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I. INTRODUCTION 

Gas-Jiquid chromatography (GLC) has been used for many years for tile 
investigation of physico-chemical phenomena. In several cases, sucll studies have 
resulted in important advances in our understanding of solution phenomena. One 
such instance of current wide-spread interest to chemists of many disciplines is the 
GLC investigation of cllarge transfer complexation. 

In a brief note, Benesi and Hildebrand’ announced the presence of a newly 
discovered UV absorption band for a solution of iodine:and benzene in 1948. There 
was evidence of a 1 : I complex between the two components, since the height of the 
band varied directly with the cdncentration of either component. One explanation of 
the phenomenon was to consider benzene as a Lewis base (electron donor), and iodine 
as a Lewis acid (electron acceptor); the resultant (chargk transfer) complex can then 
be considered a Lewis acid-base adduct, even though only one electron (not an elec- 
tron pair) is involved. 

Since that time, hundreds of papers, many reviews, and at least five books2-” 
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have appeared which discuss charge transfer, and it is not surprising that gas chro- 
matographers have also taken an interest in the subject. As early as 1958, Norman’ 
reported the use of 2.4,7-trinitro-9-fluorenone (TNF) as a stationary phase for the 
separation of the three nitrotoluene isomers. Langer ef al.” investigated di-n-alkyl 
tetrahalophthalates as selective phases for the separation of aromatic hydrocarbons 
in 1960; baseline resolution of III- and I)-xylene was achieved with di-n-propyl tetr& . 
chlorophthalate in 90 min at 90”. Cooper and co-workersg~‘o later employed TNF 
for aromatic hydrocarbons and amines. Several workers have used inorganic salts 
as complexing agents, including Gil-Av and co-workers1*-‘5, van de Craats’“, Tenney”, 
Bednas and Russell’“, Phillipslg, Muhs and Weiss”, Banthorpe et a/.“, and Gumpz2, 
Kotsev and Shopov 23 have even studied olefin-liquid crystal complexation by GLC, 
where p,p’-azoxyphcnetole in squalane was used as the stationary phase. 

Since so many workers have investigated charge transfer complexation, it is 
somewhat surprising that there remains any disagreement about the nature of the 
interactions. Yet the authors2+‘-2” and othersz7*28 currently claim that even today, 26 
years after Benesi and Hildebrand’s initial spectroscopic study of charge transfer 
behavior, this type of solution phenomenon is still not understood. Therefore, before 
we can review the study of complexation by GLC, we must first critically examine the 
nature of these interactions insofar as is possible, bearing in mind that currently 
accepted views may be substantially incorrect. 

2. CHARGE TRANSFER COMPLEXATION: GENERAL CONCEPTS 

Mulliken and Persons have presented the most recent summary of charge trans- 
fer considerations from a molecular orbital approach. If one molecule, D, donates 
an electron to a second molecule, A, the wave function of the complex, C, can be 
described as 

v,v(C) = a!/J/,,(D,A) -I- ~~I,,(D+-A-) (1) 

where y)N is the total electronic ground-state wave function, ~~~~ is the (no-bond) 
wave function which describes all the intermolecular interactions except complexation, 
and 71~~ is the (dative) wave function of complexation (as if complexation were the only 
force binding D and A together); Q and b arc weighting constants. The dative function, 
yl, is written as a function of D+ and A’ to indicate that transfer of charge from D 
to A causes appreciable ionization. Tf complete ionization does not occur (i.e., if the 
complex is weakly held together), we represent eqn. I by: 

Eqn. 2 will be used here, since only weak complexation will be considered. 
As in any electronic description of molecular interactions, we can writ.e the 

wave function of an excited state 

w(C) = --b*q/+,(D,A) + u*?/I,(D+-A-) 
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where T/+(C) is the excited-state electronic wave function, and n’ w u m 1 and 6’ w 
b * 0. That is, when we promote (excite) an electron from D to A (by UV radiation 
for example) we cause appreciable ionization (charge transfer), and (D+-A-) is a 
more appropriate description of the complex than (D-A) or (D,A). 

The energy of charge transfer, /I&.,, is just the difference between the energy 
levels of the electronic states 

L’~E‘.~ == EV - EN (4) 

and is readily found from the wavelength at which a complex absorbs light quanta 

where I’(., and A,, are the frequency and wavclcngth of charge transfer absorption, 
respectively. Note that .4Ec, is not the energy initially required to form the complex, 
LlEJ. 

Rose4 has reviewed the experimental observations of charge transfer phenom- 
ena: (1) The relation between charge transfer absorption frequencies and donor 
ionization potentials is generally (but not always) linear29-3’. (2) The relation between 
charge transfer absorption frequencies and acceptor electron affinities is generally 
(but not always) linear 3z. (3) Donor ionization potentials and charge transfer equilib- 
rium formation constants can sometimes be correlatcd”2-36. (4) In weak complexes, 
dipole-induced dipole interactions account for most of the bonding (i.c~., u = I, 
b FW 0); for aromatic donor-acceptor systems, the dipole-induced dipole interactions 
are mainly electrostaticJ7. (5) There is generally no correlation between donor or 
acceptor dipole moments and charge transfer interactions30: there is a linear relation, 
however, between the dipole moment of the complex and the energy of charge trans- 
fer, and between the complex dipole moment and the donor ionization potcntialJ7. 

Several of these observations seem to be contradictory (for example, Nos. 4 
and 5). To rationalize the apparent discrepancies, Mulliken and Persons have pro- 
posed the classification of donors and acceptors given in Table I. Silver ion-olefin 
complexes are thus s-/XC interactions, aromatic-aromatic complexes are ~17c--h~~~ and 
hydrogen bonding is classified as nc~--ll. In the latter case, and in r--l1 types (e.g.. 
H,N: BCI& an electron pair may be involved, rather than just one electron. This 
breakdown of types helps to explain most of the above-noted experimental observa- 
tions, since electrons are being removed from, and transferred into widely different 

TABLE I 

CLASSIFICATION OF DONORS AND ACCEPTORS” 

L)orrors Acceptors 

Efccfron tnhw fkm &XJ E.Wil?lplC Elccrrm goes to ryppc E.wmplc 

Non-bonding low pair II :NR.,:RO: Vacant orbital v BCI;, Ay+ 
Bonding 3 orbital h.7 bcnzcnc. olclins Anti-bonding n orbital m-r 12. R-H 

Anti-bonding 3 orbit’al NZ TNF, iluoranil 
.- - 
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types of molecular orbitals. However, some of the anomalies in the absorption spectra 
remain: for example. some types of complexes give two prominent charge transfer 
bands. while others give only one. To help explain these and other phenomena. 
Mulliken5 proposed that there were fundamental (and usually sharply divided) 
degrees of charge transfer, which he called inner (strong, ionic), middle (transition). 
outer (weak. dative), and contact (random) complexes. 

