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Linewidth Alternation in the Electron Spin Resonance Spectrum of the 
Fluorene Radical Anion in the Presence of Dibenzo Crown Ethers 

By E. John Rothwell and Brian J. Tabner," Chemistry Department, University of Lancaster, Lancaster LA1 4YA 

Two dibenzo crown ethers have been found to decompose slowly when in contact with alkali metals in tetrahydro- 
furan. Decomposition of these dibenzo crown ethers also occurs when they are brought into contact with a solu- 
tion of the fluorene radical anion. The addition of the crown ethers to a solution of the radical anion has a dramatic 
effect upon the e.s.r. spectrum. This effect has been interpreted in terms of linewidth alternation. An intramolecular 
migration of the crown ether-alkali metal cation complex from one side of the radical anion plane to the other is 
proposed. It has been possible to examine the slow exchange region of the spectrum in the Li+-dibenzo-18- 
crown-6-fluorene radical anion system. A surprising observation is that these results indicate the complexation of 
Lif by dibenzo-18-crown-6. 

FLUORENE is readily reduced to the fluorenyl anion by 
alkali metals in ethereal solvents at room temperature. 
This anion has proved of great interest as it forms both 
contact and solvent separated ion pairs with the alkali 
metal c0unterion.l However at low temperatures (cn. 
-70 "C) the reduction gives a blue solution of the fluorene 
radical anion which decays at  higher temperatures to the 
fluorenyl anion (Scheme).2 The rate of decay of the 
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fluorene radical anion to the fluorenyl anion is markedly 
dependent upon (i) the alkali metal counterion (K+ > 
Na+ > Li+), (ii) temperature, and (iii) solvent.2 This 
decay can be readily followed by studying either the 
changes in the visible region absorption spectrum or in 
the intensity of the e.s.r. spectrum of the radical anion. 
The results obtained employing both techniques are in 
precise agreement. 

In a previous publication we reported the influence of a 
crown ether on the rate of the radical anion decay.3 The 
purpose of the present publication is to report the in- 
fluence of two crown ethers (dibenzo-14-crown-4 and 
dibenzo-18-crown-6) on the e.s.r. spectrum of the radical 
anion. In  the absence of the crown ethers the e.s.r. 
spectrum consists of the expected pattern from five sets 
of two equivalent protons a t  a 1  temperatures. The 
dibenzo crown ethers, however, have a dramatic effect 
upon the spectrum as a consequence of linewidth altern- 
ation associated with the two methylene protons, a t  the 
9-position. As a preliminary to  our e.s.r. investigations 
we investigated the possibility of the reaction between the 
crown ethers and the alkali metals and also between the 
crown ethers and the fluorene radical anion. We report 
the results of these investigations together with the 

results of our study of the influence of the dibenzo crown 
ethers on the e.s.r. spectrum of the fluorene radical anion. 

EXPERIMENTAL 

Except where otherwise stated all operations were per- 
formed using standard high vacuum techniques. 

Materials.-Tetrahydrofuran was purified as described.4 
In  the preliminary stages of this research i t  was found that 
commercial fluorene was contaminated with dibenzofuran 
and a pure sample of fluorene was therefore prepared from 
fluorenone as follows. Commercial fluorenone (B D.H.) 
was purified chromatographically on a silica gel column 
using light petroleum (100-120 "C) as eluant. The 
fluorenone was recovered from the top of the column by 
extraction from the silica gel with ethanol in a Soxhlet 
distillation. This fluorenone was then reduced with hydraz- 
ine and potassium hydroxide and the resulting fluorene 
sublimed and then passed through a silica gel column to 
remove any unchanged fluorenone. After a further sub- 
limation the purity of the fluorene was checked by mass 
spectroscopy and differential scanning calorimetry (d.s.c.) 
and was found to be ,99%. The sample had a m.p. 

