9240 J. Phys. Chem. R007,111,9240-9248

Unified Interpretation of Exciplex Formation and Marcus Electron Transfer on the Basis of
Two-Dimensional Free Energy Surfaces

Shigeo Murata* and M. Tachiya*

National Institute of Adanced Industrial Science and Technology (AIST), AIST Tsukuba Central 5, 1-1-1
Higashi, Tsukuba 305-8565, Japan

Receied: March 27, 2007; In Final Form: May 22, 2007

The mechanism of exciplex formation proposed in a previous paper has been refined to show how exciplex
formation and Marcus electron transfer (ET) in fluorescence quenching are related to each other. This was
done by making simple calculations of the free energies of the initial (DA*) and final\(Ip states of ET.

First it was shown that the decrease in R distance can induce intermolecular ET even in nonpolar solvents
where solvent orientational polarization is absent, and that it leads to exciplex formation. This is consistent
with experimental results that exciplex is most often observed in nonpolar solvents. The calculation was then
extended to ET in polar solvents where the free energies are functions of bothdidtance and solvent
orientational polarization. This enabled us to discuss both exciplex formation and Marcus ET in the same
D—A pair and solvent on the basis of 2-dimensional free energy surfaces. The surfaces contain more information
about the rates of these reactions, the mechanism of fluorescence quenching by ET, etc., than simple reaction
schemes. By changing the parameters such as the free energy change of reaction, solvent dielectric constants,
etc., one can construct the free energy surfaces for various systems. The effects of free energy change of
reaction and of solvent polarity on the mechanism and relative importance of exciplex formation and Marcus
ET in fluorescence quenching can be well explained. The free energy surface will also be useful for discussion
of other phenomena related to ET reactions.

1. Introduction the fast diffusion of D and A* compared to ET at longer
] distances in this solvent.

Fluoresce_nce quenching by electror) transfer (ET) has attract_ed It has been established that full ET leading to free ion
much attention for many years. This is probably because ET is formation is explained by Marcus nonadiabatic theory. In
one of the most fundamental chemical reactions, and alsoparcus theory, ET occurs when the free enerdiethe initial
because it is important in many chemical and biological and final states coincide as a result of change of solvent
processes. In their pioneering paper, Leonhardt and Weller coordinate (coordinate representing solvent orientational polar-
reported that solvent polarity strongly affects the mechanism jzation; see eq 6 below). Therefore, the solvent orientational
of fluorescence quenching by ET: in polar solvents quenching polarization coordinate is relevant to this type of ET. On the
occurs by full ET from the electron donor (D) to the excited other hand, the coordinate that is relevant to exciplex formation
acceptor (A) (D and/or A” ions are detected), but in nonpolar is not yet clear. Some exciplexes have been shown to have
solvents only the formation of an excited-state charge-transfer almost pure ion pair structure, i.e., they are strongly charge-
complex (later named the exciplex) is observed (exciplex separated® In many cases exciplex formation occurs more
fluorescence is detected). Similar results were also reported forefficiently in nonpolar solvents than in polar solvents. In the
many other D-A systems~ In the 1990s a modification was case of nonpolar solvent, solvent orientational polarization is
made that for D-A pairs with smaller—AGAN values AGAN absent. This indicates that some coordinate other than solvent
is the free energy change of ET in acetonitrile (AN) solvent), orientational polarization is relevant to exciplex formation (or
exciplex formation is responsible for quenching even in highly ET) in nonpolar solvent.
polar solvents such as ANY In these papers it was reported In previous papet$2°we reported quenching of fluorescence
that full ET occurs at distances longer than the contact distancesof cyanoanthracenes (A) by aniline derivatives (D). Measure-
of D and A to form a solvent-separated ion pair (SSIP). Studies ments were made at quencher concentrations higher#ah
of fluorescence quenching by ET have been extended to shortetM where the fluorescence decay curves are nonexponential at
times using picosecond and femtosecond spectrostéysy. short times (the transient effect in fluorescence quenching). At
cently, it has been reported by measuring the rate of chargeconcentrations 0:20.3 M 4717 the measurements were made
recombination of D and A~ formed through ET quenching by picosecond time-correlated single photon counting in highly
that in AN (a nonviscous solvent), ET quenching occurs at Viscous solvents ethylene glycol (polar) and liquid paraffin
distances shorter than was thought, to form a loose ion pair (Nonpolar). Viscous solvents were employed to make the

(LIP) rather than to form a SSIFL This has been attributed to ~ transient effect more prominent, so that the ET parameters can
be extracted from the experimental results. By analyzing the

- ) ) . decay curves, the ET parameters and thus the distance depen-
T Part of the “Sheng Hsien Lin Festschrift”. . . .
* Corresponding authors. E-mail: S.M., shigeo.murata@aist.go.jp; M.T., dence of the reaction rate were determined. The reactions were
m.tachiya@aist.go.jp. found to occur at distances longer than the contact distances.
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The effect of diffusion on ET was also studied by Fayer and tion. However, in the present more general framework of
co-workers?'=24 In a recent paper they reported that the ET 2-dimensional free energy surfaces energy matching is induced
distance in viscous solvents is longer than the contact distancesn polar solvents not only by change of solvent orientational
and it decreases with decreasing solvent visc@4ity. polarization but also by that of BA separation.

