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Photoinduced electron-transfer reactions in small supramolecular systems, such as the 4-aminonaphthalimide
compounds, are interesting in that there are two alternative directions for the electron transfer to occur.
Nevertheless, the electron transfer occurs only along one path, as deduced from pH-dependent fluorescence
quenching studies of selected compounds. The role of the electronic coupling matrix element and the effect
of the charges accompanying protonation are considered so as to explain the directionality of the electron
transfer and other results. A related mechanism is suggested for interpreting the behavior of similar molecules,
which serve as fluorescent sensors of metal ions.

I. Introduction K )
In recent years, the 4-aminonaphthalimide compounds have i ’/Y il
been the subject of many studiEes,in part because of their A Lo N Nw/o
fluorescence properties and their use as sensors. Recently, the § &
photoinduced electron-transfer reactions in synthesized su- OO OO
pramolecular systems consisting of various 4-aminonaphthal- OO
imide compounds were studied by de Silva and co-workeérs. NE Hi
The pH-dependent fluorescence spectrum was investigated for 1 =Bu A 3 1
the compounds depicted in Figure 1. Each of these molecules neu .

contains a fluorescent 4-aminonaphthalimide as the core, and
different amino groups in the side chains serve as the electron
donors. The electronic absorption and fluorescence emission
spectra were measured as a function of the pH of the solution, o

O Q

NN

the solvent being water/methanol in a ratio of 1:1. Some of the d

observed optical propertiesare given in Table 1. A strong

pH dependence of the fluorescence quantum yield is displayed OO OO
by 3,1 4,2and5,2 but not by1 or 2:! the fluorescence quantum

yield of 1 and2 remains relatively low+0.2) in the pH range o

of the experiments 411), while the fluorescence quantum yield W\

for 3, 4, and5 is very low under basic conditions<Q.1) but ’L_\ Q
high under acidic conditions>0.5). The recovery of the

fluorescence 08,1 4,2 and5? occurs at a pH that corresponds
to the K, of the distal nitrogen of the 4-substituent.

Of particular interest is the pH-dependent fluorescence
o1 2 fuorophore i wo S chas, 6ach comaining an amino C12rge-separated state, namey, a chargeon the 4-N and a
electron dF())nor With the pH-dependent quorescencge spectros-Charge._ o on the d_icarboximide{CO—N—(_:_O—) group, the_
copy studies tWo possible electron-transfer directions respon-.4'N being the amino group at the 4-position, 'I_'he re_sultlng
sible for the %Iuorescence quenching could be investigated. In internal electric field then directs the hole to the distal nitrogen

. : . : o . " " in the 4-substituent. A similar mechanism was assumed later
their experimentdde Silva and Rice made the striking discovery by Ti tal t lain the pH-d d fthe f
that the electron transfer is directional: the fluorescence is oY o) €t &l 10 €xpain Iné pri-dependence ot the fluorescence
of a 4-amino-1,8-naphthalimide compouhd.

recovered only when the distal nitrogen on the 4-substituent is ) i

protonated, while the protonation of the distal nitrogen on the ~ 'ndeed, as de Silva et al. noted, there is an effect of a ground-
9-substituent has negligible influence on the fluorescence State dipole on the direction of electron transfer iroahelical
quantum yield. Thus, the electron transfer occurs only from the polypeptidel® However, there is a striking contrast in the two
distal nitrogen in the 4-substituent. In their explanation of their phenomena: in _th_e 4-am|nc_>naphtha||m|de, the creation pf a
striking observations on the directional behaviorands, de hole-electron pair in the excited state causes the dipolar field,

Silva and Rice suggestéthat the excitation first produces a rath_er than its being adipole_undergoing further separation under
the influence of an external field. The concept was not developed

t Part of the special issue “Noboru Mataga Festschrift”. further in the form of an actual calculation. In the present paper,
*To whom correspondence should be addressed. a different but simple explanation of the results is proposed,
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Figure 1. The structures of the five moleculek;-5 studied by the
pH-dependent fluorescence spectroscbhy.
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TABLE 1: Optical Properties @ for Compounds 1-5
1 2 3 4 5
abe (basé), nm 454 455 449 450 452
Aae (acic?), nm 454 455 431 432 433
Ashit, NM 0 0 18 18 19 >
Ags (PH=7.0), nm 432 452 &
AT (hasé), nm 555 557 549 526 524 o
mjax (acid’), nm 555 559 538 m charge transfer
Dy (basé), nm 0.23 0.15 0.030 0.030 0.070 8 g
g, (pH=7.0,nm 023 0.12 0.57 0.66 0.062 i g,
Dyy (acid?), nm 0.23 0.12 0.76 0.53 0.52 g
el
aThe properties fod, 2, and3 are taken from ref 1, and those for °
4 and5 are taken from ref 22 pH was only specified fo# and 5.
Here, the pH was 3.0 in acidic solution and 10.8 in basic solution.
¢Value changes very little with the pH.
CeH13 CaHs CeHia l g >

