB, Fy° Fy* ”cénljo

o Sa 0945 34351  — 5712 2243 163 333
—20 386

5b 0941 32731  — 4539 2136 117 307
— 83803

5c 0944 33463 — 5704 2327 53 333
— 7027

5d 0935 34213 —13621 2009 20 503
— 4450

BW  Sa 0930 34409 —15091 1525 344 535
—36759

5b 0932 32722 —15091 1530 389 470
—20094

5S¢ 0930 3284 —15085 1805 55 535
— 8059

54 0941 33782 —21494 2162 63 673
—12 596

w 5d 0920 33479  — 3580 1492 55 287
—13 513

“ Final number of solvents n = 32; »'¢4:¢ see Notes?**:4:¢, Table IV.
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TABLE VI
Statistics of Eq. (5) for 4-dimethylaminonitrobenzene (J1I)*

c 30
Model Eq. R Yo B, /B, F* Fye  He-10
ode q em~1 1/B, 1 2 Cm
(0] Sa 0-977 32754 — 4095 312-0 69-7 327
—19 664
5b 0-976 32067 — 3257 298-0 61-2 30-7
—15080
5S¢ 0-977 33703 — 4090 326:7 42-2 32-7
—24 305
5d 0977 34914 — 9745 3273 462 46-4
—25279
BW Sa 0-960 31 884 —12 009 146-4 67-1 51-9
—26 026
5b 0-958 31482 — 9536 134-3 68-9 459
—21 663
Sc 0-960 32754 —11999 190-2 20-2 519
—21914
5d 0-968 33 144 —16 488 237-7 265 62-8
—22 554
w 5d 0-957 32653 — 2840 1759 18:4 29-7
—21 685
4 Final number of solvents n = 21; %9 see Notes?**%:¢, Table IV.
a
20- J
ﬂ:alc'ﬂfu o ° °?
G‘r; P < ]
! . b
-207 o4
!
20
|
02— 2 -
FiG. 3 20i o
- p < c
Residual plots for the solvatochromic de- (
termination of pu, (@) « =0 (Eq. (5d)), L
(b) « = a°[2 (Eq. (5a)). 20 30 ﬁs.,_To;"CM 50
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When the more realistic assumption a = a/2 is used, the Wertheim solvent func-
tion F(g)V = 8&(1 — 8¢)™! diverges as ¢ approaches the value of 1/8 thus, for a wide
range of solvents, not allowing full comparison with the other reaction field models.
As regards the overall evaluation of the solvent-shift methods based on the Block-
~Walker and Onsager model we draw attention to the following: I) the differences
among the Eqs (5a)—(5¢), caused mainly by perturbing F(n) function in the first
term, are not very significant for both models. Contrary to the variation range of
the dielectric constant term, F(e) [1 — F(¢)]~ ', (0-7084 and 0-2514 units on going
from n-hexane to dimethyl sulfoxide using F(e)® and F(e)®¥, respectively) the cor-
recting term (n? — 1)/(n* + 2) may be considered constant varying at most by 0-06
around a mean value of 0-26 in our systems. As a consequence, Eqs (5a) and
(5b) may be regarded as unsubstantial modifications of the Eq. (5¢), all predicting
practically the same values of u,, maximum difference among them being about
89 for the Onsager model and about 129 for the Block-Walker model. Margina

TaBLE VII
Statistics of Eq. (5) for N-methylacridone (IV)*¢

c 30

Model Eq. R YO, BB Fy* Fe K *C::

o 5a 0955 27008 — 881 1921 700  20:5
—7217

sb 0953 26524  — 698 1860 590 199
— 3409

Sc 0955 26704  — 882 2150 457 205
—3667

54 0956 26906 —2118 2210 442 240
—3576

BW 52 0946 27023 —2517 1271 770 252
—9948

5b 0944 26483  —1997 1201 785 237
—5130

Sc 0946 26607 —2523 1747 302 252
—3757

5d 0957 26978  —3638 2160 411 284
—6214

w 54 0932 26720 — 600 1447 210 197
— 5258

“ Final number od solvents n = 29; %<9 see Notes? %€, Table IV.
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change in correlation coefficient indicates that none of the Egs (5a) to (5¢) is demon-
strably superior. 2) Both models are roughly comparable as regards the quality of
the linear fit. 3) p, values obtained by using the Onsager model are invariably
about 20—40% lower than those obtained by using the Block—-Walker model and
4) the Block-Walker model predicts u, values which agree very well (relative error
+6-4%) with electrooptical data (Fig. 3b).

Concerning v,,, values a comparison between our results and those obtained
experimentally is limited to nitrobenzene (I) and 4-aminonitrobenzene (11) for which
experimental data are available (Table 1I). The agreement between the calculation
and experiment is rather good in most cases, e.g. the differences for Eq. (5a) in the BW
version being +507 and +322 cm™!, respectively. Such a consistency, however,
is rather surprising and should be regarded with caution. It has been stressed by many
authors®® that the shift given by Eq. (5) must be considered as superimposed on a ge-
neral red shift which is present in all solution spectra and independent of the solute
dipole. On account of this general red shift it is not advisable to use vapor phase
measurement as a reference point.

