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I. IXTHODC-CTIOX 
The form,ttion of niolecular complexes from many otherwise stable aromatic 

entities is a well-established phenonienon, and by now a rather intensively in- 
vestigated one also. The number of books (25, 194) and review (S, 26, 63, 187, 
236) published on the subject,, the iniportaiice of such complexing in analytical 
spot-test procedures (73) ,  and the recent use of picrates for the spectrophoto- 
metric determination of adduct molecular weights (5.3, 224, 227) all attest ade- 
quately to the above assertions. 

Nonetheless, the reason why complexes form (or, more specifically, the type 
of i:iternioleculnr force m-hich exists betn-een the components of the com- 
plex) has been and even still j s  to some extent a matt,er of controversy. It is 
not proposed to coiisider here the numerous mechanisms of coinplexing which 
have been in vogue from time to time. These have been w l l  catalogued and 
described by Andren-s (8) and are now mostly of only historic iiit,erest. The 
object of this review is to consider the Mulliken theory,  or alternatively the 
charge transfer theor,q (164, 165, 1G6, 167, 168, 169, 170, 171, 172), wit,h regard 
to its predictions and the manlier in Iyhich t,hese predictions are borne out by 
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experiment. This theory will, however, be de4gnated by the inore comnioii 
usage: donor-acceptor interaction theory. Since in the final analysis the worth of 
any theory is deterniined by the conforinity of it. prcdictioii? to  experiment, 
it is felt that the present analysis is nece+arg. 

Since the term “charge trsiiqfer (or CT) transition” will be csed frequently 
in the text, it  is appropriate that the meaning of this expression be limited. 
Intramolecular charge transfer tramitions (equiwlently, electron transfer 
transitions) which are due to R charge being trnnbferred f r o m  one jragment to 
another within the same molecule (140, 181) will not be considered. Such trnnsi- 
tions might more accurately be called ,‘charge relocalization transitions.” In 
the case of hydrated anions, Rabinomitch (204) first used the term “charge 
transfer transition” to describe the relatively very intense absorption due to 
transitions of the type 

where X- is the anion. Such transitions are characteristic of many ligands 
other than water and of both cationic and anionic systems. They may also be 
conventionally intramolecular, as in sodium chloride. Thiq type of charge 
transfer process will not be considered, because of its inorganic connotation. 

One might also limit the term “molecular complex” by saying that the com- 
plexes to be considered are either wholly or partially organic, that unless spe- 
cified otherwise they will be asmmed to be of 1:l stoichiometry, and that ex- 
tensive classified tables of them have been given by Nulliken (168) and Andrem 
(8). Charge transfer transition will then refer to an intermolecular proceqs, 
Tvhereby an electron is partially or wholly transferred from one component of 
the complex to the other. 

Neither the effect of complexing on reaction rate:, nor the effect of structure 
of either donor or acceptor on the stability of the complex will be caonderetl 
here, as Andrem (8) has treated both these subjects quite fully. 

11. ELECTROS DOXOR-ACCEPTOR ISTERACTIOX 
The present theory of coniplexiiig might be s d ,  with much truth, t o  have 

developed not so much in order to explain complexing as to interpret the fact 
that  formation of a complex is usually accoinpmied by the appearance of a 
new and characteristic absorption band. 

If classical and/or disperqion forces aflorded the total binding energy of the 
complex, then, since the first dispersion force excited state lies a t  much too high 
energies (ca. 19 e.v. above the ground state of the complex in the case of th r  
benzene-iodine complex (lo:)), the new and generally intense electronic transi- 
tion of the complex must of necessity be attributed to a transition characteristic 
of some one of the two molecules which comprise the complex. The pnrticulnr 
transition would of course be modified hy the inclusion of the molecule in the 
complex and would produce what appears to be the nev transition. Follon-ing 
somewhat this line of reasoning l33ayliss (13) attributed the strong absorption 
of the benzeneiodine (Bz-IJ complex with A,,,,, = 2970 A .  and of the henzene- 
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bromine complex with A,,,, = 2920 A. to 3, strongly shifted halogeii inolscn!t~ 
transition, n-hich in the free halogeiiq occurs below 2000 A. Similarly, 1lullike:i 
(164) a t  first explaiiied the same absorption as due to the w x k  2600 &I. ;!b-m;i- 
tion of benzene. This latter transition, \vhich is orbitally forbidden in the Lo- 
lated DGh benzene molecule, was presumed to become strongly allowed in thc 
postulated C22. point group of either the benzeneiodine or the benzene-hromir c 
complex This interpretation, as also n similar explanation of the 3570 A. h u ( 1  
of the naphthaleneiodine complex (21), has been rendered questionablc hy 
the observation (102) of the 2600 A. transition of bciizene unaffected, :tpart 
from a very slight intensification, in the spectrum of the benzcne-iodine coni- 
ple.;. 

The possibility of an alternative and more general interpretation of this (char- 
acteristic absorption band was first noted in complexes of s-trinitrobenzeii~ 
with other aromatics. Weitz (248, 249) formulated the intermolecular binding 
as an electron donor-acceptor interaction, and was able to  explain the effect5 
of substituents in both the nitroid and the purely aromatic parts of the coni- 
plex on its resultant color. These ideas were further developed by Jl'eiss (245), 
Woodward (254), and especially Brackmann (24). However, only in the last 
six years has the concept of donor-acceptor interaction (167) been sufficiently 
developed to give a satisfactory account of molecular complexing. 

A .  THEORETICAL BASIS O F  ELECTROS DONOR--BCCEPTOR ISTERACTIOY 

According to quantum mechanics the interaction of an electron donor (11) 
:uid acceptor (A) may be described by saying that when D and A conibirir 
to form a complex, the wave function (WF) for their combination or acsocj:i- 
tion may be approximately written (167) : 

('. J 

I n  geiierd ,i or D may be molecules, molecule-ions, or atom-ions, but 17 ith t h r  
restriction that they arc both in their totally symmetric ground states. With 
these restrictions the principal contributing term in the wave function of the 
ground state of the complex, \ks, will usually be that in \ko. \ k o  itkelf is the wave 
function corresponding to a structure for the complex in which the binding oi 

the two components is effected by classical intermolecular forces such a5 dipolc- 
dipole, ion-dipole, dipole-induced dipole interactions, etc., by hydrogen bontl- 
ing, or by perturbation effects of higher order such as London forcec. \ko i i  
delioted the iio-bond wave function. \kl, the dative-bond wave function, corre- 
sponds to a structure of the complex in which an electron has transferred from 
the donor to the acceptor, and in which, besides all the forces listed above :[P 
operative in the structure corresponding to \ k o ,  there may also be weak chemi- 
cal binding betn-een the odd electrons now situated on the two compoiientq c,f 
the complex. If A and D are both neutral species, ion-ion attractive force.; may 
account for a large part of the binding energy of the dative structure. 

If the donor is a weal; base and the acceptor a weak acid, then frequeiitly 
third term, representing electron transfer from the acceptor to the donor, XI 

\P.\(D, A) = a\ko(DA) + b\El(D--A-) 
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be important (170). In  this case 

\ k v ( I ) ,  A) = uSO(DA) + b\kl(D'A-) + c\kz(D-4') ( 2 )  

where the coefficient c mill usually be much less than b. However, a wave func- 
tion such as given in equation 2 is presumably necessary for a complete de- 
scription of the ground state of complexes formed between ethylenic system. 
and ions of trailsition metals (12, 37, 38, 39, 63). 

If the donor is a strong base and the acceptor a strong acid, then the struc- 
ture D-A+ becomes energetically improbable relative to D+A- and equation 2 
reduces to equation 1. At the other extreme are the so-called "self-coniplexeb," 
such as the benzenebenzene complex (167, 225, 226), where now both coni- 
poiients have exactly similar donor and acceptor properties. In  this case b = c. 
The wave function of any other coniplex will be intermediate between equation 
1 and equation 2. It should be rioted, however, that  dependent on the relative 
acidity (or basicity) of the tu*o coniponents of a complex whose ground state 
conforms to equation 1, a may be greater or sinaller than b. Usually, though. 
c1 >> b. 

A good, although not exact, illustration of the above is given by the dia- 
tomic molecules Hz, HC1, and HBr (170). ilii approximate wave function of 
the ground state of the hydrogen molecule in valence-bond theory is 

( 3  1 
\rhere qfu i? the principal contributing term and represents the formation of :i 

covalent bond between the hydrogen atoms. \kl and \kz are ionic wave functions 
and c = b < a. Equation 3 would correspond to formati02 of a self-complex 
between two free radicals, each with one odd electron. For hydrogen bromide 
\Irl and \kz correspond to structures (H+Br-) and (H-Br-), respectively. In 
this case a > b > c. However, for hydrogen bromide excited ionic structures 
are also important. I k a l l y  in hydrogen chloride the structure H-Cl' is rela- 
tively unimportant, and a > b with c 'v 0. The correspondence of the valence- 
bond wave fuiictioiis of these molecules with those of the complexes described 
rould be exact, w r e  it not that formation of a covalent bond is usually asso- 
ciated with the ionic structure of the complex. 

For a complex formed from a relatively strong base and a relatively strong 
acid, equation 1 holds. All contributing structures except those in equation 1 
are neglected because the donor-acceptor interaction is to be emphasized, and 
because the mathematical complexity is considerably reduced. With this re- 
striction the Ritz variation procedure which has been detailed by Coulson (50) 
[nay be used for just this type of wave function. It is found that the energy E 
ssnociated with the wave function 1 is given by the lower root of the quadratic 

\k(Hz) = aPa(H-H) + D\kl(HtI-I-) + c\kz(H-H') 

(rn, - E)(lVI - E )  = (Ha1 - Ex)z (4) 
\vtiere 

JVO = / \ k o  H\ko dr  



Eh-ERGETICb OF 3IOLECULdR COIIPLEXES 1117 

is the energy associated with the structure DA, and 

TV1 = 1 \kl H\kl d7 

is the energy of the structure D’B-. 

Hol = 1 \kl Jl’Po d.r 

is the interaction energy of structure DA with D’A-, and H is the exact I-Ianiil- 
tonian of the entire set of nuclei and electrons which comprise the complex. S 
is the overlap of the tu-0 structureq and equals j\k1\k0 d.r. Since the ground-:tate 
energy E = 137, is not much less than Wo for the type of complexes under con- 
sideration, TYO may be substituted for E a t  every place in equation 4, except j r i  

the f i r s t  bracket on the left where W A  is substituted, giving: 

T r y  = T V a  - (Hal - 1.T-oS)2/(T.t71 - W,) (L) 

Similarly, since W E ,  the energy of the excited state, is not much greater thari 
W1, one obtains after appropriate substitution : 

(,?t>) TY, = TV1 + (Ha1 - TvlS)2/(TT-1 - W,) 
These are also the equations of second-order perturbation theory (167). 

The nxve function of energy W X  is given by equation I with 

b/a = -(Hal - STVo)/(W1 - TYo) (tin) 

The excited-state m v e  function, of energy is given by 

\kB(D, = a*\ki(D’A-) - b*\ko(DA) ( 7 )  

with 

b*/a* = -(Hal - SWl)/(W1 - Tl’o) ( ( i k ) )  

The resonance interaction just described is depicted in figure 1, ivhere TI,, - 
IP ,  is the ground-state rwonance energy, aiid will usually he about 0-10 k x l .  
mole for the complexes being considered. In  weak molecular complexes n here 
S and Hal, and coiisequeiitly TVo - It’,%, are small, a* ‘v a E 1 aiid b* ‘v b c k  0. 

An essential requirement for resonance between the no-bond arid the dativr- 

WU w,--- -- 
FIG. 1. Representing the resonacce of the two structures DA and L>’.-\- ot energ) i r  (i 

and WI, respectiveiy IT-,,. is the energy of the ground state of the complex, and WE that 
of the evcited Ptate. R‘, - W.V is the ground 5tate resonance eneigy usually of the Jrder 
of 1-10 kea1 /mole The resonmce energy in  the e\cited state,  H’l - W E ,  is sucli tha t  1T’p 
- 11’1 > W a  - IT’v. In  the  benzene-iodine complex, for esample, W ,  - 16cl 3 IS0 Lrol  
mole, while T V o  - IT., = 1 3  kcnl./mole (232, 234). 
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bond structures is that S and H a l  be non-zero. Since H has the total symmetry 
of the complex, this requires (167) that ql and q o  ( a )  conform orbitally to the 
*:me symmetry representation in the point group defined by the complex, and 
(b) be of the Fanre spin type (u t  least when spin-orbital coupliiig is weak). 