state,|elds the fluorescence excited stafe;r1(is the charge-separated,
nonfluorescent state due to the electron transfer from the distal nitrogen.
e N2 When the distal nitrogen in the 4-substituent is protonated, the energy
S ? of the fluorescent stateel] which is slightly charge-separated, is
O increased and there is a blue shift of the absorption. [&hglldoes
not exist inl or 2.

[ |, L.
N N NN :
Y Nuclear Coordinate
OO OO OO Figure 3. Schematic diagram of the free energy vs nuclear coordinate
for the ground and excited states for the fluoroph¢gelis the ground
DA S

6 7 8

Figure 2. The structures of the fluorescent sen®)rg, and8 studied

by Mitchell et alé” guenching o6 and7. The fluorescence decay profile 6fand

7 shows that the addition of metal ions that form amino
complexes increases both the intensity and the lifetime of the
fluorescence, while such effects have not been observesl for

Experiments also confirmed that when a 4-substituent is
moved to the 9-position it has, Mitchell et al. nofehuch less
influence on the fluorescence quenching and on the fluorescence
recovery mechanism & and7.7:13 It was also observed that
the addition of metal ions that can readily form complexes with
the 4-distal nitrogen db, 7, and8 causes the absorption maxima
of 6 and7 to undergo a 1630 nm blue shift. The addition of
the same metal ions to the solution 8fhas no effect on
absorption wavelength. The addition of metal ions that do not
form amino complexes causes no change in the spectrum of
any of the three molecule$, 7, and8.

one based on the calculations of the relevant electronic coupling
matrix elements between the orbitals.

The paper is organized as follows: Further experimental
results are described in section Il. The electronic states involved
in the present mechanism are given in section Ill. In section
IV, a crude estimate of the electronic coupling matrix elements
is given for the two electron-transfer directions. The electronic
coupling matrix elements for the two pathways are calculated
and used to interpret the directionality of the electron transfer
in section V. A reorganizational factor is also considered.
Explanations of various other experimental results are given in
section VI and VII, and the discussion concludes in section VIII.

II. Further Experimental Results lIl. The Electronic States

In the experiment$? a noticeable difference was observed e consider a mechanism for the fluorescence quenching
between the pH-dependence of the wavelength of the absorptionynq for its recovery for the 4-aminonaphthalimide compounds
maxima,Ags, for 1 and2 and that for3, 4, and5 (Table 1): in which there are the ground statgf and at least two excited
thezps undergoes very little change with pH for compourids  states, one of whichjel] is less charge-separated and is
and2, while there was about a 20 nm blue shift of the absorption fluorescent. The other, labelégtr,(in Figure 3, is more charge-
spectra of3, 4, and5 when measured in acid relative to the separated and relatively nonfluorescent. The d&ilis created

spectra in basE. These changes of th&a‘s of 3, 4, and5 by the excitation of a HOMO of the fluorophore and contains
occur at pH’s corresponding to th&gs of the distal nitrogens  one electron in the HOMO and one in the LUMO of the
in the 4-substituent. fluorophore (Figure 4). Théecrilis coupled tolelJand arises

