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Abstract

In this work, the lowest excited singlet states of acridine (Acr), acridinium (Agrkhd 10-methylacridinium (AcrMe) are quenched
by sulfur-containing amino acids and carboxylic acids in aqueous solution. Both steady-state and time-resolved fluorescence techniques
were used to monitor the quenching of fluorescence. Stern—\Volmer plots of the fluorescence intensity showed a static cégptonent (
the quenching. The experiment& values were compared to theoreti&g) values for outer-sphere complexes based on Debye—Huickel
theory and the Fuoss equation. The general agreement between experimental and thignedioals indicate that the static quenching
can be attributed to non-fluorescing ion pairs associated as simple outer-sphere complexes. The computed values of the interionic distance:
of the ion pairs are consistent with the ion pairs of #)%©Zq = —1 and—2 cases being solvent-separated ion pairs while those of the
ZpnZg = —3 case are contact ion pairs. The effect of the reactants’ charges on the quenching rate constants (dynamic component) was
observed for the reactions of AcrMavith the anionic forms of the quenchers (having chatggs= —1, —2 and—3). The rate constants
(extrapolated to ionic strength, = 0) for the quenching processes were determined to3e5® x 101°M—1 s~ depending on the ionic
charge Zg) of the quencher used. These trends in the quenching rate constants are rationalized with a quenching scheme for electron
transfer. Analogous quenching rate constants for alanine and glycine were found to be at least an order of magnitude lower. Photoinduced
electron transfer from the sulfur atom of the quencher molecule to the acridine excited singlet state is suggested to be the most likely
mechanism of the process under discussion. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction B-amyloid peptides that are major constituents of these
plaques[3,4]. Furthermore, oxidation of sulfur-containing,

A large number of useful chemical and critical biological amino acid residues appears to be involved in the pathogene-
processes involve electron transfer as a key reaction stepsis of several other diseased states (e.g. cataract formation in
that is often accompanied by cleavage or formation of chem- eye lenses}5,6], and their oxidation is of concern because
ical bonds. An important class of such reactions involves of its possible role in the inactivation of several hormones
sulfur-containing organic compounds (e.g. methionine). (€.9. human growth hormone, corticotrophin, parathyroid
Electron transfer is a characteristic reaction of these com- hormone)4—6]. Commercially, the oxidation of these com-
pounds because of their easily oxidizable thioether groupspounds has been associated with difficulties in stabilizing
[1]. The oxidation of sulfur-containing organic molecules pharmacedutically relevant proteins (e.g. interleukifis?
has been implicated in biological systems under conditions and relaxin[6]).
of oxidative stres§2]. For instance, in Alzheimer's disease, =~ One approach to gaining an understanding of such com-
the neurotoxicity of the senile plaques has been associatedplex biological processes is to look at electron transfer in
in part with the oxidation of methionine residues in the less complicated systems. These model systems can of-

ten be further simplified by incorporating photoinitiation.
Excited states have two features that make them good
* Corresponding author. Teh:48-61-829-1327; fax3+48-61-865-8008. model electron-transfer agents. First, they often can initiate
E-mail address: bronekm@amu.edu.pl (B. Marciniak). clean one-electron-transfer processes, and, second, the very
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existence of excited species can be externally controlled by Table 1

the investigator. Ground-state Ka values of sulfur-containing amino and carboxylic acids

Photo-oxidation of sulfur-containing compounds, i.e. [19]
aliphatic thioetherg7], carboxylic acidg8], amino acids Number Quencher [0
[9-11], hgs been the subject of severa! §te§dy—state and flash; Methionine 2.10, 9.06
photolysis studies where photosensitization was through 2 Ethionine 2.18, 9.05
aromatic ketones. The primary photochemical step in these 3 Cysteine 1.71,8.36
reactions involves an electron transfer from the sulfur atom 4 Th'\';l”‘ptf“lne o 1252 %11%)

. . . a-Methylmethionine .z, J.

