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ABSTRACT: In the dioxane-kD system, electron-transfer quenching processes have been observed between the
excited 9-anthrylmethyl esters of butyric acid-4), caprylic acid A-8), lauric acid A-12) and palmitic acid A-16)

as fluorescence probes, amdN-N-diethylaminophenyl esters of butyric acig-@), caprylic acid P-8), lauric acid

(P-12 and palmitic acidR-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 preassociate
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 edgatioh + B[Q]. The chain-length effect and

the effect of solvent aggregating power were also observed. Copytidi®99 John Wiley & Sons, Ltd.

KEYWORDS: coaggregate; anthracene derivativas:N,N-diethylaminophenyl carboxylates; fluorescence
quenching

INTRODUCTION To our knowledge, these observations have not been

reported previously. The fact that the critical coaggregate
Hydrophobic—lipophilic interactions (HLI) play an im- concentration (CoCAgC) value is so small may be
portant role in chemical and biochemical processes suchconsidered a consequence of the high aggregating
as conformational changes of biopolymers, the binding of tendencies of the aggregators (AgF3)Clearly, HLI-
a substrate to an enzyme, the formation of living cells driven processes such as self-aggregation and excimer
from biological molecules, ett® On the other hand, formation on the one hand, and HLI-driven processes
studies on photophysical and photochemical processes irsuch as co-aggregation and electron transfer on the other,
organized assemblies have also attracted much attendiffer only in the fact that the former involves only one
tion.*~® Since aggregates of electrically neutral organic Agr, whereas the latter involves two different kinds of
molecules are formed almost solely by HLI, some recent Agrs.
efforts have been dedicated to studies of hydrophobic Electron transfer is a very active topic in chemical
effects on photochemical and photophysical proce§Ses. researcH? such as the use of solar energy and
It has been reported that aggregation, coaggregation anghotosynthetic process. It is also well known that
self-coiling of organic molecules affect the formation of medium effects, such as solvent polarity, microheter-
excimers, the enhancement of energy transfer betweerogeneous environment and the addition of salts, have an
excited donors and acceptdrS and the hydrophobic important influence on the behavior of photoinduced
acceleration of electron transfer procesSesn the electron transfer between the donor and the acceptor in
present work, a novel finding is that at low concentrations solution!®> The present work broadens and extends
(~10"°Mm) *A-n can be used as an acceptor when studies on hydrophobic acceleration of electron-transfer
was used as a donor, but wh&12 was used as an processes facilitated by HLI-driven aggregation to the
acceptor, A-12 becomes a donor in electron-transfer study of the electron-transfer process between excited
quenching process driven by HLI (see structures below). 9-anthrylmethyl carboxylatesA¢n,n=4, 8, 12, 16) and

m-N,Ndiethylaminophenyl carboxylateP{n,n=4, 8,

12, 16) in order to demonstrate that aggregation can also
*Correspondence to:J.-L. Shi, Shanghai Institute of Organic exert a facilitating effect on the electron transfer process.
Chemistry, 354 Fenglin Lu, Shanghai 200032, China. In the present work, excited 9-anthrylmethyl carboxy-
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lateswith different chainlengths(A-n,n=4, 8, 12, 16)
were usedasacceptorsandfluorescencerobes,and m-
N,N-diethylaminophenyktarboxylategP-n,n=4, 8, 12,
16) as donorsand quenchersHLI-facilitated electron-
transfer processedetweenthem were investigatedby
meansof fluorescencespectroscopyin dioxane (DX)—
H,O systemswith different @ values,where ® is the
volumefractionof theorganiccomponenbf anaqueous—
organicmixture.

The occurrence of electron transfer between the
excited acceptorand the ground-statedonor resultsin
fluorescenceuenchingof the excitedacceptorA-n* by
P-n. This is anexpectedesultbecausat is well known
that intermolecularelectrontransfercan occur between
thelowestexcitedsingletstateanthracenastheacceptor
and N,N-diethylaniline as the donor?” It is also well
known that the electron-transfeiprocessfacilitated by
HLI-driven aggregationis very similar to the static
quenchingprocesghat occurswith fluorophoresalready
associatedwith the quencherinside the coaggregate
species:* We havenow experimentallydemonstratefbr
thefirst time thatfluorescencguenchingof A-n* by P-n

CH;(CH,),.COOH + SOCl,

CH,OH

+ CHy(CHy)pp COCI——n

O
S-12

canbe facilitated by HLI-driven coaggregationk-luores-
cencecan be quenchedby electrontransferor energy
transfer(or bothelectronandenergytransfer) Quenching
werecarriedout by exciting A-n at 360nm with P-n (or

S-12. The A\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 endothermicand
the most probable quenching mechanismis electron
transfer.n A-n—P-n systemsexciplexformationwasnot
observedunderour experimentalconditionsbecauseof

the polarity of the medium, as Weller*? and Otto-
lenghi*° havediscussegreviously.

