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C H A P T E R I 

INTRODUCTION 

1.1 General 

The formation of charge-transfer complexes between electron donors 

(compounds with a low ionisation potential) and electron acceptors 

(compounds with a high electron affinity) has long been recognized as 

an important phenomenon. Especially in organic chemistry charge-

transfer complexes play an important role. There are many instances 

in the literature where the participation of a charge-transfer complex 

in a chemical reaction has been postulated . Some photochemical reac

tions proceed via an intermediate charge-transfer complex in the excited-

state . Also in biological systems charge-transfer complexes may play 

an important role . It is therefore of interest to have informations 

about the structure of charge-transfer complexes. 

Charge-transfer complexation is recognized by the appearance of a 

new absortion band in the electronic spectrum; many charge-transfer 

complexes are even coloured although the components are colourless 

compounds. 
2-5) 

The subject has been reviewed by various authors . Books on 
ft) l) ñi 

the subject by Andrews and Keefer , Briegleb , Rose , Mulliken 
9) . 1) 

and Person and especially that by Foster should also be mentioned. 

1.2 Mulliken'a theory of charge-transfer 

The nature of the new electronic transition can be quite well un

derstood with Mulliken's theory of charge-transfer . If a complex 

is formed between an electron donor (D) and an electron acceptor (A), the 

ground-state (ikJ and the excited-state (Ψ
Ε
) wave functions of the 

complex are a linear combination of the no-bound wave function ψ. 

and the dative wave function ψ..: 
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Ψ
Ν
 = a ψ

0
(ϋΑ) + Ьф

1
 ( D V ) (1) 

Ψ
Ε
 = a ф^о ) - b Ψ

0
(ΟΑ) (2) 

The energy of the ground state (W ) ia obtained by a second order 

perturbation calculation: 

W
N
 = W

0 - (
H
01 -

 S
01

W
0

) 2 / ( W
1 - V ( 3 ) 

where W
N
 = ƒ ψ

Ν
 Η Ψ

Ν
 dr, W

0
 = ƒ ψ

0
 Η ψ

0
 dt, W

1
 =/ψ

1
 Η Ψ

1
 di, 

Η
01

 =
 /

ψ
0
 Η ψ
1

 d T
 ^

4 S
01

 =
 ^

ψ
0

 ψ
1

 d T
 " 

The energy terra W contains the no-bond interactions: dipole-dipole 

interactions, quadrupole-dipole,polarization and other electrostatic 

interactions; also van der Vaals interactions are included in V.. 

The no-bond state W. is stabilized by 

R
N - -

 (H
01 -

 S
01 V

2 / ( W
1 - V W 

due to resonance interaction with the charge-transfer state. 

The energy of the excited-state tf
E
 is given by: 

W
E "

W
I
 + (H
oi - S Q I V ^ W ·

 ( 5 ) 

so that W. (the charge-transfer state) becomes destabilized to the 

amount 

« E
- (H

01 -
S
01

W
1

) 2 / ( W
1 - V · ( 6 ) 

The energetics of intermolecular charge-transfer interaction i s shown 

in Fig. 1. 
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Fig. 1 - Energy diagram for the equilibrium configuration of the 
charge-transfer complex. 
Ip = ionisation potential of the donor 
E. = electron affinity of the acceptor 
E = Coulombic attraction energy of A and D . 

From this diagram the following relation between the energy of 

the charge-transfer transition ν and the ionisation potential of 

the donor and the electron affinity of the acceptor may be derived: 

CT 
= W„ - W, 

:I
 = I

p
 - E

A
 • E

c
 • R

E
 - W

0
 - ^ (T) 

Making the definitions 

H
oi - Voi = ß0 

and 

Hoi - Voi = B1 

(8) 

(9) 



we can insert equations (4), (6), (8) and (9) into equation (7): 

VCT = h - EA + E C - W 0 + (B0 + ß5)/fWi-Wo) ' СЮ) 

From Fig. 1 it is apparent that W = !„ - E + E зо that equa

tion (10) can Ъе written as: 

V
CT = h - EA + E

C -
 W
0
 + ( 3

0
 + S

1
) / ( I

P •
 E
A
 + E

C - V ' «"J 

1.3 Structure of charge-transfer complexes 

The factors determining the ground-state stability of charge-

transfer complexes are less understood. According to Mulliken's 

overlap and orientation principle donor and acceptor molecules 

tend to orientate themselves relative to one another as to make the 

overlap between the highest occupied M.O of the donor, (HOMO) , and 

the lowest empty M.O of the acceptor, (LEMO) , a maximum. However, 

the contribution of charge-transfer forces to the stabilization of 

the complex is not always the major factor. Several authors have 

pointed out recently that other forces (van der Waals and polariza

tion forces and other electrostatic interactions) may contribute 

considerably to the stabilization of the complex ' . Therefore 

a prediction based on the overlap and orientation principle of the 

structure of the complex in solution should not always be correct. 

In fact there is still considerable uncertainty and discussion about 
1 U_ 1 о ) 

the structure of charge-transfer complexes in solution 

Owing largely to the work of Wallwork and others the crystal 

structures of a number of π-π charge-transfer complexes are now 
20-23) 

known . The planes of donor and acceptor molecules are parallel 

but a relative orientation corresponding with the overlap and orien

tation principle is not generally observed, for instance in the 

H, M, N', H'-tetramethyl-p-phenylenediamine-tetracyanoquinodimethane 

23) 
complex . Of course care should be taken to extrapolate proper
ties of charge-transfer complexes from the solid state to solutions. 
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1.1* The scope of the present study 

The purpose of this investigation is to test the validity of the 

overlap and orientation principle and hence to gain more insight in

to the structure of charge-transfer conplexes in solution. 

Since the relative contributions of the factors which determine 

the ground-state properties of charge-transfer complexes are unknown, 

it appeared necessary to chose a series of complexes in which varia

tions in the ground-state properties due to changed contributions of 

no-bond interactions seem to be small and negligible in comparison 

with changes in charge-transfer interactions. Therefore we decided 

to study the properties of the complexes of a series of closely re

lated donors with several acceptors. As donors we chose simple sub

stituted benzenes and comparable biphenyls. By substituting methyl-

groups in the ortho positions of the biphenyl moiety it was also 

possible to study the effect of steric hindrance in the donor on the 
2U 25) 

properties of the complexes with these donors ' . 

In this thesis charge-transfer complexes have been studied by 

two spectroscopic techniques: nuclear magnetic resonance and optical 

spectroscopy. 

Chapter II deals with optical measurements on the complexes with 

the acceptors tetracyanoethylene, chloranil and 1,3|5-tricyano-sym-

triazine. It appeared that the structure of the complexes of some 

acceptors change considerably in the series of donors. Various struc

ture models are discussed. On the basis of experimental evidence only 

a tentative choice for one of the structures is made. 

Chapter III describes the results of n.m.r. measurements on the 

complexes of trinitrobenzene, picric acid and fluoranil with the 

series of donors. From analysis of the shifts of the acceptor pro

tons on complexation, it was found that the picric acid and trinitro

benzene complexes have a structure in agreement with the overlap and 

orientation principle. 
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In chapter IV the ionisation potentials of the donors determined 

by electron-impact are reported. In addition the relationship be

tween ν„Ύ and I- is discussed. 

In chapter V some concluding remarks about the structure of the 

complexes are made. 

Finally, chapter VI describes the synthesis and purification of 

donors and acceptors. 
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C H A P T E R II 

OPTICAL STUDY OF CHARGE-TRANSFER 

COMPLEX FORMATION 

2.1 Introduction 

2.1.1 General 

Electronic spectroscopy has been extensively used in the study 

of charge-transfer complexes . By this technique important infor

mation can be obtained on the charge-transfer interaction. Solutions 

containing donor and acceptor molecules show a new band or bands 

which is to be assigned to an intemolecular charge-transfer transi

tion. By varying the concentrations of donor and acceptor the equi

librium constant К for complex formation and
 ε

ι η Λ Χ
 (the molar 

absorptivity of the complex) can be determined. Also the energy 

of the charge-transfer transition (v _ ) , the oscillator strength 

and the dipole moment of the charge-transfer transition can be found 

from optical data. 

2.1.2 Methods for evaluating equilibriuni constants and molar 

absorptivities. 

Charge-transfer complexes are usually weak complexes and give 

rise to an equilibrium situation. 

D + A t AD (1) 

For an ideal system in which a 1:1 complex AD is formed: 

_AD l ADI 
= ( l D J o 4 A D | ) ( l A J o 4 A D J ) 
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where ID] and [ Λ] are the total i.e. free and complexed concentra-
o о 

tiona of D and A, respectiv-ely. 

Usually measurements are made at wavelengths where the components 

of the complex do not absorb. In that сазе the absorbance A of the 

solution is: 

A = ε ^ I [AD] (3) 

AD 
where i is the optical path-length in the solution and ε із the 

molar absorptivity of the complex AD at the wavelength of measure

ment. 

If [ D] >> I A] equation (2) reduces to equation (U) 
о о 

ir"
5
 - IAD] ,

м 

^ - lD]
o
([A)

o
-lADj)

 W 

From e q u a t i o n s (3) and (U) e q u a t i o n ( 5 ) ι t h e Benes i-Hi ldebrand equa-
2) 

t i o n t can be o b t a i n e d 

' Α ^ 4 ι ι ι 
0 - 1 1

 + 4 T (5) ^ U 3 εΑΏ [ D] _ .AD 
ο ε 

[ A ] o l 
For a s e r i e s of s o l u t i o n s i n which [ D] >> I A] a p l o t of — ; ; — 

о о A 

against ι ι should be linear. The intercept with the ordinate is 

о 
(ε )~ and the gradient is equal to (ε ιί )" so that both !t and 

ε can be evaluated. 

Equation (5) can be rearranged to equation (6). 

KAD A
 + K

AD
C
AD

 ( 6 ) 

A A 

A plot of . . , .,—- against , ι should also be linear. Sow the 
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value of the association constant is obtained directly from the slope 
AD 

and the value of ε can be found from the intercept. 

JJAD __
л
 _AD 

2.1.3 The occurence of termolecular complexes 

Several anomalies have been observed when K"" and c"
i
'-valuee were 

evaluated by optical methods. 

AD 
In many aeries of related donors with the same acceptor ε did 

not increase with decreasing ionisation potential of the donors , 

as is expected on the basis of Mulliken's theory of charge-transfer . 

Sometimes it vas found that values of К determined at different wave-

7 fl) 

lengths varied considerably * . Also different values of К were ob

tained under the circumstances [ D] » [ A] , [ D] = [ A] or 

О 0 0 0 
[Dl « [A] . 

о о 
Various explanations have been proposed for these phenomena. 

9) 
These include deviations from Beer's law , specific solvation of 

solute species , self association of the components and others. 

Recently it has been reported that at least some of the anomalies 

observed may be ascribed to the presence of termolecular complexes · . 

Strict linearity according to (6) cannot be observed under these cir-

13) 
cumstances because this equation then assumes the following form 

(IDI » [AM: 
О о 

lol UI »--nfc^pW+VV'^oV · ( т ) 

о о 'о 

In this simplified notation К- is the equilibrium constant for equa

tion (1). K- is the association cc 

termolecular complex (equation 8), 

tion (1). K„ is the association constant for the formation of the 

AD + D * AD
2
 (Θ) 

ε, and e„ are molar absorpt iv i ty of AD and AD „ . r e s p e c t i v e l y . 
1 2 . 7 . 12) 

The gradient may be obtained by d i f f e r e n t i a t i o n : 



12 

d ( [ D] fA] l ) I d i Π Τ Γ 5 

0 0 o 

- K ; E l - K 2 e 2 ^ K l K 2 [ D ] o + 4 2 [ D ] ^ > ( 9 ) 

K
1

E
1

+ 2
V 2

t D l
o

+ K
1

K
2

( e
2 -

e
1

) [ D
o

l 2 

For small [ D] the plot will not deviate from linearity. In that case 

the slope is 

and the intercept is К.е.. 

In that case apparent values of К and ε are obtained: 

Κ ε 
К = K.d- •^—) (10) 
»PP 1 Κ

1
ε

1 

and 

Κ,ε -1 

app 1 Κ
1
ε

1 

Identical apparent values of К and ε are obtained by the Benesi-

Hildebrand method. 

2.1.U Purpose of this investigation 

The purpose of the investigation described in this chapter is to 

study the effect of changes in the components of the complex (ioni

sation potential of the donor, molecular geometry of the donor, 

steric hindrance in the donor, variation in acceptor) on the proper

ties of charge-transfer complexes of a series of related donors. 

The properties of the complexes studied are association constants, 

oscillator strengths and energies and transition moments of the 

charge-transfer transition. We chose a series of related donors 
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because in that сазе no-bond interactions remai η nearly constant, 

so that changes in the properties of the complexes with a common 

acceptor may be attributed to a well defined variation in the donor 

component. In that case it might be possible to obtain information 

about the structure of the complex in solution. 

Our investigations concern complexes of the acceptors tetra-

cyanoethylene (TOTE), chloranil (CA) and 1,3,5-tricyano-8ym-

triazine (TST). 

As donor molecules were used methylated benzenes, biphenyl or 

its methyl substituted derivatives and the corresponding methoxy 

derivatives anisóle, methylated anisóles, U,U'-dimethoxybiphenyl 

and methyl substituted U,U'-dimethoxybiphenyls. In addition some 

related isopropoxy substituted compounds were measured. 

2.2 Experimental Part 

The synthesis and purification of the donors and acceptors are 

described in chapter VI. 

Carbon tetrachloride, distilled over calciurohydride, vas used 

as solvent. Ultraviolet and visible spectra were recorded with a 

Beekman DK2A spectrophotometer. The acceptor solution was used as 

blank. 

Generally the complex-absorption was in a region in which donor 

and acceptor have no absorption, exceptions being the second bands 

of the complexes of chloranil which overlap with the η-π transition 

of the acceptor. 

In order to measure at constant temperature the cuvettes were 

placed in a temperature-controlled cell holder. 

All solutions were made up gravimetrically. A quantity of the 

donor was weighed into the cell. After addition of a solution of the 

acceptor in carbon tetrachloride of known composition, the cell was 

tightly stoppered and weighed again. The spectra were recorded after 

waiting for several minutes to reach an equilibrium temperature, 

which was checked by the constancy of the absorbance at a maximum. 
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Optical densities were measured at the maximum gf the band. When 

two bands were present the optical density was measured at the low 

energy maximum unless stated otherwise. 

For the estimation of 95% confidence limits of K ^ and с 

equation (5) was used. It was assumed that the error in | 1 ia much 

tions provided identical values of Y L . Values of ¡t and 

[Alo* 0 11») 
smaller than that in —τ and that the errors are independent . 

In several cases the data were also plotted according to equation 

(6). With the exception of two cases this procedure provided straight 

lines, indicating the absence of termolecular complexes · . The 

TCIJE complexes of pentanethyl- and hcxamethylbenzene showed some 

deviation from linearity at high donor concentrations. Values for 

these conpounds were calculated from the straight part of the plots 

and are therefore apparent values (see 2.1.3). 

Several complexes were measured at two wavelengths. Both determina-

AD . 
с from 

duplo measurements were as a r u l e w i t h i n each o t h e r ' s conf idence l i 

m i t s . 

The c o n c e n t r a t i o n ranges of donors and a c c e p t o r s a r e summarized 

i n t a b l e I . I n a l l d e t e r m i n a t i o n s t h e donor c o n c e n t r a t i o n s a t i s f i e d 

P e r s o n ' s c r i t e r i u m 1 5 ([D] > 0 . 1 / K ) . 
о 

2.3 Results 

In tables II-V estimates of Yi and ε with their 95% confi

dence limits and values of ν are given. In several cases two 

max 

c h a r g e - t r a n s f e r bands a r e observed: ν i s t h e energy of t h e low 

frequency c h a r g e - t r a n s f e r band ( t h e f i r s t c h a r g e - t r a n s f e r band) and 

v„ i s t h e energy of t h e high frequency c h a r g e - t r a n s f e r band ( t h e 

second c h a r g e - t r a n s f e r b a n d ) . 

AD 

Values of e correspond t o t h e maxiumum of t h e f i r s t charge-

t r a n s f e r band, u n l e s s s t a t e d o t h e r w i s e . Some complexes show no d i s 

c r e t e maximum; t h e a b s o r p t i o n curve shows a s h o u l d e r ( s h ) . C o r r e l a 

t i o n c o e f f i c i e n t s have been inc luded t o demonstrate t h e c l o s e f i t 

of t h e measuring p o i n t s t o t h e Benes i-Hi ldebrand e q u a t i o n . The 



Table I 

Concentration ranges (in mole fractions) of donors and acceptors 

Table 

I I 

I I 

I I I 

I I I 

IV 

IV 

V 

V 

Donors 

1-11 

12-18 

1-11 

13-17 

1-11 

13-17 

19-26 and 
31-36 

27-30 

Acceptor 

TCNE 

TCIJE 

TST 

TST 

CA 

CA 

TCNE 

TCNE 

Concent ra t ion range 
of donors 

3 X 1 O " 3 - 5 X 1 0 " 2 

2x10~ 3-1.7x10~ 2 

Ux10"3-2.5><10"2 

2*10" 3 -1 .25*10" 2 

7x10" 3 -7x1û" 2 

3.8x10~3-2.5><10"2 

3 . 1 x i c f 3 - 1 0 " 1 

1 θ " 3 - 1 . 2 χ 1 θ " 2 

C o n c e n t r a t i o n range 
of a c c e p t o r s 

9 χ 1 θ " 5 - 1 . 3 χ 1 θ " 

9 χ 1 θ " 5 - 1 . 3 χ 1 θ " 

-U -h 
1.25x10 -1.1*6x10 

і.гэхіо^-і.цбхіо"1* 

г.зхю^-г.бхю- 1* 

г.зхю'^-г.бхю-1* 

β.οκίο^-ι.ΐχίο"1* 

1.8x10" 5 -3 .öx10" 5 
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number of measuring points varied between 7 and 11. For the determi

nations of the association constants (îc ) concentrations were ex

pressed in mole fractions. To obtain values of f; based on a molai 

scale (as in chapter III) К must be divided by 6.5 

The values of li for the TCNE-oethylbenzene complexes (table V) 
X
 16) 

agree quite well with the values reported by Sonessa and Brieg-

les 

18) 

17) 
leb . Our values are, however, substantially larger than those 

reported by Chan 



Table II 

Values of association constant (it ) and molar absorptivitiee (ε ) of donor-tetracyanoethylene complexes. 
x
 -U -1 

The energies of the charge-transfer transition (v) axe given in 10 cm . Solvent carbon tetrachloride and 
temperature 20 . 

Donor 

1) Anisóle 

2) 2-methyl-
anisole 

3) 3-methyl-
anisole 

U) l»-niethyl-
anisole 

5) 2,3-dimethyl-
anisole 

6) 2,it-dimethyl-
anisole 

7) 2,5-dimethyl-
anisole 

8) 2,6-dimethyl-
anisole 

9) S.U-dimethyl-
anisole 

10) 3,5-dimethyl-
anisole 

<· 

32 

U9 

51 

76 

111 

167 

161 

U8 

1U6 

115 

95/5 confi
dence 
limits of 

«f 
30-31* 

Ul-57 

U3-59 

66-85 

103-118 

153-182 

131-191 

1*1-5U 

116-176 

88-11*2 

c^HO"3 

(Imol-1 

1.22 

1.92 

1.1.1* 

1.26 

i.oua) 

I.62 

I.7I» 

1.50 

LSI* 

і.гэ
10 

95% confi
dence 
limits of 
fAD 

1.19-

1.27 

1.82-
2.10 

1.37-

1.59 

1.17-

І.ЗІ* 

1.00-

1.07 

1.53-
1.67 

1.57-

2.09 

1.1*2-
1.62 

1.38-
1.88 

1.17-

1.1*5 

-1* -1 
υ,χ 10 cm 

1.95 

I.89 

I.90 

1.82 

1.79 
(ah) 

1.73 

I.76 

2.23 

1.75 

1.81 
(sh) 

. . correlation 
v.xlO cm coefficient 

2.62 

2.1*1* 

2.1*1* 

2.59 

2. I8 

2.38 

2.30 

2.1*1* 

2.20 

0.999 

O.998 

0.999 

0.999 

1.000 

0.999 

0.998 

0.999 

0.997 

0.998 



05*! confi- дд _
3
 95f confi- _

ц
 _

1
 _k _

1
 correlation 

Donor ¡ ί ^ dence e χ10 dence υ, «IO cm v-x10 cm coefficient 

χ 1 ? 
Units of . -ι - ι . limits of 
K
AI) (Inol en )

 ε
ΑΠ 

χ 

11) 2,U,6-trimethyl- 63 50-ЭІ4 1.86 I.69- 2.15 0.99° 
anisóle 2.19 

12) U.U'-dimethoxy- 138 9I-I85 0.9O ОЛ'ч- 1.1»6 2.57 0.995 
biphenyl 0.9T 

13) 2,2*-dimethyl- 67 52-82 0.97 O.8O- 1.77 2.36 0.999 
-l*,U'diraethoxy- 1.02 
biphenyl 

1
1
*) 3,3'-dimethyl- 205 l8)*-2l6 1.1*9 L^l- 1.36 2.33 0.99Э 
-li.U'-dimethoxy- 1.58 
biphenyl 

15) 2,2' ,^,5'-tetrao 86 58-111» 0.67 O.58- I.58 2.20 0.997 
methyl-l»,!»'- 0.8I 
-dimethoxybi-
phenyl 

16) 2,2
l
,6,6

,
-tetra- 72 58-86 0.79 0.71- 1.79 2.16 0.999 

methyl-l*,!»
1
- 0.87 

-dimethoxy-

biphenyl 

17) 3,3' ,5,5'-tetro.- 170 1U9-192 O.91 0.86- 1.62 2.2І» 0.999 
aethyl-U.U' -di- O.98 
methoxy-

biphenyl 

18) 2,6-dimethyl- 77 6U-90 1.02 0.92- 1.70 2.20 0.999 
-•»(It'-dimethoxy- 1.12 
biphenyl 

37) ізоргороху- 31» 30-38 1.21 1.12- 1.93 2.6l 0.999 
benzene 1.30 

38) 3,3'-dimethyl- 298 257- 1.38 1.28- 1.33 2.37 0.998 
-li.lt'-di-iso- 339 1.>*7 
propoxybiphenyl 

Value of e for the second charge-transfer band. 



