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The formation of electron-donor-acceptor complexes of hexamethylbenzene (HMB) with tetra-
cyanoethylene (TCNE) was investigated by measurements of the optical absorptions, the densities,
the permittivities and the electro-optical absorptions of solutions in CCls. The careful evaluation
of data based on some previously reported models, has shown that the assumption of the formation
of the 1: 1 and the 2 : 1 complex agrees with all experimental data, but that the assumption of the
formation of only the 1:1 complex is contradictory to experimental facts even if the activity
effects on the equilibrium constant and of the solvent dependences of observed molar quantities
are taken into account. The evaluation leads to the molar optical absorption coefficients and the
molar volumes of both complexes and to their electric dipole moments in the electronic ground
state and the considered excited state. According to these results the complexes are of the sand-
wich type HMB-TCNE and HMB-TCNE-HMB. In spite of the fact that the 2: 1 complex owns
a center of symmetry, at least approximately, there is a rather large electric dipole moment in its
excited state. Furthermore, values for the equilibrium constants and for the standard reaction
enthalpies of both complex formation reactions are estimated from experimental data.

1. Introduction sides the well known 1:1 complex [3], as was done
in the case of the hexamethylbenzene-tetracyano-
ethylene complexes, for example [12, 15]. Accord-

have been observed in the solid state already a long ing to these measurements the 2:1 complex has an

time ago [1], they have been discussed by Mulliken ?,bsorption band at nearly the kg wavenumber
[2]. The evidence of the existence of EDA com- interval as the 1:1 complex, with both complexes
soluted in cyclohexane. Dielectric measurements of

Briegleb, Czekalla and ReuB [16] have been eval-
uated by Foster and Kulevsky [17] using the equi-
librium constants determined from optical absorp-
tion measurements. This procedure leads to an elec-
tric dipole moment for the 1:1 complex and a van-
ishing one for the 2:1 complex. Hence one has to
assume that the complex is at least nearly of sand-
wich type D-A-D, and not D-D-A, as was proposed
for an exciplex [18]. Because of these results the
assumption of the existence of the 2:1 complex be-

Electron-donor-acceptor (EDA) complexes with
a stoichiometric composition different from 1:1

plexes in solutions is mostly based on optical ab-
sorption measurements of solutions of donor and
acceptor molecules with varying concentrations.
For the evaluation of such data it is usually assumed
that there exists a complex with the stoichiometric
composition 1:1. In some such investigations it was
observed that the equilibrium constant determined
for the assumed 1:1 complex apparently depends
on the wavenumber used for the absorption [3—8]
or on the interval of concentrations of donors and
acceptors [3—5, 9]. Furthermore, equilibrium con- § >
stants determined by other methods as NMR mea- sides tihe 1:1 complex seems t9 be dubious for the
surements [10, 11], equilibrium ultracentrifugation following reason: the a,b?orptlon bands of .Wea,k-
[12] or the partition method [13, 14] did not agree bond 1:1 and correspondn?g 2:1 complexes in the
with those from optical absorption measurements. ~82S¢0US Phase are expected in nearly the same bkl
Such apparent anomalies could be explained as- n}lmber 1nterva.!s. In the .1:1 complex the electric
suming the formation of 2:1-EDA complexes be- dipole mou‘lent in the excited c}.la.rge-transfer sta:l.te
corresponding to the EDA band is increased relative
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molecule of approximately 1 - 105 m~1, additive to
the red shift caused by dispersion interactions be-
tween the complex molecule and the surrounding
solvent molecules. If the corresponding 2:1 com-
plex is of the sandwich type, one should expect a
(nearly) vanishing dipole moment in the excited
state as well as in the ground state. This should cause
a blue shift of the absorption band of the 2:1 com-
plex relative to the 1:1 complex of approximately
1-105m~1, contrary to the experimental result.

Other authors tried to explain the above described
apparent anomalies by other reasons; for example,
association of the donor, acceptor or complex mol-
ecule with the solvent [19—26], self-association of
a donor molecule with another one or of an acceptor
molecule with another one [27], existence of differ-
ent but stoichiometrical identical complexes [28],
contact-charge-transfer interaction [28], activity
coefficients of the educts and products significantly
different from the value one [20, 29—32] and a de-
pendence of the molar absorption coefficient on the
composition of the solution [6, 9].

The aim of our investigation was to decide, if
possible, between the different interpretations of the
apparent anomalies; similar studies have been done
by Scott [24, 29], Hayman [33], Hanna and Rose
[30], Deranleau [34], and Kreysig et al. [35]. All
research on chemical equilibrium reactions is based
on data obtained from measurements on macro-
scopic phases and is intimately related to the prob-
lem of the determination of molecular quantities
from such measurements. In paper I of this series
we investigated the relations between bulk quan-
tities, which can be measured on macroscopic sys-
tems, and molecular quantities, which have to be
introduced by some theoretical model [36]. In pa-
per 11 permittivity measurements and in III electro-
optical absorption measurements have been treated
as examples [37, 38]. In paper IV the method was
extended to phases where chemical reactions occur
[39]. These results are applied in this paper to solve
the problems described above.

2. The System, the Models and the Evaluation
of Data

2.1. The Investigated System and the Determined
Bulk Quantities

The interactions of the electron donor hexa-
methylbenzene (HMB, A;) with the electron accep-
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tor tetracyanoethylene (TCNE, Aj) have been in-
vestigated repeatedly [5, 12, 15—17, 23, 40—45].
The solvent chosen in our studies was carbon tetra-
chloride (A;), because its molecules own neither an
electric dipole moment nor a quadrupole moment
and hence this solvent is very suited for permit-
tivity and electro-optical absorption measurements;
furthermore, in carbon tetrachloride the maximal
solubility of the acceptor As (approximately
(c03)max = 0.5 mol m=3) is much larger than in ali-
phatic hydrocarbons, and the maximal solubility
of the donor A, (approximately (co2)max = 750
mol m~3) is also rather large.

Measured were the mass densities p, the optical
absorption coefficients a, the relative permittivities
&r, the refractive indices n and the derivatives

M = lim (0a/0E,2),
Ea?—0
where Ej, is the magnitude of an applied electric
field, of solutions with known mass fractions wos
and woz of HMB and TCNE, respectively. From
these data the generalized densities P, , defined by
Eq. (I.57) *, which are equal to the corresponding

specific quantities if mass fractions are chosen as
concentration variables, can be determined, namely

Pwv=1/0, Puk=alo, Puwz= (ex—1)o,
Puze = (n* —1)/p and P,y = Mo.

The corresponding PMQ’s are assumed to be of
class Aa [36], which is confirmed by the obtained
results. Therefore the specific quantities satisfy
(I.63) or

Puwo = P'}'»_qb + (Ms_l QZ}E - Pr;;p) wo3
+ M Afpro(1 — wey)
+ M5t Agpoawis
+ M3t AdpsJwis + -, (1)

where M1, M5 and M3 are the molar masses of Ap,
A and Ag, respectively, and @oy = (0D/0n07)p,,, 0.
is the partial molar quantity of the substance Ay
adjoint to the extensive quantity @ = P, mg as de-
fined by (I1.22); my is the total mass of the solution.
A quantity with a cross as a superscript is the limit
of this quantity for vanishing concentration of Ags.

* The abbreviations Eq. (I....), ..., (IV....) signify equa-
tions of paper I, ..., IV of this series [36 —39].
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The quantities /.4, , are the coefficients of the ex-
pansion

Bos = Dy + > Aol (2)
a=1

as defined by (1.40), (I.46) and (1.47).

From a set of data Dp= {(P,s, wos; wgs)s} with
a fixed value of wgs, the number of coefficients in
(1) significantly different from zero can be deter-
mined by analysis of variance (F- and t-test).
Multiple regression according to (1) then leads to
estimators for PJl,, @ and possibly a few further
coefficients of the power-series expansion in wps.
The analysis of the available data has shown that
in the investigated concentration intervals all con-
sidered specific quantities are only linearly depen-
dent on wg3. Hence values for the limits P/, and
@5 can be estimated and all further coefficients
Afpy have to be assumed negligibly small. The
partial molar quantities @g of TCNE and their de-
pendence on wg; embrace all information available
about chemical reactions and model molar quan-
tities of the corresponding products, as will be shown
in the following sections.

2.2. The Model for the Occurring Chemical Reactions

Neither the association of the donor, acceptor or
complex molecules with solvent molecules nor the
existence of different molecules with equal stoichio-
metrical composition can be the reason for the ap-
parent anomalous behaviour of the solutions of
hexamethylbenzene and tetracyanoethylene as has
been shown in Sect. 6 of paper IV [39]. If such
reactions occur, they cannot be recognized from the
change of the absorption coefficient or of other bulk
quantities with varying composition of dilute solu-
tions. Any equilibrium constant which might be de-
termined under such conditions is an average of
equilibrium constants corresponding to chemical
reactions between individual species, as can be
recognized from (IV.64) and (IV.75), for example.
Similarly, the values of model molar quantities of
individual species cannot be determined, but in-
stead only some averages of those quantities; com-
pare (IV.59) and (IV.70), for example. The same
holds true in case of contact-charge-transfer inter-
actions, where any contact configuration of two or
more molecules can be considered as a species with
equal stoichiometrical composition as the corre-
sponding complex.
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The following chemical reactions are assumed to
be possible:

AAr +vA3=Ay, (3)
A=0,1,2,...; »=0,1,2,...; A=v»=+0,
A=v—1F%£0, 1—1=9=£0.

The totality of these reactions constitutes the hypo-
thesis of occurring chemical reactions. Included are
all possible associations between donor and acceptor
molecules (130 and »$0) as well as associations
of donor molecules among themselves (1 =2, y=0)
and of acceptor molecules among themselves (1 =0,
v =2). Equation (3) corresponds to (IV.1) with
R=Av, vRo=— A, vps3= —v and vgy=1 for J =4.
From the results of the evaluation it will be shown
that all available data can be explained with two
reactions of the type (3), i.e. formation of the 1:1
EDA complex (1=1, v=1) and of the 2:1 complex
(A=2, v=1).

