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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 CCI4. 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 

Electron-donor-acceptor (EDA) complexes with 
a stoichiometric composition different from 1 : 1 
have been observed in the solid state already a long 
time ago [1], they have been discussed by Mulliken 
[2], The evidence of the existence of EDA com-
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-
surements [10, 11], equilibrium ultracentrifugation 
[12] or the partition method [13, 14] did not agree 
with those from optical absorption measurements. 
Such apparent anomalies could be explained as-
suming the formation of 2:1-EDA complexes be-
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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-
ing to these measurements the 2:1 complex has an 
absorption band at nearly the same wavenumber 
interval as the 1:1 complex, with both complexes 
soluted in cyclohexane. Dielectric measurements of 
Briegleb, Czekalla and Reuß [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-
sides the 1:1 complex seems to be dubious for the 
following reason: the absorption bands of weak-
bond 1:1 and corresponding 2:1 complexes in the 
gaseous phase are expected in nearly the same wave-
number intervals. In the 1:1 complex the electric 
dipole moment in the excited charge-transfer state 
corresponding to the EDA band is increased relative 
to the dipole moment in the ground state, and this 
should cause a red shift of the band of the solute 
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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 • 105 m _ 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 II 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, A2) with the electron accep-

tor tetracyanoethylene (TCNE, A3) have been in-
vestigated repeatedly [5, 12, 15—17, 23, 40—45]. 
The solvent chosen in our studies was carbon tetra-
chloride (Ai), 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 A3 (approximately 
(co3)max = 0.5 mol mr3) is much larger than in ali-
phatic hydrocarbons, and the maximal solubility 
of the donor A2 (approximately (co2)max = 750 
mol m~3) is also rather large. 

Measured were the mass densities Q, the optical 
absorption coefficients a, the relative permittivities 
er, the refractive indices n and the derivatives 

M = lim (öa/e^a2), 
£a2-*0 

where E& is the magnitude of an applied electric 
field, of solutions with known mass fractions WQZ 
and i/;03 of HMB and TCNE, respectively. From 
these data the generalized densities Pw<p, defined by 
Eq. (1.57) *, which are equal to the corresponding 
specific quantities if mass fractions are chosen as 
concentration variables, can be determined, namely 

PWV=1/Q, P«,k = alQ> P^z = (£r — 1)/^, 
PWZ' = (N* - L)LE and PW-Y = M\Q. 

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

PW0 = K » + (Ms1 <Z>0+3 - K 0 ) m s 
+ [M^1 A+0U2(l - w+) 

+ if2_1 A 2.2^02 
+ Mg1 A+mA] U& + • • •, (1) 

where M1, M2 and M3 are the molar masses of Ai , 
A 2 and A3, respectively, and & O J = (Ö^/ÖWOJW, 
is the partial molar quantity of the substance A j 
adjoint to the extensive quantity 0 = PW<P mo as de-
fined by (1.22); mo 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 A3. 

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

oo 
<T>0J = <Z>CIJ + 2 AUJ.« ^ 0 3 , ( 2 ) 

a = l 

as defined by (1.40), (1.46) and (1.47). 
From a set of data D p = { (P^ , wo3; with 

a fixed value of WQ2 , 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 a n d possibly a few further 
coefficients of the power-series expansion in W03. 
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 Wv'o3 • Hence values for the limits and 
0Q3 can be estimated and all further coefficients 
AW<PJ.a have to be assumed negligibly small. The 
partial molar quantities of TCNE and their de-
pendence on v)q2 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. 

1429 

The following chemical reactions are assumed to 
be possible: 

AA2 + r A 3 ^ A A v , (3) 
A = 0,1, 2, . . . ; v = 0,1,2,...; A = r + 0 , 
X = v — 1 =)= 0 , X-l = v + 0 . 

The totality of these reactions constitutes the hypo-
thesis of occurring chemical reactions. Included are 
all possible associations between donor and acceptor 
molecules (A=}=0 and v=j=0) as well as associations 
of donor molecules among themselves (A ̂ 2 , v = 0) 
and of acceptor molecules among themselves (A = 0, 
v^2). Equation (3) corresponds to (IV.l) with 
R = Xv, vr2 = — A, VR3 = — v and vRj = 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 (A = 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 K*Xv corresponding to 
the hypothetical chemical reactions (3) are related 
to the quantities Kw^v according to (IV.32) and 
(IV.36) as 

£*»( 1 + FwXv) = KwXv = (y>ö)*+v-\ (4) 
V2V3 

where xpj is the value of the concentration variable 
of substance A j (J = 2, 3, Xv) in the equilibrium 
state as defined by (1.72): 

V'J = njl/JXP- (5) 
nj is the amount of the substance A.7 present in the 
solution, W is an extensive quantity and yj a con-
stant, possibly different for different substances Aj\ 
examples are listed in Table 1 of the first paper [36]. 
y e is a standard quantity with an arbitrary value 
and a unit equal to the one of ipj. The quantity Fwxv 
as defined by (IV.34) describes the activity effects. 
It is related to the activity coefficients fy,j, defined 
by (1.132) and (1.133), as 

(6) 
JyiAv 

According to (IV.39) a power-series expansion in 
^02 and ^03 is possible: 

Ewxv = rjyAv. 10^02 + rjyAv.Ol Y>03 (7) 
+ TjvAv.ll V02 ^ 0 3 + 20 ^02 + , 



1430 "W. Liptay et al. • Molecular Quantities from Measurements on Macroscopic Systems. Ill 1430 

such that lim Fvxv = 0, where no = + ^02 + W03 
no —>noi 

and noj is the initial amount of the pure substance 
Aj used to generate the solution. The tpj's are re-
lated to the concentration variables xpoj, 

VOJ = nojlu^, (8) 

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

V>2 = yo2 — (9) 
X v 

V3 = V03 - (10) 
X v 

y>*v = xlv1 £v>*v , (11) 

where as defined by (IV.5), is the extent of 
the reaction (3) in a unit equal to that of %iipoi-

Any generalized density Py,0 = PM,0mo/¥/is related 
to the corresponding model molar quantities cpj 
(MMQ's) according to (IV.ll) as 

3 
Pv«P = + ^tv>XvAivcp, (12) 

7=1 Xv 

where, as defined by (IV. 12), 

Axv(p = cpiv — l(pi — vcpz- (13) 

The dependence of any cpj on the composition of the 
phase can be represented by power-series expansion 
in ipoi and ^03 as introduced in (1.84), or 

<PJ = <p* + KvJ-IO V02 + oi V03 (14) 
+ AyxpJ. 11 V02 V03 + ^w«7.20 ̂ 02 + ' ' ' » 

J = 1, 2, 3 or Av, 

and similarly 

zl;u>9? = A iv<p* + Axv^vxp. 10^02 
+ V03 + • (15) 

The MMQ's cpj are related to the PMQ's 0Oj as 
shown in (IV. 14), or 

^ , 1 — X3 V03 ^03 4 / fyi \ 
^03 = (P3 + — > XIW0I 

%3 7 = 1 \Sy03 /„„',#, 

+ ^03 2 fvAi-̂ ArV + 1—^3 V03 ^03 
X3 

/d(£v>AvAAtf)\ 
\ 0^03 Los', 

(16) 

and similarly for 0O2• From (16) follows the limit 
for ipo3 at a fixed value of ^02/^01: 

0+ = lim 003 = cpt + Zs""12 Vol f f ^ V + ^03 2 
yo3-*0 7 = 1 \öV03/mo3' Xv 

\ 5V03 /»„,' \ 0^03 /„M 

According to (1.18) and (1.19), the following relation holds true: 

0y \+ __ / 07 V | X 3 / 0y V 
6V03/n03' \ 0^03/̂ 03' n \ 0^01 /noi' 

y = (pi, A}.vCp, %y>Xv • 

(17) 

(18) 

Introducing (18) and the limits of the different quantities as obtained from the given equations into (17) 
leads, after some lengthy calculations to 

_ B&o + Bym W2 + Bv<p2(ipQ2)2 + •• 
1 + Ay, 1 \fQ2 + Ay,2 (VC^)2 H 

where 

AwXipQ = Xz'xnK^n, 

Aw 2 (v 9 ) 2 = + Xii^*ii(»?vii.io - % X2X XwK%)) > 

Bq>0 = 95* + = ^03 ' 

= Ay,i^f + Xs'NR'lvvi.oi + Any*) + Cx - 1 ̂ 0*1"1 ^2^0*2^1.01, 

(19) 

(20) 

(21) 

(22) 

(23) 
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Bv02 = Ay,2{q% + Xs lxF*i 1AV91.01 + A21cp*) 
+ Avl[(Vy>11.io-2X21X20K*20) {YJ^IANCP* - A2i<p*)+ Ci + ^li-Wo 

- X ^ N ^ X Z V & ^ V 1.01 - 2 X 2 1 X 2 O K * 2 0 ( R P E ) - I A 2 0 C P * ] 

