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THE ABSORPTION SPECTRA OF MOLECULAR COMPLEXES 
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Abstract-The intermolecular charge-transfer absorption spectra of compkxcs of various pn 
aromatic electron donor mokcuks with a series of p -n aromatic ckctron aaqror mokcuks have 
been mcasurcd. The frequencies of the bands of thcsc complexes may be cxprcssed simply as the 
sum of two terms, characteristic of the donor and acceptor molecules respectively. This relationship 
fails if rhc electron donor is weak. 

THE molecular complexes between electron donors and electron acceptors usually 
show new electronic absorption transitions not observed in either component alone. 
One group of such interactions involves heats of formation in the ground state of the 
order 1-5 kcal/mole. These have been dcscribcd by Mullikcn’ as outer complexes, 
and his interpretation that the new bands are intcrmolccular charge-transfer trans- 
itions is now generally accepted. 

Many regularities in the absorption spectra have been observed: in particular 
McConnell cr a/.l have demonstrated the approximate linearity betwczn the maximum 
extinction coefficient of the charge-transfer band (E) and the wavelength at which this 
occurs (A) for complexes of the donor bcnzenc with various acceptors. The acceptors, 

TABLE I. MOLAR exmxmoN COtFnakws (F) ASD WAVELENU~LF (i.) 

OF MAXIMUM Af!3oRPflOH OF HEXAW?THYI.RLNZENE COUP1 EXES 

IN CARRON ‘IPfRACIII.ORIDE 

Acceptor 
I I. 

(I. moleC ‘cm-‘) ’ my 
Ref. 

Rromanil 
Chloranil 
lodanil 
Z,bDichloro-pbcnzoquinonc 
Chloro-p-bcnzoquinonc 
1,2.3.5-Tctranivobcnzcne 

pBcnzoquinone 
p-Toluoquinonc 
I ,2,4-Trinitrobenzene 
l,3,5-Trini~obcnzcn 
Durquinonc 
2,6-Dimethyl-pbcnzoquinonc 
Iodine 
I ,2.3-Trinitrobcnzem 
Iodine monochloride 

2ooo 
2500 

1400 
2400 

I 
2oca 
2300 

I 2cQO 

1800 
1200 
2500 
1200 
2100 

I 8200 
I500 
4oMl 

527 
518 ( 
511 
480 ! ; 
442 
425 
41a 
409 
395 , 
395 

’ 393 ’ 
I 390 

375 
350 ’ 

’ 334 / 

3 
3 
3 
3 
3 
4 
3 
3 
4 
4 
3 
3 
5 
4 
5 
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s H. McConnell. J. S. ltam and J. R. PIa& J. Chrm. fhys. 21. 66 (1953). 
s R. Foster. I). LI. ilamnwk and P. J. Placito, J. Chrm. Sot. 3881 (1956). 
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though differing much between themselves, gave complexes whose R values were all 
within 20 rnp. It is now possible to list a similar set of data, namely for the complexes 

of various acceptors with hexamethylbenzenc in carbon tctrachloridc solution. in 
which the range of )! is m-190 rnp. There appears to be no correlation between 1 and F 

(Table I). It is possible that any trend is masked by stcrically bulky or asymmetrical 
groups in the acceptor molecule which would appear to lower F while having little 
effect on i.. This behaviour is observed in donor molecules with a given acceptor: for 
example,B in dichloromcthane, forthecomplcx tetracyanoethylenc-hexamcthylbcnzcnc, 
i. = 545 mu, F -= 4390; whereas for tctracyanocthylcne-hcxaethylbenzcne, i. - 550 
rnp, t. 7 56. 

McConnell e: al. were also able to show that the frequencies (v) of charge-transfer 
band maxima for complexes of a scrics of donors with the acceptor iodine were 
proportional to the ionisation potentials (I) of the rcspcztive donors, thus: 

1’ A a1 -i h (1) 

and this was related to a theoretical expression: 

v=I-E-W 

where E is the electron affinity of the acceptor molecule and W is the dissociation 
energy of the charge-transfer excited state. At the same time Hastings er 01.’ showed 
the relationship bctwecn Y for the complex and I for the donor molecule to be: 

c2 hD=-I-.c,.l - 
I - c, 

(3) 

where c1 E ..- e2/r -- Cnll, in which c2/r is the coulomb attraction term and C,e is 
the sum of all other energies; c2 is a constant. Brieglcb and CzekallaA have used such 
relationships to correlate Y for complexes of various donors with the electron acceptors: 
iodine, 1.3,~trinitrobcnzcnc and chloranil. There is good agreement between the 
values of 1’ and I’s for the donor molecules. The absorption bands of complexes of 
chloranil with donors of accurately known ionization potential have now been 
remeasured in carbon tetrachloridc solution and the values of Y plotted against 
Watanabe’s9 values of I for the donors (Fig. I). 

