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I. INTRODUCTION 

Photoinduced electron transfer (PET) of organic compounds converts light 
energy into a chemical potential. It is the fundamental process in many 
photochemical and photobiological processes [ 11. Since the back electron 
transfer from the radical ions generated in PET is a thermodynamically 
favorable process, the efficiency of PET depends on both the rate of PET 
and the rate of back electron transfer. Therefore, for an efficient PET to 
occur, the rate of PET must be fast while the rate of the back electron 
transfer from radical ion products must be slow [Eq. (l)]. Contributions 
by Closs and Miller [2] showed that the rates of electron transfer in the 
ground state of 0-linked bichromophoric systems vary with the free energy 
change of the process. The rate increases as the free energy becomes more 
favorable until it reaches a maximum. Beyond this point, the rate begins to 
decrease as the free energy change becomes more favorable, a theoretical 
prediction made by Marcus [3] and known as the “inverted region” of rate 
dependence on the free energy change in chemical reactions. Therefore, the 
rate of back electron transfer may be controlled by varying the free energy 
change of the transfer. 

Weller [4], Mataga [ 5 ] .  and their co-workers have made pioneering and 
continuing contributions on intermolecular PET and PET in bichromopho- 
ric systems. Notable contributions in this area have been made in the labora- 
tories of Gust [6], Verhoeven [7], Paddon-Row [S], Wasielewski [9], and 
other scientists [lo]. 

The polymethylene-linked anthryl-dialkylanilino bichromophoric 
systems, D and E, are among the most intensively studied systems in photo- 
chemistry. Due to the flexibility of the polymethylene linkage, the locally 
excited (LE) anthryl group may interact with the anilino donor through- 
space after suitable conformational changes to form the charge-transfer 
(CT) state, which then decays with a red-shifted CT emission to the ground 
state (Figure 1). 

It has been suggested that. in contrast to the ground-state electron trans- 
fers, there is a lack of Marcus inverted region in PET, or charge separation 
(CS) [l  11. Verhoeven [7] and Paddon-Row [S] studied PET in rigidly spaced 
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Figure 1. (a) A schematic representation of PET of bichromophoric systems involving con- 
formational changes after initial excitation. (b) A schematic representation of PET of bichro- 
mophoric systems involving direct excitation of the EDA complex. 

and semirigidly spaced naphthyl bichromophoric systems. They demon- 
strated that, under favorable energetic conditions, PET may occur in 
systems prior to their conformational changes to yield a radical ion pair 
via an unspecified pathway. The radical ion pair then undergoes "harpoon- 
ing" via Coulombic interaction to form the CT product [7,8]. Wasielewski, 
Yang, and co-workers studied a rigidly spaced anthryl-dimethylanilino 
system and demonstrated the ionic character of the emissive product from 
PET in their system [12]. Although designs and syntheses of these com- 
pounds represent significant scientific achievements, modifications of these 
compounds to effect a wider range of free energy change in PET are 
restricted by the complexity of their structures. 

The polymethylene-linked anthryl-dialkylanilino bichromophoric systems 
A-D offer many advantages for the study of intramolecular PET. These are: 

1. Derivatizations of system D are simpler to achieve than rigidly spaced 
systems as well as system E used in other laboratories [4,5]. Functional 
groups may be introduced into the N-linked dimethylanilino (DMA) 
group by using a substituted DMA. Functionalization of the anthryl 
group has been achieved in our laboratory. The free energy change in 
PET may be varied over a wider range by the introduction of substituents 
into either or both of its chromophores. A systematic study of PET of 
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A series: X = CN, Y = OCH3, I I  = 1-4 
B series: X = CN. Y = H. IZ = 1 4  
C series: X = H, Y = OCH3. n = 1-4 
D series: X = Y = H .  n = 1-4 
E series: Ar = 9-anthryl or 1-pyrenyl, IZ = 1-16 

related compounds over a wider range of' free energy change in PET may 
lead to a better understanding of this phenomenon. 

2. The anthryl group is the simplest aromatic system having a low-lying 
L, excited state, which has a more intense absorption than the low-lying L, 
state in other common aromatic systems [3]. The more intense absorption 
may be crucial in gas phase studies. 

3. The Lo transition is oriented along the molecular y axis and amplifies 
the effect of the 117eso substituents of anthracene. leading to a larger spectral 
shift [13]. The larger shift also extends the range of free energy changes in 
PET. 

4. Anthryl groups absorb light at a substantially longer wavelength than 
the anilino donors and can be excited selectively. 

5.  The conformation of lower members of the homologous series may be 
readily analyzed, thus the conformation analysis will enable us to under- 
stand not only the conformation of the ground state of the substrates but 
also the conformation of radical ion products [14]. 