Table III 

JU) AD ' 

Values of li and с of donor-tricyano-sym-triazine complexes in carbon tetrachloride at 20 

It" 

95i confi
dence 
limits of 

К
АЛ 

ε^χΙΟ-
3 

Donor 

1 ) Anisole 25 

2) 2-methylanisole 1«6 

3) 3-inethylanisole 56 

1») l*-methylanisole 61 

5) 2,3-dimethyl- 81 
- a n i s ó l e 

6) 2,l*-dimethyl- 83 
anisó le 

7) 2 ,5-dimethyl- 85 
an i só le 

8) 2 ,6-dimethyl- T5 
anisó le 

9) S . W i m e t h y l - 102 
anisó le 

10) 3 ,5-dimethyl-
aniso le 

11) 2,lt,6-trimethyl- 109 96-112 
anisóle 

12) l^U'-dinethoxy-
b) 

biphenyl 

13) 2,2'-dimethyl- 95 80-110 

-UjU'-dimethoxy-
biphenyl 

-1 -1, 
95? confi
dence 

20-31 

38-55 

U7-65 

5U-6U 

69-92 

T8-89 

79-91 

69-81 

95-110 

116 108-125 

a) 

(Imol cm ) limitg o f 

EADx10-3 

1.30 

1.10 

1.19 

1.05 

1.93' 

1.10 

1.17 

1.59 

1.13 

1.61 

1.66 

,η-
1
» -ι 

υ,
x
 10 cm 

α) 

0.93 

1.15-1.U9 

1.00-1.22 

1.10-1.29 

0.97-1.11 

1.77-2.10 

1.06-1. Il* 

1.13-1.21 

1.52-1.67 

1.09-1.18 

1.55-1.68 

1.55-1.78 

0.86-1.01 

2.51 

2.U3 

2.1»U 

2.33 

2.22 
(ah) 

2.19 

2.26 

2.81 

2.26 

2.27 
(sh) 

2.71 

1.98 

2.26 
(sh) 

in-
1
* "I 

v
p
x10 cm 

3.00 

2.85 

2.82 

2.95 

2.61» 

2.79 

2.72 

2.82 

2.61» 

correlation 
coefficient 

0.998 

0.998 

0.998 

0.999 

0.999 

1.000 

1.000 

1.000 

1.000 

1.000 

0.999 

0.998 



Donor К^ 
95% confi
dence 
limits of 
K
AD 

(imol cm ) 

11*) 3,3'-dimethyl- 155 123-183 O.ol» 
-h,k'-dimethoxy-
biphenyl 

15) 2,2',5,5'- 121 83-159 1.67 
-tetramethyl-
-U,U'-dimethoxy-
biphenyl 

16) 2,Σ4,6,6'-tetra- 110 81-139 1.6U
1 

methyl-
-U.U'-dimethoxy-
biphenyl 

1T) 3,3·,5,5'-tetra- 182 163-201 0.89' 
methyl-
-U.U' -dimethoxy-
biphenyl 

a) 

a) 

a) 

a) AD 
ε value for the second charge-transfer band. 

b) 
Too insoluble to measure. 

95* confi- _h _., _k _
1
 correlation 

dence υ.χΙΟ
-
 cm" v^xio" em" coefficient 

limits of 
сАВхіо-З 

0.85-1.06 1.82 0.997 

1.39-2.10 2.05 2.72 0.997 
(Bh) 

l.Ul-1.96 2.15 2.6U 0.997 
(sh) 

0.81-O.9U 2.13 2.68 0.998 



Table IV 

Values of к and ε of donor-chloranil complexes in carbon tetrachloride at 20 . 
χ 

^AD 
95!5 confi- e «10

 3 95% confi-
Donor 

1) Anisole 

2) 2-methylanisole 

3) 3-inethylanisole 

k) l»-methylanisole 

5) 2,3-dimethyl-

anisole 

6) 2,k-dinethy1-
апівоіе 

î) 2,5-dimethyl-
anisole 

) 2,6-dimethyl-
anisole 

9) a.'i-dimethyl-
anisole 

10) 3,5-dimethyl-
anisole 

11) 2,l«,6-trimethyl-
anisole 

12) U.U'-dimethoxy-
biphenyl b> 

13) S.a'-dimethyl-

X 

9.0 

11.5 

17.3 

18.3 

25.8 

2l».6 

27.5 

13.7 

33.7 

30.7 

18.9 

19.6 

dence 

limits of 
KAD 
X 

7.7-10.2 

10.U-12.7 

15.7-18.9 

17.'»-19.2 

25.0-26.7 

21.7-27.5 

25.9-29.1 

11.2-16.1 

31.2-36.2 

27.2-31'.2 

17.1-20.8 

17.8-21.5 

(ІПЮІ^СПГ
1
) 

0.76 

0.83 

0.68 

0.80 

i.oo
tt) 

0.93 

0.85 

0.97 

0.76 

0.97
a ) 

0.95 

0.68 

dence 

limits of 

εΑΟχΙΟ"
3 

0.70-0.82 

0.79-0.89 

0.6Ц-0.73 

0.78-0.83 

0.99-1.03 

0.87-0.99 

0.82-0.87 

0.88-1.09 

7.l*-0.8l 

0.91-1.OU 

0.89-1.01 

0.6U-0.71 

v ^ H 

2.21 

2.09 

2.16 

2.00 

I.98 

(.h) 

1.88 

1.96 

2.ltU 

1.93 

1.99 

(ah) 

2.33 

1.73 

2.02 

in"
1
* "I 

vxlO cm 

3.00 

2.5
1
» 

2.50 

2.90 

2.3
1
» 

2.1*7 

2.38 

2.1*7 

2.35 

-It.U'-dimethoxy-

biphenyl 

2.U6 

(sh) 

correlation 

coefficient 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

0.999 

1.000 

0.999 

1.000 

1.000 



Donor к denoe 

limita of 

'χ 

95^ confi- e * 10
 0 

(lmol~ cm ) 

lU) 3,3'-dimethyl- 52.0 U6.7-57.2 0.65 

-'t, I* ' -dinethoxy-

biphenyl 

15) 2,2
,
,5,5

,
-tetra- 13.0 10.!»-15.б О.бЗ 

methyl-
-U,U'-dimethoxy-
biphenyl 

16) 2,2
,
,6,6

,
-tetra- 19.6 17.6-21.6 0.66 

methyl-
-1», h * -diraethoxy-
biphenyl 

17) S.S'.S.S'-tetra- 50.9 itó.U-SS.'* 0.71 
nethyl-

-h ,U'-dimethoxy-
biphenyl 

a) AD 
Value ε for t h e second c h a r s e - t r a n s f e r band. 

Too i n s o l u b l e t o n e a a u r e . 

95% c o n f i - j , _v _ . c o r r e l a t i o n 
dence ν . χ ί ο " cm v„x10 cm c o e f f i c i e n t 
l i m i t s of 
ЕАОХЮ-З 

0.61-0.6o 1.57 2.56 1.000 

O.56-O.7U 1.87 2.35 0.999 
(eh) 

О.62-О.7О 2.0І4 2.39 1.000 
(ah) 

0.67-0.75 1.77 2.US 1.000 



Table V 

Values of К"" and ε of donor-TCIlE complexes i n carbon t e t r a c h l o r i d e a t 20 . K^ 

Donor 

19) Benzene 

20) toluene 

21) 0-xylene 

22) m-xylene 

23) p-xylene 

21») mesitylene 

25) 1,2,U-tri-

methylbenzene 

26) 1,2,3-trimethyl-

benzene 

27) 1,2,l(,5-tetra-
methylbenzene 

28) 1,2,3,5-tetra-

methylbenzene 

29) pentamethyl-

benzene 

30) hexamethyl-

benzene 

31) biphenyl 

32) S.S'-dimethyl-

biphenyl 

X 

10.0 

22 

hl 

38 

53 

101 

128 

163 

276 

21*1 

665 

1663 

24 

1*9 

952 confi
dence 
limits of 

K
AD 

8.6-11.3 

17-26 

UU-51 

32-1*2 

1*9-57 

87-116 

117-139 

139-187 

252-300 

220-262 

590-71*0 

I5UO-I78O 

20-28 

1+4-51* 

ε'~χ· 

(Imo! 

2.31 

2.15 

2.1*8 

2.62 

1.56 

2.76 

2.03
; 

2.37 

2.32' 

2.70 

3.26 

З.91* 

0.97 

1.12 

a) 

a) 

n5£ confi
dence 
limits of 
е^х-ю-З 

2.15-2.48 

1.92-2.43 

P.39-?.62 

2.42-2.87 

1.49-1.62 

2.52-2.94 

1.92-2.13 

2.17-2.55 

2.29-2.41 

2.51-2.77 

3.15-3.38 

3.88-4.03 

O.9O-I.O5 

I.07-I.19 

-4 -1 
υ^ΙΟ cm 

2.59 

2.46 

2.32 

2.31 

2.15 

2.17 

2.07 

(eh) 

2.16 

1.90 

(ah) 

2.09 

1.97 

I.89 

2.00 

I.90 

-4 -1 
v

2
x10 cm 

2.46 

2.25 

2.16 

2.60 

2.34 

correlation 

coefficient 

0.9^9 

0.999 

0.099 

0 .9 n 9 

1.000 

O.009 

O.099 

0.999 

О.999 

О.999 

0.999 

0.999 

1.000 

0.999 



Donor 

33) U.l+'-dimethyl-
Ïiphenyl 

3І+) a^'-dimethyl-
biphenyl 

35) 2,2',и,и',6,6'-
-hexamethyl-
biphenyl 

36) 2,2',6,6'-
-tetremethyl-
biphenyl 

X 

66 

15 

5.5 

6.9 

95^ confi
dence 
limits of 

χ 

52-79 

12-18 

3.Ö-T.3 

3.U-10.5 

Ε χίο 

(lmol~ cm" ) 

1.1Ö 

1.15 

1.16 

1.35 

ε for the second charce-transfer band. 

95 ' confi- _ l t _. _ц _. correlat ion 
dence ν χ10~ cm ν . χ ί ο " cm coefficient 
l imits of 
Eviers 

1.06-1.31» 1.7? 2.53 0.09g 

1.05-1.29 2.35 0.999 

1.05-1.29 2.03 0.999 

І.ОЗ-І.95 2.13 О.999 
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2.1+ Discussion 

2.1*.1 Association Constants 

2.1t.1.1 Influence of the structure of the donor 

The complexes of all three acceptors with the anisóles and ben

zenes show an increase in ii with increasing methylation of the 

donor, iiethyl substitution lowers the ionisation potential of a 
. . 19.20) 

donor and hence increases its electron-donating ability " 

The values of the association constant for the complexes of 

donor 8 are lower than those of its isomers. The complexes of donor 

11 have rather low K^ -values as well. In addition relatively large 

values of ν are observed for these complexes. In these donors the 

. . 21-21») 

raethoxy group is forced out of the plane of the benzene ring . 

The conjugation of the nethoxy group with the benzene ring is re

duced by this effect, so the ionisation potential is increased. In 

donor 5 the methoxy group nay experience a buttressing effect due 
22) 

to the presence of ortho and meta-methyl groups . 

The values of F; of the complexes of the non-hindered nethoxy 

substituted biphenyl donors (12,11»,IT) are three to four times as 

large as the values of II of the complexes with the corresponding 

"half" molecules (1,2,8). For the non-hindered biphenyls 31, 32 and 

33 (table V) this ratio is two to three (compare 19 and 20). These 

biphenyl molecules have much lower ionisation potentials than corres

ponding "half" molecules due to a substantial increase in the ir-

system. 

However, a statistical factor might be involved, because of the 
19 25) 

presence of two potential donor sites in the biphenyl moiety
 ,l

" . 
25) . . . . 

Foster studied the statistical factor in a series of complexes 

between bis-anilines and trinitrobenzene. '/¡hen the benzene rings are 

separated by six atoms the statistical factor is two. For a separation 

of four atoms the statistical factor decreased to 1.6. In the present 

case the two phenyl rings are conjugated and not separated by any 

atoms. Therefore the statistical factor will be close to unity. 

The benzene rings of the ortho-methyl substituted biphenyls 
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(13,15>16,3^,35,36) cannot attain a соріапаг conformation. The con

jugation between the two benzene rings is considerably reduced. The 

ionisation potentials of these donors are higher and the equili

brium constants smaller. 

A possible second effect on the association constants of the 

hindered biphenyls is due to a restriction of close approach between 

donor and acceptor in the conformation most suitable for charge-

transfer and/or no-bond interactions. This may be called the primary 

10 26) 

steric effect '· . Similar reductions in the value of the associa

tion constant have been observed in complexes of TC'IE with α series 

of alkylated U,lt
,
-dimethoxystilbenes having increasing lack of co-

plananty . 

2.h. 1.2 A semi-empirical il.O theory for charge-transfer interaction 

27 20) 

Flurry * introduced a semi-empirical Ά.0 theory for charge-

transfer complexes. 

The charge-transfer interaction between donor and acceptor was 

assumed to arise primarily from the interaction of the highest 

occupied :i.O. of the donor (HOMO) with the lowest empty !!.0. of 

the acceptor (LEMO).. The resulting complex orbital ψ , is a linear 

combination of these ;!.0.'s. 

*DA
 = a

 *D *
 Ъ
 *A

 ( 1 2 ) 

The energy of the charge-transfer transition is expressed as: 

«
C T
 = (b

2
-a

2
)(D-A+Ves)- Uab 6

D A
 . (13) 

D and A are the energies of (ЧОМО) and (LEMO). respectively. 

β , contains the resonance interaction between donor and acceptor. 

-Ves is the coulomb energy when a unit electron charge is transferred. 

27) 
The stabilization energy of a complex may be expressed as: 



27 

E . . = b
2
D - b

2
A - гаЪВ,,. + b

2
Ves . (il*) 

3tab DA
 v

 ' 

Flurry did not take into consideration the stabilization by dis

persion and polarization forces and other electrostatic interactions, 

which can be accounted for by an extra no-bond energy term G , as in 

equation (15)> 

Я~ ,2. E . , = b^D - b'A - 2ab β„, + b ^ e s + G (15) 

stab DA о 

IT) 
Several authors found for nany series of conplexes containing 

similar donors with the same acceptor, that the stability (equili

brium constants) of the complexes is linearly related to the ionisa

tion potential or the energy of the charge-transfer transition, but 

on the whole rather independent of other factors. Therefore it seems 

justified to assume that in such series the degree of charge-transfer 

(b), ß-..» Ves and G remain nearly constant· Thus we obtain equation 

(16), 

E . v = b 2D + C. (16) 
stab 1 

where C. is a constant. 

If in such series of complexes variations in equilibrium constants 

are mainly due to changes in energy rather than in entropy or the en-
* 

tropy changes linearly with the enthalpy , ΔΟ is proportional to ΔΙΙ 

for the whole series and we may write equation (17). 

RT In К £ b
2
D + C

1
 (17) 

According to Koopman's theorem -D is equal to the ionisation potential 

I of the donor
 3 0

'. 

For complexes of trinitrobenzene with the methylbenzenes AS is 

approximately constant whereas for the complexes of fluoranil 

AS varies considerably but almost linearly 29) with ΔΗ. 



28 

Thus: 

ЧТ In К % Ъ
2
 I + с

1
 (18) 

Among other factors the value of Ъ is also detemined by the diffe

rence in energy between (LEMO) and (H0"0)_, b beconing larger as the 

separation between the two levels decreases (decreasing !„ of the 

donors in a series of complexes with a common acceptor). However, 

in a series of complexes with related donors with a rather narrow 

range of I -values this effect nay be small or nay not be noticed 

due to experimental scatter, so that a linear relationship between 

lo¿ 'С and I- or υ _ is still observed. 

2.Ί.1.3 Pelationship between the ionisation potentials of the donors 

and the association constants 

In table VI the differences between the ionisation potential of 

anisol and that of methylanisoles or nethoxybiphenyls (ΔΙ ) are 

eiven. These values have boon determined by an electron-inpact method. 

?or details see chapter IV. The photo-ionisation potential of ani-

sole
 3 1 )

 is 8.22 eV. 

Table VI 

Values of ni in eV for anisóles and dimethoxybiphenyls. 

Donor ÛIp(eV) 

1) Anisole О 

2) 2-nethylani3ole 0.19 

3) 3-methylanisole 0.19 

U) 4-methylanisole 0.31 

5) 2,3-dinethylanisole 0.1*3 

6) 2,l*-dimethylanisole 0.1*2 

7) 2,5-diraethylani3 0 le 0.3T 

3) 2 , 6 - d i m e t h y l a n i s o l e 0.10 

9) S . ^ - d i m e t h y l a n i s o l e 0.1*3 
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Donor ulp(eV) 

10) 3t5-dimethylanisole 0.3h 

11) 2,4,6-tr imethy lanieo le О.Зб 

12) U.U'-dimethoxybiphenyl О. З 

13) S^'-dimethyl-U.U'-dimethoxybiphenyl 0.1*6 

lb) S.S'-dimethyl-U.U'-dimethoxybiphenyl 0 .93 

15) a^' .SiS'-tetramethyl-U.l i '-d imethoxybiphenyl 0.60 

16) 2 ,2 ' .ó .ó ' - te tramethyl -U.^' -d imethoxybiphenyl 0.51 

17) S.S' .StS'-tetramethyl-U.U'-dimethoxybiphenyl 0.75 

18) г.б-аітегЬуІ-и.Ц^іііте^охуЪірЬепуІ 0.53
 a 

37) isopropoxybenzene 0.02 

30) S^'-dimethyl-^ii'-di-isopropoxybiphenyl 0.96
 a
' 

a) 

Determined from the energy of the charge-transfer transition 

U
C T
) . 

In Figa. 1-3 piota of log K-values against ΔΙ of the methoxy sub

stituted donors are given for several series of complexes (Data 

from tables II-IV). In Fig. k a plot of log K-values versus the 

energy v „ of the charge-transfer transition is given for the 

complexes presented in table V. When two charge-transfer bands 

were present (which are close in energy) the average value of 

v. and \>„ was taken. 

The two upper occupied M.O's of some methylbenzenes are nearly de

generate (see chapter IV). Therefore the stabilization energy of the com

plexes with these donors will depend on both the lowest and penul

timate ionisation potential of the donor. In that case the stabi

lization energy of the complexes vili be determined by an apparent 

ionisation potential which is a function of the lowest and penulti

mate ionisation potential of the donor. When two charge-transfer 

bands are present the apparent ionisation potential may be approxi

mated by taking the average value of \>. and v.. When the complexes 
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of donors whose two highest occupied M.O's are nearly degenerate, 

have only one charge-transfer band the observed value of ν із 
CT 

probably a good approximation of the apparent ionisation potential 

(see chapter IV). 

10 0 5 0.0 

Alp(eV) 

Fig. 1 - Plot of lok К for a series of TCIIE complexes against ΔΙ of 
the donors. Data fron table II. Circles are methoxy substi
tuted donors and triangles isopropoxy substituted donors. 

From inspection of Figs. 1-U it appears that the structurally diffe

rent acceptors TONE and TST behave quite similarly towards the series 

of donors derived from anisóle (1-11) as well aa towards the donors 

(12-18) from the dimethoxybiphenyl series (compare Fig. 1 with Fig. 2). 

For the four types of complexes (anisole-TCNE, anisole-TST, di-

nethoxybiphenyl-TCNE and dimethoxybiphenyl-TST) deviations from a 

linear log Κ-ΔΙ- relation are observed when the methoxy group is en

closed by two substituents (8,11,17) or is flanked at one side by two 

vicinal methyl groups (5). 
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Fig. 2 - Plot of log К for a ser ies of T5T complexes against ΔΙ of 
the donors. Data from table I I I . 

