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ABSTRACT: In the dioxane–H2O system, electron-transfer quenching processes have been observed between the
excited 9-anthrylmethyl esters of butyric acid (A-4), caprylic acid (A-8), lauric acid (A-12) and palmitic acid (A-16)
as fluorescence probes, andm-N-N-diethylaminophenyl esters of butyric acid (P-4), caprylic acid (P-8), lauric acid
(P-12) and palmitic acid (P-16) as quenchers. The results indicate that the hydrophobic–lipophibic interaction (HLI)-
driven coaggregation of an acceptor and a donor can very effectively facilitate the electron-transfer quenching process
between the excited acceptor (or donor) and the ground-state donor (or acceptor) after they become preassociated
inside the coaggregate species. Furthermore, the extent of HLI-driven coaggregation (preassociation) between the
acceptor and the donor may be assessed from the slope B of the equationI0/I = A� B[Q]. The chain-length effect and
the effect of solvent aggregating power were also observed. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

Hydrophobic–lipophilic interactions (HLI) play an im-
portant role in chemical and biochemical processes such
as conformational changes of biopolymers, the binding of
a substrate to an enzyme, the formation of living cells
from biological molecules, etc.1–3 On the other hand,
studies on photophysical and photochemical processes in
organized assemblies have also attracted much atten-
tion.4–6 Since aggregates of electrically neutral organic
molecules are formed almost solely by HLI, some recent
efforts have been dedicated to studies of hydrophobic
effects on photochemical and photophysical processes.7–9

It has been reported that aggregation, coaggregation and
self-coiling of organic molecules affect the formation of
excimers, the enhancement of energy transfer between
excited donors and acceptors9,10 and the hydrophobic
acceleration of electron transfer processes.11 In the
present work, a novel finding is that at low concentrations
(�10ÿ6 M) *A-n can be used as an acceptor whenP-n
was used as a donor, but whenS-12 was used as an
acceptor, *A-12 becomes a donor in electron-transfer
quenching process driven by HLI (see structures below).

To our knowledge, these observations have not been
reported previously. The fact that the critical coaggregate
concentration (CoCAgC) value is so small may be
considered a consequence of the high aggregating
tendencies of the aggregators (Agrs).1b Clearly, HLI-
driven processes such as self-aggregation and excimer
formation on the one hand, and HLI-driven processes
such as co-aggregation and electron transfer on the other,
differ only in the fact that the former involves only one
Agr, whereas the latter involves two different kinds of
Agrs.

Electron transfer is a very active topic in chemical
research,12 such as the use of solar energy and
photosynthetic process. It is also well known that
medium effects, such as solvent polarity, microheter-
ogeneous environment and the addition of salts, have an
important influence on the behavior of photoinduced
electron transfer between the donor and the acceptor in
solution.13 The present work broadens and extends
studies on hydrophobic acceleration of electron-transfer
processes facilitated by HLI-driven aggregation to the
study of the electron-transfer process between excited
9-anthrylmethyl carboxylates (A-n,n = 4, 8, 12, 16) and
m-N,N-diethylaminophenyl carboxylates (P-n,n = 4, 8,
12, 16) in order to demonstrate that aggregation can also
exert a facilitating effect on the electron transfer process.

In the present work, excited 9-anthrylmethyl carboxy-

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem.12, 735–740 (1999)

Copyright  1999 John Wiley & Sons, Ltd. CCC 0894–3230/99/100735–06 $17.50

*Correspondence to:J.-L. Shi, Shanghai Institute of Organic
Chemistry, 354 Fenglin Lu, Shanghai 200032, China.



lateswith different chain lengths(A-n,n = 4, 8, 12, 16)
wereusedasacceptorsandfluorescenceprobes,andm-
N,N-diethylaminophenylcarboxylates(P-n,n = 4, 8, 12,
16) as donorsand quenchers.HLI-facilitated electron-
transferprocessesbetweenthem were investigatedby
meansof fluorescencespectroscopyin dioxane(DX)–
H2O systemswith different Φ values,where Φ is the
volumefractionof theorganiccomponentof anaqueous–
organicmixture.