Dibenzo- 14-crown-4.-Two separate samples of dibenzo- 
14-crown-4 were used. The first was kindly supplied by 
Dr. H. K. Frensdorff (du Pont de Nemours and Co.). This 
sample was recrystallised from n-hexane before use, m.p. 
145-147 "C. A second sample, prepared as described,6 
was purified by recrystallisation from methanol and then 
(twice) from n-hexane, m.p. 148-149 "C. The purity of 
this second sample was checked by c1.s.c. and was found to 
be >97,774. 

Dibenzo- 18-crown-6.-This crown ether, which had been 
prepared as described,6a was kindly supplied by Dr. P. 
Hodge of this department. It was first recrystallised from 
toluene and then further purified by forming the appropriate 
complex with sodium thiocyanate (when sodium was to be 
the reductant) or with potassium thiocyanate (when potas- 
sium was to be the reductant).' When lithium was the 
reductant either of these two batches was used. Both 
batches had m.p. 160.5-lG1.5 "C; their purity, checked 
by d.s.c., was >98.GO,&. 

P'rocedure.-Tetrahydrofuran solutions of fluorene and 
the crown ethers were prepared as described.2 The con- 
centrations of these solutions were in the range 1-5 x 
10-3~1. Sodium and potassium films were prepared as 
de~c r ibed .~  In the case of potassium films care was taken 
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to reduce the distillation of any sodium which may be present 
in the potassium as an impurity. Lithium films were 
prepared by the distillation of liquid NH, onto lithium chips. 
Upon dissolution the NH, was removed by distillation 
leaving behind a metal film. Solutions of the fluorene 
radical anion were prepared from these films as described.2~4 

Product A nalysis.-The tetrahydrofuran solution con- 
taining the reaction product was opened to air and par- 
titioned between diethyl ether (from which alkali soluble 
stabilisers had been removed) and aqueous alkali. The 
ether layer was dried and its contents determined by U.V. 

absorption and mass spectroscopy. The U.V. absorption 
spectrum of the aqueous layer was recorded, the solution 
acidified, and the products extracted with diethyl ether. 
The ether layer was then dried and its contents determined 
as above. Crown ethers are sometimes soluble in aqueous 
alkali depending on the nature of the alkali metal cation. 
Care was therefore taken in each partition to select an alkali 
metal cation with poor solubilising properties towards the 
crown ether under investigation. 

Spectroscopic Measurements.-All e.s.r. spectra were 
recorded on a Varian E3 spectrometer with 100-kHz mag- 
netic field modulation. The magnetic field sweep was 
calibrated using Fremy's Salks The temperature of samples 
was controlled by means of a Varian E4557 variable 
temperature unit. The temperature a t  which each spectrum 
was recorded was determined using a copper-constantan 
thermocouple and quoted temperatures are considered to 
be accurate to &Z K a t  150 K, deteriorating to f 3  I< a t  
250 K. U.v.-visible absorption spectra were recorded on 
Unicam SP 800 spectrophotometers. 

Calculations.-Computer simulations of spectra showing 
the alternating linewidth effect were obtained using an 
I.C.L. 1905F computer. The first part of the program uses 
the modified Bloch equations to derive the spectrum of a 
radical containing two protons with interchanging splitting 
constants and is similar to that already p~b l i shed .~  The 
second part of the program introduces the hyperfine splitting 
from the remaining (non-alterfiating) protons and records 
the first derivative spectrum 011 a Calcomp plotter. A 
second program, which simulates spectra without selective 
line broadening, was used in conjunction with a Data 
General Nova 1220 computer on line to  the e.s.r. spectro- 
meter. 

