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The charge-transfer (CT)-crystal naphthalene (N)-1,2,4,5-tetracyanobenzene (TCNB) was doped 
with various guest acceptors. CT-complexes of these acceptors with N are formed acting as a 
triplet energy trap in the crystal. This provides a method to investigate oriented CT-complexes 
ESR-spectroscopically. In favorable cases the hyperfine structure (Hfs) in the ESR-spectra can 
be resolved and interpreted. The Hfs of the complexes N-hexacyanobenzene and N-pentacyano-
toluene show that in the crystalline complex the triplet electrons are distributed over no more than 
two molecules. This finding suggests a strong exciton-phonon-coupling which causes a breakdown 
of the inversion symmetry upon excitation. The spectra of naphthalene-s-trinitrobenzene (TNB) 
yield the spin density on the three equivalent protons of TNB and demonstrate that the triplet 
electrons are also equally distributed over the three nitrogen atoms. 

As further systems, complexes of extremely large CT-character, ct2, in the triplet state are 
studied (e. g. N-chloranil). 

The data obtained from the measurements of the Hfs- and of the zero-field-splitting (ZFS) -
parameters are compared, proving that previous models and approximations in deriving cx2 are 
essentially correct. It is also shown that the ZFS-parameter D (A+ D+) of the hypothetical purely 
ionic state is negative and for different complexes its value is very close to that obtained in earlier 
theoretical calculations ( — 0.027 cm - 1) . 

I. Introduction 

Considerable effort and progress has been made 
in understanding the excited states of the so-called 
weak charge-transfer (CT)-complexes which are non-
ionic in their ground states while in their lowest 
excited singlet states they contain considerable ionic 
contributions. However there is still some uncer-
tainty about the nature of the lowest excited triplet 
states in these complexes. The problems connected 
with the investigation of these states arise mainly 
from the fact that the phosphorescence spectra are 
generally very broad and difficult to interpret. 
Therefore, the most important tool for a study of 
these states has become ESR-spectroscopy 1 - 4 and 
related methodologies (e .g . ODMR) 5 ' 6 that measure 
the dipolar interaction of the triplet electrons as 
characterized by the ZFS-parameters, D and E. Mea-
surements of these parameters indeed show that, 
depending on the kind of donor and acceptor, there 
exists a variety of triplet states whose amount of 
charge dereal ization (CT-character) differs between 
5% and 80%. 

The feasibility of applying the ZFS-parameters in 
determining the CT-character is based on the fact 
that the dipolar interaction strongly depends on the 

Reprint requests to Dr. H. Möhwald, Universität Ulm, 
Exp. Physik III, Oberer Eselbberg, D-7900 Ulm (Donau), 
Germany. 

distance between the two unpaired electron spins. 
Therefore, the D-value is reduced significantly when 
the triplet electrons are delocalized over more than 
one molecule. However, serious difficulties arise in 
determining the electron distribution in CT-triplet 
states from the ZFS-parameters. The difficulties 
arise from the fact that 

a ) the relation between the CT-character and the 
ZFS-parameters was derived using a model that 
could not be tested by any other method, 

b) there existed no other equally accurate method 
to furnish a comparative study of triplet states, 

c) the D-\alue of the purely ionic CT-state, which is 
necessary for an exact treatment, is not available 
experimentally. 

To some extent these difficulties have been over-
come, since in the last year we have been able to 
resolve the hyperfine structure in the triplet ESR-
spectra of CT-complexes '' 8 . As these measurements 
yield the electron density near each interacting nu-
cleus, we have obtained another independent method 
to investigate CT-complexes, thus enabling us to 
examine the existing models and their neglections. 

The previous experiments were carried out by 
doping the CT-crystal naphthalene-1,2,4,5-tetra-
cyanobenzene (TCNB) with another donor 4 ' 7 ' 8 . 
The guest donor forms a CT-complex with the host 
acceptor TCNB acting as a triplet energy trap in the 
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crystal. After optical population of the trap, triplet 
states of CT-complexes in fixed and well defined 
configurations could be studied. 

In this publication we report about measurements 
performed on the CT-crystal naphthalene (N)-TCNB 
doped with different guest acceptors. The experi-
ments were carried out mainly to answer the follow-
ing three questions: 

(1) Are (in a crystal) the triplet electrons of a CT-
complex distributed over two or over three 
molecules (see III. 1.) ? 