The occurrence of electron transfer between the
excited acceptorand the ground-statedonor results in
fluorescencequenchingof the excitedacceptorA-n* by
P-n. This is an expectedresultbecauseit is well known
that intermolecularelectrontransfercan occur between
thelowestexcitedsingletstateanthraceneastheacceptor
and N,N-diethylaniline as the donor.12b It is also well
known that the electron-transferprocessfacilitated by
HLI-driven aggregationis very similar to the static
quenchingprocessthat occurswith fluorophoresalready
associatedwith the quencher inside the coaggregate
species.14 Wehavenowexperimentallydemonstratedfor
thefirst time thatfluorescencequenchingof A-n* by P-n

canbefacilitatedby HLI-driven coaggregation.Fluores-
cencecan be quenchedby electrontransferor energy
transfer(or bothelectronandenergytransfer).Quenching
werecarriedout by excitingA-n at 360nm with P-n (or
S-12). The �ex value is larger than the P-n (or S-12)
absorptionwavelength.This indicated that the energy
transferfrom *A-n to P-n (or S-12) is endothermic,and
the most probable quenching mechanismis electron
transfer.In A-n–P-n systems,exciplexformationwasnot
observedunderour experimentalconditionsbecauseof
the polarity of the medium, as Weller12b and Otto-
lenghi12c havediscussedpreviously.

Moleculesmay associatein solution for two reasons,
by van der Waals force and by collision-inducedweak
charge-transfer(CT) interactions.However,both inter-
actionsare weak. On the other hand,previousstudies
have establishedthat preassociationof chromophores
drivenby HLI cangreatlyfacilitateexcimerformation.15

We speculatethat enhancementof A-n* fluorescence
quenching might also be facilitated by HLI-driven
coaggregationof A-n* and P-n at very low concentra-
tions (ca. 10ÿ5 M). Furthermore, the efficiency of

Scheme 1
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fluorescencequenching should depend on the chain
lengthof the substitutentgroupsof the acceptorprobes
(A-n*) or thedonorquenchers(P-n*) andon thesolvent
aggregatingpower (SAgP) of the reaction media. All
thesespeculationshavebeenfound to be true.

EXPERIMENTAL

Apparatus. 1H NMR spectrawereobtainedat90MHz on
a VarianFX-90Qspectrometerwith TMS asthe internal
standard.Chemicalshiftsareexpressedin ppm(�). UV–
Vis spectra were recorded on a Perkin-Elmer 559
spectrometer.

Reagents and substrates. All target compoundswere
prepared in our laboratory and identified later by
elementalanalysisand 1H NMR. All the esterswere
purified by flash column chromatographyon silica gel
with light petroleum–ethylacetateaseluent.

Preparation of substrates. A-n andP-n werepreparedby
the reactionsshownin Scheme1.

A typical procedurefor preparing the target com-
poundsis asfollows. A mixtureof lauric acidandexcess
thionyl chloride in anhydrousbenzenewas stirred and
refluxed for 3–4h and excess thionyl chloride and
benzene were removed under reduced pressure.A
benzenesolutionof 9-anthracenemethanol(or 3-diethyl-
aminophenol)and pyridine was addedand stirred and
refluxedfor another2–3h. Thesolutionwaswashedwith
saturatedNaHCO3 and saturatedNaCl solution, dried
with anhydrousNa2SO4 and the solvent was removed
underreducedpressure.Theproductwaspurifiedby flash
column chromatographyon silica gel with light petro-
leum–ethylacetateaseluent.Thepreparationof S-12has
beenreportedelsewhere.16

9-Anthrylmethyl ester of butyric acid (A-4). Greenish
liquid. 1H NMR (CDCl3), � 1.1 (t, 3H), 1.8 (m, 2H), 2.5
(t, 2H), 6.2 (s, 2H), 7.4–8.6 (m, 9H); anal. calcd for
C19H18O2: C 81.99,H 6.52; found: C 81.57,H 6.52%;
UV–Vis absorption, �max (e) 347nm (4500
l molÿ1 cmÿ1) 365nm (6700 l molÿ1 cmÿ1) 385nm
(6200l molÿ1 cmÿ1) (dioxane).

9-Anthrylmethyl ester of caprylic acid (A-8). Greenish
liquid. 1H NMR (CDCl3), � 0.8–1.7(m, 13H),2.3(t, 2H),
6.1(s,2H), 7.4–8.3(m, 9H), anal.calcdfor C23H26O2: C
82.60, H 7.84; found: C 82.74, H 7.82%; UV–Vis
absorption: �max (e) 347nm (3200 l molÿ1 cmÿ1),
365nm (4700 l molÿ1 cmÿ1), 385nm (4300
l molÿ1 cmÿ1) (dioxane).