It i t  be supposed that the donor and acceptor species are each in their singlet 
ground states (Le., have closed-shell atomic orbital or molecular orbital elec- 
tron configurations), then ! P o  is a singlet wave function belonging to the totally 
symmetric representation of the point group of the complex. Thus because of 
( a )  above, must also be totally symmetric. If one employs an orbital de- 
scription of the wave functions corresponding to DA and D + X ,  then i t  may 
be shown (167) that 

A .  = 4 3 s D 4 / ( 1  f 8L.i)” (8) 
where 

S U S  = / (OD *A dT 

find is the overlap integral between the highest energy filled orbital of the donor, 
pD, and the lowest energy unjilled orbital of the acceptor, pA. Alternatively, it is 
the overlap of that orbital of the donor from which the electron has trans- 
ferred with that orbital of the acceptor in which the transferred electron locates 
in the dative wave function. Since XDA will usually be fairly small because of 
the large distance (2.5-3.5 A.)  between the centers of the overlapping orbitals, 
8 will vary linearly, a t  least for small values of S D A ,  with S D A .  H o ~  will also 
vary linearly with SDrl, for small values of S D A .  

Furthermorc, the symmetries of A- and Df will be ‘I’(pA) and ‘r(pD), re- 
spectively, where the left superscript in usual notation indicates the spin de- 
generacy and where r(pJ is the representation to which the orbital pc conforms 
in the symmetry point group of the complex. Consequently considerations of 
resonance may be expressed in terms of the “active orbitals” pa and pD. This 
leads to the overlap and orientation principle (172), according to  which the 
partners in a donor-acceptor complex tend to assume a relative orientation 
such as to make S (or SDA) a maximum. For an orientation of the partners 
such that XDA is zero, b also is zero by equations 1 and 8, and charge transfer 
interaction disappears by equations 5. 

It is necessary to stress that  the overlap and orientation principle is com- 
pletely valid only under two restrictions: ( a )  The charge transfer or resonance 
interaction must afford the primary stabilizing energy of the ground state of 
the complex. If the no-bond structure is stabilized appreciably, as for example 
in complexes of trinitrobenzene with polyacenes where dipole-induced dipole 
interaction may be about 2.5 kcal./mole (29, 30), the positioning of one partner 
of the complex relative to the other will be a compromise between the masi- 
mization of S D A  and the polarization forces (152). ( b )  Equation 1 must hold. 
The most general equation for q N  is (172) 
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\\here the summations are over all possible states of the t n o  structures D*.l 
and D-A’, aiid where the + . . . iiidicates similar sumniatioiis over all statei. 
of more highly ionic structure< such as Dt+h--, etc., aiid even over all excited 
\tate> of the no-bond structure. A41though the lowest energy \kl, assumed in 
equation I ,  is favored bj7 the factor I,’(TTTI - WO) in equation j a ,  it is conceiv- 
ahlc that  S,, and Hol might iiicrease so to  outweigh this term for a t  least 
wnie of the excited qfl(D-.-I-)’$, arid thnt cimilarly the factor 1 / ( T T y n  - I T T (  I 
might be outweighed for one of the \k,(D-h+)’s. If this m r e  the case, the ,siIliplc 
overlap and orientation principle liaked 011 equation I would be inr-alid. €Ton - 
ever, there is no good reason for supposing that  large increases of the :ippio- 
priate overlaps occur as TV1 - Tt’o or Ti’, - Y o  incre:Ise; they should rnthei 
remain seiisil)ly constniit or dwrca.e, 40 thnt wpatioii I might still he fnirlj 
>:it i<fac tory. 
,I somewii:Lt more *ophiqtic,ited :ipplic;itioi; of the c~icntntion ~ r i n c i p l ( ~  

hypnwiiig 1 (+triction ( b )  above. i \  po4ldc.  It :i ill he illustrated on page 1124 

13. THE 0VCHL.W A \ S I l  ORICSTA‘lYON PIZISCIPIA1; .\PPLlEI) 

TO SOSIC S I V P L E  COSIPLEXES 

1 .  T1ic bcmrrw-iodine comp1r.i 
The molecular orbitals (Jf O’h) of :L homonuclear diatomic derived from ii- 

and L-shell atomic orbitals (AO’s) arc depicted in figure 2 .  Since any halogcri 
atom has seven electrons in its valciice shell, the ground molecular orbit21 
configuration of :my halogen niolecnle (see caption to  figure 2 )  inny be writteij 
:I 

‘ . .,( /tS)?C? E( (ns)?Cr,( np$n L<( j’pr, ripJFg(?Lpz, “P,)* ( I O )  

where n = 2 ,  3,  1, and 5 for Fe, Cle, 13r2, and I?, respectively. When iodine iunc- 
tions as an  xceptor the donated electron must go into the ~ ~ ( . 5 p . . )  antibonding 
molecular orbital, which then corresponds to pA of equation 8. 

The T niolecular orbitals of benzene, derived from the six 2p,  atomic orbitals 
of the six skeletal carbon atoms. are depicted in figure 8. Since benzene ha+ si1 
T electrons the ground molecular orbital configuration i.; 

. . - (a2$(elg)4, ‘A,, (11)  

lT7hen benzene functions as a donor, the vacancy will occur in the elg moleoulnr 
orbital, which then corresponds to  the orbital pD of equation 8. Consequently 
the overlap of an el, molecular orbital of benzene with the ~?.,(5p,) orliitnl of 
iodine will determine the resonance capability of the dative-bond and thr r io-  

head structures; that  is, the relative positions of the iodine and benzene molt - 
caul~.s in the complex will be such as to  maximize tlic overlap integral: 

1 wln ( F C ? ~ ( ~ P ~ )  d7 

Pimr povible gconietric models of the benzene-iodine coniplex are shon.~: I ~ I  

figuie 4. It i. seen that by use of some one of the tn-o cl, xoleculnr orhitals o i  
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FIG. 2. The lowest-energy molecular orbitals of :L liomonuclear diatomic formed from 
at,oms of the first or second row of elements in the Periodic Table. The energy scale a t  the 
right is not linear; however, the orbitals are arranged vertically in correct order of increas- 
ing energy. The atomic orbitals of the isolated atom are on the left; the molecular orbitals 
of the isolated molecule are on the right. Thus the ~ ~ ( 1 s )  and ~ ~ ( 1 s )  orbitals are the mo- 
lecular orbitals resulting from the bringing t,ogether of two 1s atomic orbitals, one on the 
left (shown) and one on the right (not shown), from infinity to the equilibrium internuclear 
distance of the molecule being considered. 

Antibonding character is denoted I)y a bar. Hatching signifies negative sign of the wave 
function, while its absence means positive sign. In the fluorine molecule the uo(ls) and 
~ ~ ( 1 s )  molecular orbitals are virtually nonbonding (i.e., the 1s electrons of the fluorine 
alom are so tight,ly bound that, there is no appreciable delocalization of t,hem upon form- 
ing the fluorine molecule). Similarly in chlorine t,he molecnlar orbitals of t,he 1% = 1 and 
it = 2 shells are nonbonding, and one need only specify the molecular orhitals of the valence 
( n  = 3) shell. The order of energy and spatial disposition 01 orbitals are correct as depicted, 
irrespective of the value of n in n s  or n p .  The number of radial nodes increases as n; how- 
ever, this will not affect any conclusions arrived at by iisc of the tlcpicted molecular orl>itsls 
i'qr conjidcrnfions relative to  the iodine molecnle. 
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0 
FIG. 3. The T niolecular orbitals of brnzene Hatching denoteq negative biyn of the n a w  

lunction above the plane of the hexagon. The lines betxeen regions of positive and negatiw 
sign are the vertical nodal planes. There is also a horizontal nodal plane in the plane ol 
the benzene hexagon, such that the wave function on the nether side of the ring is of op- 
posite sign to  that  sho-n-n. Energy and representation species are shown on the left. a i -  
the coulomb integral, and B (a negative quantity) is the resonance integral hctween r m r  
est neighbor carbons. The z-axis is perpendicular t o  the plane of the paper. 

benzene the overlap in either of the models R,, R,, or R’ is non-zero, while :ti- 
the same time the model is quite compact so that the interionic attraction in 
the dative-bond structure (between Bz+ and 12) is quite large. The overlap in 
model R’ will be slightly smaller than in K, or R, and consequently this model 
will represent a small potential maximum between R, and 11,. 

The overlap in models E, and E, is also non-zero but will be slightly smaller 
than in any of the R models. Furthermore, the centers of charge in the dative- 
bond structure will be quite far apart, so that model E may be neglected as 
energetically improbable. In  model A, the overlap is zero and thus no-bond- 
dative-bond resonance is impossible. This model may be neglected. There is an 
infinity of other possible models, but these may all be rejected as improbable 
by means of considerations such as those above. 

Mulliken (167) chose model R, or R, as being the more stable, arid this par- 
ticular model has been substantiated to some extent by experiment. It is im- 
portant to  ask, however, if the energy differences between the various R models 
are really sufficiently large to inhibit a slightly hindered rotation of the iodine 
molecule throughout the n-hole gamut of R models. Keither is it  clear that  the 
energy differences even between the E and R models are sufficiently large tci 
prevent R small concentration of complexes of geometry E from exicting a t  
equilibrium a t  room temperature. 
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FIG. 4 .  Overlap integrds for some models of a benzcnc-iodine complex. Model R, has 
the z-axis of the iodine molecule parallel to and above the ?/-asis of the benzene (see figures 
2 and 3 ) ,  and the sixfold axis of benzene bisects the 1-1 bond of iodine. Model R, may be 
obtained from R, by rotation of the iodine molecule through 90" (or 30") about the z-asis 
of benzene. Model R '  may be made from R, or Ry by rotation of the iodine molecule about 
the benzene z-axis by any angle not equal t o  30" or an integral multiple of 30". Model E, 
h:ts the z-axis of iodine perpendicular to  the benzene plane, with the center of the 1-1 
bond situated on the z-axis of benzene and removed some 3 A. from the side of the ben- 
wnoid hexagon. Model E, is similar t o  E,, except that  now the center of the 1-1 bond is 
i w  the y axis of benzene. RIodel A has the z-axis of benzene coincident m-ith the z-asis of 
iodine, with the iodine molecule standing above the benzene ring. 

Batching, whether slanting from right to  left or from left to  right, denotes a negative 
bi xve function. Crosshatching then indicates a region of overlap of two negative wave 
tunctions, TI hich makes a positive contribution t o  the overlap integral. Absence of liatch- 
ing denotes positive sign of the wave function, and a total whiteness in a region of overlap 
indicates a product of two positive wave functions and thus a positive contribution t o  
t Le overlap integral. Hatching in a region of overlap indicates a negative contribution to  
tbc overlap integral. The total overlap in nioclel A is then readily seen to  be zero, while 
i!rlitc i n  a11 the other models shonn. 

Indeed, the only unambiguous conclusion which may be reached as of the 
moment is that model R, or R, is the more probable and will presumably pre- 
ponderate in whatever mixture of orientation isomers i t  is that  exists a t  eliui- 
libriuni. In  accord with this mi x-ray investigation of the benzene-iodine and the 
mesitylene-iodine complexes ill solution points to  a less symmetrical loc,ztion 
for the iodine than would be expected from model R, or model R, (62). High- 
pressure studies of the intensity of light absorption (89, 90, 100, 101) are :dso 
indicative of the presence of more thnu oiie geometric type of complex (see pnge 
t 148). Infrared evidence is ambiguous and will be considered on page 1132. 

