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The molecular mechanism of radiationless deactivation from the excited singlet state of aminoanthraquinones
(AAQ) induced by alcohols and hydroperoxides was investigated by time-resolved picosecond fluorescence
measurements. AAQ suffered substantial fluorescence quenching with red shifts of.their benzene
solution upon addition of alcohol and hydroperoxide. Primary alcohols exhibited the largest quenching effects
among 26 alcohols examined, while tertiary alcohols were least effective. The-$t@imer constants were

well correlated with the3C NMR chemical shift of the carbinol carbon atom and the contact molecular
surface area of the hydroxyl hydrogen of the quenchers, while it apparently did not dependypaiups.

Contact molecular surface area was revealed to be a good quantitative parameter for the steric effect in the
intermolecular hydrogen-bonding interaction. The steric factor was dominant in the fluorescence-quenching
process, but the electronic factor becomes evident among the molecules having the same steric factor such as
benzyl alcohol derivatives, where the Hammet plot showed a good linearity. Fluorescence decay kinetics
clearly showed that two emitting levels were involved such as the fluorescent state in benzene and a fully
relaxed state in which reorganization of the surrounding alcohol was established. Estimated lifetimes of the
fully relaxed states were longer than those in neat alcohol by a factor of 30. The results were interpreted that
there were at least two relaxation pathways by alcohol reorganization through the intermolecular hydrogen
bond. A specific reorganization of alcohol to AAQ induced relaxation from the fluorescent state in benzene
to a relaxed, emissive state and to another relaxed, nonfluorescent state. The latter leads to an efficient
radiationless deactivation. The relaxed emissive state corresponds to the excited state of intermolecular
hydrogen-bonded species of AAQ with the alcohol in the ground state in which the hydroxyl group of alcohol
interacts through an in-plane mode against the carbonyl oxygen of AAQ. Another relaxed nonfluorescent
state is formed through an out-of-plane mode interaction between AAQ and the hydroxyl group of alcohol.

Introduction have reported an efficient deactivation of the excited singlet
state of AAQ in ethandl. An intermolecular hydrogen bonding
with the hydroxyl group of alcohol was revealed to be a
dominant mode of radiationless deactivation to the ground state,
and the electronic excited energy was supposed to dissipate
through the hydrogen bond as vibrational energy. The findings
were supported by many researchers for other AAQ
derivatives’1 Moog et al. also reported similar results on
aminofluorenone derivatives.

Recently, we have found that not only alcohol but also
hydroperoxide quenched the fluorescence of ARQWith the

In the electronic excited state, many molecules have dipole
moments larger than in the ground stat&he dynamic changes
of the dipole sometimes induce formation of a strong hydrogen
bond in the excited stafe.The formation of a tight hydrogen-
bonded complex leads to very important phenomena. Two
m-conjugated systems show efficient deactivation by forming
hydrogen-bonded complexes as observed among aminogyrene
or pyrenot and pyridine. The shifting of pyrene’s active proton
toward pyridine by an intermolecular hydrogen bonding leads

to lower ionization potential of pyrenes over 1 eV. Then f hing the d i fhvd id
ultrafast electron transfer occurs in nonpolar solvent even when uorescence quenching the decomposition of hydroperoxide was

the electron-transfer reactions are very endergonic as predicteagpsgrve‘tI The decr:) mpor?itri]on. of hydrloperloxige dCOUId rEeag that
by the usual Marcus theory. The hydrogen-bonding interaction Issipated energy through the Intermolecular hydrogen bond was

between twar-conjugated systems also plays important roles converted selectively to induce chemical reaction such as bond
in triplet—triplet energy transfer as reported for the carbazole cleavage. Stermvolmer anﬁlyses for the obtained products
and quinoline systePnand in porphyrins systents.Another show that the decpmposmon was closely re"?‘ted fo the
crucial case is a system between conjugated and nonconjugateduorescence-quenching process. From the viewpoints of energy

molecules. Aminoanthraquinones (AAQ) are characteristic dissipation, upon radiationless deactivation from the electroni-
molecules that exhibit strong intermolecular hydrogen-bonding cally excited state the excited energy has generally been accepted

interaction in the excited state, since the excited states have &° d|ssl|4pate randomly through the surrounding solvent mol-
strong intramolecular charge-transfer naturéhe large electron ecules: '_I'he sc_an_smzed decor_npo_5|t|on of hydroperoxide

density on the carbonyl oxygen of AAQ in the excited state coupleo_l with radla‘glonless deactivation strongly suggests that
strongly promotes an intermolecular hydrogen-bonding interac- the excited energy is not randomly but at least partly selectively

tion with a nonconjugated molecule such as an alcohol. We transferred to a specific molecule surrounding the chromophore
in the case. An investigation of the microscopic molecular