Moleculesmay associatén solutionfor two reasons,
by van der Waalsforce and by collision-inducedweak
charge-transfe(CT) interactions.However, both inter-
actionsare weak. On the other hand, previous studies
have establishedthat preassociatiorof chromophores
drivenby HLI cangreatlyfacilitate excimerformation®
We speculatethat enhancemenbf A-n* fluorescence
quenching might also be facilitated by HLI-driven
coaggregatiorof A-n* and P-n at very low concentra-
tions (ca. 107 °m). Furthermore, the efficiency of

——  CH;(CH,), ,COCI

)

CH,OCO(CH,);;, CH;

A-n (n=4,8,12,106)

7 OCO(CHy)n., CH;

~

N
+ CH3(CHjy);.0 COCl ——

N(CH,CHs),

N(CH,CHj3),
P-n (n=4,8,12,16)

Scheme 1
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FLUORESCENCEQUENCHING OF ANTHRACENE DERIVATIVES 737

fluorescencequenching should depend on the chain
length of the substitutentgroupsof the acceptorprobes
(A-n*) or thedonorquenchergP-n*) andonthesolvent
aggregatingpower (SAgP) of the reaction media. All
thesespeculationhavebeenfoundto betrue.

EXPERIMENTAL

Apparatus. *H NMR spectravereobtainedat 90 MHz on
a Varian FX-90Q spectrometewith TMS astheinternal
standardChemicalshifts areexpressedh ppm (6). 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 *H NMR. All the esterswere
purified by flash column chromatographyon silica gel
with light petroleum—ethyhcetateaseluent.

Preparation of substrates. A-n andP-n werepreparedy
the reactionsshownin Schemel.

A typical procedurefor preparingthe target com-
poundsis asfollows. A mixture of lauric acidandexcess
thionyl chloride in anhydrousbenzenewas stirred and
refluxed for 3—4h and excessthionyl chloride and
benzene were removed under reduced pressure. A
benzenesolutionof 9-anthracenemethan(or 3-diethyl-
aminophenol)and pyridine was addedand stirred and
refluxedfor another2—3h. The solutionwaswashedwith
saturatedNaHCQ; and saturatedNaCl solution, dried
with anhydrousNa,SO, and the solventwas removed
underreducedpressureTheproductwaspurifiedby flash
column chromatographyon silica gel with light petro-
leum—ethylacetateaseluent.The preparatiorof S-12has
beenreportedelsewherg®

9-Anthrylmethyl ester of butyric acid (A-4). Greenish
liquid. *H NMR (CDCly), 6 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
C19H1802: C 81.99,H 6.52; found: C 81.57,H 6.52%;
UV-Vis absorption, Amax (¢) 347nm (4500
| mol~*cm™) 365nm (6700 I mol™*cm™) 385nm
(62001 mol~* cm™) (dioxane).

9-Anthrylmethyl ester of caprylic acid (A-8). Greenish
liquid. *H NMR (CDClg), § 0.8—1.7(m, 13H),2.3(t, 2H),

6.1(s,2H), 7.4-8.3(m, 9H), anal.calcdfor C,3H,60,: C

82.60, H 7.84; found: C 82.74, H 7.82%; UV-Vis

absorption: Amax (¢) 347nm (3200 | mol~*cm™),

365nm (4700 Imoltcm™), 385nm (4300
| mol~*cm™Y) (dioxane).

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

Copyright0 1999JohnWiley & Sons,Ltd.

for C,7H340,: C83.03,H 8.77;found:C 82.82,H 8.84%,
UV—Vis absorption: Amax (¢) 347nm (4600
Imol tecm™), 365nm (7000 I mol~*em™), 385nm
(64001 mol~* cm™) (dioxane).