Inner (strong) complexes consist of two components which are largely ionized 
(D+-A-), whose spectra show bands for both the donor and acceptor ions (thus two 
bands per complex), and which may exhibit photoconduction, semiconduction, and 
paramagnetic properties (e.g., tetramcthyl-p-phenylenediamine-chloranil). Outer 
complexes are loosely held together by much weaker (dative) interactions, show tltc 
above properties of inner complexes to a much lesser extent (if at all), give only ore 
prominent complex absorption band, and involve minimal transfer of charge in the 
electronic ground-state. Middle complexes lie between outer and inner complexes in 
the degree of clwrgc transfer and are not generally distinguishable, since they are 
transitional electronic and gcomctrical configurations. Inner and outer complexes are 
strongly influenced by solvents; for example, tetramethyl-p-phenylenediamine- 
chloranil is an outer complex in cyclohexane, but forms inner complexes in more polar 
solvcntsJH, presumably because of ion stabilization by solvation. Finally, contact 
charge transfer results from random molecular collisions when both donor and ac- 
ceptor species are present together in appreciable quantities: these interactions ex- 
plain, for example, the “charge transfer” absorption bands of iodine-heptane and 
other pairs, which would not bc expected to form complexes under normal conditions. 

Thus, we can explain the above-noted experimental phcnomcna in terms of the 
type and relative strength of charge transfer interactions. For example, the donor 
and acceptor dipole moments are not related to the energy of charge transfer (i.e., the 
frequency or wavelength at which the complex absorbs), because 1:1&., depends only 
on the energy dilference between the donor highest occupied molecular orbital and 
the acceptor lowest unoccupied molecular orbital, not on electrostaticattractive forces. 
Conversely, the dipole moment of the complex can be related to LIE,.,, since it arises 
from an already partially transferred electron, and n&, is just the amount of energy 
needed to complete the process. We therefore find that the larger the complex dipole 
moment, the lower the energy of charge transfer3’. 

The above classifications have not been accepted without criticism. Dewar 
and Thompson. 39 found no correlation between tetracyanoethylene (TCNE)-aromatic 
hydrocarbon interaction strengths and absorption wavelengths, except that “... the 
points (with one doubtful exception) all lie in the same quadrant”. Hassel and Rom- 
ming40 proved via X-ray crystallography that the I-I axis lies perpendicular to the 
plane of the benzene ring in benzene-iodine complexes and not parallel to it, as Mul- 
liken’s treatment had earlier led him to postulate 33. Nevertheless, the classification of 
donors and acceptors on the basis of molecular orbitals explains, for example, why 
Ag+ forms complexes while alkali and alkaline earth ions do not. Including hydrogen 
bonding as merely a specific (UC+jr) type of charge transfer also allows us to explain 
the tendency of some donors and acceptors to form weak hydrogen bonds, while 
others [e.g., pyridine-methyl iodide and ROH:N(C,H,),] form very strong ionic 
bonds4**42. The former are of course outer complexes, while the latter are inner corn- 
plexes. Our rationale, then, for retaining the Mulliken theory of charge transfer is that 
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it fits most experimental observations, and those that it does not may be explained 
by our incomplete understat1din.g of solution interactions. 

3. SPECTROSCOPIC STUDIES 

WC now write the reaction bctwecn donor, D, and acceptor, A, to form corn- 
plex, C, in the gcneralizcd form 

D -1. A +: C (6) 

for which the concentration equilibrium (formation) constant, K& is given by 

where K,,,, is the true thermodynamic equilibrium constant (cielincd in terms 01’ ac- 
tivities, a,), and y: is the concentration activity coefficient of the ith spccics. As noted 
earlier, the formation constant should dcpcnd at least in part on the ionization poten- 
tial of the donor, and the electron aflinity of the acceptor. [In the case of charge trans- 
fer, vertica14J-4s values should be used, since the electronic transitions occur approxi- 
mately two orders of magnitude lhstcr than nuclear transitions (the Franck-Condon 
principle). Vertical ionization potentials, /iI, and vertical electron aflinitics, E:!. are 
therefore employed throughout in this discussion: CJV-photoelectron spectroscopy 
(PES) is now used to measure the former”‘, while the latter can bc inferred from charge 
transfer data4”.J However, attempts at correlating K,C., It, and ~5;: have generally proved 
fruitless. BierJO found no correlation between log K; (the mole fraction formation 
constant) and AL’,, for sl*nl.-trinitrobenzene (TNB)-aromatic hydrocarbons. Dewar 
and Thompson 39 found an approximately linear relation for log [K>/KT (benzcnc)] 
YS. [I,,-&, (benzene)] for TCNE-methylbenzene complexes, but no such correlation 
was found when polycyclic aromatic hydrocarbon donors were used. Emslic ct al.Jn 
found curved lines when log K$ wi\s plotted IX. I:!for 26 alkylbenzenc donors, and TNB 
and fluoranil acceptors. Several workers 3z*49--57 have plotted the energy or frequency 
of charge transfer IX. the donor ionization potential with varying degrees of success. 
Plots of the charge transfer frequencysH or the donor ionization potentials9 13s. the 
Gibbs free energy of formation, AG>, however, have been shown to be linear for a 
variety of aromatic hydrocarbons. Some success has also been achieved with K$ 
(various acceptors) IIS. KT (TNB) plotsss*s9. 

In general, it can bc said that .4E,,-K,-/~-E~~ relations are tenuous at best, 
especially when /YJ is determined via UV/visible or NMR spectroscopy. Some of the 
difficulties can undoubtedly be attributed to solvent ef?‘ects, which are strong enough 
in some cases to stabilize outer --.. inner complcxation transitions, as we noted earlier. 
We therefore now examine the solvent dependence of charge transfer behavior via the 
formation constant, Kf ,at the same time briefly presenting the spectroscopic techni- 
ques which have been (and are still being) employed to measure these values. 
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All of the books”-” which have been written about charge transfer cite or fully 
develop the spectroscopic methods of measuring Kf values. Rose4, in fact, lists more 
than twenty different methods which have been used. By far the most important are 
the UV/visiblc and NMR techniques, which are briefly summarized below. 

[AM - I 1 --- -- ..- - 
A,, = T=,K’=,. [D], ’ c’c, 

((0 

where h is the cell pathlength, [A], and [D], are the total amounts of acceptor and 
donor initially added to the solution, and A,, and E,, are the complex absorbance and 
absorptivity, respectively. ([D], is usually maintained in large excess over [A], so that 
the approximation [D], = [D],,, can be made). Eqn. 8 is in the form of Y = WX + b, 
so that when the left-hand side is plotted W. l/[D], ([D], is varied while [A], is held 
constant), a straight line of slope, I/e,.,K;, and intercept, I/E,,, is obtained. 