I I I I L· 
05 00 

ДІр|е ) 

Fig. 3 - Plot of log К for a series of chloranil complexes against 
ΔΙρ of the donors. Data from table IV. Points for which the 
straight line is calculated are indicated by a triangle. 
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v
[T
 « IQ-'cm-

1 

Fig. h - Plot of log !C for α series of TCNE conplexes against the 
energy M of the charge-transfer transition. Data from 

table V. 
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Gradients, correlation coefficients and points neglected or included for the calculations of the 

various lines in Ì'ÌRS. I-U 

Figure 

I l i n e 

I l i n e 

I I l i n e 

I I l i n e 

I I I 

IV l i n e 

IV l i n e 

1 

2 

1 

2 

1 

2 

Donors 

1-11, 

12-18, 

1-11 

13-17 

1-17 

19-30 

зі-зб 

37 

38 

Acceptor 

Term 

TCNE 

TST 

ТЙТ 

CA 

ТСІІЪ' 

тс:іЕ 

C o r r e l a t i o n 
c o e f f i c i e n t 

O.960 

О.988 
О.936 
0.971* 

0.97І4 

0.901( 

O.091 

О.958 

Gradient 
( l o g ¡C/eV) 

1.8 

1.0 
1.35 
1.25 

0.1*1 

0.85 

і . з з а ) 

0 . 5 3 b ) 

P o i n t s n e g l e c t e d (n) 
or i n c l u d e d ( i ) 

n . 

n . 
n . 
n . 

n . 

i . 

n. 

n . 

5,3,11,37 

17,33 
5.0,11 
5,8,10,11 

17 

1,2,1.,6,1U 

29,30 

35,36 

a) 

Calculated with the relationship between ν eind ΔΙ of the methylbenzene-TCÍIE complexes 

(chapter IV). 

Ъ) . . 

Calculated with the assumption that the ν values are similarly related to the ΔΤ of the 

donors as the nethylbenzenes (chapter IV). 
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If a Inrger alr.oxy croup is present (isopropoxy in 3T and 3T) devia

tions occur when only one -lethyl group is present (ЗЗ). If such 

сочріехез are left out of consideration, one obtains rather hich 

correlation coefficients for the straight lines in Figs. 1 and 2 

(see table VII) . 

The reason of the deviations observed for 5,3,11,17,38 is 

puzzling· At one tine log K-values are higher (3,11,17 in Fis· 2, 

3 and 30 in Fig. 1) at another tine log ¡'-values are sialler (5 

and 11 in Fig. 1, 5 in Fig. 2) than expected on account of the 

linear relation. In one case deviation is siali (17 in Fig. 1). 

Apparently crowding of substituents in the donor causes changes 

in coulomb, resonance and no-bond interactions. Clearly these 

changes vary for different acceptors and even for different donors 

with a conraon acceptor. 

It is renarl.able that conplexes with planar (12,1 M and non-

planar dinethoxybipnenyls (13,15,16,18) fit into the sane li

near relation, so that apparently no prinary steric effect is 

present; this applies both for tne TCIIE ard TST conplexes. The 

straight lines for the dinethoxybinhenyls (lines 2 in Figs. 1 and 

2) do not coincide with those of the corresponding anisóles (lines 

1 in Figs. 1 and 2). In addition the latter lines nave a larper 

gradient. Therefore structures of the anisóle and dinethoxybi-

phenyl corplexes differ in such a way that in tne anisóle com

plexes nore charge is transferred although ΔΙ^- аіиез are smaller. 

This suggests that the centres of the acceptor molecules are not 

directly above the centre of the benzene ring of the diacthoxy-

bipnenyl (the co-axial confornation), but are displaced towards 

the p-methoxy substituent. This displacement would prevent a pri

nary steric effect in the conplexes of the non-planar donors. 

The rather large deviation of 10 in Fig. 1 is less clear. Possi
bly the sane factor is involved as in the chloranil conplexes 
with donors posessing a nethyl group neta with respect to the 
OCK group (vide infra). Donor 10 posesses 2 meta methyl groups. 
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The chloranil complexes show a more complicated behaviour. 

Even for the simple anisóles (anisóle and the three isomeric 

methyl anisóles) no clear linear relation between log К and 

ΔΙ
ρ
 is found. 

In chapter III complexes with trinitrobenzene and fluoranil 

are discussed. The complexes of fluoranil (an acceptor very 

similar to chloranil) have relatively large values of К when the 

donor posesses a meta-methyl group. In the chloranil complexes 

this effect operates to a larger extent. When all donors with 

a 3-methyl group are left out of consideration and also 8 and 

11, the remaining donors (1,2,1*,6) give a linear relation between 

log К and ΔΙ- with a rather high correlation coefficient. 

Again the reasons for this effect are puzzling. Because this 

behaviour is not found for all acceptors, different contribu

tions of no-bond interactions have to be considered responsible 

rather than changed charge-transfer interactions. Because the 

anilles are very polar molecules, the electrostatic factor in 

the no-bond state has a considerable influence on the stabili

zation of the ground-state of the complex. 

For that reason it is rather surprising that the only donor 

(lU) of the dimethoxybiphenyl type which has no meta-methyl croup 

or which should not be excluded because of above-mentioned reasons, 

lies on the straight line found for 1,2,1*
 an(
i 6. 

Therefore, unlike TC'IE and TST complexes, chloranil complexes of the ani

sóles 1,2,U and 6 and dimethoxybiphenyl 1!» have similar structures. 

In Fig. 1* (TC.'IE complexes with methylbenzenes and methylbi-

phenyls) approximately the same pattern is observed as for the 

complexes with the corresponding methoxy derivatives (Fig. 1). 

In the large series of methylbenzenes only penta- and hexamethyl-

benzene (29 and 30) deviate clearly from the linear log Κ/ΔΙρ re

lation. Partly these deviations might be caused by a larger de

gree of charge-transfer (larger b) owing to the low ionisation poten

tials of these donors (see also ref. 32). Again the TCNE-methyl-
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benzene complexes have a structure different fron that of the methyl-

biphenyls, for log K-values of both types of complexes lie on a 

straight line with a clearly different gradient. 

So it seens that also in case of the TCIIE-nethylbiphenyl con-

plexes the acceptor is displaced from the co-axial conformation. It 

is not very clear whether the acceptor is dislocated towards the para-

position (as was suegested for the dimethoxybiphenyl complexes) or 

towards the centre of the biphenyl system. The fact that in this 

series the strongly hindered derivatives 35 and 36 deviate consi

derably suggests the latter possibility. On the other hand this 

arrangement can hardly explain the smaller amount of charge trans

ferred (smaller gradient) and the smaller K-values (see also 2.Ί.3)· 

Finally, a comparison is made between the various gradients in 

Figs. 1-1* (see table VII) and in similar plots for trinitrobenzene and 

fluoranil complexes in chapter III. 

According to equation (12) and (17) the slope of the plots of 

log К versus ΔΙρ is determined by the resonance interaction between 

(HOMO) and (LEMO). and hence by the extent of overlap between the 

two H.O's. 

Two cases nay be considered 

1 The same acceptor with different series of donors. 

2 The same series of donors with different acceptors. 

Сазе 1 

The TC.'IE and TCT complexes of the biphenyls have a smaller slope 

than the complexes of the corresponding "half" molecules (methyl-

benzenes and anisóles). As stated above the overlap between (HOIÎ0) 

and (LEÏ10) must be smaller in the complexes of the biphenyls than 

in the complexes of their "half" molecules. 

The slope observed for the TCMZ-anisole complexes is larger 

than that for the TCIIE-methylbenzene complexes (1.88 and 1.33 res

pectively). The trinitrobenzene complexes show the same behaviour: 

the gradient for the anisóle series is 0.85i whereas that for the 

methylbenzene series is 0.71* (see chapter III). 
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As has been pointed out in 2.U.1.2 the value of Ъ will also be 

determined by the difference in energy between (HOMO) and (LEMO).. 

The Ip-values of the anisóles range from 8.22 to Τ·79 (average !_ 

7.93 eV). The average Ip in the methylbenzene series is 8.U6 eV 

(29 and 30 are neglected). See chapter IV for the AI
D
-values of the 

31 ) 
methylbenzenes (the photo-ionisation potential of benzene is 

9.2k eV). With the same acceptor (TONE or trinitrobenzene) the diffe

rence between the energy of (LEMO). and the average energy of (HOMO)-

in the series of donors will be smaller for the anisóles than for the 

methylbenzenes. Therefore the anisóle complexes have a larger value 

of b and hence a larger gradient in the log Κ-ΔΙ plot. 

Case 2 

According to the same arguments as above it is to be expected 

that the value of b increases with increasing electron affinity of 

the acceptor. In table VIII the values of the slope obtained from 

the plots of log К against ΔΙρ of the anisóles are compared with the 

electron affinities of the acceptors. 

Table VIII 

Comparison between the slopes of the log Κ-ΔΙ_ plots for the anisóles 

and the electron affinities of the acceptors. 

Acceptor Gradient (loeK'eV) Electron affinity (eV) 

1.8 

1.37 

1.2І» 

0.97 

0.7 

TCNE 

CA 

FA
a
> 

TST 

TUB
 ъ ) 

a) Fluoranil 

c) See chapter III 

I.80 

0.85 

0.89
 C ) 

1.35 

0.85
 C ) 

b) trinitrobenzene 

d) see chapter IV. 
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From table VIII it appears that the gradient of the TNB and TST 

complexes is larger than would be expected on the basis of their 

electron affinities. In these acceptors (LEMO). is decenerate so 

that (HOMO) interacts with two levels of the acceptor which re

sults in an increase in b relative to a non-degenerate (LEMO), 

with the same energy· 

For the ТСГГЕ, CA and FA complexes and also for the TTIB and TST 

complexes in relation to one another, the expected order is indeed 

observed. 

2.U.2 Transition noments and oscillator strengths 

According to Ilulliken's charge-transfer theory the ground-

state of a complex is described by 

VJJ = a Ψ
0
+ ы,] (19) 

in which ψ. and ψ. are wave functions of the no-bond and charge-

transfer state respectively. The corresnor.dinß wave function of the 

excited-state is then, 

</_, = a Ψ
1
 - b ψ

0
 (20) 

* * 
with a % a and b % b. 

Using these wave functions and startinc with the expression 

μ = -e ƒ ψ Σ г. φ„ dT (21) 
л • 1 Ν 

.th 
in which r. is the vector distance of the ι electron from any eon-

1
 6) 

venient origin, Mulliken found that dipole moment of the charge-

transfer transition (Upm) is determined by 

U
C T
 - a* b ^ - p

0
) + (aa*- ЬЪ*)3(м

1
 - u

0
) (22) 
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μ. and μ- are the dipole moment of the charge-transfer and no-bond 

state, respectively, and S is the overlap integral between ψ
η
 and 

ψ.. For loose complexes the expression may be further simplified, 

because S is small in such cases. Then, 

U
C T "

 a
*

b ( u
i - ̂

 ( 2 3 ) 

or even, since a is approximately equal to unity 

b (
W l
 - μ

0
) (21*) 

Equation (2k) may be used to get some insight into the interaction (b) 

between ψ. and ψ. or which is the same, the magnitude of charge-trans

fer ( b
2
) . 

To this aim u.^,, u. and μ. have to be known· For a separation of 
о Я?) 

З Л A between donor and acceptor, μ. is about 12 D . The value of 

μ„ will be different from zero, even if the components in the complex 

have both zero dipole moments, because of polarization interactions 

32) 

in the no-bond state . However, in the series of complexes inves

tigated μ
0
-νβ1υβ3 will be rather constant within each group with 

similar donors. 

μρ_ can be evaluated from the oscillator strength (f) of 

charge-transfer bands, by the relation, 

f = U.70U.10"
7
 v

m > i v
 μ

2
 . (25) 

max 

The experimental determination is possible with, 

f = k.318. Ю
- 9 ƒ с dv (26) 

in which the integral can be estimated by taking the product 
ε (v.-v, ) , because the absorption curve of charge-transfer bands 

max η χ 
is approximately a Gaussian curve, 
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f = ^ 3 2 · 1 0 " 9 Ешах( * {27) 

In t h i s r e l a t i o n ε i s the molar absorpt iv i ty at the maximum max * * 

of the charge-transfer band, \>. and ν are wave numbers at the high 

and low frequency s ide of the band r e s p e c t i v e l y , at points where 

ε = J ε 
max 

Unfortunately in some cases determination of both v. and v, 
h ι 

is not possible, v. may be obscured by overlap of the charge-transfer 
h 

band with absorptions of the free components; determination of v.. 

may sometimes be difficult for a second charge-transfer band, if 

this band is not completely separated from the first band. In such 

cases however v.-v. can be approximately evaluated, if only one of 

33) 
them and ^ can be determined, by use of the empirical rela
tion 

V —V 
h 1

 = 2.1» . (28) 

The quotient differs from 2, because charge-transfer bands are in 

general not symmetric; the intensity drops faster at the low fre

quency side. 

In literature several examples can be found, in which the inten

sity of charge-transfer bands decreases with increasing strength of 

interaction . In such cases equation (2lt) seems to be non-valid. 

The apparent contradiction has led to a considerable amount of dis-
Ц 3l*_36) 

cussion ' and many causes have been suggested to explain the 

deviations, e.g. contact charge-transfer intensity borrowing 

from locally excited states of the donor , difficulties in the se

paration of the two factors К and ε in the product Κε, and the pre

sence of termolecular complexes. For that reason an analysis of f 

and y-values can only be very tentative. 

In table IX estimates of f
 1
, f_, P/jm ι and Р

С
Ф_2

 h a v e b e e n 

given for complexes of anisóles and dimethoxybiphenyls. In table X 
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similar data are collected for complexes of methylated benzenes and 

biphenyle. It is clear that the accuracy is not very large, because 

of rather large errors in с and the approximations used in the 

max 

determination of the area of the absorption band. This is parti

cularly true for f_ and μ .. For complexes of some donors (5,8, 

10,11) only the total oscillator strengths could be determined be

cause of strong overlap of the two bands or the appearance of only 

one band. Also for the complexes of the methylbenzenes total oscilla

tor strengths are tabulated. 

The values of μ.^ . of the complexes between all three acceptors 

and the anisóles are approximately constant in the series· Hence 

according to (2І*) the value of b is nearly constant, as is also 

found from the linearity of the log Κ-ΔΙ plots (2.U.1.3), 

It is to be expected that the values of μ _ . in series of 

complexes with different acceptors are correlated with the values 

of the gradient presented in table VII. This is indeed observed 

for the anisóle complexes: the μ values of the TCNE complexes 

are somewhat larger than those of the TST complexes, whereas the 

μ__ .-values of the chloranil complexes are smaller. 

For a comparison between the μ _ .-values of the anisóles and 

dimethoxybiphenyls it is important to notice that the anisóles 

have a relatively large dipole moment, whereas that of the dimethoxy

biphenyls is considerably smaller. In the excited-state of the complex 

the dipole moment of the anisóle moiety will be smaller than that in 

the ground-state. The difference in dipole moment of the donor moiety 

in the ground-state and the excited-state of the complex will be 

larger for the anisóles than for the dimethoxybiphenyls. Therefore 

μ
1
-μ

0
 will be smaller for the anisóles than for the dimethoxybi

phenyls. Therefore the μ
Γ Τ
 .-values of the TCHE and TST complexes 

of the dimethoxybiphenyls are about equal to those of the anisóles, 

although the value of b for the former complexes is smaller (2.U.1.3). 

It is remarkable that the μ „.-values of the non-hindered di
methoxybiphenyls (12,11») are approximately equal to those of U p m ^ 

whereas 

M
CT-1' 

whereas the μ „-values of the anisóles are smaller than those of 



Table IX 

Values of oscillator strengths f. and fp and transition moments y _ and u „ in Debye units for the 

complexes of TCIIE, TST and CA with anisóles and dimethoxybiphenyls. 

1) Anisóle 

2) 2-methylanisole 

3) 3-methylanieole 

1») U-methylanisole 

5) 2,3-diraethyl-
anisole 

6) 2,U-dimethyl-
anisole 

7) 2,5-dimethyl-
anisole 

8) 2,6-dimethyl-
anisole 

9) 3,U-dimethyl-
anisole 

10) 3,5-dimethyl-
anisole 

11) 2,l»,6-trimethyl-
anisole 

12) U.U'-dimethoxy-
biphenyl 

f^io2 

2.8 

k.6 
3.9 

3.0 

k.o*) 

3.5 

U.O 

U . 8 a ) 

3.1* 

5 . 0 ^ 

5 .r a ) 

2.Ц 

TCNE complexes 

f2*i02
 -OTU, 

2.1» 

3.6 

2.8 

2.1» 

2.7 

2.9 

2.5 

3.1» 

in D 

1.7 

2.3 

2.1 

1.9 

2.1 

2.1 

2.2 

2.1 

2.0 

2.3 

2.1» 

1.9 

и
СТ-2 

in D 

1.1» 

1.8 

1.5 

1.1» 

1.5 

1.6 

1.5 

1.7 

TST complexes 

f^io
2 

lt.1 

3.7 

U.O 

3.6 

ii.o
a) 

3.5 

3.7 

6.2
a
) 

3.7 

8.9
a) 

7.0 

U
CT-1 

in D 

1.9 

1.8 

1.9 

1.8 

3.1 

1.9 

1.9 

2.2 

1.9 

2.8 

2.1» 

CA complexes 

V
1 0

* "CT-I 

in D 

2.0 1.1» 

2.1 1.5 

1.9 i.i» 

2.1 1.5 

l*.0
a)
 2.0 

2.3 1.6 

2.2 1.5 

2.9
a)
 1.6 

2.1 1.5 

3.6
a)
 1.8 

3.5
a)
 1.9 



TCNE complexes 

W
CT-1 "С 
in D in D 

f^lO
2
 f

2
«10

2
 „ ^ y

C T
_

2 

13) a.a'-dimethyl-
-U.lt'-dimethoxy- 2.9 1.9 
biphenyl 

I
1
») S.S'-dimethyl-

-U.U'-dimethoxy- 3.2 6.1 2.2 2.1» 

biphenyl 

15) a^'.S.S'-tetramethyl-

-l^.U'-dimethoxy- 2.9 1.8 2.0 1.3 

biphenyl 

16) 2,2*.é.é'-tetramethyl-
-¡».U'-dimethoxy- 2.3 1.7 
biphenyl 

17) a.S'.S.S'-tetramethyl-
-U.U'-dimethoxy- 2.9 1.7 
biphenyl 

18) 2,6-dimethyl-
-U,U'-dimethoxy- 2.8 1.9 
biphenyl 

37) isopropoxybenzene 2.9 2.6 1.8 I.U 

38) S.S'-dimethyl-
-U.U'-di-ieopropoxy- 3.1 5.0 2.2 2.1 
biphenyl 

Total oscillator strength. 



Table Χ 

Values of oacillator strengths f and f„ and transition monents и 

Donor 

1 

f »10 

ГТ-1 
and υ 

CT-2 
in Debye units for 

19) Benzene 

20) Taluene 

21) o-xylene 

22) m-xylene 

23) ρ-xylene 

21*) mesitylene 

25) 1,2,U-trimethyl-
benzene 

26) 1,2,3-trimethyl-
benzene 

27) 1,2,U,5-tetramethyl-

benzene 

28) 1,2,3,5-tetramethyl-

benzene 

29) Pentamethylbenzene 

30) Hexamethylbenzene 

31) Biphenyl 

32) S.S'-dimethyl-
biphenyl 

33) U.lt'-dimethyl-
biphenyl 

6.h' 

6.2' 

7.0' 

7.2' 

б.і' 

8.1' 

6.7' 

6.о' 

б.з' 

7.1* 

8.7' 

10.2' 

2.2 

2.1» 

2.5 

a) 

a) 

,*> 

,a) 

a) 

a) 

a) 

a) 

a) 

donor-TC IE complexes. 

,2 
f

?
x10-

1·.5 

3.5 

3.0 

^ у е " "Debye 

2.3 

2.3 

2.6 

2.6 

2.1» 

2.9 

2.6 

2.1* 

2.6 

2.7 

3.1 

3.1* 

1.5 

1.6 

1.8 

c s in 

lebye 

1.9 

1.8 

1.6 



Donor 
2 

f.xlO 

3U) 

35) 

36) 

2,2' -'dimethyl-
biphenyl 

-hexamethyl-
biphenyl 

2,2',6,6*-
-tetramethyl-
biphenyl 

3.9
a) 

3 . 5

a ) 

3.
5

a ) 

a) 
Total oscillator strength. 

μ
ατ-ι

 i n μ
ατ-2

 i n 

Debye Debye 

1.9 

1.9 

1.9 
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Also the values of ν„τ_2 of the hiphenyls 31, 32 and 33 (table X) 

are approximately equal to those of μ .. This suggests that the 

conformation responsible for the appearance of the second charge-

transfer band has more importance in the complexes of TCNE with 

the non-hindered biphenyls than in the complexes with the "half" 

molecules (see also 2.1».3). 

2.U.3 Conclusions concerning the structure of the complexes 

Before discussing in chapter III the results of n.m.r. measure

ments and the conclusions from these about the structure of the 

complexes we will review the provisional conclusions about the 

structures of the complexes based on optical measurements. 
37) 

According to Mulliken's overlap and orientation principle 

donor and acceptor molecules in a complex tend to a complex-confi

guration in which the overlap between (HOMO) and (LEMO). is maxi

mal. 

For the complexes with two charge-transfer bands a similar 

principle applies for the second highest filled M.O. of the donor 

(S HOMO) and (LEMO),. In general the latter configurations origi

nate from the former by rotation of the acceptor on an axis per

pendicular to the plane of the acceptor molecule. Therefore the 

discussion will be limited mainly to the overlap between (HOMO) 

and (LEMO)
A
. 

In Fig. 5 the symmetries of (LEMO). are depicted both for 

TONE and chloranil (b„ symmetry). The (LEMO). of TST is degene-
2g A 

rate (e" symmetry). In Figs. 6 and 7 the symmetries of (HOMO) 

of the different types of donor are given (anisóle, dimethoxy-

biphenyl in Fig. 6, benzene and biphenyl in Fig. 7). For the sake 

of completeness the symmetries of (SHOMO) of these donors are 

drawn in Fig. Θ. 

