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Figure 1. Structure of the furan-HCl complex. The complex is planar. 
significantly affect the reported oxygen-chlorine distance. 

The rather short oxygen chlorine distance of 3.27 A and small 
value observed for D} indicate strong binding between furan and 
HCl. If the H-Cl distance were to remain at the free molecule 
value of 1.3 A, the O---H hydrogen bond length would be 1.97 
A. The corresponding distance is 2.3 A for benzene-HCl.7 The 
structure of the complex is shown in Figure 1. The observed 
hydrogen bond length of 1.97 A is significantly longer than the 
calculated value1 of 1.783 A. Molecular orbital calculations do 
not appear to give as accurate structures for complexes as for the 
free molecules. The fact that the observed A rotational constant 
of 9499 MHz for the complex is very close to the A rotational 
constant of 9447 MHz for free furan strongly suggests the C2v 
structure shown in Figure 1 with the HCl along the a axis. We 
have obtained data on the DCl and H37Cl isotopic species, and 
these data also support the structure given. Work is continuing 
on this project. 
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Photoexcited aromatic hydrocarbons form exciplexes with a 
variety of donors and acceptors.2 Exciplexes of order higher than 
2 are also known which may play important roles in photochemical 
reactions.3"12 Light-induced electron transfer in molecular 
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complexes of multiple components has been implicated as the 
primary step in photosynthesis.13 However, properties of excited 
molecular complexes and exciplexes of higher order remained 
substantially uncharacterized, particularly the role of such com
plexes in charge transfer.14 So that the formation and decay of 
such exciplexes could be probed, polychromophoric molecules of 
general structures 1 and 2 were synthesized and their spectroscopic 

Ph CH 3 

la, X = H 
Ib 5X = OCH3 

Ic1X = CH3 

2a, X = H 
2b, X = OCH3 

properties examined. We concluded that intramolecular ternary 
exciplexes were formed from 1 under certain experimental con
ditions, and we were able to determine the factors governing their 
formation and decay. 

Compounds la-c were synthesized by a conventional method.15 

Compounds 2a,b were obtained by known routes.16 Fluorescence 
spectra of these compounds were measured with a Perkin-Elmer 
MPF-4 spectrofluorimeter equipped with an electronic corrected 
spectrum unit and a thermostatic sample compartment, and 
fluorescence lifetimes were determined via the time-correlated 
single-photon-counting technique with an apparatus described 
elsewhere.17 The fluorescence data are listed in the Table I. 

Charge-transfer interaction between components in exciplexes 
plays an important role in both their stability and decay.18"20 In 
solvents of low to medium polarity, this interaction may be an
alyzed quantitatively by the dependence of fluorescence maximum 
on the solvent polarity according to the following equation: 

P« = ^x(O) - (nj/hca>)(f- W) (1) 

where va is the fluorescence maximum of the exciplex in a given 
solvent (in cm"1), PM(0) is the maximum in vacuo, ̂ 6x is the dipole 
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Table I. Exciplex Fluorescence of Polychromophoric Molecules 1 and 2 

solvents (f- 1I if') 

pentane (0.090) 
methylcyclohexane (0.106) 
trichloroethylene (0.197) 
isopropyl ether (0.239) 
ethyl ether (0.256) 
w-butyl acetate (0.267) 
tetrahydropyran (0.276) 
ethyl acetate (0.293) 
tetrahydrofuran (0.306) 
dichloromethane (0.319) 

2UexVhCa* (IO"3 cm"1) 

"max 

20.53 

20.4, 
20.O0 

20.O8 

19.9, 
19.3, 
19.4 j 
19.0s 
19.0s 
18.8, 

— 

Ia 

<t>ib 

0.44 

0.14 
0.09 

0.045 

7.0 ± 1.0 

TC 

80 

65 
27 

77 a 

"max 
19.96 

19.9, 
18.5, 
17.9S 

17.70 

16.95 

16.50 

— 

Ib 

t>tb 

0.13 

0.03 
0.004 

<0.004 

16.5 ± 1.5 

T* 

59 

coir 

IT a 
"max 

20.5 3 

20.53 

19.9, 
19.9, 
19.6, 
18.6, 
18.5, 
18.1, 
18.I8 

17.8, 

pound 

Ic 

<t>tb 

0.44 

0.14 
0.05 

0.036 

-5 .2 + 
-15.5 + 

T C 

82 

10 ,57 d 

39 

0.6e 

1.3' 