to the excited triplet state of the aromatic ketone. The S Carboxymethylcysteine 1.99. 3.36, 8.89
electron-transfer nature of the. process was suggested by ; SCarboxyethylcysteine 2.14, 4.36, 9.08
the large values of the quenching rate constakysr( the 8 3,3-Thiodipropionic acid 3.90, 4.67
range 18 M~1s~1) and by the direct observation of radical 9 2,2-Thiodiethanoic acid 3.15, 4.13
species—the products of electron-transfer reactions, e.g. the}(l) g'(gargoxymetﬂy:tﬂ!o)lomp'_of"C a_CO'Id g% g-?;g 61
ketyl radical anion of benzophenone and sulfur-centered , A'I;n?r:eoxymet ylthio)succinic aci e dbeh

d . n .35, 9.
radical cations (SS)*. 13 Glycine 2.35, 9.78

Excited states of aromatic aminium cations are poten-
tially good electron acceptors to sensitize the oxidation of 5 . )
thioethers. IlN-(9-methylpurin-6-yl)pyridinium cation, both ~ 10~ M. Fresh solutions were made just before each ex-
singlet (335kJ/mol) and triplet states (268 kJ/mol) proved Periment and were not deoxygenated in the fluorescence
to be efficient photosensitizers for one-electron-transfer re- €xperiments. The conc;entranons of the quenchers were in
actions with thioether§12]. Its Ereq is —0.57V vs. SCE  the range(0.5-5 x 107“M. In the flash photolysis stud-
in its ground statg13]. Acridinium cations have lower I€S; solutlons.vx'/ere deoxygenated,_ and the concentration of
photo-excitation energies than this pyridinium cation. For lO-_methyIacndlneWas>110‘5Mwhllethatofthe quencher
instance, 10-methylacridinium has a photo-excitation en- Va&ried up to 0.5M. The pH of the solutions was adjusted by
ergy roughly equal to the energy of the triplet state of _ad@ng NaOH or HCI. Na_CIG)was used to set the desired
N-(9-methylpurin-6-yl)pyridinium, and its ground state has ionic strength of the solution.

Ered = —0.46V vs. SCE[14], making it potentially al-

most as good an electron acceptor as the triplet state of2.3. Methods

N-(9-methylpurin-6-yl)pyridinium. However, it has the ad-

vantage of having a lower photo-excitation energy, and Absorption spectra were recorded with a Hewlett-Packard

thereby is a more flexible probe. In this work, the nature 8452A diode array spectrophotometer, and the steady-state

of the quenching by thioethers of these popular acridine fluorescence spectra were recorded using a Perkin-Elmer

fluorescence probes is explored. LS 50 B spectrofluorometer. Fluorescence lifetime mea-
surements were carried out using the time-correlated
single-photon counting technique. Both a nanosecond sys-

2. Experimental tem from IBH Consultants, Model 5000, and a picosecond
_ system were used. The picosecond sysfehj (those ex-
2.1. Materials periments were carried out in the Centre for Ultrafast Laser

Spectroscopy located at Adam Mickiewicz University, Poz-

- nan, Poland) was equipped with the Ti:Sapphire “Tsunami”

Methylacridinium iodide was prepared by the reaction laser, pumped with an argon ion laser Beam Lock 2060, tun-
of acridine with methyl iodide in acetonitrile, and it was able in the 720-1000 nm region, generating 1-2 ps pulses at
converted to the perchlorate salt (AcrtelO4~) by the ad- a repetition rate of about 82 MHz, and having a mean power
dition of magnesium perchlorate to the iodide salt. It was pu- of over 1 W. A harmonic generator, model GWU-23PS, was
rified by recrystallization from ethanol. Acridine (Acr) was used for doubling and tripling the exciting-beam frequency.
obtained commercially from Sigma. The sulfur-containing The pulse-timing and data-processing subsystems employed
amino and carboxylic acidsTgble 1) were also obtained  a biased time-to-amplitude converter (TAC), model TC 864
commercially from Sigmal 2, 4-11), Aldrich (12, 13) (Tennelec). The emission was detected with a microchannel
and Reanal-Hungang) as the best purity grades available. plate (MCP), model R3809U-05. The MCP was thermo-
These compounds were used without further purification. electrically cooled, and its output signal was amplified

Water was purified with a Millipore Milli-Q system. (Hamamatsu). The standard procedure for performing these
measurements included taking an instrument profile and
2.2. Solutions counting photon signals until at least*6ounts were col-

lected at the maxima of the fluorescence decay histograms.
In the quenching experiments, the concentrations of the The laser flash photolysis experiments were carried out
acridine derivatives were varied betweex 10> and 5x using the new detection system in the Radiation Laboratory