Recently, we have made measurements at quencher concen- Among various processes involved in the system of D and
trations higher than 0.3 M in AN solvent by femtosecond A*, we confine ourselves to reactions that lead to Marcus ET
upconversioﬁ?—zo The decay curves at |Onger times (|Onger or eXCipleX formation. In this case, the minimal set of electronic
than 2 ps) can be reproduced well using the parameters obtainedtates is locally excited state DA* and ion pair stateAD. If
in the picosecond experiment. At shorter times, however, we We consider radiative processes or nonradiative processes other
found an additional decay Component that disappears in |essthan ET, O'[hel’ e|eCtrOI’liC states a|SO have to be InC|uded, as
than 2 ps and the decay curve cannot at all be reproduced bywas done by Bixon et & and Gould et a® Types of ET which
the above parameters (see Figures 1 and 2 of ref 18). This show$an be treated in the present framework can be nonadiabatic
that the fluorescence of cyanoanthracenes is quenched by ET@nd adiabatic ET. When D and A are very close to each other,
in two different ways simultaneously. When the domgN- the electronic coupling between DA* and'B™ states should
dimethylaniline was used as solvent, the decay time (210 fs) of Pe large, so ET near the contact distance should be adiabatic.
acceptor fluorescence was equal to the rise time (220 fs) of In long-range ET the electronic coupling should be small, so
exciplex fluorescence. From this result it was concluded that long-range ET should be nonadiabatic.
the faster quenching is due to exciplex formation between D~ The new model described in this paper can resolve the two
and A, which happen to be very close to each other when A is Problems mentioned above and will also be used to explain other
excited, and that the exciplex is formed directly upon quenching. Phenomena related to ET.

Similar ultrafast fluorescence quenching in donor solvents has . )
been found by several other grow§s®! and the dynamic  2- Nonpolar Solvents: Exciplex Formation

behaviors of the exciplex have been repoRed. The mechanism of exciplex formation that we proposed
On the basis of these experimental results, we proposed apreviously®is essentially that in nonpolar solvents, because the
mechanism of exciplex formation in fluorescence quencHiig. solvent plays practically no role in it. Here we first refine this

In this model (Figure 6 of ref 19), the mixing of the DA* and model. In refs 18 and 19, some experiments were carried out
DTA~ states at short distances as a result of strong interactionin the donor solvent; i.e., A* molecules were surrounded by D
between D and A occurs to produce an exciplex state. The molecules. In many fluorescence quenching experiments, how-
exciplex state can be reached when D and A* approach eachever, the quencher concentration is not so high, and D and A*
other. This model can explain the experimental result that have to approach each other by diffusion. The free en&gy
the exciplex is directly formed upon quenching of acceptor of the initial state (DA*) does not depend on the-R distance
fluorescence. r, and we take it as 0. The free ener@y of the final state

Although the model is consistent with the above experimental (D"A7) as a function of is given by eq 2 (in nonpolar solvents,
result and gives some insight into the mechanism of exciplex Gi ande are equal to the energies of the initial and final states,
formation, it is not sufficient for the following reasons. As espectively).
described above, it is well-known that the solvent polarity

strongly influences the exciplex formation processes. In the G=0 @)
above model, however, the solvent plays practically no role and, 5

consequently, the model cannot explain the influence of solvent. G =AG=AG" + g1 1)1 + 1 2 2)
A new model is required to account for the solvent effect. In 2les &Vla b

addition, the relation between exciplex formation and Marcus

ET should be clarified. In a broad sense they are both electronwhereAG andAG*N are the free energy changes of ET in the
transfer, but entirely different models have been used so far to nonpolar solvent and AN, ands ande5" are static dielectric
explain their mechanisms. The model used to explain Marcus constants of the nonpolar solvent and AN, respectively. D and
ET cannot explain exciplex formation, and the model we A are assumed to be spherical with radiia&ndb (both are
proposed for explaining exciplex formation cannot explain 3 A in this paper), respectivehlAGAN is almost independent
Marcus ET, either. It is desirable to develop a new model to of r, becausegg'\‘ is large enough (37.5) and the Coulomb
explain the two types of ET in a unified manner and resolve attraction is strongly shielded.In this paper it is assumed to
these two problems. be constant irrespective of The second term on the right-