— Xs 1 ¥FR 1 1X2 ¥02 ( - W .11 X3 ^03 AYGPL.IO) + 

+ X2 /lv®2.1o) Aygsl.Ol] 
+ Z3"1Z20^*20(Ve)_1[^20Aw01 + ^20.01 (V®)-1 ^2099* - ^3^03^20^*] + ^2 , 

where 
Clc = Aw3.A;0 + Uvfljl.Jfcl — 

+ Z3"1 Z2[Aw2.(/fc-l)l — — 1) ^03^W2.(-fc-l)0] • 

The further coefficients BV0S, By,0i, ... and .4v 3 , 
. . . 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 
V02 0 (ip03 0) with a fixed value of woi • The 
quantity B0O is equal to the limit <P*3 of the cor-
responding partial molar quantity of substance A3. 
An equation similar to (19) but for a somewhat 
simplified case was discussed by Deranleau [34]. For 
the case A^ip^ + -4^2 (W2)2 - f • • • 1, i.e. at suf-
ficiently low concentration ^02, 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 Avi — 
Byj0 ljBV0 l as was recognized by Hayman [33]. Since 
BV02jBW0! may be different for different specific 
quantities Pw0, 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 Aw\ and Bv02 

is possible only if for some of the investigated solu-
tions Ay, 1 q)Q9 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 {(^03,^02)3} 
according to (19) may lead to estimators for 

Ay, 1 , 4̂ ̂ >2 5 • • • J B,PQ , By<P1 , By,0 2 , . . . , 

as will be shown in Section 4.1. 
Equations (20) and (21) show that only the equi-

librium constant K*n for the formation of the 1:1 
complex HMB-TCNE can uniquely be determined 

(24) 

(25) 

if AWI is different from zero. A value of AV2 differ-
ent from zero can be caused by the formation of the 
2:1 complex (HMB)2-TCNE as well as by 77̂ 11.10, 
describing an activity effect on the formation of the 
1:1 complex in first order, or by the formation of 
the dimere (HMB)2. But at least in the latter case 
it has to be ^4 v 2<0. Neither the obtained value of 
AW2 (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 CCI4. Hence we assume K*20 = 0. 

A further evaluation of the quantities B v 0 a can 
lead to the MMQ's 99̂ 1 and 99*1 °f the 1:1 and 2:1 
complexes, respectively, as can be recognized from 
(23) and (24). For that purpose not only the values 
of A WI and AY,2 have to be known but also the values 
of 99* a n ( i <P* 

and of the coefficients AWt/_a2a3 as 
introduced in (14). The quantities 99* and 99* can 
be obtained from measurements of solutions of only 
one substance A2 or A3, respectively, in the same 
solvent as has been discussed in paper I [36]; cp* can 
also follow from B0O. The quantities Xv<pjMt0la 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 2 0, dried with CaCl2 and P2O5, 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 DM01 
(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 a of several sets of 
solutions with fixed values of the mass fraction v^2 

of HMB were measured, each set consisting of a few 
solutions with variable values of the mass fraction 
v;03 of TCNE (c0+2 = 7 to 700 mol m-3, Co3 = o.l 
to 1 mol rn-3). Analysis of variance (F- and t-test) 
of the data has shown that in the investigated con-
centration intervals the specific quantity PMx = a/£)> 
where g is the density of the solution, is linearly 
dependent on the mass fraction w;o3 and that in the 
investigated wavenumber interval v = 15 • 105 to 
25 • 105 m - 1 , the limit of PW,K for w.'03-̂ O vanishes, 

Table 1. Values of the limit K53 of the partial molar ab-
sorption of TCNE for solutions of HMB and TCNE in CC14 
at 298.15 K. 

i>/105 m_1 17 18 19 20 21 22 

c^/mol m - 3 KoVm2 mo]-1 

7.7372 191.5 247.7 257.1 225.1 166.0 105.3 
29.413 306.2 395.3 407.9 355.5 262.3 167.3 
30.721 309.4 399.6 412.3 358.8 265.3 169.1 
53.033 347.4 448.1 459.8 398.9 294.8 189.1 
91.446 383.2 492.8 502.5 433.4 320.7 206.4 

129.79 405.1 520.5 528.0 453.5 335.9 217.3 
270.14 448.4 574.8 577.5 491.7 364.9 237.7 
339.53 460.7 590.1 591.1 502.1 372.8 243.2 
589.28 486.4 622.0 619.6 523.7 389.3 255.2 
654.65 490.0 626.8 624.2 527.1 392.0 256.9 

i.e. P K̂ = 0. Hence under this condition the limit 
Kq3 of the partial molar absorption of TCNE can 
be calculated according to (1) by K̂ 3 = amo/^wo3 
= a/co3- The values of K^ were determined for ten 
solutions in CCI4 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 v = 
15 • 105 to 25 • 105 m - 1 . Some values of K^ are 
listed in Table 1 as examples. 

Since in the considered wavenumber interval 
P+K = 0 and therefore also -BKO = 0 from Eq. (19) 
follows 

K03/W2 = By>Kl — Ay>l Kq3 + Bm2^02 
— Ay,2 Kq3 t^Q2 + By,K3(Vo2)2 

- A y , 3 K0
+
3(^O

+2)2 + - - - . (26 ) 

Considering K03/̂ 02 a s a random variable in depen-
dence on KQ3 , If Q2 ' K03 V02 > (Vcfe)2* K0+3(^02)2, . . . , 
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 a and AW0L. As concentration 
variables xpQ2 were used Cq2, Wq2, Xq2 and r^ (com-
pare Table 1 [36]); an example of the results using 
y>+ = c+ is shown in Table 2. From the results it 
may be recognized that the first four and only the 
first four coefficients of (26) are significantly differ-
ent from zero with a statistical significance better 
than 95%. Multiple regression according to (26) as-
sumes a random distribution of errors of Kq3/̂ 02, 
but accurate values not only of ipQ2 but also of K^ 
and the latter assumption disagrees with experi-
mental conditions. Hence the final values of the 
coefficients Aw\, Aw2, -BvK1 and BvK2 were deter-
mined by iterative non-linear Gauss-Newton ap-
proximation using the values of the coefficients ob-

Number of coeffi-
cients assumed 
unequal zero 2 3 4 5 

^cKi/m-1 mol-2 45.3 ± 8.5 56.4 ± 6.2 66.98 ± 0.35 66.87 ± 0.42 
t(Be Ki) 10.6 18.0 382.4 315.1 
^4ci/m3 mol-1 0.075 ± 0.017 0.106 ± 0.015 0.1511 ±0.0013 0.1504 ± 0.0019 
t(Ae 1) 8.9 13.9 236.6 155.3 
i?cK2/ni2 mol-3 0.0190 ± 0.0078 0.497 ± 0.012 0.482 ± 0.033 
t(Bc K2) 4.9 79.8 29.2 
Act/lO-3 m<5 mol-2 0.722 ± 0.019 0.698 ± 0.054 
t(Ac 2) 76.8 25.5 
£cK3/10-5 m5 mol-4 -0 .20 ± 0.41 
t(Bc K3) 0.94 
F 24.1 5897 0.9 

Table 2. Results of 
multiple regression 
according to (26), F-
and t-test for ab-
sorption measure-
ments at 
v = 18 • 105 m-1. 
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Table 3. Best estimators for the coefficients A v i and Aw2 
at 298.15 K. 

V>J Xfß Avi y e Ay,2 (V0)2 

cj 1 mol m - 3 0.15098 ± 0.00032 (7.335 ± 0.072) cj 
• 10~4 

Wj 1 1476.3 ± 3.2 71290 ± 690 
Xj 1 1557.6 ± 3.3 79420 ± 770 
rj 1 1559.6 ± 3.3 80980 ± 770 

tained from (26) as starting values and assuming 
a random distribution of errors of K^ and accurate 
values of y>Q2. 

The values of the estimators Aw\ and Av2 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 Aw\ and Aw2 and 
the values of K^ and ip^, the left-hand side of the 
following equation can be calculated: 

Koa(l + Ay, i yjfe + Ayzjip^)2) 

V>02 
= JBvKi + B w K ^ + . (27) 

Considering the left-hand side of (27) as a random 
variable in dependence on ipQ2, linear regression 
leads to the best estimators for Bv K l and BvK2 ; some 
examples choosing ipo~2 = Cq2 are listed in Table 4. 

With the best estimators for Aw\, Aw<z, BvKl and 
BvK2, the quantity (K^)calc can be calculated ac-
cording to (19). The relative errors (K^ —(K^g)calc)/ 
Kog 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 Awi, AW2, BvKl and BvK2 different 
from zero. 