[Al,CDl,b 1 , PI, --- =: - -- - 
A C, E,, Kf PC, 

(9) 

Eqn. 9 is obtained from eqn. 8 simply by multiplying the latter by [D],; it is an im- 
portant modification, however, since the left-hand side is now plotted rs. [D],, and 
extrapolation is made to [D], = 0, not to [D], = co (I/[D], = 0). The points at 
greater dilution are thus given more weight, where, presumably, Beer’s law is more 
closely obeyed; 

I I I -_ z - -.. _ 
.il /l,Kf.[D], ’ .<I, 

,,I I.. .._ _.. _ --_ - 
WI, 

K; : I -I- K; I0 

(10) 

(11) 

whcrc J, is the dili’erence between the chemical shift of pure acceptor and com- 
pletely complcxed acceptor (o,, - ,SC), and d is the difference between the chemical 
shift of pure acceptor and acceptor at some value of [D], (~5~~~ - b,: d,, > ~5,~~ > 0,). 
Eqns. IO and I I are the NMR analogues of eqns. 8 and 9: in the former, the left- 
hand side is plotted I’S, l/[D],, and in the latter, W. ~1. 

The solvent dependence of formation constants determined by the above 
techniques is demonstrated in Table 2. There is an order of magnitude difference for 
many of the K, values even with closely related solvents. The table also demonstrates 
that there is no correlation between UV/visible and NMR, regardless of the solvent 
used. Nor does it help to argue that mole fraction (K,“) or volume fraction (KJ) for- 
mation constants should be usedf’s*f’h as Purnell and Srivastava have demonstratedz7: 
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SOLVENT DEPENDENCE OF SPECTROSCOPIC FORMATION CONSTANTS 

Bcnzcnc lodinc CCIJ 
C7 1-i I,, 

Mcsitylcnc lodinc ccl* 
C7H I,, 

N,N-Dimcthylanilinc TNB CCIJ 

Hcxarncthylbcnzcnc 

Hcxamcthylbcnzcnc 

Hcxamcthylbcnzcnc 

Hcxamcthylbcnzcnc 

Phcnnnthrcnc 

Durcnc 

Nuphthalcnc 

Triphcnylcnc 

Fluorunthcnc 

Fluorcnc 

CHCI., 

CHLCIJ 

TNB CCIJ 
CH2CICH2Cl 

2.5.Dichloro- CC& 
p-bcnzoqui- CHICICHKI 
now 

1.4.Dinitw- CCIJ 
bcnzcnc CHJCICHZCI 

l3cnzoqiIinonc CCIJ 
CHzCICH2CI 

Pyromcllitic CHCIJ 
dianhydridc CH#ZIJ 

(CH.,COW 

Pyromcllitic CHzClr 
dianhydridc (CH.,CO)zO 

Pyromcllitic CHCI., 
dianhydridc CH~CII 

(CHJCOLO 

Pyromcllitic CHCI., 
dianhydridc CHLClr 

(CH.,COW 
GH,, 

Pyronicllitic CHCI., 
dianhydritlc CH&& 

~~3Co)ro h h 

Pyromcllitic CHCIJ 
dianhydritlc CHLCI, 

(CH.\CO)rO 

22 
22 
22 
22 
33.5 
33.5 
33.5 
33.5 
33.5 
33.5 
33.5 
33.5 
33.5 
33.5 

33.5 
33.5 

33.5 
33.5 
25.0 
25.0 
25.0 

25.0 
25.0 

25.0 
25.0 
25.0 

25.0 
25.0 
‘5.0 
25.0 

‘5.0 
25.0 
25.0 
25.0 

25.0 
25.0 
25.0 

Kf 

I .7, I/1110lc uv 60 
I . I S I/molt uv 60 
7.2 I/mole uv 60 
5.3 I/1110lc uv 60 
3.26 kg/molt N M R 63 
2.04 I/1110lc NMR 63 
0.726 kg/molt NMR 63 
0.455 I/molt N MR 63 
0.399 kg/molt NMR 63 
0.250 I/molt N MR 63 
5. I I kg/mole NMR SK 
0.59 kg/molt NMR SX 
I .92 ky/molc N MR 58 
0.62 kgimolc NMR 58 

I .Ol kg/mule N MR SH 
0. IS kg/molt NMR 58 

0.66 kg/molt N MR 58 
0. IS kg/1110lc N MR 58 
7.0 l/1110lc uv G4 
2.6 I/molt uv 64 
0.5 I/molt uv 64 

I .3 I/molt 
0.9 I/molt 

uv 
uv 

uv 
uv 
uv 

uv 
uv 
uv 
uv 

uv 
uv 
uv 
uv 

uv 
uv 
uv 

64 
64 

2.X limolc 
1 .3 I/molt 
0.7 I/mole 

64 
64 
64 

16.4 I/molt 
4.4 I/mole 
I .3 I/mole 
8.7 I/mole 

64 
64 
64 
64 

23.8 I/molt 
7.9 I/n10lc 
I .S I/molt 
9.X I/molt 

64 
64 
64 
64 

2.3 I/mole 
1 .4 I/niolc__. 
0.2 I/mole 

64 
64 
64 
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,._. 
Dorior 

Chryscnc 

Bcnzo[n]anthraccnc 

Pyrcnc 

Anthruccnc 

Pcrylcnc Pyromcilitic 
dianhydridc 

Hcxa met hyl bcnzcnc Fluornnil 

Pyrorncllitic 
dianhydridc 

Pyronicllitic Cl-ICI., 25.0 23.3 I/mole uv 62 
dinnhydridc CHrCl2 25.0 14.1 I/mole uv 64 

Pyronicllitic 
dianhydridc 

CHCI., 25.0 10.7 I/molt uv 64 
CHzCll 25.0 6.2 I/mole uv 64 
(CH,CO)zO 25.0 0.6 I/mole uv 64 

Pyronicllitic 
dii~llllydricl~ 

Pyronicllitic 
dianhydridc 

Cl-ICI., 25.0 2.2 I/mole uv 64 
CHzCIz 25.0 I .6 I/molt uv 64 
(CH.CO)zO 25.0 I .3 I/mole uv 64 

CHCI., 25.0 18.3 I/mole uv 64 
CHgI 25.0 9.0 I/mole uv 64 
(cH.\co)~o 25.0 2.4 I/mole uv 64 
GH, 25.0 10.6 l/mole uv 64 

CHCI~ 25.0 5.5 l/mole uv 64 
CH2C12 25.0 3.7 I/mole uv 64 
(CHJCO)ZO 25.0 I, I l/mole uv 64 
ChHh 25.0 3.9 I/molt uv 64 ,. 