9-Anthrylmethyl ester of lauric acid (A-12). Greenish
solid, m.p. 57–58°C. 1H NMR (CCl4), � 0.9–1.6 (m,
21H),2.2(t, 2H),5.9(s,2H),7.3–8.3(m, 9H),anal.calcd

for C27H34O2: C 83.03,H 8.77;found:C 82.82,H 8.84%,
UV–Vis absorption: �max (e) 347nm (4600
l molÿ1 cmÿ1), 365nm (7000 l molÿ1 cmÿ1), 385nm
(6400l molÿ1 cmÿ1) (dioxane).

9-Anthrylmethyl ester of palmitic acid (A-16). Greenish
solid, m.p. 72–73°C. 1H NMR (CDCl3): � 0.9–1.7(m,
29H),2.3(t, 2H),6.1(s,2H),7.4–8.4(m, 9H),anal.calcd
for C31H42O2: C 83.36,H 9.48;found:C 83.38,H 9.64%;
UV–Vis absorption: �max (e) 347nm (1200
l molÿ1 cmÿ1) 365nm (1600 l molÿ1 cmÿ1) 385nm
(1400l molÿ1 cmÿ1) (dioxane).

m-N,N-Diethylaminophenyl ester of butyric acid (P-4).
Colorlessliquid. 1H NMR (CCl4), � 1.2 (m, 9H), 1.7 (m,
2H), 2.4(t, 2H), 3.3(q, 4H), 6.2–7.0(m, 4H); anal.calcd
for C14H21NO2: C 71.46,H 8.99,N 5.95;found:C 71.47,
H 9.17,N 6.06%;UV–Vis absorption,�max (e) 260nm
(31 000 l molÿ1 cmÿ1), 304nm (4600 l molÿ1 cmÿ1)
(dioxane).

m-N,N-Diethylaminophenyl ester of caprylic acid (P-8).
Greenishliquid. 1H NMR (CCl4), � 1.0–1.8(m, 19H),2.4
(t, 2H), 3.3 (q, 4H), 6.2–6.9 (m, 4H); anal. calcd for
C18H29NO2: C 74.18,H 10.03,N 4.81;found:C 74.25,H
10.30, N 4.86%; UV–Vis absorption,�max (e) 260nm
(25000 l molÿ1 cmÿ1), 304nm (3600 l molÿ1 cmÿ1)
(dioxane).

m-N,N-Diethylaminophenyl ester of lauric acid (P-12).
Greenishliquid. 1H NMR (CCl4), � 0.9–1.8(m, 27H),2.4
(t, 2H), 3.3 (q, 4H), 6.3–6.9 (m, 4H); anal. calcd for
C22H37NO2: C 76.03,H 10.73,N 4.03;found:C 75.94,H
11.03, N 4.08%; UV–Vis absorption;�max (e) 260nm
(41000 l molÿ1 cmÿ1), 305nm (7000 l molÿ1 cmÿ1)
(dioxane).

m-N,N-Diethylaminophenyl ester of palmitic acid
(P-16). Colorlesssolid, m.p. 34–35°C. 1H NMR (CCl4),
� 0.9–1.8(m, 35H), 2.4 (t, 2H), 3.4 (q, 4H), 6.3–7.0(m,
4H); anal. calcd for C26H45NO2: C 77.37,H 11.24,N
3.47; found: C 76.76, H 11.58, N 3.16%; UV–Vis
absorption,�max (e) 260nm (50 000 l molÿ1 cmÿ1),
304nm (7400l molÿ1 cmÿ1) (dioxane).

RESULTS AND DISCUSSION

Previouswork has shown that HLI can facilitate the
electron-transferprocessbetweenexcited1-a-naphthyl-
3-oxaalkanes and 2-alkyl-3,5,6-trichloro-1,4-benzo-
quinonesin DX–H2O systemswith differentΦ values.14

In order to avoid the self-quenchingof the fluorescence
probeA-n andothercompetingphotochemicalprocesses,
e.g.photoinduceddimerizationof excitedanthrylgroup,
in ourexperimentsonthehydrophobicaccelerationof the
electron-transferprocessbetweenA-n* and P-n, the
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concentrationof A-n mustbekeptat lessthanits critical
aggregateconcentration(CAgC) valuesin the DX–H2O
solvent systemsused,becauseit is generallyaccepted
that below the CAgC, the A-n exists in its monomeric
form in the DX–H2O system.Therefore,the CAgCsof
A-n were first measuredby means of fluorescence
spectroscopyin DX–H2O systems with different Φ
values,1b,d andthe resultsaregiven in Table1.