The value of the quantity Awi is according to (20) 
directly related to the value of K*n of the equilib-
rium constant of the formation of the 1:1 complex 
HMB-TCNE. For the interpretation of the quantity 
Aw2 according to (21) the assumption üf*20 = 0 has 
to be introduced (compare Section 2.3). The value 
of Ay,2 is then caused by the equilibrium constant 
K*2! of the formation of the 2:1 complex (HMB)2-
TCNE and/or by the coefficient 77̂ 11.10 > which de-
scribes according to (7) the first-order activity effect 
on the 1:1 complex formation. Assuming 77̂ 11.10 = 0, 
it becomes 

assuming K*21 = 0 it will be rjwu. 10 = A ^ / A y i , the 
values are listed in Table 5. 

If the assumption r)vllaia2 = 0 for ai, cn.2 = 
0, 1 , 2 , . . . , which is equivalent to ^ 1 1 = 0, is met 
for one concentration variable xp̂ j* it usually will 
not be true for another concentration variable ytp 
as has been discussed at (IV.44). The relations be-
tween the coefficients 77̂ 11.10 are 

M2 F* 
rjcii.io = M Vwi 1.10 + M1 Ffo - i f2 V î 

= FQI^zii.IO + F*2 — F*i 
= V*lVrll.io+V*2. (28) 

The values of v.aia2, which are different from 
zero for all but at least one concentration variable 
y)(j\ cause contributions to the estimators of Ay,\ 
and Ay,2 as listed in Table 3. Hence the values of 
Kfn and Kf2l, for example, obtained from Ac 1 and 
^4C2, show some deviations from the values obtained 
from K * n and K*2l [if =t= c) using (IV.43) as may be 
seen from the data in Table 5, the deviations of Kf21 

are even larger if the contributions due to the term 
K*nr)y,ii.io 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 

r/105 m-1 5cKi/10-3m-i 
• mol-2 

Be K2/IO-5 m2 

• mol-3 
^*/m2 

• mol-1 
4 l / m 2 
• mol-1 

17 51618 ± 42 39486 ± 25 341.9 ±0 .8 538 ± 5 
18 66827 ± 48 50367 ± 28 442.6 ± 1.0 687 ± 7 
19 69646 ± 38 49667 ± 23 461.3 ± 1.0 677 ± 1 
20 61180 ± 20 41588 ± 12 405.2 ± 0.9 567 ± 6 
21 45089 ± 32 30986 ± 19 298.7 ± 0.7 422 ± 4 
22 28558 ± 28 20474 ± 17 189.2 ± 0.5 279 ± 3 

Table 4. Best estimators for the coefficients 
BcKI and BCK2 and molar absorption coeffi-
cients of the complexes HMB-TCNE and 
(HMB)2-TCNE in CC14 at ,298.15 K. 
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[20,24,29,30,49—51]; the best choice would be 
that one, where the terms r]viK(Xl(X2 iffy ^ol i*1 (7) g i y e 

the smallest contribution to An analysis of 
variance (F-test and t-test) of the data according 
to (26) including the term A V3 K^ (y^)2 on the right-
hand side, does not lead to a statistically significant 
assertion even if the term seems to contribute the 
least for ip^ = c02I 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 Kfn and Kf2l of the order of the differ-
ence of the different values listed in Table 5 (first 
column and fourth to sixth row), i.e. 0.3% for Kfn 

and 4% for K*n, and hence larger than the errors 
listed in Table 5, which are, as usual in this study, 
95% confidence limits based on the Student's t-dis-
tribution ( ± ti-aS, where s is the standard deviation 
of the mean and a = 0.025). 

For optical absorption measurements, where the 
density D0 was identified with the absorption coef-
ficient a, the MMQ's 99* occurring in (14) and (15) 
must, according to Sect. 9.4 of paper I, be identified 
with the molar absorption coefficient x* of sub-
stance A j . Since in the considered wavenumber 
interval it is x* = x* = x* = 0, one can assume 
Kxj.a2a3 = °> f o r « 7 = 1, 2, 3; a2 = 0 ,1, 2 , . . . ; oc3 = 
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*t = 

BcKiIAcI ; the values are listed in Table 4 and drawn 
in Figure 1. Assuming as above K%0 = 0 and 
^cii.io — 0 it is 

ĉK2 = AC2(X*i — 2xt) + A c i Acxll.io' 

hexli.io describes according to Eq. (14) the solvent 
dependence of the molar absorption coefficient x\\ 
of the 1:1 complex in first-order relating to Co2 • As-
suming Acxii.io = 0, then the molar absorption co. 
efficients x2l= ^cK2Mc2 of the 2:1 complex can be 
calculated. The values are listed in Table 4 and drawn 
in Figure 1. Assuming Ä"*0 = 0 and K%i = 0, then 

BcK2 — Aci (HiiVcll.lO + Xcxll.io) 

and the values of XCxii.io 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 CC14, on their concentrations, 
can consistently be explained by two different 
models. According to model I, there exist two com-
plexes HMB-TCNE and (HMB)2-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 
^cii.io, which represents the activity effects on the 
quantity Kc\i of the complex formation, and (2) the 
coefficient Ac*ii.io> which represents the solvent de-
pendence of the molar absorption coefficient x\\ of 

Table 5. Equilibrium constants K*n and K*e>l for the formation of the complexes HMB-TCNE and (HMB)2-TCNE in 
CC14 at 298.15 K. 

rpj Remark cj wj xj rj 
ipe 1 mol m~3 1 1 1 

1 0.15098 ± 0.00032 3346.6 ± 6.8 1557.6 ± 3.3 1559.6 ± 3.3 
2 (7.335 ± 0.072) • lO"4 251900 ± 2400 79420 ± 770 80980 ± 770 

??vii.io Ve 3 (4.858 ± 0.049) • 10"3 48.29 ± 0.48 50.99 ± 0.51 51.92 ± 0.51 
4 0.15119 ± 0.00032 0.15121 ± 0.00032 0.15140 ± 0.00032 

Kf2ll 10-4 4 7.477 ± 0.071 7.485 ± 0.073 7.632 ± 0.073 
Kt21/IO-4 5 7.592 ± 0.072 7.608 ± 0.073 7.902 ± 0.073 
^vii-io Ve 6 0 -0.7414 ± 0.0009 -0.8371 ± 0.0009 -1.8371 ±0.0009 

Remarks: 1. From the values Awx, Table 3. 
2. From the values Av 2 , Table 3, assuming K*20 = 0 and = 0. 
3. From the values A v i , AV2, Table 3, assuming K*2o — 0 a n ( l = 

4. Calculated from K* n or if*21, respectively, using (IV. 43) (assuming r?vn. 10 = 0). 
5. Calculated from K*21 using (21) and (IV. 43) assuming ffcn.io = 0 but values of rjv 11.10 (v 4= c) as calcu-

lated from (28) and listed in the last row of Table 5. 
6. Calcidated using (28) assuming r?cn.io = 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 ^eii.io and ACxii.io c a n be determined independently. 

According to (7), (4) and (1.134) it is 
(ZFC n \ * /e in (Jt»fUlfeii)\* 

r)cii.io= ^ = ( ä > (29) 
\ OC02 /WO1,CO3,0. \ Oc02 /woi.cos,«. 

where / c / is the activity coefficient of the substance A j defined by (1.132) and (1.133). From (1.136) follows 
e in / c 7 \* 

0 C O 2 / « O l , C03, » , 

1 
RT 

+ noi 

I 99mi \* 
\ Sc02 /«01.C03 

5 / fymi \ 
8C02 \ / n / > d ( 

+ „ . ( * = « ) 

noi, co3, Fn 
- 1 1 -

01 

hcvl. 10 
F° 0̂1 

(30) 

where gmi is a contribution to the model molar Gibbs energy gi of the substance A/ in the solution 
defined by (1.120), R is the gas constant, FQI is the molar volume of the pure solvent (CCI4), vi is the 
model molar volume of the substance A/ and XCvi. 10 is one coefficient of the power-series (14) for cpI = vi. 
Application of (1.17) and introducing (30) into (29) leads to 

1 
^cll.10 = RT 

/ dffm2 \* / fym3 \ _ / fymii \ 

\ ÖC02 /«oi, Cos,«. \ 9C02 J noi, Cos,'», \ 9C02 J noi, Cos,», 
+ Kl - v t — vf) (1 - + (l/^0l) Uwll.10 - hv 2.10 - ^cv 3.10) . (31) 

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

(HMB) 2 -TCNE 
J =21) 

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

Na _ 
9ml = 9ml 2 {[1 — tr (£r) Og/]"! h (eT) (32) 

- [ l - f 7 ( £ r * ) a g / ] - i f 7 ( £ * ) } p . g / , 
where Nx is the Avogadro constant, (xgj and a g / 
are the electric dipole moment and the polarizabil-
ity of a molecule A/ (in the electronic ground state) 
and er is the relative permittivity of the solution 
with the value ef of the pure solvent. The tensor 
function f/(er) is defined by (11.35). According to 
(32) gmi can be considered as a function of er, and 
hence 

/ j w y J ^ X l p X , (33) 
\ OC02 J noi, Cos,», \ Ö £r ]&, \ OC02 )noi, Cos, », 

where because of (32) 

C/10'm" 
Fig. 1. Molar absorption coefficients xfi and the 
complexes HMB-TCNE and (HMB)rTCNE in CC14 at 
298.15 K and coefficients XCx 11.10, estimated from the 
data, and (2c*11.10) calc » calculated according to (37). For 
(^cxll.io)calc the scale factor on the right-hand side of the 
figure has to be multiplied by 10"3. 