RESULTS AND DISCUSSION 

The Reaction of Alkali Metals with Dibenxo-14-Crown-4 
and Dibenxo-18-Crown-6.-The object of these experi- 
ments was to determine whether either of these dibenzo 
crown ethers reacted with alkali metals under the con- 
ditions normally used in the preparation of the fluorene 
radical anion. A tetrahydrofuran solution of dibenzo- 
14-crown-4 was allowed into contact with a potassium 
film at  180 K for 30 min. (This period represents a 
typical reaction time required in the preparation of the 
fluorene radical anion €or the purpose of e s r .  experi- 
ments.) The U.V. absorption spectrum of this solution 
remained unchanged after this period. However, in 
order to determine whether a reaction with the alkali 
metal would occur given sufficient time both the reaction 
time and temperature were increased. Eventually new 
U.V. absorptions did appear (at 257 and 306 nm, see 
Figure 1). Upon admitting air to the U.V. cell these 

absorptions slowly receded, the spectrum returning 
virtually to its original shape. The resulting solution 
was separated as described, the aquebus layer containing 
a substance with a molecular weight, as determined by 
mass spectroscopy, of 260. 
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FIGURE 1 The absorption spectrum of dibenzo-14-crown-4 
in tetrahydrofuran before (solid line) and after (broken line) 
reaction with potassium 

The experiment was repeated using a sodium film. 
Again new U.V. absorptions (at 250 and 299 nm) even- 
tually appeared, although more slowly than in the first 
experiment. Again these absorptions receded upon 
admitting air to the U.V. cell and again a substance 
with a molecular weight of 360 (determined from its mass 
spectrum) was obtained from the aqueous layer. Similar 
observations were made upon repeating the experiment 
using a lithium film. 

On the basis of its mass spectrum the product isolated 
upon reaction of dibenzo-14-crown-4 with each of the 
alkali metals appears to be 1,3-bis-(2-hydroxyphenoxy)- 
propane (I). It is possible to suggest a reasonable frag- 

mentation pathway which is in accord with the other 
significant peaks in the mass spectrum. The A,, for 
(I) should be similar to those for the crown ether itself 
and this would explain why the U.V. spectrum returned 
almost to its original shape upon admitting air. 

In order to find supporting evidence for the above 
proposals we selected guaiacol (2-methoxyphenol) as a 
suitable model compound for (I). We find the U.V. 
a,bsorption spectrum of guaiacol in aqueous alkali and in 
alkaline tetrahydrofuran virtually identical to that of the 
reaction product isolated in the course of the above ex- 
periments. We therefore believe that (I) is a reasonable 
structure for the decomposition product. 

The above experiments were repeated with dibenzo-18- 
crown-6 and again additional absorptions appeared in 
the U.V. region of the spectrum upon prolonged contact 
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with an alkali metal film. Upon admitting air to these 
solutions the change in these absorptions followed those 
observed with dibenzo-14-crown-4. It is evident that 
dibenzo-18-crown-6 also reacts with alkali metal films 
to give a 2-alkoxyphenoxide chromophore. 

It would appear, therefore, that both dibenzo-14- 
crown-4 and dibenzo-18-crown-6 react with alkali metal 
films to form 2-alkoxyphenoxides. These reactions, 
however, are slow compared with the typical reaction 
times involved in the preparation of the fluorene radical 
anion. Despite this difference in reaction rates, however, 
the fluorene radical anion was prepared employing our 
usual procedure, filtered, and then added to a solution of 
the crown ether. The modified procedure was not used 
in the Na+-dibenzo-l4-crown-4-fluorene radical anion 
system. However, the extent of reaction of this crown 
ether with the alkali metal during the preparation of the 
radical anion was too small to influence the e.s.r. experi- 
ments. While the modified procedure avoids any inter- 
ference from the reaction between the crown ether and 
the alkali metal, reaction between the fluorene radical 
anion and the crown ether is still possible. We have 
attempted to detect products from such a reaction. 

The Reaction of the Fluorene Radical An ion  with 
Dibenxo- 14-Crown-4 and D i  benxo- 18-Crown-6 .-React ion 
conditions were selected which would favour reaction. 
A solution of the fluorene radical anion was prepared in 
the usual way (with lithium as the counterion), filtered, 
and added to a solution of dibenzo-18-crown-6. In 
order to encourage reaction the radical anion : crown ether 
ratio was set at 5 : 1 and the reaction was allowed to 
proceed for a period greater than that normally required 
to record a sequence of e.s.r. spectra. The resulting 
reaction mixture was then partitioned as before and the 
aqueous layer found to contain a reaction product with 
A,,,. 238 and 288 nm and a molecular weight (as deter- 
mined by mass spectrometry) of 290. 