Examinationof Table1 revealsthat, asexpected,the
CAgC values increasewith increasing Φ values (or
decreasingSAgP) for A-n in the DX–H2O system,and
theaggregatingtendenciesof A- n increasewith increase
in alkyl chainlength.

From our experimentalresults in Figs 1 and 2 it is
notablethat different degreesof fluorescencequenching
of all A-n* fluorophoresareobservedwhenP-n or S-12
is added.

It is very interestingthat A-12* can be usedas an
acceptorwhenP-n is usedasa donor,but whenS-12 is
used as an acceptor,A-12* becomesa donor in the
electron-transferquenchingprocessdrivenby HLI. This
is consistentwith thepointof view thatthetermselectron
donorandacceptorareonly relativeanda singlespecies
may behaveboth as a donor and as an acceptorin the
studyon organicelectron-transfercomplexes.17

In the fluorescence quenching experiments, the
excitation wavelengthusedfor A-n* is 360nm. It has

been shown that in the presenceof P-n in DX–H2O
solventsystems,P-n cannotbe excitedat 360nm, and
therefore it could not interfere with the fluorescence
emissionof A-n*. Sincethe excitationwavelength(360
nm) is longer than the absorptionwavelengthsof P-n
(260and304nm)andS-12(270nm), theenergytransfer
would beendothermic.This indicatesthat thepossibility
of energytransferfrom *A-n to P-n (or S-12) could be
excluded.Hencethe mostprobablequenchingmechan-
ismis electrontransfer,in harmonywith previousreports
that thereis anelectron-transferprocessbetweenexcited
anthraceneand ground-stateN,N-diethylaniline in non-
polarsolvents.12b,d,e

The fluorescenceintensityof the excitedfluorophore,
A-12*, decreaseswhenthe quencherP-12 is added(see
Fig. 1). In this case,A-12* wastheelectronacceptorand
P-12wastheelectrondonor,andHLI-driven preassocia-
tion precedeselectron transfer between the excited
acceptorand the ground donor inside the coaggregate
species.In the case(Fig. 2) with A-n* asthe donorand
S-12astheacceptor,thefluorescenceintensityof A-12*
also decreasedquickly with increasingamountof S-12
addedto the DX–H2O system,and hydrophobicaccel-
eration of electron transfer is clearly demonstrated.
However,in pureDX, thereis nofluorescencequenching
betweenA-n* andP-n at low concentrations(�10ÿ6 M),
whereasin the DX–H2O systemthere is fluorescence
quenchingbetweenA-n* andP-n at thesameconcentra-
tion, brought about by the proximity effect of the
coaggregationunder the influence of HLI. From the
aboveexperimentalresults,we mayconcludethatunder
different conditions,excitedanthracenederivativesmay
serveeitheraselectronacceptorsor aselectrondonors.
This observationhasnot beenreportedpreviously.

I0/I vs [Q] plotsshowthatthereis a linearrelationship
[Eqn.(1)] betweenI0/I and[Q] when[Q] is largerthanor
equalto CoCAgC,i.e. it is similar to the Stern–Volmer
equation,i.e. I0/I = 1� kq t0 [Q]. In Eqn. (1), B is an

Table 1. CAgC (10ÿ6
M) of A-n (n = 4, 8, 12, 16) in DX±H2O

systems with different Φ values at 35°C

Φ
0.20 0.25 0.30 0.35 0.40 0.45

A-16 1.67 7.09
A-12 3.63 12.7
A-8 4.89 15.0
A-4 �8.64

a Uncertaintyis lessthan10%.

Figure 1. Effect of gradually increasing P-12 concentration
on the ¯uorescence intensity of A-12 (1.0� 10ÿ6

M).
f = 0.30; �ex = 360 nm; t = 35°C

Figure 2. Effect of gradually increasing S-12 concentration
on the ¯uorescence intensity of A-12 (1.0� 10ÿ6

M).
f = 0.30; �ex = 360 nm; t = 35°C
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empiricalcoefficient.Therefore,weusedB = kq t0 for the
evaluationof kq, takingthet0 valueas5.3nsfor *A-n.18

I0=I � A� B�Q� �1�

whereI0 is thefluorescenceintensityof excitedA-n in the
absenceof thequencher,I is thefluorescenceintensityof
excitedA- n in the presenceof the quencher,and[Q] is
theconcentrationof thequencher.