1 /dgmA 
RT\ deT 

(34) 
1 ~ / 9f/\ 

and because of Eq. (11.35) 

9/ /A\ = fix 
Ö£r M (er — l ) [e r — «/A(er — 1)] ' 

X = x,y,z. (35) 
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In Sect. 4.2 the limits v*, v* and of the model 
molar volumes are estimated and it is shown that 
one has to assume Xcvi. 10 = 0, I = 2, 3, 11. In Sec-
tion 4.3 the quantities p.g/, agi, fix and xi\ and the 
derivative (öer/Sco2)*0i a r e estimated. With these 
data, listed in Tables 12 and 10, Eqs. (31) to (35) 
lead to 

(^di.io)caic = 1.28 • 10~5 mol-1 m3 . 

The model molar absorption coefficient x\\ 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] 

xi{er, n2)\v — 3 

where 

2W4r= iS« / (v(e* n*2) 
— Avi{eT, n2; ef, n*2)) 

{Agai{ef, n*2) — aga/[JSRM/(er, n2) 
-Enm(ef,n*2)]\\2, (36) 

S = 2n2NA\ogelhce0 

= 2.93512 • 1060 C"2 mol-1 , 

si(v{er, n2)) is the bandshape function of the con-
sidered electronic absorption band, Avi 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 ef to er and from n*2 

to n2, p.ga/(£r> n2) is the electric transition dipole 
moment and ag a / the transition polarizability of 
the electronic band and ERMI{St, n2) the effective 
electric field in a solution with given values of er 

and n2. Corresponding to (14) and (36) the co-
efficient XCxli.io (v) can be represented as 

Xcx 11.10 (?) = —~ 
\ OC02 /Hoi, C03, 0t 

(37) 

= / 0*nW\* / Ser \* 
V 0£r \8c02/noi.cos.d, 

/0*n(v)\* I 0n2 \* 
\ dn2 J&1 \ÖCo2/nol>co3,0.' 

Neglecting the change of polarizability during the 
absorption process, i.e. assuming aa / = a g / , from 
(23) [54] follows for the shift 

hcAvi{eT, n2\ 1,1) = hc(v — v0) 
= — — pg / ) (1 — f/ctg/)"1 f / (p a / — Jig/) 

- (Pa/ — p-g/) (1 — f /ag /J- i f /pg / , (38) 

where f/(er) is defined by (11.35) and (11.36) and 
f / = fi{n2). p,a/ is the electric dipole moment of the 
molecule A/ in the considered excited electronic 
state. According to (22) [55] it is again with 
a a/ = <*g / 

ERM/ = (1 - h ag/)"1 f / p g / (39) 
+ £ ( ! — ' / ag/) -1 f / ({Aa/ — {Ag/) • 

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 C2v and that the considered electron 
donor-acceptor transition is of the Ai -> Ai type, 
i.e. the dipole moments p g n and p,an and the tran-
sition dipole moment p g an 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) 

dxA* Jd (xi/v) 
0£r )&l \ 0£r 

* xj 

(40) 
0< 

{Aga/ 
ein [x{v')l v' 

~ dv' 

/ ÖErM/z\* 
2 {Aga/z aag/zz ^ 0 £ r ^ 

* /A A~.. \ * 
0er 

dAvi 
deT '0. 

and a similar equation for (dxijdn2)*^ where eT has 
to be replaced by n2 in (40). From (38) follows 

he 
ISAvj\ _ 
\ 8gr /0, 

= - ( p a — p g ) ( l - f / a g / ) -

Öf / 
{Ag / (41) 

\ on2 )9i 
- i(p.a/ — {Ag/)(1 - f / a g / ) - 2 

({Aa/ - {Ag/) , (42) dn2 

and from Eq. (39) 
dE RM/ 

Ö£r /0, 
/ 9£rm/ \ 
\ K 

= ( l - f / a g / ) -2 
0f / 
0£ r 

{Ag/, (43) 

1(1 a giY 

8fj \ 
^ ) d j ( { A a / - p g / ) . (44) 

The derivative (0f//0er)di is given by (35); for the 
derivative [dl'Ijdn2)&i a similar equation holds true, 
where £r has to be replaced by n2. 
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In this section, the magnitude || fAgaii || of the 
transition dipole moment will be estimated, and in 
Sect. 4.4, the values of /^aiiz and (aga/)zz. The de-
rivatives (81n(xii(v')lv')ldv')*=~, 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 
(ACxii.io)caic as represented in Figure 1. 

The value (^cii.io)caic calculated from (31) is ap-
proximately 0.3% of the value of rjc 11.10 estimated 
from the data assuming model II (compare Table 5), 
the values of (Acxn.io)caic calculated from (37) are 
less than 0.1% of the values of XCxii.io estimated 
assuming model II. Hence comparison of calculated 
and estimated coefficients ?ycii.io and XCx 11.10 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 Kf2l and 

> 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 x*i > Fig. 1, 
the magnitudes || p.*all || and || p.*a211| 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 
|| (p-gaii)oe I and II ({Xga2i)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)2-TCNE in CC14 
(ce = 1 mol m - 3) . 

T K*J 10-4 K*J 10-6 

283.15 3032 ± 85 4300 ± 340 
293.15 1901 ± 46 1424 ± 62 
298.15 1510 ± 3 734 ± 7 
303.15 1198 ± 22 506 ± 19 

Table 7. Model standard reaction quantities for the forma-
tion of the complexes HMB-TCNE and (HMB)2-TCNE in 
CC14 at 298.15 K (cG = l mol m"3). 

R HMB-TCNE (11) (HMB)2-TCNE (21) 

ARg*/J mol - 1 4685.9 ± 0.5 17890 ± 25 
ZlBA*/103Jmol-i - 3 2 . 9 ± 1.9 - 7 8 ± 16 
ARS*/J m o l - 1 K - 1 -126.0 ± 6.4 - 3 2 2 ± 54 

small errors. Hence the data were evaluated assum-
ing model I and temperature independent values of 
xfi and x*i and negligible contributions due to 
Acx 11.10 and ?7cii.io- The data confirm the assump-
tions, i.e. the quantities BCKL/ACI and BCK2/AC2 de-
pend on v 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 Kfn(T) and 
Kf2l{T) the model standard reaction enthalpies 
ARII*, the model standard reaction entropies ARS* 
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 
(^ii)max = 466 m2 mol - 1 at 
(ni)max = 1.87 • 106 m-1 and of 

Auh* = - 32.9 • 103 J mol-i 
obtained in our studies for the complex HMB-TCNE 
are in excellent agreement with the data obtained 
by Briegleb, Czekalla and Reuss [16] 

«max = 478 m2 mol-1 , j>max = 1.88 • 106 m"1 

and Aiihc = — 32.4 • 103 J mol -1 in spite of the fact 
that they considered only the formation of the 1:1 
complex HMB-TCNE. The value of K*xx = 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 C02, 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], Kfn = 
0.123 (at 298 K) and *m a x = 514 m2 mol"1 and by 
Liao and Chan [58] Kfn = 0.099 (at 298 K) and 
Anhf = - 27 • 103 J mol-i, where only the 1:1 
complex formation was taken into account, show 
also some deviations from our results. The values 
of Kfn = 0.180 and K*2l = 1.10 • 10"3 at 293 K ob-
tained by Foster and Kulevsky [17] are 5% and 
23% lower than our values. Further data reported 
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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 
Anh* = - 31.27 • 103 J mol-i in CH2C12 obtained 
by Herndon, Eeuer and Mitchell [9] agrees well with 
our value, also because they investigated only the 
interval Co2 = 20 to 100 mol m - 3 , where the forma-
tion of the 2:1 complex is rather small. 

4.2. Density Measurements 

The densities Q were measured of 23 sets of solu-
tions in CCI4 at 298.15 K with fixed values of the 
mass fraction of HMB, each set consisting of 
a few solutions with variable values of the mass 
fraction w;03 of TCNE (c0+2 = 32 to 510 mol m"3, 
c03 = 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 w;o3- Hence (1) is simplified to 

1 1 M — = — + ~yj T w;03 , (45) Q Q+ \M3 Q+/ 

where F^ is the limit of the partial molar volume 
for W03 -> 0 and M3 is the molar mass of TCNE. 
From the data and (45) the values of F^ and g+ 

are determined. 
In the investigated concentration interval 1 /Q+ is 

linearly dependent on w£> as has been shown again 
by analysis of variance. Hence (11.17) is simplified 
to 

where F*2 is the limit of the partial molar volume 
F02 of HMB for WQ2 0 (and t/;o3 ->0) and Q* is 
the density of the pure solvent. The values obtained 
Q* = (1584.718 ±0.010) kg m~3 and 

Fq2 = (175.31 ± 0.07) • 10-6 m 3 m o i - i 

agree excellently with those of Le Fevre [59]. 
The values of F^ 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 F(X3 on the concentration c^ does not 
deviate so strongly from linear behaviour as was 
found for K^, the values of A ci and ^4c2 obtained 

Fig. 2. Values of the limit VQ^ of the partial molar volumes 
of TCNE for solutions of HMB and TCNE in CC14 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 By0, Bcv 1, B cv2 , ... . 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 
on the concentrations co2 and C03 of the solutions, 
the coefficients «7=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 ^cn.io = 0, ^11.10 = 0 — the equa-
tions are simplified to 

By 0 = F*3, 
Bcv 1 = Aci(t?ft -
BCV2 = A 02^ -2vf), 

Table 8. Results of multiple regression according to (19), 
F- and t-test for density measurements of solutions of HMB 
and TCNE in CC14 at 298.15 K. 