T. Pedzinski et al./Journal of Photochemistry and Photobiology A: Chemistry 150 (2002) 21-30 23

at the University of Notre Dam§l6]. The laser used in The quenching of N-(9-methylpurin-6-yl)pyridinium
these experiments was a nitrogen laser from Laser Photonicsation fluorescence by sulfur-containing amino and car-
PRA/Model UV-24 for excitation at 337.1 nm. The energy boxylic acids was found to occur via electron trangfit].
deposited was controlled to be approximately 6 mJ/pulse, Since the related aminium cations, the acridines, have sig-
and the pulse length was approximately 8 ns (full width at nificantly less negative, but still substantial, free-energy
half height). In the nanosecond laser flash photolysis experi- changes4 Ggj) for the transfer of an electron to their excited
ments, oxygen was removed from the solutions by bubbling singlet states from thioethers (see below), it is of interest to
them with high-purity argon for at least 15 min. see if electron transfer can occur efficiently with these pho-
The van der Waals radii of AcrMeand the quenchers tosensitizers. Motivated by this, we have investigated the
were computed using HyperChem 5.1 Pro from Hypercube. interaction of different acridine derivatives with thio-organic
compounds in aqueous solution. The fluorescence quench-
ing rate constant, of Acr, AcrHt and AcrMe" were

3. Results and discussion measured for a selected series of quenchers. The series in-
cluded some relatively easily oxidizable sulfur-containing
When an acridine molecule is excited to itsskate (Act), amino and carboxylic acidSéble 7). For comparison, two

the excited species becomes a much stronger proton accepron-sulfur-containing amino acids were included in the se-
tor than the ground state. ThéKp of protonated acridine  ries of quenchers under investigation. The pH of the aqueous

increases from fa = 5.5 in its ground state tof; = 10.6 solutions was controlled so that the ionic nature of the sen-
[17] in its lowest excited singlet state. These processes aresitizers and the quenchers was easy to identify (see below).
depicted inScheme 1which illustrates the acid—base equi- For the quenching experiments, the appropriate pH of the

libria of acridine and its singlet excited state in water. In solution was set in order to study the interaction between a
agueous solution at room temperature with the pH betweenspecific ionic form of the acridine and specific ionic forms
the K, of the ground state and thekKfj (pKa < pH < of the quencher. Amino acids-5 and12-13 were in their
pK), excited acridine undergoes protonation and forms the zwitterionic forms, while quenche® 7, 8-10 and 11 car-
excited acridinium cation (Acri). As a consequence, un- ried net electric charges of1, —2 and —3, respectively.
der these conditions, fluorescence can be observed fromHowever, one should notice that some of the quenchers stud-
both, neutral Xmax = 425 nm) and cationic formsfyax = ied (compoundd-11) can exist in the experimental solution
475 nm). On the other hand, at pH above ti#& mnly fluo- in different anionic forms, as well as being in the zwitteri-
rescence from the unprotonated species (A observed, onic form. The presence of the various species depends on
and, at pH below thelp, of the ground state, only the fluo- the K, value of the quencher and the pH of the solution
rescence from acridinium cation (Actt) can be observed.  (vide Table J).
Thus, the pH of the solution can be used to control the na- It is well known[20] that cationic dyes such as AcrMe
ture of the excited state, and most of the experiments with and AcrH™ act as electron acceptors and can possibly
excited acridinium cations were carried out at pH 3.5-4.0, form ground-state charge-transfer complexes with electron
whereas experiments on excited neutral acridine were per-donors:
formed at pH> 11.0. In the former pH region, the excited AcrMet + Q%@ — (AcrMe™ - - Q%) @)
state and the ground state are both protonated, whereas, in
the latter pH region, both states are unprotonated. The flu- Therefore, the fluorescence quenching of these acridine
orescence decay traces and fluorescence spectral shapes ifierivatives by sulfur-containing organic species could have
dicate the existence of only the expected forms of excited & static contribution in addition to dynamic quenching pro-
acridine under the conditions mentioned above. cesses. Absorption spectra of all the acridines studied are
Such complex acid-base behavior is not observed for theshown inFig. 1 UV-visible absorption measurements did
10-methylacridinium cation (AcrMe). However, most ex-  Not show any extraneous absorptions that could be attributed
periments with AcrMé& were done at slightly acidic pH in ~ to ground-state complexation even at higher quencher con-