In the present paper, we show that we can treat ET betweenhand side of eq 2 represents the difference in the solvation
D and A* (or between D* and A) in nonpolar and polar solvents energy plus Coulomb attraction energy between the nonpolar
in a unified manner by introducing solvent orientational solvent and AN. At shorter distances, repulsive forces between
polarization and B-A separation as the reaction coordinates D and A* (and D" and A") become important, but they are not
for ET, and considering 2-dimensional free energy surfaces of incorporated in eqs 1 and 2. In eq 2 the free energy change for
the initial and final states as functions of the two coordinates. a D—A pair in an arbitrary solvent is expressed in terms of that
For simplicity we hereafter consider ET between D and A*. for the same pair in AN. Theoretically, there is no necessity to
ET occurs when the free energies of the initial and final states do so. However, practically, it is in general easier to measure
coincide. The free energies of the initial and final states changethe free energy change in AN; so throughout this paper we
when the solvent orientational polarization or the ®separa- specify the identity of a B-A pair by the free energy change
tion changes. In nonpolar solvents, the solvent orientational for the pair in AN.
polarization is zero, so coincidence between the free energies ET occurs when the free energies of the initial and final states
of the initial and final states is induced only by change ef® coincide. In Marcus theory, the energy coincidence is realized
separation. In polar solvents Marcus theory assumes that energyy the change of solvent orientational polarization. This is
matching is induced by change of solvent orientational polariza- impossible in nonpolar solvents, because the solvent molecules
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15 — T T exponentially with distance.
- - 2__ 12
1 [ D'A__.--~ Hio” = Jo” expl=A(r — ry)] 5)
- e
2 05F L7 7] The result of calculation based on eq 4 is shown by the solid
© i .~ DA* ] curve in Figure 1 fordy = 0.23 e atro =4 A andp =1
or IF A-1. Only the low-energy branch (with enerdy) is shown,
" O, | because ET occurs along that branch. Indeed, the energy changes
-0.5 4 6 8 10 significantly at short distances and the ET reaction becomes
riA adiabatic. The energy differendg — E_ is the stabilization
Figure 1. Free energy curves of a-PA pair with AG™N = —0.75 eV energy due to the charge-transfer force, and it increases with

in a nonpolar solvenkg = 1.88). The broken and solid curves represent increasingH;, and decreasingio.

the diabatic and adiabatic curves, respectively. The parameter values The adiabatic state given by eq 3 and shown by the solid

assumed: molecular radii of D and A are 3 ,andp in eq 5 are P . : % -
0.23 eV atro = 4 A and 1.0 A%, respectively. The same values are curve in Figure 1 is a mixture of the DA* and '~ states.

used throughout this paper. The ground state DA and the triplet states, 1 NiS iS the exciplex staté*> The electronic structure of the
D3A* and3(DA)*, to which the DA* or the exciplex state can decay €Xxciplex changes with distance. At distances longer than the

are not shown here. intersection distance, the DA* state is lower in energy than the
D*A™ state, and the exciplex state is more like the DA* state,
have no permanent dipole. Equations 1 and 2 are plotted aswhereas at shorter distances, it is more like theAD state.
broken curves in Figure 1 for a-BA pair with AGMN = —0.75 When D and A* approach each other from long distances to
eV (es = 1.88,a= b = 3 A). The two curves intersect at a  short distances through the intersection point, the exciplex state
short distancé’ This shows that ET can occur even in the changes from almost neutral to an ionic one. This implies that
absence of solvent polarization, if the interaction matrix element the decrease in PA distance induces (adiabatic) ET from D
Hiz (see eq 4 below) is sufficiently large. In the case of Figure to A to form the ionic exciplex. This clearly shows that even in
1, Hiz is large enough because the two curves intersect at athe absence of solvent orientational polarization, ET (exciplex

smallr. Hence ET would occur from D to A in nonpolar solvent,  formation) can occur with the change in intermolecular distance.
if AGAN is around—0.75 eV. The intersection distance increases Thus the well-known experimental result that exciplex formation

with —AGAN. However, if the intersection distance remains s efficient in nonpolar solvents can be understood.
sufficiently small for a certain range &G”N, ET can occur The effect of mutual orientation of D and A, which has not
over that range oAGA". As explained above, the intermolecular  peen considered so far, can also be important for ET and
distance is another important coordinate relevant to intermo- exciplex formation. The effect will be large for aromatic
lecular ET reactions. This point has not been stressed so far.molecules with planar structures. The importance of mutual
Up to now, the interactions between D and A other than orientation of D and A* on (ultrafast) ET at short distances has
Coulomb interaction have been neglected. This is a good peen discussed in some recent paperé The effect of mutual
approximation at long distances. At short distances, however, grientation on ET and exciplex formation mainly arises from
quantum-mechanical interactions cannot be neglected. In suchthe dependence 11, on the orientation. It therefore depends
cases, the DA* and DA™ states are no longer pure eigenstates strongly on the shapes and molecular structures of D and A. It
but are mixed with each other near the intersection distance.js difficult to expressH, in a general form such as eq 5 used
The mixing will be strong if the energy levels of the two states for the dependence on the distance. The effect of mutual
are close to each other (or the two curves intersect) as in theorientation on ET and exciplex formation will not be discussed

case of Figure 1. The resulting statés given by the following in detail in this paper, but some comments will be given where
equation: necessary.
If A1 is small, the mixing can occur even when the two
¢ =Cyyp; + ¥, ®) curves do not intersect with each other, i.e., even when the