2.3. Equilibrium Constants, Model Molar Quantities
and the Evaluation of Data

The equilibrium constants K3, corresponding to
the hypothetical chemical reactions (3) are related
to the quantities Kyj, according to (IV.32) and
(IV.36) as

A
BB Bl = B —w"i o ()

3

where 7 is the value of the concentration variable
of substance Ay (J=2,3, 1) in the equilibrium
state as defined by (1.72):

yr=mnslps¥. ®)
ng is the amount of the substance A; present in the
solution, ¥ is an extensive quantity and ys a con-
stant, possibly different for different substances Ay;
examples are listed in Table 1 of the first paper [36].
y° is a standard quantity with an arbitrary value
and a unit equal to the one of ;. The quantity Fy,
as defined by (IV.34) describes the activity effects.
It is related to the activity coefficients fys, defined
by (I.132) and (I.133), as
V;. ~
Fop=T0202 g (6)
foar
According to (IV.39) a power-series expansion in
o2 and o3 is possible:

F iy = Nyar.10 o2 + Nyar.01 YPo3 (7)
+ Nypar.11 Po2 Y03 + Nyir.20 Yae+ s
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such that lim Fy;, = 0, where ng =no1 -+ 192 + no3
No —>no1
and 7oy is the initial amount of the pure substance

A used to generate the solution. The yp;’s are re-
lated to the concentration variables o,

yos = nos[yxs ¥, (8)

by (IV.6), or, specialized for the considered case:

Yo =0z — x5 1 > > Abyar, (9)
A v

vs =103 — 25>, > vEpar, (10)
A v

Yar = A3 Evar (11)

where &7y, as defined by (IV.5), is the extent of
the reaction (3) in a unit equal to that of y7yor.
Any generalized density P, = P,omo/¥ is related
to the corresponding model molar quantities ¢
(MMQ’s) according to (IV.11) as
3

PW¢:ZXI1POI¢I+Z§wlvAAvq7, (12)
I=1 v
where, as defined by (IV.12),
A = Qav — Apz — vos3. (13)

2 0
¢(§:lim¢03=¢§+x§1211w5}( i
Yos—0 =1 Oyo3

Av a’PO?» nos’
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The dependence of any ¢ on the composition of the
phase can be represented by power-series expansion
in o2 and yo3 as introduced in (1.84), or

Qs = <P§ + Aygs.10 P02 + Aygs.o1 o3 (14)
+ Apes. 11902903 + Apgs.20 e + o+,
J: 172;3 or Z’V,
and similarly
Ay = Ap* + Awhyo.10yo2
+ Avlypg.01903 + -+ (15)

The MMQ’s @s are related to the PMQ’s @g; as
shown in (IV.14), or

1— Yo 3 0
Doz = @3 + - HPRTE anpoz( e )
23 =1 OY03 /noz’, 8,

1 — x3vos Pos

+ Wos D Epmdawp + — 2227
v X3

. z(?@@z@.) (16)
v aw03 nos’, B

and similarly for @gs. From (16) follows the limit
Dy for o3 — 0 at a fixed value of noz/nor:

+
) PSS Eh At
nos” Av

0y \ T MAue\ T
) (S |
Yo3

(17)

nos’

According to (I.18) and (I.19), the following relation holds true:

oy \* oy \*
(oma = (omeh
awoa Nos’ aw03 Yos’

Y = @I, AMKP, Ew/hh

S‘U(?i a’ﬂ(n

23 ¥os P+ ( dy )*

3
o1

(18)

Introducing (18) and the limits of the different quantities as obtained from the given equations into (17)

leads, after some lengthy calculations to

g Boo + Byai Yoz + Byaoz (o2)2 + -+

T = T Ayt Ay &
where

Apy® = 75 Ky, (20)

Ay2 (99)2 = x5 {x21 Koy + 711K (o110 — 2 15 20K o0)} (21)

Boy = ¢5 + 75 P8 Ayer.o = Dgs, (22)

Byoi = Ap1 (9 + 15 W8 Ayer.o1 + Anag*) + C1 — x5 P& 12 i Aver.on s (23)
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Byos = Ayp2(95 + 25 ' Vo Avor.or + A2g*)

+ Ap1[(nvr1.10 — 2 25 * 220 Ka0) (¥°) 1 (A119* — A219*)+ C1 + A112pg10

—1y%—1
—xs Yo

— 25 VR e P (Aver.11 — 23 P8 Aver.10) + 238 Ayos.i0 Aver.10
+ (Por ' Ayo1.20 + 22 Ayo2.10) Avgr.o1l

where

Cr = Ayga.ko + 15 "o (Avor.k1 — K 13 s Ape.ko)
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12 o2 Aygr.o1 — 2 x5 ! x20 Koo (9©)~1 Azog*]
+ 25 220 K0 (9°) 1 [A20 Aygor + 7w20.01 (¥°) 1 A2op* — x3 P A20p*] + Cs, (24)
(25)

+ x5 22 [Ppeze—11 — (6 — 1) 3P Aygo.z—1)0] -

The further coefficients B,g3, Byoy, ... and  Ayg,
Ay, ... in (19), which can be calculated similarly,
are not listed explicitly since they are not needed
in the following studies. A quantity with a star as
a superscript is the limit of this quantity for van-
ishing concentrations of HMB (and TCNE), i.e. for
woz — 0(wo3 —0) with a fixed value of moy. The
quantity Bg, is equal to the limit @ of the cor-
responding partial molar quantity of substance As.
An equation similar to (19) but for a somewhat
simplified case was discussed by Deranleau [34]. For
the case Ay gz + Ay2(pez)? + -+ < 1, i.e. at suf-
ficiently low concentration yg5, a series expansion
of the denominator of (19) leads to an equation
similar to a series expansion discussed by Hayman
[33]. Under such a condition any evaluation assum-
ing the formation of only an 1:1 complex may be
satisfied but the apparent value of the equilibrium
constant is actually related to the value of A4y; —
B,/ B,s; as was recognized by Hayman [33]. Since
B,gs/B,s; may be different for different specific
quantities P,q, the apparent value of the equilib-
rium constant may be different when different mea-
surements are taken (different wavenumbers at op-
tical absorption measurements, for example). A sep-
arate determination of the coefficients 4; and B g,
is possible only if for some of the investigated solu-
tions Ay @gs is comparable or even larger than one
[46], when the series expansion of the denominator
of (19) is not possible any more. Under such a con-
dition the evaluation of sets of data {(Dgs, wgs)s}
according to (19) may lead to estimators for

Awl,sz,..., Bm, Bwqjl’ B'P¢2’ ceey

as will be shown in Section 4.1.

Equations (20) and (21) show that only the equi-
librium constant K3, for the formation of the 1:1
complex HMB-TCNE can uniquely be determined

if A4 is different from zero. A value of 4, differ-
ent from zero can be caused by the formation of the
2:1 complex (HMB);-TCNE as well as by 7y11.10,
describing an activity effect on the formation of the
1:1 complex in first order, or by the formation of
the dimere (HMB),. But at least in the latter case
it has to be Ay2<<0. Neither the obtained value of
Ay (compare Sect. 4.1), which is larger than zero,
nor any other experimental data give a clue about
the dimerisation of the donor molecule HMB in the
solvent CCly. Hence we assume K}, =0.

A further evaluation of the quantities B,4, can
lead to the MMQ’s ¢f and ¢ of the 1:1 and 2:1
complexes, respectively, as can be recognized from
(23) and (24). For that purpose not only the values
of Ay and 42 have to be known but also the values
of ¢F and ¢F and of the coefficients 4,5/ 4.q, as
introduced in (14). The quantities ¢F and ¢¥ can
be obtained from measurements of solutions of only
one substance 4y or Ag, respectively, in the same
solvent as has been discussed in paper I [36]; ¢% can
also follow from Bgy. The quantities 4,47 4,4, have
to be represented on the basis of some appropriate
molecular model, as has been outlined previously
[36—38].

3. Experimental Details

Tetracyanoethylene (TCNE) was purified by re-
peated recrystallisation in chlorobenzene and vac-
uum sublimation, hexamethylbenzene (HMB) by
repeated recrystallisation in cyclohexane and zone
melting. Carbon tetrachloride was washed with
NaOH, H;0, dried with CaCls and P205, fractioned
over a column with aluminium oxide in the dark.

Density measurements were made with the device
DMA 02 (Paar KG, Graz), optical absorption mea-
surements with a spectralphotometer PMQ 2 with
double monochromator MM 12 (Zeiss, Oberkochen),
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permittivity measurements with the device DMO01
(WTW, Weilheim), refractometric measurements
with a differential refractometer [47]. The device
for the electro-optical absorption measurements has
been described previously [48].

4. Evaluation and Results

4.1. Optical Absorption Measurements

The absorption coefficients @ of several sets of
solutions with fixed values of the mass fraction wg
of HMB were measured, each set consisting of a few
solutions with variable values of the mass fraction
woz of TCNE (cgs = 7 to 700 mol m—3, co3 = 0.1
to 1 mol m—3). Analysis of variance (F- and t-test)
of the data has shown that in the investigated con-
centration intervals the specific quantity P,x=a/p,
where ¢ is the density of the solution, is linearly
dependent on the mass fraction wog and that in the
investigated wavenumber interval # = 15105 to
25 - 105 m~1, the limit of P, for wos—0 vanishes,

Table 1. Values of the limit Kg; of the partial molar ab-
sorption of TCNE for solutions of HMB and TCNE in CCly
at 298.15 K.
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i.e. Pfx=0. Hence under this condition the limit
Kgs of the partial molar absorption of TCNE can
be calculated according to (1) by Kgs=amo/onos
= a/co3. The values of Kg; were determined for ten
solutions in CCly at 298.15 K at 51 wavenumbers
and for twelve solutions at 283.15, 293.15 and
303.15 K at 6 wavenumbers in the interval 7 =
15-105 to 25-105m-1. Some values of Kg; are
listed in Table 1 as examples.

Since in the considered wavenumber interval
Pk =0 and therefore also Bgy=0 from Eq. (19)
follows

K(E/V’(Tz = Byx1 — Apy1 KSE + BwKZ"/’SLz
— Aya Kz 9oz + Byka (9ga)?

— Ay K (pa2)? + -+ (26)

Considering Kg;/vg; as a random variable in depen-
dence on Kaéﬁ W&, K()EW(TZ’ ('/’65)2, K(;;}('/’OZ)Z’ sy
analysis of variance (F- and t-test) and multiple
regression lead to the number of coefficients sig-
nificantly different from zero and to estimators for
the coefficients B,x, and Ayy. As concentration
variables g, were used cgh, wgs, 253 and rgh (com-
pare Table 1 [36]); an example of the results using
Yaz = €z is shown in Table 2. From the results it

F105m-1 17 18 19 20 21 29 may be recognized that the first four and only the
P I— first four coefficients of (26) are significantly differ-
Sgpf/mol m™3 Kgy/m? mo ent from zero with a statistical significance better
77372 1915 247.7 2571 2251 166.0 1053 than 959,. Multiple regression according to (26) as-
29.413 306.2 395.3 407.9 355.5 2623 167.3 ¥t : 4+
30721 3094 3996 4123 358.8 2653 1691 Sumes & random distribution of errors of Kgy/yg,
53.033 347.4 448.1 459.8 398.9 294.8 189.1 but accurate values not only of yg, but also of Kgs
91.446 383.2 4928 502.5 4334 320.7 2064 and the latter assumption disagrees with experi-
129.79 405.1 520.5 528.0 453.5 335.9 217.3 " he final 1 £ th
270.14 4484 5748 5715 4917 3649 o377 Mmental conditions. Hence the final values of the
339.53 460.7 590.1 591.1 502.1 372.8 243.2 coefficients Ay1, Ay, By and B,ks were deter-
589.28 486.4 622.0 619.6 523.7 389.3 255.2 g ' 3 13 Newt 9
65465 4900 6268 6242 5274 3920 2569 nuned by iterative nonlinear Gauss-Newton ap
proximation using the values of the coefficients ob-
Table 2. Results of
Number of coeffi- multiple regression
cients assumed according to (26), F-
unequal zero 2 3 4 5 and t-test for ab-
sorption measure-
Beky/m~1 mol-2 45.3 + 8.5 56.4 + 6.2 66.98 + 0.35 66.87 -+ 0.42 v
t(BcK1) 10.6 18.0 382.4 315.1 5— 18 - 105 m-1.
A¢1/m3 mol-1 0.075 4+ 0.017 0.106 + 0.015 0.1511 + 0.0013 0.1504 -+ 0.0019
t(4e1) 8.9 13.9 236.6 155.3
Bek2/m2 mol-3 0.0190 4+ 0.0078 0.497 4- 0.012 0.482 4 0.033
t(BeKs) 4.9 79.8 29.2
A¢2/10-3 m® mol—2 0.722 4 0.019 0.698 4 0.054
t(Ac2) 76.8 25.5
Bk3/10~5 m5 mol—4 —0.20 4 0.41
t(Bcks) 0.94
F 24.1 5897 0.9
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Table 3. Best estimators for the coefficients A,; and Aye
at 298.15 K.

ws YO Ayp1y® Az (y©)?