Number of coefficients 
assumed unequal zero 2 3 4 

B v o / 10 -5 m 3 m o i - i -46.5 11.33 ± 0.32 1 1 . 0 1 

t(Bvo) 6.4 71.8 44.8 
BcVl/lO-7 m6 mol-2 305.3 156.03 ± 0.71 157.08 
t{Bcv 1) 26.0 442.6 216.6 
BCV2/lO"9 m 9 mol-3 — 63.41 ± 0.27 62.56 
t{Bcv 2) — 477.7 118.1 
Bcv3/IO-11 m12 mol-4 — — 0.153 
t(Bcv 3) — — 1.6 
F — 230000 2.7 
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where v*x and v*x are the limits of the model molar 
volumes v\\ and v2\ of the complexes HMB-TCNE 
and (HMB)2-TCNE for c02 0 and c03 0. With 
the above data the following values are estimated 

F*i = (97.067 ± 0.001) • 10~6 m3 mol"1, 
F* = v$ = (175.31 ± 0.07) • 10-6 m3 mol-1, 
F*3 = V%= (113.3 ± 3.2) • lO-6 m3 mol-1, 
vfi = (278.65 ± 0.52) • 10"6 m3 mol"*, 
v* = (437.07 ± 0.92) • 10~6 m3 mol"* . 

Assuming model II — the formation of only the 
1:1 complex and rjcii.io # 0 — leads to a modifica-
tion of the equation for Bcy2 

BcV2 = Ac2vt + Acl 

• [(cÖJ-l^di.ioKi - vf) + kevll.io] • 

From the data follows 
Acvll. 10 — 8.76 • 10-8 m6 mol*2 

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

Anv* = — 9.96 • 10-6 m3 mol"1 and 
A2lV* - — 26.85 • 10-6 m3 mol-1 

during the formation of the EDA-complexes HMB-
TCNE and (HMB)2-TCNE (3.6 and 6.1%, 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 
v\\ of the complex HMB-TCNE on the concentra-
tion of HMB as described by the value of XCvii.io, 
namely a decrease of approximately 15% 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)2-TCNE. 

4.3. Permittivity and Refractometer Measurements 
The relative permittivities er and the refractive 

indices n at the wavenumber v = 9.259 • 105 m _ 1 

were measured of 20 sets of solutions in CCI4 at 
298.15 K with fixed values of the mass fraction 
of HMB; each set consisted of a few solutions with 
variable values of the mass fraction w>03 of TCNE 
(CQ2 = 32 to 570 mol m-3, c03 = 0 to 41 mol m-3). 

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 )IQ is 
linearly dependent on the mass fraction W03. Hence 
(1) is simplified to 

£r — 1 e+ — 1 
vwZ — 

Q 
f ZÄ 
I 1 / 3 

W 03, (47) 

and Zq3 are the limits of the relative 
permittivity eT and of the partial molar electric 
susceptibility Zo3 of TCNE for w;03 -> 0, respec-
tively. Linear regression according to (47) leads to 
values for (£+— 1 )/Q+ and ZQ3(WQ2). 

In the investigated concentration interval 
— 1 )/Q+ is linearly dependent on WQ2 as has been 

shown again by analysis of variance. Hence (II.6) 
is simplified to 

£ 7 - 1 e*-l + 
Z * ef — 1 
M2 

(48) 

where ef and Z*2 are the limits of the permittivity 
(permittivity of the pure solvent CCI4) and of the 
partial molar electric susceptibility Zo2 of HMB for 
Wq2 -> 0, respectively. Linear regression according 
to (48) leads to values for {ef — l)lg* and Z*2-

Equations similar to (47) and (48) but with £r 

substituted by n2 hold for PwZ, = (n2 — l)lg. The 
evaluation of data leads to (n*2 — l)/{?*, ZQ* and 
Zo3+ (W02)-

With the value of Q*, Sect. 4.2, it results: 
£r = 2.22794 ± 0.00006, 
n2 = 2.10431 ± 0.00002. 

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*2 and Z'02 obtained are listed in 
Table 12, the values of Z03 and 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 F03, 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 
Bio> Bau BcZ2, Bro, BcTl and BcT2 as given in 
column "3" of Table 9. 
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Fig. 3. Values of the limits Z ^ and ZQJ" of partial molar 
electric susceptibility and refraction of TCNE for solutions 
of HMB and TCNE in CC14 at 298.15 K. The curves are 
calculated using (19) and the data in Tables 2 and 9. The 
crosses ( + ) represent values of Z ^ 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*2 of the partial molar electric suscep-
tibility is related to the limit £* of the model molar 
electric susceptibility of HMB according to (1.78) 
and (1.83) by 

Cj = — AC£i.io/Foi (49) 

A similar equation holds for where Z*j is to be 
substituted by Z'0* and A^i.io by ^cs'i.io- Similarly 

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 CC14 at 298.15 K. 

Number of coefficients 
assumed unequal zero 2 3 4 

£zo/10-5 m3 mol"1 -215 16.5 ±4 .8 13.6 
t(Bzo) 5.6 7.0 3.8 
-BeZl/10-7 m6 mol"2 1677 1081 ± 10 1091 
t(BcZi) 27.2 210.9 103.1 
£CZ2/10-9 m9 mol-3 224.8 ±3 .4 217.3 
t(BcZ2) — 134.6 29.3 
Ä-Z3/10-11 m 2̂ mol-* — — 1.23 
t(BcZi) — — 1.0 
F — 18000 1.1 
JSz'o/10-5 m3 mol"1 -110 14.30 ± 0.34 13.96 
t{Bro) 5.3 85.8 56.9 
BcZ'i/10-7 m6 mol-2 550 231.17 ±0.74 232.31 
t(BcZ'i) 16.7 639.7 322.0 
ÄZ'2/IO-9 m9 mol-3 — 120.64 ± 0.24 119.57 
t(BcZ'2) — 1022.9 236.7 
Bc Z'3/IO-11 m3 mol"1 — — 1.44 
t(Bc Z'3) — — 1.8 
F — 1000000 3.2 

for the further evaluation of the quantities BZO,..., 
BC1>2 according to (22) to (24) some of the coeffi-
cients Acjj.ai0t2 and AC£'j.aia£2 are needed, which are 
defined by (14). 

The further evaluation of the quantities £* and 
which may lead to the permanent electric dipole 

moment p.gj or the static polarizability a g j and the 
polarizability A g j at the wavenumber v used for the 
investigation (v = 9.259 • 105 m_ 1) of the molecule 
A j 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 

as represented by (11.41) and (11.51), are de-
pendent on £r and n2, respectively, at least at fixed 
values of the temperature T and the pressure p. 
Hence 

8Cl\* I Ößr V 
\ 0£r \OCO2/co3,0, 

A, (—\* - (—V I 
C ? / '1 0 \0CO2 /Co3,a, \ )», [ 

and 

bsi. 
l p C / r 
2 \ 0CQ2 / C03 , 

02er 

0Cn 

(51) 

3CjV 
0£r M + 

02 /Co3, 
02C/\* / 8er \*2 

0e2 )&i \0co2/Co8,ol 

Similar equations hold true for ACfj.oi and AC£/.o2> 
where the indices "2" and "3" have to be exchanged. 
The coefficients AC£/.n and AC£/.21 can similarly be 
expressed. Representations for Acf/>ai(Xa result from 
similar equations, where eT is substituted by n2. 