2. Con7plc.zes of transition metals with .ir-bo?ided systems 
f:thylelie (Ety) with two T electrons has a grouiid electron configuration 

( K  )', as is evident from figure 5 .  In the ethylene-silver ion complex, when 
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121~; .  5. The r moleciilar orbital> of ethylene, and the overlap integrals for some models 
of the ethylene-silver ion complex. The x xiiolecular orbitals of ethylene, r U  and f 0 ,  ale 
indicated on the left. Moclela p and arr  the same and represent tha t  geometry of‘ the 
complex in  which the silver ion is located above the ethylenic plane directly over the cen- 
ter‘ of t h t  C=C bond. The oveilap in t eg rd  Iieing illustrated in p is< 

Iii model 01 tile silver io11 licv in the ethylenic plane opposite the center of the C=C bmond, 
:inti the overlap integral h i n g  tiepicted is the same as in 6 .  The overlap in niodels p and 7 

i d  f i i i i t c l ,  :tnd in a is zero. 

ethylene functionq a- :L donor, :~ii electiwli i. tr:iiibferrcd from the rnolecular 
orbitd of ethylene aiid locates in the 3, atomic orbital of silver ion, S,, is 11011- 

zero when the silver ion is above the ethyleiiic plane, directly over the carhon- 
carbon double bond (model p, figure 5 ) ,  and Aero nlien the zilver ion is in the 
ethylenic plane even though directly opposite the cnrboii-c,irbon double bond 
(model CY, figure 5 ) .  RIodel p n-ill then be the more stable, since it also accords 
with niaximuin ion-induced dipole attraction in both thc no-bond and the 
d,itive-bond structure.. 

.Inother structure, initially qonie\T,h:it improbable, which lion-ever becomei 
more :itt,ractive \Then one considers the 1:trge overlap, the large ion-ion att rac- 
tion, and the larger polarizability of the anionic etliyleiie, i3 Ety-Ag++. This 
structure is made by transfer of a -Id electron from silver ion to the ailtiboilding 
ii, molecular orbital of ethylene. The overlap integrol here ii between :t 4d 
,itomic orhitnl sild a ii, molecular orbital and iq ag,iin iioii-zcro if the d v e r  ion 
1 -  situated :I\ in  model y. model y being the wme :I- 3 
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The ground-state wave function of the ethylenesilver iou complex is 

\P.v(Ety, Ag') = a'Zl@yAg+) + b\k,(Ety-Ag) + c\kz(Ety-Ag+') (12) 

This wave function is in accord with recent views of thi.q complex, which pie- 
sume c to be appreciable and of the same order of magnitude as b (37, 38, 39, 
63). It discords, however, n-ith older concepts nliich n-ould make c zero (196, 
243, 251). 

If one presumes that the contributioii of the structure Ety-8g'l is necewary 
in order to obtain a stable complex, theii one may understand why such eth- 
ylenic coinplexes are formed only by truiwition metal ions or atoms. These are 
Ki, Cu+, Ag-, Fe, Rh', Nif+, Pd+', and I't+L (37 ,  40, 41). Cupric ion does 
not form an isolable complex, presumably because the d electrons of the cupric 
ion are sufficiently tightly bound to  make tlie structure E ~ Y - C U + ~  energeti- 
cally improbable (63). The mercuric ion haq been reported as iormiiig wch a 
complex, but the evideiice here is conflicting (36, 40, 41, 124, 1.11). 

All metals knomx to  form stable olefin complexes do ko iii n l ency  btate4 
which admit of d p  1iybridiz:ition in the dative 7r bond (41). It is thus suggeqtecl 
that  formation of a stable olefin-to-metal 7i bo11d necessitates some p character 
on the part of the d orbitals. 

It is interesting to speculate oil the esteiit of resoiiaiice interaction between 
the dative u-bonded structure and the dative T-bonded structure. In  terms of 
the approximate symmetry in the vicinity of the interaction zone in the mole- 
cule this would seem to be rather small, but nonetheless finite. This means that 
the mesomeric release of electrons from metal to ligand in the dative K bond 
induces a compensating release of electrons from ligand to metal in the u bond, 
thus tending to preserve the electrical asymmetry of the complex. Considern- 
tions of redox potentials are in accord (2) with this conclusion. 

The benzene-silver ion complex has been studied by Mulliken (167, 170). 
The principal dative structure here mill agaiii be Bz'Ag. In  order that  ADA # 0 
for this structure, it  is necessary (167) that the silver ion be located above aiid 
t o  the side of the benzene ring. Such a structure has been found for the solid 
benzene-silver perchlorate complex by x-ray means (216). The crystal of course 
is not a 1 : 1 complex, but is more nearly : = . Each benzene molecule inter- 
acts with two silver ions, one above and one belox the benzene plane, and 
located near diametrically opposite bonds of the benzene. Similarly, each silver 
ion interacts with two benzene molecules. This, horn-ever, does not alter the 
principal conclusions derived from consideration of the 1 : 1 complex, w e n  Xvith 
inclusion of the structure Ra-Ag". 

3.  ,Fcl,f-co~izpl 

Examples of this type of complex are the ,Y-ethylpheiiazyl ( log) ,  beriaen(. 
( 2 2 3 ,  226), p-nitroaniline ( l ) ,  and iodine (148) self-complexes. 

The benzene self-comples has been treated using both free electron (225, 
226) and dispersion force (31) theorie.. ;\lidliken (167) and Murakami (176) 
will be followed by considering the benzcncl-benzene complex, using consider:r - 
tions of donor-acceptor internclioii. 
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The wave iuiictioii corresponding t o  the no-bond structure of the benzeiie- 
benzene complex is l \ k o ( R ~ L B ~ R ) ,  Jyhere BzL designates the benzene molecule 
on the left and BzR that on the right as the complex is vien-ed. The dative- 
bond stjructure is formed by transfer of an electron from one benzene molecule 
to the other. By virtue of the symmetry of the problem, electron tranafer 
is equally probable in either direction, and four da tive-bond wave functions 
arise. They are 

U l l d  

l/d2[3\kl(BzzBz,) S,(BzLBz~)l (133) 

Since whatever the relative orientations of the partners in the complex the no- 
bond wave function will be totally symmetric and more or less dissociative, the 
actual geometric niodel of a presumed 1 : 1 stable self-complex will be determined 
by considerations of the compnctnebs and the overlap in the ionic struetiire. 
The overlap in question (qee figure 3 )  n-ill be 

/ ptlo d r  

and will be non-zero for a complex of geometry D ~ I ~ ,  C3v, C2L, C l h ,  or C,. Any of 
the models in which the two benzene rings are superposed one above the other 
with their sixfold axes coincident, as may be visualized from figure 3. are con- 
qequently excepted from coiisideration. The most probable models are ones in 
which the benzene rings are superposed, but with the sixfold axes displaced 
from coincidence, or ones in which the tn-o benzene rings are coplanar and 
lying side by side. It is difficult to say which of the above two types of model 
1% ould be more stable. 

The ground-state wave function of a 1 : 1 benzene self-complex would then be 

a'\ko(Bz,Bz,) + b/d2['Sl(Bz;BzR) + '\k2(BzLBz$)] ( 14) 

where only the symmetric combination of the singlet dative-bond wave func- 
tions (equation 13a) may be used. Equation 14 is the same ac equation 2 with 
c = b<<a. 

It is appropriate to stress that if the benzene self-complex exists (and there 
is really no definite evidence that it does), it will be a rather weak complex 
and certainly not of 1 : 1 stoichiometry. The results above are still valid, but arc 
reinterpreted to mean that in a -ample of liquid benzene a t  rather low tempera- 
tures and under fairly high pressure there may exist small transient regions of 
ordered orientations where one has an almost graphitic lattice with planar 
layers of benzene rings superposed on other layers, each layer being someahat 
displacrd relative to the one5 above a i d  below it. 

Simihr considerations to those above apply to the self-complexes considered 
hy Hausser and Murre11 ( log) ,  with just two difference.. These self-complexes 
are formed from radicals; consequently gross considerations of overlap, with- 
out nctiid numerical evaluation, will not determine the kind of model to which 



the geometry of the complex coliforms. The re:ison for thiq that the co\-;lleilt 
binding will occur in what it ould iio~v, soinen-hat ambiguoudy, be called thr  
no-bond structure. It might more reasonably be termed the “iion-dative-bolict 
structure.” Since both of the orbitnlq between which binding occurs are group 
theoretically the same in each isohted radical, they will of necessity traiisform 
identically in any model that may be conceived of for their 1 : 1 complex. Thi. 
will lead to non-zero oi-erlap for. any geometry, except accidentally. I t  lln. 
been supposed, hon-ever, that  the t n o  iadicalq ale exactly superposed one ah01 c‘ 
the other. The second difference i i  tliat the tiiplet configuration is no]\- :,l.o 
associated with the non-dntir-e-bond structure. 

4 .  Prinzariljj iouzc co?nplesPs 
These are complexes for nhich T I T 1  < Il’o : ~ n d  ~vill u:unlly bP fornicd only i)!, 

partners which are respectively atrongly itcidic and 5trongly I>a\ic. Other fm- 
tures which will aid in the fornintion ot such coinple\;eq arc’ a lack of hteric. 
hindrance and a strong directionality of the “active orbitals.” This will 1e:~d I ( I  
close approach of the p:irt:ier.. gir-iiig ri-e to lnrge ronlombic :ittr:ic.tive encrp? 
and quite strong chemical bonding. 

The ground-state wave function of such :I complex IT ill be glvw by cqu;itlol, 
1, with b > a. Examplea of such complexes are thc1 ammonia-boron trifluori(l(. 
cornplex ( IG) ,  the triethyl:iminc-iodiiie coniplev (242), arid some complexw 
of the quinhydrone type (11G). 

111. J I A G K E T I C  ST-SCEPTIHILITY O F  J\IOLECCLAR COMPLEXES 

Magnetic susceptibility nieasuremeiits on quinhydrone and its coiistitueii t 
indicate that the Pascal law iq approximately obeyed (159). Benzene solutioiib 
of iodine (16, 205), hon-ever, are more dinmagnetic t h m  this additivity n.oult1 
predict; in other wordh 

X,&(B~-L) < x,(Bz) + x t , ( L )  

where xnL is the niolar susceptibility in cubic centimeters. Sahney, Aggarwal, 
and Singh (218) have also found increases in diamagnetic susceptibility of the 
order of 3.55-16.8 X lop6 i n  polyacene-trinitrobenzene complexes. These latter 
nieasuremeiits were rather exact and apparently supersede earlier and quite 
opposite results (17) on somewhat similar nitro complexes. It was found (218) 
that  the increase in dinmagnetic susceptibility \vas in the order : anthracene- 
trinitrobenzeiie > phenanthrene-trinitrobeiizene > naphthalene-trinitroben- 
zene. The stability of thew complexes, and their donor-acceptor resonance 
interaction, follow exactly the m n e  order (152). 

It is significant that both the benzene-iodine :tiid the polyncerie-triii:tr~~~eii- 
zene complexes conform to equation 1 ni th  a >> b (152. 167). Sonie poteiitial 
energy curves for co~nplese~  of this type are sketched in figrire 6A. It bemi< 
reasonable to  suppose that in these complexes the most important .ingle facto1 
:iffecting susceptibility is the increasing dclocaliziition of electronq. Indcetl, 
rough calculation support5 the conclusion that the iiirr e in orbital extent diic 
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FIG. 6 .  The potential energy curve arising from resonance of the dative-bond and rio- 

bond structures in  (A) polj-acenr complexes n-ith either iodine (167) or tririitrohenzenc 
( l52) ,  (R) radicaloid complexes, and (C) free-radical complexes. ZD is the vertical ionizn-- 
tion potential of the donor, nnd E., the vertical electron affinity of the acceptor. 7 3 4  is !he 
coordinate representing the distance betu-een the t x o  components of the complex, as they 
approach one another from infinity with relative orientations the same as a t  the eqiii 
librium iritermo1ec:ular separation 1,eft superscripis refer t o  spin multiplicity. 
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to  the d~~tive-bond-tio-boid rewiiaiice i. the h \ i >  ior the oliicr\yed incrcase in 
cliainagnetism. 

, wch as are described on page 1126, 
two wave functions arise from the dative-bond btructure. Of these the triplet 
wave function will be associated Kith a higher energy than the singlet (152). If 
the ionicity of the comples is primarily due to the relative acid-base character 
of the components and to the ion-ion :ittractive force rather than to any cova- 
lent binding of the dative structure, the singlet-triplet splitting and the dative- 
bond-no-bond resonance interaction mill both be fairly small. The potential 
energy curve3 for such a situation are sho~vn in figure 6B. 

The ground state of this complex will be a binglet, but there will be a triplet 
state a t  only very slightly higher energies. The thermal population of this well- 
stabilized triplet level may be appreciable, and may give rise to paramagnetism 
even though both components of the complex are diamagnetic. It will be ap- 
preciated that such a complex is almost a diradical; the term diradicaloid ha* 
been suggested (116). h small paramagnetism has been observed in complexes 
of various p-phenylenediamines with differently substituted p-benzoquinones, 
arid has been attributed to the above behavior (116). It would not be expected 
that the ammonia-boron trifluoride complex, or the outer complex of triethyl- 
amine-iodine (see page 1140), would be paramagnetic because of the large 
covalent stabilization of the dative-bond structure. 