order to avoid the ground-state reaction of AcrMwith centrations (up to 0.1 M). The only evidence for ground-state
OH~ [18]. complex formation came from measurements of fluores-
cence intensityll;0 in the absence anig in the presence of
pK.'=10.6 guenchers). Specifically, Stern—Volmer pIoIS/(If vs. [Q])
Tn ki[H,0l=kr 4 . _ of steady-state fluorescence quenching for all the acridines
Acr* + Hy0 3 AcrH™ + HO show a distinct, upward curvaturEi@. 2). This curvature is
o | seen mainly for higher concentrations of the quenchers. In
- contrast, the plots from fluorescence lifetime measurements
Acr + H.O ki AcrH® + HO (% vs. [Q)) are perfectly linear over the whole range
oK.=55 of the quencher concentrations useél.is the lifetime of

the excited singlet state of an acridine in the absence of a
Scheme 1. quencher and the lifetime of the excited singlet state of
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Fig. 1. The set of acridine derivatives’ absorption spectra in water.
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Fig. 2. Stern—Volmer plots for quenching &fAcrMet)* by 3,3-thiodipropionic acid ZaZg = —2 at pH 6.0) based on fluorescence lifetimes (circles)
and fluorescence intensity (squares) measurements (at constant ionic stread@ti2 M).
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Table 2
Rate constants for quenching of acridine and its derivatives’ fluorescence in aqueous solution
Quencher ZaZq kq x 1070 (M~1s71)a k40 x 1079 (M~1s7h)
Methionine 0 3.45+ 0.10 -
Thiaproline 0 3.91+ 0.10 -
Ethionine 0 3.50+ 0.15 -
X Cysteine 0 3.60t 0.10 -
a-Methylmethionine 0 4.1Gt 0.20 -
VZ S-Carboxymethylcysteine 0 4.3% 0.20 -
N S-Carboxyethylcysteine 0 4,14 0.20 -
Acr 3,3-Thiodipropionic acid 0 3.96t 0.15 -
2-(Carboxymethylthio)succinic acid 0 4% 0.20 -
Glycine 0 0.044+ 0.005 -
Alanine 0 0.02+ 0.01 -
Methionine 0 34+ 0.1 -
Thiaproline 0 3.2+ 0.1 -
Ethionine 0 3.95+ 0.15 -
a-Methylmethionine 0 4.1 0.20 -
Glycine 0 0.044+ 0.01 -
Alanine 0 0.019+ 0.004 -
Methionine 0 4.1+ 0.2 -
a-Methylmethionine 0 3.9t 0.2 -
~ SCarboxymethylcysteine -1 134+ 1.0° 204+ 1.9
P S-Carboxyethylcysteine -1 14.1+ 0.8 23.1+ 24
N7+ 3,3-Thiodipropionic acid -2 17.0+ 0.2 37.8+ 2.0
(|3H3 2,2-Thiodiethanoic acid -2 17.94 0.7 343+ 24
3-(Carboxymethylthio)propionic acid -2 17.6+ 1.0 329+ 21
AcrMe’ 2-(Carboxymethylthio)succinic acid -3 2214+ 1.9 52.7+ 3.9

aErrors were computed as twice the standard deviation from the least-squares fit method.
b At constant ionic strength. = 0.04 M.

an acridine in the presence of a quencher. Single exponenwhere Kp = rokq and Ks = [A---Ql/(AIQ]). In
tial decays were observed for all quenchers and solutionsthe expression forKs, [A] is the concentration of the
measured. The fluorescence quenching rate constigpts, non-complexed, ground-state acridine derivative in the pres-
were determined from the slopes of th&r vs. [Q] plots, ence of quencher. A comparison of the const&iandKp
and the resultindg values are reported ifable 2 is summarized ifmable 3and indicates that the contribution
We believe that the most likely explanation of the be- from the dynamic term is the main quenching process. Since
havior described above is a result of the formation of a Kgis quite small compared tép, an alternate computation
non-fluorescent complex (ion pair association in the ground procedure was used to check the validity of the result. From
state). When there is such a static quenching process in adthe lifetime measurements;, = quo was computed, and
dition to a dynamic quenching component, the steady-stateKg was computed fromKy, and Eqg. (2) A comparison
fluorescence intensity can be analyzed using the following of the respective values dfp vs. K andKs vs. Kg in

equation[21]: Table 3shows that there can be a meaningful determination

0 of the static and dynamic components in the quenching
IL = (1+ Kp[QD (1 + Ks[QD 2 process.

f
Table 3
Contribution of the static and dynamic terms in the quenching of AcrMeorescence measured at pH 6.0 and at constant ionic strengti®.12 M
Quencher ZnZg Kp (M~1)2 Ks (M~1)2 Kh (MP K5 (M~

