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Characterization of Acridine Species Adsorbed on (NH)>SO4, SIO,, Al,O3, and MgO by
Steady-State and Time-Resolved Fluorescence and Diffuse Reflectance Techniques

I. Introduction

Ideliz Negron-Encarnacion, Rafael Arce,* and Maricruz Jiménez
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The ground- and excited-state species of acridine adsorbed o)., Si0,, Al,Os, and MgO surfaces

were investigated in order to determine the precursor species and electronic states responsible for acridine
photodegradation on particles serving as models of atmospheric particulate matter. The species present on
each solid surface were characterized by comparing the steady-state absorption and fluorescence spectra,
time-resolved fluorescence, and absorption measurements on acridine in solution with those corresponding to
adsorbed acridine. On silica, the ground-state species present were hydrogen-bonded, neutral, and protonated,
while on alumina hydrogen-bonded and neutral species were identified. A comparison of the protonated acridine
absorption and emission intensities on silica and alumina with those observed for acridine in acidic water
demonstrated that the emission on the surfaces is higher than expected. This was interpreted as resulting
from photoprotolytic reactions on silica and alumina. For acridine adsorbed on ammonium sulfate, protonated
acridine was the only adsorbed species identified. Since, at a similar ground-state absorbance, the fluorescence
intensity of acridine on ammonium sulfate was smaller than for acridine in acidic water, the quenching of the
excited state or a rapid photochemical reaction with the surface was proposed. On magnesium oxide, the
presence of neutral and hydrogen-bonded acridine species were characterized from the two-component analysis
of the fluorescence, the tripletriplet absorption decay curves, and the time-resolved emission spectra at
different time delays. As demonstrated in these studies, acridine adsorbed species and their decay pathways
depend on the acidic properties of these models of atmospheric particulate matter. In addition, a comparison
of the photodegradation rates of acridine on the different solids tested is presented and discussed in terms of
the nature of the species and their decay pathways.

X

The composition of the atmospheric particulate matter is of O N7 O
great concern to human health because its deposition in the,:igure 1. Schematic representation of acridine.
respiratory tract has been related to several disé&s€hese
particles have been associated with the presence of adsorbethe environment (protic, aprotic, or in hydrogen donor solvents).
or absorbed polycyclic aromatic compounds (PACs), in par- Neutral acridine (in basic wateg= = 0.33)}1 and hydrogen-
ticular with their oxidation products:® Studies have demon-  bonded acridine (in methangf; = 0.02)? species present lower
strated that the oxidation products of PACs can be more harmful fluorescence quantum yieldggd) than protonated acridines (in
than the parent compourd:>As a consequence, there is great acidic water$r = 0.66)1! Intersystem crossing quantum yields
interest in elucidating the transformation routes of adsorbed of 0.3912and 0.4213 have been reported for neutral acridine in

PACs. Acridine (Figure 1), an aza-heterocyclic aromatic com- alkaline water and for hydrogen-bonded acridine in ethanol
pound, is found in the troposphere as a result of the incompleterespectively, while protonated acridine presented a smaller
combustion of propane gas, diesel, and coal exHatidue to intersystem crossing quantum yield. These results indicate that
the low value of its Henry’s constanii(= 4 x 107 atmrm? the decay pathways from the acridine excited states depend on
mol), it is readily adsorbed on atmospheric particulate métter. the type of acridine species present. Therefore, to be able to
Although acridine is also found in water, on the basis of the interpret the photochemical transformations and rates of pho-
magnitude of its organic carbon normalized sorption coefficient todegradation of acridine adsorbed on models of atmospheric
(Koo), it is readily immobilized in the soil and sedimehi particulate matter, it is necessary to determine the nature of the
Because the toxicity of acridine solutions increases after species of acridine (neutral, hydrogen-bonded, or protonated)
irradiation with 350 nm light, it is of interest to study if similar  present on these.
transformations can occur in the adsorbed state. The major chemical components of atmospheric particulate
Luminescence and tripletriplet absorption studies of acri-  matter are sulfate, nitrate, and ammonium salts and organic and
dine in different solutions have demonstrated that the decay elemental carbot Other inorganic oxides such as $j@\l,0s,
pathways of its excited states depend on the nature of acridineMgO, CaO, and F£; are also found? In this study (NH),-
species present (neutral, hydrogen-bonded, or protonated), andQs, Si0,, Al;,03, and MgO were used as models of atmospheric
particulate matter. The silica surface consists of an intercon-
*To whom correspondence should be addressed. E-mail: Nected network of siloxane (SO—Si) linkages, a variety of
rarce@goliath.cnnet.clu.edu. silanol groups (S+OH) and physically adsorbed watérThe
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most effective binding agent to lone pairs of the heteroatom in been reporte@® For acridine on silica pretreated at low
aza-arenes are the silanol groups. There are generaly 4 temperatures, delay fluorescence has been observed as a result
silanols/nm.1> On the surface of alumina, hydroxyl groups of a triplet-triplet annihilation process. The TRDR spectra was
attached to aluminum and physically adsorbed water moleculesonly seen at high pretreatment temperatures at which dehy-
are found. There are ¥21.3 hydroxyls/nr, and their properties  droxylation occurred because of the increase of the activation
are determined by their coordination to aluminum atoms and barrier for the mobility of the acridine species with an increase
net chargé?® The magnesium oxide surface consists of two types in dehydroxylatior?® On alumina, acridinium ions have been