(2) How can one describe the triplet state of CT-
complexes with acceptors other than TCNB? 
We will subsequently report about studies of 
complexes with acceptors having a higher elec-
tron affinity than TCNB. 

(3) How large are the Hfs-coupling constants of 
the acceptor nuclei in a CT-complex? Because 
we can not observe the small coupling con-
stants of TCNB, we have extended our studies 
to complexes where we can observe the cou-
plings of the acceptor nuclei. 

We should also mention that further data on the 
hyperfine structure of CT-complexes are of interest 
in light of recent experiments showing a hyperfine 
modulated ion recombination in solution 9. 

II. Experimental 

TCNB was purified by recrystallization and sub-
limation. Naphthalene was zone-refined. The dopands 
were used without further purification. Hexacyano-
benzene (HCNB) and pentacyanotoluene were a gift 
from Dr. N. Karl of the Kristallabor Stuttgart. 

ESR-measurements were made with a Bruker X-
band spectrometer equipped with an NMR-magneto-
meter and a variable temperature unit. 

Optical excitation was achieved with a high pres-
sure mercury lamp using suitable filters. The small 
signal-to-noise ratio in some of the spectra is due to 
the poor quality of the dewars provided by the 
manufacturer. The spectra were simulated using a 
Bruker program and a Bruker BNC 12 computer. 

The host crystal used was naphthalene-d8 (or-h8)-
TCNB. It consists of stacks of alternating donor 
and acceptor molecules with the molecular planes 
perpendicular to the stack axis 10. The crystals grow 
needle-like, the needle axis being the stack axis. 
Thus it is quite easy to find the canonical orienta-
tions of the molecules in an ESR-experiment. On 
rotating the magnetic field in the plane perpendicu-

lar to the needle axis, the extrema of the resonance 
field strength yield the two canonical in plane orien-
tations (x and y). The orientation perpendicular to 
the molecular plane (z) is obtained from measure-
ments with the magnetic field parallel to the needle 
axis. 

It can be shown that within an accuracy of 1° a 
guest donor assumes the same orientation as the 
host donor n . An analogous behavior may also be 
expected from the guest acceptors used in our ex-
periments. For the interpretation of the spectra we 
only needed to make the trivial assumption that due 
to the dense packing along the stack axis the molec-
ular planes of guest and host molecules are mutually 
parallel. The good resolution in the ESR-spectra 
shows also that the guest acceptors are oriented 
very homogeneously in the CT-crystal. 

III. Results and Discussion 

III.l. The Complex Naphthalene-hexacyanobenzene 
(N-HCNB) 

Having a much larger electron affinity than 
TCNB, HCNB is assumed to form with N a CT-
complex that is energetically lower in its lowest ex-
cited states than N-TCNB 12. Thus the excited states 
of N-HCNB act as energy traps in the crystal 
N-TCNB. The observed ESR-spectra of the HCNB 
doped CT-crystal are, therefore, ascribed to the 
N-HCNB complex. The ZFS-parameters are given in 
Table 1. 

Table 1. ZFS-parameters D, E and D*= (D2 + 3 E2)1'2 of the 
CT-complexes studied in this work and CT-character c 2 

derived from Eq. (1), using D(A" D+) =0.027 cm-1. 

Complex ötcm-1] Efcm"1] Däfern"1] c^D) 

N-HCNB ±0.066 
N-HCNB (in 

solution) 
N-Penta-

cyanotoluene +0.0667 
N-TNB ±0.0670 
N-chloranil ± 0.0081 
N-riboflavin ±0.0405 
N-FAD ±0.0646 
coronene-TCNB ± 0.0484 
hexainethyl-

benzene-TCNB ±0.0110 

+ 0.011 0.069 0.27 

0.063 «0.3 

+ 0.0114 0.0696 0.26 
+ 0.0134 0.0709 «0.5 
+ 0.0011 0.0083 0.76 
+ 0.0238 0.0577 0.1 
+ 0.0113 0.0675 0.05 
+ 0.0033 0.0487 0.39 

+ 0.0087 0.0187 0.75 

Figure 1 shows the ESR-lines for the three ca-
nonical orientations. For the two in-plane orienta-
tions (Fig. 1 a and b) one observes a well resolved 
hyperfine structure which is undoubtedly due to the 
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Fig. 1. Triplet-ESR-lines of the complex N-h„-HCNB for the 
three canonical orientations. J"=140K, v = 9190MHz, H0= 
3805 G (H||z), H0=3430 G (H\\y), or H0=3982 G (H\\z). 

naphthalene protons *. It was shown recently (see 
also III.5) that, due to complex formation, all the 
coupling constants of a molecule in its triplet state 
are reduced by the same ratio 7 . Knowing this the 
interpretation of the Hfs is analogous to the one 
done by Hutchison and Mangum 14 and by Schwoe-
rer and Wolf 1 5 for the uncomplexed naphthalene 
molecule. 