Furthermore,in the S-12–A-12 system,in Φ = 0.30
DX–H2O at 35°C, the B value is 5.15� 104 and the
correspondingkq for S-12 is 9.7� 1012 l molÿ1 sÿ1. By
comparingtheaforesaidkq or B valueof S-12with thekq

value(3.8� 1013 l molÿ1 sÿ1) or B value(2.04� 105) of

P-12in the*A-12/P-12systemin Φ = 0.30DX–H2O (see
Tables2 and3), wemayconcludethatP-12is betterthan
S-12asa quencherin the*A-12 fluorescencequenching
processdrivenby HLI.

Certainly, a larger B value signifies more effective
quenchingof the excitedacceptor(or the donor)by the
donor (or the acceptor).The resultsindicate that the B
valuesdecreasewith increasingΦ value (or decreasing
SAgP)for thequenchingof A-12* monomerby P-12, as
expected.Differentkq valuesin solventswith differentΦ
valuearesummarizedin Table3.

Basedontheassessedkq values,whicharemuchlarger
than1010 l molÿ1 sÿ1, a diffusional control fluorescence
quenchingprocessappearsto be very unlikely.14 There-

Table 2. B values (105 l molÿ1) of the quenching of A-n with P-n in DX±H2O systems with different Φ values at 35°C

Φ
0.20 0.25 0.30 0.35 0.40 0.45 0.50

A-16 andP-16 3.51 1.04 0.470
A-12 andP-12 2.04 0.747 0.209 0.0718 0.0400
A-8 andP-8 0.213 0.0960 0.0357
A-4 andP-4 /

a Uncertaintyis lessthan10%.

Table 3. kq (1012 l molÿ1sÿ1) of the quenching of A-n with P-n in DX±H2O systems with different Φ values at 35°C

Φ
0.20 0.25 0.30 0.35 0.40 0.45 0.50

A-16 andP-16 66 20 8.9
A-12 andP-12 38 14 3.9 1.4 0.75
A-8 andP-8 4.0 1.8 0.67
A-4 andP-4 /

a Uncertaintyis lessthan10%(tAn* = 5.3 ns).

Figure 3. I0/I of A-16 (1.0� 10ÿ6
M) vs [P-16] in the DX±H2O

system with different Φ values at 35°C
Figure 4. I0/I of the probe (1.0� 10ÿ6

M) vs [P-n] in the DX±
H2O system with Φ = 0.40 at 35°C
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fore, it might be concluded that the preassociation
quenchingprocessinducedby HLI-driven aggregation
is verysimilar to astaticquenchingprocess.TheB values
given in Figs3 and4 increasewith decreasingΦ values,
asexpectedfrom thefact thatwithin a limited rangeof Φ
values,SAgP and Φ are almost linearly related.11 At
larger Φ values, the tendency for aggregationand
coaggregationof theorganicaggregatorwill besmaller.

The I0/I versus[Q] plotstogetherwith thecorrespond-
ing B valuesareshownin Figs3 and4.Theyindicatethat
a larger B value signifies more effective fluorescence
quenchingby the quencher.Figure 4 showsthat in the
quenchingprocessbetweenA-n* and P-n, there is a
chain-lengtheffect of the substitutentgroup,andFig. 3
showsthatthereis aneffectof SAgPon theefficiencyof
fluorescencequenching.On the otherhand,on the basis
of previousfindings,thelifetime of theprobemonomeris
unchangedwith increasingquencherconcentration,i.e. it
appearsto be a constantwithin experimentaluncer-
tainty.11,14Therefore,thelifetimesof theprobeswerenot
measured.Finally, aggregationand coaggregationare
consequencesof stepwiseprocesses.19 For the measure-
ment of CAgC or CoCAgC valuesbasedon property–
concentrationplots there is usually a transition region.
Sincemeasurementsat theseextremelylow concentra-
tions are not very precise,the intercept value at zero
concentrationmaynot beunity.

In conclusion,the above-mentionedresults indicate
that we have successfully integrated the study of
photoinducedelectrontransferprocesseswith the study
of aggregationof organiccompounds.At low concentra-
tion (�10ÿ6 M) in DX–H2O systemsthe fluorescence
quenchingbetweenA-n* and P-n (or S-12) can be
facilitated by the proximity effect of the coaggregation
undertheinfluenceof HLI. Therefore,it is of importance
to find an empiricalparameter,hereindesignatedB, for
thefluorescencequenchingprocesswhichmayreflectthe
relativemagnitudesof thetendenciesof thefluorescence
quenchingin order to study structural effects on the
donorsandacceptors.
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