The agreement of calculated and experimental data demonstrates impressively
the general validity of the concept presented in this paper. At this point, however,
we must comment on the accuracy of the results. The most glaring deficiency in the
calculation arises in the treatment of cavity radius a. Since all the parameters f
involve the third power of the radius, the value of a assumed has a very large effect
on the u. values predicted. Unfortunately, the cavity radius is not a well defined
parameter and there is considerable arbitrariness in its determination. Several
procedures which have been proposed including (i) equivalent shell model*?, (ii) ad-
dition of van der Waals volume increments*, (iii) densitometric and polarization
measurements'*27 and (iv) simple geometric consideration'®, afford different
results. To illustrate this phenomena we have calculated p, values for nitrobenzene (I)
using Eq. (5) and adopting different radii as preferred by various authors.

It may be seen from Table VIII that u, values based on the cavity radius a = 3-44 .
.107® cm (densitometric) are, depending on the working equation, about 50— 100%;
higher than those calculated from a = 1-63 .10 % cm (geometric consideration).
This raises an interesting question, yet to be answered, for the general solvatochromic
theory: What molecular radius should be used in the solvent-shift equations? We shall
not attempt a general discussion of this problem here, but taking into account the
experimental value of the average molecular polarizability for nitrobenzene3*
(x = 12:92. 107 %% cm?) together with the fact that this quantity should be related
to the cavity radius by the relation « = @3/2 or « = a3/3, we can expect for nitro-
benzene a value for a between 2:96 . 1072 and 3-38 .10~ % cm. Thus, the method
proposed by Prabhumirashi!® yielding for nitrobenzene a = 1-63.107% cm seems
to be unrealistic.
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Let us finally briefly discuss, in the light of the present approach, the empirical
two-parameter model which has been used by Sjostrom and Wold?®® to obtain syste-
matic information about the solvatochromic shift data on the basis of principal
component analysis combined with a cross-validation technique. They showed that
(1) two parameters Z,, and Z,, (Eq. (8)) for each

Vi = Vi +5§1 YiZi + Bix @)

solvent are needed to describe the systematic change in solvatochromic shifts, and (2)
the Z,, values are highly correlated with the polarizability of the solvent, i.e. with
its refractive index. As Eq. (8) represents an equivalent of our Eq. (5), these findings
provide some additional justification for using two parameters in Eq. (5), one of them
being the F(n) function. By analogy, the Z,, parameters can be thought as an equi-
valent of our F(e) functions. Consonant with this expectation, Z,, values for 21
commonly used solvents (hexanc, heptane, cyclohexane, tetrachloromethane,
1,2-dichloroethane, chlorbenzene, ethyl acetate, diethyl ether, di-n-butyl ether,
acetone, butan-2-one, cyclohexanone, tetrahydrofuran, triethylamine, pyridine,
nitromethane, dimethyl sulfoxide, dimethylacetamide, dimethylformamide, aceto-
nitrile and benzonitrile) are satisfactorily linear with the solvent functions F(),
as shown in Eqs (9)—(11).

Z,, = 820 — (20-49 + 1-40 )F(c)° ©9)
R =0595, F=2153

Zy = 546 — (33-94 + 2:65) F(e)e¥ (10)
R=0947, F = 1644

TaBLE VIII
u, Values for nitrobenzene as predicted by Eq. (5) using different cavity radii

#e . 103°
a.108 Cm
cm
Eq.(5a,0) Eq.(5d,0)
1-63° 13-9 149
3-20° 19-1 27-3
3-44° 20-6 30-8

4 Ref.15; b ref.12; € ref.27,
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Z,, = 467 — (570 + 0-51) F()* (11)

Similar equations (even with a slightly better correlation coefficient R) may be written
for the ““cation-solvating tendency” B, being the solvent parameter proposed very
recently by Swain®® on the basis of a different approach. For the select set of 21
solvents, however, the parameters Z,, and B are interrelated by Eq. (12).

B = 0:672—0147Z,, (12)
R=10992, F=1179

Concerning the overall evaluation of the solvent-shift equations proposed in this
paper, we can summarize that 1) about 86 —94% of variability in Av can be ascribed
to F(¢) and F(n) parameters, irrespective of the reaction field model used; in
addition, reliability of the solvent functions F(e) is supported by their statistically
significant correlations with the more general parameters Z,, and B; 2) two variants
give excited state dipole moments comparable with electrooptical measurements.
The first of them is based on the Onsager model assuming « = 0, the second is based
on the Block-Walker model assuming « = a3/2. We can not choose unambiguously
between them because of their nearly comparable statistics, but we prefer the Block—
—~Walker variant since it is more rigorous both in the approximation of « and the
realistic conception of the local permittivity at the boundary; 3) optimum results
(mean relative error + 6-4%,) are obtained using equation

AE < —2p Ap[X + Y =25 -1 n*—11_ (u2—p2)n*—1
dnega® | X — Y+ eg+2 n?2+2 dnega® 2n% +1°

which represents the explicit form of Eq. (5a) in the Block-Walker version. In this
equation X = 0-SegIn ey and Y = 3(eg — 1) (Ineg)™"'; 4) it is necessary to be ex-
tremely cautious when applying solvent shift theory to systems for which the mole-
cular parameters are not very well-known.

The author wishes to thank Professor O. Exner for his continuing interest and very productive
discussion.
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