For the orientation H || x these authors observe 
5 equidistant lines with an intensity ratio of about 
1 : 4 : 6 : 4 : 1 and a splitting of 8.05 Gauß. This is 
due to the 4 equivalent a-protons on positions 1, 4, 
5 and 8 (c . f . Figure 1 ) . The couplings of the re-
sidual (ß-) protons are too small to be resolved. 

This is very similar to our experimental findings 
for the complex N-HCNB. The five equidistant lines 
in Fig. l a have an intensity ratio of 1 . 2 : 4 . 6 : 6 . 0 : 

* It is well known that the coupling constants of the pro-
tons as well as the nitrogen atoms of the TCNB-anion 
are smaller than 1.2 Gauß 13. Consequently, these cou-
plings as well as those of the nitrogen atoms of HCNB 
are not expected to be resolved in our spectra. 

4.3 : 1.2. Their distance is reduced to 7.0 Gauß. 
From this reduction the CT-character, c 2 , is cal-
culated according to Equation (4 ) . A value of c 2 

= 26% is obtained. 
A similar explanation holds for the spectrum in 

Fig. 1 b, taken for the magnetic field parallel to the 
short in-plane axis y of naphthalene. It shows 7 lines 
with intensity ratios of 0.8 : 2.5 : 5.1 : 7.0 : 5.8 : 
2 . 8 : 0.5 and with (within our experimental ac-
curacy) an equal spacing of 2.05 Gauß. For this 
orientation of the uncomplexed donor, one observes 
the couplings of all 8 naphthalene protons. The most 
accurate data of the coupling constants are those 
obtained by ENDOR-experiments16 yielding 2.6 
Gauß for the /^-protons and 2.3 Gauß for the a-pro-
tons. We simulated the spectra using the same ratio 
of the coupling constants of a- and ^-protons for the 
complex. The resulting intensity ratio in the com-
puted spectra is 0.5 : 2.3 : 5.4 : 7.0 : 5.4 : 2.3 : 0.5. 
This is very close to the experimental results, prov-
ing again that the Hfs is, indeed, due to the a- and 
the /^-protons of naphthalene. We obtained coupling 
constants of 1.9 Gauß and 2.2 Gauß for a- and 
/?-protons, respectively, corresponding to a CT-char-
acter of 33% [from Equation ( 4 ) ] . 

The spectra just interpreted are also pertinent to 
answer another interesting question. Since, in the 
crystal, the acceptor is sandwiched between two 
donors, does the electron transfer (in the triplet 
state) occur from one molecule or from two naph-
thalene molecules? This question cannot be an-
swered by investigating the ZFS-parameters of the 
complex. However, an inspection of the hyperfine 
structure yields an unequivocal answer which is sub-
sequently shown. 

With respect to the couplings, the above question 
reduces to: Is the observed Hfs due to the 8 protons 
of one naphthalene molecule with the coupling con-
stants Al

xx (i= 1 , . . . , 8 ) , or is the Hfs due to the 
16 protons of 2 donors with the coupling constants 
7}Al

xx (i = 1, . . . , 16) ? There are two facts which 
show that the triplet electrons of the complex are 
distributed over only one donor. 

1) The number of observed lines and their intensity 
ratios can be interpreted only on the basis of 
the protons of only one naphthalene molecule. 

2) Upon complex formation the coupling constants 
of the donor (and the acceptor) cannot become 
larger 7 ' 8. The assumption of an electron distri-
bution over two donors would, therefore, lead 
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to coupling constants larger than 2-7 .0 = 14 
Gauß for the uncomplexed donor for the orien-
tation H || x. This is in contrast to the results 
obtained in the literature for the naphthalene 
triplet state 1 4 - 1 6 . 