In order to establish the species responsible for the 
decomposition of the crown ether a further experiment 
was performed in which a solution of the fluorenyl anion, 
again in large excess, was added to dibenzo-18-crown-6, 
with Li+ as the counterion. The solution was analysed 
in the usual way but no evidence could be found for any 
decomposition of the crown ether. It is therefore 
apparent that it is the radical anion and not the fluorenyl 
anion which attacks the crown ether. Reaction of the 
crown ether with the fluorenyl anion would, presumably, 
occur via proton abstraction. Since the fluorene radical 
anion is a weaker base than the fluorenyl anion attack by 
the radical anion is unlikely to be via proton abstraction. 
The most likely mechanism is the transfer of an electron 
from the radical anion to the crown ether. Crown ether 
radical anions were not observed, however, during the 
course of our experiments which suggests that they 
decompose relatively quickly. 

Having gained evidence for the decompositian of the 
crown ether all future experiments were arranged so that 
the same reaction mixture was used for e.s.r. study as for 
the product analysis. The e.s.r. spectra were recorded on 

a small portion of this solution, whilst the bulk of the 
solution was taken through exactly the same temperature 
changes over exactly the same period of time. Upon 
completion of the e.s.r. experiments the contents of the 
Li+-dibenzo-l8-crown-6-fluorene radical anion solution 
were partitioned as before. No evidence could be ob- 
tained that the ether layer contained anything other 
than dibenzo-18-crown-6, fluorene, and some fluorenone 
(formed from the fluorenyl anion when admitting air to 
the solution). However a substance was obtained from 
the aqueous layer whose mass spectrum revealed two 
components with molecular weights 334 and 290. The 
former component was relatively unstable. Proposed 
structures for the two substances isolated from the 
aqueous layer are (11) and (111). 

(11) (111) 

It is possible to suggest a fragmentation pathway of 
both (11) and (111) which accounts for all the remaining 
peaks in the mass spectrum. It was difficult to obtain an 
estimate of the exact amount of crown ether which had 
decomposed during the course of this experiment. 
Between 4 and 8% of the crown ether was found to have 
decomposed to either (11) or (111). In addition a t  least 
80% of the crown ether was recovered from the ether 
layer upon completion of the experiment and this, there- 
fore, represents the minimum amount of crown ether 
remaining. 

When the experiment was repeated with dibenzo-14- 
crown-4 a green solid immediately precipitated from the 
mixture. It was not possible, therefore, to study the 
e.s.r. spectrum of the fluorene radical anion in the 
presence of this crown ether when Li+ was the counterion. 
However, when Na+ was the counterion this problem was 
not encountered and upon completion of the e.s.r. 
experiments the solution was again partitioned and 
analysed as described. Only one substance, (I), was 
isolated from the aqueous layer and the amount of (I) 
isolated corresponded to 1% of the crown ether present 
at the start of the experiment. 

The  In juence  of Dibenxo Crown Ethers on the E.S.R. 
Spectrum of the Fluoyene Radical Anion.-There is no 
evidence that the crown ether decomposition products 
described above had any influence on the e.s.r. spectrum 
of the radical anion. The spectrum at any given tem- 
perature was found to be independent of the previous 
temperature history of the sample and furthermore was 
also independent of the degree to which the radical anion 
decay reaction had proceeded. 

It was not possible to record e.s.r. spectra of either of 
the K+-dibenzo crown-fluorene radical anion mixtures 
due to the high rate of radical anion decay with this 
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counterion. Further, when Li+ was the counterion the 
fluorene radical anion-dibenzo-14-crown-4 mixture im- 
mediately precipitated. Consequently it was only 
possible to obtain a sequence of e.s.r. spectra over a 
temperature range for three systems : Na+-dibenzo-14- 
crown-4-fluorene radical anion, Lif-dibenzo-18-crown-6- 
fluorene radical anion, and Naf-dibenzo-18-crown-6- 
fluorene radical anion. For each of these three systems 
spectra were recorded at  10" intervals from 183 K (the 
lowest temperature a t  which well resolved spectra could 
be obtained) to the highest temperature a t  which a 
reasonable concentration of the radical anion could be 
maintained. 