9-Anthrylmethyl ester of palmitic acid (A-16). Greenish
solid, m.p. 72-73°C. 'H NMR (CDCly): § 0.9-1.7(m,
29H),2.3(t, 2H), 6.1(s,2H), 7.4-8.4(m, 9H), anal.calcd
for C31H4505: C 83.36,H 9.48;found: C 83.38,H 9.64%;
UV-Vis absorption: Anax () 347nm (1200
Imol~*ecm ™) 365nm (1600 I moltcm™) 385nm
(14001 mol~* cm™) (dioxane).

m-N,N-Diethylaminopheny! ester of butyric acid (P-4).
Colorlessliquid. *H NMR (CCly), 6 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 C14H>1NO,: C 71.46,H 8.99,N 5.95;found:C 71.47,
H 9.17,N 6.06%; UV—Vis absorption Amax () 260nm
(31 000 I mol~*em™), 304nm (4600 | mol *cm™%)
(dioxane).

m-N,N-Diethylaminophenyl! ester of caprylic acid (P-8).
GreenisHiquid. *H NMR (CCl,), § 1.0-1.8(m, 19H),2.4
(t, 2H), 3.3 (g, 4H), 6.2—6.9(m, 4H); anal. calcd for
C18H29NO,: C74.18,H 10.03,N 4.81;found:C 74.25,H
10.30,N 4.86%; UV-Vis absorption,\nax (¢) 260nm
(25000 I mol~tcm™), 304nm (3600 I mol~*cm™)
(dioxane).

m-N,N-Diethylaminopheny! ester of lauric acid (P-12).
GreenisHiquid. *H NMR (CCl,), § 0.9-1.8(m, 27H), 2.4
(t, 2H), 3.3 (g, 4H), 6.3—6.9(m, 4H); anal. calcd for
CyoH3/NO,: C76.03,H 10.73,N 4.03;found: C 75.94 H
11.03,N 4.08%; UV-Vis absorption;\nax (¢) 260nm
(41000 I mol *cm™), 305nm (7000 | mol~*cm™%)
(dioxane).

m-N,N-Diethylaminopheny!l ester of palmitic acid
(P-16). Colorlesssolid, m.p. 34-35°C. *H NMR (CCl,),
6§ 0.9-1.8(m, 35H), 2.4 (t, 2H), 3.4 (q, 4H), 6.3-7.0(m,
4H); anal. calcd for CogHssNO,: C 77.37,H 11.24,N
3.47; found: C 76.76, H 11.58, N 3.16%; UV-Vis
absorption, Amax (¢) 260nm (50 000 | mol~*cm™),
304nm (74001 mol~t cm™) (dioxane).

RESULTS AND DISCUSSION

Previouswork has shown that HLI can facilitate the
electron-transfeprocessbetweenexcited 1-o«-naphthyl-
3-oxaalkanes and 2-alkyl-3,5,6-trichlgo-1,4-benzo-
quinonesin DX—H,0 systemswith different ® values:*
In orderto avoid the self-quenchingf the fluorescence
probeA-n andothercompetingphotochemicaprocesses,
e.g.photoinduceddimerizationof excitedanthryl group,
in ourexperiment®nthehydrophobicacceleratiorof the
electron-transfemprocessbetween A-n* and P-n, the
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Table 1. CAgC (107 M) of A-n (n=4, 8, 12, 16) in DX-H,0
systems with different @ values at 35°C

()
020 025 030 035 040 045
A-16 1.67 7.09
A-12 3.63 12.7
A-8 489 15.0
A-4 >8.64

& Uncertaintyis lessthan10%.

concentratiorof A-n mustbe keptat lessthanits critical
aggregateoncentrationCAgC) valuesin the DX-H,0
solvent systemsused, becauset is generallyaccepted
that below the CAgC, the A-n existsin its monomeric
form in the DX-H,0 system.Therefore,the CAgCs of
A-n were first measuredby means of fluorescence
spectroscopyin DX-H,O systemswith different @
valuest”?andthe resultsaregivenin Table1.

Examinationof Table 1 revealsthat, asexpectedthe
CAgC values increasewith increasing® values (or
decreasingSAgP)for A-n in the DX-H,0 system,and
theaggregatingendencie®f A- n increasevith increase
in alkyl chainlength.

From our experimentalresultsin Figs 1 and 2 it is
notablethat different degreef fluorescenceuenching
of all A-n* fluorophoresare observedvhenP-n or S-12
is added.