There may be two reasons for the observed break-
down of the inversion symmetry in the triplet state 
of the crystalline CT-complex. 

(1) The experiments are carried out on traps 
which are by themselves distortions of the lattice. 
The HCNB molecule replacing TCNB may assume 
a position, slightly different from that of the host, 
where the interaction with one donor is larger than 
with the other neighboring donor. 

However the distortion on doping is not supposed 
to be very efficient since the shapes of the guest and 
the host acceptor are very similar. Furthermore, the 
observation of a well resolved Hfs demonstrates that 
the crystals are not seriously distorted by the 
dopand. 

(2) A more probable explanation for the break-
down in the inversion symmetry is that the exciton-
phonon interaction tends to stabilize an asymmetric 
triplet state. A possible explanation for this is that, 
once the acceptor has moved closer to one donor, 
the Coulomb forces in the CT-triplet state attract it 
even more to this side and thus favour the asym-
metric position. Since the efficiency of this inter-
action depends on temperature 17, we have to stress 
that our results hold in the temperature range be-
tween 90 K and 170 K, where we were able to re-
solve the Hfs. However, we cannot rule out that at 
higher temperatures the triplet electrons might be 
distributed over more than two molecules. 

These experiments are also relevant with respect 
to the discussion concerning exciton motion in CT-
crystals, since part of the primary processes in ex-
citon hopping might also be observable in the trap-
ped system. A fast jump of a hole from the donor 
on one side of the (guest) acceptor, to the other 
side would consequently lead to contributions of 
two donors to the Hfs in the ESR-lines. This jump-
ing process has to be considered if exciton motion 
along the donor-acceptor chain occurs via a succes-
sive change in the dipole moment according to 
D+ A" D A D A" D+ A * D A D+ A" as is 
discussed for singlet excitons 18. Therefore, we con-
clude that either exciton motion (and therefore 
process 1) are very slow in this crystal or they oc-
cur without a change in dipole moment according to 

D+ A" D A *—> D A D+ A". The latter process, in-
volving simultaneously the second acceptor mole-
cule, would not be observable in our experiment. 

Finally, we should point to one unresolved prob-
lem connected with the comparison of the CT-char-
acters of the guest and host complexes. The CT-
character of the host, measured in solution, can be 
estimated close to 50% 3. However, the ZFS- as well 
as the Hfs-parameters of N-HCNB consistently yield 
a CT-character near 30% (c . f . Table 2 ) . This is 
surprising since the larger electron affinity of 
HCNB (2.54 eV compared to 2 .21 eV of TCNB) 19 

is supposed to cause a more ionic complex triplet 
state20 . On the other hand, as expected from the 
larger electron affinity, N-HCNB forms a trap in 
the crystal, proving its lower triplet energy as com-
pared to that of N-TCNB. 

One might argue that the ESR-signal is due to an 
impurity in the crystal. This possibility is not con-
sidered very probable, because in solutions con-
taining N and HCNB, we have observed a Am = 
2-ESR-signal ascribed to the complex N-HCNB. But 
even so, the Hfs in the ESR-spectra clearly shows 
that the triplet electrons are mainly localized on the 
naphthalene molecule. Therefore, an impurity could 
only be an acceptor and it would still be necessary 
to explain why the CT-complex of N with an im-
purity acceptor has a lower triplet energy but also 
a lower CT-character. 

On the other hand, one may speculate that besides 
the purely electronic properties of the complexing 
molecules, their steric properties are also important 
in determining the ionicity and the energies of the 
excited states of the complexes. We should mention 
that a similar behavior is also observed for the com-
plex of N with another stronger acceptor, s-trinitro-
benzene, which is discussed in the next paragraph. 
This suggests that in the triplet state the interaction 
of N with acceptors of more than twofold symmetry 
is not very favorable. 

III.2. The Complex Naphthalene-pentacyanotoluene 
(PC NT) 

The ZFS-parameters of the complex N-penta-
cyanotoluene, obtained on doping the host crystal 
N-h8-TCNB with PCNT are quite similar to those 
obtained for the complex N-HCNB (c . f . Table 1 ) . 
The Hfs in the spectra could also be well resolved 
for the two canonical in-plane orientations and is — 
analogous to the procedure in III. 1. — interpreted 
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on the basis of the protons of one naphthalene mole-
cule. For H |j x one observes 5 equidistant lines with 
a coupling constant of 7.0 Gauß, corresponding to 
a CT-character of 26%. For H jj y one obtains 7 
equidistant lines with a splitting of 2.15 Gauß, yield-
ing a CT-character of 26%, too. 