CHCI., 25.0 57.8 I/molt uv 64 
CH2Clr 25.0 19.4 I/mole uv 64 
C,iHh 25.0 39.0 I/mole uv 64 
CCIJ 33.5 15.4 kg/mole NMR 59 
CHCI., 33.5 3.9 kg!molc NMR 59 
CH&%Zl~CI 33.5 3.6 kg/mole NMR 59 
CH~CII 33.5 3.2 kg/molt NMR 59 

Pcntarncthylbcnzcnc Fluoranil CCIJ 33.5 
CHCI., 33.5 
CH2CICHzCI 33.5 
CH2C12 33.5 

Diwcnc Fluoranil CCIJ 33.5 
CHCI., 33.5 
CH2CICH~CI 33.5 
CHzC12 33.5 

Mcsitylcnc Fluoranil CCIJ 33.5 
CHCl.3 33.5 

p-Xylenc Fluoranil CCIJ 33.5 
CHCI., 33.5 

Tolucnc Fluoranil CCIJ 33.5 
CHCI., 33.5 

Bcllzcrlc Fluoranil CClj 33.5 
CHCIJ 33.5 

Hexamctl~ylbcnzcw I ,4-Dicyano- CCIJ 33.5 

Tctupcr- Kf MlVliOd Rcfhwrcc 
otwe 
(“Cl 

2,3.5,6-tctra- CHCIJ 33.5 
fluorobcnzenc CHzClCHlCl 33.5 

CH2Cl2 33.5 

7.9 kglmolc NMR 
2.0 kg/ml NMR 
I .6 kglmolc NMR 
I .8 kg/molt NMR 
4.9 kglmolc NMR 
I .3 kg/molt NMR 
0.84 kg/molt NMR 
0.85 kg/mole NMR 
2.2 kglmolc NMR 
0.68 kg/mole NMR 
I .5 kg/mole NMR 
0.42 kg/mole NMR 
0.96 kg/mole NMR 
0.25 kg/mole NMR 
0.70 kg/mole NMR 
0. I6 kg/mole NMR 
5.2 kg/mole NMR 
0.92 kg/mole NMR 
0.72 kg/mole NMR 
0.7 1 kg/molt NMR 

._ . ._ 

59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 

._ _- _... 
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Dotter 

Pcntamcthylbcnrcnc 

Durcnc 

Mcsitylcnc 

p-Xylcnc 

Hcxamcthylbcnzcnc 

Pcntamcthylbcnzcnc 

Durcnc 

TABLE 3 

1 .CDicynno- CC& 33.5 3.4 kg/molt NMR 
2.3.5,6-tctra- CHCI., 33.5 0.64 kg/molt NMR 
Iluorobcnzenc CHzCICHICI 33.5 0.44 kg/rnolc NMR 

CH2Cl2 33.5 0.4X kg/molt NMR 

I .4-Dicyano- CCIJ 33.5 2.4 kg/molt NMR 
2.3.5,6-tctra- CHCI., 33.5 0.46 kg/rnolc NMR 
fluorolxnzcnc CH2CICHICI 33.5 0.26 kg/molt NMR 

CHzClr 33.5 0.35 kg/rnolc NMR 

I .4-Dicyano- CCIJ 
2.3.5.6.tctra- CHCI., 
lluorobcnzcnc 

33.5 1.5 kg/molt NMR 
33.5 0.29 kg/molt NMR 

I ,4-Dicyano- Ccl., 
2.3.5.6.tctra- CHCI., 
lluorobcnzcnc 

TNB ccl., 33.5 5. I kg/molt N M R 
Cl-ICI., 33.5 0.86 kg/molt NMR 
CH#ZICHICI 33.5 0.59 kg/molt N M R 

TNB CCIJ 33.5 3. I kg/molt NMR 
Cl-ICI., 33.5 0.67 kg/molt NMR 
CH2CICHiCI 33.5 0.43 kg/moIc NMR 

TN13 CCIJ 33.5 2. I kg/mote NMR 
CHCI., 33.5 0.49 kg/molt NMR 
CHrCICHaCI 33.5 0.33 kg/rnolc N M R 

33.5 1.2 kg/molt NMR 
33.5 0.26 kg/nwlc NMR 

FORMATION CONSTANTS FOR NAMED AROMATIC HYDROCARBONS 
AT 40” (REF, 27) 

Solvcr1t DO/l0l K, (I/I~IoIL’) Kf Kf 

UV NMR L/V NMR UV NMR 

59 
59 
59 
59 

59 
59 
59 
59 

59 
59 

59 
59 

59 
59 
59 
59 
59 
59 
59 
59 
59 

WITH TNF 

Di-rr-butyl succinatc 

Di-rr-butyl adipntc 

Di-n-butyl scbacntc 

To1 twnc 
nr-Xylcnc 
o-Xylcnc 

Tolucnc 
nr-xylcllc 
a-Xylcnc 

Tolucnc 
rrr-Xylenc 
o-Xylcne 

O.llG --0.019 -0.045 -0.624 
0.210 0.072 0.210 0.072 
0.167 0.105 0,241 -- 0.033 

‘“0,030 --0.010 .‘.- 0.7 IO -0,571 -’ 
0.082 0.096 -0.246 ..-.’ 0. 198 
-_ - - __ 

.O.OOS 0.053 --0.730 
0.065 0.041 - - 0.448 
0.145 0.098 .-.- 0. I x0 

--0,519 - “. 0.075 
- 0.448 
---0.356” 

0.522 
I.177 

I .087 
I .670 
I .357 

- 0.272 
0.654 
.__ 

--_ 0.168 
0.565 
0.850 

-0.087 
0.769 
- 

0.49 I 
0.333 
0.800 
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their UV and NM R data for K;’ and KJ are shown in Table 3. Many of the values are 
negative, which is physically meaningless. 

Clearly, these are somewhut distressing results, particularly since most of the 
theory about charge transfer is based on spectroscopic data. The validity of compari- 
sons between other methods and spectroscopic values is also open to serious question. 
For example, Bertrand and co-workers”’ recently reported the determination of the 
pyridine/iodine formation constants in cyclohexane and carbon tetrachloride: their 
results, along with cited spectroscopic values , are shown in Table 4. Although the 
agreement is good, it may only be fortuitous, given the data in Tables 2 and 3. 