It is very interestingthat A-12* can be usedas an
acceptowhenP-n is usedasa donor,but whenS-12is
used as an acceptor,A-12* becomesa donor in the
electron-transfequenchingprocesdriven by HLI. This
is consistentvith thepoint of view thatthetermselectron
donorandacceptorareonly relativeanda singlespecies
may behaveboth as a donor and as an acceptorin the
studyon organicelectron-transfecomplexes-’

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

P-12 (10 M)

a=0.00
b=0.43
=185
d=1.28
e=1.70
f=2.13
g=2.55
h=298

2ag

Fluorcscence
Intensity of A-12*

Figure 1. Effect of gradually increasing P-12 concentration
on the fluorescence intensity of A-12 (1.0 x 107% m).
¢ =0.30; Aex =360 nm; t=35°C

Copyright0 1999JohnWiley & Sons,Ltd.

S-12(10% M,

a=0.00
b=5.60
c=112
d=16.7
e=2273
=279
g=33.5
h=39.1

20077 §

Fluorescence
Intensity of A-12*

L2o0 LBo 500
A nm

Figure 2. Effect of gradually increasing S-12 concentration
on the fluorescence intensity of A-12 (1.0 x 107 % m).
¢ =0.30; Aex=360nm; t=35°C

beenshown that in the presenceof P-n in DX-H,0
solventsystemsP-n cannotbe excitedat 360nm, and
thereforeit could not interfere with the fluorescence
emissionof A-n*. Sincethe excitationwavelength(360
nm) is longer than the absorptionwavelengthsof P-n
(260and304nm)andS-12(270nm), the energytransfer
would be endothermicThis indicatesthat the possibility
of energytransferfrom *A-n to P-n (or S-12 could be
excluded.Hencethe most probablequenchingmechan-
ismis electrontransfer,jn harmonywith previousreports
thatthereis anelectron-transfeprocesetweerexcited
anthraceneand %round—stateN,N—diethylaniline in non-
polar solventst2°:d-

The fluorescencentensity of the excitedfluorophore,
A-12*, decreasewhenthe quencheP-12is added(see
Fig. 1). In this case A-12* wasthe electronacceptorand
P-12wasthe electrondonor,andHLI-driven preassocia-
tion precedeselectron transfer between the excited
acceptorand the ground donor inside the coaggregate
specieslin the case(Fig. 2) with A-n* asthe donorand
S-12asthe acceptorthe fluorescencéntensityof A-12*
also decreasedjuickly with increasingamountof S-12
addedto the DX-H,0 system,and hydrophobicaccel-
eration of electron transfer is clearly demonstrated.
However,in pureDX, thereis nofluorescencguenching
betweerA-n* andP-n atlow concentrationg~10° m),
whereasin the DX-H,O systemthere is fluorescence
guenchingoetweenA-n* andP-n atthe sameconcentra-
tion, brought about by the proximity effect of the
coaggregationunder the influence of HLI. From the
aboveexperimentakesults,we may concludethat under
different conditions,excitedanthracenalerivativesmay
serveeither as electronacceptorsor as electrondonors.
This observatiorhasnot beenreportedpreviously.

lo/l vs[Q] plotsshowthatthereis alinearrelationship
[Egn. (1)] between ¢/l and[Q] when[Q] is largerthanor
equalto CoCAgC,i.e. it is similar to the Stern—Volmer
equation,i.e. lo/l =1+ kg 70 [Q]. In Egn. (1), B is an

J. Phys.Org. Chem.12, 735-740(1999)
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Table 2. B values (10° Imol™") of the quenching of A-n with P-n in DX-H,0 systems with different ® values at 35°C

(0]
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 /

& Uncertaintyis lessthan10%.

Table 3. k, (10" Imol~'s™") of the quenching of A-n with P-n in DX-H,0 systems with different ® values at 35°C

(o)
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 /

& Uncertaintyis lessthan10% (tan+ = 5.3 ns).

empiricalcoefficient. Thereforewe usedB = k 7o for the
evaluationof kg, takingthet, valueass.3nsfor *A-n.*®

lo/I = A+B[Q] 1)

wherelg is thefluorescencentensityof excitedA-n in the
absencef the quencher] is thefluorescencéntensityof
excitedA- n in the presencef the quencherand[Q] is
the concentratiorof the quencher.