*To whom correspondence should be addressed. E-mail: inoue- mechanism of radiationless deactivation by intermolecular
haruo@c.metro-u.ac.jp. ' ' hydrogen-bonding interactions would clarify the problem of
@ Abstract published irAdvance ACS Abstract©ctober 1, 1997. whether the energy dissipation is inherently isotropic or aniso-
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tropic. In this paper, we tried to understand the microscopic 3
molecular mechanism of radiationless deactivation induced by
intermolecular hydrogen-bonding interactions on the basis of
our previous finding3.
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Materials. 2-Piperidino-9,10-anthraquinone (2PAQ) and
2-amino-9,10-anthraquinone (2AAQ) were purified as reported
elsewheré. Purity was confirmed by HPLC (ODS, acetonitrile, ‘ . NS,
220 nm detection). Solid alcohols (diphenylmethanol, 1,2- 200 as0 400 450 500 550
cyclohexanediol, diphenylethanol, triphenylmethanol) were puri-
fied by repeated recrystallization from benzene/hexane mixtures, _ _ N
and liquid alcohols were refluxed over the corresponding Figure 1. UV—vis absorption spectral changes of 2AAQ upon addition
magnesium alkoxide or calcium hydride, then fractionally ?kroitg%?f?é.réitt?jnsop:]:ct?é0.3‘ 0.5,0.7, 1.0 M, and the inset shows
distillated under nitrogen atmosphere. Methadplflsotec, '

99.96% D), methanadls (Nakarai, 99.96% D), and ethanGid
(Aldrich, 99.5%t D) were used as received. Triphenylmetha-
nol-O-d was prepared by stirring the benzene solution with
deuterium oxide (Merck 99.95%D), then dried in vacuutert-

Butyl hydroperoxide was purified by fractional distillation under
reduced pressure for three times. Cumene hydroperoxide was
purified by the usual alkali salt methéel.Benzene was washed
with concentrated sulfuric acid, then with water, dilute sodium
carbonate aqueous solution, and water followed by drying with / ,
calcium chloride, refluxing over benzophenone ketyl, and 00 600 500 600
fractionally distilling under nitrogen atmosphere.

Measurements _Absorption spectra were measured with Figure 2. Fluorescence spectra (left) and their normalized spectra
Shimadzu UV-2100PC spectrophotometer. Steady-state ﬂuo'(right) of 2AAQ upon addition of ethanol, where [ethanei]0—0.05

rescence spectra were measured by a Hitachi F-4010 sp_ec_trofM and the inset shows the 2AAQ fluorescentey dependence on

luorometer equipped with Hamamatsu R928 photomultiplier quencher's concentrationOf primary alcohols; &) secondary alco-

tube. Fluorescence decay and time-resolved fluorescencehols; O) tertiary alcohols; M) hydroperoxides.

spectra were measured by a picosecond fluorescence lifetime

measurement system (Hamamatsu C4334 streak scope, concalculated to be smaller than 1.0 for 2AAQ and 1.0 for 2PAQ

nected with CHROMEX 250IS polychromater) with a Hamamat- in benzene. Under the experimental conditions of [ethaol]

su PLP-02 semiconductor laser (420 nm, fwhm 20 ps, 1.19 mw, 0—0.05 M, more than 95% of AAQ exists alone without forming

1 MHz) under photon-counting conditions. Fluorescence time a 1:1 complex with ethanol.

profiles were fitted by a convolution method. All measurements  Steady-State Fluorescence SpectraFluorescence of AAQ

were carried out at room temperature. was quenched efficiently by the addition of various alcohols
Contact Molecular Surface Area Calculation Contact and hydroperoxides as observed in the case of ethanol, while

molecular surface area is defined as the van der Waals molecula@PSOrption spectra were little influenced. In addition, fluores-

surface area that is exposed outside and is accessible by anothé&€Nce spectra showed substantial red shifts (Figure 2). Twenty-
specific probe atom or moleculé. A specific probe atom that six alcohols were examined. The red shift on addition of each

has a van der Waals radius is rolled on the surface of the &lcohol was plotted against the concentration of alcohol in the
corresponding molecule in an optimized geometry, and the inset of Figure 2. Very interestingly, the plot afforded a simple

unexposed area, which is not accessible, is named the reentrarin€ that involves all the data from various alcohols at different
surface. The oxygen atom of the carbonyl in AAQ was chosen concentrations. Hydroperoxides also offered the data on the

as the specific probe atom in this case, and GavezztMol line. This suggests that all the alcohols behave in a similar
van der Waals radii (H, 1.15 A; C 1_7é AN 155A: O 1.40 Manner and that hydroperoxides also simply act as alcohols in

A F, 1.30 A) were used The quencher structures were first the fluorescence-quenching processes. We then examined the

estimated by molecular mechanics (MM2 parameter was used)dlfference c_>f quenching efficiency for various "?"°°h°'s and
and further optimized by MOPAC (Version 94.10, PM3) of the hydroperoxides. The SteffVolmer analysis is written as
CAChe system on the Macintosh. The calculation of the contact o

molecular surface area of the hydroxyl hydrogen of quenchers il S kJ[ROH] =1+ K, [ROH] (1)
(MS(OH)) was done by ARVOMOL, Version % on an IBM D S