Recent studies on PET in the polymethylene-linked bichromophoric 
systems C and D in a supersonic jet in the laboratory of Levy and co-work- 
ers indicate that when the energy level of the CT state of C-2 is lowered by 
substitution to approximately the same level as that of the LE anthryl state. 
the ground state of C-2 may mix with the CT state to form an electron- 
donor-acceptor (EDA) complex. which may be photoexcited directly to 
the CT state: that is. photoexcitation may become the rate-limiting step 
for PET (Figure 1) [15]. However, such mixing in C-2 was weak. Thus we 
synthesized two series of acyclic bichromophores containing a powerful 
electron-withdrawing -CN group at the 10-position of the anthryl group. 
A and B, to amplify the interaction between the chromophores. The 
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amplified interactions will lead to a better understanding of PET in 0-linked 
bichromophores. 

11. THROUGH-SPACE VERSUS THROUGH-BOND 
INTERACTIONS IN PHOTOINDUCED ELECTRON TRANSFER OF 

ACYCLIC BICHROMOPHORES 

In common a-linked bichromophores, the D-A distance in the Franck- 
Condon excited state are longer than spatial distance, which will allow the 
PET from D to A" (or D" to A) energetically, for example, in photoexcited 
D-2. The photoexcited compound must undergo a conformational change 
to bring the chromophores to an interacting distance through-space to 
under PET (Figure 1). 

Cyano substituents are known to increase the EA of aromatic com- 
pounds appreciably. Introduction of a cyano substituent at the 9-position 
of anthracene is known to increase its EA by 0.67eV [16], and its in 
acetonitrile by 0.39 eV [17]. This increase would enhance the mixing between 
the ground state and the CT state in A-2 and would also extend the range of 
its PET. 

Using the literature value of 7.22eV for the IP of 4-methoxy-N,N- 
dimethylaniline [18]. or 0.59 eV for its El,2(ou) in acetonitrile [19], we esti- 
mated that A-2 may undergo PET over a distance of 5.4 A in the gas phase 
and in alkanes [Eqs. (2.1) and (2.2)] [20]. This value is appreciably longer 
than the distance between the anilino-N and the edge of the anthryl group 
(4.0A) of A-2 in the tr'ans conformation, and is somewhat longer than the 
distance between anilino-N and the center of the anthryl group in the same 
conformation (5.3 A). 

We carried out a systematic study on the relationship between PET and 
its free energy changes using polymethylene-linked anthryl-dialkylanilino 
bichromophoric systems; that is, A > B > C > D. Since the linkages in our 
compounds are relatively short ( n  = 1-4). the number of conformers 
involved is limited. In a recent collaborative study with Levy and co-workers 
in the gas phase, we detected an EDA complex in C-2 that may be directly 
excited into the CT state [15]. In our current study, the cyano substituent 
causes a dramatic effect in the properties of A-2 as well as a lesser effect 
in €3-2 relative to C-2 and D-2. The spectroscopic behaviors of these 
compounds have been treated in a separate report [21]. Since the spatial 
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alignments of the donor and the acceptor in rigidly spaced bichromophores 
and their ion-pair products are restricted by their structures, the through- 
bond interaction in PET cannot be clearly delineated. In this chapter, we 
shall discuss the specific through-bond interaction between the donor and the 
acceptor in a-linked bichromophores through a -CH2-CH2- link. This 
interaction is analyzed by both absorption and fluorescence spectroscopy 
as well as by the X-ray crystallographic analysis of A-2. 

111. DISCUSSION 

A. Absorption Spectra of Compounds A and B 

The l0-cyano substituent in A and B causes a red shift in the anthryl 
absorption (0-0 band) from 387 =k 2nm in C and D to 408 i 2nm (Table 
I). With minor variations, A-1, A-3, and A 4  exhibit an absorption spectrum 
which is not substantially different from that of the model compound, 
l0-methyl-9-cyanoanthracene (MCNA). However, the absorption spectrum 
of A-2 appears to be the composite of a red-shifted broad featureless band 
superimposed on a weaker structured anthryl absorption. The red-shifted 
featureless band suggests that there may be a strong EDA type of inter- 
action in the ground state (Figure 2). A similar but weaker EDA type of 
interaction is noted in the absorption spectrum of B-2, but not in the other 
members of the B series. Although the fine structure of anthryl absorption 
may still be discerned in the spectrum of B-2, its 0-0 band is red shifted to 
418nm (Figure 2). These features suggest that the absorption spectrum is 
also a composite of an anthryl absorption and an EDA type of absorption. 
The absorption in the 320-340 nm region is due to that of the p-anisidino 
group. 