A reliable value for the naphthalcne complex could not be obtained because of the 
coincidence of a fluorescence emission band of naphthalcne with the charge-transfer 
absorption band of’ the complex. The least squares line gives a rather better fit than 
dots the particular quadratic function proposed by Bricgleb and Czckalla. It may bc 
argued that some deviation should be expected bccausc of the only approximate 
equality of the energy of the transition with the frequency of maximum absorption of 
a broad band. A maximum difference between the two correlations for chloranil 
complexes will bc shown for complexes which have an absorption band at or about 
700 mp. For example pcrylenc-chloranil in carbon tctrachloride has 1’ - 14200 cm l 
(I *75 cV). The quadratic curve indicates 7-l 5 cV whilst the linear curve predicts 6.95 cV 
as the ionization potential of perylenc. for which Hedges and MatsenlO have calculated 
a value of 6.94 cV. 

* R. E. Mcrrificld and W. I). Phdhps. 1. Amer. Chcm. Sot. 80, 2778 (1958). 
’ S. H. Ilasllngs. J. 1.. FrankIln. J. C. Sctullcr and F. A. Mawen. /. Amer. Chrm. Sue. 75. 2900 (IYS3). 
’ G. Hrwgleb and J. Czckalla. %. E/e-rrochrm. 63. 6 (IY59). 
’ K. Wa1nnabc.I. Phys. Chrm. 22. 1564 (IYU); 26, 184 (1957). 

“R. M. Hedges and 1:. A. M~lscn. J. Chrm. Ph.vs. 28. 950 (1958). 



98 R. FOSTER 

Complexes formed from electron donors of low ionisation potential and acceptors 
of high electron affinity usually have favourable equilibrium constants and have the 
charge-transfer absorption bands at relatively long wavelengths often well separated 
from the absorption bands of the components themselves; this enables Y to be easily 
detcrmincd cxpcrimcntally. Unfortunately neither electron affinities of aromatic 
acceptor molecules, nor ionisation potentials of many aromatic donor molecules of 
low ionisation potential have been measured. For this reason comparisons have been 
made of Y where either the donor or the acceptor is varied in a series of complexes. 

FIG. I. Frequencies (I,) of charge-transfer bands of chloranll complcxcs or the donors: 
(I) bcnzrnc. (2) tolucnc. (3) o- and m-xylcnc. (4) p-nylene. (5) merltylcne. (6) anisole. (7) 
aruhne. against the ionisation potentials (I) of these donors as wrrclated by (A) the 1-t 
squares line (E) Bricgleb and Czckalla’s quadratic function. Two possible mterpolatcd values 
of I for pcrylena arc shown (8) (solvent carbon tetrachloride). 

Consider the plots of yi,Y of complexes of a given donor (I)with a series of acceptors 

(y) against yl,y of complexes of these acceptors with a second donor (2). It is implicit 
in equation (I) that these Y’S will be rclatcd by a straight line of unit gradient provided 
that the parameter u in equation (I) is independent of the acceptor molecule. This 
condition appears to hold for the relatively strong complexes presently studied, viz.: 

Y2.Y = 1’1,). i-f (4) 

These are the complexes formed from the aromatic donors: hcxamcthylbenzcne, 
N-methylanilinc, N, Ndimcthylaniline, N,N,N’,N’, tetramethyl-pdiaminodiphcnyl- 
methane (tetrabase), N,N,N’,N’, tetramcthyl-p-phenylcnediaminc (Wurstcr’s base), 
with the aromatic acceptors mdinitrobcnzenc, 2,4,6-trinitrotoluenc 1.3,5-trinitro- 
benzene, p-benzoquinonc, chloro-p-benzoquinone, 2,6dichloro_pbenzoquinone, 
chloranil. Certain other acceptors such as iodine and tetracyanoethylcnc were not 
included because of their irreversible action on the amines (but see below). All the 
spectra were mcasurcd in cyclohcxanc solution. Evans” has suggested that this may 
act as a donor, perhaps by promoting contact charge-transfer absorption12 This does 
not appear to affect Y for the interactions studied which values correspond closely to 

It I). F. Evans. J. Chcm. Phys. 23, 1424 (1955). 
Is L. E. Orgcl and R. S. Mulliken. J. Amer. Chrm. Sot. 79. 4839 (IYS7) 
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those obtained in carbon tctrachloride solution. Use of the former solvent is ad- 
vantageous in its greater transparency and in that complex formation is more favoured 
than in carbon tetrachloride. 