1 0 138+ 7° Not observed 138t 7° Not observed

6 -1 385+ 23 6.6+ 3 3854+ 10 6.5+ 2.6

8 -2 363+ 22 12.5+ 2 383+ 8 11.74+ 2.1
11 -3 362+ 15 16.5+ 2 396+ 11 15.0+ 2.9

aBoth Kp andKs values were computed from polynomial fit (second-order) based on fluorescence intensity measurements.
b K[, values were computed from the experimentally obtaikgdndr = 33.7 ns; K values were computed frofeq. (2)and the respectivi&], values.
¢Value computed from linear fit.
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For solutions withZa Zq # 0, the quenching parameter wheregg is the dielectric constant at low field (80 for wa-
Ks is physically an association constant between ion pairs ter), o, the high frequency dielectric constamf®(= 1.78

and free ions. The Fuoss expressjaa] for water), uq the permanent dipole moment of the solvent
3 2 molecules (1.85 debye for water), aithe electric field am-
Ks = 4rNa eXF(— ZnZge > (3) plitude at the point under consideration. Substituting these
3000 cakgT values intoEq. (6) gives Ae = —1 for ZpaZg = —2 and

Ag = —8.7 for ZpnZg = —3. Since the latter number could
have a significant effect, the graphical solution fowas
repeated witke = 71. The graphical solution still does not
formally exist for this dielectric constant, but the distance,
at which the curves come very close, shifts to approximately
7.5A, slightly larger than for = 80. Thus although dielec-
tric saturation is significant at the high electric field in the
ion pair forZaZq = —3, the interionic distance, itself, does

and related variants of it have been used successfully to com
pute the equilibrium constant (in ™M) between ion pairs
and free ions for describing outer-sphere association con-
stants[23]. In Eq. (3) a (in cm) is the ion-pair’s interionic
distance and the dielectric constant. This form of the Fuoss
equation is based on the Debye—Hiickel screened Coulomb
interionic potential energy

ZAZQe2 ZAZQezK not change significantly.

Ula) = ea  e(l+ka) (4) The interionic distance foZaZq = —3 is in the lower
) _ part of the computed (by HyperChem) range of van der
where 1« is the Debye screening length Waals radii for these ion pairs. In addition, this distance
87 Ne2 does not change significantly even when the dielectric sat-
2 T w . . . .
K = 000 knT (5) uration is taken into account. On the other hand, the interi-

B

onic distance foZa Zg = —1 and—2 are at the upper end
at the ionic strength (in M). This form of the theory al- ~ of the computed (by HyperChem) range of van der Waals
lows for the finite size of the ioni24]. The screening is in-  radii that correspond to the ions each being surrounded by
corporated implicitly in the expression féfs, in which the solvent shells. Even accounting for the experimental error
Debye—Hiickel expression for activity coefficient was used bars quoted above, the two cases I¥Zq = —1 and—-2
[22]. are distinctly separate from th&s Zq = —3 case. The val-
The interionic distance of the various ion pairs can be ues for these three cases are consistent with the ion pairs of
computed from the experimentiik values inTable 3and ~ the ZaZq = —1 and—2 cases being solvent-separated ion
Eq. (3) under the assumption that the ion pairs are sim- pairs while those of th&aZq = —3 case are contact ion
ple outer-sphere complexes (spherical reactants in contactpairs.
[22]. The final equation for the unknown interionic distance, ~ Since the results obtained from steady-state fluorescence
a, is a transcendental equation @ and exg1/a}) and quenching experiments are complicated by the static com-
was solved by a graphical method. The valuesaafiere ponent, we concentrate in the rest of the discussion on
11.2A (9.6-14.4A), 10.8A (10.0-11.7A) and 7.2 A (only the analysis of the time-resolved results (dynamic quench-
near-crossing in graphical solution) f@aZg = —1, —2 ing) (seeFig. 3 for a typical example). The rate constants
and —3, respectively. (The intervals in parentheses are thekq for the fluorescence quenching of all acridine deriva-
limits of the standard deviation rangesko, Table 3) The tives by sulfur-containing amino and carboxylic acids in
center-to-center distances between the iongﬁ)ZQ —— their zwitterionic form (compound4-5) are in the range
and—2 are slightly larger than the sum of the van der Waals (3.2-41) x 10°M~1s™! (seeTable 2. These values for
radii computed from the geometry of the molecule includ- the quenching rate constants are approaching nearly half of
ing a solvent shell of 1.4 A. Without the solvent shell, the the diffusion-controlled limif26]. Moreover, the rate con-
sum of the radii was computed to be approximately 8 A.  stants for the quenching of Acr (neutral acridine) by all
The general trend of smaller interionic distances with in- the sulfur-containing quenchers (including those carrying
creased charge on the quencher anions is an indication thapegative charge) also reach approximately one-half of the
the high electric field may be perturbing the medium. Above diffusion-controlled limit,kq = (3.5-47) x 10°M~1s™1.
an electric field of 1x 10* V/cm, Béttcher[25] states that ~ On the other hand, for non-sulfur-containing compounds