From these figures it is apparent that a maximum overlap be

tween chloranil and anisóle occurs for a co-axial conformation 

(the coincidence of the nodal plane of (LEMO). with nodal plane 

1). A co-axial arrangement is also expected for the anisóle com-
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Ν- ι Ν+ 
\ ! / 
C+ ' С-

ж 
Ν- Ν + 

Cl i Cl 

Fig. 5 - Symmetries of (LEMO)
A
 of TCNE and chloranil. 

Fig. 6 - Symmetries of (HOMO) of anisóle and U,U,-dimethoxybiphenyl. 
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+ -

F i g . 7 - Syranetries of (HOMO)ri of benzene and b i p h e n y l · Not ice t h a t 
(HOMO)D of benzene i s d e g e n e r a t e . 

0 0° 

+ + + 

— 0 ' 

F i g . 8 - S y m é t r i e s of (SIIOMO)р of a n i s ó l e , b ipheny l and l*,!*'-
d ine thoxyb ipheny l . 
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ріехез with other acceptors (TCNE, TST) and for the methyTbenzene-

TCIJE complexes. Because donor 3T (with an іворгороху group instead 

of a methoxy group) does not have a primary steric effect on com-

plexation with TCNE, an arrangement in which the nodal plane of 

(LEMO) coincides with nodal plane 2 in the anisóle can be ex

cluded. 

In the solid state a vertical distance of 3.3 A between the 

parallel planes of donor and acceptor molecules has been found * . 

Also in solution the planes will be parallel (maximal overlap and 

van der Waals interactions) with a similar interplanar distance. 

In 2.І4.1.3 we have argued that the TCHE-diraethoxybiphenyl com

plexes have a structure different from that of the TCNE-anisole 

complexes. From Fig. 6 it appears at first sight that there are two 

possibilities left: coincidence of the nodal plane of (LEMO)
m
„_ 

TCNE 

with nodal plane 2 or 3 of (HOMO) . The latter configuration is 

very unlikely, because the complexes of the non-planar donors 

(13,15,16,18) have no primary steric effect, which would be very 

large for this conformation. The former possibility may probably 

also be excluded because donor 38 does not show a primary steric 

effect i.e. a deviation from line 2 in Fig. 1 to smaller log K-

values. 

On account of these considerations an arrangement in which the 
nodal plane of (ІЛИО)-.,-, is situated between the nodal planes 1 

TCN£ 

and 2 of (HOMO) of dimethoxybiphenyl seems the most probable ex

planation of the optical data. The centre of the TCNE molecule 

will be lying more to the side of nodal plane 1 to retain a cer

tain amount of overlap between (LEMO) „ and (HOMO)». In agree

ment with this structure is the lower value of b in comparison 

with corresponding anisole-complexes. 

The biphenyl donors without methoxy groups have besides the 

nodal planes through the aromatic rings only a nodal plane through 

the central C-C bond. 

In 2.1».1.3 we remarked that a structure could be possible in 

which the acceptor is displaced towards the central C-C bond. 
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However this structure cannot explain the low values of Ъ and K. 

Therefore it seems probable that also these biphenyl complexes, 

whose structure is certainly different from that of the benzene 

complexes (Fig. h), have a structure in which the acceptor is 

somewhat displaced towards the para-position. 

Depending on the extent of this displacement from the co-axial 

conformation the resulting structure can still experience a pri

mary steric effect due to interference of the acceptor with the 

methyl groups of the non-complexed ring and the non-complexed ring 

itself. This will occur when steric hindrance is severe as in 35 

and 36, for whose TCNE complexes large steric effects are observed 

due to a still further dislocation of the acceptor towards the 

para-position. In the TCHE complex of l6 the acceptor is probably 

also further dislocated towards the para-position. In the resulting 

structure the TCNE molecule interacts primarily with the 3th and 5 

positions of the dimethoxy-biphenyl. However, due to the presence 

of a U-methoxy group there may be a strong local interaction of 

the acceptor with the methoxy group. Moreover there is a relatively 

high electron density at the 3 and 5 positions due to the meso-

meric effect of the methoxy group. Both effects enhance charge-

transfer and possibly no-bond interactions in the complex with donor 

16 relative to those interactions in the complexes with 35 and 36. 

This may partly explain the absence of a primary steric effect in 

16 (see also chapter III). 

We stated earlier in this paragraph that structures in which 

the nodal planes of (LEMO). coincide with the nodal plane of 

(SHOMO) may be obtained from structures discussed above by ro

tation of the acceptor on an axis perpendicular to the plane of 

the acceptor molecule. Clearly the rotamer of structure 1 (Figs. 

5 and 6) provides the best overlap between (SHOMO) and (LEMO) . 

For the biphenyl complexes we proposed a structure in which 

the acceptor molecule is somewhat displaced from structure 1 

towards the para-position. Therefore a relatively high intensi

ty of the second charge-transfer band is expected from the 
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proposed structure. This is indeed observed (table IX and X). For 

structures 2 and 3 much lower intensities of the second charge-

transfer band are expected compared with that of the first 

charge-transfer band. So also these observations support the 

proposed structures of the biphenyl complexes. 

In 2.'t. 1.3 we found that TST complexes behave quite similarly 

as the TCKE complexes. Therefore conclusions concerning the pro

bable structures of TCNE complexes may be extended to TST com

plexes . 

One might ask why the structures of the TCNE-benzene or ani-

sole complexes should change on substitution of a phenyl group in 

the donor moiety. 

The ethylenic carbon atoms of TCIÎE have a rather large positive 

charge, whereas the nitrogen atoms have a large electron density. 

In a co-axial conformation of TCNE with benzene or anisóle the ne

gatively charged nitrogen atoms of TCNE are always (even on rota

tion of the acceptor) outside the periphery of the benzene ring 

at some distance from the π-electron cloud. If a structure like 

1 in Fig. 6 or 7 would exist in the biphenyl-TCNE complex even 

slight rotation or libration of the acceptor would cause touching 

of nitrogen atoms with the ιτ-electron cloud of the ring that is 

not complexed. The displacement of the acceptor molecule in the 

biphenyl complexes towards the para-position, aa found from our 

data, may be an effect to offset this unfavourable interaction. 

Of course the extent of the dislocation is a compromise be

tween the loss of charge-transfer interaction and the gain in 

stabilization energy by diminished unfavourable electrostatic 

interaction. In the conformation responsible for the appearance 

of the second charge-transfer band the TCNE molecule has more 

freedom to librate without causing the unfavourable electrosta

tic interaction (Figs. 5 and 8). This may explain the relatively 

large values of \ιΓφ ? of the biphenyl-TCNE complexes (see 2.ІІ.2). 
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С И А Ρ ? Ζ Η H I 

; ¡ U C L Í : I R : Í A G : : L T I C Р ^ З Э ' Ш С Е S T U D Y O F c H A R a E - T R A i ; s F E 3 

COMPLEX ГОЧ.ІЛТІО"! 

3.1 Introduction 

3·1.1 General 

It із veil established that, in certain cases, n.n.r. spectros-

1 2) 
copy can be used to study charge-transfer complexes ' . 

Generally the snift in position of the acceptor sicnnl is recorded 

in solutions in which the donor is in great excess. The acceptor sig

nal moves to higher field with conplexation· 

In the sinple case of a fast eqailibrium between a 1:1 complex 

AD and its conponents A (acceptor) and D (donor), the measured shift 

of a nucleus in A is a tine-averaged resultant of the chemical shift 

of tnis nucleus in the free and eonrlexed fonr.. 

5
 =

 P
A

 6
A

 + P
AD

 5
AD i'* 

* = neasured chenical shift of the nucleus. 

*
A
 = cherical shift of the nucleus in imcomplexed A. 

*дг)
=
 chemical shift of the nucleus in pure AD. 

Ρ and Ρ are the fractions of free and complexed A respectively. 

Since P. + Ρ = 1 equation (Э) can be written 

Ä = ? (6 _ 6 ) + δ (2) 

AD
V
 AD A' A

 Kd> 

Thus: 

Ρ = ! £ i _ = ML о, 

The work described in this chapter has been accepted for publication 

in the Journal of The Cheaical Society Perkin Transactions II. 
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2) 
Ilaking the definitions 6 - 6 = Δ and ä - 6 = Δ the equation 

(3) is reduced to: 

ΔΓ" ГАГ ( U ) 

When the donor is in great excess [ D] >> [ A] , the equilibrium con

stant for complex formation may be expressed as: 

„AD [AC] ,<-\ 

^ " I D M I A J -IADI)
 ( 5 ) 

О О 

Hence 

: AD] К ^ D] 

о 
; A 1

O " K^ID] +1 
О 

(6) 

From equations (U) and (6) the following relationship can be derived: 

This is an analogue of the Benesi-Hildebrand equation , used in the 

speetrophotometric investigation of charge-transfer complexes (see 

2.1.2). 

For a series of solutions in which [ D] >> [A] a plot of 1/Δ 

1
 0

 .
 0 

versus τ-~ι— should be linear. The intercept with the ordinate yields 
the value of Δ and fron the gradient the product Ιί Δ can be ob-

o о 
tained. 

Alternatively, equation (7) may be rearranged to equation (8). 

A- - • ^ + ^ (8 ) 
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For a series of solutions in which [ D] >> [A] a plot of rrn— 

о о 1 DI 

versus Δ should Ъе linear, with the gradient equal to -It . The value 

of Δ may be obtained from the intercept with the ordinate. 

3.1.2 Factors contributing to the shift of the acceptor-protons 

by complexation. 

Although the Δ -values must be related to the structure of charge-

transfer complexes, the nature of this relationship is undoubtedly 

rather complex. In fact, the origin of changes in the position of 

n.m.r. signals by complexation is, at this moment, not quite under-

stood * . The effect on Δ for protons due to charge-transfer in 

the ground-state will be very small. 

Η chemical shifts are probably changed by only 10 ppm for a one 
6?) 

electron charge on an adjacent carbon atom in a simple molecule · , 

and it is known that the degree of charge-transfer in the ground-

state of charge-transfer complexes is much smaller than one electron. 

In analogy to the contributions to the solvent shifts for solute 
Я Ì 

molecules the shift of the acceptor protons ir. pure complex ό 

relative to that of the pure acceptor in solution 6 may be ex

pressed as: 

«, - S.n = Δ = ÍC + SC + δ0
 (9) 

A AD о w e a 

-δ is the difference between contributions of dispersion interac

tions to the chemical shift of the acceptor in complex and the 

acceptor in solution. 

-4 is the difference between the contribution of an electric field 

e 

(the "reaction field" generated by a permanent dipole, e.g. the 

dipole of the complex) to the chemical shift of the acceptor in 
9) . 

complex and the acceptor m solution. Recently it has been pointed 

out that a considerable part of the stabilization energy and dipole 

moment of the complex may be due to polarization of the donor by 

local dipoles in the acceptor. 
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-6 arises from the anisotropy in the nolecular susceptibility of 
a 

the donor molecule in the complex. 

Λ conprehensive list of calculated shielding contributions based 

on the Johnson-Зо еу equations , for protons at various orienta

tions relative to a benzene ring yields the possibility for an es-

timation of 6 in complexes with aromatic donor molecules and varying 

conf omations '. 

With normal intemolecular distances for the complex trinitro-

benzene-benzene an upfield shift of approximately 0.1* ppm is calcu

lated (vide infra) for various positions of the components in the 

complex. For complexes of several methylated benzenes with trinitro-
2) 

benzene an approximately constant value of Δ (1.1 ppm) is observed · 

So a substantial part of the shift should arise from the contributions 
с с 
S and б . That ring-currents are important however, is apparent from 

the large value of Δ (1.7 рот) for the complex of trinitrobenzene 
0
 12) 

and a-raethylnaphtalene . 

If in a set of similar complexes in the same solvent dispersion 

interactions, polarization forces and charge-transfer interactions 

remain constant, then the contributions of S and 6
C
 to Δ remain 

e w о 

constant, and we may write: 

Δ = Δ. + Δ (10) 

o í a 

Here Δ. is the constant contribution of the above-mentioned interac
tions and Δ is the contribution to Δ of ring-current effects. 

а о 

3.1.3 Purpose of this investigation. 

In chapter II we described the results of optical measurements 

and the rather provisional conclusions concerning the "structure" 

of charge-transfer complexes obtained from these data. Because n.m.r. 

measurements yield not only values of К but also values of Δ , which 

can be related to the "structure" of the complex, it seems that a 

study of charge-transfer complexes with n.m.r. might provide more 
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information about the "structure" of the complexes. 

Based on the assumption that in a set of similar complexes the 

contribution of ό and 6
C
 to Δ remain constant (eq. 10), the follow-

e w о 

ing approximation was used in this study of charge-transfer com

plexes. In several series of complexes with simple substituted 

benzenes and comparable biphenyl donors, those biphenyl complexes 

were selected by analysis of equilibrium constants, in which the 

presence of an extra aromatic ring does not vary the structure of 

the complex. In those cases differences in Δ found for biphenyls 

and comparable "half" molecules may be wholly ascribed to the ring-

current influence of the added ring, and can be compared with values 

calculated for various model structures. 

Our investigations concern complexes with 1,3,5-trinitrobenzene 

(TIIB), picric acid (2,U,6-trinitrophenol) or fluoranil (FA) as 

acceptors. As donor molecules were used methylated benzenes, bi

phenyl or methyl substituted biphenyls and corresponding methoxy 

derivatives anisóle, methylated anisóles or methyl substituted 

l*,V-dimethoxybiphenyls. In addition some related isopropoxy 

substituted donors were measured. 

3.2 Experimental Part. 

The synthesis and purification of donors and acceptors are des

cribed in chapter VI. 

All n.m.r. spectra were measured at 20 with a Variar HA 100 

spectrometer. Η n.m.r. spectra were measured at 100 MHz with 5% 

TMS as internal reference. For donor concentrations varying from 

5 χ 10™ to 1 molar the chemical shift difference between internal 

TtIS and cyclohexane was found to be constant , indicating that 

TMS does not associate with the donor. The estimated accuracy of 

19 
the line positions is 0.2 Hz. ? n.m.r. spectra were measured at 

9U.IO2 MHz. In this case a concentrated solution of fluoranil in 

dichloroethane was used as external reference. Changes in the line 

position of the acceptor were measured with the side-band techni

que. The estimated accuracy is 1 Hz. 
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All solutions were made up gravimetrically Ъу addition of in

creasing amounts of the donor to a solution of the acceptor in the 

n.m.r. tube, fitted with a ground stopper to minimize loss of 

wheight by evaporation. Before measurement the contents of the 

tube were thoroughly mixed with a whirlymixer preventing contact 

between the solution and the stopper. In some cases the donor was 

previously weighed into a series of n.m.r. tubes and the acceptor 

solution was added later. 

Initial association constants (li ) and values of Δ were cal-
o 

culated from relation (8) as described in 3.1.1. For the estimation 

of 955? confidence limits of IC^ and Δ
0
 equation (7) was used. It 

was assumed that the error in T-JTI— is much smaller than that in 
0
 11») 

1/Δ and that the errors are independent · Several determina

tions were repeated. The values of K^ and Δ obtained from both 

determinations were nearly always within each other's 95% confi

dence limits. 
The concentrations (in mol/l) of the acceptors TUB, picric 

-3 -3 -3 

acid and FA were k χ 10 ,6 «10 and 6 χ 10 respectively. For 

strong complexes (ii > 5) the concentrations (in mol/l) of the 

donors were in the range 0.02-0.6. For the complexes with li < 5 

the concentrations of the donors varied between 0.16 and 1.1». 

In all cases the data plotted according to equation 8 pro

vided straight lines, indicating the absence of termolecular 

complexes . Carbon tetrachloride, distilled before use, was 

used as solvent. U.V. and visible spectra were recorded with a 

Beekman DK2A spectrophotometer. 

3.3 Results. 

In tables I-V estimates of It and Δ with their 95% confidence 
г о 

limits and values of v
C T
 (the energy of the first charge-transfer 

band) are given. Values of ν have been included to show the rela

tion between ν__ (which should be a measure for the !„ of the donor) 

and the ¡t-values. The number of measuring points varied between 
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7 and 9· For the deteminations of the association constants 

(lij concentrations were expressed in moles per kg of solution. 

To obtain values of 1С on a raolefraction scale К should be 

г 

multiplied by 6.5. 
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^ 
Table I 

Values of K"~ in kg of solution per mole for donor trinitrobenzene 

complexes in carbon tetrachloride at 20 , together with the chemi

cal shift of the measured nucleus in solutions of the pure complex 

relative to the chemical shift in solution of the pure acceptor 

(Δ
0
). The energy of the charge-transfer transition \>

Γφ
 is given in 

ю-
1
» -1 

CT 

Donor K^/Kg Mol"
1 

Δ
0
/Η« 

1) Anisole 

2 ) 2-3iethylanisole 

3) 3-methylanÍ3ole 

1*) l*-methylanisole 

5) 2,3-dimethylanÍ3ole 

6) 2,l+-diinethylanisole 

7) 2,5-dimethylanisole 

θ) 2,6-dimethylanisole 

9) S.^-dimethylanisole 

10) 3,5-dimethylanisole 

11) г.^.б^гіте^уіапівоіе 

12) U.V-dimethoxy-

,.· u τ Ь) biphenyl 

13) a.S'-dimethyl-

-h,h'-dimethoxybiphenyl 
lU) 3,3*-diDethyl-

-1*, 1* ' -dinethoxybiphenyl 

15) 2,2',5,5'-tetranethyl-

-h,Ц'-dimethoxybiphenyl 

16) 2,2
,
,6,6

,
-tetramethyl-

-k,U'-dimethoxybiphenyl 

IT) S.S'.S.J'-tetramethyl-

-h,h'-dimethoxybiphenyl 

1.56 + 0.12 

1.99 + 0.1T 

2.01 + O.O9 

2.9k + 0.3
1
* 

2.1*2 + O.I5 

2.9lt + 0.18 

З.06 + 0.19 

2.5
1
* + 0.1T 

3.1*5 + 0.12 

З.17 + O.36 

3.20 + 0.18 

91 i 5 

101 + 6 

95 + 3 

82 + 6 

100 + U 

93 + 3 

91 + h 

8 1 + 2 

89 ; 2 

85 + 5 

80 + 2 

CT 
10" cm"

1 

2.80 

2.71 

2.70 

2.62 

2.6U 

2. ЗЬ 

2.58 

2.82 

2.56 

2.63
 a ) 

2.75 

2.32 

3.17 + 0.17 5 6 + 2 2.52 

9.32 + O.TO 111 + 1» 2.22 

2.11 + 0.37 6 5 + 5 2.U3 

2.30 + 0.23 U1 + 3 2.55 

ö.i*9 + 0.19 99 + 1 2.1*3 
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37) isopropoxybenzene 1.50 +0.17 DI + 5 2.78 

33) S.a'-dimethyl-U.U·- 8.70 + 0.90 110+5 2.19 

-di-isopropoxy-biphenyl 

a) 

Shoulder, value inaccurate 

Ъ) 

Too insoluble to measure 

http://-dimethyl-l4.lt'


63 

Table I I 

Values of "rC^ and Δ for t h e coTiplexes of p i c r i c ac id wi th some of 
г о r 

t h e donors of Table I , measured in CCI, a t 20 C. 