1. Locally Excited ( L E )  Absorption 

When the excitation spectrum was monitored at the LE-emission maximum 
(0-1 band, 440 nm), only a structured anthryl absorption spectrum was 
obtained (Figure 3). This observation suggests that the structured emission 
is the LE emission. 

The relative proportions of various conformers at the equilibrium cannot 
be measured by the direct method. The proportions of the LE and CT 
conformers were estimated by comparing the fluorescence excitation spectra 
monitored at the maximum of LE emission, 440 nm, and at the maximum of 
a CT emission, 605nm (Figure 3) in the corrected mode of our spectro- 
fluorimeter. Assuming all conformers have similar oscillator strength in 
their electronic transitions, the LE emission is derived from a minor con- 
former which comprises -25% of A-2 at the equilibrium. 
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TABLE I 
Spectroscopic properties of bichromophores in alkanes 

~ ~~ ~ 

LE emission CT emission(s) 
Absorption 2p:, /hca3 

Compound Solvent 0-0 (nm) 0-0 (nm) @ L ~ ~  Max (nm) Q C T a  ( ~ m - ' ) ~  

A- 1 

B- 1 
C-IP 
D- lg  
A-2 

B-2 
c-29 
D-2g 
A-3 
B-3 
C-38 
D-3' 
A-4 
B-4 
c-49 
D-4g 

mch' 406 * 1 
hexadecane 407 * 1 
mch 406 * 1 
mch 3 8 6 2  1 
mch 3861 1 
pentane 405 = 1 

mch 407 zt 1" 

hexadecane 408 I l h  

mch 408 2 l h  
mch 388 I 1  
mch 388 % 1 
mch 410% 1 
mch 4 1 0 5  1 
mch 389 * 1 
mch 389 * 1 
mch 409 I 1 
mch 408 * 1 
mch 389 * 1 
mch 389 5 1 

416 5 2 
4 1 8 h 2  
414 * 2 
388 5 2 
388 * 2 
412 I 2 

415 zt 2 

416 I 2 

414 i 2 
390 5 1 
390 * 1 
414 * 2 
418*2 
391 5 1 
391 2 1 
411 * 2 
417 * 2 
391 + I 
391 * 1 

0.015 
0.02 
0.01 1 
0.014 
0.052 
0.001 

0.001 

0.004 

0.02 
0.05 
0.08 
0.002 
0.03 
0.01 
0.08 
0.012 
0.18 
0.05 
0.35 

n.d.' 
n.d.d 
n.d.' 
n.d.e 
n.d.@ 

485 = 2 
600 5 2 
486 zt 2 
605 * 2 
492 I 2 
607 I 2 
516 & 2 
522 * 2 
448 k 2 
610 = 2 
555 & 2 
530 & 2 
487 k 2 
612 * 2 
541 % 2 
525 * 2 
470 2 

- - 

- - 

- - 

- - 1 2 . 4 5  1.3' 
- -11.610.7' 

0.001 
0.005 -4.9 5 0.5 
0.001 
0.005 
0.004 
0.005 
0.15 -16.1 10.8 
0.73 -11.410.3 
0.56 -15.1 5 0 . 4  
0.003 -4.9 1 0.5 
0.17 -9.3 5 0.6 
0.41 -10.5 k 2.1 
0.41 -7.6 5 1.0 
0.02 -5.3 2 0.6 
0.45 -16.1 10.8 
0.12 -8.2 % 2.0 
0.15 -9.8 5 2.0 

"Range of uncertainty. k l O % ,  k 2 0 %  for Q < 0.01. 
'The slope of the Lippert-Mataga plot of Vma, of CT emissions vs. f - 0.5f' 
'Methylcyclohexane. 
'Not detected in all solvents. 
'Not detected in alkanes. 
'The slope of the Lippert plot was from solvents more polar than alkanes. 
sValues from [14]. 
hFrom excitation. 

2. Electron-Donor-Acceptor f E D A )  Absorption 

As shown in Figure 2, the electronic transition spectra of A-2 is substantially 
different from that of the model compound MCNA. We attempted to 
study the possible EDA interaction between the D and the A groups by 
measuring the absorption spectrum of a model system of MCNA and 2M 
N,N-dimethyl-anisidine in methylcyclohexane and found the spectrum to be 
identical to the mixture of MCNA and N,N-dimethylanisidine; that is, 
we detected no intermolecular EDA complex under this condition. The 
fluorescence excitation spectra of A-2 in alkanes monitored at the maximum 
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Figure 2. 
ane. (b) The UV-visible absorption spectra of A-2 and B-2 in methylcyclohexane. 