The plots of equation (4) are given in Fig. 2. Equation (4), being linear, implies 
that a in equation (1) is indcpendcnt of the particular acceptor: from Fig. 1, a may be 
taken as 0.85. Also, because of the linearity of equation (4). for a given donor, Y must 
be proportional to some function of the acceptor molecule which WC may define as e in 

33( 
3 

5 

FIG. 2. Frcqucncrcs of the chargetransfer band (I*.) of complexes of the donors: (2) Wurster’s 
base. (3) tetrabasc. (4) N-mcthylan~lmc. (5) hcxamc~hylbenzcne. with the series of acceptors: 
(A) m-dmitrobervcnc. (8) 2,4,6~trlnlrrotoluen, (C) 1.3.5-trinirrobcnzcne. (D) p.bcnroquinonc 
(E) chloro-p-bcntoqumon. (i-1 2.ddichloro-gbcnzoqumonr. (G) chloranll. against the 
frcqucncles of the charge-transfer bands (F,) of the complexes of there accepton with N.N- 

dlmcthylamlme (solvent cyclohcxanc). 

equation (5) and call the apparent electron affinity. This term e will include some 
measure of the bond dissociation energy W of equation (2). 

All the present results may therefore be related by the equation: 

Y = 0.85 I ‘.- e (5) 

Selection of appropriate values of I and e to fit 3’ values of the complexes of the series 
of acceptors with one donor and the series of donors with one acceptor then enable the 
remaining V’S to be interpolated by equation (5) (Table 2). 

The regularities, due to (I in equation (I) being independent of the acceptor, cannot 
include the tetracyanoethylcne complexes6 (in dichloromcthane) where a - O-487. 
The results for iodine complexes are conflicting: for polynuclcar aromaticP u 0.86 
(based on calculated I values), whereas for the iodine complexes related by McConnell 
ef ~1.~. a = 064. Large deviations from straight lines of unit gradient in the plots of 

I’ P. Hhattacharya and S. Rasu. Tlonr. Fuw&zy Sot. 54. 1286 (19S8). 
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TABLE 2. FREQULSCIL~ or C:HAR<iE-TRA?JSFtR MAXIMA (v)’ OF (‘OHPUX~~ 

IN r‘Y(‘LOI%XANE ISIFRPO(ACFJ) HUM TM?. IONIUTION POI’EwlAIS (I) 

OF IIIF. DO!WRS ANI> .TliE APPAWFNI’ F.l.EClRON AFFIWllW (C) 

OF THC ACCWT0R.S 

(obtained from the compkxcs of donors with chloranil. and acceptors with 
N.Ndimcthylaniline from equation (5). I(N.N-dimcthylaniline) assumed to be 7.20 cV) 

Mcasurcd values of r in parentheses 

, Donor 
Wun1cr’s 

base 
Tctrabasc 

N-Methyl- Hcxamthyl- 
aniline bcnrcne 

Acceptor I(cV) 
6.67 7.05 7.38 : 7.67 

deV) 

2,CDichloro_pbcnzo- 

quinonc 
_ . --. 

Chloro-pbcnroquinonc 
--..- 

Quinonc 

4.36 I.59 (1.63) I.97 (I 99) 2.30 (2.32) 2.59 (2.63) 

.--.-.. ..- 
1,3,5-Trinitrobcnzcnc 

-.. 

2,4,6_Trinitrotolwnc 
.- - -_ 

m-LIinitrobcn7rnc 

..-. ---- - -._-..--. - -. - - - --- 
4.lY I.76 (1.75) 2.14 (2.12) 2.47 (2.41) 2.76 (2.80) 

__. ._ _ _- _ -. - --_- 
3 YR I.Y7 (1.95) 2.35 (2.31) 2 68 (2.62) 2.Y7 (3.01) 

_- __ __ _... .-. _. 
3.89 206 (2 01) 2.44 (2.48) 2.77 (2,gl) 306 (3.18) I -. _ _ _- -- - ..__ 
3.68 2.27 (2.21) 2.65 (2.6Y) 2.96 (3.01) 3.27 (3.26) 

--- ._ -. - .- 

3.47 2.4R (2.47) 2.X6 (2.92) 3.IY (3.23) 3.48 (3.5Y) 

l Values arc in cV. 