TABLE 4 
COMPARISON OF CALORIMETRIC K;: VALUES FOR PYRIDINE-IODINE WITH SPEC- 
TROSCOPIC DATA AT 25” 

Cyclolwxmc 1 24h’ 139” 
Carbon tctrachloride I 03h7 I 02” 

I 08’” 10lbQ 

4. GAS CHROMATOGRAPHIC STUDIES 

Purnell” has presented a classification of donor-acceptor-solvent interactions 
with which the various CLC techniques may be distinguished. These have recently 
been reviewed by Wellington’“, and so are only briefly considered here: for donor 
(D) solutes and acceptor (A) stationary phase (S) additives: 

C/us.s A. Solute reacts with stationnry phase additive to give complexes of the 

type D,,,A,,, where 111, 11 > 1. 

SpD,,,. 

S,A,,. 
Wellington 72 has added: 
C/ass E. Solvated donor, D,,,S,, reacts with solvated additive, A,,S,., to form _ 

solvated complexes. C,,,:,, S,, giving up c/S solvent molecules in tlic process. 

Class B. Solute reacts with stationary phase to give complexes of the type 
where 117, p 2. I, 
Class C. Solute polymerizes or depolymcrizes in solution. 
Class I). Additive reacts with stationary phase to give complexes of the type 

(cr) Cius.s A : Metltocl qj’ Gil-A 1’ arttf Hdirtg’” 
For I :I Class A interactions, solute (donor) solubility in the stationary phase 

is enhanced by the presence of a complexing (acceptor) additive, so that the distri- 
bution coefficient becomes: 

KI. = 
solute concentration in the stationary phase = [D]y_ + [C] 

solute concentration in the gas phase [DIN 
(12) 
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where [D]!, is the equilibrium a-mount of free donor in solution, and [D],,, is the total 
donor concentration in the gas phase. Multiplying by [D]~[A]/[D]~_[A] gives: 

K,. = j$ 4 -@- IDF;Al [A] = K,: -I- K: Kj: [A] 
hl I. 

(13) 

where Kz is the solute distribution coefficient in the absence of udditivc, [A]. ([A] 
must be present in excess over [C] to ensure that [A] ;v [A],,,,). 

Eqn. I3 was first presented by Gil-Av and Herling’” in 1962, and yields for- 
mation constants from the slope/intercept quotient of KL vs. [A] plots. The equation 
was originally employed to study Ag+-olclin complexation (ethylene glycol stationury 
phase), but has since been used by many workers for various organic acceptor ad- 
ditives and donor solutes. (Note that the additive need not be the acceptor; the choice 
of which complex component to dissolve in the liquid phase is in fact purely a matter 
of convenience, and for donor additives, [A] is replaced by [D] in eqn. 13.) Wellington73 
has summarized the GLC data that have been obtained via eqn. IS, and Purncll” 
and Wellington 7z have commented on its applications and limitations. 

(b) Class i3: tnetltocf oJ’ Martire ad Rid173 
There is seemingly no way to get at formation constants when pure complexing 

agent is used as the stationary phase (Class B). However, Martirc and Riedl’-J showed 
tl1at: 

(14) 

where K,,,, is the true thermodynamic equilibrium constant, Y,, and A are the activity 
coefficient and molar volume of the pure (acceptor) complexing phase, V$ and Vi’ 
are the specific retention volumes of an inert (non-complexing) solute on inert and 
complexing phases, respectively, and V,:’ and VF are the specific retention volumes of 
a complexing solute on the same stationary phases. The (Raoult’s law) activity co- 
efiicient, y,,, is given by’lJ 

where A4 WC and M W, are the molecular weights of the complexing and inert st;t- 
tionary phases, respectively. If the (donor) solute and complex are at infinite dilution. 
7g.c --t I (Henry’s law), K,,, is related to Kf by 

where a,& is the activity of the neat (acceptor) stationary phase. Liao et u/.‘~ have 
shown that eqn. I6 is valid when the inert reference phase is identical in all respects 
to the complexing phase, except that the latter forms complexes while the former does 
not. While this is a rather stringent requirement of the reference phase, the method 
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has been used”with excellent success to measure charge transfer interactions7J-7H, 
and promises to become a very important technique for the determination of K,,,. 
values. Indeed, eqn. 14 is tile only method dcvcloped lo date by which Kc,,. can be 
found. 

5. COMPARISON OF METHODS 

The only comparison of GLC and spectroscopic data thus far is that by Pur- 
ncll and Srivastavaz7. Their GLC concentration formation constant (Kf) data for the 
same solvents and compounds as in Table 3 are now given in Table 5. The values 
are all positive, but the most remarkable feature of these data is that, even for the 
same compounds, solvents, and temperature, results by the same workers in the same 
laboratory suggest that UV and NMR data are not valid. The G LC results, on the 
other hand, are all positive, decrease with increasing tcmperatur&‘, atid appear to 
bc physically meaningful. 

TABLE 5 

GLC” l=ORMATION CONSTANTS FOR NAMED COMPOUNDS WITH TNF AT 40” 

Di-rr-butyl succinatc 

Di-wbutyl adipatc 

Di-r!-butyl scbacatc 

Bcnzcnc 
Tolucnc 
rrr-Xylcnc 
0.Xylcnc 
p-Xylcnc 
Ethylbcnzcnc 

Bcnzcnc 
Tolucnc 
nr-Xylcnc 
o-Xylcnc 
p-Xylenc 
Ethylbcnzcnc 

Bcnzcnc 
Totucnc 
rwXylcnc 
cl-Xylcnc 
p-Xylem2 
Ethylbcnzcnc 

B. GLC: Class A aml Class B 

0.590 
0.702 
0.825 
0.87 I 
0.7G4 
0x515 

0.48 I 
0.491 
0.Gl.5 
0.606 
0.624 
0.448 

0.353 
0.332 
0.401 
0.393 
0.425 
0.355 

According to eqn. 16, when y,, = I, the equilibrium constant should bc iden- 
tical to the concentration formation constant. That is, the Gil-Av-Herling method 
(Class A) should give the same results (for the same solutes and complexing solvents) 
as the Martire-Riedl method (Class S). The only test of this hypothesis (given by 
eqn. 16) is by Ljao ef a/.74, who used di-n-octylmethylaminc as the complexing phase, 
n-octadecanc as the inert or rcfercnce phase, and CHCL CH2C12, and CH2Br2 as 
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the complexing solutes. yD was found to be 0.993 It 0.002 via eqn. 15, in which cast 
KcLl, values shduld be identical to K3 values. Their results are given in Table 6, where 
the agreement is seen to be excellent. indicating that the two GLC methods offer 
consistent results, further strengthening our contention that CLC data are a valid 
measure of charge transfer interactions. 