¢y 1molm-3  0.15098 - 0.00032 (7.335 - 0.072)
- 10—4

wy 1 1476.3 + 3.2 71290 4 690

®y 1 1557.6 + 3.3 79420 + 770

ry 1 1559.6 + 3.3 80980 + 770

tained from (26) as starting values and assuming
a random distribution of errors of Kg; and accurate
values of 3.

The values of the estimators A,; and 42 at dif-
ferent wavenumbers are equal within deviations as
expected from the errors of the measured quantities.
Averaging over all investigated wavenumbers leads
to the best estimators as listed in Table 3.

With the estimated values for 4,; and 4,2 and
the values of K5 and yg;, the left-hand side of the
following equation can be calculated:

Kg_sﬂ + Ap19is + Av2(vi5)?)
+
Yoz
= Byxs + Bwl(z 'P(-)'é-

(27)

Considering the left-hand side of (27) as a random
variable in dependence on g, linear regression
leads to the best estimators for B,y and B, ; some
examples choosing yg; = cgs are listed in Table 4.

With the best estimators for A1, Ay2, B,k and
Bz, the quantity (Kg)eae can be calculated ac-
cording to (19). The relative errors (Kgz — (Kg5)ealo)/
Kg; for the different solutions and wavenumbers are
nearly always smaller than 0.005 and this magni-
tude agrees with the experimental errors of the ab-
sorption coefficients a. Hence the experimental data
obtained from absorption measurements are com-
pletely described by the assumed model with the
four coefficients Ay, Ay2, Byky and By, different
from zero.
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The value of the quantity A, is according to (20)
directly related to the value of K, of the equilib-
rium constant of the formation of the 1:1 complex
HMB-TCNE. For the interpretation of the quantity
A s according to (21) the assumption Kjb=0 has
to be introduced (compare Section 2.3). The value
of Ay is then caused by the equilibrium constant
K, of the formation of the 2:1 complex (HMB),-
TCNE and/or by the coefficient %y11.10, which de-
scribes according to (7) the first-order activity effect
on the1:1 complex formation. Assuming 7y11.10 =0,
it becomes

K$21 = Ay2 13 9(2_11 (¥°)2,

assuming K3, =0 it will be ny11.10=Ay2/4y1, the
values are listed in Table 5.

If the assumption 7,5 40, =0 for oy, az =
0,1,2,..., which is equivalent to Fy;; =0, is met
for one concentration variable v it usually will
not be true for another concentration variable
as has been discussed at (IV.44). The relations be-
tween the coefficients 7y11.10 are

MV,
Ne11.10 = — Mlm Nwir.10 + M1 Vi — Mo Ve

= V& Mz11.10 + V?;z = V&
= V& Nri1.10 + VB"z-

The values of %, 4,4,, Which are different from
zero for all but at least one concentration variable
P, cause contributions to the estimators of A
and A2 as listed in Table 3. Hence the values of
K%, and K%, , for example, obtained from 4, and
A2, show some deviations from the values obtained
from K¥, and K (y =c) using (IV.43) as may be
seen from the data in Table 5, the deviations of KZ';I
are even larger if the contributions due to the term
K;',‘u My11.10 are taken into account (sixth row of
Table 5). The problem of the choice of the most
appropriate concentration variable for the evalua-
tion of data was investigated by many authors

(28)

Table 4. Best estimators for the coefficients

#/105m=1 Bek1/10-3m™1  BeKs/10-5m2 5 /m?2 ¥ /m?2 Bk and B.k2 and molar absorption coeffi-
- mol~2 - mol~3 mo]-1 - mol-1 cients of the complexes HMB-TCNE and
(HMB)2-TCNE in CCly at 298.15 K.
17 51618 4 42 39486 4 25 341.9 4 0.8 538 + 5
18 66827 - 48 50367 4 28 442.6 + 1.0 687 + 7
19 69646 4 38 49667 + 23 461.3 4+ 1.0 677 + 7
20 61180 + 20 41588 + 12 405.2 + 0.9 567 + 6
21 45089 4+ 32 30986 4 19 298.7 4 0.7 422 + 4
22 28558 + 28 20474 + 17 189.2 + 0.5 279 + 3
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[20, 24, 29, 30, 49—51]; the best choice would be
that one, where the terms 7,5, 4,4, %55 %53 in (7) give
the smallest contribution to Fy;,. An analysis of
variance (F-test and t-test) of the data according
to (26) including the term A3 Kg; (wg3)2 on the right-
hand side, does not lead to a statistically significant
assertion even if the term seems to contribute the
least for g = cgs; this gives some preference to this
concentration variable and will therefore usually be
chosen for the further evaluations in this study. The
imperfect knowledge of the best choice of the con-
centration variable causes errors of the equilibrium
constants K¥; and K%, of the order of the differ-
ence of the different values listed in Table 5 (first
column and fourth to sixth row), i.e. 0.39, for K%,
and 49, for K%, and hence larger than the errors
listed in Table 5, which are, as usual in this study,
959, confidence limits based on the Student’s ¢-dis-
tribution (4-#;_s, where s is the standard deviation
of the mean and « = 0.025).

For optical absorption measurements, where the
density Dg was identified with the absorption coef-
ficient a, the MMQ’s ¢ occurring in (14) and (15)
must, according to Sect. 9.4 of paper I, be identified
with the molar absorption coefficient »} of sub-
stance Ay. Since in the considered wavenumber
interval it is »¥ = x¥ = »¥ = 0, one can assume
Aendoanas =0, for J=1,2,3; 20=0,1,2,...; ag=
0,1,2,..., as has been discussed in paper I. Hence
from (23) and (24), it follows that the molar ab-
sorption coefficients of the 1:1 complex are x}; =

W. Liptay et al. -+ Molecular Quantities from Measurements on Macroscopic Systems. V

B k1/Ac1; the values are listed in Table 4 and drawn
in Figure 1. Assuming as above KX%;=0 and
fe11.10 =0 it is

B = Aca(#3y — 2%3) + A1 Aoar1o°

Aexi1.10 describes according to Eq. (14) the solvent
dependence of the molar absorption coefficient 1,
of the 1:1 complex in first-order relating to cpz. As-
suming Acx11.10 = 0, then the molar absorption co.
efficients »% = B,ks/Ac2 of the 2:1 complex can be
calculated. The values are listed in Table4 and drawn
in Figure 1. Assuming K%,=0 and K%, =0, then

B = Ae1(xfine11.10 + Aexti.10)

and the values of Acx11.10 can be calculated, as they
are represented in Figure 1.

According to the above results the dependence of
the optical absorption coefficients of solutions of
HMB and TCNE in CClg, on their concentrations,
can consistently be explained by two different
models. According to model I, there exist two com-
plexes HMB-TCNE and (HMB);-TCNE, each one
having an absorption band in the same wavenumber
interval as shown in Figure 1. According to model II
there exists just one complex, namely HMB-TCNE,
and the further concentration dependences of the
optical absorptions are caused by (1) the coefficient
7e11.10, Which represents the activity effects on the
quantity K11 of the complex formation, and (2) the
coefficient Acx11.10, which represents the solvent de-
pendence of the molar absorption coefficient %31 of

Table 5. Equilibrium constants K:}fli and Kj,‘m for the formation of the complexes HMB-TCNE and (HMB);-TCNE in

CCly at 298.15 K.

Y Remark c¢s wy T ry

p© 1 mol m—3 1 1 1

Kﬁu 1 0.15098 -+ 0.00032 3346.6 + 6.8 1557.6 + 3.3 1559.6 + 3.3
K;"zl 2 (7.335 4+ 0.072) - 104 251900 + 2400 79420 + 770 80980 + 770
Nwi11.10 Y© 3 (4.858 4 0.049) - 10-3 48.29 + 0.48 50.99 + 0.51 51.92 4+ 0.51
K¥, 4 0.15119 -+ 0.00032 0.15121 -+ 0.00032 0.15140 + 0.00032
K%,/10-4 4 7.477 4 0.071 7.485 + 0.073 7.632 4 0.073
K%,/10-4 5 7.592 + 0.072 7.608 + 0.073 7.902 + 0.073
Nw11.10 Y© 6 0 —0.7414 + 0.0009 —0.8371 + 0.0009 —1.8371 + 0.0009
Remarks: 1. From the values 4,1, Table 3.

St W o =

. From the values 4,2, Table 3, assuming K$20 = 0 and 7y11.10 = 0.

. From the values 4,1, A2, Table 3, assuming K$20 =0 and K =0.

. Calculated from Kill or K$21’ respectively, using (IV. 43) (assuming 7y11.10 = 0).

. Calculated from K;‘fﬂ using (21) and (IV.43) assuming 7c11.10 = 0 but values of 7y11.10 (¥ % ¢) as calcu-

lated from (28) and listed in the last row of Table 5.

6. Calculated using (28) assuming #c11.10 = 0.
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the complex. A decision between these models is only possible if other data are known; for example,
if the coefficients 7¢11.10 and Aexa1.10 can be determined independently.

According to (7), (4) and (I.134) it is
OF 11 )* B ( An (fer f23/m‘1))*

Oco2 Ocoz2

Nell.10 = ( , (29)

No1, Co3, D¢ No1, Cos, P

where 701 is the activity coefficient of the substance Ay defined by (I.132) and (I.133). From (I.136) follows

o\ * *
P i)
aC()z No1, Co3, B: RT 6602 no1, Cos, & anI nr', &
AevI.10

o ] #7(5)
oy [ v .5 ,
alkee ( 8602 ( a’ﬂI n1', /o1, cos, * ! 81 81

where gmr is a contribution to the model molar Gibbs energy g; of the substance Ay in the solution
defined by (I.120), R is the gas constant, V'3, is the molar volume of the pure solvent (CCly), vy is the
model molar volume of the substance Ay and Acy1.10 is one coefficient of the power-series (14) for ¢y =vy.
Application of (I.17) and introducing (30) into (29) leads to

(30)

1 ( Ogms _)* + ( Ogm3 (ﬂf&) ]
77011.10 = RT 6002 ot Bos B aCo2 o1, Cos, e acOZ No1, Cos, B¢

+ (v — o — o¥) (1 — ¥/ V8) + (1/V§y) (Aevi1.10 — Acv2.10 — Acvs.10) -

The quantities gms are dependent on the com-
position of the solution, a main contribution being
caused by the electrostatic interactions of a solute

-
mol'm?
600 )
& (HMB),-TCNE
R (J=21)
500
400 £ HMB-TCNE X
5 (J=1) R
Ack 110
300: i L LA L P
mol?m?> 1
A
2001 ck 110 10
1004 ( Acn’11.10)cculc 0,5
04 0

160 180 200 220 —= B/10*m’

Fig. 1. Molar absorption coefficients x’fl and xz3; of the
complexes HMB-TCNE and (HMB),-TCNE in CCl, at
298.15K and coefficients Acx11.10, estimated from the
data, and (Acx11.10) calc » calculated according to (37). For
(Acx11.10) cale the scale factor on the right-hand side of the
figure has to be multiplied by 1073.