of hydroxyl groups formed from the dissociation of water into identified as the main species present at low pretreatment
OH groups and protons, which are then adsorbed on thetemperature® Studies on thermally activated silica and alumina
magnesium and oxygen ions to produce s\Mgs OH and have been focused mainly on the determination of the surface
Osurface—H groupst® In addition, physisorb water molecules are  sites responsible for their catalytic activity, using acridine as a
present’ Ammonium sulfate is a hygroscopic salt. The probe. These surfaces can be activated by heat treatment,
hydrogens of the ammonium ions form hydrogen bonds with dehydroxylation, and loss of water molecules adsorbed on the
water, resulting in a hydrated surfateDue to differences in surface. Activation at low temperatures (usually 2@ may

the quantity and acidity of the hydroxyl groups on each solid not produce dehydroxylation but rather result in water loss. On
surface, different acridine species can exist on each of theseunactivated surfaces, water is expected to be present, a condition
atmospheric particulate matter models. In the present study thethat more closely mimics atmospheric conditions. In addition,
adsorbents were not activated by heat treatment because weéuch studies have not been done using other models of fine
attempted to match as closely as possible the ambient conditionsittmospheric particulate matter such as magnesium oxide and
in which these substrates are found. ammonium sulfate surfaces. These inorganic solids represent a

Different acridine species (neutral, AN; hydrogen-bonded, higher fraction in the cg_mposition of the fine atmospheric
AN-+-HO: and protonated, ANH display characteristic absorp- ~Particulate matter than silica and alumitfa.
tion spectrd81°emission spectre;fluorescence lifetime®-20
and triplet-triplet adsorption spectf&22Therefore, the different ~ Il. Experimental Section
acridine-adsorbed species can be characterized using steady-
state absorption and fluorescence, fluorescence lifetimes, an%
time-resolved diffuse reflectance laser flash measurements. In
this paper, we present and compare some photophysical proper
ties, measured by these techniques for acridine in water at

different pHs, methanol, gnd he_xane, and for acridine adsorbEd(GaIbraith Laboratories) and BET surface area (Quantachrome
on models of atmospheric particulate matter. Instruments) analysis were done for all the solids tested. The
Besides being an organic pollutant, acridine has been usedresyts are as follows: ammonium sulfate (0.10% water, 2.196
as a fluorescent probe to examine surface sites on inorganic, 10-2 m?/g); alumina (8.59% water, 1.960 10> m?/q); silica
oxides on the basis of its strength of adsorption and-aoabse (9.53% water, 4.100< 10 m%g); magnesium oxide (9.67%
interactions between its nitrogen heteroatom and surface sitesyater, 1.016< 102 m?2/g). The adsorbed samples were prepared
The study of surface sites on inorganic oxides is relevant becausayy adding a measured amount of a solution of acridine in hexane
of their use as adsorbents, active catalysts, catalyst supportsef a known concentration to a weighted amount of the adsorbent
and insulators. Acridine has been used as a probe to study thep obtain the desirable loading concentration. After the complete
surface sites on alumina and silica (activated at different heatadsorption of the acridines the solvent was removed by
pretreatment temperatures) by absorptior? fluorescencé? 2 rotoevaporation. The time at which complete adsorption of
and time-resolved diffuse reflectance spectrosétigghniques.  acridine occurred was determined from absorption measurements
Steady-state diffuse reflectance and fluorescence studies havey the solution of acridine in hexane at different times after its
demonstrated that protonated and neutral acridine species argddition to the adsorbent particles. For sensitization studies, an
formed on unactivateg-alumina (Merck}®27In the alumina  acridine solution in hexane was equilibrated with the solid until
made by another chemical company (Degussa), the main speciegomplete adsorption, an aliquot of a benzophenone solution in
present were neutral acridines; in addition, photoprotolytic hexane was added, and the hexane was rotoevaporated. The
reactions occurred, resulting in the formation of protonated reproducibility of sample preparation and of the loading
acridine species from acridines in their singlet excited state. procedure was established from initial fluorescence or diffuse
After thermal pretreatment of these aluminas at ¥0the main  reflectance intensities. The surface loadings used were lower
adsorbed species were protonated acridines. The authors sugthan a monolayer as determined from Langmiur adsorption
gested that the acidity of the alumina was higher when isotherms. To determine the acridine adsorption isotherms, the
physiadsorbed water was removed, resulting in higher yields change in concentration of acridine in hexane was used as a
of formation of protonated acridines than on the unactivated quantity proportional to the amount of adsorbed species. The
surfaceg’ The adsorption and emission spectra of acridine on Langmiur adsorption isotherm of acridine on ammonium sulfate
silica gel pretreated at different temperaturds) (provided from a hexane solution (Figure 2) shows that at concentrations
evidence of the presence of protonated acridines afllp{:00 of adsorbed acridine above 6 10-6 mol/g, the surface sites
or 180°C), and a larger yeld of neutral acridine species at higher were saturated and a monolayer was formed. For acridine on
Ta (300-800 °C).2325-28 |n addition, the formation of singlet  MgO, Al,Os, and SiQ the formation of a monolayer was not
excited protonated acridine has been reported on flig&27-2° observed at the highest change in concentration (-5 mol/
These studies have demonstrated that the type of the acridiney) observed.
species produced on the inorganic solids depends on the acidic B Diffuse Reflectance and Emission SpectroscopfFluo-
properties of the substrate and its water content. rescence spectra were recorded with a SLM AMINCO spec-
The time-resolved diffuse reflectance (TRDR) spectra of trofluorometer model MCN320 upgraded with photon-counting
acridine on thermally pretreated silica and alumina surfaces haveelectronics of ISS using an excitation and emission slits width