. . ) D*A~ state is higher in energy than the DA* state (see Figure
wherey; andy, are the wavefunctions of the diabatic states ) | this case, the mixing again stabilizes the exciplex state

andg represents the adiabatic state. Because in the present casg|ative to the DA* state to form a weak (both in the degree of
y1andy, are DA*and DA™ states, the interaction is classified  charge transfer and in the stabilization energy) exciplex.

as charge-transfer interaction. The interaction is complex and |1 ZAGAN s larger, the two diabatic curves intersect at longer
itis not easy to accurately evaluate the interaction energy. Heregistances (Figure 3) wherid, is smaller. When D and A*

we just make a simple calculation that is still useful for approach by diffusion from long distances and pass the
discussing the ET mechanism.

If the energies ofy; and vy, are E; and E; (E; < Ep), 15 —————————
respectively, the energies of the new (adiabatic) states are given s s
by the following equatiod? 1+ JPBTI
A 2 2 o5k "// ]
o E,+E N A+ 4H, 5 0‘5_- // -
* 2 2 0 ‘
- ooeee
A, =|E — By i i
05 ] . 1 . 1 L
— 4 6 10
Hyp = [y [HIy 0 (4) riA
) ) Figure 2. Free energy curves of a-bA pair with AGAN = —0.5 eV
The overlap integrab,, = [{1]y.[was neglectedd, is the in a nonpolar solventet = 1.88). The exciplex can be formed even

electronic coupling matrix element and is assumed to decreasewhen the two states do not intersect.
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(hereafter referred to simply as polar solvents), not only the

05 intermolecular distance but also the solvent orientational
I polarization is important as reaction coordinate. The free ener-
> or gies of the DA* and DA~ states are functions of distance
5 - and solvent orientational polarizatienwhich can be given by
-0.5F

x=eAV=e\Vp —V,) (6)

4', : é : é —0 whereVp andV, are the electrostatic potentials at the positions
rIA of D and A generated by the solvent dipoles. The free energies

are given by247

Figure 3. Free energy curves of a-PA pair with AGAN = —1.5 eV
in a nonpolar solvenkg = 1.88). Thin broken lines are the free energy

curves of the vibronic DA~ states. G = 1 N 7
= U]
\ G !
\\ \ /l B 1 2
\ \| DA*/ DA G =, x—=20)"+ AG (8)
‘\ /I I’
\ \ 1 /
\\ ‘\‘ ,'l ," A andAG are the solvent reorganization energy and the free
\ / energy change of ET, respectively, and are given by eqs 9
\/ X and 10:
2
Figure 4. Cross section of the surfaces represented by eqs 7 and 8 at 1= g1 _ 1)1 + 1_2 9)
a given value of. Solid curves: parts of the above curves which are 2 €op €s/\@ b r

relevant to nonadiabatic ET reaction.

€1 1\1,1 2
intersection point, the system can either stay in the DA* state AG=AG™ + 2 (e_ - ﬂ)(g + b F) (10)
or jump to the DA~ state depending on the rates of diffusion S S
and ET. The rate of ET at that distance in nonpolar and polar . S .
solvents may not be much different, becatieis almost the €op andes are thg optical ak‘n.d static d!eleptr|c cpnstants of the
same in both solvents. Such long-distance ET in a nonpolar, solvent, regpectlvely, am@ is the.stauc dielectric constant of
highly viscous solvent has already been repotféd such cases, ~AN. Equations 7 and 8 are functions »fandr and represent
ET is nonadiabatic and the product formed has almost an ion 2-dimensional surfaces. They are also functions of mutual
pair structure (full ET). The words “nonadiabatic”, “long-range”, ©rientation of D and A, but its effect is not taken into account,
etc. have been used to characterize Marcus ET induced by@S already mentioned. The surfaces represented by eqs 7 and 8
solvent polarization. However, ET described in Figure 3 also intersect with each other. The cross section of the two surfaces
has such characteristics. at a givenr value consists of two parabolas that intersect with
each other, as shown by the broken curves in Figure 4. Marcus
nonadiabatic ET occurs along these curves and the parts drawn
by solid curves are important in discussing ET. Figure 5a shows
the corresponding parts of the 2-dimensional surfaces in AN
solvent €, = 1.8 andes = 37.5) for a D-A pair with AGAN
= —0.25 eV. The left-side valley is the free energy surface of
the DA* state, and the right-side one is that of theAD state.
The free energy surfaces in large and smaliegions are
artificially cut by the planeG = 0.15 eV so that one can see
the inside of the valleys. Figure 5b shows the surface obtained
by mixing the DA* and DA~ states corresponding to the same