(31)

molecule with the surrounding molecules of the
solution [52]. Neglecting the other composition de-
pendent contributions to gmr, which is at least a
rough approximation for the considered dilute
solutions, gmr can be represented by [52]

- Ny .
gmI = gmr — —5 eI {[1 — 1 (er) ogr] i1 (er)  (32)
— [ — 17 (ef) agr] 11 (e5)} prar »

where N, is the Avogadro constant, pgr and agr
are the electric dipole moment and the polarizabil-
ity of a molecule Ay (in the electronic ground state)
and ¢ is the relative permittivity of the solution
with the value & of the pure solvent. The tensor
function f7(e) is defined by (II.35). According to
(32) gmr can be considered as a function of &, and
hence

0 ¥ 0 * [ Qe \*
( gm’) =( g’"’) ( 8’) , (33)
Ocoz No1, Co3, D4 Ogr & Oco2 No1, Co3, &
where because of (32) (34)

1 ang 1 » 1 t o af;
BT\ 0a ).~ ~2ier et —lreen)™ 5 1) thar

and because of Eq. (I1.35)

(afu.) - fra
Oer Ja, (er — 1)[er — xra(er — 1)1’

A=2x,9,z2. (35)
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In Sect. 4.2 the limits v¥, v¥ and v}; of the model
molar volumes are estimated and it is shown that
one has to assume Agpr.10=0, I =2, 3, 11. In Sec-
tion 4.3 the quantities pgr, oz, f72 and %7, and the
derivative (Oer/Ocoz)y,, are estimated. With these
data, listed in Tables 12 and 10, Egs. (31) to (35)
lead to

(Me11.10)cale = 1.28 - 1075 mol-1 m3.

The model molar absorption coefficient ;1 of
HMB-TCNE depends on the relative permittivity
&r and the square n2 of the refractive index of the
solution, which may be represented by an equation
similar to (33) of a previous paper [53]

xr(er, n2)[7 = 3 Ssp(7(e¥, n*2)
— A¥r(er, n2; &F, n*2))
| gar (& n*2) — agar[Ermi(er, n2)

— Ermz(&f, n*2)][2, (36)

where
S =2nm2Nylogelhceg
= 2.93512 - 1060 C-2mol-1,

sy (¥ (er, n?)) is the bandshape function of the con-
sidered electronic absorption band, 477 is the shift
of a transition between definite states if the relative
permittivity and the square of the refractive index
of the solvent is changed from &f to & and from n*2
to n2, pgar(er, n2) is the electric transition dipole
moment and ogay the transition polarizability of
the electronic band and Egrmy(er, n2) the effective
electric field in a solution with given values of &,
and n2. Corresponding to (14) and (36) the co-
efficient A¢x11.10(7) can be represented as

0711 (17))*

i
cx11 10( ) aCOZ no1, co3, 9.
_ (3%11(17))* ( Oér )*
- a(;‘r & aCOZ Mo1, Co3, P

den (7) \* ((On2 \*
+ on?2 Y Ocoz No1, Co3, Pu .

Neglecting the change of polarizability during the
absorption process, i.e. assuming eta; = agr, from
(23) [54] follows for the shift

(37)

heAvr(er, n2; 1,1) = he(¥ — #)
= — }(Par — Par) (1 — Trotgr) "1 7 (Lar — per)
— (Par — gr) (1 — frogr) M rper,  (38)
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where f;(er) is defined by (11.35) and (I1.36) and
f7=t7(n2). ar is the electric dipole moment of the
molecule A; in the considered excited electronic
state. According to (22) [55] it is again with
Oar = Ogr
Ervs = (1 — frogr) 117 pgr
+ 3 (1 — f70gr) 1 H7 (par — prer) -
From the results reported in Sect. 4.4 it follows
that the EDA complex HMB-TCNE owns, at least
in a very good approximation, the symmetry of the
point group Czy and that the considered electron
donor-acceptor transition is of the A; — A; type,
i.e. the dipole moments py11 and pa1; and the tran-
sition dipole moment pga11 are parallel to the z axis
of the complex (perpendicular to the plane of the
HMB molecule). For such a transition it follows
according to (7) and (9) of a previous paper [56]
from (36)

Oxr \* " 0(xr/7)\*
(5;1:)'9‘ B v( asl‘ )191

_%{_?,w « @EE”Y
IR AT i W

Oln(x(#)/3') \* [ 0451 \*
—( oy’ 73\ Oer /s,

and a similar equation for (0x7/0n2)
to be replaced by %2 in (40). From

(39)

(40)

*

where ¢ has

*
{7
(38) follows

oAby = =
hel———) = — (fa— Pe) (1 — frogr) 2
'9[

: Oer
af,)
aé‘r & p‘gl ’

aAi] ~ -~ 74
he on2 0‘= — 3 (War — per) (1 —frogr)—2

(41)

of;
‘(W)&(P«al — Wer), (42)
and from Eq. (39)
( O0ERrwm; )
ﬁar &

OERrwm1 y

of
(1 —frogr)—2 (‘ae—i)‘s Ber, (43)

o,
oz 1h(l-"aI — Wegr) - (44)
The derivative (0f7/0er)g, is given by (35); for the
derivative (0f;/On2),, a similar equation holds true,
where ¢ has to be replaced by n2.
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In this section, the magnitude |pga11| of the
transition dipole moment will be estimated, and in
Sect. 4.4, the values of ua11; and (ogar)zz. The de-
rivatives (0ln (x11 (9')/9")/0%" :5=-,,, which are also
needed for the evaluation of electro-optical absorp-
tion measurements in Sect. 4.4, can be obtained
from the estimated values of x»§; as shown in
Figure 1. With these data, listed in Tables 12 and
14, Eqs. (37) and (41) to (44) lead to the values
(Aex11.10)calc as represented in Figure 1.

The value (7c11.10)cale calculated from (31) is ap-
proximately 0.39, of the value of 7¢11.10 estimated
from the data assuming model IT (compare Table 5),
the values of (A¢x11.10)calc calculated from (37) are
less than 0.19, of the values of Acx11.10 estimated
assuming model II. Hence comparison of calculated
and estimated coefficients 7¢11.10 and A¢x11.10 dis-
close that only model I agrees with the observed
data. For estimations based on model I the coef-
ficients are negligibly small compared to K%, and
x5, respectively, and therefore the values of these
quantities as reported in Table 5 and Table 4, may
be considered as true values, taking the effects due
to activity coefficients and the solvent dependence
of the absorption band also into account.

From the estimated values of »}; and »3; , Fig. 1,
the magnitudes | pk | and | pge | of the electric
transition dipole moments of the solute molecules
may be obtained, for example by using Eq. (6) of
the previous paper [57]. With the electric dipole
moments and the transition polarizabilities, as es-
timated in Sects. 4.3 and 4.4, the magnitudes
| (rga11)oe| and | (pga21)oe| of the permanent tran-
sition dipole moments of the isolated molecules may
be calculated according to (66) [57]. The results are
listed in Table 12.

The numbers of optical absorption measurements
at 283.15 K, 293.15 K and 298.15 K have been too
small to allow a similar evaluation of data for the
estimation of the coefficients of (19) with sufficiently

Table 6. Equilibrium constants for the formation of the
complexes HMB-TCNE and (HMB):-TCNE in CCly
(c®=1mol m-3).

T K%, /104 K¥%,/10-6
283.15 3032 + 85 4300 + 340
293.15 1901 + 46 1424 + 62
298.15 1510 3 734417
303.15 1198 4 22 506 + 19
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Table 7. Model standard reaction quantities for the forma-
tion of the complexes HMB-TCNE and (HMB)2-TCNE in
CCly at 298.15 K (c® =1 mol m—3).

R HMB-TCNE (11) (HMB),-TCNE (21)
Arg¥/J mol-1 4685.9 + 0.5 17890 + 25
Ah¥/103 T mol-1  —32.9 + 1.9 —78 4+ 16
Aps¥/Jmol-1K-1  —126.0 +- 6.4  —322 + 54

small errors. Hence the data were evaluated assum-
ing model I and temperature independent values of
xf, and x3 and negligible contributions due to
Aex11.10 and 7¢11.10. The data confirm the assump-
tions, i.e. the quantities B.g;/4¢1 and Byo/A.2 de-
pend on 7 but depend neither on the composition of
the solutions nor on their temperature in the in-
vestigated temperature interval. The results are
listed in Table 6. From the values of K%,(7) and
K%,(T) the model standard reaction enthalpies
Arh¥, the model standard reaction entropies AgsF
and the model standard reaction Gibbs energies
ARg¥ can be estimated using (IV.35), (IV.39), and
(IV.41). The values are listed in Table 7.

The values of the maximal absorption coefficient

(”;kl)max = 466 m2mol-1 at
(711)max = 1.87 - 106 m—1
Aph¥ = —32.9- 103 J mol-!

obtained in our studies for the complex HMB-TCNE
are in excellent agreement with the data obtained
by Briegleb, Czekalla and Reuss [16]

Pmax = 1.88 - 108 m—1

and A11he = — 32.4-103 J mol-! in spite of the fact
that they considered only the formation of the 1:1
complex HMB-TCNE. The value of K}; =0.148 at
293 K is somewhat smaller than our value. One has
to assume that they have restricted their investiga-
tion to small values of coz, where the 2:1 complex
formation gives only a negligible contribution to the
observed optical absorption of the solution. The
data reported by Ewall and Sonnessa [23], K}, =
0.123 (at 298 K) and »max =514 m2 mol-1 and by
Liao and Chan [58] K},=0.099 (at 298 K) and
A1h¥ = —27-103 Jmol-1, where only the 1:1
complex formation was taken into account, show
also some deviations from our results. The values
of K};=0.180 and K%, =1.10-10-3 at 293K ob-
tained by Foster and Kulevsky [17] are 59, and
239, lower than our values. Further data reported

and of

Xmax — 478 m2 mol—1 )
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on the HMB-TCNE system [5, 12, 15, 23, 40, 41, 44,
45] have been measured in other solvents and there-
fore cannot be compared directly with our results.
We just want to mention that the calorimetric
determined value of the standard reaction enthalpy
A1k = —31.27-103 J mol-1 in CH,Cly obtained
by Herndon, Feuer and Mitchell [9] agrees well with
our value, also because they investigated only the
interval cg2 =20 to 100 mol m—3, where the forma-
tion of the 2:1 complex is rather small.

4.2. Density Measurements

The densities p were measured of 23 sets of solu-
tions in CCly at 298.15 K with fixed values of the
mass fraction wg, of HMB, each set consisting of
a few solutions with variable values of the mass
fraction w3 of TCNE (cgs = 32 to 510 mol m—3,
co3 =5 to 28 mol m—3). Analysis of the variance
(F- and t-test) of the data has shown that in the
investigated concentration intervals the inverse
density p~1 is linearly dependent on the mass frac-
tion woz. Hence (1) is simplified to

11 +(Vg'3 1)
—_——— — — ) wos ,
o ot "\ Mz o)

where Vg is the limit of the partial molar volume
for woz — 0 and M3 is the molar mass of TCNE.
From the data and (45) the values of V; and o+
are determined.

In the investigated concentration interval 1/o+ is
linearly dependent on wyg; as has been shown again
by analysis of variance. Hence (II.17) is simplified

to
1 1 VE, 1
_:=T+( = —-—*—)wa.'z,
0 0 My o

where V§, is the limit of the partial molar volume
Vo2 of HMB for wg — 0 (and w3 —0) and p* is
the density of the pure solvent. The values obtained
o* = (1584.718 4- 0.010) kg m~—3 and

V¥ = (175.31 + 0.07) - 10-6 m3 mol-!

(45)

(46)

agree excellently with those of Le Fevre [59].
The values of V{; are represented in Figure 2.
They can be evaluated according to (19). Since there
are not so many data as have been available from
optical absorption measurements and since the de-
pendence of V5 on the concentration cg, does not
deviate so strongly from linear behaviour as was
found for K33, the values of A, and 4.2 obtained
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Fig. 2. Values of the limit Vg5 of the partial molar volumes
of TCNE for solutions of HMB and TCNE in CCl, at
298.15 K. The curve is calculated according to (19) using
the data in Tables 2 and 8.

in Sect. 4.1 are used for the estimation of the coef-
ficients Byg, Beyi, Beve, ... . The results of F- and
t-test as listed in Table 8, show that the first three
and only the first three coefficients are significantly
different from zero.