(a) The UV-visible absorption spectra of 4 1 .  A-2. A-3. and A-4 in methylcyclohex- 
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3 00 350 400 450 NM 500 

Figure 3. The fluorescence excitation spectra of A-2 in methylcyclohexane: (-) monitored 
at 442 nm. and (-) monitored at 605 nm; also shown is the LV-visible absorption spectrum 
of A-2 in methylcyclohexane (- - - - -). 

of either one of the two CT emissions are, within experimental error, iden- 
tical to the absorption spectrum in the same solvent (Figure 3). The slight 
broadening of the excitation spectra from the absorption spectrum may be 
attributed to the wider slit width (5nm) used in the excitation measure- 
ments. Both spectra have the broad and featureless appearance of an 
EDA complex with some minor structural features in the shorter-wave- 
length region. 

The EDA interaction in polymethylene-linked bichromophoric com- 
pounds was investigated by White [22 ]  and his co-workers and reviewed by 
Foster [23]. Since both the cis- and the trans-l,2-disubstituted cyclopentanes 
containing appropriate donor and acceptor groups exhibit EDA interactions, 
both the through-bond and the through-space interactions between the chro- 
mophores may play a role in intramolecular EDA complex formations, and 
the through-bond EDA interaction of A-2 will be discussed next. 

The donor and the acceptor in A-2 are linked by 3 CJ bonds, C-C-C-N. 
Compound A-2 may thus exist in a number of staggered conformations 
resulting from the rotation of both the C-C bonds and the C-N bond. In 
examining molecular models, there is an appreciable steric interaction 
between the bulky anthryl group and the N-anilino group. It is reasonable 
to assume that A-2 exists mainly as the trans conformer around the C-C 
bond [Eq. (3.1)] [14]. A C-N bond (1.47A) is slightly shorter than a C-C 
bond (1.54A), and the difference exerts only a minor effect on the relative 
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stability between the anti and the gauche conformers. If we assume that only 
the conformer F, which has the nonbonding lone pair of the anilino nitrogen 
aligned in an antiparallel orientation with the anthryl group, has the favor- 
able through-bond EDA interaction between the donor and the acceptor 
groups, this favorable through-bond interaction will be attenuated by the 
gauche interaction between the N-substituents on the anilino-N and the 
bulky anthrylmethyl group on the C-2 carbon [Eq. (3.1)]. A gaticlze inter- 
action may destablize the conformation of a system by about 1-1.5 kcal/ 
mole. Since the EDA conformer is still the major conformer at the 
equilibrium in spite of the extra gauche interaction, the EDA interaction 
may have stablized the system by approximately 2-2.5 kcalimole. 

QpgJ / /  

i A 

1 

Photoexcited A-2 in the noninteracting conformations G may undergo 
either a conformational change to the EDA conformer F or undergo radia- 
tive and nonradiative decays in the LE mode to A-2. Since EDA complexes 
may be excited directly into the CT states, photoexcitation of A-2 from its 
EDA complex to its CT state indicates that the PET of A-2 has attained the 
theoretical limiting rate for a photochemical process. 

B. Fluorescence Studies 

I ,  General Considerations 

The slopes of Lippert-Mataga plots of the CT fluorescence of all com- 
pounds appear to be "normal," that is. within the range of -7-14 x 
103cm-', excepting those in the A series. The Lippert-Mataga plots of 
A-2, A-3, and A-4 exhibit the lowest slope of -5 x lo3 cm-' in spite of the 
low IP of its donor and the high EA of its acceptor. The spectral 
data collected from our fluorimeter at > 600nm are uncorrected and the 
sensitivity of our photomultiplier drops off sharply at longer wavelength. 
Therefore, an uncorrected fluorescence spectrum will appear to be blue 
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1 

hv 

shifted relative to a corrected spectrum at a longer wavelength. Since CT 
fluorescence of A-2, A-3, and F-4 occur at > 600nm and only in nonpolar 
solvents (that is, only in alkanes and ethers), the anomalously low slopes of 
their Lippert-Mataga plots may also be the result of an artifact of our 
instrument function. The results are tabulated in Table I. 

LE emission 
nonradiative hv 

decay 

2. Compound A-2 

A steady-state fluorescence study of A-2 in pentane or methylcyclohexane 
reveals that the fluorescence of A-2 depends on the wavelength of excitation. 
When it is excited at 390nm, the maximum of the absorption, A-2 yields 
three groups of emissions: a structured anthryl LE emission with the 0-0 
band at 414 k 2nm, a broad CT type of emission with a maximum at 
490nm, and another broad CT type of emission with a maximum at 
605nm. When A-2 is excited selectively into the EDA band at a longer 
wavelength, 420nm, it yields only the two CT emissions (Figure 4). Since 
A-2 exhibits two groups of absorption, one by the EDA conformer F and 
the other by the noninteracting conformer(s) G, the LE emission must be 
derived from the noninteracting conformer(s) only. 