dielectric saturation can play a role. At = 10.8A for (i.e. alan_ine and glycine), the, values are at least one order
ZpZq = —2, the electric field due to the anion at the center of magnitude lower than those observed for the analogous
of the ground-state acridine is63< 10° V/cm. ForZaZg = compounds, containing a sulfur moiety. Similar differences

—3 anda = 7.2 A, the electric field due to the anion at the Wwere seen in the efficiency of the fluorescence quenching of
center of the excited acridine isxd 10° V/cm. The change  N-(9-methylpurin-6-yl)pyridinium cations by the quenchers
in the dielectric constant at high fields due to dielectric sat- mentioned abovgl2]. This may suggest that, like the case

uration can be written g5] for this pyridinium cation, the quenching of all the acridines
4 4 4 investigated involves an electron transfer from the sulfur
As — 4 N g £9(ec0 +2) £2 ©) atom as the primary step in the quenching process that we

45k T)3 (260 + £00)2(2e3 + €2)) have been describing.
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Fig. 3. Time-resolved measurements of Acr fluorescence (unquenched and quenched by methionine,O[P2N) monitored at 425nm in water at
pH 7.5.

The involvement of electron transfer as the mechanism the influence of the ionic strength on the quenching rate
of the quenching process can also be supported by theconstant in all of these systems, using Naglo control
large value ofAG¢ ~ —120 kJ/mol (for AcrM¢’) from the the value ofu. The results are presentedfig. 4and show
Weller equatior[27]: the expected26,30] functional dependence for the various
AGel = F(Eox — Ered) — Es+ Aw @) charges¥a = +1 andZq = —1, :02 or—3).1In particuilar,
the slopes of the plots of ek, / kg~ ) vs. /it/ /i +1 give
where Eox is the reduction potential of the oxidized radi- approximately the expected slopes of ZRZ,.
cal going to the quencher arifleq the reduction potential By usingEq. (8)to extrapolate to zero ionic strength, the
of the ground state of the acridine. To calculate a repre- effects of ionic screening on the quenching rate constants
sentative value, we tookox for methionine as 1.1V vs.  can be eliminated for the purpose of making comparisons
SCE[28], the reduction potential for AcrMe as Ereq = between systems having different charges on the reactants.
—0.46V vs. SCE[14], Es = 268kJ/mol[29] and Aw = For uncharged Acr, the rate constant for its singlet quench-
0 [12]. The analogous free-energy changes are similar for ing was found to be independent of the value of the ionic
the quenching of the lowest excited singlet states of AcrH  strength. The same independence was found for quenching

and_Acr. S . the other acridine sensitizers (i.e. Acrkand AcrMe™) by
Since AcrMe" exists in its ionic form, the quenching rate  the zwitterionic forms of the amino acids. This behavior is

constant should depend on the ionic strength for com- consistent withZa Zq = 0 in Eq. (8)

pounds6-9 (quenchers carrying negative charf&)]. This The quenching rate constants, determined for constant

expectation is based on the Debye-Huckel theory for the jonic strength and those extrapolateduite= 0, are summa-
electrolytes’ screening of the Coulomb potential between rized in Table 2 Not unexpectedly31], and as described
the charged excited species and the charged quenchersabove, any of the reactions that involve a species carrying
Our analysis was done using the modified form of the no charge (e.g. amino acids in their zwitterionic forms) have

Debye-Hiickel kinetic equatidi30] kq values for quenching that are lower than #™° val-
kq N ues for the reactions of cations (i.e. AcriMewith anionic
log (H) = 1-022AZQ1 (8) guenchers. In the latter type of reaction between excited
kq VR singlets of AcrMé& and anions of varying charge, the ex-

This version of the primary salt effect is derived from the trapolgted guenching rate constants increase with ioncreasing
form of the interionic potential energigg. (4) that allows neggltlve charge_(())n the quenc_rg)er, Q. In summigyR”) <
for the finite sizes of the ion80]. Therefore, we examined k4§ (Q™1) < ki (Q™2) < ki~ (Q73).
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Fig. 4. Variation of the quenching rate constakfswith ionic strength of the aqueous solution for quenching of ActMeorescence b (ZaZq = —1),
8 (ZAZQ =-2) and11 (ZAZQ =-=3).