TABLE 6 
. . .* 

COMPARISON7J OF Kc,,. AND K; WHEN ;a,, .:.. J 

Sollrft~ K; (l/nrolc~) (c*r/rt. 13) K,+,. (eqti. 14) 

CI-ICI., 0.405 2: 0.019 0.403 :t: 0.006 
CH2Clz 0.179 I!7 0.014 0. I87 :I: 0.004 
CHzJ3rl 0.222 :!- 0.004 0.219 :j: 0.004 

6. RATJONALJZATJON OF THE DIFFERENCE BETWEEN GLC AND SPECTROSCOPIC 
DATA : SOLVATJON 

We now explore possible explanations for the discrepancy between GLC and 
spectroscopic values. In both UV and NM R studies, donors, acceptors. and complexes 
exist in solution as solvated species such thut interactions must occur through shells 
of solvent molecules surrounding each component. For strong (inner) complexes, 
some solvent molecules may be removed so that donor and acceptor are in direct 
contact; for weak (outer) complexes, this may or may not be true. We assume, for 
now, that for I :I complexes, tlic following reactions occur in solution: 

A -k S,, % AS,, (17) 

D ..I- S ,,, * DS ,,I (18) 

AS,, -t- DS,,, t-? CS,, -I- r/S . (19) 

Thus, formation of a complex is an interaction between solvated A and D which gives 
solvated C plus r/ solvent molecules which have been cast ofl (or added, in which case 
ri is negative) such that: It -I- 111 - /J + cl. Carter et Q/.79 and otllersHo-H” have pointed 
out that solvent effects must be considered whenever weak interactions are measured 
spectroscopically, but few workers have taken notice of this fact. Yet the work of 
Carter PI a/,‘” olT’ers a very straightforward method of determining the extent of sol- 
vation, as well as solvent-independent formation constants. We therefore now 
examine the technique of Carter et ul. in an attempt to explain the differcnccs between 
spectroscopic and GLC data. 

The formation constant. K;:. is now defined in terms of eqn. I9 

where X,v is the free solvent molC! fraction, given by 

(20) 

(21) X PI 
’ z [S], -I- [djf’+ [A], 
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PI rrcc is tile concentration of free solvent at equilibrium, and [S], is the total solvent 
concentration. X, rather than [S] is used in eqn. 20 so that the formation constant 
will retain units of I/mole. and can therefore be comuared to the Bencsi-Hildcbrand 
equation. When [D]; >> [A],, [D], = [D],,., and a 

IAlb -= WJ” , 1 -- - 
AC, ~c&[Dl, Gt 

The only difference between cqn, 23 and the original Bcnesi-Hildcbrand 

(23) 

relation, 
eqn. 8, is the appearance of (X,)” in the numerator of the first term on the right- 
hand side. Eqn. 8 failed to include solvent efTects, which is a serious omission: if we 
assume that cqns. 17-19 are reasonable (i.e., if a compound dissolves in a solvent it 
becomes solvated by that solvent), then according to eqn. 19 as more donor is added 
to a solution containing an acceptor, complex CS, is formed and c/S amount of sol- 
vent is released, thus diluting what we had assumed was a constant [A],. The freshly 
added donor also takes up some amount of solvent to form DS,,,, further compound- 
ing the problem. Let us represent [S], as the free solvent concentration when [D], =T 0 
but after [A], has been added to the solution. Assuming that the cllange in the total 
solution volume is negligible when [D], is added 

PI free = Ls10 - l’D1, (+) (24) 

where VD and Vs arc the donor and solvent molar volumes, whose ratio we con- 
veniently represent by ?, 

PI rtcc = [Slo - AIDI, (25) 

Eqn. 25 merely says that the total amount of solvent in the solution remains constant 

WSI lrcc 3 r,,[D], = Vs[S], (26) 

(Note that [S], 

PI rrcc = 
z 
E 

> [Slrrce.) [Slrrcc is now given by 

[Sl, - MAI, - MD], -I- YKI 
[Slo - JJDI, - dD1, - WI, + WI 
[Sl, - (m -I- A)[Dl, - 11[Al, i- q[Cl 

Substituting eqn. 27 into eqn. 21 yields 

x 

s 
= [S]o - (~1 -I- A.)Dl, - n[Al, + c/[Cl 

PI, --I- PI, -t WI, 
= PI0 - (III -t IJ[D], 

;g. 
KY, -i- (1 - 4P1, 

sin& II~A], << [D], < [S], w [S],. Eqn. 23 now becomes 

&,b 1 -= 
4, G&PI, [ 

I - (111 -t- A,[Dl,/[Slo u + 1 
I -I- (I - A,[D],/[SJ, 1 E,, 

(27) 

(28) 

(29) 
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Since [S], > [D],, and’ neglccling higher terms 

[Al,b -- z 

A n’& 11 - Y(II~ -.I- 21 C[Dl,/LSldl L1 - Ml 
Cl <‘I J 1 

-- I*‘.> ([Dl,/lWl --t- & 

I ’ 
3 -- +K_:Pl, --- ’ [ 1 

r/(/n -t- I) 

E,, ---- 1 K$[S], (30) 

The formation constants of cqns. 8 and 30 arc related by 

q(nz -I- I ) 
K;. (eqn. 8) = KJ’ (eqn. 30) -- -- 

CS]” 

and 

6,, (eqn. I() - P,~ (cqn. 30) 
K; (eqn. 30) 
KS. (eqn. 8) 

(31) 

(32) 

K; and E,~ (eqn. 8) are thus underestimated and overestimated, rcspectivcly, and the 
Benesi-Hildebrand equation will only be approximately correct when 

K;. :.P C/(III -t- 1 ),l[S], (33) 

i.e., when complexation is strong. For the cases of weak or contact churgc transfer 

(34) 

may be true, and the Benesi-Hildebrand equation will fail badly. 
Carter et al.” tested the validity of eqn. 30 by plotting Em, I*.s. K;: for methyl- 

benzencs-iodine, TNB, and chloranil, each in Ccl., solvent, for which [S], is given 
by density/molecular weight = 10.3 moles/l, (Recall that [S], ‘, [D], ::. [A],,) If 
Beer’s law is correct, and if K; is measured at a wavelength at which only charge 
transfer interactions cause absorption, then 

:\s K; --cc 0. s,, --I- 0 (35) 

Carter ef al. found that this was obeyed for each set of methylbenzenes/acceptor 
data only at discrete values, numely, ~(III -t- I) = 9 (iodine), 30 (TNB), and 6 (chlo- 
ranil). The largest change is for TNB, and we therefore assume that it is the most 
solvated, while chloranil is the least solvated. Further evidence of the validity of eqn. 
30 was found when the gas-phase data of Lang and StrongH3 for benzene-iodine were 
compared to the liquid-phase data in Ccl+ Assuming q(nl -I- I) =-= 9, E:!,*“‘~ was found 
to be 2400, whereas E::” was 1700; 8::“” tl was 1,7,000 when solvation effects were not 
considered. 