In a related study, other 4-aminonaphthalimide compounds from the electron transfer from the distal nitrogen. It has a pos-
(6 and 7 in Figure 2) were investigated by Mitchell et al. as itive charge on that nitrogen, and the electron transfer quenches
fluorescent sensors for metal ioh%,in which the compounds  the fluorescence. This quenching mechanism is removed if this
are again believed to undergo intramolecular quenching by the electron transfer is inhibited, and then, the fluorescence
distal nitrogen of the 4-substituent. For comparison, the increases. For the present systems, the attached amino groups
fluorescence 08, a molecule similar t& and7 but with a much act as electron donors and the ring system acts as an electron
longer 4-substituent side chain, was also studied in the presencecceptor. The assumption of having a locally excited state, such
of metal ions® This quenching o6 and7 disappeared with the  as |e[J and a charge-separated state is common for similar
complexation of the metal ions with the distal nitrogen of the systems#* A state |ectolldefined in the legend of Figure 4 is
4-substituent. The electron transfer from this distal nitrogen is higher in energy thafecri[dbecause of the relative energies of
thus again believed to be responsible for the fluorescencethe N4 and ND orbitals. Its possible role is discussed later.
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Figure 4. The various diabatic states and the relevant orbit#ds Figure 5. The structure of the model system used in the calculations
(HOMOY(LUMO)(N4XND)% |el] (HOMOY(LUMO){N4ND)% of electronic coupling matrix elements.
|ecTi] (HOMOKLUMO)Y(N4)A(ND)*, |ect2l) (HOMOP(LUMO) (N4)--
(ND)2. About 70% of the relevant orbital ¢€l) which is the HOMO However, a reorganizational factor also needs to be consid-

of the system, is localized at the 4-N (40%), 3-C, 4-C, and 10-C.  ered. There is a reorganizational free energy barrié4)(1 +
AGY%2)? in the usual terminology® Changing theAGP® by

IV. Crude Theoretical Estimate of the Electronic transposing the distal N’s of the 4- and 9- substituent did not

Coupling Matrix Elements noticeably affect the dominance of the path associated with the

We first consider a very approximate estimate of the differ- distal N on the 4-substitueAfThe A for the 4-N distal substituent

ence in coupling of the fluorophore to the two distal nitrogens 'S €XPected to be somewnhat larger than that for the 9-N one,
by noting that the distal N on the 4-substituent is three bonds Pecause of a larger charge-separation distance. Only if the

removed from the 4-N, which is found in the calculations given "€action were in the deep “inverted region”, would this larger
later to make a significant contribution to the HOMO of the # favor the path to the 4-distal N. It seems highly unlikely that

system and is part of the initial acceptor stafefor the electron- the|elto |ecraltransfer in Figure 3 wogld be in the deep inverted
transfer reactions (Figure 4). With the use of a decrease of the"®9i0n. Experiments in which thaG" for reaction is varied
square of the coupling matrix elemevitof a factor of 3 per pould test thls aspect. Further, if the system were in the deep
bond of an alkyl chain as an approximate figéehis V|2 is |nv§neq region, a largér would ac'FuaIIy retard eIeptron transfer,
aboutY/,; of the contact value. If the contact value is of the unlike its effect in the normal region. The experiments are used
order of 2 eV, theV then would be of the order of 227, i.e., later to show that the rate constant fef— |ecri[is expected
~0.4 eV. On the other hand, the distal nitrogen in the 9-substit- 10 Pe refatively insensitive ta and AG®, and we focus on the
uent is three single bonds and six double bonds away from that€!€ctronic couplingyV. - _ _ _
4-N. If one takes the decay of the coupling matrix element for In th_e following secnqn, we give a more detailed estimate of
electron transfer via double bonds as’B where is a distance |Vl Using an extended tekel theory.
decay parameter aridlis the total length of the double bonds,
about 8.5 A in this case, the coupling matrix element for the
electron transfer from the distal nitrogen of the 9-substituent  We focus first on a comparison between the electron transfer
would be (24/27)e 8%/, If f is taken as 0.36 Al(although from the distal nitrogens in the 4- and 9-substituentd ahd
strictly speaking thig refers to a direct distancéythis coupling 5, where |eJ and |ecti[are the principal states involved.
matrix element would be about 0.08 eV, andgifis instead Extended Huakel calculations for the electronic coupling matrix
0.57 A-117 it would be about 0.03 eV. Thus, the electronic elements betweejeCand |ecrilwere performed using a model
coupling to the distal N on the 9-substituent is expected to be compound,9 in Figure 5, instead off and 5, to reduce the
much weaker than that to the distal N on the 4-substituent.  computational time. The two distal amino group®afere then