It is noteworthy that the quantum yields of the two CT emissions are the 
same when A-2 is excited at either wavelength region (Figure 4). The result 
suggests that the major decay mode of the LE state is in its conversion to the 
CT states via a rapid conformational change at almost unit efficiency 
(Scheme 1). 

Scheme 1 

conformational I \  conformational 

1.3-5.2~10~' s - '  2 . 4 - 5 . 1 ~ 1 0 ~  s - ~  
change N ' V n -  change N' +- An- 

Localized 
excited state 

Extended ion 
pair state, CT-1 

Classical 
CT state 

605 nm 
490nmemiasion emi s s ion 
nonradiative nonradiat ive 

decay decay 
6 . 0 ~ 1 0 ~  s - '  2 . 4 - 2 . 8 ~ 1 0 ~  SKI 

Twisted 
ground state 

I EDA complex 
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Figure 4. The steady-state fluorescence spectrum of 11-2 in alkanes. (a) In methylcyclohexane: 
upper curve, excitation wavelength. 389 nm: lower curve. excitation wavelength. 425 nm. (b) In 
hexadecane: upper curve, excitation at 390 nm; lower curve. excitation at 440nm. The shoulders 
at 660nm in these spectra are an artifact due to a change in the program of the spectrometer. 

a. LE emission. The quantum yield of the LE emission increases appreciably 
with the viscosity of the alkane solvent, from 0.001 in methylcyclohexane to 
0.004 in hexadecane (Table I). Since the fluorescence quantum yield of the 
model compound MCNA does not vary substantially in these two solvents 
(0.55 0.06 in methylcyclohexane and 0.61 !L 0.06 in hexadecane), the 
increase in LE emission in a more viscous solvent is most likely an inherent 
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property of A-2 and not due to its contamination with a fluorescence im- 
purity. However, we encountered experimental difficulties in our attempts 
to determine the fluorescence lifetime of the LE emission by time- 
resolved fluorescence spectroscopy, particularly in less viscous solvents. 
The difficulties are likely due both to the low quantum yields of the LE 
emission (- 0.001) and to the interference caused by the nearby 490 nm CT 
emission. Assuming the fluorescence properties of compounds in the A 
series are similar to those of their model compound MCNA, we may esti- 
mate the lifetime of the LE emission of A-2 from the lifetime of MCNA 
emission (10.6 ns in methylcyclo-hexane) according to 

The values obtained are 1 9 . 3 ~ s  in methylcyclohexane and 77ps in 
hexadecane. The result clearly indicates that there is an extremely rapid 
process or processes competing against the fluorescence emission. The 
calculated rates of the competing process(es) in alkanes are viscosity de- 
pendent, varying from 5.2 x 10'os-' in methylcyclohexane to 1.3 x 
10" s-' in hexadecane. The rates correspond to an activation energy barrier 
of 2.8-3.5 kcal/mole at 25 "C for a unimolecular process. The results suggest 
that the emitting species of A-2 may be different conformers; that is, they 
may interconvert to one another by the rotation of a 0 bond. We conclude 
that only one conformer of A-2, the conformer F, exhibits the EDA-like 
absorption and gives rise to the CT emissions. 

b. CT emissions. The classical CT emission and the exciplex emission of 
analogous bichromophoric compounds are related to one another by the 
substituent effect. The introduction of a 10-cyano substituent into D-2 to 
form B-2 causes its CT emission to shift from 450 to 522nm, or a 
3065 cm-' 1 red shift. We may estimate the classical CT emission of A-2 
from that of C-2 by assuming that the cyano group will cause the same 
red shift as that of D-2 to B-2. The calculated value for the classical CT 
emission from A-2 is 16,390 cm-' or 610 nm. Since CT emissions are broad 
peaks, the calculated value is within the experimental uncertainty of our 
observed CT emission at 605 nm. Therefore, we assign the CT-2 emission 
at 605 nm to the classical CT emission in the overlapping conformation. 

It is predicted that A-2 may undergo PET in the trans conformation. 
Therefore, the 490nm emission may be the CT state of A-2 in the trans 
conformation, F, which has a larger charge separation than the classical CT 
state and will undergo a conformation change via Coulombic interaction to 
the classical CT state in the overlapping conformation (Figure 1). If this is 
the case, the energy difference between the two CT states is that between the 
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Coulombic interaction of two conformations. However, by using the litera- 
ture values of bond lengths and bond angles [24], and assuming E of alkanes 
to be 2, the value obtained, 0.6eV, appears to be only in qualitathe agree- 
ment with the observed difference between 490 and 605 nm of 0.48 eV, or 
11.1 kcallmole. Since the overlapping CT-2 state is destablized relative to the 
Franck-Condon ground state and the extended CT-1 state is not, the 
observed energy difference between the tno  CT states may well be in good 
agreement with our explanation; that is, the 490 nm emission is derived from 
the CT state in the F conformation, which undergoes a conformational change 
via Coulombic interaction to the classical CT state. The classical CT state 
decays to the ground state by emitting at 605 nm. This conformational change 
is related to the “harpooning” in PET first proposed by Verhoeven in his PET 
studies on rigid or semirigid systems [7] and to the ‘‘loose’’ exciplex observed in 
the time-resolved studies of E-3 by Mataga in polar solvents [5]. 