Clearly, solvent clTects are responsible for most of the anomalies in Table 2, 
but may be removed by the treatment of Carter ct nl.; it is remarkable, in fact, that 
many more investigations have not been in this direction. Assuming discrete solvation 
shells surrounding the donor, acceptor, and complex moieties, one can also ratio- 
nalize differences between UV and NMR data. In the former, electronic transitions 
form inner complexes sVhich may have dilferent geometrical configurations (and 
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most certainly have different electronic configurations) than the ground stittc. The 
accuracy of UV KT values therefore depends implicitly on how closely rclatcd the 
solvated electronic ground state is,to the solvated electronic excited state. In the NM R 
technique, chemical shifts depend on solvent shielding efl’ects, which can be up- 
preciably diffcrcnt even for closely *related solvents”. Thus, the UV and NMR tecll- 
niques are at variance simply because solvent effects are manifested difi’erently in 
each; that is, even the same solvcnl will affect electronic transitions difl’erently than 
it will chemical shifts, because two fundamentally different properties are being 
measured. 

We now consider GLC data. Eqn. 13 allows the determination of all solution 
en’ects except the change in X,: as in eqn. 23, varying [A] will alter [Slrrcc, so that KY. 
will not be a true constant. Meet? and Wellington” are thus far the only workers 
who have considered the application of the argument of Carter et a/. lo GLC. For an 
acceptor additive and donor solutes 

= K; ;I -‘- I<,; [A], [ ] - [“l’cf& -‘- “.]) 
I 

where (X,)cr is approximately given by 

(X,)9 * ] ..{- 
[ 

[A], q( II -I,- 1 ) 
---- 

PI, 1 

(36) 

(37) 

analogous to eqns. 21 sLnd 28. Note that the term r/(/1 -t- 1) and not q(r)/ -t- 1) is used 
here, since in GLC the acceptor is in large excess over the donor, not ~aice wt-sa as 
in spectroscopy. If [A], e-: [S],, cqn. 36 reduces to eqn. 13, the Gil-Av-Herling rc- 
lation, which will usually be the c;lse if less than 0.2 .M solulions of A in S are cmploy- 
ed. “Best” values of C/(/I -I- I) should be available from spectroscopic data via the 
method of Carter et a/.79, so that cqns. 30 and 36 should now yield identical K; values, 
regardless of he solvent or method. PurnellH5 has very recently applied these consider- 
ations to NMR equations as well, and does indeed find that GLC and spectroscopic 
data are identical wllcn solvent ell’ects are taken into account. This is the most exciting 
development yet in he study of charge transfer complcxation, and will clearly be 
applied much more so in the future hn in the past: workers in the field will linally 
have a means whereby formation constant data from many different techniques can 
be compared on a common basis, 
in the very near future us u result. 

and IVC anticipate great strides in solution theory 

7. DETERMINATION OF PHYSICO-CHEMICAL PROPERTlES VIA GLC COMPLEXATIOI\’ 
STUDIES -. 

If true charge transfer forces arc operutivc, we would expccl tlic formation 
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constant to be a function of the donor vertical ionization potential, as we noted
earlier

(38)

To establish that this is the case, we have examined several types of donors on dif­
ferent complexing phases24

-
26

• The results are encouraging: the lower the ionization
potential, the larger the formation constant. Data by Meen et al.86 also indicate that
KJ is a function of l~. This variation has in fact been used in a very recent publica­
tion" to determine vertical ionization potentials: the GLC Kj. data of butadienes
with known87

-
92 I: values were plotted as Kj. 1'5. I: at three temperatures. The lines

were curved, and so a non-linear least-squares treatmentv'-?' was necessary to fit
the data. The approximate equation constants were:

° c 9 23 3 d 250 : K, = -. 7 x 10- (Iv) + 0.750

c d
55°: K, = -9.445 X 10- 3 (/v)2 + 0.750

(39)

(40)

(41)

where TNF in di-n-butyl phthalate (DNBP) was used as the stationary phase. To
ensure that eqns. 39-41 were good approximations, the known ionization potentials
were back-calculated from the respective formation constants at each temperature;
the known and averaged values agreed to 1.02 %at worst, and generally much better
than that. To ascertain the accuracy of the GLC-determined l~values,we have collab­
orated with Heilbronner and Bieri'" in obtaining PES data for the dienes whose
ionization potentials were previously unknown; the results are presented in Table 7,
where the difference between the GLC and PES values for each compound, 0, is also
given. The first four compounds agree to within ± 0.10 eV, a remarkable feat since
the GLC instrument we used was by no means a precision device, and many of the
formation constants bordered on the experimental error of Kj. (determined to be

TABLE 7

COMPARISON OF PES AND GLC J~ VALUES",·5

Diene J~ (e V)

PES GLC ,5 (eV)

cis-I,3-Pentadiene
2-Ethyl-l,3-butadiene
2-Methyl-I,3-pentadiene
3-Methyl-l,3-pentadiene
4-Methyl-I ,3-pentadiene
1,3-Hexadiene
1,3-Heptadiene
I-Methoxy-I,3-butadiene
5-Methyl-l ,3-hexadiene
2,4-Dimethyl-I,3-pentadiene
2,4-Heptadiene

8.61 (trans) 8.65
8.79 8.76

8.53
8.40 8.51
8.45 8.49
8.53 8.70
8.51 8.75
8.26 7.98
8.47 8.81
9.31 8.85
8.14 8.71

0.04
0.Q3

0.11
0.04
0.17
0.24
0.28
0.34
0.46
0.57
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& 0.010 I/molt). The remaining compounds disagree by increasing amounts, the 
worst case being 2,4-heptadiene. We have attributed these 0 values to steric hindrance 
to charge transfer, and will discuss them shortly. Mcanwhilc, where no anomalous 
(e.g., steric) effects occur, G LC can be used to determine vertical ionization potentials 
to & 0. I eV (PES data are usually accurate to f 0.02-0.03 cV). 