When—AGMN is large, the effect of intramolecular vibrations
on ET should also be considered. The thin broken lines in Figure
3 show the free energy curves of the*A state with
intramolecular vibrational quanta. The curves with more vibra-
tional quanta intersect with the DA curve at shorter distances.
The initial DA state is considered to be effectively in the
vibrational ground state. Therefore, when the finallD state
with more vibrational quanta is formed, the Frangkondon
factor should be in general small. This is unfavorable for ET.
However, becausH;, increases exponentially with decreasing
distance, intersection at shorter distances favors ET. The effec .
of intramolecular vibrations is not important in the cases x andr values (the parameter yalues are the same as thosg n
described by Figures 1 and 2, because the free energy curvedonpolar solvent). At short distances the surface in (b) is

of the DA~ state with vibrational quanta do not intersect with SM0ther than that in (a), and the former clearly shows the
the DA curve outside the contact distance. exciplex region” (indicated in Figure 5b) where the two states

Theoretical expressions of the second-order ET rate in are mixed significantly. ET occurs when the-B. distance and/

ideal nonpolar solvent are reported by Tachiya and %eki or solvent orientational polarization change. As in the case of

They treated the intermolecular distance as reaction coordinate,nonIOOIar solvent, significant mixing occurs whe_n the energies
f the two states are close enough at short distances. In this

as was done in the present paper, and calculated the rate of

charge separation, charge recombination and charge Shiftregion, ET occurs adiabatically. Because the parameters in
reactions ' eqs 710, which depend on the solvent, are jugt and es,

Figure 5 can also be used forA pairs in solvents other than
AN, as long as they haveygand es values similar to those
of AN.

As described above, the cross section of the two surfaces at
In the previous section, we pointed out the importance of a given value of are two parabolas, as shown in Figure 4, that
intermolecular distance as a reaction coordinate in intermolecularare used to explain nonadiabatic ET. Let us consider a cross

ET in nonpolar solvent. In solvents with permanent dipoles section at a given value of The cross section at= 0 eV is

3. Solvents with Permanent Dipoles: Competition of
Exciplex Formation and Marcus ET
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E-u.z .
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5 x/eV - x/eV
Figure 5. 2-Dimensional free energy surfaces for aB pair with AGAN = —0.25 eV in AN. Only the parts relevant to ET reactions are shown:
(a) mixing of the two states not taken into account; (b) mixing taken into account. The circle shows the “exciplex region”. The ground state DA
and the triplet states, ®* and*(DA)*, to which the DA*, D*A~, and exciplex states can decay are not shown.

two curves that are almost the same as those shown in Figure =1
1 for a nonpolar solvent. This is because &t 0 eV the solvent = —
is not polarized. In this case we have from eqs 7 and 8 0 D+A*
G = (12)
' Ex1
G=AG+i=aGM +E[L L)L 1. 2 >
206 ANJla b ()
S -—
(12) >

w

Equation 11 is the same as eq 1, and eq 12 is very similar to eq

2. The only difference is thais in eq 2 is replaced by, in eq

12. For all nonpolar solvents; = €op & 2, and for all solvents

€op ~ 2. S0 eq 12 is almost the same as eq 2, and the exciplex

curves obtained by mixing th&; and G; curves are also very

similar. This implies that, if Marcus ET does not occur for some 5

reason in a polar solvent, exciplex formation occurs in a manner 4

similar to that in a nonpolar solvent with similag,. Namely,

in polar solvents, ET can occur with the decrease inAD

distance (motion along theaxis) as in nonpolar solvents.
The short distance region of Figure 5b shows the free energy -0.4 -0.2 0 0.2 0.4

surface of the exciplex state. The free energy of the exciplex GleV

system changes witk The equilibrium position with respect  Figure 6. Contour plot of Figure 5b. Upper and lower arrows indicate

to x is close to the bottom of the A~ state for each value. route 1 and route 2 to reach the equilibrium structure of the exciplex,

Figure 6 shows the contour plot of Figure 5b. We see that the respectively. (See section 4.1.)

free energy surface of Fhe exciplex system has a weak downwardSCHEME 1: Reaction Scheme of Fluorescence

slope toward shorter distances. This is due to the charge-transfebuenching by ET7.252

force originating from the mixing of the DA* and DA~ states

D'+A"

at short distances. The exciplex has the equilibrium structure DA* k— Dia* +—DeA*
atr ~ 4 (or 3.5) A andx ~ 1 eV (see Figure 5b). This is

consistent with the experimental results of Kikuchi et ahd Ex [ l

Gould et aPf that exciplex fluorescence is observed even in

highly polar AN solvent, if D-A pairs with—AGAN < 0.4 eV D'A [+—D'(S)A" —» D'+A

are selected (see the next section). Because in many cases )
solvent orientational polarization is faster than fluorescence °D/A* and D*(S)A™ denote the encounter pair and the SSIP,
emission, fluorescence is mainly emitted from the equilibrium respectively. The species described inside the box is the exciplex (Ex).
structure of the exciplex. separates the DA* and A~ states. This is mediated by solvent