RS/6000-590, and an MS-DOT algori¥hwas used.
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Here, ®go, Pr, kg, andz are fluorescence quantum yield in the
absence and presence of quencher, quenching rate constant, and
fluorescence lifetime in benzene, respectively. The apparent
Absorption Spectra. Absorption spectra were little influ-  Stern-Volmer constantKs,) of 2AAQ, calculated for fluores-
enced by the addition of alcohol under the experimental cence intensity atmax varied from 57.5; = 7.7 x 10° M1
conditions. On addition of excess alcohol, absorption spectras™?), the maximum value for methanol, to 10k, € 1.4 x 10°
showed red shifts with isosbestic points (Figure 1). Assuming M~1s™1), the minimum value for triphenylmethanol. Fluores-
the change of each spectrum to be the formation of the 1:1 cence-quenching efficiencies in terms of the apparent Stern
complex between AAQ and ethanol, association constants wereVolmer constantKs, are shown in Table 1. Fluorescence

Results and Discussions
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TABLE 1: Apparent Stern —Volmer Constants for the Fluorescence QuenchingKs,)? of 2AAQ and 2PAQ by Alcohols and
Hydroperoxides and Contact Molecular Surface Are& of Hydroxyl Hydrogen (MS(OH)) of Quenchers

st (M_l) KSV (M_l)
MS(OH) (A) 2AAQ 2PAQ MS(CH) (A?) 2AAQ 2PAQ
—OH 6.44 57.5 52.4 —‘(-OH 4.36 32.9 27.5
~“OH 5.82 46.7 40.0 Ph+OH 4.15 23.7 27.7
Ph" OH 5.82 45.2 62.3 Ph 2.91 20.5 31.7
Ph+0H
5.40 23.1 31.8 Ph 2.29 10.4 23.0
Ph X on Ph—-OH
Ph
FsC" T OH 5.81 50.8
@—OH 4.78 24.4 29.3 CD3;0D 42.2
/]\ 4.99 37.9 31.1 CD3;0H 52.7
OH
dl-/]\ 3.95 31.0 39.3 C,Hs0D 35.0
Ph” OH
Ph 4.57 32.9 35.4 Ph 19.4
Ph/l\OH Ph’i‘hOD
@OH 8.30 69.4 81.6 HO{CH, Y OH 11.2 112 110
OH 3
“OH 6
Ph—-ooH 6.23 40.0 48.7 -{-—OOH 6.44 54.4 66.0

a Apparent SterarVolmer constants obtained from fluoresceriggy intensity.? Gavezzotti/PcMol van der Waals radii (H, 1.15 A; C, 1.75 A;
N, 1.55 A; O, 1.40 A; F, 1.30 A) and MS-DOT algorithm were used in the ARVOMOL program, and the probe radius is fixed ¥8140

lifetimes of 2AAQ and 2PAQ were also measured. The 60 5

lifetimes were shortened on addition of alcohols and hydrop- so t o
eroxides. The SternVolmer constants of lifetime measure- - ° o
ments coincide well with those of steady-state fluorescence E 40 [

quenching® These results clearly indicate that the fluorescence ~ o 4
guenching by alcohols and hydroperoxides is almost a dynamic 5 30 [

process. Deuterium isotope effects of the hydroxyl hydrogen al 20 | o o
of alcohols were appreciably observed in tdg/’s among

methanol Ks(OH)/Ks(OD) = 1.24), ethanolks(OH)/Ks(OD) 0 a0 70 iho
= 1.14), and triphenylmethanoK{(OH)/Ks(OD) = 1.19), $ (ppm)
while deuteration of the methyl group of methanol did not affect PP
Kev at all (Table 1). The hydroxyl group is indicated to play a Figure 3. Correlation between apparent Steiiolmer constants of
crucial role in the fluorescence quenching. the f_Iuorescence guenchlngs(,) of 2AAQ andC chemlcal shift of

Steric and Electronic Factors in Fluorescence Quenching Carbmo',carbon. in CDG! (O) primary alcohols; 4) secondary

. - alcohols; ) tertiary alcohols.