To varying degrees the spectra of each of the three 
systems studied show the same trend. In none of these 

spectrum assuming that it is the methylene protons whose 
splitting constants undergo out-of-phase modulation. 
The lineshape arising from these protons was computed 
employing the modified Bloch equations appropriate to a 
two jump model in which the interconverting species 
have equal lifetimes and spin-spin relaxation times.g 
The four remaining 1 : 2 : 1 triplet splittings were then 
introduced into the computation to give the simulation 
of the complete spectrum. 

Slow exchange spectra were only obtained in one of the 
three systems studied. It was only possible to deter- 
mine the individual values of the splitting constants (a, 
and a,.) associated with the methylene protons for this 
system. In the other two systems only the sum, a, + 
a,., is known with any certainty. The value of T (the 

FIGURE 2 The experimental e.s.r. spectra of the fluorene radical anion in tetrahydrofuran (a) a t  193 K in the absence of crown ether 
(Li+ as the counterion) and in the presence of dibenzo-18-crown-6 at  (b) 224 K, (c) 202 K, and (d) 183 K (Li+ as the counterion) 

systems was a spectrum observed which was identical to 
that of the fluorene radical anion in the absence of a 
crown ether, although the similarity was closest a t  the 
highest temperature. However even at  the highest 
temperature the amplitude of the central line was always 
reduced in the presence of the crown ether [see Figure 
2(b)]. On cooling, the relative amplitude of this line 
diminished so that the spectrum was dominated by an 
apparent doublet [see Figure 2(c)]. On cooling further 
two new lines, close to and equidistant from the centre of 
the spectrum, appeared until eventually the spectrum 
was dominated by a doublet of doublets [see Figure 2(d)]. 
(In fact this last stage was only reached in the Ei+- 
dibenzo-18-crown-6-fluorene radical anion system.) An 
examination of these spectra reveals that only one of the 
five triplets is affected in this way, the ' pure ' lines of 
the remaining four triplets retain their correct 1 : 2 : 1 
intensities. It is the splitting constant associated with 
the methylene protons which is responsible for the 
observed changes and these protons are not, therefore, 
equivalent in the presence of the dibenzo crown ethers. 
It is apparent that an alternating linewidth effect is 
present. 

We have attempted a computer siniulation of each 

mean lifetime of the species) required to obtain the 
simulation depends upon the individual values of these 
two splitting constants, and consequently it is not 
possible to determine the true value of z in these two 
systems. Under these conditions it is the product 
~ ( a ~  - which controls the simulation.lO For 
example, exactly the same computer simuated spectrum 
is obtained when the methylene proton splitting constants 
and T are varied but with the product remaining con- 
stant a t  460 x 

For each system, at  each temperature, very many 
computer simulations were attempted to obtain the best 
possible fit to the experimental spectrum. Of these 
various simulations two have been selected for illustration 
in Figure 3. We believe that the simulations have been 
optimised as far as is possible, and while any further 
modification of any cf the eight parameters used in the 
simulation might result in an improvement of a particular 
feature, it does so at the expense of some other feature. 
The parameters used in obtaining the best possible 
simulation at each temperature for each system are 
summarised in Tables 1-3. 

The effect of T on the lineshape arising from the inter- 
action of the unpaired electron with the methylene protons 

pT2 s. 
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FIGURE 3 The experimental e.s.r. spectra of the Li+-dibenzo-l8-crown-6-fluorene radical anion system a t  (a) 214 K and (b) 193 
K together with their computer simulations (c) and (d) respectively (parameters as given in Table 3) 

is obscured by the overlapping of the many other lines 
arising from the ring protons. However it is possible to 
deconvolute the computer simulation and so examine the 
variation in this lineshape in the absence of the ring 
protons. The resulting computer deconvolutions for the 
system where slow exchange spectra are available 
(Lif-dibenzo-18-crown-6) are illustrated in Figure 4. 
This series of deconvoluted simulations clearly shows the 
influence of temperature, and hence T, on the lineshape 

of the lines originating from the methylene protons and 
at  the lowest temperatures clearly reveals the doublet of 
doublets from which the values of a, and a,. are readily 
abstracted. 