For the further evaluation according to (22) to
(24) some approximations have to be introduced.
Since we do not know a model which describes the
dependence of the model molar values v;, v2 and v3
on the concentrations cgs and co3 of the solutions,
the coefficients .7 00,0 J=1,2,3, have to be
neglected. Assuming model I as introduced in Sec-
tion 4.1 — the formation of the 1:1 and the 2:1
complex and 7¢11.10 =0, Aep11.10=0 — the equa-
tions are simplified to

Byo= Vs,
Bey1 = A1 (v — 03),
Beyz = Aea(v3) — 293),
Table 8. Results of multiple regression according to (19),

F- and t-test for density measurements of solutions of HMB
and TCNE in CCly at 298.15 K.

Number of coefficients

assumed unequal zero 2 3 4
Byo/1075 m3 mol—1 —46.5 11.33 4+ 0.32 11.01
t(Byo) 6.4 71.8 44.8
Bey1/10-7 m8 mol—2 305.3  156.03 +0.71  157.08
t(Bev1) 26.0 442.6 216.6
Bey2/1079 m9 mol -3 - 63.41 4 0.27 62.56
t(Beva) — 4777 118.1
Beys/10-11 m12 mol—4 - — 0.153
t(Bevs) - — 1.6
F - 230000 2.7
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where v}; and v3; are the limits of the model molar
volumes v1; and vg; of the complexes HMB-TCNE
and (HMB);-TCNE for cp2 — 0 and co3 — 0. With
the above data the following values are estimated

Vi = (97.067 4 0.001) - 10-6 m3 mol1,

VE = v¥ = (175.31 + 0.07) - 10-6 m3 mol-1,
Vs = vs = (113.3 £ 3.2) - 10-6 m3 mol -1,
v}, = (278.65 4+ 0.52) - 10-6 m3 mol-1,

v¥ = (437.07 4+ 0.92) - 10-6 m3 mol-1.

Assuming model II — the formation of only the
1:1 complex and 7¢11.10 =0 — leads to a modifica-
tion of the equation for By

Beys = Ae2v3 + A
*[(€®) 1 ger1.10 (vF; — v3) + Aeor1.10].
From the data follows
Aev11.10 = — 8.76 - 10-8 m® mol 2.

The results can be explained quite naturally with
model I. There is a decrease of the molar volumes

A11v* = — 9.96 - 10-6 m3 mol-1
Ao1v* = — 26.85 - 106 m3 mol-1

during the formation of the EDA-complexes HMB-
TCNE and (HMB);-TCNE (3.6 and 6.19,, respec-
tively), caused by the shortening of the distances
between the components of the complexes compared
to the average distances of neighboring molecules
in the solution. According to model II there would
be a rather large dependence of the molar volume
v11 of the complex HMB-TCNE on the concentra-
tion of HMB as described by the value of A¢p11.10,
namely a decrease of approximately 159%, in the in-
vestigated concentration interval (co2 =0 to
500 mol—3). Such a behavior of v;; is very improb-
able. Therefore the data obtained from density mea-
surements also strongly support model I, i.e. the
formation of both complexes HMB-TCNE and
(HMB),-TCNE.

and

4.3. Permittivity and Refractometer Measurements

The relative permittivities & and the refractive
indices n at the wavenumber 7 = 9.259 - 105 m—1
were measured of 20 sets of solutions in CCly at
298.15 K with fixed values of the mass fraction wg
of HMB; each set consisted of a few solutions with
variable values of the mass fraction woz of TCNE
(¢dh = 32 to 570 mol m=3, co3 = 0 to 41 mol m3).

1439

Analysis of variance (F- and t-test) of the data has
shown that in the investigated concentration inter-
vals the specific electric susceptibility (er—1)/p is
linearly dependent on the mass fraction wo3. Hence
(1) is simplified to

P g —1 e —1
wZ = 0 = o+
Z8 g — 1)
=+ (—M‘a“ T wo3 , (47)

where & and Zg; are the limits of the relative
permittivity & and of the partial molar electric
susceptibility Zog of TCNE for wyg — 0, respec-
tively. Linear regression according to (47) leads to
values for (g —1)/o+ and Zg(wgh).

In the investigated concentration interval
(e — 1)/o+ is linearly dependent on wg); as has been
shown again by analysis of variance. Hence (II.6)
is simplified to

et—1 eg—1

’ ot = o*
where &f and Z, are the limits of the permittivity
(permittivity of the pure solvent CCls) and of the
partial molar electric susceptibility Zos of HMB for
wg — 0, respectively. Linear regression according
to (48) leads to values for (ef —1)/o* and Z;,.

Equations similar to (47) and (48) but with &r
substituted by #»2 hold for P,z = (n2—1)/p. The
evaluation of data leads to (n*2—1)/o*, Z;¥ and
Z3 (weh).

With the value of p*, Sect. 4.2, it results:

er = 2.22794 + 0.00006 ,

n2 = 2.10431 + 0.00002.

Z:)k2 8:‘*—1
[Mz_ o wes, (48)

The errors given are only statistical ones. Due to the
limited accuracy of the calibration of measuring
devices the actual errors are to be expected larger.
The values of Z¥ and Zy¥ obtained are listed in
Table 12, the values of Zg; and Zy; are represented
in Figure 3. They can be evaluated according to (19)
with a method similar to that one used for the
evaluation of the partial molar volumes Vg, Sec-
tion 4.2. The results of the F- and t-test listed in
Table 9, show that the first three and only the first
three coefficients are significantly different from
zero; multiple regression leads to the estimators for
Bzo, Bezi, Bezz, By, Beyy and Bz, as given in
column “3” of Table 9.
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Fig. 3. Values of the limits Zg5 and Z(3 of partial molar
electric susceptibility and refraction of TCNE for solutions
of HMB and TCNE in CCl, at 298.15 K. The curves are
calculated using (19) and the data in Tables 2 and 9. The
crosses (-+) represent values of Zd‘{; according to the data
of Briegleb, Czekalla, and Reuss [16]; for these values the
scale factor on the left-hand side of the figure has to be
multiplied by 2.

The limit Z¥, of the partial molar electric suscep-
tibility is related to the limit ¥ of the model molar
electric susceptibility of HMB according to (I1.78)
and (1.83) by

CF = Z8y — Aer1.10/ Vi -

A similar equation holds for ¥, where Z§; is to be
substituted by Zo¥ and Ace1.10 by Aczr1.10- Similarly

(49)

Table 9. Results of multiple regression according to (19),
F- and t-test for refractometric and permittivity measure-
ments of solutions of HMB and TCNE in CCly at 298.15 K.

Number of coefficients

assumed unequal zero 2 3 4
Bz0/10-5> m3 mol-1 —215 16.5 +4.8 13.6
t(Bzo) 5.6 7.0 3.8
Bez1/10~7 m% mol -2 1677 1081 - 10 1091
t(Bez1) 27.2 210.9 103.1
Bez2/10-9 m® mol-3 224.8 1+ 34 217.3
t(Bcz2) — 134.6 29.3
Bez3/10-11 m12 mol—4 — - 1.23
t(Bczs) = = 1.0
F — 18000 1.1
Bz'0/10-5 m3 mol-1 —110 14.30 + 0.34 13.96
t(Bzo) 53 858 56.9
Bez’1/10~7 m® mol -2 550 231.17 - 0.74  232.31
t(Bez'1) 16.7  639.7 322.0
Bcz’2/10~% m® mol -3 — 120.64 4 0.24  119.57
t(Bcz'2) — 1022.9 236.7
Bez'3/10711 m3 mol—1 — — 1.44
t(Bez'3) = = 1.8
F — 1000000 3.2
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for the further evaluation of the quantities Byy,...,
B,z» according to (22) to (24) some of the coeffi-
cients Az 0 80A Aegry 14, are needed, which are
defined by (14).

The further evaluation of the quantities (¥ and
£7¥, which may lead to the permanent electric dipole
moment gy or the static polarizability ez and the
polarizability Ags at the wavenumber # used for the
investigation (# = 9.259 - 105 m~1) of the molecule
Ay in the electronic ground state, must be based on
a suitable model, for which we choose the extended
Onsager model in ellipsoidal approximation [37]. In
accordance with this model the quantities ¥ and
£7¥, as represented by (I1.41) and (IL.51), are de-
pendent on & and 72, respectively, at least at fixed
values of the temperature 7" and the pressure p.
Hence

olr \* (551 * [ Ogr \*
ACU‘lO:<aCOZ )003,0,: \a: D, 6602 003,19;7 (50)
and
1 [02Lr\*
Aet1.20 = 2(60(2;) . (51)
2 /cos, P

1 (851 )* (azs,)* +(62£1>* ( Oer )*2 }
o 2 ab‘r Y 6632 Cos, P a&% & 8602 cos, D, ’
Similar equations hold true for Acsr.01 and Aeer.o02,
where the indices ““2’” and ““3’” have to be exchanged.
The coefficients Acer.11 and Acgr.21 can similarly be

expressed. Representations for A, 4,4, result from
similar equations, where ¢ is substituted by n2.

The derivatives (0er/0C02)ess. 5,5 (0€r/CC03)ees, 805 -
follow from (47), (48), (45) and (46), for example,

Oer \* * * %
3 =Zoy— (e — 1) Viy- (52)
CoJ cos’

Similar equations hold for
(0n2[0co2)¥,, 5., (On2[0c08)0y, 0,5 -+ »

where Z¥, and &* have to be substituted by Zg¥
and n*2. The data necessary for the estimation of
the derivatives have been determined above and in
Sect. 4.2, and the results are collected in Table 10.

The derivatives (07/0er)%., (02,1/0€2)s,, ... follow
from (I1.41), and an example is given by (IL.42).
Similarly the derivatives (3,7/0n2)§,, ... follow from
(IL.51). For the derivatives with =1 the inter-
action radius aw; and the traces of the polariz-
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Table 10. Derivatives of & and n2 with respect to co2 and
co3 for solutions of HMB and TCNE in CCl4 at 298.15 K.

Yy &r n2

(8y/dco2)*/10—6 m3 mol-1 32.17 +0.21 38.531 + 0.068

(dy/@co3) */10~6 m3 mol -1 26 -+ 48 17.9 +4.9

(82y/0c32)*/10-6 m8 mol -2 0 0

(22y/Ocoz2 Bco3) */10~6 mb 85.0 + 7.3 3194179
- mol—2

(63y/dcds Oco3)*/10-6 m®  —25.4 +2.2  —0.89 +0.23
- mol-3

abilities of CCly must be known. The values
ad,=38.68-10-30m3 and
tr (og1)/3 = 12.46 - 1040 CV-1 m?2

have been determined previously [37]. With the
above value of n*2 and (IL.51) follows

tr (Agl)/3 = 1157 @ 10—40 CV—]- mz )

The values Acz1.10 and Aezr1.10 obtained from (50)
are listed in Table 11. With these data and Z, or
Z¥ the values of {¥ or £,* result according to (49);
they are reported in Table 12. The details of the
further evaluation of ¥ and {;* leading to the po-
larizabilities ags and Agy of HMB are given in a
previous paper [37]. The data necessary and the
results are also listed in Table 12.