Donor Л Kg Mol Δ /Hz 
о 

1) 

2) 

3) 

5) 

3) 

9) 

Ю) 

и) 
13) 

li*) 

15) 

16) 

IT) 

toisole 

2 - n e t h y l a n i s o l e 

3-methylaniso le 

2 , 3 - d i a e t h y l a n i s o l e 

2 , 6 - d i n e t h y l a n i s o l e 

3 , l*-dinethylanis o le 

3 , 5 - d i n e t h y l a n i s o l e 

2, k, 6 - t r i r . e t h y l a n i s o l e 

a . S ' - d i n e t h y l -

-U,lt ' -d imethoxybiphenyl 

S . S ' - d i n e t h y l -

-U. l i ' -d inethoxybiphenyl 

2 , 2 , - 5 , 5 ' - t e t r a r a e t h y l -

-1< .U'-d inethoxybipheny l 

2 , 2 ' . e . f t ' - t e t r a n e t h y l -

-h,h'-dimethoxybiphenyl 

S . S ' . S . S ' - t e t r a n e t h y l -

-h,h'-dinethoxybiphenyl 

1.82 + 0.15 

2.03 + 0.18 

2.13 + 0.15 

3.13 + 0.15 

2.29 ; 0.15 

3.52 + 0.20 

k.Ok + 0.32 

3.19 + 0.11* 

2.1*9 + 0.11 

9. ,t8 + 0.78 

I.80 + 0.22 

2.37 + 0.22 

7.17 + 0.1*5 

8 8 + 3 

98 + I» 

89 + З 

95 i 3 

77 + 2 

89 + 2 

77 i 3 

72 + 1 

51* + 1 

1 0 2 + 1 * 

65 + 1* 

35 i 2 

97 + 3 



Values of Κ , Δ and v„
m
 for the complexes 

г ' о CT 

Donor K^/Kß ЧоГ 1 

19) Benzene 0.59 + 0.03 

20) toluene 0.95 + O.OU 

21) o-xylene 1.28 + 0.18 

22) m-xylene 1.36 + O.Ofi 

23) p-xylene 1.22 + O.08 

2h) mesitylene 1.72 + 0.18 

25) 1,2,U-trimethyl- 2.03 + 0.20 
benzene 

26) 1,2,3-trimethyl- 2.11 + 0.11 
benzene 

2T) 1,2,l*,5-tetra- 2.8U + 0.28 
methylbenzene 

28) 1,2,3,5-tetra- 3.27 + O.O6 
methylbenzene 

29) pentamethyl- 5.11 + 0.22 
benzene 

30) hexamethyl- 7.51 + 0.66 
benzene 

31) biphenyl 1.75 + 0.14 

32) 3,3'-dimethyl- 3.80 + 0.I8 
biphenyl 

33) l»,!»'-dimethyl- U.Ul + 0.23 
biphenyl 

Tnble m 
of trinitrobenzene with various donors, 

at 

Kf/<
E
 'ЮГ

1 

o.5ßa) 

o.80a) 

i.3Ua) 

1.26a) 

і.із
а) 

і.бо
а) 

l.o3
a) 

i . a 8 a ) 

2.7U
a) 

2.85
a) 

Η.07
α) 

б.90
а) 

1.7
 C ) 

3.U
C) 

4.1
 C ) 

20
O
C. 

I 
Δ /Hz 
0 

126 + 

111 + 

109 

101 

ioli 

97 

mu 

107 

102 

98 

104 

109 

130 

119 

117 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

u 

3 

8 

2 

3 

5 

6 

4 

5 

1 

2 

5 

5 

3 

3 

Δ
ο
/Ηζ 

І26
Ь
> 

120
Ъ) 

112
b) 

тЗ
ъ ) 

ii3
b) 

102
Ъ) 

102
Ъ) 

,08
b) 

i03
b) 

112
b) 

iio
b) 

108
b) 

, measured 

\т * 10
" 

3.5U 

3.27 

3.18 

3.18 

З.19 

3.00 

3.07 

3.oq 

2.Q4 

2.87 

2.67 

2.53 

3.02
d) 

2.74 

2.63 



3h) g.S'-dimethylbiphenyl 1.03 + 0.07 0.7 ^' 87 + •* 

35) г.г'.и.и'.б.б'-Ьеха- 0.37 + 0.02 < 0.2
 c )
 80 + h 

methylbiphenyl 

36) 2,2' ,6,6'-tetra-· 0.U3 + 0.02 < 0.2
 C
' 76 + h 

methylbiphenyl ~ 

Data from reference 16, converted to 20 С with published value_s of ΔΗ. 

Values of ΔΗ for isomers were taken equal. 

Calculated from data of reference 16 for 100 MHz. 

Calculated from data of reference 18, expressed in Kg Mol" at 20 C. 

Determined from a plot of the ionisation potentials of the methylbenzenes 

against ν
 T
 (see chapter IV). 

3.17 

2.91* 

3.12 
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ТаЪІе IV 

Values of iL and Δ for the complexes of picric acid with some of 
Γ 0

 о 

the donors of Table III, measured in ССІц at 20 C. 

Donor K^/Kg ΜοΓ 1 Δ0/Ηζ 

19) Benzene О.бЗ + O.OU 131 + 6 

22) m-xylene 1.29 + 0.12 112 + 1* 

23) p-xylene 1.20 + 0.09 119 + >* 

2!») mesitylene 1.86 + 0.15 101 + k 

25) 1,2,U-trimethyl- 1 . 6 8 + 0 . 1 2 1 1 3 + 3 
henzene 

27) I ^ . U . S - t e t r a - 2.68 + O.lU 106 + 3 
methylbe nzene 

30) hexamethyl- 6.31* + 0.27 101+2 

benzene 

31) biphenyl 1.9
1
* + 0.09 130 + 2 

32) 3,3'-dimethyl- 3.02 + 0.21 126 + h 
biphenyl 

33) l*,!»·-dimethyl- 3.88 + 0.38 122 + 6 

biphenyl 

3U) 2,2'-dimethyl- 0.97 +0.15 9 2 + 9 

biphenyl 

36) г.г'.б.б'^е^а- 0.37 + 0.06 88 + 6 

methylbiphenyl 
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ТаЪІе V 

Valuea of It , Δ (for F resonance) and ν„
φ
 for complexes formed 

Γ Ο ίΊ 

between fluoranil and some donors in carbon tetrachloride at 20 C. 

Donor 

1 ) Anisóle 

2) 2-methylanisole 

3) 3-methylanisole 

U) 4-methylanisole 

5) 2,3-dimethylanisole 

6) 2,U-dimethylanisole 

7) 2,5-dimethylanieole 

8) 2,6-dimethylanisole 

9) S.U-dimethylanisole 

10) 3,5-dimethylanisole 

11) 2,1», 6-trimethylani sole 

12) U.U'-dimethoxy- b ) 

biphenyl 

13) г.г1-dimethyl-
-k,h *-dimethoxy-
Ъiphenyl 

H O S.S'-dimethyl-
-'».U'-dimethoxy-
hiphenyl 

15) 2,2' ,5,5^-tetrtшethyl-
-k ,4*-äimethoxy-
biphenyl 

16) г.г'.б.б'^е^ате^у!-
-1», k ' -dimethoxy-
biphenyl 

17) S.S'.S.S'-tetramethyl-

Kf/Kg 

1.1*1 

2.21 

2.92 

3.19 

U.96 

3.75 

3.95 

1.79 

3.83 

U.62 

2.92 

3.13 

10.5 

1.91 

2.36 

6.39 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Mol"
1 

0.10 

0.15 

0.2І« 

0.37 

0.U6 

0.26 

0.33 

0.12 

0.32 

0.39 

0.50 

0.28 

3.0 

0.16 

0.2U 

0.U5 

Δ /Hz 
о 

277 

2U2 

337 

305 

300 

327 

330 

297 

352 

350 

316 

278 

195 

283 

323 

289 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

11 

8 

17 

25 

16 

15 

19 

15 

16 

20 

28 

IB 

1*0 

20 

26 

15 

-1» -
^ * 10 cm 

2.3І» 

2.21» 

2.23 

2.12 

a) 

I.98 

2.06 

2.53 

2.01 

a) 

2.37 

1.82 

2.12 

I.69 

1.9
1
* 

2.11* 

1.91 

• 1 

-1+, 1* ' -dimethoxy-
biphenyl 

a) 

The position of the lowest energy charge-transfer band could 

not be determined due to strong overlap with the high energy 

charge-transfer band. 

b) 

Too insoluble to measure. 
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З·*» Discusaion 

З·
1
*.! Association Constants 

3·1».1.1 Influence of the structure of the donor 

For the complexes of all three acceptors with the anisóles and 

benzenes, an increase in li with increasing methylation of the 

donor is observed. Methyl substitution lowers the ionisation poten

tial of a donor and hence increases its electron-donating abili-

ty 16·19>. 

The values of the association constant for the complexes of 

donor 8 are lower than those of its isomers; also 11 has rather low 

к -values. In addition the values of ν are relatively large for 

these complexes. In these donors the methoxy group if forced out of 
20-23) 

the plane of the benzene ring . The conjugation of the methoxy 

group with the benzene ring is reduced by this effect, so the ioni

sation potential is increased. In donor 5 the methoxy group may ex

perience a buttressing effect due to the ortho and meta-methyl 
21) 

groups . 

The values of ІГ^ of the complexes of the non-hindered biphenyl 

donors (lU,17,31,32,33,38) are three to four times as large as the 

К®-values of the corresponding "half" molecules (2,8,19,20,20 and 

37). 

These donors have a much lower ionisation potential due to a 

substantial increase in the ir-system. In addition there might be a 

statistical factor involved, because of the presence of two poten

tial donor sites in the biphenyl moiety * .In the present case 

however, the two phenyl rings are conjugated and in close proximity. 

Therefore the statistical factor will be close to unity (see 2.U.I.I). 

For the ortho-methyl substituted biphenyls (.'\3,'15,16,3^,35 and 

36) a coplanar conformation of the benzene rings is no longer possible. 

The conjugation between the two benzene rings is considerably re

duced. The ionisation potentials of these donors are higher and hence 

the association constants smaller. 

A possible second effect on the association constant in the 

hindered biphenyls is due to a restriction of a close approach of 
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donor and acceptor in the conformation moat suitable for charge-

transfer. This may be called the primary steric effect * . 

3.Ί.1.2 Relationship between the ionisation potentials of the 

donors and the association constants 

In 2.1». 1.2 we discussed the semi-empirical M.O. theory for 

charge-transfer complexes introduced by Flurry ' .In that 

paragraph the following relation was derived (eq. 11). 

RT In К % b" I
p
 + C

1
 (11) 

The value of b is determined by the resonance interaction between 

(HOMO)
D
 and (LEMO)

A
. We have shown in 2.4.1.2 that if the log K-

values of the complexes between a common acceptor and a series of 

similar donors vary linearly with the ionisation potentials of the 

donors, charge-transfer and no-bond interactions remain constant in 

the series. 

In Figs. 1 and 2 plots of log К values against ΔΙ of the 

methoxysubstituted donors are given for the complexes of TNB and 

FA (data from tables I and V). ΔΙ -values are the differences between 

the ionisation potential of anisóle and those of the methoxysubsti

tuted donors (see table VI, chapter II). In Fig. 3 a plot of log K-

values versus the energy ν of the charge-transfer transition is 

given for the complexes presented in table III. The reasons for 

plotting these values against \> _ and not against the ΔΙ -values 

(chapter IV) are discussed in 2.4.1.3. The straight lines drawn 

in the figures are calculated, neglecting the results of the non-

planar donors (8 and 11 in the anisóle- 13,15,16,17,34,35,36 in the 

biphenyl series) and of donor 5. 

Also the values of the isopropoxy substituted donors (ЗТіЗЭ) 

have been neglected. As can be seen from Fig. 1 however, the values 

of these donors fit very well into the linear log Κ-ΔΙρ relation. 
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log К 

10 

0.5 -

¡η î5 'N 

37T-S IN 
os 0.0 

ûlp(eV) 

Fig. 1 - Plot of log К for a series of trinitrobenzene complexes 
against the ΔΙ -values of the donors. Data from table I. 
For ΔΙ

ρ
-values see table VI, chapter II. 

The correlation coefficients in Figs. 1, 2 and 3 are О.989, 0.963 

and O.98I respectively. The slopes (in log K/eV) are О.85, О.89 and 

O.Tk respectively . For the significance of these slopes see 2.U.I.3. 

Because the linear relationships, found for most complexes with 

anisóles or methylated benzenes аз donors, also include complexes 

vith corresponding planar biphenyl derivatives, it seems justified 

to assume that charge-transfer and no-bond interactions in these bi

phenyl complexes are similar to those in the complexes with corres

ponding "half" molecules. 

For Fig. 3 this value was calculated with the relationship between 

4Ip s 

IV). 

ΔΙρ and ν of the methylbenzene-trinitrobenzene complexes (chapter 
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ДІр(е ) 

Fig. 2 - Plot of log К for a series of fluoraril cor.^lexes i-v-· 
the ΔΙρ-values of the donors. Data fгот table V. For

 1 

values see table VI, chapter II. 

In that case, the assumption that Δ. (eq. 10) does not vary by-

introduction of a phenyl residue in a donor will be correct. Chaneses 

in Δ will then only be due to differences in Δ , caused by the ani-
o * a' * 

sotropy of the additional phenyl group. 

It is clear that within a series of complexes with equal acceptor 

and only anisóles or methylated benzenes as donors also Δ ought to 

be rather constant as is found indeed. 
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log К 

10 

OS 

00 
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\.$3D 
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Ι. «ι-' v

c]
/cm"'»10 

Fig. 3 - Plot of log К for a aeries of trinitrobenzene complexes 
against the energy (v _) of the charge-transfer transi

tion. Data from table III. 

3.U.1.3 Deviations from the linear Ιοκ Κ-ΔΙ-, or log ^-^гт plots 

Next a short discussion may be devoted to those compounds which 

deviate from the linear relationships found in Figs. 1-3. 

For the hindered biphenyls '\3,15,l6 and ЗЧ35.36 the deviations 

can be ascribed to the primary steric effect. Surprisingly, the 

eteric requirements of trinitrobenzene are somevhat smaller than 

those of fluoranil; the deviations are smaller in Fig. 1 than in 

Fig. 2. According to expectation 35 and 36 deviate more than 3
1
* 

and 16 more than 13. However the deviation of 15 both with fluor

anil and trinitrobenzene is surprisingly large. 

The other deviations concern donors in which the methoxy group 
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із flanked by two methyl substituenta (8,11,17) or розеэзез two 

vicinal methyl groups (5). The reasons for the deviations observed 

for 5,8,11,17 are puzzling. At one time log K-values are higher 

(3 and 17 in Fig. 1, 5 in Fig. 2) at another time log K-values are 

smaller (5 in Fig. 1,8, 11 and 17 in Fig. 2) than expected on account 

of the linear relation. In one case the deviation is small (11 in 

Fig. 1). Apparently crowding of substituents in the donor causes 

changes in coulomb, resonance and no-bond interactions. Clearly 

the changes vary for different acceptors and even for different 

donors with a comnon acceptor (see also 2.!». 1.3). For complexes 

of such donors, the supposition that the contribution of Δ. to Δ 

(equation 10) is constant will not be fully justified. 

As has already been remarked in 2.U.1.3 fluoranil complexes 

with donors posessing a methyl group meta to the methoxy group 

have relatively large values of К (3,7 and especially 10 in fig. 

2). This effect is not as pronounced as with chloranil (2.4.1.3). 

Again the reasons for this effect are puzzling. This effect 

probably originates from different contributions of no-bond inter

actions to the stabilization of the complex (see 2.U.1.3). 

З.4.1.
1
* Comparison between the association constants of the picric 

acid and trinitrobenzene complexes 

Generally the trinitrobenzene complexes with methoxy substituted 

donors have smaller I^-values than those of picric acid (tables I 

and II) but with methylated donors (benzenes or biphenyls) the diffe

rence is mostly in opposite direction (tables III and IV). This may 

be explained by hydrogen bonding between the acidic proton of picric 

acid and the ethereal oxygen of the methoxy group. With donors 8,11 

and 17 this trend is not found. It is clear that the acidic proton 

cannot approach the methoxy group sufficiently. Also for the hindered 

biphenyl donors (13,15,16) this trend is not found. In this case 

apparently, hydrogen bonding is prevented by an unfavourable orienta

tion of donor and acceptor in the complex. 
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З.Ь.З Proton Δ -values 
— — ^ — о ^ ^ — — 

Because of reasons mentioned above (3·
1
··1·2) it is to be ex

pected that within a series of complexes with the same acceptor 

and similar donors, on almost constant value of Δ will be observed, 

as long as the variation in the donors causes no primary steric 

effect or accumulation of vicinal substituents in the donors. From 

Tables I-IV it appears that this expectation is justified. 

For the complexes of trinitrobenzene with the anisóles 1-11, ex

cluding 5, 8 and 11, an average value of Δ (Δ ) of 91 Hz is found. 

Corresponding results are observed for the other series: for picric 

acid complexes of anisóles Δ is 88 Hz (almost equal to the value 

of trinitrobenzene complexes), for trinitrobenzene and picric acid 

complexes of the methylated benzenes Δ is 106 and 112 Hz respec

tively. 

Because in these series Δ. and Δ remain constant no information 

ι a 

about the structure of the complexes can be obtained from these 

data. With the help of relevant tables values of Δ may be cal

culated for several models (Fig. k). The results show that, as long 

as a parallel orientation is maintained, Δ is rather insensitive to 

displacements of the acceptor relative to the donor. 

For the calculations a vertical distance between donor and accei>-
27 28) 

tor of 3.3 S is taken, as has been found in solid complexes · ; 

the C-Η bondlength is 1.09 8 and the radius of the benzene ring 

1.39 S · In II the displacement relative to I is 1.09 8 (a C-H 

bondlength) and in III 2.13 Λ . Apparently the influence of ring-

currents (Δ ) is less than half the total effect Δ . 

а о 

Because the complexes of the non-hindered biphenyl derivatives 

are similar to those of the corresponding "half" molecules, the in

crease in the Δ -values for the biphenyl complexes can be ascribed 

to an extra ring-current effect (Δ ) of the second ring. 

Δ = Δ. + Δ + Δ 
ο ι a a 

e
 (12) 
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I 

Да=0.38ррт 

ïïa 

Л а = 0 39ррт 

,N02 

Ib 

Δ , = 0 í>]ppm 

ОгМч 

02N 

average Δ а = 0 í.1 ppm 

XN02 N02 ОрГ 

<Ζ> <Σ> < 0 

N0, 

ШЬ 

Δ3=Οί.θ ppm 

Ο2Ν 

average Δ ] =0Λ2 ppm 

o2r 

N0, 

Fig. k - Various model structures for a trinitrobenzene-benzene 
complex. 
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ТаЪІе VI 

Conparison of the Δ -values of the biphenyl complexes of trinitro-

benzene and picric acid with the average values of Δ (Δ ) of 

their corresnondinG "half" nolecules. 

Acceptor trinitrobenzene 

av . av . 
Δ in Hz Δ in Hz Δ -Δ in Fz 
о о о о 

13) í^'-dir.ethyl- 56 
-h, h ' -di-.et noxy-
biphenyl 

I1*) 3,3'-dinethyl- 111 
-b.U'-dinethoxy 
biphenyl 

15) 2,2,,5,5'-tetranethyl- 65 
-k,h'-diraethoxy 
biphenyl 

16) 2,2'.é.ô'-tetranetnyl- U1 
-li.li'-dinethoxy 
biphenyl 

17) S.S'.S.S'-tetranethyl- 9? 
-h, 1» ' -dinethoxy 
biphenyl 

31 ) biphenyl 

32) S.S'-dimcthyl-
biphenyl f 122" 

33) U.U'-dimethyl-
biphenyl 

91 

91 

01 

91 

,b) 

106 

-35 

+20 

-26 

-50 

+ 18 

+ 16 

З
1
*) 2,2'-dimethyl 

biphenyl 

35) 2,2<,k,h',6,b'-
-hexamethyl-
biphenyl 

36) 2,2
,
,6,6

,
-tetranethyl-

biphenyl 

38) S.S'-dinethyl-
-U.lt'-di-isopropoxy-
biphenyl 

67 

80 

76 

110 

106 

106 

106 

91 

-19 

-26 

-30 

+19 
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13) a.a'-dimethyl-

-k,k·-dimethoxy-
biphenyl 

I
1
*) 3,3'-dimethyl-

-k, 1* ' -dimethoxy-
biphenyl 

Acceptor 

15) 2,2',5,5
,
-tetramethyl-

-h,h'-dimethoxy-
biphenyl 

picric 

Δ 
О 

54 

102 

65 

acid 

Δ
 & ν 

ο 

88 

88 

88 

Δ -Δ
 a v 

0 0 

-SU 

+ 11» 

-23 

16) 2,2'.ó.ò'-tetramethyl-
-1*, 1» ' -dinethoxy-
biphenyl 

17) S.S'.S.S'-tetramethyl-
-'»,U,-dimethoxy-
biphenyl 

31) biphenyl 

32) S^'-dimethyl-
biphenyl 

33) U.U'-dimethyl-
biphenyl 

31») г.г'-аатегЬу!-
biphenyl 

36) 2,2
,
,6,6

,
-tetra.'nethyl· 

biphenyl 

35 

97 

88 

77 
.b) 

-53 

20 

1 

_ 

126
a ) 

92 

88 

112 

112 

112 

11» 

-20 

-21» 

a) 

b) 

Average value of 311 32, 33. 

Δ of the corresponding 2,6-dimethylanieole complex. 
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In table VI a comparison is nade between the Δ -values of the 

various biphenvl complexes and the Û of the corresDonding "half" 
о 

nolecules. For the non-hindered biphenyl donors 1U, 31, 32, 33, 38 
Δ -Δ = Δ is 18 + 2 Hz in the trinitrobenzene series and 1U Hz 
о о a 

in the picric acid series. Fron calculations of Δ for three models 

(Fig. 5i fornulae IV, V and VI, corresponding with I, II and III, 

respectively) it appears that the experimental values of Δ agree 

quite well with the one calculated for IV (16 Hz, Table VII). 

0,N 

Жа 
NO, 

NO 2 

0,N 

О г« 

ЖЬ 

NO? 

схз о 
OjN 

¥а 
N0, 

N0; 

Ο,Ν 

Ο,Ν 

Tb 

N0, 

О ^ о 
Ο,Ν. 

Ο,Ν 

Ш 

N0, 

очз 
Fig. 5 - Various model structures for a trinitrobenzene-biphenyl 

complex. 
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ТаЪІе VII 

Calculated values of Δ in Hz at 100 MHz for various conformations 
a 

and angles of twist of the biphenyl donors. 

angle of twist 0° 20° 70° 90° 

Structure IVa 

Structure І Ъ 

Average Δ in IV 

Structure Va 

Structure Vb 

Average Δ in V 

Structure VI +1»2 

20 

12 

16 

+ 6 

+ 3 

+ h.5 

-13 

- 3 

- 5 

- 9 

- 1 

- 5 

-17 

- 7 

-12 

-11 

- 7 

- 9 

The deviations for V and VI are appreciable. For the calculations 

the sane parameters were used as above. The angle of twist of the 

non-hindered biphenyl is taken as 20 and the central C-C 

bondlength
 3 0

' as 1.US X. 