In the following, we consider on the basis of Figure 5 how orientational polarization and is slow when the barrier is high.
ET reactions occur. Just after excitation, the system is in the It is faster at shorter distances, because the electronic coupling
DA* state. We assume, as in usual quenching experiments, thatH;, increases with decreasing distance, and also because in the
the quencher concentration is low enough, so that D and A* normal region the barrier is lower at shorter distances. On the
have to approach by diffusion to distances where ET can occur.other hand, exciplex formation occurs when D and A* approach
Figure 5 shows that two types of ET reactions can occur. Marcus each other along theaxis as in nonpolar solvents. This process
ET occurs when the system crosses over the barrier whichhas no barrier but it is slower in more viscous solvents. These
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two types of ET reactions occur competitively from within the
valley of the DA* state. If at distances longer than the contact

J. Phys. Chem. A, Vol. 111, No. 38, 2009245

dielectric constants, etc., it is possible to construct the free
energy surfaces for various combinations of® pairs and

distance Marcus ET is faster than the diffusive approach of D solvents. Here we try to explain some experimental results on
and A*, fluorescence can be quenched by Marcus ET there andthe basis of such surfaces.

exciplex formation will be inefficient. This is the case of viscous
solvents already reporté®24On the other hand, if the diffusive

4.1. Effect of AGAN on the Quenching Mechanism in
Highly Polar Solvents. It is known that the mechanism of

approach is faster than Marcus ET, quenching will occur at flyorescence quenching changes from exciplex formation to
shorter distances. So quenching occurs at shorter distances iss|p formation (or opposite) under some conditions. One such

nonviscous solvents than in viscous solveft.

When D and A* approach sufficiently and their mutual
orientation is more or less optimized, the exciplex will be formed
(partial ET by state mixing) even ¥does not change. As seen
from Figure 5, the exciplex is not yet stabilized at this time
with respect to thex coordinate. With the change &f further
charge is transferred from D to A and the exciplex will be
stabilized to the equilibrium structure. Figure 5 shows that
Marcus ET and exciplex formation are different not only in their

example is found in AN solvent wher AGAN of the D—A
pairs increases from-0 to >0.6 eV. It was believed until
recently that in AN, quenching always occurs by SSIP forma-
tion. However, Kikuchi et at.reported that quenching occurs
by exciplex formation for B-A pairs with smaller—AGAN
values (around 0 eV). Gould et @measured the efficienay
that the exciplex is formed in the bimolecular quenching reaction
in AN solvent. They found that ~ 1 when—AGAN < 0.4 eV

but it sharply decreases with increasind G*N. They attributed

reaction products but also in the reaction routes. The routes arethis decrease to the increase of SSIP formation, which competes

not limited to two: there can be a variety of routes depending
on the diffusion rate, solvent relaxation time, interaction energy,
etc., even for fixedAGAN. The relative importance of Marcus

with exciplex formation. More recently, Vauth®} reported
that, although there are two types of ion pairs, the difference in
their structure (e.g., BA distance) is smaller than was thought.

ET and exciplex formation, and hence the mechanism of He suggested that in nonviscous solvents the ion pairs formed

fluorescence guenching, will change with the valueAGAN
(see the next section).

by ET in fluorescence quenching are “tight” and “loose” ones,
rather than “contact” (exciplex) and “solvent-separated” (SSIP)

In Scheme 1 is shown a reaction scheme often used forones. In more viscous solvents, quenching seems to occur at

fluorescence quenching by ETThe scheme includes the
diffusion of D and A* to form an encounter pair D/A*,
formation of a solvent-separated ion pair (SSIPJ(®A™,
formation of free ions, and exciplex formation. The species
described inside the box is the exciplex denoted by Ex.

longer distances. We reported that forB pairs with—AGAN

> 0.7 eV in highly viscous ethylene glycol (EG) quenching
occurs at distances longer than the contact distatidésnd
Gladkikh et al. reported that for a given2 pair the quenching
distance increases with solvent viscogity.

Comparison of Figure 6 and Scheme 1 sh0\_/vs that they The effect of AGAN on the quenching mechanism can be
correspond well to each other. The encounter pair correspondsg|cidated by comparing the free energy surfaces-eADpairs

to the DA* state just before ET, with the intermolecular distance
(more exactly, its distribution) dependent on the rate of diffusive
approach of D and A*, and the exciplex state is formed by
mixing of the DA* and D"A~ states. In addition, Figure 6 shows

that the reactions denoted by the horizontal arrows in Scheme

1 occur as a result of change inA distance, and the reaction
denoted by the vertical arrow is induced by solvent polarization.
Recently, Kuzmin et at and Dosset et & made experi-

mental studies of the exciplex formation processes. By analyzing
the results, they obtained the thermodynamic and kinetic
parameters and discussed the mechanism of exciplex formation

In the present paper we treated the ®distance and the solvent
orientational polarization as reaction coordinates for ET and

expressed the free energy explicitly as a function of these twodby the change of solvent polarization (motion alongthais).

coordinates (Figures 5 and 6). This enabled us to understan
ET in nonpolar vs polar solvents, and Marcus ET vs exciplex
formation in a unified manner.