In a similar way the quantities By, and By,
Table 9, can be evaluated. According to (22) these
data lead to ¥ and {;* and as above to a3 and Ags
of TCNE; the data necessary and the results are
listed in Table 12. »

With the values obtained for HMB and TCNE
the derivatives (001/0er)*, (ac’,/anz), ... can be cal-
culated for I=2 and 3 using (II.41) and (IL.51).
These quantities together with the derivatives
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culation of 4.7 4,0, L =2, 3, using (50) or (51) and
similar equations; the results are listed in Table 11.
With these coefficients and the values of B,
Bz, Table 9, and 4., the model molar electric
susceptibilities ¥ and ;¥ of the complex HMB-
TCNE can be obtained; the values are listed in
Table 12.

For the estimation of the interaction distances
(ar12)s, I =11, A==,y, 2, a sandwich-type configura-
tion (D-A) of the complex HMB-TCNE is assumed,
where the planes of the molecules are parallel to
each other (zy plane) and the symmetry centers of
the molecules are on the z axis with a distance equal
to 3.4-10-10 m. The assumed configuration is con-
firmed by the results of electro-optical absorption
measurements (Section 4.4). The electronic contri-
bution to the polarizability of the complex was es-
timated according to (Ag11)b = (Ag2)oe + (Ag3)oe as-
suming the described configuration. Similarly the
static polarizability was estimated as

(etg11)s = (@g2)oe + (ctg3)ue .

With these data the eveluation of {§; and £ was
done as described previousiy [37]. The data used
and the obtained values of (pg11)0e and (etg11)7e cre
listed in Table 12.

Assuming model I — the formation of the 1:1
and the 2:1 complex — from the quantities B,z
and B,z., Table €, A;; and 4. the model molar
electric susceptibilities (¥ and {;F of the complex
(HMB);-TCNE can be obtained, if the values of the
coefficients A,z 41, 80 Arry gr0e J =1,2,3 and 11,
as given in Table 11 are used. The coefficients with
J =1, 2 and 3 have been discussed above. The coef-
ficients A¢e11.10 and Ager11.10 can be calculated sim-
ilarly, using (II.41) and (IL.51) and the data ob-
tained for the HMB-TCNE complex as listed in

(Oer/dco2), ... as given in Table 10 allow the cal- Table 12. The values of (¥ and {;F are listed in
B Table 11. Estimated values of co-
(J. o1 ct2) AetJ.aron el T 2 unit efﬁ((;lie(xilt: M}f' amland Ao’ avas
(1.10) (572.9 + 3.7) - 10-12 (653.1 -+ 1.2) - 10-12 IR i ;;ﬁ‘ft’ﬁ;’ftm
(1.01) (4.6 & 8.5) - 10-10 (3.03 = 0.83) - 10-10 mémol-2 oo o rents. d
(3.10) (8.4 1 4.8) - 10-10 (9.05 £ 0.77) - 10-10 m6 mol-2
(1.11) (15.1 & 1.3) - 10-10 (0.54 & 0.13) - 10-10 m9 mol-3
(1.20) —(55.2 + 0.72) - 1016 —(79.81 + 0.28) - 1016 m?® mol-3
(1.21) —(226 & 20) - 10-12 — (1.5 1.9)-10-12 m!2 mol-4
(2.10) (11.65 = 0.49) - 10-10 (13.91 1 0.54) - 10-10 m6 mol-2
(2.01) (9 +17)-10-10 (6.5 + 1.8) - 1010 mé mol—2
(2.11) (30.8 & 2.9) - 10-10 (1.17 & 0.28) - 10-10 m® mol-3
(3.20) (75 & 29) - 10-16 —(104.7 &+ 6.2) - 10-16 m® mol-3
(11.10) (61.2 4+ 1.3) - 1010 (24.0 + 1.0) - 1010 mb mol—2
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Table 12. Determination of electric dipole moments and polarizabilities from measurements of solutions of HMB and

TCNE in CCly at 298.15 K.

HMB TCNE HMB-TCNE (HMB)2-TCNE

J 2 3 11 21
M ;/kg mol-1 0.162274 0.128093 0.290367 0.452641
wo.7/10-4 24 — 580 4—35 — —
Vs (or v%)/10-6 m3 mol-1 175.31 4 0.07 113.3 + 3.2 278.65 -+ 0.52 437.07 + 0.92
Z%/10-6 m3 mol-1 232.13 4+ 0.06 143.0 + 3.4 — —
Z%;/10-6 m3 mol-1 247.45 1 0.21 165 + 48 — —
¢/¥/10-6 m3 mol-1 225.40 4 0.06 139.9 4+ 3.5 371.7 +1.3 602.7 1.3
£%/10-6 m3 mol-1 241.56 4+ 0.22 160 - 49 850 4+ 14 721 + 13
[(@rz)13 (@ry)1; (@721]/10710 m 4.9;4.9;2.0 3.8;3.6;1.8 4.9;4.9;3.6 4.9;4.9;5.4
[(agz)s; (@ry)s; (@g2)s]/10-10m 5.3;5.3;2.4 4.2;4.0;2.2 5.3;5.3;4.0 5.3;5.3;5.8
(@72)s(@y)s (@2)s/10730 m3 67.42 36.96 1124 162.9
(a2,7)ox/10-30 m3 69.50 44.92 110.5 173.3
(#72)s3 (eay)s; (%72)s 0.223;0.223; 0.555 0.239;0.254;0.507 0.295;0.295;0.411 0.345; 0.345;0.310
[(Agsz)b; (Agry)bs 31.55; 31.55; 19.25 19.66;14.10;8.30  48.65;42.78;25.79 76.56; 70.69; 42.82

(Agsz)p)/10-40 CV—1 m?
tr(Ags)p/3 - 10740 CV-1 m?2 27.45 14.02 39.07 63.36
(AgJz)0e/10740 CV-1 m?2 27.91 4+ 0.01 20.74 + 0.52 48.86 4+ 0.17 74.30 + 0.16
(Agy)0e/10740 CV-1 m? 27.91 + 0.01 14.87 4+ 0.37 42.97 1+ 0.15 68.60 - 0.15
(Agsz)0e/10-40 CV-1 m2 17.03 4 0.01 8.76 + 0.22 25.90 = 0.10 41.55 & 0.10
tr (Ags)oe/3 - 1040 CV-1 m?2 24.28 + 0.01 14.79 & 0.40 39.24 1+ 0.14 61.48 1+ 0.14
[(ogrz)s; (ogry)ss 27.91;27.91;17.03 20.74; 14.87;8.76  52.22;45.74;27.55 81.53;75.05; 45.43

(0g2)s]/10730 CV-1 m2
tr (otgs)s/3 - 10740 CV-1 m2 24.28 14.79 41.84 67.34
(%g7z)0e/10740 CV-1 m?2 29.31 + 0.03 22.91 + 7.0 — 84.8 1 3.5
(otgy)0e/10740 CV -1 m? 29.31 4 0.03 16.43 + 5.0 — 78.1 + 3.2
(0tgs2)0e/10740 CV -1 m? 17.88 & 0.02 9.67 4 3.0 — 473+ 1.8
tr (etgs)oe/3 - 10-40 CV-1 m?2 25.50 -+ 0.03 16.34 4+ 5.0 — 70.0 + 3.0
(pgz)0e/10-30 Cm 0 0 7.0 4+ 0.2 0F2
s ]/10-30 Cm - — 11.73 3 0.22 14.15 + 0.30
[| (4gar)oe|/10-30 Cm — — 11.25 + 0.30 14.15 4 0.30

Remark: The values of (¢gs2)oes 4 = @, ¥, 2, J = 2, 3, 21, are estimated assuming gy = 0 and (etgs2)oe/tr (2tg.s)oe

= (ogsa)s/tr (ags)s-

Table 12. For the determination of {§;, {1F, ¥ and
CoF a few of the coefficients Ayz7q,q, 80 Aerr1g,0, 1V
only a negligible contribution (Acz1.10, Acc1.20,
Aez2.105 Acz2.01 Acz3.105 Aces.20 and the correspond-
ing As'r.aia)- But, as we want to emphasize, this
does not hold true for the coefficients generally.
The coefficient A¢z1.11 contributes approximately
159, of the quantity B.g; to (fj; the coefficients
Ace1.11 and A¢z1.21 each contribute ten times as much
to (¥ as B,ze, but the sum of the contributions of
both coefficients is very small for the considered
(HMB)3-TCNE complex.

For the estimation of the interaction distances
(ar2)s, I =21, A==, y, 2, a sandwich-type configura-
tion (D-A-D or D-D-A) of the complex (HMB),-
TCNE is assumed, where the planes of the molecules
are parallel to each other and the symmetry centers
of the molecules are on the z axis with distances
equal to 3.4 - 10-10 m. The results of the dielectric

and electro-optical absorption measurements (Sec-
tion 4.4) confirm the configuration D-A-D. The po-
larizabilities of the complex were estimated accord-
ing to (Aga1)p = 2(Ag2)oe + (Aga)oe and (ogo1)s =
2 (otg2)0e 1 (0tg3)oe assuming the described configura-
tion. With these data the evaluation of ¥ and {o%
was done as above. The data used and the obtained
values of (@g21)oe, (Ag21)oe and (etge1)oe are listed
in Table 12.

Assuming model IT — the formation of only the
1:1-complex — from the quantities B,z, and B,z:s,
Table 9, the values of the coefficients

Acz11.10 = — (1.83 4+ 0.10) - 10-6 m6 mol-2
and
Acc11.10= (2.8 £ 1.1)- 10-8 m® mol—2

can be estimated. Comparison with the values cal-
culated using the extended Onsager model, Table 11,
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shows that the first coefficient has the wrong sign
and both coefficients have a wrong order of magni-
tude. These facts again falsify model II.

Dielectric and refractometric measurements of
HMB and TCNE in CCly at 293 K were also per-
formed by Briegleb, Czekalla, and Reuss [16] in a
concentration interval cjz=142 to 275 mol m-3,
where the 2:1 complex formation is not negligible.
Therefore the magnitude | pg11| of the dipole mo-
ment estimated with the assumption of only 1:1
complex formation is expected to be erroneous
(4.50 - 1030 Cm). Their data have been evaluated
again by Foster and Kulevsky [17], who estimated
| g1] = (9.3 = 1.0) - 1050 and | puge | = (0 & 3.3)
+10-30 Cm but with a method, with which it seems
rather fortunate to obtain results, even of the right
order of magnitude. The errors of the individual
measurements (deviations) and the small interval
of ¢y investigated make it very improbable that
any method of evaluation could lead to reliable
values of || pg11] and || pgo1| as may be recognized
from the data of Briegleb et al. in Figure 3. From
measurements in CCly at 298 K but only taking the
formation of the 1:1 complex into account, Chan
and Liao [60] obtained | pg11] = 5.5-10-30 Cm.

4.4. Electro-Optical Absorption Measurements

The quantity M, defined by (1.166), characterizes
the electro-optical absorption of isotropic solutions.
These quantities were measured of eight solutions
of HMB and TCNE in CCly at 298.15 K at 20 wave-
numbers in the interval # = 1.56 to 2.08 - 106 m-1
(cgz =8 to 370 mol m~3, co3 =0.04 to 0.17 mol m-3).
The data obtained have shown that in the investi-
gated concentration intervals the specific electro-
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optical absorption P,y= M/p is linearly dependent
on w3 and in the investigated wavenumber interval
the limit of P,y for woz — 0 vanishes, i.e. Py =0.
Hence from (1) follows a simple relation for the
determination of the limit Yg; of the partial molar
electro-optical absorption of TCNE in the solutions:

1 [oag\|* (M\* M
Y&:[—Ahm( )]:(E>=£,(53)

€03 E.2—0 aEﬁ

where ag is the optical absorption coefficient of the
solution in an applied electric field E,;. At fixed
values of T and p the PMQ Yg; depends on cg;,
7 and y, where y is the angle between Ej and the
polarization direction e of the incident plane po-
larized light wave with wavenumber #. Some values
of Yg5 are listed in Table 13 as examples. A set of
quantities Yg; with fixed values of # and y and
variable values of cg; satisfies (19), but in this case
three coefficients B,y, are not sufficient for an ap-
propriate representation as will be shortly recog-
nized.