Obviously, primary alcohols have larger Steivolmer con-
stants, while secondary and tertiary alcohols were less effectiveinvolve the steric factor also. The chemical shift'e€ NMR
for the fluorescence quenching. The difference in quenching might be one of the candidates. The chemical shitfGfNMR
efficiency would reflect the molecular properties of quenchers reflects mainly electron densiyand simultaneously does type
and be mainly ascribable to (1) the electronic factor and (2) the and number of substituents also. As shown in Figure 3, a good
steric one. One of the typical experimental indexes of the correlation between the fluorescence quenching efficiency and
electronic factor of the hydroxyl group might be thi€pvalue. the 13C NMR chemical shift of carbinol carbon was observed.
Any definite correlation, however, between t#g's and KJ's For the more microscopic molecular index for the steric factor,
of the examined alcohols and hydroperoxides was not observedhere we use a concept of contact molecular surface area, which
at all2! The hydrogen bond donor acidity introduced by had been originally used in biochemistry, especially for
Kamlet and Taft showed good correlation with the fluorescence- interpretation of protein structuré$. Some attempts on quan-
quenching efficiency, though the data points were limited to titative treatment of molecular properties such as solubility,
four kinds of liquid monoalcohol® Those results suggest that viscosity, and the heat of vaporization were reported by
the steric factor predominates over the electronic one in the calculating molecular volumes and molecular surfZée$he
fluorescence quenching, since thiégs are defined as acid contact surface area of only hydroxyl hydrogen (MS{D
base equilibrium against the water molecule, while the inter- which should be responsible for the intermolecular hydrogen
molecular hydrogen bonding requires an orientation of the bond and is accessible by the carbonyl oxygen of AAQ was
hydroxyl hydrogen toward the carbonyl oxygen atom of AAQ’s, calculated (see Experimental Section). The M@ largely
which are inherently bulky molecules for the alcohols and dependent on the rest of the atoms within the molecule as shown
hydroperoxides. We need some other appropriate indexes thain Table 1. Primary alcohols have the largest contact molecular
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Figure 4. Correlation between apparent Steiviolmer constants of

the fluorescence quenchingls{)) of 2AAQ and contact molecular
surface area of hydroxyl hydrogen (M34) of quenchers: @) primary
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Figure 5. Hammet plot for apparent StetiVolmer constants of the ! . ! !
fluorescence quenchingK{) of 2PAQ by para-substituted benzyl Time (2ns/div)

alcohols. Figure 6. (a) Time-resolved fluorescence spectra of 2AAQ with 0.05

surface area, while tertiary alcohols have the smallest ones.M ethanol at Os, 1.8, and 4.5 ns after excitation. Gate width is 0.4 ns.
b) Fluorescence decay profiles in short (4295 nm) wavelength

qulr_operoxides ha\_/e rather large contact surface areas a egion. (c) Fluorescence decay profiles in long (6621 nm)
anticipated from their structures where the hydroxyl hydrogen \yayelength region.
is more exposed outside than alcohols owing to the presence
of another adjacent oxygen atom. The correlation between theextent of steric effects is more evident in the gas-phase rather
fluorescence-quenching efficiency and contact molecular surfacethan in solution where many collisions within the solvent cage
areas is shown in Figure 4. Very good correlation was obtained. would mask the effect' In excited energy-transfer processes,
The results show that the larger the contact surface area of thethe steric effects are more profound in the triplet excited state
exposed hydroxyl hydrogen itself, the greater the quenching than in the singlet on& The triplet state energy transfer that
efficiency. Hydroperoxides also afforded the data on the line proceeds through a Dexter type electron exchange mechanism
(Figure 4), indicating again that they simply act as alcohol requires overlapping of orbitals between the two chromophores.
molecules. In the case of hydrogen-bonding interaction, the As easily understood, intermolecular interaction, which requires
formation of a hydrogen bond is difficult when hydroxyl proximity between the two molecules such as in intermolecular
hydrogen is sterically hindered. Thus, contact molecular surface hydrogen bonding, makes the steric effects more evident. The
area can be a good parameter of steric hindrance. chemical shift of'®*C NMR and contact molecular surface area
Though K, values of alcohols and hydroperoxides had of hydroxyl hydrogen can be good quantitative parameters for
apparently no correlation with the fluorescence quenching, the steric effect as demonstrated in the present case.
correlation was again examined among a seriesparfa Time-Resolved Fluorescence SpectraFluorescence-quench-
substituted benzyl alcohols that have almost the same contacing dynamics were studied by time-resolved spectroscopy. As
surface area and the same steric factors. The Hammet plot fordescribed earlier, the Sterivolmer constant for steady-state
2PAQ is shown in Figure 8 Substitution by an electron-  fluorescence and fluorescence lifetime (all emission) agreed well
withdrawing group enhanced the fluorescence quenching. A within experimental error. In detail, however, more complex
good linear relationship was obtained. This indicates that benzyl decay phenomena were observed. As shown in Figure 2, the
alcohols act as a hydrogen-bonding donor. steady-state fluorescence spectra on addition of ethanol normal-
All the results obtained above clearly demonstrates that the ized at theilmaxintensities indicated that new emission appeared
fluorescence quenching by alcohols and hydroperoxides isin the long wavelength region to induce the shift of the
directly correlated with the specific intermolecular interaction fluorescencelmax to the red. Similar tendencies were also
between the hydroxyl hydrogen of alcohols and the carbonyl observed in other alcohols and hydroperoxides. In accord with
oxygen of AAQ. The interaction can be concluded as an the steady-state fluorescence spectra, time-resolved fluorescence
intermolecular hydrogen bonding between the carbonyl oxygen spectra of 2AAQ on addition of ethanol also exhibited a red
and hydroxyl group of alcohols or hydroperoxides. Steric effects shift of theirAmax during the decay (Figure 6). Obviously, new
on excited-state chemistry have been studied for many photo-emission has appeared in the long wavelength region. Fluo-
chemical processes such as energy tradéfagctron transfef® rescence decay in the shorter wavelength region-t485 nm)
exciplex formatior?® and other reaction®. Generally, the showed two-component decay profiles, and clear rise and decay
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Figure 7. Two emissive excited states diagram including original 05
fluorescent state AQ* and relaxed emissive state AQ*(RX). The rate
constants, ki, k-1, andk' denote the deactivation rate constant from 0 y L L L 0