Since the rate of conformational change of a molecule by a o bond 
rotation may be retarded by a more viscous solvent, and methylcyclohexane 
( q  = 0.7 cps) has virtually the same dielectric constant ( E  = 2.02) as hexa- 
decane (7 = 3.45 cps, E = 2.05) [25,26], any change in the spectroscopic 
behaviors of A-2 in these two solvents may be related to the difference in 
their viscosity alone (Tables I and 11). Changes in the fluorescence behaviors 
of A-2 are immediately noticeable when the solbent is changed from methyl- 
cyclohexane to hexadecane (Figure 4). When A-2 is excited at its absorption 
maximum of 390nm, the Cps of both the LE emission and the 490nm CT 
emission increase appreciably as the solvent viscosity increases, while the 
of the 605nm emission remains unchanged. The intensification of the 
490 nm emission caused by this solvent change agrees with our postulate 
that the two CT emissions may be derived from two CT states related to one 
another by a conformation change (Figure 1). 

This explanation is verified by time-resolved fluorescence spectroscopy at 
temperatures ranging from 22 to 50 ”C at picosecond resolution (Table 11). 
The Tf of the 490 nm emission of A-2 in methylcyclohexane decreases from 
136 ps at 22 “C to 91 ps at SO ”C. The rf of the 490 nm emission of A-2 in 
hexadecane at the same temperature range is much longer, decreasing from 
335 ps at 22 “C to 176 ps at SO “C. However. the rf of the 605 nm emission 
remains unchanged at 3.52 ns in hexadecane and at 4.20 ns in methylcyclo- 
hexane over the same temperature range (Table 11). 

The relationship between the CT-emissions was also analyzed by the rise 
times of their emissions. Although we were unable to resolve the rise time of 
the 605nm emission in methylcyclohexane, we found the rise time in hex- 
adecane to be 420 ps at 22 “C. Since the excited EDA conformer in the F 
conformation does not necessarily decay entirely via the conformational 
change (Scheme I) ,  the time-resolved spectroscopy results clearly agree 
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TABLE I1 
Lifetimes of Excited A-2 in Solution 

Solvent 
n-Pentane Methylcyclohexane H-Hexadecane 

Viscosity (cps. T)' 0.23 (19 'C) 0.73 (20°C) 
CT-1 (V,,,, nm)b 485 486 
rp 0.001 0.001 
7 - 22°C. 136 ps 

32'C. 118 ps 
4 0 T ,  105 ps 
50'C. 91 ps 

c 

CT-2 (V,,,, nm)b 600 605 
@ 0.004 0.004 
T (22-50 'C) - 4.20 3~ 0.04 ns c 

3.45 (20'C) 
492 

0.004 
22cc .  335 ps 
3 2 T ,  261 ps 
40'C. 212 ps 
50'C. 176 ps 

607d 
0.005 

3.52 & 0.02 ns 

OD. S. Viswanath and G. Natarajan, Data Book on the Viscosity of Liquids; 1989. Hemi- 

bExcitation at 295 nm. 
'Not measured. 
dRise time, 420 = 50 ps. 

sphere, NY. 

with our explanation that the excited EDA conformer decays by a confor- 
mational change to the classical CT state. The Arrhenius activation energy, 
AEt, for the decay of the 490nm emission may be calculated from the 
temperature dependence of its lifetime to be 2.71 * 0.05 kcal/mole in methyl- 
cyclohexane and 4.78 & 0.02 kcal/mole in hexadecane (Figure 5) .  We also 
attempted to determine the rise time of the CT-1 emission and were unable 
to obtain meaningful results. The experimental difficulty may be related to 
the following factors: (1) The major portion of CT-1 state (vide supra) may 
be accessed by direct excitation of the EDA conformer in the ground state 
and the remaining portion via a rapid decay from the LE state (7 = 19-77 ps 
depending on the solvent viscosity); (2) the limitation of our instrument 
function - 2 5 ~ s ) ;  and (3) the overlap between CT-1 and the LE emissions. 