Because of the similarity between the complexes of the non-

hindered biphenyls and their corresponding "half" molecules it 

seems very probable that in both cases an aromatic ring of the 

donor and the aromatic ring of the acceptor have a co-axial con

formation, in agreement with Mulliken's principle of maximum over

lap and also expected on the basis of a van der Waals interaction 

scheme. 

On account of the discussion of K-values a completely analogous 

structure for the complexes of donor 17 (in which the method group 

is flanked by two methyl substituents) is not certain (3.Ό.3). 

However, a comparison with the complexes of 2,6-dimethyl-anisole 
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reveals a difference in Δ -values (19 + 1) similar to that of the 
о — 

complexes discussed above. Consequently, also in this case the 

structure nay probably be described by model IV, possibly with a 

preference for conformation IVa. 

In the complexes of the hindered biphenyls the structure is in

fluenced by a primary steric effect. So less straightforward con

clusions about the structure can be drawn. 

From inspection of Table VI it appears that Δ -values are sub

stantially smaller than Δ of the corresponding "half" molecules. 

The experimental values of |Δ -Δ | are much larger than is cal

culated for models IV and V, even if a much larger angle of twist 

(Τ0
ο
 or 90°) is taken

 29' (Table VII). 

Due to these large angles of twist in the biphenyl donors the 

acceptor position will be approximately the same as in V (possibly 

with a preference for Va). Such a change in conformation of the 

complex causes undoubtedly changes in Δ., which would also contri

bute to the relatively low Δ -values. 

Remarkably, the values of Δ of the hindered biphenyls decrease 

more if the donor possesses a U-methoxy group (compare 13 with З
1
*, 

and 16 with 35 and 36). On the contrary the primary steric effect 

is smaller for 13 and 16 (Figs. 1 and 3). 

In conformation V the acceptor interacts primarily with the З,
1
» 

and 5 positions of the biphenyl donor. When a methoxy group is sub

stituted in the U position, there may be a strong local interaction 

of the acceptor with the methoxy group. Moreover, there is a high 

electron density at the 3 and 5 positions due to the nesomeric effect 

of the methoxy group. Both effects enhance charge-transfer inter

actions in the complexes of the hindered methoxy substituted biphe

nyls. The local interaction of the acceptor with the methoxy group 

might result in an extra decrease in Δ. in addition to the decrease 

caused by the change in structure of the complex. 
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З.̂ .З Fluorine Δ -values 
— — ^ — ^ — о ^-"^"™ 

The Δ -values of the fluoranil complexes ( F resonance) are 
0
 -1 

about three times as large as the corresponding values ( H reso

nance) of trinitrobenzene or picric acid complexes. 

10 

F chemical shifts are, however, much more dependent on changes 

in charge density than proton shifts and rather insensitive to 

variations in ring-current effects (Δ. >> Δ ). Therefore differen

ces in Δ for various but similar complexes may be caused much more 

by relatively small differences in Δ. than in Δ and cannot give 

information about the structure of the complexes. 
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C H A P T E R IV 

RELATIONSHIPS BETHEEH THE EriERGIES OF CHAR3E-TRA4SFER TRANSITIONS AND 

THE lONISATIOIl POTENTIALS OF THE DONORS 

k.'\ I n t r o d u c t i o n 

U.I .1 General 

The property of charge-transfer complexes which is most readily, 

and certainly most frequently, measured is the energy of the lovest 

(in several cases also the second) intermolecular charge-transfer 

transition of the complex in solution. The relationship between this 

energy and the ionisation potential of the donor has been the source 

1-1») . . . . 

of much discussion . Generally a linear relation is obtained. In 

fact, this linearity has been used to estimate unknown ionisation 

potentials . 

U.1.2 Theory 

As has been shown in chapter I (eq. 11) the energy of the charge-

transfer transition may be expressed as: 

у
ст - W V V ^ o ^ i ^ ^ p - W ^ ) ·

 (1) 

In a series of complexes between similar donors and a common acceptor 

-VV
w
o
 and s

o
 + B 

tion (1) reduces to 

2 
-Π +E -Vf and S. + ß, are approximately constant. In that case equr-

^ - ^ • ï ^ c ; · ( 2 ) 

The values of the constants, С and С , for TONE complexes are 

2 3) 

6.10 eV and 0.5I* eV respectively . For donors with sufficiently 

high Ip-values (I
p
 > 7eV) the relationship between \> and I- will 

be linear. In that сазе the McConnel relation is obtained ̂ б ) : 
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"ст
 = m I

p
 + n
 ·

 ( 3 ) 

Alternatively, the relation between I and ν can Ъе described 

by Flurry's semi-empirical И.О. theory T18) (chapter II, eq. 15). 

rf
CT
 = (b

2
-a

2
)(D-A+Ves)-l*abS

DA
 . ( h ) 

If the assumption is made that, in a series of similar donors with 

the same acceptor, the degree of charge-transfer (b) and β are 

constant, a linear relationship between I_ (equal to -D) and υ 

will be observed. The slope should be a measure of the resonance 

interaction between donor and acceptor. 

h.2 Experimental Part 

U.2.1 Determination of the frequencies 

The synthesis and purification of donors and acceptors are des

cribed in chapter VI. Carbon tetrachloride, distilled over calciun-

hydride, was used as solvent. U.V and visible spectra were recorded 

on a Becknan DK2A spectrophotoneter, thermostated at 20 . Samples 

were prepared immediately before measurement by dissolving the donor 

in an acceptor-carbon tetrachloride solution. The acceptor solution 

was used as blank. 

4.2.2 Determination of the ionisation potentials 

Ionisation potentials were measured with a double focussing mass 

spectrometer (Varian MATSM-IB). Measurements were made under the 

following conditions: source temperature 175 , 4 cathode tempera

ture 2150 , temperature of inlet system and reservoir I5O-16O , 

accelerating voltage 8KV, trapcurrent 20 uA, stabilized. Pusher and 

draw-out plates were on ion-house potential and the resolution weis 

Ionisation potentials were determined by Mr. D.J.W. Schoof under 

the supervision of Drs. F.J. Serbarti. 
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approximately 750. The pressures in the ion-source and analyzer were 

lower than 3 x 10~ and 5 * 10- Torr, respectively. The electron-

energy was measured with a Schneider VT300 digital voltmeter. 

The ionisation potentials of the anisóles and dinethoxybi-

phenyls were determined with the ^% method " . The reproducibility 

of these values is 0.02 eV. The ser.i-log plots of the ionisation-

efficiency curves were parallel with that of the internal standard 

anisóle, with the exception of that of 13 (table I). For this com

pound a maximum upward deviation of 0.05 eV applies. 

The ionisation-efficiency curves of the nethylbenzenes and biphe-

nyls were not parallel with that of the reference compound mesity-

lene. Therefore the method of Honig was used . It was assumed 

that the ionisation probability is proportional to the square of 

the excess-energy * . The reproducibility of these values is 

0.03 eV. 

1».3 Results 

U.3.1 Ionisation potentials 

In table I the differences between the ionisation potential of 

anisóle and that of methylanisoles or methoxybiphenyls (ΔΙ ) are 

given. The photo-iomsation potential of anisóle is 8.22 eV. 

Table I 

Values of ΔΙρ for the methoxy substituted donors 

Donor 

1 ) Anisóle 

2) 2-methylanisole 

3) 3-methylanisole 

't) U-methylanisole 

5) 2,3-dimethylanisole 

6) 2,lt-dimethylanisole 

7) 2,5-dimethylani3ole 

ЛІ
р
(е ) 

0.00 

0.19 

0.19 

0.31 

0.U3 

0.1(2 

0.37 
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Donor 

8) 2,6-dimethylanisole 

9) S.b-dimethylanisole 

10) 3,5-iiimethylani3ole 

11) 2,U,6-trimethylanÌ3ole 

12) It.U'-dimethoxybiphenyl 

13) г.г'-ахтегьуг-и.и'-ахте^оху-
biphenyl 

11*) S.B'-dimethyl-U.U'-dimethoxy-

biphenyl 

15) 2,2 , ,5,5 , -tetramethyl-U,U'-

-dimethoxybipheny1 

16) 2,2 ,,6 lб
,-tetгшllethyl-U,l4 ,-

-dinethoxybiphenyl 

17) a.B'.S.S'-tetramethyl-!»,!*·-

-dimethoxybiphenyl 

Δ Ι ρ ( β ν ) 

0.10 

0.U3 

о.зі» 

о.зб 
0.83 

0.H6 

0.93 

0.60 

0.51 

0.75 

The photo-ionieation potentials of the methylbenzenes have been 
12-11*) 

determined by various authors . Comparable data of different 

authors never deviate more than 0.03 eV, which supports the high 

degree of reliability of these values. Because the photo-ionisation 

potentials of one of the methylbenzenes and of the methylbiphenyls 

were not available, the ionisation potentials of the whole series 

of methylbenzenes and methylbiphenyls were determined by electron-

impact. Because electron-impact ionisation potentials are generally 

somewhat less reliable than photo-ionisation values, the electron-

impact values were fitted to the photo-ionisation potentials by 

means of the least-squares line in Fig. 1, in which the electron-

impact values are plotted against the photo-ionisation values . 

The gradient in Fig. 1 is 1.00 (correlation coefficient 0.979). 

As is evident from Fig. 1 the correlation is rather good. The 

values of ΔΙ- obtained by electron-impact and the values of ΔΙρ 

fitted to the photo-ionisation potentials are presented in table II. 
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The latter values have been adapted as to make ΔΙ- for benzene 

equal to zero. 

5 90 95 

photo-iomsation potential (eV) 

Fig. 1 - Plot of ΔΙρ-values of the methylbenzenee against the photo-
ionisation potentials of the methylbenzenes. 



89 

ТаЪІе II 

ЛІ
р
- а1иез of the methylbenzenes and ЪірЬепуІз determined by elec

tron-impact (second column) and ΔΙ -values obtained by fitting the 

electron-impact values to photo-ionisation potentials (third column)· 

Donor 

19) Benzene 

20) toluene 

21) 0-xylene 

22) m-xylene 

23) p-xylene 

214) mesitylene 

25) 1,2,U-trimethylbenzene 

26) 1,2,3-trimethylbenzene 

27) 1,2,U,5-tetraniethyl-

benzene 

28) 1,2,3,5-tetrainethyl-

benzene 

29) pentamethylbenzene 

30) hexamethylbenzene 

'31) biphenyl 

32) S.S'-dimethylbiphenyl 

33) !»,!*·-dimethylbiphenyl 

3k) 2,2
,
-dimethylbiphenyl 

35) 2,2· ,Μ',6,6·-

-he xamethylbiphenyl 

36) 2,2',6,6
,
-tetramethyl-

biphenyl 

ДІ
р
(е ) 

0 

0.51 

0.8U 

0.85 

0.90 

1.06 

1.10 

1.05 

1.26 

1.25 

1.36 

1Л6 

0.81 

1.11 

1.33 

0.9U 

1.38 

1.12 

ДІ
р
(е ) 

0 

0.U7 

0.71 

0.71 

0.81 

0.87 

1.00 

0.77 

1.23 

\ 
1.25

a) 

1.35 

1.1»U 

0.8l
a ) 

1.11
a ) 

і.зз
а) 

o.9i.
a) 

l.38
a ) 

1.12
a ) 

Δΐρ- аіиез not fitted to photo-ionisation potentials. 
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't.3.2 Frequencies of the charge-t rana fer transitions 

In table III the frequencies of the first charge-transfer band 

are given for the complexes of the methoxy substituted donors with 

several acceptors. 

With most acceptors an accurate detenaination of the frequencies 

of the second charge-transfer band is not possible because of over

lap with donor or acceptor absorption. For those acceptors of which 

the second charge-transfer band is sufficiently resolved ν -values 

of the second band (v.) are presented in table IV. Those of ehloranil 

are not always very accurate because of overlap with the acceptor 

absorption. 

In table V the frequencies of the first and second charge-

transfer bands are given for the tetracyanoethylene and trinitroben-

zene complexes of the methylbenzenes and methylbiphenyls. In some 

cases there is no true maximum observed: the absorption curve shows 

only a shoulder (sh). 



Table III 

Frequencies of the first charge-transfer band of the methoxy substituted donors with several acceptors, 
-1» -1 

measured m CCI, . Frequencies are given in 10 cm . 

\ „ a ) 
N^onorS 

b ) \ 
acceptor ^ v 

DDQ 

TCNE 

TCNQ c ) 

BA 

CA 

JA 

FA 

DBQ 

TST 

TNB 

1 

1.8U 

1.95 

I.9I» 

2.23 

2 . 2 1 

2.15 

2.3U 

2.1»1 

2 . 5 1 

2 . 8 0 

2 3 U 

I.Tl» 1.71» 1.62 

1.89 1.90 1.82 

1.86 1.88 1.80 

2 . 1 1 2.13 2.00 

2.O9 2.16 2.00 

2.11 2.10 2.00 

2.21* 2.23 2.12 

2.32 2.32 2.17 

2.U3 2.UU 2.33 

2 . 7 I 2.70 2.62 

5 

1.68 
( s h ) 

1.79 

1.92 
( s h ) 

I . 9 8 
( s h ) 

2 .22 
( s h ) 

2.6U 

( s h ) 

6 

1.55 

1.73 

1.68 

1.86 

1.88 

1.86 

I . 9 8 

2.0lt 

2 .19 

2.5I» 

7 

1.5? 

1.76 

1.71» 

1.95 

I . 9 6 

1.95 

2 . 0 6 

2 . 1 3 

2 . 2 6 

8 

2.08 

2.23 

2.1*0 

2.1»1» 

2.22 

2.53 

2.81 

2 . 5 8 2.82 

9 

I . 5 6 

1.75 

1.72 

1.91 

1.93 

1.90 

2 . 0 1 

2 . 0 8 

2 . 2 6 

2 . 5 6 

10 11 

1.67 1.96 
( i n ) 

1.81 2.15 

1.73 
( s h ) 

I . 9 6 2.29 
( s h ) 

1.99 2.33 
( s h ) 

2.10 

2.37 

2 . 2 7 2 . 7 I 
( s h ) 

2 .62 2.75 
( s h ) 

12 

1.31 

1.1*6 

1.38 

1.66 

1.73 

I . 8 2 

I . 9 0 

13 

1.77 

1.71 

2.01 

2 . 0 2 

2.01 

2.12 

2 . I l * 

I . 9 8 2.26 

( e h ) 

2 .32 2.52 

11* 

1.28 

1.36 

1.28 

1.55 

1.57 

1.55 

I . 6 9 

1.77 

1.82 

2 . 2 2 

15 16 17 

1.1»2 1.65 ι Λ ο 

1.58 1.79 1.62 

1.5І» 1.72 1.51» 

1.83 2 . 0 6 1.73 

1.87 2.OU 1.77 

1.83 2.08 1.73 

1.91» 2.I l» 1.91 

2 . 0 1 2 . 1 8 2.00 

2 . 0 5 2 . 1 5 2 . 1 3 
( s h ) ( s h ) 

2.1*3 2.55 2.1*3 

See table I for numbering. 



*>DDQ 

TCNE 

TCNQ 

BA 

CA 

JA 

FA 

DBQ 

ΤΞΤ 

TNB 

= 2,3-dichloro-5,6-dicyano-i)-benzoquinone 

= tetracyanoethylene 

=• 7,7,8,8-tetracyanotiuinodimethane 

= Ъ romani 1 

= chloranil 

=· iodanil 

= fluoranil 

= 2,6-dibromo-p-benzoquinone 

= 1,3,5-tricyano-sym-triazine 

= 1,3,5-trinitrobenzene. 

Measured i n CIUCI, vo 



Table IV 

Frequencies of the second charge-transfer band of the methoxy s u b s t i t u t e d donors with some acceptors, 
-k -1 

measured in CCI.. Frequencies are given in 10 cm . 

N^onors 

Acceptor \ . 

DDQ 

TCME 

CA 

TST 

1 2 3 U 5 6 Τ θ 

2.32 2.23 2.21 2.31 2.01 2.17 2.07 

2.62 2.UU 2.UU 2.59 2.18 2.38 2.30 3.22 

(sh) 

3.00 2.5U 2.50 2.9Ο 2.3U 2.U7 2.38 

3.00 2.85 2.82 2.95 2.6U 2.79 2.72 

9 10 

2.18 2.05 

2.UU 2.20 

2.U7 2.35 

2.82 2.6U 

11 12 13 

2.26 

2.57 2.З6 

2.U6 
(sh) 

lU 15 

2.I7 2.01 

2.33 2.20 

2.56 2.35 
(sh) 

2.72 

16 17 

2.32 

2.16 2.2U 

2.39 2.U8 
(sh) 

2.6U 2.68 

b) 

For numbering see table I. 

For code of acceptors see table III. 
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Table V 
Frequencies of the f i r s t and second charge-transfer bands of the 

complexes between nethylbenzenes and methylbiphenyls and ТСЖ and 
-U -1 

ΤΓίΒ. Frequencies are given in 10 cm 

Donor 

(see table II 

for numbering! 

19 

20 

21 

22 

23 

2k 

25 

26 

2T 

28 

29 

30 

31 

32 

33 

31» 

35 

36 

Acceptor 

v
1 

2.59 

2.1»6 

2.32 

2.31 

2.15 

2.17 

2.07 

(sh) 

2.16 

1.90 

(sh) 

2.09 

1.97 

1.89 

2.00 

1.90 

1.72 

2.35 

2.03 

2.13 

ТСЧЕ 

V
2 

2.1*6 

2.25 

2.16 

2.60 

2.3І* 

2.53 

Acceptor TUB 

υ
ι 

3.5J» 

3.27 

3.1β 

3.18 

3.19 

3.00 

3.07 

3.09 

2.91* 

2.87 

2.67 

2.53 

2.71* 

2.63 

3.17 

2.pi* 

3.12 
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It.l» Di seussion 

^.U.l Ionisation potentials 

Inspection of tables I and II reveals a decreasing ionisation 

potential with increasing nethyl substitution of the benzene or 

anisóle moiety· The non-hindered biphenyls have a much lower ioni

sation potential than their corresponding "half" molecules due to 

a substantial increase in the ττ-system. Substitution of methyl 

groups in the ortho positions of a biphenyl causes an increase in 

Ip relative to that of corresponding non-hindered isomers. This 

effect is more pronounced in the series of methoxybiphenyls than 

with biphenyls without methoxy substituent (compare 13 with iU 

and ЗІ* with 32 or 33). 

Our ΔΙ -values of the methylbenzenes agree luite well with the 

photo-ionisation values from the literature (Fig. 1), confirming 

the reliability of the electron-impact method. For the methylani-

soles and dimethoxybiphenyls no literature data are available. There

fore another criterium was used to evaluate the reliability of our 

data. To this aim the Hückel coefficients of the "1.0's of the ani

sóles and dimethoxybiphenyls were calculated. The methoxy and me

thyl substituents were treated as hetero-atoms with modified cou

lomb integrals (a ) and resonance integrals (Sp„). 

ax - ac + h ecc (5) 

ecx - k 8cc (6) 

(!„ and 0 _ are the coulomb and resonance integral of benzene, res

pectively. 

For the interaction of the ethereal oxygen with the benzene ring 

For 
15) 

we used h = 2.0 and к = 0.8, as suggested by Streitwieser . For 

the methyl group h and к were chosen 2.0 and 0.7, respectively 

For calculations a computer program written by C.E. Klopfenstein 

was used . 
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In table VI the Hiickel coefficients m. and m of the highest 

(HOMO) and penultimate (S'lOMO) occupied M.O's of the donors 

are presented. 

Table VI 

Values of m. and m. of (HOMO) and (SHOHO) for some nethoxy substi

tuted donors. For numbering of donors see table I. 

Donor m. η 

1 0.838 1.000 

2 0.752 0.928 

3 0.790 0.911 

h 0.720 1.000 

5 0.7U6 0.799 

6 0.67't 0.908 

7 0.690 0.893 

9 0.682 0.906 

10 0.786 0.81!* 

12 О.565 1.000 

1U O.5U0 О.852 

17) 
According to Koopmans' theorem the energy of (HOMO) is equal to 

the negative of the minimun ionisation potential of a molecule. 

I
p
 = -(a + π^β) (7) 

Hence a linear relationship, with a gradient of 8, is expected be

tween ΔΙρ and m.. In Fig. 2 ul
p
-values of the donors are plotted 

against the calculated values of n. for the donors. With the excep

tion of 5 and 10 (in which (HOMO) and (SHOMO) are close in energy) 

a good correlation is obtained (correlation coefficient О.988). 

The value of 8 obtained from this plot is -3.07 eV. In similar 
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Fig. 2 - Plot of ΔΙρ-values of some methoxy substituted donors against 
the calculated Hückel coefficients m. of (HOMOL of these 
donors. 

plots for aromatic hydrocarbons ß-valuee of -2.Ц and -3.1b eV have been 

found
 1 5 )

. 