Since under the considered conditions »; =x3 =
»#3 = 0 we may safely assume v; =vs =v3 =0, where
vy is the model molar electro-optical absorption of
the molecule A7, compare (III.2). Furthermore it
1S Acpl.qas =0, for I=1, 2 and 3. For model I the
coefficients 7¢11.10 and A¢x11.10 are vanishingly small,
as has been shown in Sect. 4.1, and therefore A¢y11.10
and the field dependence of 7c11.10 are negligible.
With these presuppositions from (19) to (24) follows
for the limit of (ag/co3) in an applied electric field

ag \*
)
11 KFe11 C02(¢9) 1 + 2oy Kot (Ciion)? () 2
14 K Coa(c®) ™! + Keoy (Cio2)? (c©)2

(54)

Table 13. Values of the limit Ygj; of the partial molar electro-optical absorption of TCNE in solutions of HMB and TCNE

in CCly at 298.15 K.

8.134

cgy/mol 23.972 32.007 52.375 113.262 162542  360.880  371.884
-m-3

= Y¢5(7, 2)/10-19 m4 V-2 mol-1

F104m1y0 @2 0 a2 O a2 0 a2 0 a2 0 a2 0 A2 0 =2
156 2457 718 3211 765 3354 840 3515 847 3514 873 3483 927 3401 1023 3401 977
160 2785 715 3482 654 3603 706 3648 643 3474 665 3403 683 3128 725 3067 717
164 2099 677 3509 423 3615 493 3432 287 2815 139 2551 115 2028 108 1941 124
168 3144 664 3522 241 3481 190 3126 —70 2289 —340 1863 —422 1043 —489 903 —507
172 3245 594 3544 81 3542 7 3113 —414 2150 —659 1726 —732 820 —795 717 —791
176 3306 536 3606 —61 3566 —163 3190 —560 2306 —769 1900 —840 1062 —890 1026 —835




1444 W. Liptay et al.

where the indices “E’’ are used to designate quan-
tities in an applied electric field. The quantities [36]

1 gy "
}3=|— lim (M) } ; Ro
B %I Ea2—0 0} nor, & (55)
, [ 1 achJ) l*
*_ | g , 56
= | CoJ E.'—»O( aE2 nor, & ( )
[ 1 0KEciy N
¥ = lim ( — 57
# Kc}.r Ea2—0 aEE nor, % ( )

are introduced to describe the field dependence of
the molar absorption coefficients xgy, the initial
concentrations cgos of the substances used to gen-
erate the solution, and the equilibrium constants
KEgcay of the occurring chemical reactions. With (54)
to (567) follows from (53)

Yoz = [1 + K1 ch(c®) 1 + Ky (c)2(c®) 2] (58)
AL+ 45%) 1 Ky o (c©) 1
+ (L3 + 43*) 131 K1 (cgp)2(c®)2
+ (P + ¢2®) (fy — Kd3) K31 ¢ (c©) 1
+ (P51 + 2 ¢2™) (3y — Kdh) Ky (c52)2(c®) 2} .

In the last two terms of the second bracket are the
partial molar absorptions Kg; which cause a rather
complicated dependence of Y5 on c¢g; and therefore
the application of the formal expansion, Eq. (19),
is not appropriate.

The quantities L} (7, y) are related to the tran-
sition dipole moment p.gas and to the electric dipole
moments pgs and Way and the polarizabilities gy
and o, of the considered molecule A; in its ground
and excited electronic state as may be recognized
from (II1.6) to (III.20). An evaluation of the de-
pendence of L} on # and y leads to quantities D*
to I*, compare (II1.6) to (III.10). From D* to I'*
in favorable cases information about pgs, pas, otgs,
sy and Wgas may be obtained.

For a value of ¢* other than zero, two causes are
mainly responsible. The first cause is the electro-
striction of the solution in an electric field. An
estimation leads to a contribution approximately
equal to 110721 V-2m2, which can be neglected
compared to the errors of measured values of L¥.
The second cause is the diffusion exchange of mol-
ecules in parts of the solution outside of the applied
electric field and in parts inside of the field. This
contribution is even smaller at least if the frequency
of the applied field is large enough. Therefore the

+ Molecular Quantities from Measurements on Macroscopic Systems. V

quantities ¢g;* and g;* may safely be neglected in
(58).

A value of p}, different from zero is caused by
the electric field dependence of the Gibbs energy.
According to (IV.33) and (IV.35) it is

RT1In K}ﬂ;‘clv R F (ggclv —2 gicZ - i79203) s (59)

where g%,; is the model molar Gibbs energy of the
substance Ay in the solution in an applied electric
field, which can be represented as*

E2N,
GEer =98 — —¢
-[(kT)2 ﬁ-gJ(l - f.’; ogy) 2 f:l2 g

+ tr {(1 — £} ags) L agr 5731,

where ¢ is the model molar Gibbs energy of A; in
absence of an applied field and the tensors f¥; and
% are defined by (I1.34) and (IL.35), respectively.
Introducing (59) and (60) into (57) leads to

(60)

va 6 k T Z Yivg
[(kT)- P-gJ(l — 15 agy) 2137 Res
+ tr {(1 — T ags) L ags £57}]. (61)

With the values obtained in Sect. 4.3 the values of
p¥ and p¥ are calculated as listed in Table 14.
Considering the quantities ¢y, K, K%, #, #3
and Kg;, whose values can be calculated using (19)
and the data obtained in Sect. 4.1, as known quan-
tities, and neglecting ¢,* and ¢;*, analysis of variance
according to (58) shows that the coefficients L x{;,
L% »¥ and pf, may be estimated from available
data, but not the fourth coefficient p¥; because this
term has too small a value and causes a variation
too small in the considered concentration interval
of ¢g3. Therefore the fourth term was taken into
account with the above calculated value p3; = 50.9
-1020 P-2m?2 as known quantity. Multiple regres-
sion according to (58) leads to an estimator for pf;,
namely (p)estim = (102 == 6) - 10-20 V-2 m2, The ex-
cellent agreement of the calculated value, Table 14,
and the estimated value support the theoretical
models used for the evaluation of data and confirms
the quality of the data obtained by electro-optical
absorption measurements. Considering also the value
p¥, =103.8-10-20V-2m? as known, multiple re-

* Compare (131) [53], for example, after averaging over
all orientations in the applied field.
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o HMB-TCNE (J=11)
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Fig. 4. Values of LT »7; and LY 3’2"1 at y = 0 of the com-
plexes HMB-TCNE and (HMB),-TCNE in CCl, at 298.15 K.
The curves are calculated using (58) and the data in Tables
4, 5 and 14.

gression according to (58) allows to estimate the
values of »¥ L¥ and ¥ L} at y=0 and n/2; they
are represented in Figs. 4 and 5.

The values of L¥x¥ (I =11, 21) depend on # and
z according to (IIL.6). Multiple regression leads to

Lk}

; 10"V 2m* mol™

(HMB),-TCNE (J=21)

-1
HMB-TCNE (J=11)

o

”2
-4

160 170 180 190 200 —= B/10*m’

Fig. 5. Values of L, 7| and L ¥ at y = #/2 of the
complexes HMB-TCNE and (HMB),-TCNE in CCl; at
298.15 K. The curves are calculated using (58) and the
data in Tables 4, 5 and 14.
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the values of D¥, ..., IF; they are listed in Table 14.
The further evaluation is based on Egs. (ITT.11) to
(ITL.20). For the solvent CCls the quantities @@ (E),
i=1,...,5, can safely be neglected as well as S@
and S® (an assumption confirmed by the very small
value of D¥,). Since the values of F§; and G}; and
the values of H}, and I} are almost equal, the
dipole moments pg11 and pa11 and the transition
dipole moment pga11 (With m = pga11/| prea11|) are
at least nearly parallel to each other, a fact rather
strongly confirming the assumed symmetry of the
HMB-TCNE complex, namely a symmetry corre-
sponding to the point group Czv. From the values
of D¥, and E¥, the quantities R}, and R{?,, may
be estlmated according to (ITI.11) and (II1.12) and
therefrom the components (xag11)zz and (xagi1)zz +
(xag11)yy of the transition polarizability follow, if
(35) and (36) of a previous paper [55] are used; the
data are listed in Table 14. The errors of the quan-
tities HY, and If, prohibit an estimation of the
change of the polarizability of the HMB-TCNE
complex during the considered excitation process.

Table 14. Evaluation of the electro-optical absorption mea-
surements for solutions in CClg at 7'=298.15 K.

J Re- HMB-TCNE (HMB)2-
mark TCNE
11 21
p3/10-20 V-2 m2 103.8 50.9
D5/10-20 V-2 m? 40.7 + 5.1 948
E3/10-20 V-2 ;2 1216 4+ 30 120 4+ 80
F3/10-40 CV-1m2 496 + 16 91 4 30
G5/10-40 CV-1m? 480 + 16 69 4 30
H3/10-60 C2 m2 690 + 230 960 4 210
13/10-60 C2 m2 620 + 230 860 + 210
R{5,/10-10V-1 1124014  —
R{3)/10-10V-1m 1.26 + 068  —
(2agJg)zz/10740 CV-1 m? 6.5 + 1.0 —
((xgas)zz 4 (ags)yy)/ —6+6 =
10-40CV-1m2

fa2/10-30 Cm (1) 19.8 +0.8 —
HaJz/10730 Cm (2) 24 +4 22 4+ 4

272/10-30 Cm 3) = 19.8 + 3.0
®aJz/10740CV-1m2 (3) — 89 + 30
(dtarz + %ary)/ (3) — 195 + 40

1040 CV-1m?

Remarks:

(1) Estimated from F and @ assuming sy = ogJy.
(2) Estimated from H and I assuming otz = ags.

(3) Estimated from F, G, H and I with the presupposxtlons

2
g1z =0, Rt()21z = Rouz and R(()2)1z = Rouz
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Assuming @311 = dg11, the value of the magnitude
of the dipole moment | @a11] in the excited state
can be obtained from F¥, and GF; and Egs. (IIL.13)
and (III.14) with a rather good accuracy and from
HY, and I, and Eqgs. (II1.15) and (II1.16) with less
accuracy. The data obtained, Table 14, agree within
their errors. If there would be a 309, increase of the
z and y components and an 1209, increase of the z
component of the polarizability during the excita-
tion process (which corresponds to the changes es-
timated for the 2:1 complex), the estimated mag-
nitude | pa11 || would be approximately 209, smaller.
Hence one may expect a reliability of the reported
value of | pa11| of the same order.