Solutions of organic free radicals such as tripheriylmethyl usually show large 
deviations from Curie’s law, such deviations being explained by a temperature- 
dependent equilibrium of a paramagnetic nionomer and a diamagnetic dimer. 
In the solid state zuch compounds usually exist in the diamagnetic form, but 
eren if the solid does consist of monomeric radicals Curie’s law is followed 
fairly closely. 

Some free radic~ls and radical-ions show deviations from Curie’s law a t  low 
temperatures in the solid state (106, 107). One of thehe, the S-ethylphenazyl 
radical, behaves similarly in solution (log), and also ekhilits a new intenbe 
absorption (A,,, = 8000 -I., = 10,000) which :tppears and increwes in 
strength as the parnmagnetism decreases. These rewlts are interpreted (109) 
in terms of an equilibrium between the radical :Lnd a 1 : 1 self-complex in which 
the plane of one radical is exactly superposed on the other. 

The potential energy curves for this type of complex are drawn in figure GC. 
There is a triplet level at rather low energies, but it is dissociative, and iiieffec- 
tive except in so far as it may promote equilibrium between the complex and the 
radicals. 

Crystalline polycyclic aromatic hydrocarbons such as perylene or violaii- 
threne are good semiconductors, their electrical resistivity being of the order 
of 107-’-1012 ohm-cm. a t  25’C. ( 3 ) .  Their crystalline halogen complexeh, however, 
have a remarkably low resistivity of the order of 10°-103 and some 80 per cent 
of this large conductivity is intrinsically electronic (4, 3 ) .  Complexation is also 
accompanied by a decrease of diamagnetism (4). If it is assumed that the dif- 
ference betwen the observed and estimated molar susceptibilities is due to the 

In  the case oi primarily iouic coniple: 
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paramagnetic contribution of electrons in n triplet state of the coniplex, the 
eucitation energy of thiq triplet is calculated ( 1 4 i )  as 0.17 e.v. for the ~-iol:ui- 
threne-212 complex, and corresponds well to the energy gap of 0.15 e.v. for con- 
ductivity (4). 

The reasons for the changes in susceptibility and conductivity caused by 
complexing are not known. Suggestive, however, is the fact that such poly- 
vyclics are almost certainly diradicaloid (153), and that the energy of the h-- 
lying triplet relative to the singlet might be still further decreased by complex- 
ing (153). This would account for the loss of diamagnetism, but it would seem 
then that the conductivity must also be associated with this triplet because of 
the similarity in energy gaps. This might be possible by means of a sort of zip- 
fastener conductive action between polycyclics aiid iodines such as mas (in- 
visaged by Reid (208) in accounting for some oxidation-reduction phenomena 
a t  large separation of couple. However, it seems more reasonable to presumc 
considerable orbital delocalization over the u-hole of this macromolecular (and 
certainly not 1 : 2 )  crystalline lattice. 

The structure of the violanthrene-212 crystal resembles (4) that which i i  
found among the intermediate phases of metallic systems and among yuusi- 
metallic compounds. Such quasi-metallic nature has also been independently 
noted (97, 113, 150) in complexes of some aromatic hydrocarbons with electron 
donors such as the alkali met& and electroil acceptors such :is the halogens. 

IT’. DIPOLE MOMESTS 
In a complex of n nonpolar donor with a nonpolar acceptor, the dipole nio- 

iiierit of the no-bond structure will usually be very small aiid may be zero 
However, there will be a dipole niomeiit associated with the dative-bond struc- 
ture and i t  will be directed from D to A. Since the actual ground-state w a w  
function of the complex is an admixture of both the no-bond and the dative- 
bond wave functions, this implies that there will be a dipole niomeiit of the 
complex, the approximate magnitude of R-hich will depend oil p17 the dipole 
moment of the dative-bond structure, and on the coeficieiit b of equation 1. 
For the case that one of the partners is initially dipolar, the situation becomes 
more complicated and the dipole moment of the complex may be either greater 
or less than that of the dipolar compoiieiit. 

The dipole moment of the complex is given by (167) 

p.+l = - e  1 \kh7 c rt \kN dr 

where e i b  the electronic charge :ind r ,  the vector d i \ t ~ ~ n c e  of the i t l 1  elrctron 
from any suitable origin. For the pnrticular case that P O ,  the dipole niomerit of 
the no-bond itructure, i, zero (i.e., benzene-iodine), ukc of‘ cclu:itioni 1 and i 
leads to ( 1  G i )  : 

p,: = p1(b2  + O b S ’ )  

L 

( 1 5 )  

If  pc1 i:, non-zero, oiie inu-t i i w  ‘ i n  ~iltc~iiativc cspre-ion i l  (ii) ?‘he wave fuiic- 
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t,ions 1 and 7 also obey the orthonormality conditions 

leucling immediately to (28, 167) 

2 + 2ab,S + b2 = a*' - 2a*6*S + b*' = 1 (16a) 

, t r i d  

a*(6 + a s )  = b*(bS + a )  (16b) 

pl, with the iinplied reytrictions, is the dipole moment which would result from 
complete one-electron transfer from cpD to pa. It will approximately equal erDh, 
where r D A  is the equilibrium separation of the t x o  components in the complex. 
Then, knowing plI, pl, aiid S, quantities which may be either determined or 
estimated, one may calculate a, b,  a*, and b* from equations 15 and 16. The 
percentage ionic character of the ground state .I = 100b2/(n2 + b2)  may also 
be calculated. These quantities are tabulated in table 1 for a representative 
range of complexes. 

Despite the general malliie+ of 6 ,  or of A ,  it  must be emphasized that the 
contribution of the dativr-bond qtructure to  the binding energy of the complex 
can be considerable. This ii due to the large binding energy of the dative-bond 
structure (ea. 100 kcnl. 'mole) compared to the uzually almost negligible bind- 
ing energy of the no-bond +tructure. In ordw to clarify this the percentage 
coiitributioii of the reboiiaim energy to the total binding energy of the ground 
d;tt,> haq been tabulated in table 1. This quantity is denoted as per cent E,. 

A finite dipole momen1 i5 d~v-nys observed (27, 28, 56, 71, 72, 133, 241) for 
:i complex formed from iionpolar qpecies. The dipole nioinent of nitrobenzene, 
4.22 D, is however rediwed to 3.73 D in the nitrobenzene-naphthalene com- 
plc.;, and that of m-dinitroben~ene, 3.79 D, to 3.43 D in its naphthalene com- 
plex. It must follow that the resultant of the me.omeric dipole moment of the 
complrx :tnd of the perin:inent inoment of the nitro compound i i   le^ than this 

TABLE 1 
Dipole inoncents, coeficients, and p e r  cent zon / c  character __ ___- __ ______ 

b 1 a * !  I * /  
l--I--- 

Complex 
- ._ ~ 

Flexamethylbenzene-trinitro- I 
benzene , . . . . . . . . . . . . . 1 

Stilbene-trinitrobenzene . . . . . . . 
~aphthalene-trinitrobenzene. . . ~ 

L)urriie-trinitrobcnzene. . . . . . . I 
Hexamethylbenzene-chloranil. , 
Benzene-iodinei . . 
Renzene-iodine+ . '  I 
Pyridine-iodi ne 
Tri~t!i?laniine-iodine I 

I 

I 

I I 

0.55 ~ 0.975 ~ 0.145 

0.97 ~ 0.963 ! 0.193 
l i .82 j 0.964 I 0.1% 
0.69 I 0.969 1 0.168 

1.00 0,957 ~ 0.209 
0.72 i 0.G; I 0.17 

4 . 5  i 0 .86 0.50 
1.90 o . 0 3  0.280 

11.3 , - I -  

0.Q56 0.200 
0.958 0.2S4 

0.031 , 0.244 
0.306 

0.964 1 0.381 

0 . ~ 9 1  1 0.266 

i -  - 

1 -  I 

3.8 
3.5 
2.8 
2.1 
4.4 
2.8 
5 .2  

25 
59 

I I  
54 ~ (28) 

100 (167, l i 0 )  
100 1 (28, 133) 
- ~ (170, 209) 
- ~ ( 1 8 2 ,  242) 

i T h e  riucrepancy her? is to b e  attrihuted to expcrimentd nri l r t iuns n? tlr? sppxrent dipole iiionient and the 
( iliiiiibri,lni constant, and not to riny difference in theoretical approach. 
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latter moment minus the dipole-induced moment in the naphthalene. On the 
other hand, the dipole moment of pyridine is 2.28 D, whereas that of the pyri- 
dine-iodine complex is 4.5 D (130, 133, 233). Such an increase .id1 be primarily 
due to a large mesomeric moment. For this latter case, as also for the triethyl- 
amine-iodine complex, because of difficulty in estimating po,  the values given 
in table 1 will be somewhat approximate. 

On account of the absence of permanent dipoles in both iodine and benzene, 
one can imagine the classical binding energy to be very small, or zero. In  this 
approximation of T Y o  N 0, the coefficient b may be calculated (125) from the 
experimentally determined AH value of -1.3 kcal./mole (32, 234), by setting 
i t  in correspondence with TV,. b so obtained ha5 a value of 0.13, considerably 
smaller than the values obtained from dipole moment data (see table 1). This 
lack of agreement has been shown (28) to lead to a virtual absurdity unles,i one 
presumes the experimental entities p w  or A H ,  or both, to be in error. 

I n  the case of the benzene-trinitrobenzeiie complex the moments induced 
by the NOz dipoles in the benzene plane xyill cancel on account of symmetry. 
However, there n-ill be a finite but small polarization perpendicular to the plane 
of the complex in the no-bond structure, and in the zame direction as the meso- 
meric moment. This, when not accounted for, n-ill cause the mesomeric moment 
t o  be a little too large, and thus also b,  A, etc., in table 1. 

I-. ISFRAIZEI) i l S D  RAALiX SPECTRA 

The iniportmce of DA interaction in stabilizing the complex implies a certain 
;mount  of charge transfer in the ground state of the niolecular compound. 
This in turn infers p:irtial reinoral of an electron from a bonding orbital of the 
doiior (Le., e lg  of benzene) to an tintibonding orbital of the acceptor (Le., c t , (5p2)  
of iodine), and a consequent decrease of bond order for a t  least one bond in 
each component of the complex (Le., benzeneiodiiie). The follon ing effects 
rhotild then ensue : 

( a )  There should be an increase in some bond lengths in both the doiior :tiid 
the acceptor. In agreement iyith this, the normal 2.67 A. bond length of iodine 
is increased to 2.85 A. in the violaiithreneiodine complex (5) and to 2.90 -4. in 
the pyridine-iodine complex (62). 

(6) There should be a decrease in the vibrational frequencies of those modes 
n-hofe force constants are sensitive to  the active orbitals jin-olved in the 11X 
interaction. Thiq decrease will be larger the more localized the particular active 
orbital or the maller the molecule. 

(c ,  A decrease of total symmetry is usunlly :iwoci:tted with complexing. I t  
IS to be expected then thzt some vibrational modes. 5pectrally unobservable in 
the i d a t e d  donor or acceptor because of a symmetry forliddenness, will :'p- 
penr in the spectruin of the snnie qpecieq ivhen complesed. 

A ,  THE Doson SPECTRL-M 
I .. Iiw Raman spectra of olefin-silver ion complexes (235)  lion- a general tie- 

i n  tlie ethylenic C'=P rtretching frequtiicy of the isolated -1 creafe of ca. 63 cm. 
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o!efin. This !Luge decrease ngrec. ~ i t h  the localized nature of the x electrons iii 
nonconjugated ethylenic species and 11 ith equation 12. The two dative-bond 
btructures iiivoked in this wave function imply removal from a bonding R ,  

molecular orbital arid transfer into an antibonding ?i, molecular orbital, respec- 
tively, and u m-eakening of the C=C bond will result in each case. The small 
nnd not really significant frequciicy shifts which appear in the Raman spectruni 
of the benzenesilver ion complex are perhaps illustrative of the greater spatial 
extent of the benzene el, moleculnr orbital. 