The essential feature common to all three systems 
reported in Tables 1-3 is that the two methylene protons 
interchange their splitting constants at a temperature 
dependent rate, while the remaining four pairs of ring 
protons retain their equivalence. This implies that the 

TABLE 1 
Parameters used in the computer simulation of the e.s.r. spectra of the Na+-dibenzo- 18-crown-6-fluorene radical anion 

system (splitting constants are in pT) 
183 193 202 214 223 220 a 

124 123 120 120 120 118 

86 86 88 88 88 90 
416 416 413 413 413 410 

750 

TlK 
a1,8 
a2~7 504 499 499 499 499 494 

a, + a,' 735 735 735 735 735 

'3d 
a4.6 

.(a, - a,t)2/yT2 s 1.38 x 1.03 x lov3 8.27 x 6.20 x 6.20 x lov4 
a Na+-Fluorene radical anion in tetrahydrofuran in the absence of crown ether. b a, = a,' in the absence of crown ether. 

TABLE 2 
Parameters used in the computer simulation of the e.s.r. spectra of the Na+-dibenzo- 14-crown-4-fluorene radical anion 

system (splitting constants are in pT) 
183 202 214 234 253 220 
118 118 118 118 118 118 

T / K  
a1,s 
a2,7 504 504 504 504 504 494 
a3,6 86 86 86 86 86 90 
a4,6 413 410 410 410 410 410 
a, + a; 76 1 76 1 76 1 761 756 750 
.(a, - aQp)2/pT2 s 1.31 x 1.02 x 8.47 x 4.59 x 2.38 x 

0 Na+-Fluorene radical anion in tetrahydrofuran in the absence of crown ether. a, = u,' in the absence of crown ether. 

TABLE 3 
Parameters used in the computer simulation of the e.s.r. spectra of the Li+-dibenzo- 18-crown-6-fluorene radical anion 

system (splitting constants are in pT) 
183 193 
121 121 
496 496 
90 90 
416 415 
42 1 42 1 
326 326 

5.5 x 10-7 3.5 x 10-7 

202 
121 
496 
90 
41 5 
42 1 
326 

2.1 x 10-7 

214 224 
119 119 
499 499 
90 90 
412 412 
422 422 
327 327 

1.21 x 10-7 7.7 x 10-8 

234 220 
119 118 
499 494 

90 90 
41 2 410 
422 375 
327 375 

4.4 x 10- 
a Li+-Fluorene radical anion in tetrahydrofuran in the absence of crown ether. 



fluorene radical anion is involved in dynamic equilibrium 
between two equivalent states such that in each state the 
environment above and below the radical anion plane 
differs. Further, it can be seen from Tables 1-3, that 
the unpaired electron density is the same in the two six- 
membered rings in each state (or, any asymmetry is 
rapidly averaged). Since the two methylene protons 
are completely equivalent in the absence of the crown 

FIGURE 4 Deconvoluted computer simulations of the e.s.r. 
spectra of the Li+-dibenzo-l8-crown-6-fluorene radical anion 
system a t  (a) 224 K, (b) 202 K, and (c) 183 K 

ether, the crown ether must be responsible for producing 
the different environments. It is possible that this 
difference results from a direct interaction between the 
radical anion and the crown ether (i.e. the alkali-metal 
counterion is not involved in the resulting complex). 
However if this were the case then the same e.s.r. spectra 
would be obtained at the same temperature with a 
particular crown ether irrespective of the nature of the 
counterion. In addition the decay of the radical anion 
to the fluorenyl anion, which is strongly dependent on 
the counterion in the absence of the crown ether, would 
become independent of the nature of the counterion in 
the presence of the crown ether. Neither of these two 
features are, however, observed. The experimental 
evidence therefore points to the involvement of the 
counterion in the resulting complex. It therefore appears 
that the crown ether-alkali metal counterion complex 
migrates from one side of the radical anion plane to the 
other. The difiesence in the methylene proton splitting 