The derivatives (öer/0Co2)CO3>^, (0er/3co3)co«, 
follow from (47), (48), (45) and (46), for example, 

( £ l > z - - ( £ f - i ) F - ( 5 2 ) 

Similar equations hold for 

(0^2/0Co2)*3).1, (dn2ldcos)t 

where Z*j and ef have to be substituted by ZQ* 
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 (0£j/0er)*, (02ti/0£?)a,, ••• follow 
from (11.41), and an example is given by (11.42). 
Similarly the derivatives (0£//0w2)* , ... follow from 
(11.51). For the derivatives with 1=1 the inter-
action radius awi and the traces of the polariz-
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Table 10. Derivatives of er and n2 with respect to C02 and 
co3 for solutions of HMB and TCNE in CC14 at 298.15 K. 

y £r 

(dy/dc02)*l 10~6 m3 mol~i 32.17 ± 0.21 38.531 ± 0.068 
(S?//eco3) */10-6 m3 mol-1 26 ± 48 17.9 ± 4.9 
( 8 2 i / / 8 c q 2 ) * / 1 0 - 6 m6 mol-2 0 0 
(62y/dc02 Sc03)*/10-6 m® 85.0 ± 7.3 31.9 ± 7.9 

• mol-2 

(93«//9c02 ScoaJ /̂lO-6 m9 -25.4 ± 2.2 -0.89 ± 0.23 
• mol-3 

abilities of CCI4 must be known. The values 

a l ! = 38.68 • IO-30 m3 and 
tr (<xgi)/3 = 12.46 • 10~40 CV"1 m2 

have been determined previously [37]. With the 
above value of n*2 and (11.51) follows 

tr (Agi)/3 = 11.57 • 10-4« CV-1 m 2 . 

The values AC£i.io and 1.10 obtained from (50) 
are listed in Table 11. With these data and Z.*2 or 
ZQ* 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 ag2 and Ag2 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 BZ0 and BT0, 
Table 9, can be evaluated. According to (22) these 
data lead to and £3* and as above to ag3 and Ag3 
of TCNE; the data necessary and the results are 
listed in Table 12. 

With the values obtained for HMB and TCNE 
the derivatives (9£j/Ö£r)*, (8£j/8%2), . . . can be cal-
culated for 1 = 2 and 3 using (11.41) and (11.51). 
These quantities together with the derivatives 
(8er/8co2), . . . as given in Table 10 allow the cal-

culation of AC£/<aiat2, 1 = 2,3, using (50) or (51) and 
similar equations; the results are listed in Table 11. 
With these coefficients and the values of BCZL, 
BR 7 ' i , Table 9, and AC\, the model molar electric 
susceptibilities and Cn of the complex HMB-
TCNE can be obtained; the values are listed in 
Table 12. 

For the estimation of the interaction distances 
(«/A)S > I = 11» X = x, y, z, 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 (xy plane) and the symmetry centers of 
the molecules are on the z axis with a distance equal 
to 3.4 • lO - 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 (Agn)b = (Ag2)oe + (Ag3)oe as-
suming the described configuration. Similarly the 
static polarizability was estimated as 

(agll)s = (otg2)oe + (ag3)i>* • 

With these data the evaluation of £?i and £n was 
done as described previously [37]. The data used 
and the obtained values of (pgn)oe and (agn n«> ere 
listed in Table 12. 

Assuming model I — the formation of the 1 :1 
and the 2:1 complex — from the quantities BCZ2 

and BCZ2, Table G, AC\ and ^4c2 the model molar 
electric susceptibilities £21 and C21 °f the complex 
(HMB)2-TCNE can be obtained, if the values of the 
coefficients XcU,aiai and 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 AC£ 11.10 and AC£'ii.io can be calculated sim-
ilarly, using (11.41) and (11.51) and the data ob-
tained for the HMB-TCNE complex as listed in 
Table 12. The values of £21 and C21 are listed in 

(J. ai a2) ^cfJ.aiaz unit 

(1.10) (572.9 ± 3.7) • 10-12 (653.1 ± 1.2) • 10-12 m6 mol-2 

(1.01) (4.6 ± 8.5) • 10-10 (3.03 ± 0.83) . io-io m6 mol-2 

(3.10) (8.4 ± 4.8) • 10-10 (9.05 ± 0.77) • IO-10 m6 mol-2 

(1.11) (15.1 ± 1.3) • IO-10 (0.54 ± 0.13) . 10-io m9 mol-3 

(1.20) -(55.2 ± 0.72) • 10-16 —(79.81 ± 0.28) • 10-16 m9 mol-3 

(1.21) -(226 ± 20) • 10-12 — (7.5 ± 1.9) -10-12 m12 mol-4 

(2.10) (11.65 ± 0.49) • 10-10 (13.91 ± 0.54) . 10-10 m6 mol-2 

(2.01) (9 ± 17) • 10-10 (6.5 ± 1.8) • IO-10 m6 mol-2 

(2.11) (30.8 ± 2.9) • 10"1« (1.17 ±0.28) • IO-10 m9 mol-3 

(3.20) - (75 ±29)-10-16 -(104.7 ± 6.2) • 10-16 m9 mol-3 

(11.10) (61.2 ± 1.3) • 10-i° (24.0 ± 1.0) • IO-10 m6 mol-2 

Table 11. Estimated values of co-
efficients hu.oLion and aia2 
needed for the evaluation of re-
fractometric and permittivity 
measurements. 
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Table 12. Determination of electric dipole moments and polarizabilities from measurements of solutions of HMB and 
TCNE in CC14 at 298.15 K. 

HMB 
2 

TCNE 
3 

HMB-TCNE 
11 

(HMB)2-TCNE 
21 

Mjj.kg mol-1 

WOj/10-4 

V*j(orv*)/10-e m3 mol"1 

Z$/10-6 m3 mol-1 

ZJJ/10-6 m3 mol"1 

C^/IO"6 m3 mol"1 

£*/10~6 m3 mol -1 

[{ajx)i; (aJv)i; (a^J/lO"10 m 
[(ajx)s; (ajyhi (ajz)s]/10-10 m 
(ajx) s (ajy) s ( a j 2 ) s / 10 - 3 0 m 3 

(4 j ) ok/io-30m3 
{xjx)si (*Jy)s; (*Jz)s 
[(Agjx)b; (Agjj/)b; 

(AgJZ)b]/10^oCV-i m2 

tr(Agj)b/3 • 10-40 c v - i m2 

(Agjx)oe/10-4° CV-1 m2 

(Agjj/Joe/lO-40 CV-1 m2 

(Agjz)oe/10-4° CV-1 m2 

tr(Agj)0 e /3- 10-40 C V " 1 m 2 

[(agjx)s; (agJv)s; 
(agj2)s]/10-40 CV -1 m2 

tr(agJ)s/3-10-40 CV-1 m2 
(agj^oe/lO^oCV-im2 
(agj^oe/lO-^CV"1 m2 
(agjz)oe/10-40 CV -1 m2 

tr(ag t /)oe /3-10-40 C V - 1 m 2 
( ^ g j z ) o e / 1 0 - 3 ° C m 

|| jx*., H/10-30 Cm 
|| (pga*/)oe I/IO-30 Cm 

0.162274 
24 - 580 

175.31 ± 0.07 
232.13 ± 0.06 
247.45 ± 0.21 
225.40 ± 0.06 
241.56 ± 0.22 
4.9; 4.9; 2.0 
5.3; 5.3; 2.4 

67.42 
69.50 

0.223; 0.223; 0.555 
31.55; 31.55; 19.25 

27.45 
27.91 ± 0.01 
27.91 ± 0.01 
17.03 ± 0.01 
24.28 ± 0.01 

0.128093 
4 - 3 5 

113.3 ± 3.2 
143.0 ± 3.4 

165 ± 48 
139.9 ± 3.5 

160 ± 49 
3.8; 3.6; 1.8 
4.2; 4.0; 2.2 
36.96 
44.92 
0.239; 0.254; 0.507 
19.66; 14.10; 8.30 

14.02 
20.74 ± 0.52 
14.87 ± 0.37 
8.76 ± 0.22 

14.79 ± 0.40 

0.290367 

278.65 ± 0.52 

371.7 ± 1.3 
850 ± 14 

4.9; 4.9; 3.6 
5.3; 5.3; 4.0 

112.4 
110.5 

0.295; 0.295; 0.411 
48.65; 42.78; 25.79 

39.07 
48.86 ± 0.17 
42.97 ± 0.15 
25.90 ± 0.10 
39.24 ± 0.14 

0.452641 

437.07 ± 0.92 

602.7 ± 1.3 
721 ± 13 

4.9; 4.9; 5.4 
5.3; 5.3; 5.8 

162.9 
173.3 

0.345; 0.345; 0.310 
76.56; 70.69; 42.82 

63.36 
74.30 ± 0.16 
68.60 ± 0.15 
41.55 ± 0.10 
61.48 ± 0.14 

27.91; 27.91; 17.03 20.74; 14.87; 8.76 52.22; 45.74; 27.55 81.53; 75.05; 45.43 

24.28 
29.31 ± 0.03 
29.31 ± 0.03 
17.88 ± 0.02 
25.50 ± 0.03 

0 

14.79 
22.91 ± 7.0 
16.43 ± 5.0 
9.67 ± 3.0 

16.34 ± 5.0 
0 

41.84 

7.0 ± 0.2 
11.73 ± 0.22 
11.25 ± 0.30 

67.34 
84.8 ± 3.5 
78.1 ± 3.2 
47.3 + 1.8 
70.0 ± 3.0 

0 ± 2 
14.15 ± 0.30 
14.15 ± 0.30 

Remark: The values of (agj;i)oe> A = x, y, z, J — 2, 3, 21, are estimated assuming fJ . S J — 0 and (agjA)oe/tr(agj)oe 
= (agjA)s/tr(agj)s. 