AQ* to the ground state, the forward relaxation rate constant from AQ* 0 002 004 006 008 o

to AQ*(RX), the backward process from AQ*(RX) to AQ*, and the [Ethanol] (M)

deactivation rate constant from AQ*(RX) to the ground state, respec- rjg,re 8, Concentration dependence of the time constant for 2PAQ
tively. with ethanol or ethanoB-d: (O) A; + A, (ethanol); @) 11 + 1,

(ethanolO-d); (O) 1.4, (ethanol); @) 1.4, (ethanolO-d)).
profiles were observed at longer wavelengths (6621 nm)

one (Figure 6). Steady-state fluorescence in rigid ethanol at 7. Then eqs 27 give the following relationship for the time
77 K afforded substantial information about the new emission. constantsl; and4 » (egs 8 and 9):
The Amax Of fluorescence of 2PAQ in rigid ethanol at 77 K (580

nm) was much shorter than in fluid ethanol at room temperature Ayt A=K+ kg + K + Kk [ROH] (8)
(674 nm) and was almost the same as that in benzene at room _ )
temperature (584 nm). Similar tendencies were also observed Ayhy = K(k_; + K) + Kk [ROH] ©)

in the case of 2AAQ, though thignaxin rigid ethanol (550 nm) S ) ]
was a little longer than in benzene (527 nm) but much shorter The |nd|V|o!uaI rate constant can be estimated by obser_vmg the
than in fluid ethanol at room temperature (631 nm). concentration dependence of time constapendl,. We tried
. to estimate these rate constants for the 2A#gthanol system
These rgsults strongly suggest that the new emission thatand the 2PAQ®-ethanol or—ethanolO-d system. It would be
appeared in the long wavelength region is ascribable to

. . expected that in the short wavelength region, emission is mainly
reorganization of the surrounding solvent ethanol. In the fom the original fluorescent state in benzene and in the long

presence of ethanol in benzene solution, reorganization of,\4yelength region emission is mainly from the RX state, though
ethanol to the excited AAQ to form a relaxed intermolecular 4y the emissions are superimposed with each other over the
hydrogen-bonded excited state would induce the new emissiongntire wavelength region. Owing to a limited signal-to-noise
in the long wavelength region. ratio in the short wavelength region where the fluorescence from
Rate Constants of Fluorescence QuenchingAll the results the RX state is by far the weaker than in the long wavelength
obtained above clearly show that this system is described well region, concentration dependencies of the time constants were
by assuming two emitting levels such as the original fluorescent examined for the data of long wavelength region. The results
state in benzene AQ*, which is close to the Fran€london are shown in Figure 8 and Table 2. The plot of Figure 8
state, and the less emissive relaxed state AQ*(RX) as shown insuggests that the daka, k' obtained from the slope are more
Figure 7. The alcohols or hydroperoxides would be strongly reliable than the datek(; + k') from the intercept, which has
hydrogen bonded to the carbonyl of AAQ in the relaxed state an appreciable error inherenfty. Thus, the rate constaht
AQ*(RX). Time dependencies of these state populations are wWas estimated by the following procedure. Supposing the

expressed as in eqs-2:33 fluorescence-quenching scheme is as in Figure 7, the Stern
Volmer equation (eq 1) of steady-state fluorescence quenching
[AQ¥](1) = A exp(=A,t) + B exp(-A,t) ) should be modified to give eq £8.
kK
* = — — — 1+ ———ROH
[AQ*(RX)I(1) = Clexp-it) — expA)}  (3) o, LT rgRoH]
o ke k (10)

F 1

k+ Kk, [ROH] — 4 1+ ————[ROH]
Az ( ROH 2)[AQ*] 0 @ )
1 2

wherek = kg + knr, K = kf' + knr(RX) with ke andkg’ being

the radiative rate constants of the original fluorescent state and
)[AQ*] 0 (5) the relaxed state, respectivelykyr and kyr(RX) denote

nonradiative rate constants of the original fluorescent state and

the relaxed state, respectively. The good linear Stdfwimer

_ [4,— k= K[ROH]
B Al - /12

_ _ plot in each cas¥ strongly suggests that the terrk:'ky/(ke-
C= (k1 ky[ROH] — 4)(k + k,[ROH] lZ){AQ*] s (6) (k-1 + K))][ROH] in the denominator of eq 10 is negligible
K_4(Ay = 4)) and that the equation can be written as
— ' ) kK
A15,=0.5(k + k[ROH] + k_, + K F P=1+_——1[ROH] (11)