The mechanism of ET reactions is more precisely described

using Figure 6. Figure 5 (or Figure 6) explicitly shows the
relevant reaction coordinates for Marcus ET and exciplex

formation. It shows the free energy change of electron-transfer

semiquantitatively. It shows the energy and the structureAD

distance) of the exciplex. When there are two routes for electron

transfer, it shows which route is more likely to be taken. It shows
that long-range ET is nonadiabatic, and exciplex formation is
adiabatic.

4. Interpretation of Other Experimental Observations on
the Basis of the 2-Dimensional Free Energy Surfaces

We have shown in the previous section that the 2-dimensional

with different AGAN values. We compare Figure AGAN =
—0.25 eV) and Figure 7XGAN = —0.75 eV). The experimental
result of Gould et at.implies that in the case ffGAN = —0.25

eV the exciplex is formed with unit efficiency in the bimolecular
guenching reaction from the DA* state, whereas in the case of
AGAN = —0.75 eV the efficiency is almost 0.

As described in the previous section, exciplex fluorescence
is emitted from the equilibrium structure of the exciplex, which
occurs at ~ 3.5 or 4 A andx ~ 1 eV in the case oAG*N =
—0.25 eV. There are two typical routes to the equilibrium
structure of the exciplex (see Figure 6): In the first route (route
1) the D-A distance decreases to form the exciplex (motion
along ther axis) and finally the equilibrium structure is attained

In the second route (route 2) Marcus ET occurs by the change
of solvent polarization (motion along theaxis), and then D

and A” formed by ET approach each other and finally attain
the equilibrium structure (motion along thexis). In the case

of Figure 5, route 1 seems more probable to be taken than route
2, because the barrier between the DA* antAD states is
rather high. Marcus ET (or motion along tkeaxis) will occur

only at very short distances where the reaction is almost
barrierless. As described in the last section (Figure 6), the free
energy surface of the exciplex system has a weak downward
slope toward shorter distances because of the charge-transfer
force. Consequently, the equilibrium structure of the exciplex
will not dissociate to free ions once it is formed by route 1.
This is the reason Gould et al. found~ 1 when—AGAN <

0.4 eV.

The free energy surface of the"B~ state in Figure 7 is

free energy surfaces are useful for discussing ET reactions. Bydisplaced toward lower energies by 0.5 eV compared with that

changing the parameters suchAG*N of the D—A pair, solvent

in Figure 5. This causes a weaker mixing of the two states



9246 J. Phys. Chem. A, Vol. 111, No. 38, 2007 Murata and Tachiya

04
02

2 02

-0.6

x/eV x/eV

Figure 7. Free energy surfaces of a{A pair with AGAN = — 0.75 eV in AN solvent: (a) mixing not taken into account; (b) mixing taken into
account.