At the intersection of the two diabatic states in a plot versus both chosen to be an Nigroup. In the calculations, the acceptor
a reaction coordinate, their energies, denotedeRyare, of level was chosen to be the HOMO of the molecule and the donor
course, equal. When the electronic coupling between the two states were identified as the levels having electrons localized
states is calculated, there is a splitting of these degenerate levelst the distal amino groups. The coordindfemre given in the
at the intersection and the lower adiabatic curve has an energySupporting Information in Table 1 Supplement. Interaction
Ex — |V|, whereV is the electronic coupling matrix element. parameters were taken from a standard progtamd were not
The activation energy for the electron transfer from the distal further modified.
N of the 4-substituent would be significantly less than that for  In the extended Hekel calculations, the relative energies of
the electron transfer from the distal N of the 9-substituent, other the two diabatic statesg[Jand|ect1[}in Figure 3 were changed
factors being equal. If these crude “back of the envelope” figures by placing an F anion at different distances from the nitrogen
were taken literally, the electron transfer from the distal N on of the donor group under consideration. The Wwas moved
the 9-substituent would bee?37/0-025(0.025 beingksT in eV) along the axis of the lone pair electrons of the distal N. The
or 10 times slower than the electron transfer from the distal N energies of the two stat¢elland|ectiare plotted in Figure 6
on the 4-substituent. versus the distance between the &nd the distal N. In this

V. Calculations: Directionality and |ect10]
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Figure 6. The calculated adiabatic curves used to obtain the electronic low pK, of the 4-N. Correspondingly, th

coupling matrix element for the electron-transfer reaction from the
9-distal N to the fluorophore.

way, two adiabatic curves are obtained, and the coupling matrix agreement with the
element is one-half of the least splitting of the adiabatic curves

at their avoided crossing. That avoided crossing occurred Whenhi
the distance between the distal group in the 9-substituent and,[h

the F was about 2 A.
The calculatedV| is 0.25 and 0.030 eV for the electron

transfer from the 4- and 9-substituents, respectively. Both values

J. Phys. Chem. A, Vol. 106, No. 10, 200959

presence of the 4-amino substituent on the ring presumably
enhances this displacement by concentrating the charge in a
smaller region near the 4-N. It thereby enhances the radiationless
transition rate and decreases the fluorescence quantum yield.

As discussed in the preceding section, protonation lowers the
energy of|gCrelative to|e(Jand leads to a larger energy gap.
The latter in turn decreases in the radiationless transition rate
and enhances the fluorescence quantum yield. Accordingly, the
protonation of the 4-distal nitrogen increases the fluorescence
guantum yields 08, 4, and5 to values ¢0.5) greater than that
of 1 or 2 (~0.2), which does not contain a distal nitrogen in
the 4-substituent.

This discussion also applies to the pH-dependence of the
absorption spectra of—5. Compoundsl and 2 cannot be
protonated in the pH range of the experiments, because of the
absence of the distal nitrogen in the amino position and the
M should be pH-
independent. For compoun8s4, and5, however, lowering of
|gCrelative to|elby the protonation of the distal nitrogen leads
to a blue shift of thel i~ in acid compared with that in base, in
experimental results in Table 1.

The energy of a statgect,llis expected to be appreciably
gher than that ofecri0(see legend to Figure 4). Th&pof

e 4-N is—0.5, a very low value, which indicates that the lone
pair electrons on the 4-N are bound so tightly that an added H
binds only weakly to it. The I§; of the distal N group is between

6 and 8, depending on its nature, indicating a much weaker

are large enough for the reactions to be considered as adiabaticbinding of the lone pair to the N. The difference iKp

This difference in the electronic coupling matrix elements would
make the energy barrier aboutkgU smaller at the avoided

crossing for the electron transfer from the 4-distal nitrogen
compared with that from the 9-distal nitrogen. On this basis,
the electron transfer from the 4-distal nitrogen would be much
faster (€0 or 10, if the calculations were literally correct)

than that via the competing pathway, from the 9-distal nitrogen.
The fluorescence of the fluorophore would then be mainly

corresponds to an energy difference of 0.39 eV in proton binding
affinities. Thus, the creation of a hole is expected to be
energetically much more favorable at the distal N than at the
4-N, and thejecro[Istate is expected to be in a higher energy
than|ectild While the stateéect.Cmay therefore not be directly
involved in the present electron transfer, its presence could only
enhance the pathway to the 4-distal nitrogen via a superexchange
mechanism. The pathway from the distal nitrogen in the

quenched by the electron transfer from the distal amino group g_g pstituent cannot be similarly enhanced.

in the 4-substituent.