Furthermore,in the S-12-A-12 system,in ® =0.30
DX-H,0 at 35°C, the B value is 5.15x 10* and the
corresponding, for S-12is 9.7 x 10"* I mol* s™*. By
comparingthe aforesaidk, or B valueof S-12with thek,
value(3.8 x 101 mol~* s7%) or B value(2.04 x 10°) of

204 B=3.51x10° s
® = 0.40 B=1.04x10° B=047x10
1 @ =045 @ =0.50
1.84
1.64
1.44

0.8

IS R L S U A D P NS N R
0O 2 4 6 8 10 12 14 16 18 20 22 24

P-16] (10 © M)

Figure 3. /o//of A-16 (1.0 x 107% M) vs [P-16] in the DX-H,0
system with different ® values at 35°C

Copyright0 1999JohnWiley & Sons,Ltd.

P-12in the* A-12/P-12systenin ® = 0.30DX-H,0 (see
Tables2 and3), we mayconcludethatP-12is betterthan
S-12asa quencheiin the* A-12 fluorescenceuenching
procesdriven by HLI.

Certainly, a larger B value signifies more effective
guenchingof the excitedacceptor(or the donor) by the
donor (or the acceptor).The resultsindicate that the B
valuesdecreasavith increasing® value (or decreasing
SAgP)for the quenchingof A-12* monomerby P-12, as
expectedDifferentk, valuesin solventswith different®
valuearesummarizedn Table3.

Basedontheassesseki, valueswhicharemuchlarger
than10' | mol~* s7%, a diffusional control fluorescence
quenchingprocessappeargo be very unlikely.** There-

B=3.51x10°
A-16 vs. P-16
20
184 B =0.209 x 10°
A-12 vs. P-12
1.64
14
’_40 1
1.2
1.04
0.8 T T T M T T T T T T
0 5 10 15 20 25 30 35
6
[P-n](10 M)  ©=0.40

Figure 4. Iy// of the probe (1.0 x 10-% m) vs [P-n] in the DX~
H,0 system with @ =0.40 at 35°C

J. Phys.Org. Chem.12, 735-740(1999)
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fore, it might be concluded that the preassociation
guenchingprocessinduced by HLI-driven aggregation
is verysimilarto astaticquenchingprocessTheB values
givenin Figs 3 and4 increasewith decreasingb values,
asexpectedrom thefact thatwithin alimited rangeof @
values, SAgP and @ are almost linearly related'* At
larger @ values, the tendency for aggregationand
coaggregatiorf the organicaggregatomwill be smaller.

Thely/l versugQ)] plotstogethemwith the correspond-
ing B valuesareshownin Figs3 and4. Theyindicatethat
a larger B value signifies more effective fluorescence
quenchingby the quencherFigure 4 showsthat in the
quenchingprocessbetweenA-n* and P-n, thereis a
chain-lengtheffect of the substitutenigroup,and Fig. 3
showsthatthereis aneffectof SAgPontheefficiencyof
fluorescencejuenchingOn the otherhand,on the basis
of previousfindings,thelifetime of theprobemonomeiis
unchangeavith increasingquencherconcentrationi.e. it
appearsto be a constantwithin experimentaluncer-
tainty 1 Thereforethelifetimesof theprobeswerenot
measured.Finally, aggregationand coaggregationare
consequencesf stepwiseprocesses$? For the measure-
ment of CAgC or CoCAgC valuesbasedon property—
concentrationplots thereis usually a transition region.
Since measurementat theseextremelylow concentra-
tions are not very precise,the interceptvalue at zero
concentratiormay not be unity.

In conclusion,the above-mentionedesults indicate
that we have successfully integrated the study of
photoinducecklectrontransferprocessesvith the study
of aggregatiorof organiccompoundsAt low concentra-
tion (~10 ®Mm) in DX-H,O systemsthe fluorescence
quenchingbetweenA-n* and P-n (or S-12 can be
facilitated by the proximity effect of the coaggregation
undertheinfluenceof HLI. Thereforejt is of importance
to find an empirical parameterhereindesignated, for
thefluorescencguenchingorocessvhich mayreflectthe
relativemagnitudeof thetendencie®f thefluorescence
quenchingin order to study structural effects on the
donorsandacceptors.

Copyright 1999JohnWiley & Sons,Ltd.
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