because of the larger energy difference involved. Indeed, the We have explained the effect &G”N on the quenching
energy difference for the equilibrium structure= 4 A andx mechanism in highly polar solvents on the basis of the free
= A) of the exciplex calculated from eq 4 is 0.88 eV (in the energy surfaces. Figures 5 and 7 are based on simplified
case of Figure 5) and 1.38 eV (Figure 7). Because the magnitudecalculations of the free energy surfaces and their accuracy is
of Hi, is similar in the two cases, this leads to a lower limited. However, even if more accurate calculations are made,
stabilization energy of the exciplex in the case of Figure 7 than the change in ET mechanism witAGAN from exciplex
in the case of Figure 5. For-DPA pairs with —AGAN values formation to Marcus ET expected from Figures 5 and 7 is
larger than that in Figure 7, the energy difference is larger and probably unchanged.
the charge-transfer force will be even smaller than in Figure 7. |t has been reportééithat the magnitude of the rate constant
Therefore, the equilibrium structure of the exciplex, if it exists ki of fluorescence emission of a series of exciplexes is larger
at all, will not be more stable than the ion pair state. This is for D—A pairs with smaller charge-transfer character, i.e., for
one of the reasons exciplex fluorescence is not detected in thesgairs with smaller contribution of the TA~ state (and conse-
cases. quently larger contribution of the DA* state) in the mixing.
The most striking difference between Figures 5 and 7 is the Exciplex fluorescence is emitted from its equilibrium position
height of the barrier between the DA* and"'BR~ states. The  with respect to both BA distance and solvent polarization.
barrier is definitely lower in Figure 7 than in Figure 5, and route Let us compare the contribution of theR~ state at the
2 seems more probable to be taken. In viscous solvents ETequilibrium positions (the minima at= 4 A) in the cases of
occurs at longer distances, as explainded before. In nonviscoud-igures 5 and 7. At these positions, (1) theAD state has lower
solvents the diffusive approach of D and A* is faster than in energy in both cases and (2) the energy difference involved in
viscous solvents, and the distance at which Marcus ET occursthe mixing is smaller in Figure 5a. Therefore, the contribution
shifts toward shorter distances. However, even in this caseof the D'A~ state is smaller in Figure 5. Accordingly, the
Marcus ET will occur at longer distances than in the case of exciplex formed in Figure 5 has a largervalue compared to
Figure 5, because, as seen from Figure 7, Marcus ET becomeghat formed in Figure 7. This is another reason exciplex
almost barrierless at distances longer than those in Figure 5.fluorescence has been detected for the case of Figure 5 and not
When Marcus ET becomes almost barrierless at some distancegletected for the case of Figure 7.
it will occur there, and D and A~ ions will be formed there. 4.2. Solvent Effect on the Quenching MechanisniThere
The ions formed at longer distances will not approach each are many experimental results showing that in highly polar
other, because the charge-transfer force that stabilizes thesolvents fluorescence is quenched by full ET"(Bnd/or A
exciplex works only at very short distances. This is another are detected by transient absorption spectroscopy), whereas in
reason exciplex fluorescence is not detected. The ions arenonpolar solvents exciplex formation is responsible for quench-
thought to be formed at distances longer than the contacting (exciplex fluorescence is detected). Both the exciplex
distances even in nonviscous solvents. However, it is not certainfluorescence yield and lifetime are found to decrease with an
from this qualitative discussion whether the ions are separatedincrease in solvent polarity (but the yield decreases more rapidly
by solvent molecules when they are formed. than the lifetime). These results show the importance of solvent
In addition to the B-A distance, the mutual orientation of D polarity in fluorescence quenching.
and A is important for ET reactions, because the rate of Marcus The effect of solvent polarity can be incorporated in the free
ET is proportional tdH12. The rate of Marcus ET will be higher  energy surfaces througl andep. Let us compare the surfaces
for an orientation with largeH;,. However, the effect of  for a D—A pair with AGAN = —0.75 eV in a nonpolar solvent
orientation on the magnitude &f;», and hence on the rate of  (n-hexanegs = ey, = 1.88), in a weakly polar solvené{= 5,
Marcus ET, will be similar for the cases of Figures 5 and 7, as ¢,, = 1.8, hereafter referred to as WP), and in a highly polar
long as the D-A pairs have similar molecular structures. solvent (AN,es = 37.5,¢,, = 1.8). The surface fon-hexane
Therefore, the above conclusion as to the effecAG”N on solvent is shown in Figure 1. Because of the low polarity of
the quenching mechanism in highly polar solvents will not be the solvent, the Coulomb interaction betweeh &nd A" is
significantly changed by taking into account the mutual orienta- less shielded an&(D*A~) decreases rapidly with decreas-
tion of D and A. ing r. This causes a sharp decreaseGiexciplex) at shorter
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three solvents, exciplex formation is most efficientihexane
and the efficiency decreases in the order of WRAN, as has
been very often reported.
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o ":“\c\\\‘?:‘\‘:::,::,"/l/// In this paper we dealt with fluorescence quenching by

intermolecular ET from D to A* in solution. It is experimentally
known that fluorescence is quenched by exciplex formation in
nonpolar solvents and by Marcus ET and exciplex formation
in polar solvents. By introducing the two-dimensional free
energy surfaces we clarified why fluorescence is quenched by
exciplex formation in nonpolar solvents and by Marcus ET and
exciplex formation in polar solvents, depending on the value
of the free energy change. In addition, it was elucidated how

x/eV exciplex formation and Marcus ET are related to each other.
Figure 8. Free energy surface of a-bA pair with AGAN = —0.75 eV Thus, the problems of the quenching mechanism pointed out
in a weakly polar solvent (WRss = 5, €op = 1.8). in the Introduction have been resolved.

Fluorescence quenching by ET often leads to the formation
of free ions in polar solvents. Braun et“8t>° studied the
mechanism of free ion formation by measuring the fluorescence
decay and transient photocurrent. The free energy surfaces
presented in the present paper will also be useful for these
processes.

Verhoeven et at’=53 published a series of papers dealing
with intramolecular exciplex formation by the harpooning
mechanism. In this case long distance ET occurs from D to A*
to form the “extended CT state” (IA~ state). The extended
CT state is then converted to the exciplex state (folded CT state)
through the folding of the semirigid bridge. The first process is
similar to that described i8. We did not discuss the second
process (structural reorganization) as we treated just the case
of intermolecular ET.

The importance of intramolecular modes in ET was pointed
out by Jortner et &4 and by Sumi and Marcu$.The role of
intramolecular modes in ET in solvent-free supermolecules was

10

r/ A

‘;‘1 also discussed by Jortner et>&F” To extend these works to
x/eV the present more general framework of 2-dimensional free
T ey suces s & e ek
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