Effect (c), as Tvell as intensity changes in other previously allowed transition>, 
has been observed in the infrared spectrum of the benzene-iodine complex. 
The earlier investigations of this complex, as also of the mesitylene-iodine 
complex, led to some debate (91, 90, 103, 104, 195) relative to impurity effect,< 
and the feasibility of ever distinguishing betxeen weak complex formation and 
strong solvent perturbations. Such distinction was to some extent considered 
(99) a matter of convenience. It has n m  been sholm, however, that the infra- 
red spectra of iodine and bromine complexes of benzene and toluene do contaiii 
(74) two enhanced bands. The same is true of the hexadeuterobenzene-iodine 
complex (76) and of other coniplexes of iodine with various monosubstituted 
benzenes (77).  

In  each cdse the enhanced bmds arc the al, symmetric ring-stretch a t  992 
cm. (76). These are Raman-active vibra- 
tions, the increase in intensity of mhich in the infrared of the complex provide;. 
evidence in favor of model A, figure 4 .  The lowering of symmetry from D6jL to  
Cev would cause precisely these two forbidden modes, and no others, to become 
infrared-allowed (76). 

Similar symmetry considerations have been applied to the benzeneantimony 
trichloride complex (60), which had previously been investigated in the Raman 
with conflicting results (11, 211). Seven fundamentals of benzene were found 
to  be increased in intensity, one to be decreased, and three to be unobservable 
in the infrared spectrum of the complex (60). The only model of the complex in 
which predictions of increased allomedness or forbiddenness agree with the es- 
perimental intensity changes is the CyaL (staggered) symmetry species. 

Recent applications (61) of this symmetry perturbation method to molecular 
compounds of known structure such as the benzene-silver ion and the dioxane- 
antimony trichloride complexes yield geometries a t  variance with those knowii. 
This, of course, renders questionable the previous model (or symmetry point 
group) deductions (60, 77, 195). This experimental conclusion (61) is validated 
by recent theoretical findings (78) that an enhancement of infrared absorption 
bands due to  changes in vertical ionization potential or electron affinity i 5  in- 
liereiit in charge transfer theory The reason why the symmetry perturbatiou 
method fails (61) is clarified, and the earlier objections (77, 195) to Mu1likeii’- 
model of the benzene-iodine complex arc somewhat eased. 

Insofar as complesing is concerned it is not the above results but rather :I 

comparison of them with the vibrational spectrum of the donor in inert solvent< 
which is indicative. When benzene i p  in  solution in carhoii disulfide or cnrhoii 

-1 -1 and the el, fundameiital a t  850 cm. 
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tetrachloride all observable inactive fundamentals are either enhanced or di- 
minished in intensity in approximately the same manner (75). Similarly, no 
effects on the vibrational spectrum of saturated hydrocarbons due to halogens 
are observed (195). This behavior, contrasted with that above, is suggestive of 
some specificity on the part of the benzene-halogen interaction different in 
kind as well as magnitude from that with so-called inert species. I t  is this spec- 
ificity which is presumed due to DA interaction. 

B. THE ACCEPTOR SPECTRUM 

The fundamental vibrational frequency of iodine chloride (IC1) when coni- 
plexed with various donors has been observed to decrease Kith increasing equi- 
librium constant of the D-IC1 complex (191, 192). Similar obsermtions have 
been made for the iodine-carbon stretching frequency in complexes of iodine 
cyanide, ICN (193). This behavior is expected, since the larger the equilibrium 
constant the more partial charge transfer there is in the ground state of the 
complex to the antibonding molecular orbital of iodine cyanide or iodine chlo- 
ride. I n  complexes of oxalyl chloride with aromatics (144, 219) the C=O fre- 
quency a t  1700 cm.-' and the &C1 stretch a t  777 cm.? are found (220) in 
the complex at  1777 and 757 cm.-', respectively, in the infrared. KO shifts are 
observed in the Raman (220), but the 1078 cm.-' C-C stretch of oxalyl chlo- 
ride is intensified in the complex, as would be expected from the larger polariza- 
bility caused by the extra antibonding character. 

The 3.46 I.L fundamental of hydrogen chloride is shifted to longer wavelengths 
in benzene and other aromatic solutions (47, 94, 198, 250). Although such shifts 
are observed to parallel increasing dipole moment of the solvent, the magni1,ude 
of change is too large to be accounted for solely in those terms. Similar com- 
ment might apply to a more recent study of the 1335 cm.-' band of p-nitro- 
aniline in acetone-benzene binary solvents (160). The decrement in frequency 
of the hydrogen chloride fundamental when in solution in solvents containing 
carbonyl groups has been proposed as a measure of the base strength of the 
solvents (47, 48). This is a previously used gauge of donor strength (02, 93, 91, 
0.5, 96). 

In picrate (134) and other nitroaromatic (33 ,  206) complexes the nitro asym- 
metric stretching mode and the out-of-plane CH bending mode are sensitive to 
complexing. The manner in which these modal fundamentals are changed in 
intensity and/or in frequency has been used as a criterion of complex type for 
picrates (134). Three types of complex were distinguished: the t-t complex, 
where pA and pD are both a orbitals; the n-a complex, where pi is a K orbital 
but where pD is a primarily nonbonding orbital localized on some one atom 
(the nitrogen atom in pyridine): and the t-a complex in which there is also a 
strong localized, presumably dipolar, interaction. 

The fundamental vibrational frequency of chlorine, a t  5 5 i  cm-' in the iso- 
lated halogen, is reduced to 526 cm.-' when chlorine is diqsolved in benzene 
(45). Similarly, the 321 cm.-' frequeiicy of bromine is reduced t o  301 cni -' iu 
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the benzene-bromine complex (6-4). The larger decrement for chlorine iq 111 

agreement with its stronger acceptor nature. 
Furthermore, these bands, normally oiily Raman-active, are now observed 

in the infrared. Such should not be the case if the benzene-halogen complex 
belonged to the expecte-i R model of figure 4; it  becomes necessary to presume 
(171) an unsymmetrical geometry for the complex. The diwordance of this 
latter geometry with that predicted could only be attributed to a breakdon-xi 
of t!ie simple orientation principle caused by a large overlap of a wave function, 
or wave functions, corresponding to one or another, or perhaps heveral, of the 
structures DtAT or DLAt, n i th  IF,, (see equation 9). This hardly seems likely 
(172, 180). 

4 iiiore reasonable suggestiori (180), and one n-hich is in line with more re- 
cent ideas of complexing (189), i. that in beiizenc solution any one halogen 
molecule may be in contact with sewral benzene nio!ecules. Thus, even though 
the two halogen atoms are interacting equivalently with one benzene molecule, 
they may be doing so no:iequivalently with another. The resulting induced 
dipole in the halogen would cause infrared absorption (180). The particular 
statistically average type of complex envisioned here i.; no more fictitiouq nor 
any more arbitrary than that of hlullikeii (172). and should lend itself to much 
the same kind of conclusion (189). 

The band width of the iodine-chlorine, or the iodine-carbon, stretching 
vibration has been observed (191, 192, 193) to increase with increasing equi- 
librium constant of the D-ICI, or D-ICY, complex. Such broadening concur% 
with an increasing spectrum of different geometric and/or electronic types of 
complex. However, the distribution of types would be expected to decrease 
with increasing equilibrium constant (189). Accordingly, the broadening of 
half-width of the infrared band can only be explained if it  is assumed that the 
light absorptivity of the most probable type is decreased relative to that of the 
less probable types as the type spectrum decreases. 

The intensity of the infrared band of iodine chloride or iodine cyanide has 
been observed (191, 192, 193) to increase as the equilibrium constant of the 
complex in which the iodine chloride or iodine cyanide is the acceptor increases. 
S o  good interpretation of this increase is available. 

VI. THE ELECTROXIC ABSORPTION SPECTRUM 
The existence of an intense absorption corresponding to the transition 

qE t iPN is now expected (167). Since u2 >> b2 (see table l), this transition may 
be viewed as causing an electron to jump from D to A. It is hence called an 
E c N transition, a charge transfer transition, or simply a CT transition. It is 
further noted that this transition requires participation of the two species D 
and A and is hence characteristic only of the complex. 

The transition dipole moment is given by 
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which may be approximately written as (167) 

or 

where pol is the transition moment, 

between the pure no-bond and the dative-bond structures. YD and denote 
the average position of an electron in the orbitals pD and pA, respectively, with 
respect to some convenient origin, n-hile PD.4 is the average position of an elec- 
tron having a charge distribution of the form of the overlap of the orbitals pD 

The energy of the charge transfer transition is given from equations 5 ,  and 
and P A .  

5b as (172): 

For small overlap Hol will vary approximately as S, and S as S D A ,  and one may 
consequently write 

d * 2 S k A  d2ShA 
T t ’ l  - wo + TY1 - Tt’o 

Izv = TVl - TVO + 
where d* will be larger than d since Wl > WO. TVl - Tt’o may further be written 

:is (105) ID - E, - - + CAB, where ID is the ionization potential of the donor 

mid E,  the electron affinity of the acceptor; e?/r is the coulombic eiiergy of the 
dative-bond structure, and CAB is the difference between all other energy quan- 
tities in the dative-bond and no-bond structures with both partners at, their 
equilibrium internuclear separation in the complex. For complexes of a com- 
mon acceptor the greatest variation will occur in I D ;  the other quantities, being 
more or less constant, may be approximated as AI, giving W1 - TYo ‘v ID - M .  
This leads from equation 18 to: 

e2 
r 

The electronic spectrum may now be considered on the basis of these considern- 
tions. 

.t. POLARIZATION O F  T H E  CHARGE T R h S S F E R  TR. iShITIOS 

Sakamoto (18-1) has studied the optical dichromism of single crystals of 
complexes of hesnnietliSlbenzeiie-tl’initrobeiizeiie and p-bromonniliiie-picryl 
chloride, the componmts of which are packed in the crystal with their benzene 
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rings parallel. The absorption of light polarized perpendicular to the benzenoid 
planes was more intense than that polarized in the plane, and the position of 
maximum absorption was a t  longer wavelengths in the perpendicularly absorbed 
light component than in the in-plane component. Both of these features are re- 
versed for ordinary noncomplexed aromatics (183). 

The electron transport from D to A which is characteristic of a charge trans- 
fer process in a molecular complex can only be brought about by that com- 
ponent of the incident light ryhich i. oscillating perpendicular to the benzenoid 
ring. This may also be seen from equation 17a: If one considers a complex in 
which the rings are exactly superposed, one above the other, and of which the 
no-bond structure is nonpolar, one obtains po = 0 and pol equivalent to the 
dipole produced by transfer of an amount of charge eS from the donor to  ap- 
proximately halfway between D and A. Thus pol Sp1/2, and there results 
(168): 

(lie) 

Since dipole moments are vector quantities it fo1lon.s immediately that pEh.  and 
p1 lie in the same direction, that  is, perpendicular to the plane of the complex. 

B. INTESSITY OF T H E  CHARGE TRAKSFGR TItANSITION 

The oscillator strength of the absorption, f ,  mny be evaluated from any of 
equations 17 and data such as are giveii in table 1. f may also be determined 
experimentally; the follosying equations apply (151) : 

f (experimental) = 4.32 X lo-' / E dr, 

f (experimental) = 1.35 x IO-' cmnx(~,r ,nx - ijlI?) 

f (theoretical) = 4.704 x lo-' z;,,,p~., 

-1 where T is the frequency in cm. and E the molar extinction coefficient. L,,, 
and emax are the frequency and molar extiiiction coefficicnt, reqpectively, a t  peak 
absorption; ij112 is the half-width of the :ibsorption band, and the integral in the 
top-most equation is carried out only over the absorption baiid being con- 
sidered. A comparison of calculated and experimental values is given in table 
2 ,  from which it is obvious that remarkably close individual agreement obtains. 