The relative population of an emitting species at the steady state is 
directly proportional to its lifetime. The lifetime of the classical CT emission 
of A-2 (3.52ns) in hexadecane is much longer than the 490nm emission 
derived from the EDA conformer of A-2 (335 ps) at 22 "C, yet the quantum 
yields of the two CT emissions are comparable. If there were an appreciable 
concentration of A-2 in the overlapping conformation stablized by a D-A 
through-space interaction, the overlapping conformer would be excited 
directly into the classical CT-2 state. We would have observed a faster 
rise time and higher quantum efficiency of the CT-2 emission. Coupled 
with our observations that the rise time of the classical CT-2 emission 
may be related to the decay of the EdA Conformer and that there was no 
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Figure 5. Arrhenius plots of the temperature dependence on the decay of CT-1 emission of A-2 
in methylcyclohexane and in hexadecane. k2 is the rate of decay in methylcyclohexane. and k l  is 
the rate of decay in hexadecane. 

detectable intermolecular interaction in the model system, we conclude that 
the D-A through-space interaction in the overlapping conformation makes 
an insubstantial contribution to the EDA interaction in A-2. 

Furthermore. it is well known empirically that the mobility or the 
reciprocal of viscosity (77-l) of many solvents exhibits Arrhenius-type 
behavior [27]. The associated activation energy of methylcyclohexane and 
hexadecane may be estimated from the temperature dependence of their 
viscosity to be 2.2 kca1,’mole for methylcyclohexane and 3.9 kcallmole for 
hexadecane. Since the conformation change between the two CT states must 
also overcome the rotational barrier of the central C-C bond, these values 
are in general agreement with our observed barrier for the conformational 
change. This renders additional support for the assertion that the two CT 
states are related to one another by a change in conformation. 

In the classical theory of through-0-bond interaction between chromo- 
phores. the effect is transmitted through the c* level of the bond and is 
characterized by a transmission constant 3 for each bond [28]. However, 
when the energy level of the CT state of a bichromophoric system has been 
lowered by substituents below the LE state, we observed a strong EDA 
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interaction in A-2 through 3 B bonds, an interaction which does not exist in 
A-1 through 2 o bonds (Figure 2). Since A-2 contains an n donor and a 
T acceptor, the interaction between the donor and the acceptor in the 
ground state may be formulated by a canonical resonance structure H. In 
H, the n-donor electron is successively relayed through the o* orbitals of 
dimethylene linkage between the donor and the acceptor. This relay requires 
the antialignment between the donor and acceptor and weakens the middle 
o link. The canonical formula H is analogous to the classical formulation of 
hyperconjugation in organic compounds by a 3-substituent to a chromo- 
phore [29]. The PET of A-2 involves the transfer of an n electron from the 
anilino donor into the o* orbital of the anthryl acceptor. This transfer may 
also occur via the o* orbital of the a-N-C bond, Eq 3.3. In either case, 
EDA interaction involves the n orbital of the N donor and the T* orbital 
of the C acceptor via the o* level of the spacer, which may be visualized as a 
form of nitrogen-carbon hyperconjugation. We can offer no other explana- 
tion at this moment. 

CH, 6+ A r  
,b+,Ar \ /  
N N 
I 
I/ 

CH,/’CH, 
I I‘ 

I - 

I/ 

~.CH, 

H - 

The fluorescence of A-2 was also studied in a few other solvents. Since 
the CT emissions from ion-pair states are known to undergo much larger 
red shifts than exciplex emissions in polar solvents [11,30], we estimated 
that the CT emission at 490nm in alkanes may undergo a red shift to 
580 k 20 nm in n-butyl ether. The CT emission at 490nm of A-2 does 
undergo noticeable red shift in more polar solvents. Since CT emissions 
are broad and weak emissions, we were unable to resolve two overlapping 
CT emissions into their individual components in etheral solvents. Both 
CT emissions become nondetectable in solvents more polar than ethyl 
acetate (vide supra, Table 1). Therefore, we were unable to extract valuable 
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information about the dipole moments and charge separation of the CT 
emission at 490 nm. 