D T kK, +K)

\/(k + k,[ROH] — k_; — K')? + 4k_,k,[ROH]} (7)

Thus, the SterrVVolmer constanKs, in eq 1 leads to the relation
where [AQ*], denotes the initial concentration of AQ* just after  Kg, = ky/k = kik'/(k(k-1 + k')). The apparent quenching rate
the laser pulse ankl ki, k, andk’ are rate constants in Figure constantk; obtained in steady-state fluorescence quenching is
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TABLE 2: Rate Constants in Fluorescence Quenching of AAQ by Ethandl

k1 k’ kq kfl
quencher (10°°M -1 g hybe (108 s 1ybd (1°M-tshe (1 s b
2AAQ ethanol 0.98 6.4 6.2 3.7
2PAQ ethanol 1.2 5.3 4.2 9.6
ethanolO-d 11 35 3.7 7.1

ak values in benzene are 1:3 1(® s™* (2AAQ) and 1.1x 1(® s ! (2PAQ), respectively? Fluorescence decays of 2AAQ (66621 nm) and
2PAQ (660-680 nm) were analyzed.Obtained from the slope of; + 1, vs [ROH] plot.9 Obtained from the slope ofi1, vs [ROH] plot.
e Apparent fluorescence quenching rate constant obtained from egikfointensity.f Calculated by eq 12.

1.1 12
= é /"M‘“w ~ or
3 3 1.0/ E st
> = ~ N
G 2 5 6r
1~ G
£ < 4L
K| <
LA
08
550 600 650 600 700 800 0 L N i
Wavelength (nm) Wavelength (nm) 1 2 3 4
Figure 9. (Left) Fluorescence spectra of 2PAQ with ethanol in benzene, Igo / Ig
where the intensity was normalizediatx (solid line) 0.05 M ethanol; Figure 10. Fluorescencéma of 2AAQ on addition of ethanol®),
(broken line) 0.05 M ethandD-d). (Right) Ratio (ethanoB-d/ethanol) 1,3-propanediol @), and 1,2-cyclohexanediol{ against quenching
of normalized spectra. ratio (Iro/le).
thus expressed as eq 12 of the relaxed hydrogen-bonded excited state, while in neat
ethanol AAQ are all surrounded by plural ethanol molecules,
KK and more than one ethanol molecule may play important roles
ky= L (12) in the deactivation.
k. tK Fluorescence Quenching by Diol To get more information

about the above point, fluorescence quenchings by diols, which

The backward proceds ; was thus calculated from eq 12 by have two hydroxyl groups within one molecule, were further
the values okg, ki, andk'. The forward relaxation processes examined. 1,3-Propanediol as a flexible diol aisd andtrans:
(k) forming the hydrogen-bonded states were nearly diffusion 1,2-cyclohexanediol as rigid diols were used, and the results
controlled?” while the backward onesk(;) were almost were compared with other monoalcohols. As expected, the
negligible compared witk;. The decay rate constant from the contact molecular surface areas (M$&(Q of the diols were
RX state of 2AAQ k') was about 5 times larger than the decay calculated to be almost as doubled as with those of monoalco-
rate constank in benzene. hols (Table 1). SteraVolmer constants of steady-state fluo-

The deuterium isotope effect was examined in the case of rescence quenching in benzene were also well correlated with
2PAQ, which has no NH bond and suffers no deuteration of the MS(CH) as indicated in Figure 4. Any characteristic
the amino substituent in contrast to 2AZQEthanolO-d was difference was not observed in the SteNolmer constant
used for the quencher, and the obtained rate constants areamong monoalcohols and diols. A striking difference, however,
compared in Table 2. A moderate deuterium isotope effect wasevidently appeared in the shape of the fluorescence spectra.
observed ork (Kow/k'op = 1.5). The effect may reflect the  Fluorescencémax of 2AAQ in benzene against relative fluo-
difference in Franck Condon factor betweerO---H—O— and rescence intensities on addition of ethamid; andtrans-1,2-
=0---D—0O— in the radiationless transition through the inter- cyclohexanediol, and 1,3-propanediol are compared in Figure
molecular hydrogen bond. Interestingly, the deuterium isotope 10. As described earlier, thianax shifted substantially to the
effect was also observed in the shape of the fluorescencered on addition of ethanol owing to the appearance of a new
spectrum on addition of ethan@l-d or ethanolo-h. The emission band in the long wavelength region, while 1,3-
normalized spectra are compared in Figure 9. The relative propanediol hardly induced the new emission, and thus, the shift
intensity in the long wavelength region on addition of ethanol- of 1. was very small (Figure 10). Interestingly, the charac-