U.U.2 Frequencies of the charne-transfer transitions 

lt.U.2.1 Methoxy substituted donors 

A. Frequencies of the first charge-transfer transition (υ.). 

Comparison of data in table Ι (ΔΙ--values) with those in table III 

reveals that an increase in the ΔΙ -values of methoxy substituted do

nors (anisóles and dimethoxybiphenyls) is accompanied by a decrease 

in the ν -values of the complexes formed between these donors and vary

ing acceptors. In Figs. 3 and U a graphical representation has been 

given of the data for two types of complexes, those with TONE and TNB, 

respectively. These plots indeed suggest the existence of a linear 

relationship between \> and ΔΙ
ρ
-values, but in all plots there is a 

deviation fron it for complexes of non-planar donors (8,11,13il6,1T); 

the ν.-values of donor 15 deviate occasionally. Less generally or 
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-'•._-
1 

09 0.Θ 0.7 06 OS Ok 03 0.2 01 00 

ÄlpleV) 

Fig. 3 - Plot of \>i-values of TCNE complexes against the Alj^values 
of the donors. Line A has been calculated with inclusion 
of the vi-values of 12 and 11». Line В applies only for the 
vi-values of the anisóles. 

rather less pronounced, also complexes of 5 and 10 do not fit into 

the linear relation. 

The υ.-values of the TCNE and TCNQ complexes with the biphenyl 

donors 12 and lU deviate to the low frequency side of the least-

squares line of the anisóles. For these complexes two least-squares 

lines may be drawn: line A which also includes 12 and ík and line В 
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ν,. КГ'спГ ' 

29 

28 

2.7 

26 

25 

2Λ 

23 

22 

09 08 07 06 O.S 0ί 0.3 0.2 0.1 0.0 

ûlp(eV) 

Fig. h - Plot of v-j-values of ΊΤΙΒ complexes against ΔΙρ-values of the 
donors. 

only for the anisóles. 

Neglecting the data of the deviating compounds mentioned above, 

the slopes of all linear ûlp/v -plots, their intercepts and correla

tion coefficients have been evaluated. These data have been compiled 

in table VII, together with the values of the electron affinity (E ) 
18) 

of the acceptors . As can be seen from the table, the correlation 

coefficients are rather high. For acceptors, of vhich E. is unknown, 

E -values were estimated from differences between the intercepts of 

the relevant acceptor and that of chloranil. This procedure will be 

correct as far as differences in v, for complexes of the same donor 

with varying acceptors depend only on differences in E,. 

-

_ 

12 

'o i l 

. L 

o17 

X 

' 

/¿Ъ 

o11 

-.г 
/ " і з 6 

ι _ ι ι ι 

°в /С 

' ι 
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Table VII 

Values of slopes, intercepts and correlation coefficients for the 

plots of \). versus ΔΙ for methoxy substituted donors and several 

acceptors ; 95% confidence limits of the slope and intercept are 

also included. 

Acceptor 

DDQ 

TCNE 

TCNQ 

BA 

CA 

JA 

FA 

DBC 

TST 

TUB 

a
) n.i-..i. 

' Slope 

0.77*0.07 

0.82*0.10 , 

0.67*0.21
c; 

0.92*0.11 

олз'о.г!^ 
0.90*0.10 

0.82*0.1U 

0.83*0.12 

0.81**0.11* 

0.83*0.16 

0.92*0.13 

0.77*0.05 

Intercept 

(eV) 

2.28»0.0l* 

2.50*0.05 
2.1*1**0.06 

2.U8*0.06 
2.1*3*0.06 

2.78*0.06 

2.76*0.06 

2.71*0.06 

2.89*0.06 

2.98*0.07 

3.16*0.06 

3.50*0.02 

r.*·̂ ·«•;•••., /
П А А

 ч 

Correlation 

coefficient 

0.995 

O.991 
0.972 

0.991 
0.970 

0.991 

0.980 

О.987 

O.98I* 

0.977 

0.986 

0.997 

^„«•ï 

Electron 
affinity 

(eV) 

1.95 

1.8 

1.7 

1.1* 

1.37 

1.36 

1.2l*a) 

1.20 

0.97a) 

0.7 

b) For code for acceptors see table III 

Gradient if u. values of 12 and lU are neglected. 

According to Flurry's theory 
7,8) (2.1*. 1.2 and 2.1*. 1.3) the 

value of b should increase with increasing electron affinity of the 

acceptor. Hence the gradient of the plot of υ. versus ΔΙρ» which 
о . . . 

corresponds to (Ι-Ξο
1-
), should decrease with increasing electron 

affinity of the acceptor (eq.. 1*). Inspection of table VII reveals 

that this is roughly observed if for TCNE and TCNQ complexes the 

slope of the least-squares lines for the anisóles із taken (for 
the justification of this choice see 1*.!».2.2). 
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Due to errors in the slope there is no regular decrease in the 

gradient with increasing electron affinity of the acceptor, but the 

general trend is discernible. The gradient of the TNB complexes is 

an exception to this general trend. Briegleb noted already this 

anomaly in the relationship betveen the amount of charge transferred 

in trinitrobenzene complexes and its electron affinity. 

B. Deviations from the plots of v. versus ΔΙ
ρ
. 

As was mentioned above deviations from the linear relationship 

between ΔΙ
ρ
 and v- are generally found with complexes of non-planar 

donors (8,11,13!15»16 and 17). The incidental deviations of 5 and 

10 may be ascribed to an inaccurate determination of v. because the 

first and second charge-transfer bands of the complexes of these do

nors overlap strongly. In addition the molar absorptivity of the 

second charge-transfer band is higher than that of the first. There

fore the first charge-transfer band of the complexes of these donors 

is frequently observed as a shoulder. 

The non-planarity of 8, 11 and IT concerns a methoxy group hin

dered by two ortho-methyl groups. Mon-planarity of 13, 15 and 16 

concerns the biphenyl system. It seems justified to differentiate 

between these two types of non-planar donors in a further discussion. 

In table VIII the deviations are tabulated for all types of com

plexes investigated. 

It appears that the deviations are always at the high frequency 

side of the straight lines or positive. 

Hindering of the methoxy group in the anisóles (8 and 11) gene

rally leads to quite substantial deviations (0.3-0.5 eV); the same 

effect in a biphenyl derivative (17) is always much lower (maximum 

deviation 0.21 eV). 

Deviations caused by non-planarity in the biphenyl system (13, 

15,16) are not very pronounced (0.2-0.leV or even lower). As was to 

be expected the effect is highest in 16 with methyl groups in all 

ortho-positions (2,2',6 and 6')· It is remarkable that the effect 

in 15 is smaller than in 13. 
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Table Vili 

Values of deviations (in eV) of ν -values of non-planar donors from 

the least-squares lines for the υ -ΔΙ relations· 

Acceptor 

DDQ 

c) 

TC4Q 

BA 

CA 

JA 

FA 

DBQ 

TST 

TOB 

с) 

11 17 13 15 16 

0.39 

0 . 3 6 

0.2p 

0.35 

0.11 

о.зо 

0.1*2 

0.09 

0.39 

0.1*7 

0.1*2 

0.1*2 

0 . 1 9 

0.37 

0.53 

0 . 1 9 

O.Ol* 

o.ii* 

0.15 

0.05 

0.05 

о.об 
0.21 

0.05 

0.16 

0 . 1 0 

0.09 

0.08 

o.ii* 

0.12 

0 . 1 6 

0 . 2 0 

0 . 0 6 

о.об 
0 

0 

0 

0 

0.05 

0.05 

0.05 

0 

0 

0 . 0 9 

0 

0.16 

o.ii* 

0.15 

0.25 

0.20 

o . U i 

0.?5 

0.15 

0 

0.16 

For numbering of donors see table I. 

b) 

c) 

For code for accetrtors see table III. 

Deviations from the least-squares line which includes 12 and il*. 

In equation (1) the energy terms В and β
1
 are relatively snail. 

The estimated values for weak conplexes are -0.3 and -0.6 eV, res
in) 

pectively ' '. 

In the complexes of hindered biphenyls (I3
t
15il6) the resonance 

interaction between the no-bond state and the ionic state will be 

diminished due to the primary steric effect, causine a smaller value 

both of -8- and 5.. Also -W will be smaller in these complexes. 

It is obvious from equation (1) that, if only variations in these 

energy terms should be responsible for the deviations found with 

non-planar donors, these deviations would be negative, or at the 
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low frequency side of the lines. 

Therefore, it is clear that a decrease in -E nust be mainly 

с
 J 

responsible for the larger ν -values of the complexes with the 

hindered donors. This term (E ) includes not only the coulomb 

energy but also polarization and solvation energies in the ex

cited-state (the solvation energy of the ground-state is included 

in W
0
) . 

A decrease in coulomb energy can be caused by an increase in 

the distance between donor and acce-ptor or by a displacenent from 

a co-axial orientation of donor and acceptor. 

The type of complexes as considered here, has a coulomb епегст 

of apuroximately "' -3.3 eV for an interplanar distance between 

donor and acceptor of З.
1
* A (charges spread). An increase of the 

intermolecular distance to 3.6 A causes a decrease in -E of 0.2 eV. 

с 

Displacenent of the acceptor molecule in the complex benzene-

tetracyanobenzene from the co-axial conformation by a distance of 

1.2 Л causes a calculated decrease - ' in -E of 0.3 eV (charges 

spread). It is clear that the nagnitude of both effects is in the 

order of the deviations observed. 

With these estimates of the effects on ν.-values, caused by 

small conformational changes in complexes (lateral or vertical 

displacements), in Tiind, it is clear that no detailed discussion 

of all individual deviations found is possible. It seems that in 

comnlexes with donors S, 11 and 17 the deviations are not only 

caused by enlargement of the vertical distance between donor and 

acceptor, as should be expected if they were only due to a primary 

steric effect; the deviations are rather large in these cases and 

do not depend on the size of the acceptor, as can be seen from 

data of complexes with varying anils. This might suggest that in 

these complexes the co-axial conformation, generally found with 

methylanisoles, is substantially distorted by a lateral displace

ment of the components with respect to each other. Furthermore 

solvation and especially polarization energies in ground- and ex

cited-states nay be different in these complexes. 
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In the conplexes with non-planar biphenyls (13, 15 and If)) the 

deviations are generally small. In those with an anil as acceptor 

they tend to increase, though not quite regularly, in the series 

FA, CA, ЗА, JA. This might suggest that they are mainly due to an 

enlargement of the distance between donor and acceptor in the 

complex. 

С Frequencies of the second charge-transfer band (v.). 

The second lowest ionisation potentials of the anisóles and 

aethoxybiphenyls are not available. Therefore the Hiickel coeffi

cients of the penultimate occupied M.O. of the donors have been 

used as a measure for the second lowest ionisation potential. 

Comparison of the data in table IV (v0-values) with those in 

table VI reveals that a decrease in и -values of the donors is 

accompanied by a decrease of the \>
?
-values of the complexes formed 

between these donors and some acceptors. 

In Fig. 5 ν and v. values of ТСДЕ complexes with several 

donors are plotted against the m. and m values of these donors. 

Three least-squares lines have been drawn: the plot of \). versus 

ra,, \>- versus лц and ν. and y
p
 together versus the relevant m-

value. In table IX correlation coefficients and gradients of the 

three lines are presented for some acceptors (β was taken -3·07 eV). 

From inspection of table IX it appears that the ν -values of the 

ТСЧЕ and TñT conplexes correlate quite well with the values of пц. 
20) 

Lepley also found a rather good correlation between the 

v„-values of the TCTC complexes of a series of aromatic hydrocar

bons and the n„-values of the donors. When the v. and ν -values 

together were plotted against both m-values he found a rather bad 

correlation. Lepley attributed this non-linearity to the oversimpli

fication imposed by the Hiickel M.O. method. With the more sophisti

cated Pariser-Parr-Pople method the correlation between v. and v
0 

together and the energies of (HOMO)» and (SHOMO) improved consi

derably. 
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ΓΠ,ΟΓ nij 

Fig. 5 - Least-squares lines for the relation between the energies 

of the first (dotted), second (dashed) and both first and 

second (solid) charge-transfer bands with the calculated 

Hückel coefficients n* and no of (Η0Ί0) and (SHOMO) . 

Acceptor TCNE.
 D υ 

Table IX 

Slopes and correlation coefficients for the plots of v. against η , 

v„ versus m and both \>. and \>
p
 versus m. and m_. The 95% confidence 

limits of the gradients are also included. 

Acceptor 

DDQ 

TCNE 

TST 

v
1
 versus 

Slope 

0.78*0.07 

0.82*0.16 

0.92*0.09 

a
1 

Corre

lation 

coeff. 

0.993 

0.973 

0.979 

ν« versus m
2 

Slope 

0.60*0.17 

0.83*0.15 

0.68*0.15 

Corre

lation 

coeff. 

0.919 

0.97U 

0.979 

v. and ν« versus л 

Slope 

0.96*0.10 

1.10*0.11 

0.98*0.09 

1
 and m

2 

Corre

lation 

coeff. 

0.970 

0.977 

0.986 

For acceptor-code see table III. 
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From table IX it appears that in the present сазе a rather good 

correlation between both υ. and ν and the relevant values of m is 

found, especially for the TST complexes. 

As has been stated in chapter II the conformation most suitable 

for the appearance of the second charge-transfer band is different 

from that responsible for the first band. Therefore the energy terms 

E , W , Э , 6. (eq. 1) may be different for both conformations, 

causing a certain non-linearity in the relationship between \>., «„ 

and m., m.· 

For the trigonal acceptor TST however, the conformations respon

sible for the appearance of both bands are identical. Hence in this 

case the difference in ν and υ
ρ
 of the complex between TST and a 

given donor will depend only on the difference of the first and 

second ionisation potential of the donor. This may explain the good 

correlation observed for TST. 

U.U.2.2 Methylbenzenes and methylbiphenyls 

In Figs. 6 and 7 ν -values of the complexes of the methylbenzenes 

and biphenyls with TCHE and THB are plotted against the ul
p
-values 

of the donors (table II). As is evident the correlation between ν 

and ΔΙ
ρ
 is very bad in both plots. However, (HOMO) and (SHOMO)

n
 of 

the methylbenzenes are nearly or in some caaes even completely de

generate (19, 21t, 26, 30). 
21 ) 

Orgel ' showed that the splitting of the E, level of benzene 
IS 

by substitution is dependent on the nature of the substituents and 

on the substitution pattern. The splitting is largest for 1,1*- di-, 

1,2,U-tri- and 1,2,U,5-tetra substituted benzenes. Because the per

turbation of a methyl group on the benzene E level is small, two 

charge-transfer bands may be expected only for the substitution 

pattern mentioned above. Indeed two bands are observed for the 

TCIîE complexes of donors 23, 25 and 27. In the series with TÎJB 

as acceptor even these donors do not provide two charge-transfer 

bands, because these complexes have much higher v. values and be

cause of overlap of the charge-transfer band with absorption bands 
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Fig. 6 - Plot of vi-valuee of complexes Ъе ееп TCNE and methyl 
substituted donors against the ΔΙρ-values of the donors. 
The numbering of the donors corresponds with that in 
table II. 

of donor or acceptor. In cases where only one band is observed and 

(HOMO) is not degenerate, the frequency at the maximum of the band 

depends on an apparent ionisation potential which is a function of 

the I -values of the electrons in (HOMO) and (SHOr:o)
D
. Consequently 

the value of ν will be higher than expected on account of the lowest 

Ip, measured by electron-impact or photo-ionisation. Therefore, in 
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Fig. Τ - Plot of \>і- а1иез of TNB-nethyl substituted donor com
plexes against ΔΙρ-values of the donors. For numbering 
see table II. 

an analysis of the relationship between v. and I , those donors 

should be selected, whose (HOMO)_ is degenerate or whose conplexes show 

two bands. For TTT3 and TCÎIE these donors are 19, 2h, 26, 30 and 

19, 23, 2U, 25, 26, 27, 30,respectively. 

Restricting the analysis to these compounds excellent linear 

relations between ΔΙ and \J .-values of TUB and TCNE complexes are 

observed (TC:iE: correlation coefficient 0.939 and gradient 
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0.63*0.10; TNB: correlation coefficient O.990 and slope 0.87*0.11). 

In the past the effect of near degeneracy in the methylbenzenea has 

heen overlooked. This explains that slopes quite different from those 
li 7 PPÌ 

mentioned above have been published 4>l»ct'< 

The ν--values of the TNB complexes with biphenyls 32 and 33 fall 

on the line of the methylbenzenes, whereas the ν.-values of the TCNE 

complexes with the biphenyls 31, 32 and 33 deviate from the line to 

the low frequency side, all three by an almost constant amount. This 

is exactly the same behaviour as is observed for the TCNE and TCNQ 

complexes of the methoxybiphenyls 12 and lU (see k.h.2.'\). This corro

borates our argument to neglect the υ.-values of the TCNE and TCNT 

complexes of 12 and I
1
* in the calculation of the slopes presented in 

table VII. 

The deviations of the ν -values of the ТСТГП complexes of 12 and 

11» become more apparent when the υ .-values of the 7CNE complexes of 

methyl and methoxy substituted donors together are plotted against 

the ΔΙρ-values for both types of donors, as is done in Fig. 8. In 

this plot in the first instance only those ν -values are presented 

which do not deviate in the separate plots, to which then data of 

TCNE complexes with donors 12, lit, 31, 32 and 33 have been added. 

The Δΐρ- аіиез in Fig. 8 are relative to the Ip of benzene. The 

ДІр-value of anisóle is then 1.02 eV (photo-ionisation potentials 
12) 

of benzene and anisóle are 9·2^ and 8.22 eV, respectively ). 

The \).-values of the biphenyls 12, lU, 31, 32, 33 were neglected 

in the calculation of the least-squares line in Fig. 8 (correla

tion coefficient and slope are O.98O and 0.72*0.09, respectively). 

From Fig. 8 it is apparent that the v.-values of the TCNE-biphenyl 

complexes (12, il», 31, 32, 33) deviate to the low frequency side 

of the least-squares line (average deviation O.IU eV). 

In chapter II we proposed a structure for the TCNE-biphenyl 

complexes in which the TCNE molecule is somewhat displaced from 

the co-axial conformation towards the para-position of the bi-

phenyl donor. This displacement results in a smaller overlap be

tween (HOMO) and (LE!I0) . Therefore the resonance interaction 

D 1CNL· 
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Fig. 8 - Plot of \>i-values of TCNE complexes against ΔΙρ-values of 
methylbenzenes, methylbiphenyls, anisóles and dinethoxy-
biphenyls. AIp-values are relative to the Ip of benzene. 

between the no-bond state and the ionic state vili decrease (see 

chapter I). This results in a smaller value of both -ß. and -S^ 

and probably also -Wn· From equation (l) it follows that smaller 

values of -8Qt -6. and -'./. cause a decrease in v., as is observed 

for the TCNE-biphenyl complexes (the decrease in v. by the change 

in the energy terms mentioned above may be offset partially by a 

slight decrease of -E due to the small displacement of the accep-
c 
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tor from the co-axial conformation)· 

A similar plot for the TNB complexes (Fig. 9i correlation coeffi

cient O.99U and зіоре 0.86*0.05) revéala that the ν.-values of all 

planar biphenyls fall on the least-squares line for the v.-values of 

the anisóles and methylbenzenes. This corroborates our conclusion in 

chapter III that the TUB complexes of biphenyls and corresponding 

"half" molecules have the same co-axial conformation. 

v, « KT'cirf1 1 

35 

30 

25 

20 15 10 05 00 

AIp(tV] 

Fig. 9 - Plot of υ.-values of ТЯВ complexes against ΔΙρ-values of 
methylbenzenes, methylbiphenyls, anisóles and dimethoxy-
biphenyls. Д І

р
- а1иеэ are relative to the !„ of benzene. 
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C H A P T E R V 

CONCUroriG REÜAHKS 

5.1 General 

Before summarizing in 5·2 our conclusions about the structures 

of the complexes investigated, we will shortly discuss the concept 

of structure of charge-transfer complexes. We will do this with re

ference to the familiar concept of structure of covalent compounds. 

The structure of organic molecules is described with bond lengths 

and bond angles. Although both parameters vary slightly due to vi

brations, accurate values can be attributed to them, for which the 

energy of the molecule is at a minimum. 

In the first instance bond lengths and bond angles are determined 

by the principle of maximum overlap between atomic orbitale, a prin

ciple first stated by Pauling. Therefore bond distances between cer

tain atoms in a rolecule are rather insensitive to changes in other 

parts of the molecule, as long as the type of bond remains the same. 

3ond angles are less strictly determined by the principle of maxi

mum overlap. Although a certain value of bond angle is indicated by 

the principle of maximum overlap, other factors can cause deviations 

from this value, which sometimes are appreciable. Without discussing 

them in detail, these factors car. be described as interactions of 

various kind between non-bonded atoms or groups of atoms. 

The above-mentioned parameters are in general not sufficient for 

an accurate description of the structure of organic molecules. Three-

dimensional molecules have several conformations, which are converted 

into one another by rotation about single bonds • In this case how

ever, the energy of a conformation, with established values of bond 

lengths and bond angles, is not determined by the principle of maxi-

* 
For the description of such conformations a third parameter is needed, 
for which the dihedral angle between the bond directions of mutually 
bonded atoms is used. 
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пил overlap, but by other factors related to interactions between 

non-bonded atoms. 

Because of the diffuse character of the bonding in charge-trans

fer complexes the concepts of bond length and bond angle cannot be 

used in a description of the structure of charge-transfer complexes. 

It is clear that also in this case parameters have to be chosen, 

which are related to the distance between the components in the 

complex and their relative orientation· 

The components of many complexes between ττ-donors and τ-acceptors 

are planar molecules, which are arranged in the complex in a parallel 

fashion· Therefore in this case the interplanar distance can be used, 

equivalent with the bond length in organic molecules, 

For a description of the relative orientation of the components 

in the complex, the horizontal distance between the vertical axes of 

symmetry of the relevant n-systems of the components may be used. 