17 a 
"max 

20.6, 
20.5 3 

19.9, 
20.O0 

19.9, 
19.3, 
19.3, 
19.0S 

18.94 

18.8, 

2a 

*ib 

0.46 

0.47 
0.18 

0.15 

0.12 

7.6 ± 1.0 

T C 

79 

111 
54 

2b 

*max° t>i" 

18.9, 0.31 
18.8, 
17.86 

18.0, 
17.70 0.04 
16.9S 0.01 

16.53 <0.01 

-10.5 + 2.1 
a In units of 103 cm"1; experimental uncertainty ±75 cm"1. b Determined by using 9,10-diphenylanthracene in ethanol as secondary stand

ard (0 0.89); experimental uncertainty ±10%. c In nanoseconds; reproducibility, ±1.0 ns. d Best fit for a double-exponential function, 30% 
at 10 ns and 70% at 57 ns. e For solvents from pentane to ether. ' For solvents from n-butyl acetate to dichloromethane. 
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moment of the exciplex, h is Planck's constant, c is the velocity 
of light, a is the radius of solvent cavity, a n d / - 1Z^f' is a parameter 
measuring the solvent polarity from its dielectric constant and 
refractive index.18 The relative polarities of these exciplexes may 
be determined from the least-squares analysis of the slope by 
plotting the values of i>ex of these compounds agains t / - V2/-' of 
the solvent. When the polarity of solvent increases, the quantum 
yield of exciplex fluorescence, <j>t, decreases as the ion-pair for
mation becomes an effective mode of decay for the exciplexes.19,20 

The emission maxima exhibited by la and 2a in different 
solvents are well within experimental errors of each other. 
Least-squares analyses of their va v s . / - 1J2F plots obtains nearly 
identical slopes of approximately -7.3 X 103 cm"1, similar to the 
value reported by Weller for anthracene-diethylaniline exciplex. 
It is thus concluded that these exciplexes are similar in structure, 
and the second amino function in la does not participate in the 
exciplex interaction. However, a line of very different slope is 
obtained for lb, (-16.5 ± 1.5) X 103 cm-1. The results show that 
the exciplex from lb is considerably more polar than those from 
la and 2a, suggesting that the second amino function in lb does 
participate in the exciplex interaction. Strictly speaking, the second 
amino function may interact with the intermolecular binary ex
ciplex 3 to form a ternary exciplex 421 or directly with the excited 
anthracene chromophore to form a binary exciplex 5 (Scheme I). 
However, a comparison of exciplex fluorescence from lb with the 
bichromophoric 2b does not support the latter possibility. Com
pound 2b exhibits a fluorescence maximum substantially to the 
red of lb in pentane, as well as a different dependence of 
fluorescence maximum on the solvent polarity (table).22 Although 

(21) In view of its high dipole moment, the ternary exciplex is assigned the 
unsymmetrical structure 4; see ref 3. However, exact positions of the two 
amino groups in 4 remain to be determined. 
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Figure 1. 

Ia and 2a exhibit a similar <j>{ in pentane, 0f of la decreases sharply 
relative to 2a as the solvent polarity increases in spite of the similar 
wavelength in their emission maxima. For the corresponding 
p-methoxy derivatives, <j>{ of lb is substantially less than that of 
2b even in pentane in spite of its shorter wavelength emission. 

(22) Compound 2b is a good model for 5, since an increase in chain length 
from 3 to 4 in naphthyl-(CH2)„N(CH3), systems did not effect the value of 
i>ma, of intramolecular exciplex; see footnote 4. We have also observed that 
»>max of intramolecular exciplex of 2b in pentane is within 70 cm"' of its 
intermolecular analogue from 9-methylanthracene-Ar,7V-dimethylanisidine: 
Larson, J. R.; Horner, M. G., unpublished results. 
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These observations indicate that there is an additional nonradiative 
decay mechanism for 1 in solvents of relatively low polarity which 
may be the charge transfer facilitated by the termolecular in
teraction.19 