O-dwas stronger than in the case of etha®sh. This is well teristic difference was observed only in the case of 1,3-

rationalized by the larger contribution of the new emission in propanediol, and other diols such as- and trans1,2-

the long wavelength region due to the longer lifetimek'(16f cyclohexanediol exhibited larger spectral shifts as in the case

the RX state in the case of ethar@td. of ethanol. The results suggest that 1,3-propanediol can quench
Here, we could recognize a very crucial point. The deactiva- the new emission in the long wavelength region, which has

tions from the RX state in benzenke)(were 6.4x 108 s~1 for appeared in the cases of other alcohols. The phenomena must

2AAQ and 5.3x 1 s71 for 2PAQ, by far slower than those be closely related to the deactivation in neat ethanol where
in neat ethanol, 1.% 109 s™1 (r = 54 ps for 2AAQ) and 2.5 efficient quenching is operating owing to a possible participation
x 10" s71 (r = 40 ps for 2PAQ)}. Though the emitting state  of more than one ethanol molecule. The results could be
in neat ethanol is a relaxed hydrogen-bonded excited ate, plausibly explained as follows. Once the one hydroxyl group
the discrepancy between the deactivation in benzene and ethanadf 1,3-propanediol is attached to the carbonyl oxygen of excited
might be too large for a simple difference of solvent character AAQ, the second hydroxyl group within the diol molecule

such as polarity. It strongly suggests that the hydrogen-bondedpresumably attacks the carbonyl oxygen to induce an efficient
excited states of AAQ are not necessarily the same but have adeactivation. The efficient deactivation leads to a quenching
different nature in benzene and ethanol. In benzene solutionof the new emission in the long wavelength region. Supposing
unimolecular collision of ethanol would induce the formation that two hydroxyl groups on the carbonyl oxygen induce an
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Figure 11. Molecular orbitals of carbonyl group and approaching
direction to form the hydrogen bond. a and b are in-plane mode
approachs to,pand sp orbitals. c is the out-of-plane mode approach
to the p orbital.

efficient deactivation, a size fitting between the carbonyl and
diol molecule would operate in the process. The geometrical
situation of the two hydroxyl groups of 1,3-propanediol may
be suitable for seizing the carbonyl oxygen, witie andtrans

1,2-cyclohexanediol may have too short distances, and congested

hydroxyl group with rigid structure may prevent the second
attack of another hydroxyl group on the carbonyl oxygen.
New Emission in the Long Wavelength Region Simple

questions may arise from the results and the speculation above

Yatsuhashi and Inoue

o
NH;
AGF ~_ ko
/ \, 0.%0/?
AQ*(RX,)
S non-Emissive
i\ State

AQ*(RXj)

Emissive
State

Figure 12. Oversimplified picture of the molecular mechanism of
fluorescence quenching. The left path) (fepresents a relaxation to

the emissive state AQ*(RX The right path ;) represents a relaxation

to the nonemissive state AQ*(RXwhere the effective deactivation to

the ground state is dominant. Relaxation to the AQ*(lRXould be

What is the actual species that causes the new emission in thenduced in the case of 1,3-propanediol.

long wavelength region? What is the difference in interactions

between the first and the second attack of the hydroxyl group mode attack” as depicted in Figure 11c. The out-of-plane mode
toward the carbonyl oxygen in the case of 1,3-propanediol? As attack was also reported in hydrogen bonding to the fluorenone
described earlier, 2AAQ and 2PAQ formed hydrogen-bonded radical aniorf? The dual mode interactions in the case of 1,3-
complexes upon addition of excess ethanol, though the formationpropanediol suggests that the phenomena should be closely
constants were rather small. The new absorption band due torelated to the efficient deactivation in neat ethanol where plural
the hydrogen-bonded species appeared in the original absorptioralcohol molecules can participate in the solvent cage. In ethanol,
edge as indicated by the difference spectra in the inset of Figurethe dual mode interactions of in-plane and out-of-plane are
1. Selective excitation of the hydrogen-bonded species in thethought to operate simultaneously to lead to very efficient
ground state on addition of excess ethanol induced an emissiondeactivation (Figure 12). These experimental results and
other than the original fluorescence. The new emission can bediscussions further lead to the following speculation. In benzene
safely assigned as the fluorescence from the excited state ofsolution, unimolecular attack of ethanol may not necessarily
the ground-state hydrogen-bonded species of AAQ. Quantumbe predominant in the in-plane mode, but the out-of-plane one

yields of the fluorescence were 0.0023(2AAQ) and
0.0047(2PAQ}Y? 2 orders of magnitude less emissive than the
original fluorescencedr = 0.14 (2AAQ) and 0.13(2PAQ),
respectively). The shape atgax (612 nm, 2AAQ; 644 nm,
2PAQY* of the fluorescence look very similar to those of the
new emission in the long wavelength region observed in the

is thought to operate also. The unimolecular attack in the out-
of-plane mode would form another nonemissive relaxed excited
state that suffers very efficient deactivation. All the obtained
results and discussions thus could depict Figure 12 as the
molecular mechanism of fluorescence quenching.