TABLE 2 
C'of?rpuizson o j  erperzniental and thcoi etzcal oscrllcltoi s t r e n y f l i s  

______---- _ _ ~ _  _______-_ - ~- 
I I 

Reference j f 
(experimental) I ~theureiical Cumplex 

- -______ ___ - _ _ _ _  - 
I 

Hexamethylbenzene-trinitrobenzene 0 080 0 116 1 (28) 
Stilbene-trmitrobenzene I 0 064 0 112 (28) 

1)urene-trinitrobenzene 0 103 0 08Y (28) 
Hexemethylbenzene-chlorsnil 0 093 0 101 (28) 
Benzene-iodine 0 30 I 0 I9 (167) 

Naphthalene-trinitrobenzene 0 050 0 101 (28) 

~~ - ~- -~ . ____ __ __ - - ______ 
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Acceptor 

Maleic anhydride 

Trinitrobenzene 

11-Quinone . . . . . . . . . . . . . . . , . . , 

. ~- 

TABLE 3 
The nwiaf ion  0.f e m a T  with K t  

Donor 

Benzene 
Anisole 
Dimethylaniline 

o-Methylbiphenyl 
m-Methylbiphenyl 
p-Methylbiphenyl 

- , ____-- 
I 0.68 
~ 0.84 

I 
i 0 . 7  

1 . 2  1 1.6 

Benzene ~ 0.42 
Phenol ! 0.93 
Hydroquinone ~ 0.97 

- 
t The relationship of 6 to should be studied only within each of the three acceptor groups 

Although the results of table 2 might seem conclusive, the situation with re- 
gard to intensity (f or E )  is really quite ambiguous. Since the quantity S mill 
usually be rather small, any of the equations 17 may be approximated by (175): 

This latter equation will hold approximately only for complexing of rat her 
moderate strength; it r i l l  not hold for either very strong or very weak ?om- 
plexing. 

Since b increases as the resonance interaction increases (equation Ga), one 
would expect p E s ,  and thus also f and E ,  to increase with decreasing ionizaiion 
potential of the donor or with increasing equilibrium constant of the complex. 
?jot only do these predictions not obtain but, as may be seen from table 3 ,  the 
exact opposite is the case. Observations of this opposition of theory and experi- 
ment are rife in the literature (8, 9, 10, 35,  83, 122, 135, 175, 177, 203, 234, 
240); the data in table 3 do not even constitute a remotely representative 
sampling. From all of this i t  may be concluded that elmax decreases with in- 
creasing donor character of D or iiicreasing acceptor character of A, and that 
this behavior is quite at variance \I-ith expectation (178, 179). 

X number of solutions to this problem have been proposed. The first assumed 
the complex in solution to consist not just of one geometric species, but to em- 
brace a whole ensemble of different geometric and/or electronic types (175, 
178), but it led to no really satisfactory coiiclusions. However, some of the 
features of this latter concept, as also of another developed (180) i n  connectioii 
with infrared intensity, hare  been incorporated into a new theory which appears 
eminently capable of accounting for experiment. Since this theory was de- 
veloped from quite other considerations than those above, it will be considered 
i n  some detail. 

I .  The concept o.f contact charge transfer 
Iodine in the gaseous state does not absorb a t  A > 2000 A, yet when tiis- 

solved in saturated hydrocarbons it absorbs quite strongly up to 2600 A. (68, 
69, 86, 105). Bromine (69), oxygeii (68, 173). :lad tetranitromethane (70, 129) 
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behave similarly in solution in a saturated hydrocarbon. There is no spectral 
evidence for complexing in thebe solutions (68, 69, 105), and indeed all inde- 
pendent (Le., nonspectral) evidence (114, 132) on solutions of iodine in saturated 
hydrocarbons mitigates against the presence of any very stable complexed 
species in these solutions. In  vie\T of this, Evans (68, 60, 70) suggested that the 
absorption might be due to a charge transfer transition TThich occurred during 
collisions of ail iodine molecule with a saturated hydrocarbon molecule. 

illulliken (172) developed this suggestion further. For a donor contacting 
n-ith an acceptor one may define an entity called the car der W a a l s  uolunic, 
SVDW, the square of which will determine the repulsive exchange forces (165) of 
the closed-shell electrons of D with those of A. XVD,y will be determined largely 
by the overlap properties of the outermost filled orbitals of both species. How- 
ever, in charge transfer interaction it is the square of the so-called (172) elec- 
tron acceptation volume, SD,, which will primarily determine the DA attractive 
resonance forces. If pA is an antibonding orbital, and i t  usually will be, it  will 
be spatially quite diffuse. In  such a case it is to be expected that S,, will be 
larger than SVDW, a t  least for distances of approach not much smaller than 
about 3.5 A., and that SDA may even be larger for much looser contact than 
that usually involved in actual complexing. 

All of the formulas thus far derived for stable complexes will apply to these 
contacts. In  particular, me have thus far supposed that the first term of equa- 
tion 17b is the more important for stable complexes; hence equation 17d. If it 
is supposed, however, that  the second term of equation 17b, which increases 
in importance for weaker complexing, becomes relatively more important than 
the first for contact charge transfer, then an absorption of moderate intensity 
with 

P E N  E - d % s D A r D A  

is predicted, where TDA is the separation of charge centers of I) and A in the 
contact. 

Fairly intense absorption should then be possible for donor-acceptor pairs 
which are merely close or in contact even if there are not actual molecules of 
complex present, or, in other words, even if the equilibrium constant for complex 
formation is zero. The only requirement is that  SDA differ sufficiently from zero 
a t  van der Waals contact or, equivalently, that  a t  that  distance of approach 
where repulsive exchange forces set in, SDA be non-zero. A necessary adjunct 
to  this is that  since b > 0 for S > 0, there mill be a small amount of charge 
transfer from D to h in the wave function descriptive of the pair of contacting 
molecules. All of this does not imply any stability of the contact pair, since 
a t  the van der Waals contact there will be an exact balance of exchange and 
charge transfer forces. At any distance of separation a little larger than that 
for van der Waals contact there will be a small stabilization energy of the con- 
tact pair, but i t  will be completely negligible thermally, even at  rather low 
temperatures, Indeed, one may go further and say that the occurrence of con- 
tact charge transfer absorption does not depend on the ability of the charge 
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transfer forces ever to oyerconie the exchange repulsions, but rather oil the oc- 
current? of a non-zero SD4. 

Orgel and Mullikeii (189) have examined a niodel which >upposes a solution 
of benzene and iodine to consist of a definite fraction of close, relatively low 
energy, relatively favorably oriented, saturated 1 : 1 complexes, each loowly 
surrounded by noninteractiiig benzene molecules, plus a remaining fraction of 
iodine molecules having loose and random contactual charge transfer intem c- 
tion, each with a benzene molecules. In actuality, of course, there must be a 
continuous gradation from actual complexes of different geometries t o  looqe 
contacts of different orientations and stoichiometry. The particular fictitious 
model chosen, however, does represent a reasonable approach to reality. 

When the effects of this particular distribution of complexes and contacts 
on the Benesi-Hildebrand (1.5) equation, and on the maximum molar estinc- 
tion coefficient, EBH, and the equilibrium constant, K B H ,  derived therefrom, 
are investigated, the following equations result (189) : 

where p = aicontsct /Ecompler .  icontact is the mean molar extinction coefficient for all 
kinds of contacts, and E ~ ~ ~ ~ I ~ ~  is a weighted average extinction coefficient over 
all the types of 1:l complex which exist. All E’S refer to the same wavelength. 

It is obvious from equation 19a that thelarger K B H  the smaller will be the con- 
tribution of contactual charge transfer t o  the intensity in solution, and that 
finally when KBH = 00, all absorption will be due to 1 : 1 complexes with cRH = 
ecomplex. In  this connection, the rate of decrease of eBH with K,, for Complexes 
of iodine with alkylbenzenes is greater than the rate of decrease of a ;.imilnr 
series of alkylbenzene-iodine chloride complexes (186). This accords with the 
greater K B ,  values of the iodine chloride complexes and with equation l9a 