According to Mulliken the structure of charge-transfer complexes 

is also determined by a principle of maximum overlap, in this case 

between π-orbitals of the components. Accurate data on the distance 

between components in a complex can, just like bond lengths, only be 

obtained by crystallographic studies of solid complexes. Although 

such data are relatively scarce for TI-TT complexes, it appears that 

the interplanar distances remain rather constant as long as the ir-

systems in donor and acceptor molecules remain similar. 

For the purpose of gaining insight into the relative orienta

tions of the components in charge-transfer complexes the use of 

crystallographic techniques seemed to be less inevitable. In addi

tion these relative orientations may be different for complexes in 

the solid state and in solution because in the former case they 

can be influenced by conditions of closest packing. 

The purpose of our investigations has been to obtain informa

tion about the relative orientations of the components in complexes 

in solution by physico-chemical measurements, V/e have tried to de

termine whether the relative orientations of the components in the 

complex are, as bond angles in covalent compounds, less strictly 
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determined by the principle of maximum overlap and what factors may 

prevent maximum overlap between the n-orbitale of donor and accep

tor in the complex. One has to keep in mind that Mulliken's prin

ciple of maximura overlap for charge-transfer complexes is a theo

retical principle applying to idealized systems involving no inter-

molecular forces other than charge-transfer forces. 

As in organic molecules, the structure of charge-transfer com

plexes is not completely determined by the parameters of distance 

and orientation, because one of the components can be rotated with 

respect to the other on a vertical axis. Depending on the symmetries 

of donor and acceptor, rotation by a certain angle affords a diffe

rent type of complex (a complex-isomer) in which another Tr-orbital 

contributes to the bonding in the complex. Such complex-isomers ge

nerally have different charge-transfer bands. It is clear that in the 

process of rotation a maximum overlap between the ir-orbitals of the 

components is not preserved. This is in contrast with rotations about 

single bonds in organic molecules, where maximum overlap is preserved 

in the process of rotation, and more comparable with geometrical iso

merism in olefinic molecules. 

Because maximum overlap in charge-transfer complexes can cause 

the occurence of complex-isomers, the relative orientation of the 

components should be described by the horizontal distance between 

relevant nodal planes of the τ-orbitals of the components rather 

than by the horizontal distance between vertical symmetry axes of 

the π-systems of the components. 

5.2 Review of the conlusions about the structure of the complexes 

In chapters II and III we have investigated log Κ/ΔΙ or log K/v 

relations and compared them for various series of donor-acceptor com

plexes. The values of the association constant К were determined by 

optical (chapter II) or n.m.r. spectroscopy (chapter III). 

For several acceptors the complexes with four series of similar 

donors were investigated: methylated anisóles, their "double" molecules 
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methylated l^U'-dimethoxybiphenyls, methylated benzenes and their 

corresponding "double" molecules methylated biphenyls. 

It appeared that for such investigations large series of donors 

are necessary. Even in the series of simple aromatic molecules (ani

sóles and methylated benzenes) a number of the components show de

viations from the expected linear relationship between log К and ΔΙ 

or v__. This applies especially for donors in which the methoxy group 

is enclosed by two methyl substituents or is flanked by two vicinal 

methyl groups at the same side. The reasons for these deviations are 

not very clear. In both series of biphenyl donors deviations occur 

due to a primary steric effect, when the coplanarity of the biphenyl 

moiety is disturbed by the presence of ortho-methyl groups. 

It appeared that with some acceptors (trinitrobenzene, fluoranil 

and chloranil) the anisóles fit into the same linear log Κ/ΔΙ-

relation as the dimethoxybiphenyls. Similarly also TUB complexes of 

the methylbenzenes fit into the same log K/v relation as the 

complexes of the methylated biphenyls. Apparently with these accep

tors, the structure of complexes with biphenyls is similar to that 

of complexes with corresponding "half" molecules. An analysis of 

ν.-Δίρ relations for TNB complexes corroborates this conclusion 

(chapter IV). 

From Δ -values (chapter III) we obtained a strong indication that 

TNB or picric acid with biphenyls and their "half" molecules, form 

complexes with a co-axial structure, in agreement with Mulliken's 

overlap and orientation principle. 

With TCIIE or TST complexes the linear log Κ/ΔΙ or log K/u re

lations for both series of biphenyl donors do not coincide with those 

of corresponding "half" molecules. Apparently the structures of the 

biphenyl complexes with these acceptors differ from those of the 

"half" molecules. The differences point to a relatively smaller stt-

bilization of the biphenyl complexes and were tentatively interpreted 

as the result of a horizontal displacement of the acceptor from the 

co-axial orientation towards the para-position of the biphenyl. 

Analysis of the ν -ΔΙ- relations for TCIIE complexes also points 
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out a difference in structure and in addition corroborates the suppo

sition that the acceptor in the biphenyl complex is displaced to

wards the p-position. Analysis of the ν.-ΔΙ relation for TCIQ com

plexes revealed the same effect as in TCÎîE complexes. 

The fact that this change in structure on substitution of a 

phenyl group in a methylbenzene or anisóle donor, does occur in com

plexes with TCNE, TST and TCNQ as acceptor but not with TfiB or va

rious anilles, suggests that the presence of CN-substituents in the 

acceptor is responsible for this behaviour. We assume that the high 

electron density on the nitrogen atoms of the cyano groups would, in 

a biphenyl complex with a co-axial conformation (as is present in 

anieole or methylbenzene complexes), interfere with the n-cloud of 

the extra benzene ring. Therefore a structure, for which the principle 

of maximum overlap applies, does not seem possible for biphenyl com

plexes with TCNE, TST and TCHQ. 

As conclusion we can state that tlulliken's principle of maximum 

overlap is an important factor in determining the relative orienta

tion of donor and acceptor in charge-transfer complexes. Depending 

on the nature of donor and acceptor however, no-bond interactions 

can influence the structure of charge-transfer complexes, causing 

small deviations from a structure that would be expected on account 

of Mulliken's principle of maximum overlap. 
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e H A P T E R VI 

SYimiESES 

6.1 Syntheses 

This chapter describes the preparation and purification of the 

donors and acceptors used in this study. 

H.m.r. spectra were measured on a Varian HA 100 spectrometer in 

CDC1, with tetramethylsilane as internal reference. Mass spectra were 

taken on a Varian MAT SM1B spectrometer. Melting points are uncorrected. 

The anisóles were prepared from the corresponding phenols by nethyla-

tion with dimethyl sulphate. Their refractive indexes agreed well with 

the literature values. 

h.h'-dJBethoxybiphenyl 

U-Bromo-anisole was prepared by bromination of anisóle in CHC1, at 

0 . The Grignard reagent of the product was added to the equivalent 

amount of AgBr. The crude lijlt'-dimethoxybiphenyl was crystallized from 

ethanol. 

m.p. 1T1-171.70. lit. г )
 171-1T2

0
. 

fí.m.r. 0CH3 : ó= U.78; o-H: 6 = 7.h2; л-Н: 6 = 6.90. 

2,2' -dimethyl-l*. U ' -dimethoxybiphenyl 

m-Cresol was brominated in CCI. at 0 . The resulting l*-brorao-3-nethyl-

phenol was methylated with dimethyl sulphate. To the Grignard reagent 

of !*-bromo-3-methylanÍ30le an equivalent quantity of anhydrous CoCl 
3) . . . 2 

was added . The product was distilled in vacuo and chromatographed 

on alumina. 

m.p. 27-31°. lit. U ) 52°. 

N.m.r. CH-: « = 2.02; OCH : S = 3.79· 

From G.L.C, analysis it appeared that the product contained approxima

tely 3% of impurities. 

The following biphenyls were prepared by a similar procedure as des

cribed for г^-аіте^уІ-и.І^-аітгіЬохуЬірІіепуІ. Therefore only the 

preparation of the bromo- or iodo-compounds are described. Bromo- or 

iodo-substituted anisóles were prepared from the corresponding phenols 
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by methylation with dimethyl sulphate. The solid biphenyls were 

crystallized from ethanol. The liquid biphenyls were distilled in 

vacuo. 

3•3'-dimethyl-U.k'-dinethoxybiphenyl 

U-Brorao-3-raethylphenol was obtained by bromination of o-cresol in 

ССІц at 0°. 

m.p. 155-156.U
0
. 

Anal, found: С 79.3; H 7.6. 

Cale, for C
1 6
H

1 8
0

2
: С 79.3; H 7.5. 

N.m.г. СН : Í = 2.2І*; OCH : S = 3.8I. 

2.2'. 5.5 ' - t e t r t u n e t h y l - U . k ' - d i n e t h o x y b i p h e n y l 

3,6-Dimethyl-U-bromophenol was s y n t h e t i z e d by b r o m i n a t i o n of 2 , 5 -

xy lenol i n g l a c i a l a c e t i c a c i d . 

п . p . 116-118°. 

Anal, found: С 7 9 . 9 ; H ñ . 2 . 

Cale, for Cl8H2202: С 79-9; H 8.2. 

N.m.r. o-CH : 6 = 2.00; n-CH,: ί = 2.15; OCH : 6 <= 3.8Ι; o-H: « = 

6.81 and m-II: 6 = 6.66. 

2,2'.6.6'-tetranethyl-it,h'-dimethoxybiphenyl 

S.S-Dinethyl-U-iodophenol was prepared from 3,5-dimethylphenol by 

the procedure described by HUnig and Schwarz . 

m.p. 05-06°. lit.
 6 )
 37°. 

H.m.r. CH,: 6 = 1.81»; ОСИ : 6 = 3.77; Η : 6 = б.бз. 

3.3'
 t
5i5'-tetrajaethyl-l».lt' -dimethoxybiphenyl 

2,6-Diniethyl-!*-bromoOhenol was prepared from 2,6-dimethylphenol as 

7) 
described by Gleed and Peters . 

m.p. 99-100°. lit.
 1 9 )

 99-99.5°. 

N.m.r. С1Ц: i = 2.29; OCH : i = 3.70 and Η : δ =7.13. 
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г.г'-агте-ЬЬуГЬхрЬепу! was prepared from o-bromotoluene. 

n^ 3 1.5722. l i t . 3 ) τξ6,5 1.5T18. 

U,Ц '-dimethylÏiiphenyl was prepared fremi p-bromotoluene. 

m.p. 120-121°. l i t . 3 ' 122°. 

2 .2 ' ^ .ó ' - te t ramethylbiphenyl 

1-Iodo-2,6-dimethylbenzene was prepared Ъу adding KI t o the diazonium 
/- . . . a) 

aalt of 2,6-dimethylaniline . 

m.p. 66.8-67.9°. lit.
 3
* 66.7-66.9°. 

2.2' .U.l>'.6.6'-hexamethyltiiOhenyl 

9) . 
Bromomesitylene was obtained by bromination of mesitylene in CCI. 

at 5°. 

m.p. 102.1-103.5 lit.
 3
' 100.5-101°. 

The following biphenyls were prepared by methods different from 

that described for 2,2'-dimethyl-l*,U'-dimethoxybiphenyl. 

2. б-dimethyl-
1
». U ' -dimethoxybiphenyl 

l*-Bromo-3,5-dimethylanisole was prepared from 3,5-dimethylphenol 

according to the directions of Edwards . The coupling to the 

3) 

asymmetrically substituted product was performed by adding a sus

pension of CoClp in U-bromo-anisole to the Grignard reagent of h-

brono-3
t
5-dimethylanisole. The product was purified by fractional 

crystallization from ethanol. 

m.p. 109.5-111°· 

Anal, found С 79.1; H l.k. 

Cale, for C
l 6
 H

1 8
 0

2
: С 79.3; H 7.5. 

3.3'-dimethylb iphenyl 

This compound was prepared by de-amination of o-tolidine by the pro· 

cedure of Vogel described 

in vacuo gave a yellow oil 

cedure of Vogel described for 3-bromo-l*-aminotoluene . Distillation 



121 

Chromatography on alumina yielded a colourless oil. 

n£
3
 1.5973 lit.

 3 ) ιζ1
 1.5931. 

h. h ' -di-ізоргороіСУ-3.3 ' -dinethylbiphenyl 

l»-Iodo-2-methylphenol was prepared from o-cresol by the procedure 
12) 

described by Sato . 

A mixture of U-iodo-2-methylphenol and 50$ excess of sodiunetha-

nolate and isopropylbromide in ethanol was refluxed for 10 hours. The 

crude U-iodo-2-nethyl-isopropoxybenzene was purified by chromatography 

on alumina. 

Finally the
 1
»-iodo-2-methyl-isopropoxyben2ene was treated at 220 

with activated copper. 

Chromatography on alumina and crystallization from ethanol gave 

the pure biphenyl. m.p. 97-93.5 • 

Anal, found: С 30.7; II 8.7. 

Cale, for C
2 0
H

 6
0

2
: С 80.5; H 8.8. 

H.m.r. methine proton: 4 = U,U8; iaopropoxy methyl: δ = 1.31; aromatic 

CH
3
: δ = 2.18. 

Isopropoxybenzene 

This compound was prepared from phenol by a similar procedure as 

described for l*-iodo-2-methyl-isoproxybenzene (see above). 

τξ2
 1.U975. lit. ^ n£

0
 1.1*975. 

The methylbenzenes were commercial samples generally of high purity. 

The liquid methylbenzenes were used as such or freshly distilled. 

The solid methylbenzenes (1,2,1*,5 tetramethylbenzene, pentamethyl-

benzene and hexamethylbenzene) were crystallized in alcohol. Their 

melting points agreed well with literature values. 

1.3.5 trinitrobenzene was prepared by oxidation of trinitrotoluene to 

2,
1
*,6-trinitrobenzoic acid and subsequent decarboxylation of the acid. 

m.p. I2U12U.5
0
. lit. ^ 121-122°. 
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2.б-dibromoquinone was obtained by treating tribromophenol vith 

fuming nitric acid. 

Crystallization in ethanol afforded a pure product. 

о . ik) о 
m.p. 130-131 . lit. ' m.p. 130.3 . 

iodo-anil was prepared by t rea t ing an alcoholic solution of brom-

a n i l with KI. 

m.p. 278.9-2T9.k°. l i t . 1 5 ) 283.2-2SU.70. 

2.3-dichloro-5.6-dicyanoguinone 

2,3-dicyanohydroquinone was prepared from quinone аз described by 

Thiele . A slurry of 2,3-dicyanohydroquinone in dilute HCl was 

17) 
treated " with cone. HNCL·. 

The crude product was crystallized in dichloroethane. 

m.p. 212-213°. lit. ̂  212-213. 

г.и.б^гісуапо-І
 t
3.5-triazine 

Cyanuric chloride is treated with 3 equivalents of KCN in boiling 

dimethoxyethane. The solvent is removed and the residue is extracted 

with hot benzene. On cooling crystals appear. Sublimation in vacuo 

yields a pure product. 

m.p. 120°. lit.
 1 8 )

 119°. 

picric acid was crystallized twice in water, m.p. 123-12U . 

tetracyano-ethylene was sublimed twice in vacuo, m.p. 199 · 

fluoranil was sublimed twice in vacuo, m.p. I78 . 

chloranil and bromanil were crystallized from ethanol and gave m.p. 

295 and 300 , respectively. 

tetracyanoquinodinethane was crystallized from acetonitrile. m.p. 

289-292°. 
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S A M E N V A T T I N G 

In dit proefschrift wordt een onderzoek naar de structuur van 

ladingsoverdracht complexen heschreven. 

Ladingsoverdracht complexen worden gevormd tussen donoren (ver

bindingen met een lage ionisatiepotentiaal) en acceptoren (verbin

dingen met een hoge electronenaffiniteit). Volgens Mulliken's prin

cipe van maximale overlap tenderen donor en acceptor moleculen bij 

vorming van ladingsoverdracht complexen naar een structuur waarin 

de overlap tussen de hoogste bezette nolecuulbaan van de donor en 

de laagste onbezette molecuulbaan van de acceptor maximaal is. In 

dit proefschrift hebben wij getracht na te gaan of de structuur van 

ladingsoverdracht complexen inderdaad aan dit principe voldoet en 

welke factoren daarmee eventueel kunnen interfereren. 

Daartoe zijn vier series gelijksoortige donoren onderzocht: gemethy-

leerde anisolen, de corresponderende "dubbelmoleculen" gemethyleerde 

'i.U'-dimethoxybiphenylen, gemethyleerde benzenen en de daarmee over

eenkomstige "dubbelmoleculen" gemethyleerde biphenylen. Ale accepto

ren fungeerden tetracyaanethyleen (TCHE), 1,3,5-trinitrobenzeen (TNB), 

1,3,5-tricyaan-s3rm-triazine (TST), chlooranil (CA), fluoranil (FA) en 

pikrinezuur. 

In hoofdstuk II en III zijn log Κ/ΔΙ of log Κ/ν_
τ
 relaties onder

zocht voor verschillende acceptoren met de vier reeksen donoren. De 

waarden van de associatieconstar.te К zijn verkregen m.b.v. optische 

metingen (hoofdstuk II) of n.m.r. metingen (hoofdstuk III). 

Om deze relaties voor verschillende aeceptoren te kunnen vergelijken 

bleken grote reeksen van gelijksoortige donoren nodig te zijn. Zelfs 

in de reeksen met eenvoudige aromatische moleculen (anisolen en geme

thyleerde benzenen) wijken enkele verbindingen af van de verwachte 

lineaire relatie tussen log К en ΔΙ of \> „. Dit geldt vooral voor 

donoren waarin de methoxygroep ingesloten is door twee methylgroepen 

of eenzijdig begrensd wordt door twee vicinale methylgroepen. De 

reden voor deze afwijkingen is niet erg duidelijk. In beide series van 
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biphenyl donoren komen afwijkingen voor ten gevolge van een primair 

sterisch effect indien de coplanariteit van het biphenyl gedeelte 

gestoord wordt door ortho-methylgroepen. 

Bij variatie van de acceptor blijkt dat voor sommige acceptoren 

(TUB, FA, CA) in de aniaol en dimethoxybiphenyl reeks dezelfde li

neaire log Κ/ΔΙ relatie wordt gevonden en dat met TTB ook gemethy-

leerde benzenen en biphenylen aan dezelfde lineaire relatie voldoen. 

Met deze acceptoren ia de structuur dus blijkbaar gelijk voor enkel

voudige en overeenkomstige "dubbelmoleculen". Ook uit analyse van 

de ν.-ΔΙρ relaties voor TNB complexen blijkt dat de structuren van 

de complexen van deze acceptor met biphenylen en overkomstige "halftaole-

culen" gelijk zijn (hoofdstuk IV). 

Uit een analyse van Δ -vaarden (hoofdstuk III) verkregen wij een 
o 

sterke aanwijzing dat ΊΤ13 en ook pikrinezuur met biphenylen en hun 

"halfmoleculen" complexen vormen met een co-axiale structuur, in 

overeenstemming met Mulliken's principe van maximale overlap. 

Bij complexen waarin TST of TCNE als acceptor voorkomt vallen de 

lineaire relaties log Κ/ΔΙ
ρ
 of log K/v voor reeksen met biphenyl 

donoren niet samen met die voor reeksen met overeenkomstige "half

moleculen" als donor. Blijkbaar verschillen de structuren van biphenyl 

complexen met deze acceptoren dus van die met overeenkomstige enkel

voudige aromaten (hoofdstuk II). De verschillen wijzen op een rela

tief kleinere stabiliteit van de biphenyl complexen die in dit hoofd

stuk tentatief is toegeschreven aan een horizontale verplaatsing van 

de acceptor t.o.ν. de donor vanuit de co-axiale positie in de richting 

van de para plaats van het biphenyl. Analyse van ν.-ΔΙρ relaties voor 

TCNE complexen (hoofdstuk IV) wijst eveneens op een struktureel onder

scheid en versterkt de onderstelling dat bij biphenyl complexen de 

acceptor t.o.ν. van de donor is verschoven in de richting van de para 

plaats. In hoofdstuk IV wordt voor 7,7,8,8-tetracyaanchinondimethaan 

(TCNQ) complexen hetzelfde verschil gevonden. 

Het feit dat deze structuurverandering bij overgang van anisolen 

of gemethyleerde benzenen naar biphenylen wel optreedt met ТСЯЕ, TST 

en TCNQ als acceptor, maar niet met TNB of diverse anillen als accep-
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tor ausgereert dat de aanwezigheid van CN substituenten in de accep

tor hiervoor verantwoordelijk is. Verondersteld wordt dat de hoge 

negatieve ladingsdichtheid op de stikstofatomen der cyaangroepen 

in biphenyl complexen met een co-axiale structuur, zou interfere

ren met de ιτ-electronenwolk van de extra benzeenring waardoor een 

structuur, waarin aan het principe van maximale overlap wordt vol

daan, niet langer mogelijk is. 

Concluderend kan worden gesteld dat het streven naar maximale 

overlap (Mulliken's principe) een belangrijke factor is voor de 

oriëntatie van donor en acceptor in ladingsoverdracht complexen. 

Afhankelijk van aard en aamenstelling van donor en acceptor kunnen 

ook no-bond interacties een invloed op de structuur van de complexen 

uitoefenen en tot kleine afwijkingen leiden van een structuur die 

volgens Mulliken's principe zou worden verwacht. 
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