To the original fluorescent state in benzene AQ*, the in-plane

steady state and time-resolved fluorescence spectra under thenode attack of alcohok() leads to the formation of the less

normal conditions ([ethano# 0—0.05 M) where the formation
of the ground-state hydrogen-bonded complex is negligible.
Thus, the relaxed excited state (RX) depicted in Figure 7 could

emissive, relaxed hydrogen-bonded state AQ*)R¥hich is
the excited state of the hydrogen-bonded complex in the ground
state. The out-of-plane mode attadk)(will form another

be assigned as the corresponding excited state of the groundnonemissive hydrogen-bonded excited state AQ*{RXhere
state hydrogen-bonded complex. Since a hydrogen bonding tothe interaction is through the* orbital of AAQ. The observed
a ground-state carbonyl oxygen is generally induced on ak; is thus expressed &s = k; + k,. The rate constarkt’ thus

nonbonding porbital as shown in Figure 1¥dthe conforma-
tion should be the same in the RX state, which is the excited

state of the ground-state complex. The relaxation to hydrogen-

bonded excited state (RX) thus could be induced by an “in-
plane mode attack” of the hydroxyl hydrogen to the carbonyl
oxygen of excited AAQ (Figure 11a).

Molecular Mechanism of Fluorescence Quenching The

represents the deactivation from the less emissive, relaxed
excited state (R¥, which is hydrogen-bonded by the in-plane
mode. Since the Rpétate has a moderate lifetime as indicated
in Table 2, the first in-plane mode attack by one hydroxyl group
in the case of 1,3-propanediol would be followed by the second
out-of-plane attack by the other hydroxyl group to form a doubly
hydrogen-bonded nonemissive state AQ*(RXhat suffers an

second question arises here again. What is the difference inefficient deactivation. On the other hand, supposing the first
interactions between the first and the second attack of the attack of one hydroxyl group being in the out-of-plane mode,

hydroxyl group on the carbonyl oxygen in the case of 1,3-
propanediol? The electronic structure of the excited AAQ
should be a crucial point. Since the lowest excited state of AAQ

the resultant nonemissive state (fXnay not have enough
lifetime to suffer the second in-plane-mode attack by the other
hydroxyl group of 1,3-propanediol. Since hydroperoxides were

has a strong intramolecular charge transfer nature that involvesdemonstrated to behave as alcohols, the out-of-plane mode

a transition mainly from ther orbital of the amino nitrogen to
ther* orbital localized mainly on the carbonyl group, the total

hydrogen-bonded form, which suffers more efficient deactivation

than the in-plane-mode form, would play a crucial role in the

electron density in the excited state is mostly emphasized onsensitized decomposition. The microscopic molecular mecha-

the carbonyl oxygeft The second mode attack of the hydroxyl

nism of how the hydrogen-bonding interaction causes the

hydrogen would be most plausibly understood as an interactionfluorescence quenching should be a very crucial point to be

through thesr* orbital, which may be called an “out-of-plane

clarified. How the excited energy is dissipated through both
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modes of in-plane and out-of-plane interactions is most curious.  (17) Gavezzotti, AJ. Am. Chem. Sod.983 105 5220.

Stabilization of the excited state by hydrogen bonding may alter __(18) Fernandez Pacios, ARVOMOL Version 2; QCPE Program 132,
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Harriman and Mataga et &. The observed deuterium isotope (19) Connolly, M. L.J. Am. Chem. Sod985 107, 1118.
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examples that show that the microscopic molecular process of (1) The 1, values (in water at 25C) of quenchers were 15.1
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carbonyl group within the molecule in the case of aminofluo- and 13.2 (triphenylmethanol) from Yuan, L.; Bruice, T.L.Am. Chem.

renones would be expected to exhibit the phenomena in a moreSoc.1985 107, 512 (Figure 1), and 12.6 at 2@ (cumenhydroperoxide)
explicit manner and 12.8 fert-butylhydroperoxide) from Richardson, W. H.; Hodge, V. F.
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(22) Ksy were plotted against the value of methanol (0.93), ethanol
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Fluorescence quenching of AAQ by alcohols and hydroper- from the following. Taft, R. W.; Kamlet, M. JJ. Am. Chem. Sod.976
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molecular mechanism of radiationless deactivation. The quench (23) Kalinowski, H. O.: Berger, S.: Braun, Sarbon-13 NMR Spec-
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contact molecular surface area of the hydroxyl hydrogen was L. Sciencel983 221, 709.

revealed to be a good index for the steric factors. Deactivation (25) Valvani, S. C.; Yalkowsky, S. H.; Amidon, G. U. Phys. Chem.

of excited AAQ proceeded through dual modes of interaction 1976 80. 829. Meyer, A.Y.J. Comput. Cherml986 7, 144.
(26) Hammet'so% values obtained from the following. Ehrenson, S.;
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of alcohols. In-plane-mode attack of hydroxyl hydrogen toward s. physical Organic Chemistryongman Science & Technical: Essex,
carbonyl oxygen results in the formation of an emissive U.K., 1987;p 134. Electron densities of the hydroxyl hydrogen calculated
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