Charge transfer forces should also be proportional to the acceptor electron 
afinity 

K; = F( g, (42) 

No study has appeared which uses cqn. 42, but our f$ datP for arotnatic hydro- 
carbons and 2,3-dichloro-5,6-dicyanobcnzoquinone (DDQ) in DNBP are two to 
three times as large as those by Mccn et al.““, even if normalized to the same Kt 
values. DDQ has an electron affinity of I .95 eV, compared to 1 .OO eV for TNFJ7, 
and so the results are entirely as expected. The relation could perhaps be improved 
if solvation were taken into account (recall that TNB and chloranil differed by 
11 [q(nr + I)] - 24 solvation molecules): we are now examining closely related classes 
of acceptors, for example, the pyridazinediones, for which no Et data exist9h*97, but 
which could in principle be found via GLC, analogous to our procedure for I,‘! 
values. 

The values of Table 7 are now presented in a different manner, in Table 8. For 
the first four compounds, as the substituent on the end of the butadienc skeleton be- 

TABLE 8 

EFFECTS OF STERIC HINDRANCE ON CHARGE TRANSFER 

Dorlor fS (c V) 

M 0.04 

0m 0.17 

- 0.24 

k 

/ / 0.34 

- 0.57 

0.46 

0’ / 

T 0.03 
_. 
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comes larger, the difference between PES and GLC 1: values increases. Since K$ is 
proportional to (I:)-‘, WC note that if steric hindrance (or other factors) causes a 
decrease in K;, 1: will be increased by a similar amount, resulting in r> values larger 
than 0.1 eV (the experimental error of the GLC method). The 0 values then become a 
measure of steric hindrance lo charge transfer. Bulky end-groups clearly appear(to 
hinder (planar) complex fcrmalion with TNF, but a large rS value is also found for 
2,4-dimethyl-l,3-pentadiene. This compound is known to be twisted about the central 
single bondgg and is thus partially deconjugated, which results in a higllcr ionization 
potential than expected. Conversely, 2-ethyl-1,3-butadiene does not appear to be 
stcrically hindered, which is most surprising. Although further work is needed to 
verify this result, we are forced to postulate that charge transfer in butadiene-TNF 
complexes is an end-on interaction, rather than planar-planar, as has historically 
been assumed. We are therefore now investigating 2-alkyl-I ,3-pentadienes to confirm 
this finding. 

In another recent pape+, we attempted to measure out-of-plant deformation 
angles for a series of p-iononcs via the Class B technique of Martirc and Ricdl. 
Aromatic hydrocarbons were first examined with di-/+butyl tctrachlorophthalate, 
and K>’ (eqn. 16) was shown to vary inversely as I,?, as expected. Next, a series of 
substituted aromatic amines was investigated, and out-of-plane substituents at the 
nitrogen” were shown to profoundly affect charge transfer behavior. Finally, out-of- 
plane twisting f*or the /5iononc series was measured by NMR*““*lol, but could not bc 
correlated to GLC K;’ values because the angles were too severe (-30”). An upper 
limit of the GLC method was thus established to bc npproximately IO”-15”. Work 
is now under way with the compounds described by Forbes et 01.~” to further clarify 
the usefulness of GLC for the determination of out-of-plane deformation angles. 

8. FUTURE AREAS OF INVESTIGATION . . . 

Several approaches to the question of cllarge transf*cr now become apparent. 
The method of Martire and Ried173 offers great promise for the evaluation of* thermo- 
dynamic equilibrium constants. A modified Gil-Av and Herling equation which in- 
cludes solvent effects (eqn. 30) also appears to be an extremely useful approach which 
will enable results from direrent experimental methods to be compared. Eon imd 
Guiochonz” and Martire’Oz have very recently presented a theoretical treatment of-this 
problem, and Purnell et a/.8s have been able to show that GLC and spectroscopic data 
do indeed field identical results when salvation effects (determined via the method of 
Carter et ~i.‘~) are taken into account. Liao and Martire” have begun to investigate 
(hydrogen bonding) complexation in the light of acid-base theorylO”. and we25*2” have 
shown that many molecular propertics csln also be deduced from GLC charge transfer 
data, including ionization potentials, electron affinities, steric factors, out-of-plane 
deformations, and so forth. 

Finally, several new approaches await investigation. The question of end-on 
IS. planar intermolecular interaction looms as a most important study, since the very 
nature of charge transfer may thereby be elucidated. Another study that would be 
most interesting is the illumination of a glass capillary CLC column during the elution 
of complex-forming donors. Suppose, f’or example, that the liquid phase was DDQ 
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in DNBP, and benzene, tolucnc, and the three xylcnes were being cllromatographcd. 
? l mnx. for aromatic hydrocarbons-DDQ dilI’ers by over 200 nm in some casessf’*ioJ, 
being 427 nm for bcnzcne and 450 nm for toluene (CHC& solvent”“). Suppose that 
we now irradiate the glass GC column at 420nm, well away from the tolwene and 
xylene maxima, but close enough to benzene to produce an outer -+ inner complex 
transition. Benzene should then be strongly retained, while the other solutes will 
elute unaffected by the illumination. If this does not occur, then charge transfer theory 
as we know it is incorrect, and the entire subject would require complete re-cvalu- 
ation. If benzene is strongly retarded, the difference, rlK,_, between “dark” and “illu- 
minated” distribution coefftcients should be a good measure of the strength (hence 
E,,) of charge transfer interactions, which could easily bc verified by UV studies. 
Conversely, it may be possible to obtain E,, values at infinite dilution via GLC, 
which can only be done indirectly (by extrapolation to [D] == 0: E&r’s law) in UV. 
Illumination may also be used as an added dimension for dificult separations. Meen 
et nl.“” have evaluated the use of complexing agents in analytical GC applications, 
and weZS have shown that even DDQ in high concentrations will not be of much use 
in adding to column selectivity. The ability tq cause inner complex transitions by 
UV/visible irradiation, however, may considerably brighten the outlook on this 
approach. Lastly, while we have limited the discussion here to GLC, there is every 
reason to expect that high-performance liquid-liquid chromatography will prove equal- 
ly as useful*05. Gil-Av et al. Iof’ have already begun complexation studies by high- 
performance liquid-liquid chromatography, and it has been suggested”’ that solvation 
effects could greatly improve separations when complex-forming stationary phases 
are used in this technique. In short, the study of charge transfer is currently in a high 
state of flux, and offers every promise of being one of the most rewarding physico- 
chemical topics yet investigated by gas (and liquid) chromatographcrs. 

9. SUMMARY 

The study of charge transfer complexation by gas-liquid chromatography 
(GLC) is presented. The GLC results differ significantly from spectroscopic data, and 
it is argued that the chromatographic technique seems to be valid, whereas other 
methods are at best questionable. Very recent data by the authors also indicate that 
much more information is available from GLC studies than had previously been rec- 
ognized, such as the determination of vertical ionization potentials, vertical electron 
affinities, molecular substituent and out-of-plane deformation effects, and steric 
hindrance to charge transfer. 
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