,2 ! 1 C 

-i-. .‘( 

n 

‘2 1 1 
30 

‘i 
” 

2 

28 

c22 ---- 0 . ‘1 

i. ,-_. ..- __ .-.- 
E 

F 

G, 

1 1 -l 
20 22 24 

FK;. 3. Frequencies of charge-transfer bands (VC) of tolucnc complexes of a sews of acceptors 
against the frequencws of the charge-transfer bands 0.h) of the complexes of henamcthyl. 
bcn?cnc unh the same scrta of acceptors (tdenufied by the same letters as tn Ftg. 2) (solvent 

carbon tctrachlorlde). 
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equation (5) appear if the electron donor is only weakly effective. This is seen in the 
plot of v for the complexes of the weak donor tolucne (I = 8.82 cV) when plotted 
against Y for hcxamcthylbcnzcnc complexes (Fig. 3). 

EXPERIMENTAL 

All melring poinrs measured on a Kolkr hot-stage. 
Mutrrids unds&enrs. Carbon teIrachloridc and cyclohcnanc wcrc B.D.H. spcclroscopic grade. 

used without further purification. 
Ifexomerhylben:cnc. Prepared by Cullinanc and Chard’s melhod.“ rccrystallizcd five II~CS 

from ethanol, m.p. 164”. 
h’.S-Dirnerhylunilinc. B.D.H. AnaIaR grade refluxcd with accIic anhydride, washed five Iimcs 

with water. dried and distilled. 
h’-.bfe/hy/uni/inr. B.D.H. AnalaR grade purifnd by the N-nirroso compound. 
‘I’errahure. RrvrysIallircd four times from methanol, m.p. 91‘. 
Wursrrr’s hasr Prepared from the rccrystallircd dihydrochloridc and disIrlkd in WCUO. m.p. 51 ‘. 
m-Dinirrohenxne. B.D H. analytical grade. rccrysIalhzed Iwicc from carbon Ictrachlorrdc. 

m.p. 91”. 
2,4.6-Trinirrorolucnr Rccrystallired four times from carbon IcIrachloride. m.p. 843.5 ‘. 
1,3.S-Trmirru~n-enr. Rccrystallizcd once from aqueous ethanol and thrice from carbon 

IcIrachloridc. m.p. 123”. 
Chloro-p-hmzquinonc. Prepared by ConanI and Ficscr’s method,” rccrysfallixd thrice from 

elhanol. m p. 57 ‘. 
2,6_Dichforup-~n.-alui~ne. Prepared by Faust’s method.” rccrystalliccd thrice from cIhanol 

m.p. 120’. 
Chlurunil. Rccrystallircd four rimes from bcnrcnc. m.p. 289’. 
Andyrirul. All spectra save those with absorpfion maxima aI wavckngths longer than 720 m/c 

wcrc measured on an OpIica CF4 graring spccIrophoIomcIcr. Above this wavckngth a 1:nicam 
SP 500 was used. For each dcIerminaIion two basic soluIions were made up: a solution @OS+3 M of 
the donor, and a solution 10 a-lO ’ M of the acceptor. Fqual volumes of those IWO solutions were 
mixed and IWO I cm fuxd sib CUVCII~S filkd and placed in &m&m in the cell compartment. In the 
compcmalmg beam Iwo cells were similarly placed, one conlaining Ihc basic donor solution. the 
oIhcr the basic acceptor solution. The absorpfion mcasurcd is the drficrcna bctwccn the unmixed 
and rhc mlxcd components; it IS assumed that in the complex the charge-transfer band occurs in 
addition IO the transnion charactcrisric of ~hc components. In most cases. bccausc of the compkxcs 
sckcIcd, the charge-fransfcr band was a~ considerably longer wavckngrhs than the absorption of 
rhc componcnls. but this technique enabled the band IO be rcsolvcd in unfavourablc cases. 
Dctcrminalions were repcared using different concenIrations of donor and acccpIor. All mcasurc- 
menIs wcrc made a1 room IcmperaIurc (18-20 ). 

In no case was any fine sIrucIurc o&cd even with sli1 widths of 0.01 mm. This includa the 
spcxtra of the qumonc-hcxamcIhylbcnrenc complcxcz which WC had previously claimed IO possess 
fine sIrucIurca 

I’ N. M. Cullinane and S. J. <‘hard. J. Chum. Sot. 821 (1945). 
” J. B. <‘onan and L. I:. Fiescr. 1. .4mcr. Chrm. Sot. 45. 2204 (1923). 
” A. FJUSI. f.rrhi~$ Ann. 149. IS3 (1X69). 