If values of p = 4 or 5 are substituted in equation 19b, then i t  ic  found that 
the values of EBH of alkylbenzeneiodine complexes, which increase anomalously 
as KBE decreases, yield values of ~ ~ ~ ~ , ~ ~ l ~ ~  which behave properly, that  is, increase 
with KBH, or conform to equations 17. If icontnct ‘v ~ ~ ~ ~ , ~ , l ~ ~  then p ‘v a ,  and values 
of a = 4 or 5 seem reasonable. icontact should, of course, be somewhat smaller 
than E ~ ~ ~ ~ I ~ ~ ,  which would make CY larger. However, because of the particular 
statistical model choqeii, and the fact that iodine complexes which are churac- 
terized by large pa are being considered, icontact may not be so much smaller than 
~~~~~1~~ as to necessitate an unreasonably large a.  

These latter results are gratifying, but not necessarily conclusive. There seems 
little doubt, hovever, that the observed anomalous behavior of the eBFI’s is 
to be considered due to:  

(a )  Contributions from contact charge transfer spectra (68, 69, 70, 180, 
172, 189). 

( b )  Varying mixtureq of orientation isomers (172, 175, 177, 178, 179, 183). 
( c )  Deviations from ideality in solution, magnification of esperiinw tal 
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errors, arid other factors not properly accounted for by use of the 
uiimodified Benesi-Hildebrand (15) equation. 

C .  E S E R G Y  O F  THE CHARGE TRASSFER T R A S S I T I O S  

If one assumes an approximate constancy of the term (d*’ + d’)S;,, equa- 
tion 18c reduces (105) to : 

hv = I D  - 111 + 2,k?/(ID - &f) (18d) 

A somewhat differeiit forin of this equation has also been used by Briegleb and 
Czekalla (28); the general prediction (28, 105, 172) is that a graph of the energy 
of the experimental charge transfer abqorption band versus I D  should yield a 
parabolic segment. In  practice (loa) the range of I ,  values is usually fairly small, 
and the segment consequently so restricted a$ to be virtually a straight line. 
One may view this differently. When one considers a series of complexes of the 
same acceptor with different but closely related donors for. which the ID range 
is only a few electron volts, one may m i t e  to a good approximation (119) 

hv = I ,  - B 

where B is assumed to be a charnctrristic constant for the complexes of any one 
acceptor. 

Equation 18e, predicting a linear increase of the energy of the absorption 
band with I,, has beeii found to fit experiment surprisingly well. Such a linear 
relation exists for eighteen different aromatic-iodine complexes (149) even when 
the donors are as diverse as benzene, thiophene, dihydropyran, and piperidine 
(44, 232). Polyacene-trinitrobenzene complexes (151, 152), as well as various 
other aromatic- and heteroaromatic-trinitrobmzene complexes (18, 19, 28, 
125), also fit equation B e .  

It niust be emphasized that even for complexes of the one acceptor, the em- 
pirical parameter p should vary somewhat unless one is considering a group of 
very closely related donorb, and thus that the observed linearity has no very 
good foundation in theory (152, 172). It is not surprizing then that the energy 
of the absorption band predicted from equation 18e deviates by 0.7 e.v. from 
the experimental value in the triethylamine-iodine complex (182). Similar excep- 
tions have been observed for the pyridine-iodine complex (208) and in the pyri- 
dine N-oxide complex with iodine (44). 

It has been concluded (148) that iodine exhibits an amphoteric character in 
the I4 complex. This species exhibits a weak absorption band with maximum 
a t  2880 A. when in solution in inert solvents (68, 115, 119, 121, 142, 164), and a t  
2670 A. in the gas phase (131). Xuclenr quadrupole absorption spectra in solid 
iodine point to anomalies (230) perhaps nttributable to this qelf-complex. RIc- 
Corinell (148), on the basis of the rather low ionization potential (163) of the 
iodine molecule, calculates the energy of a presumed charge transfer absorption 
band as 4.3 e.v., a value which accord:: rather well with the observed value 
(4.7 e.v.). This is suggestive of a charge traiisfer origin for the iodine-iodiile bincl- 
I I ~  in the complex. Such h s i c  behavior by iodine is hardly improbable, hirice 
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there does exist Fonie evidence that bromine may actually be functioning s.5 a 
very weak partial donor (i.e., coefficient c of equation 2 being small bct  signifi- 
cantly greater than zero) in sonie dibeiizoquinoline-bromine complexes (97, 113, 
150, 228, 229). 

Appropriate substitution of the benzene ring will make the tn-o elQ molecular 
orbitals of benzene (see figure 3) slightly different in energy. These substituted 
benzenes should hare two slightly different low-energy ionization potentials, 
conditioned by whether one ionizes an electron from the niolecular orbital of 
upper or lower energy; it is expected that tn-o charge transfer absorptions will 
result (188). TKO such bands attributable v i th  some reservations to the above 
causes have been observed (230) in some polymethylbenzene-chloranil complexes 
and also in diniethylaniline-chloranil. Some diaminobenzene-trinitrobenzene 
(18), anisole-iodine (143), and p-dimethoxybenzeiie-iodine complexes (143) 
exhibit similar behavior, except that  three bands are observed in the last txvo. 

1'11. THE LUMIXESCESCE SPECTRA 

The emission spectra of complexes of trinitrobenzene with various aromatics 
have been observed (161, 207) in solid glassy solution a t  - 190°C. after excita- 
tion with radiation of appropriate wavelength. This luminescence exhibited a 
remarkable similarity l o  the phosphorescence ( T  -+ X) spectrum of the free u n -  
complexed donor component of the complex, and on this basis i t  was postulated 
(161) that the emission of the complex actually n-as the phosphorescence of the 
donor. However, the luminescence of the anthracene-trinitrobenzene complex 
was anomalous in that it did not resemble, either energetically or vibrationally, 
the known T -+ X emission of anthracene. Because of the above induced pnral- 
lelism between the emission of the complex and the phosphorescence of the donor, 
the lowest triplet state of anthracene n-as reassigned ail energy of 19,000 cm.-' 
(207) ,  the previous assignation of 14,700 em.-' (137) being considered in error. 

The 14,700 cm-' position was later affirmed (43, 151, 152, 192) by vibrational 
analyses of the phosphorescence spectra of anthracene and seven of its chlorin- 
ated derivatives, and the resultant exclusion of the anthracenetrinitrobenzene 
complex from the induced parallelism raised some doubt about the identification 
of the emission of the complex as a phosphorewence of the donor. Furthermore. 
conclusions reached (187) on the basis of a supposed parallelisni also became 
suspect. 

It has now been proven that a mirror-image relation exists between the emis- 
sion spectrum of the complex and its charge transfer absorption band (19, 20, 
37, 58). If, for example, it  is supposed that the emission is a phosphorescence of 
the donor, then it should be little affected energetically (152) in complexes of the 
same donor with different acceptors. If, on the other hand, it is the reverse of 
the charge transfer (or E +- N )  absorption, then a~ the electron affinity of the 
acceptor increases and the charge transfer absorption its a consequence moyes to 
longer wavelengths, the emission must do likev ihe in order to preserve the mirror- 
image relationchip. That the emission does indeed shift to longer Lvavelengths 
Kith increasing E ,  of the acceptor ha* been prove;! hy the work of Czekalla 
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FIG. 7 .  Plots of ?,,, for absorption versus h,.% for emission, illustrative of the manner 
in which an approximate mirrorimage relationship is maintained. The plots are as fol- 
lows: plot 1, durene; plot 2,  hexametliyll,enzene; plot 3, naphthalene; plot 4, phenanthrene; 
plot 5 ,  anthracene; plot 6, 1,2-benzanthracene. The points on each plot represent the fol-  
lowing acceptors: point I, chloranil; point 11, 2,5-dicliloroquinone; point 111, 2,4,7-tri- 
nitrofluorenone; plot 117, trinitrobenzene; plot V,  tetrachlorophthalic anhydride; plot VI,  
trimesyl chloride. This figure i3 reproclured by gracious permimion from the unpublished 
work of J. Czekalla (3). 

(57 ,  58, 59), a beautiful example of which is given in figure 7. Despite some 
earlier opposition (231) it may thus be concluded that the emission of trinitro- 
benzene complexes is E - N, or the reverse of the charge transfer absorption 
process. 

The reason for the corrcspondeiice of the E - JY emission of a trinitrobenzene 
complex and the phosphorescence of the donor has also been clarified (151, 152). 
Phosphoroscopic study of the emission spectra of trinitrobenzene complexes of 
anthracene, naphthalene, pheiunthrene, el?.  has ~1101vn that the observed single 
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emission band actually consists of two parts: One is a weak emission and corre- 
sponds almost exactly to  the phosphorescence of the free uncomplexed aromatic 
in both energy and lifetime. The other, obtained by subtraction of the phos- 
phorescence from the total emission, is a good mirror image of the E + N absorp- 
tion and has a normal fluorescent lifetime. Since the E --f Nfluorescence is 
usually quite structureless, the structure of the total emission is determined 
by the vibrational characteristics of the phosphorescence. This might explain 
Reid’s original identification (161, 207). 

However, a question then arises as to why the phosphorescence and fluores- 
cence occupy the same spectral location in so many trinitrobenzene complexes. 
It has been suggested (197) that this coincidence is accidental, and is only main- 
tained because of an approximate constancy of the difference in energy of the 
vertical ionization potential and the lowest triplet state of many aromatic hydro- 
carbons of ca. 30-35 kcal./mole. The energy of the charge transfer fluorescence 
is also a functioii of the electron affinity of the acceptor, and i t  is to be expected 
that in complexes with acceptors other than trinitrobenzene there might be a 
large spectral separation of fluorescence and phosphorescence. Thus in the com- 
plex of naphthalene and tetrachlorophthalic anhydride (34) one may distinguish 
two distinct bands in the total emission spectrum: one of the E -+ N emission 
with a half-life of lO-’sec. (27, 54, 55,  59), and the other the phosphorescence 
of naphthalene with a slightly decreased half-life of a few seconds. Two such 
bands have also been found in the complexes of tetrachlorophthalic anhydride 
with anthracene, benzanthracene, phenanthrene, and durene (57). 

The mechanistic basis for the observation of two emission spectra has recently 
been considered (152) on a somewhat theoretical level, using the charge transfer 
concept. There may be some question as to the advisability of using charge 
transfer theory for nitroid complexes (29, 32, 112, 175, l i 7 ,  178); however, 
charge transfer interaction, as may be seen from table 1, does account for some 
50 per cent of the binding energy of trinitrobenzene complexes, and in view of 
the ability to account for so many diverse physical and chemical properties on 
the basis of this charge transfer contribution, its use here seems justified. A de- 
rived potential energy diagram for the anthracene-trinitrobenzene complex is 
given in figure 8. The general conclusions are that immediately following the 
6 +- N absorption (process i), there occurs not only the reverse E --f A’ fluo- 
rescence (process ii), but also a transfer of energy from the primarily ionic ‘E 
btate to a lower-energy triplet state, 3LV*, of the complex. Such energy transfer 
will occur a t  or near the juncture (or point of incipient croqsing) of the ‘E and 
35* curves, and is called “intersystem crossing.” Since the triplet level is disco- 
ciative a t  the energyof the junction point, the complex will probablydissociate to 
:i large extent, yielding trinitrobenzene in its ground state and anthracene in its 
lowest excited triplet (3B2u) state. The anthracene will then return to ground by 
the observed phosphorescent path (process iii). 

Considerations (152) similar to the above have been applied to the benzene, 
iiaphthalene, phenanthrene, and carbazole complexes of trinitrobenzene. The 
only requirement for two emissive paths is that  the lowest triplet level of the 
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FIG. 8. Potential energy curvcs for an anthraceiie-trinitrobeiizene complex for whicli the 
geometry a t  the upper left of the figure is assumed The benzenoid part of the trinitrobcn- 
zene is assumed to  be positioned parallel to  and exactly above the central hexagoii of thc 
anthracene. Superposition is indicated in the model a t  the upper left by a thickening of lines 
The symmetry representation species of the acceptor, the donor, and the complex in the 
point groups D?h, 1I3h ,  and Cy,, respectively, are given in columnar form under the appxopii- 
ate point group symbol or structure For further detail consult reference 152. 
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donor be a t  lower energy than the first excited charge transfer state of the com- 
plex; the appearance of the phosphorescence is due to a type of predissociation 
involving intersystem crossing. 

The term “sensitized phosphorescence” has been used to  describe the fact that  
the T -+ X emission of the donor when complexed is usually more intense than 
the norma1 phosphorescence of the free uncomplexed donor species. This term, 
however, has also been used (237) to describe another and presumably different 
means of increasing the phosphorescent quantum yield. In  this latter case a 
transfer of energy is presumed to take place directly from the triplet level of one 
molecule (a sensitizer) to the triplet level of the molecule being observed (65, 
66, 237, 238). If this mechanism is correct, then we must note the following 
differences between the two types of sensitization : 

(a)  Both components in the cases considered here form stable molecular com- 
pounds, whereas in the systems studied by Terenin and Ermolaev (238) there 
mas no evidence of complexing. 

( b )  The primary exciting light is absorbed in the E +- AV transition of the com- 
plex in one case, and in the S‘ t S’ absorption of the sensitizer in the other. 

(c, The energy transfer in the cases considered here was intramolecular and 
S ---+ T ,  not intermolecular and T -+ T .  

( d )  The coilcentrations a t  which the type of transfer described by Tereniii 
and Ermolaev beconies effective are much different (lo4 greater) than those 
necessary for the process described here. If the mechanism described by Terenin 
and Ermolaev (238) is that n-hich is actually operative in the systems considered 
by them it might be well to discontinue usage of the term “sensitized phosphores- 
cence” to describe the effects considered here. It would seem, however, that  a 
reinvestigation of the presumed T ---+ T transfer situation is necessitated, since 
it may very well involve weak, and difficult to establish, complexes. This is es- 
pecially suggested by (d ) .  

Since energy transfer has been indirectly under consideration, it seems appro- 
priate to consider another type of energy transfer process which may be ob- 
served if one can initiate charge transfer a t  some point in an array of molecules, 
and which has been invoked (208) in order to account for highly specific bio- 
logical oxidation-reduction processes. Once initiated such transfer could repeat 
along the whole array, and an electron would ultimately become available a t  a 
point remote from where introduced, thus providing a mechanism for “long- 
range” oxidation-reduction processes as follows : 

Reducing agent array of molecules (macromolecule) --f oxidizing 3 gent 

It seems significant that just such an array as is required is present in the nu- 
cleic acids, where the purine and pyrimidine components may have the role of 
energy transporters. 

VIII. TRIPLET STriTES -42ND COMPLEXITG 
The absorption of nitroid complexes, now known to be E +- S, w a 5  initially 

considered by Briegleb (25,28) to be a forbidden transition of the aromatic donor, 
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the transition probability of which increased when in the dipole field of the ac- 
ceptor nitro groups. Murakami made a similar suggestion (174), except that  
here quinone complexes were being surveyed, and the transition which was in- 
creased in intensity was thought to be a T t S process of the quinone. Re- 
cently it was suggested (139) that charge transfer spectra might be enhanced 
T +- S intercombinations of the aromatic donor. The basis for this last sugges- 