The effect of the reactants’ charges on the quench- The expression fol‘cg‘aX in Eg. (9)is the limiting (ke >
ing rate constants can be explained by the change ink_g)) value of the quenching rate constant (see above for a
diffusion-controlled rate constantky andk_q, as a func- justification of this assumption) after making the steady-state
tion of the product of reactants’ chargéaZqg (see Ref. approximation for various intermediates $theme 2 [28]
[12]) using Scheme Zor electron-transfer quenching. The In Eq. (9) kg can be written a§30]
highly negatiye value oA Gg allows (see apove) us to make 471(Da + DQ)N —ZaZoro
an assumption that the overall quenching rate constantskq = 1000 1 exn ZaZ R
have reached a plateau value similar to the ones observed eXA(Za Zqro/ R)
and analyzed for triplet quenching by thioeth§8]. The andk_q can be written from the Eigen equati{3?2] as
expression for the plateau value[#8] _ 3(Da + Do) ZaZoro

(11)

0 k_g 12

max _ oke'kd ©) R®  1—exp(—ZaZqro/R) (12)
key +k—d whereDa andDg are the diffusion constants of the acridines
WherekgI is the pre-exponential factor in the relation for the and quenche_rs, rE_spect!veng/,the reaction distance and the

forward electron-transfer rate constant Onsager radiusy, is defined by
# 2
—AG e
0 ! —
kel = kS exp(#) (10) 0= T (13)

A*ZA hv 1(KZA )*

(AT Q== (AT)LQ7) = Q)

Kbt Vp‘

A+ QP Products

A refers to Act, AcrH and AcrMe *

Scheme 2.
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The rate constantsquo, extrapolated to zero ionic
strength can be compared to the diffusion-controlled rate
constants,ky, computed fromEqg. (11) if reaction dis-

tances can be estimated. As a rough estimate, the in-

terionic radii, a, determined fromKs in Eq. (3) were
used to compute the variolg values fromEq. (11) for
the cases ofZaZg —1, —2 and —3. The resulting
diffusion-controlled rate constants ard2 100, 2.9 x 1010
and 34x 10°°M~1 s, respectively. The extrapolatég =
values forZaZg = —1 and—2 in Table 2are within ex-
perimental error of their respectikg values, with thekf{zo
values forZaZg = —1 being slightly below theiky and
the kg =% values forZaZg = —2 being slightly higher than
their ky.

Thekéf:O for the single quenching pair f{&faZg = —3
is distinctly above the computdg value. Arriving at such

an unrealistic rate constant might be attributed to the extrap-

olation procedure for ob'tainink;fq‘:0 where some of ionic

strengths were higher than normally used in Debye—Hiickel
applications. However, since the lower ionic strengths were
in the usual range for validity of the theory and since the
slopes of the extrapolation were consistent with the theory,

there are reasons to accept the extrapolage:(f as valid.

Possible reasons WH&{:O > kg for ZpnZg = —3 are that
(Da+Dq) may be different than the value ok20~°cnmé/s
assumed in the calculation & or thatR may be larger
than 7.5 A obtained fronks (accounting for dielectric sat-
uration).

The immediately preceding discussion can be taken to
support the conclusion that tH«é‘ZO values forZaZq =
—1, —2 and —3 are all essentially diffusion controlled.
On the other hand, the values f@n Zg = 0 are roughly
half the diffusion-controlled limit. Even though there
is an electrostatic work terni30] in the activated step
that depends o@aZq, the electron-transfer rate constant
should not depend strongly on the electrostatic work term
in water. To first approximation, considegI in Eq. (9)
for kg‘ax to be approximately constant for the types of
sulfur-containing quenchers ifiable 2 (This assumption
will be consistently held throughout the following com-
putations.) However, even Hgl is assumed to be constant
for all ZaZg, the denominators irfEq. (9) will vary with
ZpZq becauséi_qg is dependent oZaZg as inEq. (12)

As long askgI is much greater thart_g, the denomi-
nator in Eg. (9) is approximately equal t(kgl, and then
kgl cancels out, leaving{(" ~ kqg. This is what appears
to be happening for the cases BhZg = —1, —2 and
-3.