Due to the intricate evaluation of data the quan-
tities L3 »%; of the (HMB)s-TCNE complex are less
accurate than the quantities L} x}; of the HMB-
TCNE complex as may be recognized from Figs. 4
and 5, and hence the quantities D, ..., IF are
less reliable than the corresponding quantities
D¥, ..., If,. The values of D}; and EZ; are almost
zero within their errors as should be expected if the
dipole moment of the 2:1 complex is zero. From the
rather large values of H¥ and I% follows a large
magnitude of the electric dipole moment pa21 of the
2:1 complex in its excited state. The equality of
H¥ and I% shows that a2 is parallel to the direc-
tion mag1 = Wga21/|| fbgaz1| of the transition dipole
moment. Assuming o321 = 0lg21 leads to the value
of pa21, as listed in Table 14. If there would be a
309, increase of the polarizability during the ex-
citation process, the estimated value would be ap-
proximately 59, smaller. The small values of Fi;
and G¥, confirm the very small value of the mag-
nitude of the dipole moment in the electronic ground
state: | pge1]| << 1 - 10730 Cm (compare Section 4.3).
With the presuppositions puge1,=0, R{Y,= RS},
and R, = R{3,, from F¥, G¥, HY and I¥ the
quantities pa21z, ®a21z and og212 + a21y can be es-
timated ; the values are listed in Table 14. The dipole
moment ua21, of the 2:1 complex in the excited
state is nearly equal to the change waiiz — Hei1z
of the dipole moment observed for the 1:1 complex.
There may be a rather small increase of the z and y
components of the polarizability (209,) and a larger
increase of the z component (1009,) during the con-
sidered excitation process, but due to their large er-
rors these values are not very reliable.

Assuming model I — the formation of only the
1:1 complex — a modification of (58) can be ob-
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tained similarly as above, which allows the deter-
mination of L}, p}, and two further coefficients
describing the electric field dependence of 7c11.10
and Acx11.10. Similar to the discussion in Sect. 4.1
it can be shown that the coefficients estimated from
measured data differ strongly from the coefficients
calculated from equations based on (31) and (37),
respectively. Hence also the data of optical-absorp-
tion measurements confirm model I but contradict
model II. The estimations of the field dependences
of Necl11.10 and 10211.10 based on (31) and (37), respec-
tively, furthermore show that the corresponding
coefficients are negligibly small compared to L¥
and p3;.

The first determination of an electric dipole mo-
ment of an EDA complex in its excited state was
done by Czekalla and Meyer [61] using the results
of electro-optical emission measurements. The re-
sults of electro-optical absorption measurements
reported by Varma and Osterhoff [62] do not lead
to any reliable data for EDA complexes. This may
be recognized by the fact that from nine sets of
data in three cases a negative value of u2 was ob-
tained, whose order of magnitude were almost the
same as in the other cases. Some further preliminary
results were communicated by Eckhardt [63] and
by Liptay [53]. The reported magnitude | pa11] =
3210730 Cm of the dipole moment of HMB-TCNE
in its excited state [53] was much larger than the
value obtained in this investigation, what is caused
mainly by the usage of the erroneous value for the
magnitude of the ground state dipole moment [16].
Groenen and van Velzen [64] reported the values

D11 =39-10"20V-2m2,

Ei11 =746 -10-20 V-2 m2
F11=223-10-40 CV-1m2,
G11 =193 -10-40 CV-1m2,
Hip =568-10-60C2m2 and
Iu = 590 - 10-60 C2 m?2

for the HMB-TCNE complex. Since these authors
considered only the formation of the 1:1 complex,
the deviations to the values reported in this paper
may be due to contributions of the 2:1 complex.
But they also neglected the contributions caused
by the field dependence of the equilibrium con-
stants, i.e. they implicitly assumed p}; =0 (and
naturally p¥ =0), what is a further reason for the
deviations of the above data from those in Table 14.
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5. Diseussion

The data obtained by measurements of the optical
absorptions, the densities, the refractive indices, the
permittivities and the electro-optical absorptions
could be interpreted by model I — i.e. formation of
the HMB-TCNE and the (HMB),-TCNE complex
— as well as by model IT — i.e. formation of only
the HMB-TCNE complex. A decision between the
two models is possible if the coefficients describing
the solvent dependence of the activity effects
(Me11.10), the model molar absorption coefficients
(Acx11.10), the model molar refractions (Ac¢:11.10),
the model molar electric susceptibilities (Aez11.10)
and the coefficients describing the electric field de-
pendence of 7¢11.10 and A¢x11.10 are calculated. For
this, a suitable model is needed, and the obtained
values are compared with those estimated from the
experimental data. The results reported in Sect. 4.1
to 4.4 show that all measurements confirm model I
but contradict model II. Hence for all further dis-
cussions only model I will be considered.

From the electro-optical absorption measure-
ments it can be concluded that the HMB-TCNE
complex exhibits, at least approximately, the sym-
metry of the point group Czv. The transition dipole
moment [ga11 is parallel to the two-fold rotation
axis of the complex, and hence the first excited
state, corresponding to the excitation at # = 186
-104 m~1,is a A; state as well as the ground state of
the complex. The magnitude of the electric dipole
moment is | pg11] =7.0-10-30Cm in the ground
state, the direction of pg1; is from the TCNE group
to the HMB group of the complex. The magnitude
of the dipole moment is | ga11| = 19+ 10730 Cm in
the considered excited state, and the directions of
we11 and pain1 are equal. Since there is a rather
strong increase of the dipole moment during the
excitation process, the electron-donor-acceptor ab-
sorption band may also be called, as is usual, a
charge-transfer band. The dipole moment in the
excited state is still much smaller than would be
expected if the charge of an electron is transferred
from the donor HMB to the acceptor TCNE
(54.5 - 10730 Cm, if the distance between the donor
and the acceptor group is assumed to be
3.4-10-10m).

The (HMB);-TCNE complex exhibits an optical
absorption band with maximum at 184 -10¢m-1
in the same wavenumber interval as the HMB-
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TCNE complex and an integral absorption which is
almost twice as large as that of the HMB-TCNE
complex. The electric dipole moment of the (HMB)s-
TCNE complex in its electronic ground state is either
zero or nearly zero (|| pg21| << 110730 Cm), a fact
which confirms a sandwich-type -configuration
HMB-TCNE-HMB. The symmetry of the molecule
in the ground state corresponds approximately to
the point group Csy, if there is a dipole moment
different from zero, or to the point group Doy, if
the dipole moment is zero. Surprisingly the 2:1
complex has a dipole moment in the considered
excited state, whose magnitude is nearly equal to
the magnitude of the change of the dipole moment of
the 1:1 complex; its direction is also parallel to the
transition dipole moment and therefore parallel to
the z axis passing the centers of the groups HMB,
TCNE and HMB. If the symmetry corresponds appro-
ximately to the point group Dap, in the isolated 2:1
complex there have to be two close-spaced excited
states corresponding to the irreducible representa-
tions B;y and Bjg. The interaction with the applied
electric field and also with the surrounding solvent
molecules causes a mixing of both states, which
leads to a Franck-Condon state with a permanent
electric dipole moment different from zero. The
relaxation process associated with the transition
from the Franck-Condon excited state to the equi-
librium excited state (equilibrium with respect to
the positions of nuclei of the complex and the sur-
rounding solvent molecules) causes a decrease of the
symmetry of the 2:1 complex, and probably the
equilibrium excited state will correspond to the ir-
reducible representation A; of the point group Csy.
Presuppositions for this interpretation are the exis-
tence of weak interactions between the HMB mol-
ecules and the central TCNE molecule in the com-
plex and very weak interactions among both HMB
molecules. These assumptions are supported by the
following facts: (1) the considered absorption band
of the 2:1 complex is very similar to the absorption
band of the 1:1 complex but with an almost twice
as large intensity, (2) the changes of the dipole mo-
ments during the excitation process are nearly equal
for both complexes, and (3) the value of the standard
reaction enthalpy Agh¥ for the 2:1 complex is ap-
proximately twice the value for the 1:1 complex.
The electrostatic interactions between solute mol-
ecules and the surrounding solvent molecules cause
a shift of the absorption band of the complexes in
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a solution relative to the band of the complexes in
the gaseous state [54]. With the data estimated in
this investigation, the shift is 4% = —4.6 - 104 m~1
for the 1:1 complex and A7= —2.9 - 104 m-1 for
the 2:1 complex. Due to these small shifts, the ab-
sorption bands of both complexes, observed in CCly

[1] P. Pfeiffer, Organische Molekiilverbindungen, Stutt-
gart 1927.
[2] R. S. Mulliken, J. Amer. Chem. Soc. 74, 811 (1952).
[3] S.D. Ross and M. M. Labes, J. Amer. Chem. Soc. 79,
76 (1957).
[4] G. D. Johnson and R. E. Bowen, J. Amer. Chem. Soc.
87, 1655 (1965).
[6] M. J. S. Dewar and C. C. Thompson, Tetrahedron,
Suppl. 7, 97 (1966).
[6] R. Foster and I. Horman, J. Chem. Soc. B 1966, 171.
[7] H. Kuroda, T. Amano, I. Ikemeto, and H. Akamatu,
J. Amer. Chem Soc. 89, 6056 (1967).
[8] T. Matsuo and O. Higuchi, Bull Chem. Soc. Japan 44,
518 (1968).
[9] P. H. Emslie, R. Foster, C. A. Fyfe, and I. Horman,
Tetrahedron 21, 2843 (1965).
[10] M. I. Foreman, R. Foster, and D. R. Twiselton, Chem.
Commun. 1969, 1318.
[11] R. Foster and D. R. Twiselton, Recueil Trav. Chim.
89, 1211 (1970).
[12] P. J. Trotter and D. A. Yphantis, J. Physic. Chem. 74,
1399 (1970).
[13] P. D. Gardner, R. L. Brandon, N. J. Nix, and I. Y.
Chang, J. Amer. Chem. Soc. 81, 3413 (1959).
[14] R. Foster, D. L. L. Hammick, and S. F. Pearce, J.
Chem. Soc. 1959, 244.
[15] B. Dodson, R. Foster, A. A. S. Bright, M. I. Forman,
and J. Gorton, J. Chem. Soc. B 1971, 1283. — Y. E.
Ho and C. C. Thompson, J. Chem. Soc., Chem. Comm.
1973, 609.
[16] G. Briegleb, J. Czekalla, and G. Reul}, Z. physik.
Chem. NF 30, 333 (1961).
[17] R. Foster and N. Kulevsky, J. Chem. Soc. Faraday
Trans. I 69, 1427 (1973).
[18] H. Beens and A. Weller, Chem. Phys. Letters 2, 140
(1968).
[19] M. Tamres, J. Physic. Chem. 65, 654 (1961).
[20] P. J. Trotter and M. W. Hanna, J. Amer. Chem. Soc.
88, 3724 (1966).
[21] S. Carter, J. N. Murrell, and E. J. Rosch, J. Chem.
Soc. 1965, 2048.
[22] S. Carter, J. Chem. Soc. A 1968, 404.
[23] R. X. Ewall and A. J. Sonnessa, J. Amer. Chem. Soc.
92, 2845 (1970).
[24] R. L. Scott, J. Physic. Chem. 75, 3843 (1971).
[25] B. B. Bhowmik and P. K. Srimani, Spectrochim. Acta
29A, 935 (1973).
[26] B. B. Bhowmik and S. P. Chattopadhyay, Spectro-
chim. Acta 36 A, 543 (1980).
[27] D. W. Tanner and T. C. Bruice, J. Physic. Chem. 70,
3816 (1966).
[28] L. E. Orgel and R. S. Mulliken, J. Amer. Chem. Soc.
79, 4839 (1957).
[29] R. L. Scott, Recueil Trav. Chim. 75, 787 (1956).
[30] M. W. Hanna and D. G. Rose, J. Amer. Chem. Soc.
94, 2601 (1972).
[31] J. D. Childs, S. D. Christian, and J. Grundnes, J.
Amer. Chem. Soc. 94, 5657 (1972).

W. Liptay et al. - Molecular Quantities from Measurements on Macroscopic Systems. V

in the same wavenumber interval, will be expected
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