Table 12. For the determination of £f1} Cn, Cli and 
£2* a few of the coefficients Acj/ai(X2 and AC£'jai(X2 give 
only a negligible contribution {Ac$i.io> hi 1.20, 
hi2.10 > hi2.01, hiz.io, hi3.20 and the correspond-
ing Acj'/.ai0£2). But, as we want to emphasize, this 
does not hold true for the coefficients generally. 
The coefficient AC£i.ii contributes approximately 
15% of the quantity BCZL to ; the coefficients 
hii.11 and hii.zi each contribute ten times as much 
to £*i a s BcZ2 > but the sum of the contributions of 
both coefficients is very small for the considered 
(HMB)a-TCNE complex. 

For the estimation of the interaction distances 
(«//Os > f = 21, A = a, 2/, z, a sandwich-type configura-
tion (D-A-D or D-D-A) of the complex (HMB)2-
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-
i n g t o (Ag2i)b = 2(Ag 2)oe + (Ag 3)oe a n d ( a g 2 i ) s = 

2 (ag 2)oe + («g3)oe assuming the described configura-
tion. With these data the evaluation of £*i and £'2* 
was done as above. The data used and the obtained 
values of (p .g 2i)oe, (Ag2i)oe and (ag2i)oe are listed 
in Table 12. 

Assuming model II — the formation of only the 
1:1-complex — from the quantities BCZ2 and BCZ>2, 
Table 9, the values of the coefficients 

Accii.10 = - (1-83 ± 0.10) • 10-6 m6 mol"* 
and 

hz'11.10 = (2.8 ± 1.1) • 10-8 m6 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 CC14 at 293 K were also per-
formed by Briegleb, Czekalla, and Reuss [16] in a 
concentration interval 142 to 275 mol m - 3 , 
where the 2:1 complex formation is not negligible. 
Therefore the magnitude || p,gn |[ of the dipole mo-
ment estimated with the assumption of only 1:1 
complex formation is expected to be erroneous 
(4.50 • 10-30 Cm). Their data have been evaluated 
again by Foster and Kulevsky [17], wrho estimated 
II Hgii« = (9.3 ± 1.0) • 10-30 and || PG211| = (0 ± 3.3) 
• lO -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 CQZ investigated make it very improbable that 
any method of evaluation could lead to reliable 
values of || p.gn || and || p,g2i || as may be recognized 
from the data of Briegleb et al. in Figure 3. From 
measurements in CCI4 at 298 K but only taking the 
formation of the 1:1 complex into account, Chan 
and Liao [60] obtained || p.gii|| = 5.5 • 10 -30 Cm. 

4.4. Electro-Ojptical 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 CC14 at 298.15 K at 20 wave-
numbers in the interval v = 1.56 to 2.08 • 106 m _ 1 

(Cq2 = 8 to 370 mol m"3, c03 = 0.04 to 0.17 mol m~3). 
The data obtained have shown that in the investi-
gated concentration intervals the specific electro-

optical absorption P̂ y = M/g is linearly dependent 
on W03 and in the investigated wavenumber interval 
the limit of P ŷ for w03 -> 0 vanishes, i.e. P+Y = 0. 
Hence from (1) follows a simple relation for the 
determination of the limit Y03 of the partial molar 
electro-optical absorption of TCNE in the solutions: 

03 c03 ES-+ 0 
Km fe) \dEl 

+ / M\+ 

~ U o s j " 
M 
C03 

, (53) 

where aß is the optical absorption coefficient of the 
solution in an applied electric field Eg,. At fixed 
values of T and p the PMQ YQ3 depends on CQ2, 
v and where % is the angle between Ea and the 
polarization direction c of the incident plane po-
larized light wave with wavenumber v. Some values 
of YO3 are listed in Table 13 as examples. A set of 
quantities Y^ with fixed values of v and % and 
variable values of CQ2 satisfies (19), but in this case 
three coefficients 7?cYa are not sufficient for an ap-
propriate representation as will be shortly recog-
nized. 

Since under the considered conditions = «2 = 
X3 = 0 we may safely assume vi = v2 = v^ = 0, where 
vi is the model molar electro-optical absorption of 
the molecule A/ , compare (III.2). Furthermore it 
is Act,7.ai0£2 = 0, for 1 = 1, 2 and 3. For model I the 
coefficients r)cii.io and ACxii.io are vanishingly small, 
as has been shown in Sect. 4.1, and therefore ^cuii.10 
and the field dependence of ^cii.10 are negligible. 
With these presuppositions from (19) to (24) follows 
for the limit of (a^/coa) in an applied electric field 

(—) \CE03 / 
. (54) 503 / 

tt£ll K*ECU 4o2 (c0)-1 + ^21 g U (4q2)2 (C9)-2 

1 + K*cnc^02(cQ)-i + Z|c21(C^02)2 (CÖ) 2 ' 

Table 13. Values of the limit Y ^ of the partial molar electro-optical absorption of TCNE in solutions of HMB and TCNE 
in CCI4 at 298.15 K. 

c^/mol 8.134 23.972 32.097 52.375 113.262 162.542 360.880 371.884 
Y+(v, *)/10-19 m 4 V-2 m o l - l 

v/104m~1 x 0 ji/2 0 n/2 0 n/2 0 n\2 0 n\2 0 JI/2 0 n/2 0 TI/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 2999 677 3509 423 3615 493 3432 287 2815 139 2551 115 2028 108 1941 124 
168 3144 664 3522 241 3481 190 3126 - 7 0 2289 - 3 4 0 1863 - 4 2 2 1043 - 4 8 9 903 - 5 0 7 
172 3245 594 3544 81 3542 7 3113 - 4 1 4 2150 - 6 5 9 1726 - 7 3 2 820 - 7 9 5 717 - 7 9 1 
176 3306 536 3606 - 6 1 3566 - 1 6 3 3190 - 5 6 0 2306 - 7 6 9 1900 - 8 4 0 1062 - 8 9 0 1026 - 8 3 5 
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where the indices "E" are used to designate quan-
tities in an applied electric field. The quantities [36] 

L*r = 

QJ* — 

P* 

1 / dxEJ \ 
XJ £a2->o\ /no/,*. 

1 lim / 8 c £ 0 J \ 
c0J£a2->0\ I nor, 9. 

1 Z^ficAr \ 

(55) 

(56) 

(57) 

are introduced to describe the field dependence of 
the molar absorption coefficients XEJ, the initial 
concentrations CEOJ of the substances used to gen-
erate the solution, and the equilibrium constants 
KECIV of the occurring chemical reactions. With (54) 
to (57) follows from (53) 

Yot = [ 1 + K*nC+ (ce)-i + K?21 (C0+2)2 ( c e ) - 2 ] - i ( 5 8 ) 

+ (P?i + &*)<*& - K^) C02 ( c 9 ) _ 1 

+ (Pi + 2 qf) (** - K+) K*21 (C0+2)2 ( c e ) - 2 } . 

In the last two terms of the second bracket are the 
partial molar absorptions K^ which cause a rather 
complicated dependence of Y^ on CQ2 and therefore 
the application of the formal expansion, Eq. (19), 
is not appropriate. 

The quantities L* (v, y) are related to the tran-
sition dipole moment p.gaj and to the electric dipole 
moments \Lgj and paj and the polarizabilities a g j 
and aaj of the considered molecule A j in its ground 
and excited electronic state as may be recognized 
from (III.6) to (111.20). An evaluation of the de-
pendence of Lj on v and y leads to quantities D * 
to I*, compare (III.6) to (111.10). From D* to I* 
in favorable cases information about p.gj, p a j , a g j , 
OLaj and p g a j may be obtained. 

For a value of qf 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 1 • 10 -2i y -2 m 2 , 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 

quantities qf and qf 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 

ET In K*c/V = - (g%,v - I g%c2 - vg*c3), (59) 

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

ElNx 
9ECJ — 9*J — 6 

+ tr {(1 — f* a g j ) _ 1 a g j f f j } ] , (60) 
where g*j is the model molar Gibbs energy of A j in 
absence of an applied field and the tensors ifj and 
f* are defined by (11.34) and (11.35), respectively. 
Introducing (59) and (60) into (57) leads to 

' [(& T)^ 1 j i g j ( l — f* a g j ) - 2 [Lgj 

+ tr {(1 — f* a g j ) - 1 ctgj } ] . (61) 

With the values obtained in Sect. 4.3 the values of 
Pi\ and p21 are calculated as listed in Table 14. 