Furthermore, this is consistent with computations from
k_qin Eq. (12) For ZaZqg = 0, k_q can be derived from
Eq. (12) by I'Hospital’'s rule ask_gq = 3(Da + Dq)/R?.
Taking R = 7A and Dp + Do = 2 x 10 %cn¥/s, as
before, k_g 1.2 x 10801, |f ki@ for ZaZq = 0
is approximately half of diffusion controlled, as observed
above, therd, by Eq. (9)is also approximately #§s-1.
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To complete the picturd,_q can be computed for the other
three cases to be®x 10°% 2.5 x 10° and 19 x 10° s~ for
ZpZg = —1, —2 and—3, respectively. These latter three
rates are distinctly less than ti§ ~ 10'°s71, estimated
above. With such a high value @ﬁ’l compared to thé&_q
values forZaZq = —1, —2 and—3, kg™ ~ kq by Eq. (9)
These estimations along witBcheme 2show how the
extrapolated rate constants fdnZg = —1, —2 and —3

can plausibly be diffusion controlled while the quenching
rate constants foZa Zg = 0 only approach half diffusion
controlled. This analysis shows hddcheme 2along with

the assumption theklgI did not change witlZaZq, leads to

a semi-quantitative rationalization of the observed trends in
the quenching rate constants for all cases involving sulfur
compounds.

Additional insight into the nature of the quenching pro-
cess could be gained by checking for optically observed
transients using nanosecond laser flash photolysis. In or-
der to minimize the possibility of interference from triplet
states, the 10-methylacridinium cation was chosen for these
experiments because the intersystem crossing quantum
yield, ®jsc < 0.001. This estimate was based on relative
actinometry[33] with the triplet of 4-carboxybenzophenone
in water as the referencesss = 6250 M—tcm1 [34].
Possible transients from electron-transfer quenching would
be the acridinyl radicalimax ~ 500 nm[35], and the in-
termolecularly (8.S)-bonded radical cation, with a broad
band aroundipax = 480 nm[36]. Neither transient was
observed on laser excitation of AcrMen the presence
of methionine, thiaproline and 3-(methylthio)propanol.
This sulfur-containing alcohol was used because of its
known, relatively high®gg [37-39] (SS' refers to the
oo™ 3-electron-bonded radical cation formed upon asso-
ciation of an oxidized sulfide with an unoxidized second
sulfide molecule), as well as its high solubility in water.
This observation is still consistent with electron-transfer
quenching if back-electron transfer is the dominant path
for the course of the ensuing reactions. Fast back-electron
transfer in the singlet radical pair, initially formed in the
guenching complex, is also consistent with the spin-allowed
nature of this reverse process. This is in contrast to
the spin-forbidden back-electron transfer in the quench-
ing of triplet N-(9-methylpurin-6-yl)pyridinium where
electron-transfer products were observed as transients in
laser flash photolysiglL3].

Scheme 2illustrates the quenching of the singlet
state of acridine (and its derivatives) by thio-organic
compounds in aqueous solution. In the scheingy is
the rate constant of the dissociation of the encounter
complex 1((At%a)*...Q %), ko and k_e are the
rate constants for electron transfdg; represents the
rate constant for the back-electron transfer dgdthe
rate constant of diffusive separation of the radical pair
LastH2a=D ... Q*=%tD) The lack of evidence for
A*2a=D and @4t in the transient spectra indicate
thatkpt > kp.
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Chemistry, Vol. Il, Academic Press, New York, 1991, pp. 543-555.

It was shown that the most likely mechanism of the [7] K. Bobrowski, B. Marciniak, G.L. Hug, J. Photochem. Photobiol. A
81 (1994) 159.

guenching of acridine and its derivatives’ fluorescence by [8] K. Bobrowski, J. Rozwadowski, J. Phys. Chem. 98 (1994) 4854.
sulfur-containing amino and carboxylic acids is the transfer [9] K. Bobrowski, B. Marciniak, G.L. Hug, J. Am. Chem. Soc. 114
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attit _ iy 98 (1994) 537.
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