111.3. The Complex Naphthalene-s-trinitrobenzene 
(TNB) 

TNB is also an acceptor of higher electron af-
finity than TCNB 21 and, therefore, one may assume 
that the complex N-TNB forms a trap in the TNB 
doped CT-crystal. We have observed the ESR-spectra 
of one kind of trap, described by the ZFS-parame-
ters D= ± 0 . 0 6 7 0 cm" 1 ; E=+ 0 .0134 cm" 1 ; D* 
= 0.0709 c m - 1 . 

It is evident from the discussion of the Hfs in the 
spectra that the ESR-lines are, indeed, due to a CT-
complex of N with TNB. The ZFS-values are rather 
large for a CT-complex, indicating a triplet state of 

Fig. 2. Triplet-ESR-lines of the complex N-d8-TNB for the 
orientation H\\y, Fig. 2 a: Experimental spectrum, H0 = 
3428 G, r = 9184 MHz, 7=150 K. Fig. 2 b: Calculated 
spectrum using the parameters given in the text. Figures 
2 c and 2 d show the stick diagrams corresponding to the 

experimental and the calculated spectrum, respectively. 

low polarity. This surprising behavior was already 
discussed in paragraph I I I . l ) . 

The use of the acceptor TNB has the advantage 
that, judged from the ESR-spectra of the TNB-
anion, one expects to observe the rather large cou-
plings of the acceptor nuclei in the complex 22. This 
was not possible with all the other acceptors used. 
But this acceptor has the disadvantage that basically 
nothing is known about its lowest excited triplet 
state: neither the triplet energy, nor the ZFS-pa-
rameters, nor the Hfs-parameters. Therefore, a 
quantitative evaluation of the CT-character is not 
possible. 

Figure 2 a shows the ESR-spectrum of the com-
plex N-d8-TNB for the one orientation that we could 
clearly resolve. It contains 25 lines that are due to 
the nitrogen atoms as well as the protons of the 
TNB-molecule. We simulated the spectrum using 
Lorentzian line shapes of the components and ob-
tained as best fit the spectrum in Figure 2 b. The 
agreement between calculation and experiment is 
even better if one compares the stick diagrams cor-
responding to Figs. 2 a and 2 b * * . This indicates 
that the coupling constants thus determined are es-
sentially correct, the main error in the calculation 
is very probably the result of using an incorrect line 
shape. The coupling constants are a (N 3 ) = 4.97 G, 
o(Ni ) = a ( N 5 ) =3 .65G, o(H g ) —2.75 G, a (H 2 ) = 
a (H4) = 1.36 G. 

This result is pertinent to one question associated 
with the interpretation of the Hfs in CT-triplet 
states: How much does the proximity of the donor 
in the CT-complex distort the electron distribution 
on the acceptor? 

The TNB anion seems to be very sensitive to 
these distortions since, depending on the environ-
ment, its ESR-spectrum is ordered into one of two 
distinct groups 22 (classes) : 

(1) The electron distribution is not distorted. 
The ESR-spectrum consists of couplings of three 
equivalent nitrogen atoms and three equivalent pro-
tons. 

(2) The electron distribution is strongly distorted. 
The electron density on two of the nitrogen atoms 
is zero with the three protons still equivalent. This 
situation is observed in solutions containing group 

** The stick diagrams in Figs. 2 c and 2 d consistently 
reveal the existence of seven groups of lines. This is due 
to the three nitrogen nuclei. The further splitting within 
these groups is brought about by the TNB-protons. 
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II cations and is essentially understood as follows: 
The small cations are bound to one NOo-group, 
thereby attracting the excess electron of the anion 
to this part of the molecule. 

As the classification is very sharp, it is quite 
obvious that in our case the complex belongs to the 
first class. The deviations in the coupling constants 
on different nuclei are sure to be due to the aniso-
tropy of the Hfs-constants. This proves that, even in 
such a sensitive case, the acceptor is not affected by 
the donor. 

This was implicitly assumed in deriving the CT-
character from the Hfs-constants and is justified by 
this experiment [see also I V ( 3 ) ] . 