Considering the quantities Cq2 , Kfn, Kf21, , x21 

and Kq3 , whose values can be calculated using (19) 
and the data obtained in Sect. 4.1, as known quan-
tities, and neglecting qf and qf, analysis of variance 
according to (58) shows that the coefficients L*±x*i, 
Iflx2l and p* may be estimated from available 
data, but not the fourth coefficient p21 because this 
term has too small a value and causes a variation 
too small in the considered concentration interval 
of 

CQ2. Therefore the fourth term was taken into 
account with the above calculated value p21 = 50.9 
. 10-20 y-2 M2 a s known quantity. Multiple regres-
sion according to (58) leads to an estimator for p*A, 
namely (pf^tim = (102 ± 6) • 10"2o V"2 m « . 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 • 10-20 y -2 M 2 a s known, multiple re-

* Compare (131) [53], for example, after averaging over 
all orientations in the applied field. 
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L j K j 

1 0 " 1 6 V " 2 m 4 m o r 1 

o H M B - T C N E ( J = 11) 

160 170 180 190 2 0 0 — S / I O ' n r r 1 

Fig. 4. Values of L* pc* and L*1 *2t a t 1 = 0 o f t h e c o m " 
plexes HMB-TCNE and (HMB)2-TCNE in CC14 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 x*t L*t and xfi-^21 at ^ = 0 and jr/2; they 
are represented in Figs. 4 and 5. 

The values of L^x* (I = 11, 21) depend on v and 
1 according to (III.6). Multiple regression leads to 

L>j' 

-2 

10~16V~2m4 mo l " 

( H M B ) 2 - T C N E ( J = 21) 

H M B - T C N E ( J = 11) 

160 170 180 190 200 ü / 1 0 ' m " 1 

the values of D*, ..., I*; they are listed in Table 14. 
The further evaluation is based on Eqs. (III. l l ) to 
(111.20). For the solvent CC14 the quantities Q(«(Et), 
i = 1 , . . . , 5, can safely be neglected as well as SW 
and (an assumption confirmed by the very small 
value of Dfi). Since the values of F*t and Gft and 
the values of and 7* are almost equal, the 
dipole moments p.gn and p.aii and the transition 
dipole moment figaii (with m = p.gaii/|| {Agaii ||) 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 C2 v - From the values 
of and E*t the quantities J?oViz and B^iz m a y 
be estimated according to (III.ll) and (III.12) and 
therefrom the components (aagii)22 and (aagii)z:r + 
(aagn)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 and I*t 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 CCI4 at T — 298.15 K. 

J Re-
mark 

HMB-TCNE 

11 

(HMB)a-
TCNE 
21 

Pj/10-20 V-2 m2 103.8 50.9 
Djl 10-2° V-2 m2 40.7 ± 5.1 9 ± 8 
Fj/10-™ V-2 m2 1216 ± 30 120 ± 80 
Fj/ lO"40 CV-1 m2 496 ± 16 91 ± 30 
G}/10-*> CV-1 m2 480 ± 16 69 ± 30 
Hj/10-60 C2 m2 690 ± 230 960 ± 210 
/ } /10- 6 0 C2 m2 620 ± 230 860 ± 210 
R$J lO-" V-im 1.12 ±0 .14 — 

1.26 ± 0.68 — 

(aagj)ZZ/10-4°CV-1m' 2 6.5 ± 1.0 — 

((agaj)xx + (aagj)j/j/)/ - 6 ± 6 — 

IO-40 CV"1 m2 
A<aJZ/10-30Cm (1) 19.8 ± 0.8 — 

^z /10"3°Cm (2) 24 ± 4 22 ± 4 
//aJZ/10-3°Cm (3) — 19.8 ± 3.0 
aaJz/lO-^CV-1 m2 (3) — 89 ± 30 
{<X&Jx + aa Jy)l (3) — 195 ± 40 

10-40 QV"1 m2 

Fig. 5. Values of L* and i f i a t X = of the 

complexes HMB-TCNE and (HMB) 2-TCNE in CC14 at 
298.15 K. The curves are calculated using (58) and the 
data in Tables 4, 5 and 14. 

Remarks: 
(1) Estimated from F and G assuming a a j = a g j . 
(2) Estimated from H and I assuming a a j = a g j . 
(3) Estimated from F, G, H and I with the presuppositions 

= 0, R$lz = R$u and Rg\z = Rg\z. 
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Assuming aaii = a g n , the value of the magnitude 
of the dipole moment || p.aii || in the excited state 
can be obtained from / f t and (?ft and Eqs. (III.13) 
and (III. 14) with a rather good accuracy and from 
Hft and / ft and Eqs. (III. 15) and (III. 16) with less 
accuracy. The data obtained, Table 14, agree within 
their errors. If there would be a 30% increase of the 
x and y components and an 120% 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 I pail 1 would be approximately 20% smaller. 
Hence one may expect a reliability of the reported 
value of I p,aii 1 of the same order. 

Due to the intricate evaluation of data the quan-
tities Xftxft of the (HMB)2-TCNE complex are less 
accurate than the quantities Lft %ft of the HMB-
TCNE complex as may be recognized from Figs. 4 
and 5, and hence the quantities Dft, . . . , / f t are 
less reliable than the corresponding quantities 
Dft , . . . , / f t . The values of Dft and i^ft 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 / / ft and / f t follows a large 
magnitude of the electric dipole moment pa2i of the 
2:1 complex in its excited state. The equality of 
/ / f t and /ft shows that pa2i is parallel to the direc-
tion m .2i = p.ga2i/|| P-ga2i || of the transition dipole 
moment. Assuming aa2i = «g2i leads to the value 
of /za2iz as listed in Table 14. If there would be a 
30% increase of the polarizability during the ex-
citation process, the estimated value would be ap-
proximately 5% smaller. The small values of /"ft 
and G*i confirm the very small value of the mag-
nitude of the dipole moment in the electronic ground 
state: || p,g2i|| < 1 • 10-30 Cm (compare Section4.3). 
With the presuppositions /ug2iz = 0, R^iz — -^oiiz 
and Rg\z=R(0\\z from F*u Gft, / / ft and /ft the 
quantities /u^iz, aa2iz and aa2i:r + aa2iy can be es-
timated; the values are listed in Table 14. The dipole 
moment /u^iz of the 2:1 complex in the excited 
state is nearly equal to the change /zan2 — /̂ giiz 
of the dipole moment observed for the 1:1 complex. 
There may be a rather small increase of the x and y 
components of the polarizability (20%) and a larger 
increase of the z component (100%) 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-

tained similarly as above, which allows the deter-
mination of Lft, pft and two further coefficients 
describing the electric field dependence of ^cii.io 
and Acxii.io- 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 ^cii.io and XCxii. 10 based on (31) and (37), respec-
tively, furthermore show that the corresponding 
coefficients are negligibly small compared to Zft 
and pft. 

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 fj,2 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 || p.aii|| = 
32 • 10"30 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 

Dn = 39 • 10-2° V-2 m 2 , 
EN = 746 • IO-20 y-2 m2 ? 

FN = 223 • lO-40 CV -1 m2 , 
Gn = 193 • lO-40 CV-i m 2 } 

Hn = 568 • lO-60 C2 m2 and 
I n = 590 • 10-60 C2 m2 

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 pft = 0 (and 
naturally pft = 0), what is a further reason for the 
deviations of the above data from those in Table 14. 
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5. Discussion 

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)2-TCNE complex 
— as well as by model II — 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 
(^cii.io)j the model molar absorption coefficients 
(hexli.io), the model molar refractions (AC£'ii.io)> 
the model molar electric susceptibilities (AC£ii.io) 
and the coefficients describing the electric field de-
pendence o f tjcii.io and hxii.xo 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 C2 v • The transition dipole 
moment p.gaii is parallel to the two-fold rotation 
axis of the complex, and hence the first excited 
state, corresponding to the excitation at v = 186 
• 104 m - 1 , is a Ai state as well as the ground state of 
the complex. The magnitude of the electric dipole 
moment is || jAgiifl = 7.0 • 10~30 Cm in the ground 
state, the direction of p.gn is from the TCNE group 
to the HMB group of the complex. The magnitude 
of the dipole moment is || (xaii || = 19 * 10~30 Cm in 
the considered excited state, and the directions of 
(jigii and p,aii 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 • 10 - 30 Cm, if the distance between the donor 
and the acceptor group is assumed to be 
3.4 • lO"10 m). 

The (HMB)2-TCNE complex exhibits an optical 
absorption band with maximum at 184 • 104 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)2-
TCNE complex in its electronic ground state is either 
zero or nearly zero (|| p.g2i || < 1 • 10~30 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 C2 v , if there is a dipole moment 
different from zero, or to the point group D2h, 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 D2h, in the isolated 2:1 
complex there have to be two close-spaced excited 
states corresponding to the irreducible representa-
tions Biu and Bi g . 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 Ai of the point group C2 v • 
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 ARII* 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 Ai> = —4.6 • 104 m _ 1 

for the 1:1 complex and Av = —2.9 • 104 m - 1 for 
the 2:1 complex. Due to these small shifts, the ab-
sorption bands of both complexes, observed in CCI4 
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