Equally significant in our observations is the emission char
acteristics of Ic. The solvent dependence plot on the emission 
maximum is a nonlinear one (Figure I).23 Although the position 
of fluorescence maximum of Ic is indistinguishable from those 
of la and 2a in nonpolar solvents, they began to deviate sub
stantially in solvents more polar than ether. If we divide the plot 
into portions, one including solvents from pentane to ether and 
the other including «-butyl acetate to dichloromethane, the results 
may be fitted into two lines of slopes of (-5.30 ± 0.60) X 103 and 
(-15.5 ± 1.3) X 103 cm-1, respectively.24 The data indicate that 
Ic will form a binary intramolecular exciplex similar to la or 2a 
in nonpolar solvents, while in a more polar solvent it will form 
a ternary exciplex similar to that of lb. In spite of the difference 
in the IP of the dimethyl derivatives of /?-anisidine and p-
toluidine,25 model compounds for the second nitrogen in lb and 
Ic, the apparent dipole moments of exciplex derived from Ic in 
solvents more polar than ether is very similar to those from lb. 
This result further substantiates the existence of intramolecular 
ternary exciplex 4. Our results also imply that in a solvent of 
intermediate polarity such as ether both emitting species from 
Ic may coexist in solution. Since exciplex emissions are broad 
and structureless in nature, two close-by emissions from Ic are 
not resolvable from its emission spectra. In order to gain further 
insight into this problem, we determined the lifetimes of these 
exciplexes by kinetic spectroscopy, and the results are tabulated 
in the table. While all other exciplexes from these compounds 
exhibit single exponential decay, Ic in ether exhibits a decay that 
is best fitted by a double-exponential function. This observation 
supports the existence of two emitting species from Ic in ether. 

On the basis of above observations, we conclude that (a) under 
proper experimental conditions, trichromophoric 1 may exist as 
an intramolecular ternary exciplex 4, (b) 4 is stabilized relative 
to the binary exciplex 3 by increasing the polarity of the solvent, 
and (c) 4, being more polar than 3, undergoes nonradiative decay 
more efficiently than 3 in relatively nonpolar solvents, most likely 
due to ion-pair formation. 
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In systems containing two paramagnetic centers there is fre
quently considerable interest in determining the distance between 
the two electron spins.1 The separation 2ZJ between the low-field 
and high-field turning points in glass or powder EPR spectra has 
generally been used to obtain r, the interspin distance.2 This 
analysis of the spectra is only valid under certain conditions. It 
assumes that the interaction between the two spins is purely dipolar 
or that the exchange interaction between the spins is sufficiently 
large that only transitions between triplet levels are observed 
(Figure 1, transitions 2 and 3). For intermediate values of the 
exchange coupling constant / , the observed separation between 
the turning points in the rigid spectrum is a sum of exchange and 
dipolar contributions. If the exchange component is ignored, the 
interspin distance will be underesterimated or overestimated, 
depending on the sign of J. Even if the magnitude of the exchange 
interaction permits analysis of the spectra in terms of a purely 
dipolar interaction, the choice of the turning points that correspond 
to a separation of 2D may be complicated by large nuclear hy-
perfine coupling. If the interspin vector T does not coincide with 
a principal axis of the hyperfine tensor for both of the electrons, 
then the turning points in the powder spectra will depend on the 
relative orientations of the hyperfine tensors and dipole tensor and 
on the relative magnitudes of the hyperfine and dipolar interac
tions. Without a computer simulation 2D cannot be obtained from 
these spectra. Also, when the EPR spectra are poorly resolved, 
it is difficult to estimate 2D. Therefore it would be desirable to 
have another method to estimate the interspin distance. 

We have done a perturbation calculation for two nonequivalent 
unpaired electrons. Nuclear hyperfine coupling was included for 
both electrons, and the angles between the nuclear hyperfine 
tensors and the interspin vector were allowed to take any values. 
The spin-spin interaction component of the Hamiltonian is given 
in eq 1, where /I1 and Ji2 are the magnetic moments for spins 1 

firh 3(Jj1-T)(Ji2.?) 
ttmt - —; ; ./S1-A2 U) 

and 2, r is the interspin vector, and J is the isotropic exchange 
constant. The treatment of the nonequivalent spins is similar to 
that used by Pilbrow and co-workers to analyze the EPR of a 
512-dependent enzyme: substrate system.3,4 It is assumed that 
symmetric anisotropic exchange can be neglected. Previous 
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(3) Boas, J. F.; Hicks, P. R.; Pilbrow, J. R. J. Chem. Soc, Faraday Trans. 
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