Furthermore one can derive the spin density, o, 
on the carbon atoms next to the (equivalent) pro-
tons of TNB 23 and obtain o = 0.077. Unfortunately, 
the relationship between the spin density and the 
nitrogen coupling constant is not yet clear. There-
fore, the spin density on the residual nuclei of TNB 
cannot be calculated. 

III.4. The Complex Naphthalene-chloranil 

The homogeneous orientation of CT-complexes 
also permits the investigation of system with very 
short triplet lifetimes. An example of this is the 
complex N-h8-chloranil, studied on doping the crys-
tal N-TCNB with chloranil. Figure 3 shows the 
ESR-lines of the complex for two canonical orien-
tations. For each orientation one observes an ab-

Fig. 3. Triplet-ESR-lines of the complex N-hg-chloranil for 
the two canonical in-plane orientations. 7"=165K, H0 = 
3270 G, r = 9164 MHz. Since the radical line in the centre 
is absorptive, one clearly observes the high-field line for 
H\\y and the low-field line for H 'x to be emissive. The Hfs 

is not resolvable. 

sorption and an emission line of about equal inten-
sity (without resolved Hfs), indicative of optical 
spin polarization. This requires a very short triplet 
lifetime ( < 1 m s ) 2 4 ' 2 5 so that the Boltzmann equi-
librium is not established among the triplet sub-
levels. 

The corresponding ZFS-parameters are D = 
± 0.0081 cm" 1 , E=+ 0 .0011 cm" 1 , D* = 0.0083 
c m - 1 , the smallest (to our knowledge) that have 
been reported for weak CT-complexes. To calculate 
the CT-character, we have to use the Z)-value of 
chloranil ö = + 0 . 1 1 7 6 2 6 and obtain cx2 = 76% 
(c . f . Table 1 ) . This shows that the triplet state is 
extremely polar. 

III.5. CT-stacks as Host Matrices for Biomolecules 

We also doped the CT-crystal with biologically 
relevant molecules, e. g. riboflavin, that are sup-
posed to have a low triplet energy. The optical 
spectra show that these molecules are indeed in-
corporated in the crystal. The ESR-spectra even 
reveal a resolved Hfs 11. The resolution of the Hfs, 
however, was not good enough for an interpretation. 
On the other hand, this also proves that these guest 
molecules are oriented homogeneously, although 
their shapes are quite different from that of the 
hosts. This suggests that CT-crystals are suitable 
matrices to study the ESR-spectra of large oriented 
molecules. The ZFS-parameters obtained on doping 
with riboflavin and flavin-adenosine dinucleotide 
are almost identical to those of the guest accep-
tors 27, indicating an only slight interaction with the 
host donor, naphthalene. 

Another very large dopand, which is also soluble 
in the crystal, is the donor coronene. The triplet 
state of this guest complex is expected to be, to a 
large extent, a locally excited donor state, since 
coronene has a very low triplet energy 2 8 . This is 
also found for the complex coronene-tetrachlophtha-
lic anhydride in solution29 . However, as is also 
found in many other systems4 , in the crystal the 
ZFS-parameters are considerably reduced. Further-
more, it is observed that in the complex the sixfold 
symmetry of coronene is not present (E 0 ) . This 
is ascribed to the interaction with the acceptor. 

Table 1 summarizes the ZFS-parameters and the 
corresponding CT-characters c^2 of the complexes 
studied in this work. 
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IV. Comparison of the Results Obtained from 
the Measurements of the ZFS- as well as the 

Hfs-Parameters 

Usually the triplet state of a CT-complex is de-
scribed as a superposition of a CT-state (where one 
electron is transferred from the donor to the ac-
ceptor) and locally excited donor and acceptor 
triplet states. One obtains the following relations 
for the ZFS-parameters, D and E and for one 
diagonal element, Aü

 7> 8, of the Hfs-tensor of the 
complex: 

^exp = ci2 D (A" D + ) + (1 — c12)Z) l0C , (1) 

Au (exp) « C l 2 Au (A- D+) + (1 — C l 2 ) An (loc) (2) 

D(A~D+ ) , y4ü(A_D+) are the corresponding pa-
rameters of the CT-state. D]o(., An (loc) are the val-
ues of the lowest excited triplet state of either the 
donor or the acceptor, whichever is lower in energy. 