When the 4-distal nitrogen is protonated, the electron-transfer Fluorescence of 6. 7. and 8 in the Presence of Metal

reaction is inhibited because the protonation of that nitrogen
should considerably stabilize electrons on it and lower the energy

of the ND orbital relative to that of the HOMO in Figure 4 and
lower the energy of the fluorescent excited staférelative to
the charge-separated stéer;[J This inhibition of the electron

lons

The spectra of systen®; 7, and8° can be interpreted in a
similar way. The electron transfer is faster from the distal
nitrogen of the 4-substituent than that from the distal nitrogen

transfer then leads to the fluorescence recovery observed at pH'sof the 9-substituent, for the reason discussed above. The

equal to and lower than thekg values of the distal nitrogen in
the 4-substituent.

VI. Fluorescence Quenching in 1 and 2 and the Role of
4-N

We turn next to the differences between the pH-dependence

of the fluorescence df and2 and that of3, 4, and5. As noted

earlier, the experimented fluorescence quantum yields of
moleculesl and?2 are relatively low at all pH values, compared
to those of3, 4, and5 in acid (Table 1). The main structural

difference between them is that there exists a distal nitrogen in

the 4-substituent 08, 4, and5 but not in that ofl or 2.
The fluorescence of the 4-aminonaphthalimide due t¢e@n
— |gltransition is in competition with a radiationless transition,

even in the absence of any distal amino group. The quantum

yield of the fluorescence is low~0.2) for 1 and2 because of

that competition. This radiationless transition rate is enhanced

when the (HOMO)LUMO); and (HOMOX}(LUMO), surfaces

fluorescence is quenched by the distal amino group on the
4-substituent, and recovery occurs when a complex between
this nitrogen and some metal ion or a chelation among this
nitrogen, the 4-N, and the metal ion is formed. Both the intensity
and the lifetime are increased with the increase of the ion
concentratio. This complexation between the distal nitrogen
and metal ions, which has a charge effect on the fluorophore,
also provides a possible explanation of the blue shift of the
absorption spectfa of 6 and 7 occurring in the presence of
metal ions that can form an amino complex. The mole@,le
however, has a much longer side chain at the 4-substituent
position and the distal nitrogen and 4-N are separated by eight
other atoms and are less likely to chelate. The negligible
influence of the metal ions on the observed absorption and
fluorescence wavelength 82 can be understood in these terms.

VIII. Concluding Discussion

To summarize the calculations, the fast electron transfer from

are more displaced in coordinate space from each other. Thethe distal nitrogen in the 4-substituent, versus slow charge
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transfer from the 9-substituent, is mainly due to the difference E,=Hpp + Vtany, E,=Hp,—Vtany (A2)
in the electronic coupling matrix element¥| for the two where tan 2 = 2V/(Hnn — H It then immediatelv follows
reactions. The extended "ekel calculation yielded a much t 3 (Hoo An)- y

larger electronic coupling matrix element for the electron transfer

from the distal nitrogen attached to the 4-position than that from V= (1/2)(E1 —E)sin2y (A3)

the distal nitrogen attached to the 9-position. This result is oo . .
consistent with the “back of the envelope” argument given in AS indicated by eq A3E; — E; has a minimum when sin2=
section IV. 1, andE; — E; = 2V. Equation A3 then provides a way of

We have giuen a reason that we suppose that possbieges T COUDING MU Sement e energes o
differences inAG® play only a minor role. We also know from neiahborhood oo = Has to give thgtwo adiabatic cﬁrves
the experimentshat the different free energies for the two distal Thg i DtD. lAA tg half of the miniman
amino groups (with Kgs of 6 and 8) did not change the S Iiettiﬁou(?fl?hge trcva:)r;(dizit)eargincu:\s/egne- ait-of the minimum
direction of the electron-transfer reaction. This,mifference piting '
corresponds to a free energy difference of about 0.1 eV forthe  gypporting Information Available: A table of the coor-
two reactions and, depending on the valuelot AG®, will dinates for the atoms in compouBdThis material is available
cause a difference in the free energy barrier typically between free of charge via the Internet at http:/pubs.acs.org.

0.05 and 0 eV, using an expression in section IV and considering
the limits of the case thdAG°| < A. This difference is small Note Added after ASAP Posting

compared to the difference in energy barrier caused by the s article was released ASAP on 11/08/2001 with a minor

difference in the electronic coupling matrix element, (the error in the Concluding Discussion section. The correct version
calculated difference is abot0.2 eV). We note that the energy a5 posted on 11/14/2001.
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