constant on either side of the radical anion plane is then 
explicable in terms of a polar effect arising from the 
proximity of the alkali metal counterion-crown ether 
complex. If a point positive charge were positioned 
above the five-membered ring close to the methylene 
protons the delocalisation of the unpaired electron onto 
these protons would be accentuated by an inductive 
effect. Reddoch has performed calculations for four 
radical anions containing methylene groups (acenaph- 
thene, pyracene, 9,1O-dihydroanthracene, and benzo- 
cyclobutane) and has predicted that the methylene 
proton on the same side of the plane as the cation has the 
larger splitting constant .ll 

A second, but less likely, model which would produce 
different methylene proton splitting constants is the 
presence of two geometric conformers. If the presence 
of the complexed crown ether on one side of the plane 
were to distort the central ring out of the plane the 
splitting constant of the proton moving further out of the 
plane would increase whilst the other splitting constant 
would decrease. The distortion necessary to produce 
different splitting constants can be calculated from 
equation (1) l2 for the Lif-dibenzo-18-crown-6 system 
where the individual values of a, and a,, have been 
determined. This calculation reveals that a distortion 
of 7" would be required to explain the observed methylene 
splitting constants on this model. An interpretation 
based upon a polar effect appears to be more acceptable. 

Both these models require the alkali metal ion-crown 
ether complex to move from one side of the fluorene 
radical anion plane to the other. This movement could 
occur by either an intramolecular or an intermolecular 
process. A number of intermolecular processes can be 
proposed. For example, two radical anion complexes 
could interchange their complexed crown ether molecules 
via a bimolecular process : Na+CE(Fl)-- + Na+*CE*- 
(Fl*)y + Na+CE(Fl*)'- + Na+*CE*(Fl)-. 

If the methylene proton splitting constants ale to 
interchange, the incoming crown ether complex must 
arrive on the opposite side of the radical anion plane to 
that occupied by the original crown ether complex. 
Other similar exchange processes are also possible. For 
example an exchange involving a fluorene radical anion 
and a fluorenyl anion. A further possibility could be an 
exchange involving an uncomplexed crown ether mole- 
cule on one hand and the radical anion-crown ether 
complex on the other. However the rate of all bi- 
molecular processes of this type must depend, to some 
degree, upon the radical anion concentration. The 
experimental evidence points against this possibility as 
in each of the three systems studied the experimental 
spectra, at a particular temperature, are independent of 
the extent of the radical anion decay. It is also possible 
that the solution contains a mixture of complexed and 
uncomplexed radical anion pairs. A number of equilibria 
are possible under these circumstances which would lead 
to e.s.r. spectra which would be indistinguishable, in the 
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fast exchange region, from those computed as arising 
from a two-jump intramolecular process. However, 
fortunately, slow exchange spectra are obtained in the 
Li+-dibenzo-l8-crown-6-fluorene radical anion system. 
In these spectra a contribution arising from uncomplexed 
radical anions would be clearly evident in a comparison 
between the computed and experimental spectra. 
There is no evidence of any uncomplexed radical anions. 

We believe that the simplest and most likely mechan- 
ism is an intramolecular rearrangement of the ion pair 
complex. Migrations of this type have been proposed to 
explain the e.s.r. spectra of a number of radical anions 
including those of pyracene,l3 9, lO-dihydroanthra~ene,'~ 
tetra-t-b~tylnaphthalene,~~ benzocyclobutane,16 ace- 
naphthene,l' and 5,12-dihydr0tetra~ene.l~ If the migr- 
ation is intramolecular then the first-order velocity 
constant is the reciprocal of the ion pair lifetime. This 
gives a value of k 8 x lo6 s-l for Li+-dibenzo-18-crown- 
Gfluorene radical anion a t  214 K (see Table 3). This 
value is comparable with those observed for the migration 
of the potassium cation around the radical anions of the 
pyracene, l9 5,12-dihydrotetracene, l8 and benzoc yclo- 
butane l6 (lo6-lo7 s-l) under similar conditions of 
temperature and solvent. 