The advantage in measuring the Hfs-parameters 
to prove the model is mainly based on the fact that 
there exist 3 N Eq. (2) where N is the number of 
nuclei interacting with the triplet electrons. For 
those complexes, which will be subsequently dis-
cussed, we could resolve only the couplings of the 
donor protons. Therefore, if the lowest locally ex-
cited state is that of the acceptors, the interaction 
with the donor protons accurs solely in the CT-state 
and Eq. (2) reduces to 

An (exp) = c 2 An (A" D+) . (3) 

In that case one is able to measure the electron dis-
tribution in the CT-state direct ly8 . This is a great 
benefit since it is this hypothetical state that causes 
most of the problems in interpreting the spectra. To 
discuss the Hfs-parameters one approximates this 
state by that of a biradical in the fast exchange 
limit. One therefore expects ^ i ? ( A - D + ) to be half 
of the coupling constants of the donor cation 
[A i i (D + ) ] 3 0 . Since the donors used in our experi-
ments are alternating hydrocarbons, these values are 
almost identical with those of the donor triplet and 
one finally obtains from Eq. (2) 

An (exp) = [1 — 2 c i 2 ] ^ « ( D ) (4) 

or from Eq. (3) 

An (exp) = | c 2 An (D+) . (5) 

Equation (4) is valid if the lowest locally excited 
state is that of the donor, whereas Eq. (5) holds in 
the case where the lower triplet energy is that of the 
acceptor. 

For both types of complexes one expects a reduc-
tion of the Hfs-parameters of the uncomplexed 
molecules. And since all Hfs-parameters are reduced 
by the same ratio, one expects essentially the same 
profile of the ESR-spectrum of the complex as that 
of the free donor, but with smaller splittings. 

Regarding the ZFS-parameters, one is unable to 
obtain the ZFS-parameters of the CT-state D(A~D+) 
experimentally. Neglecting this expectedly small 
value yields an equation 

£esp=(l-C
1

2

)Aoc (6) 

that can serve for a rough estimate of the CT-char-
acter. We will now summarize the most important 
neglections in deriving Eq. (3) to (6) and com-
ment on these from the vantage point of the new 
results obtained from the measurements of the Hfs 
in the ESR-spectra. 

1) The triplet state is described as a superposi-
tion of only two wave functions. Contributions of 
locally excited states other than the lowest one are 
neglected. Table 2 presents a comparison of the CT-
characters where enough experimental data 

[ ^ « ( l o c ) , Dioc] 

Table 2. CT-characters determined by different methods. 
The second column contains the average value determined 
from Hfs-measurements, the values in the last column are 
obtained by applying Eq. (1) using Z)(A~D+) =—0.027 cm-1. 

Complex Cj2 (Hfs) c,2(D) c,2(D) 
[Eq. (6)] [Eq. (1)] 

pentamethylbenzene-TCNB 0.74 0.83 0.69 
phenanthrene-TCNB 0.47 0.64 0.51 
naphthalene-HCNB 0.29 0.33 0.27 
naphthalene-HCNB 0.26 0.32 0.26 
anthracene-TCNB 0.05 0.03 0.03 

are available on the uncomplexed molecules. There-
fore, the CT-characters can be derived from the Hfs-
parameters as well as from the ZFS-parameters. One 
observes that the CT-characters obtained by both 
methods are essentially in agreement. It is easily 
shown that contributions of locally excited states of 
the second molecule would lower cx2 determined 
from the Hfs-parameters. Since this would worsen 
the agreement between the values in the different 
columns, we may conclude that contributions of a 
second locally excited state are indeed very small. 

2) The Hfs-parameters An (A - D+) of the CT-
state are approximated by that of a biradical in the 
fast exchange l imi t 7 ' 8 . This requires the exchange 
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integral between the triplet electrons in this state to 
be sufficiently large ( ^ 10" 3 c m - 1 ) . This approxi-
mation is val id; otherwise, for complexes with the 
alternating hydrocarbons naphthalene and phen-
anthrene, the Hfs-parameters would remain un-
changed upon complex formation. This is in con-
trast to our results (for these molecules the coupling 
constants of cation and triplet state are almost 
equal) . 