3. C O F H P O L ~ F I ~  B-2 

Like A-2. B-2 also exhibits a broadened red-shifted absorption spectrum 
with some fine structure and a 0-0 band at 418 nm (Figure 2). The fluores- 
cence excitation spectra of B-2 are also similar to those of A-2; that is, they 
are dependent on the wavelength of emission at which the excitation spec- 
trum is monitored. In methylcyclohexane, when the excitation spectrum is 
monitored at the maximum of the LE emission of 439nm, B-2 exhibits a 
structured excitation with a 0-0 band at 408 nm (shoulder at 422 nm). When 
the excitation spectrum is monitored at the maximum of the CT emission of 
514nm. B-2 exhibits a broadened structured emission with a 0-0 band at 
422 nm, or an 8 13 cm-' red shift (Figure 6). The shoulder in the excitation 
spectrum monitored at 439 nm may well be due to a low-intensity CT emis- 
sion at 439 nm. A similar red shift in the excitation spectrum monitored at 
different excitation wavelengths is also noted in hexadecane and in ethereal 
solvents, excepting the red shifting of the CT emission. Since it is theor- 
etically impossible for a compound to exhibit a 0-0 band of absorption or 
excitation to the red of the 0-0 band of emission, the results suggest that the 
novel D-A interaction through a dimethylene linkage may also exist in B-2. 
but to a lesser extent than in A-2. By selectively exciting B-2 at 423 nm. 5 iim 
to the red of the 0-0 band. a weak CT emission. which overlaps with the LE 

300 3 50 400 450 NM 500 

Figure 6. 
at 439nm: (- - - - -). monitored at 516nm. 

The fluorescence excitation spectra of B-2 in methqlcyclohexane: (-). monitored 
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400 450 500 550 600 650 NM700 

Figure 7 .  
excitation at 386nm: lower curve, excitation at 423 nm. 

The steady-state fluorescence spectra of B-2 in methylcyclohexane: upper curve, 

emission when B-2 is excited at shorter wavelength, becomes resolved with 
an estimated maximum at 440nm (Figure 7). This result, coupled with our 
data from A-2, is in agreement with our suggestion (vide supra) that there is 
also a novel D-A interaction in B-2. Furthermore, the results suggest that 
the emission at 440 nm is derived from the extended conformer via the novel 
through-bond interaction as in A-2. Such an interaction is not detected in C- 
2 under similar conditions, which indicates that the EDA interaction is 
weaker in C-2. 

C. X-Ray Crystallographic Analysis of A-2 

In order to further our understanding of both the ground-state EDA inter- 
action and the PET of 0-linked bichromophoric compounds, we examined 
the I3C NMR difference in chemical shifts among them. Since chemical 
shifts in NMR of nuclei are related to their degrees of sp hybridization, a 
small extent of mixing between bonding and antibonding levels of a nucleus 
in an organic compound apparently does not exert a detectable effect on its 
chemical shift. We then turned our attention to the X-ray crystallographic 
analysis of A-2 and related componnds. The work was performed by Drs. H. 
L. Carrel1 and R. M. Garavito. The structure of A-2 is shown in Figure 8, 
and the bond lengths are given in formula J.  The results show that the 
substituents exert no appreciable effect on the length of bonds in aromatic 
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1.38l 

1.417 

Figure 8. 
of A-2 as viewed from the N-CH bond. 

(a) The X-ray crystallographic structure of .A-2: (b) the N-ewman projection diagram 

rings as well as in the spacer. The observed length of the CH2-CH2 bond 
between the two CH2 groups in the spacer of 1.55A is within the range of 
an average C-C single bond of 1.54 A. Therefore. this bond length by itself 
is not an indication of PO* mixing. However, the linear alignment of the 
anthryl group and the anilino-N through a -CH2-CH2- spacer in the same 
plane verifies that there is a through-bond interaction between the anthryl 
group and the anilino-N through the dimethylene spacer in order to over- 
come the unfavorable nonbonding gauche interactions around the C-N 
bond between the bulky anthryl-methyl group on C and two bulky groups 
on N,  the N-methoxyphenyl and the N-methyl groups [vide stlpm, Eq. (3.2)]. 
The X-ray structure of D-2 will be analyzed for comparison in the near 
future. 
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IV. CONCLUSIONS 

Although polymethylene-linked bichromophores can exist in a number of 
conformations, our studies on the PET of the lower members of the homo- 
logous series, n = 4 or less, revealed novel behaviors in the rz = 2 homologs 
as well as predictable behaviors of other members according to the confor- 
mational analysis. The predictable PET behaviors of these bichromophores 
involve conformational changes of the LE state to bring the chromophores 
within interacting distance followed by PET through space. The novel PET 
behaviors occur in dimethylene-linked bichromophores, A-2 and B-2, when 
the energy level of the CT state of these compounds is lowered by substituents 
below that of the LE state. When the CT state and the LE become neighboring 
states, the D and A groups in the bichromophore may interact through-bondto 
form a ground-state EDA complex. This interaction was demonstrated by 
absorption spectroscopy. both steady-state and time-resolved fluorescence 
spectroscopy, and X-ray crystallographic analysis of A-2. These molecules 
may thus be excited directly into the CT state; that is, the PET of these 
compounds occurs upon light excitation, reaching the limiting rate of a 
photochemical process. Our experimental results provide support for a 
basic aspect of the mechanism of the through-bond pathway in PET. 
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