For the Li+-dibenzo-l8-crown-6 system, where slow 
exchange spectra are observed, the values of a, and a,' 
and hence 7 are known with reasonable accuracy. The 
resulting log k V ~ Y S U S  1/T plot for this system is shown in 
Figure 5 and gives an activation energy, for this migration 
process of 17.6 kJ mol-l and an entropy of activation of 
-35 J mol-l K-l. However, in the other two systems 
studied the values of T are not known and consequently 
the activation energy cannot be determined using this 
approach. Under these circumstances it is possible to 
determine the activation energy from the fast exchange 
region spectra from the relative amplitude of the broadened 
central line to one of the outer lines of the appropriate 
triplet.20 This approach is not particularly straight- 
forward in the case of the fluorene radical anion spectrum 
due to the large degree of overlapping which occurs. It 
is apparent from a close inspection of the spectra (with 
data obtained from the computer simulations) that a 
minor, unbroadened, absorption occurs a t  the centre of 
the spectrum. As a consequence of this interference it is 
difficult to obtain the true height of the broadened line 
particularly when its overall intensity is relatively small. 
However we have attempted to obtain an estimate of the 
activation energy for the migration process from these 
data and find that, for both of these systems, it lies in 
the range 8-12 kJ mol-l. 

The negative value of AS1 in the Li+-dibenzo-18- 
crown-6-fluorene radical anion system is interesting. 
This value could arise from two separate considerations. 
First, it is quite possible that the transition state for this 
migration involves a rather specific arrangement of the 
crown solvated cation-radical anion ion pair. I t  is also 
possible that the solvation of the transition state by 
tetrahydrofuran molecules increases relative to that of the 
initial state. It has been proposed in two other similar 

intramolecular migrations that solvation increases as 
the migration proceeds.10,21 In one case the solvation 
of the cation was proposed to have increased while in the 
other case it was the solvation of the anion. It is un- 
fortunate that it has not been possible to obtain values of 
AS1 for the two fluorene radical anion systems where Na+ 
was the counterion as a comparison of these values could 
well have helped to distinguish between the various 
possibilities. 

I t  appears that these experiments support the observ- 
ation that crown ethers can ' freeze out ' the intra- 
molecular migration of cations in ion The 

'4 .4  4.6 4 .8  5.0 5.2 5.4 
103~-1/ K-1 

FIGURE 5 The Arrhenius plot for the Li+-dibenzo-18-crown- 
6-fluorene radical anion system 

most dramatic influence is observed in the Li+-dibenzo- 
18-crown-6-fluorene radical anion system. This ob- 
servation is particularly surprising as complexation of 
Li+ by dibenzo-18-crown-6 is unexpected. I t  is accepted 
that the alkali metal ions are held within the cavity of 
the cr'3wn ether molecule by an ion-dipole interaction 
between the ion and the oxygen atoms within the central 
crown ether ring. This interaction should he greatest 
when the size of the ion is matched to that of the crown 
ether cavity. Thus Li+ is considered to be the appro- 
priate size to match the cavity in dibenzo-14-crown-4 and 
Na' (and Ki) the appropriate size to match the cavity in 
dibenzo-18-crown-6. On the other hand the crown 
ether-ion interaction might be expected to be weak in the 
Li+-dibenzo-18-crown-6 complex because the Li+ is too 
small to match the crown ether cavity. In fact the 
degree of interaction in this type of situation appears 
rather variable. There is some evidence that the inter- 
action can be very weak'in some instances 22924 yet reason- 
ably strong in  other^.^^^^^ However we would conclude 
that our experiments involving the fluorene radical anion 
indicate a significant, if unexpected, interaction between 
dibenzo-18-crown-6 and the lithium cation. 
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