3) The electron distribution of the ions of the 
biradical is assumed to be equal to that of the ions 
in solution. This assumption is not as trivial as one 
might initially expect since the discussion about the 
TNB-anion (see III.3) showed that a different en-
vironment can very well cause drastic changes in the 
electron distribution of the ion 2 2 . However, we 
could demonstrate that in the CT-complex the dis-
tortion due to the presence of the complex partner 
is very weak. The most striking examples of this 
proof are the complexes N-TNB and pentamethyl-
benzene (PMB)-TCNB. For the former complex we 
could show that the three nitrogen nuclei are equiv-
alent in contrast to some measurements of the TNB 
anion in solution. In the complex PMB-TCNB we 
could measure the CT-state directly8 and demon-
strate the validity of Equation (5 ) . In this case the 
Hfs is due to the four methyl groups of PMB. These 
12 protons remain equivalent in the complex, as 
they do in the cation in solution 31. 

4 ) To derive the CT-character from the ZFS-pa-
rameters one needs to know the corresponding pa-
rameters D (A" D+) and E (A~ D+) of the CT-state. 
One can either neglect this value, as we did in 
deriving Eq. (6 ) , or one can calculate it theoreti-
cally. There exists one calculation of the D- and 
F-values of CT-complexes between substituted ben-
zenes 32. 

For a distance of 3.4 Ä between the complexing 
molecules, values of Z)(A~D+) = — 0.027 c m - 1 and 
F(A~D+) = —0.004 c m - 1 were obtained. It is im-
portant to note that the calculated D-xalues are 
negative, whereas those of the uncomplexed mole-
cules are positive. 

In agreement with this is another calculation of 
the D*-value of 0.023 cm" 1 for the complex ben-
zene-TCNB2. However, it is incorrect to use the 
D*-value to evaluate the CT-character because it is 
not an eigenvalue of the spin-Hamiltonian 33. Since 
for many molecules the approximation D* ! « j D \ 
holds, one could still use this value if the signs of 

D* and D were equal in the locally excited as well 
as in the purely ionic state. Although there is still 
some discussion about the sign of D (A - D+) 5, we 
will show that, at least in our complexes, it is nega-
tive and in agreement with the calculations of de 
Jong \ 

Rearranging Eq. (1) yields a form 

ßexp - (1 - Ci2) Z)loc = Cl2 D (A- D+) . (7) 

Therefore a plot of the left-hand-side of Eq. (7) 
against Cj2, determined from the Hfs-parameters, 
yields a straight line through the origin with the 
slope D (A~ D+). Figure 4 contains the measured 
points obtained from Eq. (7) and from an equiva-
lent equation for E. 

Fig. 4. Plot of the left-hand-side of Eq. (7) versus Cj2, deter-
mined from Hfs-measurements. The complexes used are 
those given in Table 2. The straight lines are obtained 

theoretically using the data of de Jong 32. 

The lines in Fig. 4 are obtained theoretically 
using the values of de Jong. Although the error in 
the measurements is rather large ( « 4 0 % ) , since 
they result from a subtraction of two large quanti-
ties, one clearly observes a scattering of the values 
close to the theoretical curve. That all values in 
Fig. 4 are not on one straigth line is not surprising 
since one cannot expect the parameters Z)(A~D+), 
E{A~ D+) to be equal for different complexes. From 
Fig. 4 it follows that - 0.015 c m - 1 >D (A~ D+) 
> - 0 . 0 4 0 cm"1 . This clearly shows that Z)(A"D+) 
is negative and, for many complexes, close to the 
theoretical values. Therefore, the derivation of the 

* That D(A" D+) is considerably smaller than +0.02 cm - 1 

also follows from our measured D-values of N-chloranil 
(D= ±0.0081 cm"1) and of hexamethylbenzene-TCNB 
(0= ±0.011 cm - 1). Since D can only become smaller 
for complexes with ct2 = l, the measured values represent 
an upper limit for D(A" D+). 

' { D e x p - {1-C?)D t o c] [cm1] „+" 

[E6XP - ( 1 - C ? ) E I o c ] [cm 1 ] , ,o" O 

2 2 o 
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CT-character from the ZFS-parameters can be im-
proved by using Eq. ( 1 ) with Z) (A"D + ) = - 0 . 0 2 7 
c m - 1 . The values in the last column of Table 2 are 
thus obtained. The improvement is seen by com-
paring these CT-characters with those obtained from 
the Hfs-measurements. 
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