tion seems to have been the Reid paralleliqm already discussed (161, 207) and 
the solvent perturbation work of Kasha (118). This latter work showed that 
upon mixing two colorless liquids, a-chloronaphthalene and ethyl iodide, a yel- 
low color developed instantaneously; subsequent spectroscopic examination 
showed that the color il-as caused by an increase in the owillator strength of 
the lowest T +- S intercombination of the a-chloronaphthalene, and the effect 
was attributed to a collisional perturbation of the spin-orbital coupling in the 
n-electron orbitals of the a-chloronaphthalene by the heavy iodine atom. 

This latter result is admittedly suggestive of a possible origin for the strong 
new absorption band of molecular complexes, and i t  consequently seems neces- 
sary to consider seriously the suggestion of A!IcConnell, Ham, and Platt (149) 
and to note its defects. The new absorption bands characteristic of molecular 
complexes are quite diffuse and not a t  all similar to the fairly nicely resolved T +- 

S absorptions common to most aromatics. The diffuseness is indeed in accord 
with charge transfer theory. It is further to be noted that emax values of the nb- 
sorption of the complex as determined by Benesi-Hildebrand procedure,, i: even 
when corrected for contact contributions, are still 103-102 times more intense 
than the emax values of the T +- S transitions of the donor component, even 
when the donor is intramolecularly perturbed (117). It seems certain that in 
the complex the extent of penetration of the donor T electrons into the field of 
the heavy atom (or atoms) located in the acceptor is much less than the pene- 
tration that can occur when the perturbing atom is actually attached to the ir 
system of the donor by a normal chemical bond. The penetration in the complex 
will be determined by b of equation 1 or table 1. On the basis of the collisional 
hypothesis a similar increase in oscillator strength, .f, of all T t S absorptions 
of all molecules should occur upon solution of the molecules in any Folvent of 
which the molecules contain an atom of large atomic number. In  particular 
such an increase in the intensity of the T +- X (presumed) band of a-chloro- 
naphthalene should occur in bromide or chloride solvents as well as in iodide 
solvents, and without any spectral shift of the absorption band. This is well 
demonstrated by figure 9 where, i t  might be added, the increments in oscillator 
strength in the various solvents are proportional to the squares of the atomic 
spin-orbital coupling factors of C1, Br, and I, respectively (151). It is significant 
that ,  despite expected differences in EA of the n-acceptor (i.e., solvent), no shifts 
a t  all are observed. 

These facts alone (and there are others) seem sufficient to adjudge invalid 
the suggestion (151) that the absorptions of complexes are enhanced transitions 
of the donors. The above reasoning has not been detailed merely to disprove 
this latter suggestion (151), but because the solvent perturbation of T +- S 
transition probability is of significant interest for quite another reason. 
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FIG. 9. The effect of solvents of which the molecules contain atoms of high atomic num- 
ber on the transition probability of the lowest T + S transition of a-chloronaphthalene. 
Curves 1, 2, and 3 refer t o  the scale a t  the right; curves 4 and 5 to  that  a t  the left.  The 
molar absorption coefficient is an apparent coefficient based on the total concentration of 
a-chloronaphthalene present. 

The interpenetration of the 7~ electrons of a-chloronaphthalene into the i~ic111- 

ity of the large field of the iodine atom of ethyl iodide which is necessitated by 
the results of figure 9 obviously implies charge transfer. The question then be- 
comes one of degree: is the charge transfer caused by coniplexing, contacting, 
or collision? It is appropriate to  differentiate between contact and collision. 
The former implies that  a t  van der Waals contact S,, is sufficiently different 
from zero to predicate the observed results; the latter implies that  SDA is zero 
a t  van der Waals contact, and can only become non-zero by virtue of a collisioii 
which is more energetic than usual and which can compress the two molecules 
together to distances of separation sufficiently small to render S,, sufficiently 
large. It is to be emphasized that the resulting enhancement of the T +- N 
band is not due to  the charge transfer band of the complex, the contact, or the 
collision pair, but is merely an effect associated with such complexing, contacting, 
or collision. The charge transfer band should occupy some other, generally dif- 
ferent and calculable spectral region. 

Since the enhancement of T + S transition probability is due to the esteiil 
to  which charge transfer occurs, it  should be possible to apply Renesi-Hilde- 
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brand considerations to the increments in oscillator strength observed. This was 
done (151), the result being that the phenomenon is either contactual or colli- 
sional in nature, or equivalently that there was no detectable complesing in the 
solutions studied. 

The effect of pressure and temperature on the intensity of the T +- X band of 
a-chloronaphthalene when in ethyl iodide solution has been investigated, and 
it has been found (210) that increase o f f  occurred with increasing pressure and 
temperature, as mould be expected if the phenomenon were either collisional or 
contactual. However, the usefulness of either pressure or temperature effects in 
distinguishing between stable complexes on the one hand and transitory con- 
tacts or collisions on the other seems, as of the moment a t  least, to be of little 
value. Thus the intensity of the aniline-trinitrobenzene E t N transition in- 
creases as temperature increases (89, 90), despite an expected decreasing stability 
of the complex. Indeed, this latter result led to rejection of the idea that there 
\yere any stable complexes present in these solutions and to the development of a 
kinetic concept of complexing not dissimilar to  that of Orgel and Mulliken, or 
to that  being investigated here. These results have, however, been partially 
reconciled with expectation for stable complexes (100, 245). The effect of pres- 
sure seems also not to be too useful as a discriminatory tool. The light abporp- 
tivity of all molecular compounds thus far investigated increases with increasing 
pressure (89, 90, 100, 101, 226), this being supposed due to  the higher pressure 
increasing the probability of the more compact types of complexes. Since the 
more compact types will have the higher light absorptivity, the result obtained is 
reasonable. It would seem, as of now, that one must be wary of viewing the tem- 
perature or pressure effects too na'ively. 

IX. CHARGE TRAXSFER ADSORPTION 
Mulliken (167) suggested that the adsorption of certain molecules by metals 

might be due to the formation of a charge transfer complex on the metal surface. 
Tndeed, if one transposes the reiults of Fairbrother (71, 72) on the dipole moment 
of the benzene-iodine comples, it seems reasonable that charge transfer adsorp- 
tion of nonpolar species should give rise to finite surface potentials; the results 
of Sachtler (217) on benzene adsorbed on platiiium confirm this view. One might 
even use charge transfer theory to predict ( 3 2 )  the sign of the surface potential 
resulting from adsorbate-adsorbent interaction: 4 negative surface potential 
results when the adsorbate fuiictioiis as a Lewis acid and the adsorbent as a 
base, and a positive surface potential results when the adiorbate behaves as a 
Lewis base. 

If adsorption on a metallic surface is accompanied by transfer of an electron 
from the adsorbate to the metal, such transfer would be expected to be endother- 
mic because the ionization potential of the adsorbate, I D ,  is usually larger than 
the work function of the surface, C#J. However, charge transfer theory can provide 
an energy level (the level corresponding to qj,, of equation 1) wfficiently lower 
in energy than the Fermi level of the metal to make the process exothermic. 

expreqsion for thiq heat of adsorption at zero coverage of the surface, X O .  
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has been obtained (146) in terms of ID, 4, a coulombic image energy, and :in 
interaction integral p related to  /3 of equation 18d. A relation between this p m d  
the surface potential has also been suggested (l56), by use of which value. 
of X O  have been calculated (31) for four different gases adsorbed on n r i o w  
metals, with excellent results. 

As a result of the transfer from adsorbate to surface an ionic chemisorptioii 
bond is not necessarily formed; all intermediates between pure covalency and 
ionic bonding are possible. In  either case, the quasi-ions generated in the ad- 
sorbed layer mill repel one another and perhaps account for the observed de- 
crease of heat of adsorption with increasing coverage. 

The treatment (146) of adsorption on semiconductors of the p type is much 
the same as for metals, Kith the important difference that the Fermi level of the 
semiconductor increases considerably in energy with increasing adsorption (247) 
and mill be expected to limit coverage (23,247). The adsorption of some nitrile$, 
alcohols, esters, and amines on iron powder (49, 98) has been shown to conform 
(146) to charge transfer adsorption on a semiconductor. 

Alignolet has proposed on the basis of an intuitive argument (158) that the 
double layer a t  the surface of a metal must be positive, and that adsorbates must 
function as donors with respect to  metals. The concept of a donor adsorbate is 
based on the debatable supposition (155) that most adsorbates if they funct]ioned 
as acceptors would have so many nodal planes in their acceptation orbital, 
pA, that  SAD might be expected to be small or zero from (presumably accidental) 
internal cancellation. Experiment, however, accords with donor behavior on the 
part of the adsorbate. The negative ions of the inert gases are not very stable 
(145), and inert gases \Then adsorbed on bare nickel are strongly polarized with 
the positive charge outwards from the surface (87, 154) ; all other films on bare a+ 
well as on covered metallic surfaces that have been investigated (22, 155, 157) 
also have positive surface potentials. Some difficulty arises in the case of oxygen 
and halogen adsorbates, which are not satisfactorily interpreted on the basis of :I 
positive surface potential (158) but which probably react dissociatively (31 , 252). 

9. THE SPECTROPHOTOMETRIC DETEEWNATIOX OF EQUILIBRICJI Co 
The Benesi-Hildebrand (15) procedure for the simultaneous cvduation of 

the equilibrium constant, KBH, and the extinction coefficient, eBH, arid some ui 
the limitations inherent in its ube have been discussed by  Andrew.:! (8). There 
has been considerable flus in this field recently and it seems that n short revien 
is predicated. 

The Benesi-Hildebrand equation n hich m a y  readily be generalized ( I  27, 128) 
to take care of the situation where the donor or acceptor, or both, absorb in  the 
region of the E +- A' transition, is usually written (15) 

and is applicable only when the absorptions of the complexing species are negli- 
gible and the donor is in coiisiderable excess over the acceptor. (A) is the concen- 
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tration of acceptor in moles per liter, 1 is the absorbing path-length, and d is 
the optical density, usually maximum, of the E + N absorption band. xD is 
the mole fraction of donor and may be substituted by (D) with no differences 
expected other than that caused in KBE by a change of units. 

The usual plot of y versus l/xD is changed by Scott (223)  to one of yxD versus 
xD. This latter method has the advantage that one extrapolates through regions of 
increasing dilution to the intercept, and that with precise experimental results 
one can also determine the initial slope a t  high dilution. Moreover, if the points 
do not define a straight line this method gives a more reasonable weighting to  
the different measurements. 

Deviations from ideality in solution have been considered (223)  further. Thus 
the “extinction coefficients” obtained by plotting yzD vs. zD and y(D) vs. (D) 
are not identical, nor do the two “equilibrium constants” obey the ideal thermo- 
dynamic equation KO = VsK,, where V s  is the molar volume of the solvent. 
It is concluded that until some independent means of evaluating the absolute 
concentration of a complex is obtained, the reported KB”s and EBH’s must be 
viewed as subject to considerable error. Of some possible significance here is a 
reported constancy (120) of the product K B H e B H  for ethyl iodide-iodine com- 
plexes from infinite dilution up to concentrations such that (A) + (B) = 0.06 
mole per liter. This latter, however, does not solve the question of which is the 
more properly considered constant: EBH or K B H .  

A discussion by Orgel and Mulliken (189) has clarified the whole question of 
complexing, and has settled ail old controversy already noted in the section on 
infrared and Raman spectra and recently resuscitated in the ultraviolet field 
(14) concerning any possible distinction between weak complexing and strong 
physical perturbations. This discussion presumes ideality of solution, and 
may be considered in two parts. 

If there are several different types of 1 : 1 complexes present in solution, then 
each type may have different equilibrium constants and spectra (i.e., they may 
not necessarily absorb a t  all a t  the wavelength a t  which Benesi-Hildebrand 
considerations are being applied). Despite this, the determined K B H  is found to 
be a total equilibrium constant and thermodynamically correct, whereas the ex- 
tinction coefficient is a weighted-average extinction cocfficient and cannot be 
compared with the results of a theoretical evaluation of ,uE.~~ unless there is only 
one type of 1 : l  complex present. It is not surprising then that I<,, accords so 
well with expectation and cBH not a t  all. 

Since KBE measures all complexing in solution it bears on the fact that  equi- 
librium constants as determiiied by partition methods seem to be larger than 
those determiiied spectroscopically. Thus the equilibrium constant of naphtha- 
lene picrate in chloroform as determined by partition method3 ir ca. 2.3 liters 
per mole (6, 126), whereas KB, is 0.99 liter per mole (212, 213, 214). Similarly, 
K,, is less than K(partition) for complexes of substituted naphthalenes with 
picric acid (88). I t  was iiiitially thought (213) that the presence of a t  least two 
kinds of complex was necessary to explain this result, and that KBE applied 
only to a light-absorbing type, whereas K(partition) was inclusive and hence 
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greater. This conclusioii was later retracted (215) and is of course in error, since 
K should be the Same by both methods. The KB, of naphthalene picrate hac 
recently been measured (82) to be 2.4 liters per mole when (A) = (D) in good 
correspondence with K(partition). However, KB, for this complex varies with 
the concentration of A or D and suggests either thermodynamic nonideality of 
solution or a concentration-dependent change of the spectrum of D or of ,4. 
The equilibrium constants of benzeneiodine complexes determined (253)  by 
both methods do agree, although the measurements reported lack accuracy. 

A criterion for the presence of only one type of 1:l  complex is a constancy 
of eBH (presuming E +- N band shape to be Gaussian, and not to shift) with 
temperature. Alternatively, a plot of K,, vs. 1/T should give a straight line ii 
there is only one 1 : 1 complex present, presuming of course that the heat of forma- 
tion of this complex is non-temperature-depcndent over the range being studied. 

If a multiplicity of 1 : 1 complexes is further complicated by the possibility of 
contacts which cause abqorptioii in the region being invebtigated, and if the con- 
centration of such contacts varies linenrly a4 l/zD, the Renesi-Hildebrand plot 
should still yield a straight liar. However, :IS the concentration of complexes 
decreases this line will tend t o  go through the origin and t g H  will be more and 
more overestimated, until finally when there are no complexe~, becomes in- 
finity. However, if the intercept on the l/tBH axis can be read accurately, the 
KB, values obtained are thermodynamically correct. The tgH values, however, 
are much too large and cannot be corrected to the ralue appropriate to the  
stable complex, or complexes, except by somewhat empirical means. 
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