A. Reagents and Sample PreparationAcridine (99.2% of
urity by HPLC), chromatographic grade 60 A silica and
magnesium oxide were obtained from Aldrich, alumina from
Sigma Chemical, ammonium sulfate from Alfa AESAR, and
the solvents (optima grade) from Fisher. The water content
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7 photomultiplier detector. Output from the photomultiplier was
6 - ° digitized with a 500 MHz bandwidth oscilloscope, model 9360
. (LeCroy Corp.). The spectrokinetic system was controlled with

Labview 5.1-based application software (National Instrument,
Austin TX). The T-T absorption spectra of acridine was not

] observed in the presence of oxygen; therefore, the acridine
samples in solution and on the solids where purged with nitrogen
to avoid triplet quenching by oxygen. Other authors had to use
freeze-pump-thaw cycles or high vacuum to degas the
sampleg! 1222 Differences in the lifetimes of triplet-state

° acridine obtained in these studies with those previously reported
could be due to the lower efficiency of removing oxygen by a
N, gas flow than by a high-vacuum degassing procedure.
Triplet—triplet energy-transfer experiments from benzophenone
to acridine were performed to determine the presence of ANH
Benzophenone was selected as the sensitizer due to its high
intersystem crossing quantum vyield, the presence of a triplet
of 4 nm. Diffuse reflectance spectra were obtained with a Varian state of higher energy than acridine, the absence of T
Cary 1E double beam spectrophotometer with an integrating absorbance in the acridine absorption region, and its significant
sphere. Diffuse reflectance spectra of acridine adsorbed on theabsorbance at the 266 nm laser excitation wavelength. In the
solids surface obtained under a nitrogen atmosphere presentedensitization process the triplet state of benzophenone was
a lower absorbance intensity than those taken under an oxygerproduced after excitation with a 266 nm high-intensity pulse.
atmosphere due to the quenching of the fluorescence emission g photolysis StudiesThe samples were irradiated with an
by oxygen. Because of the absence of a monochromator placecbyrie| 300 W Xe(Hg) lamp. A water filter was used to eliminate
before the detector in the integrating sphere, the fluorescence|r radiation, and a broad band Corning 7-51 filter was used to
photons could reach the detector. The fluorescence intensity ofjrradiate exclusively the acridine band at 355 nm. The lamp
acridine increased under a nitrogen atmosphere due to the lowelintensity reaching the sample was 1x1 102 W/cn®?. The
frequency of quenching by oxygen; therefore, a larger number photodegradation of acridine adsorbed on the solid surfaces was
of photons reached the diffuse reflectance detector than undefig|iowed by diffuse reflectance techniques (for AN on MgO)
an oxygen atmosphere when the fluorescence is quenched to & front face fluorescence (for AN on (N}#SOs, SiO,, and
higher extent. As a consequence, the apparent absorbanc@,0,) intensity measurements before and after the irradiation
intensity under a nitrogen atmosphere was higher than that undefof the sample inside a stationary quartz cell. In solution, the
an oxygen atmosphere. However, the relative intensities of the photodegradation rate of acridine was followed by the analysis

bands did not change substantially in the presence of oxygen,of the chromatographic peak area of acridine. These studies were
demonstrating that it does not affect the absorbance propertiesjone under air, B or O, atmospheres.

of acridine (see Supporting Information). The percent that the

absorbance intensity decreased under a nitrogen atmosphere Wit{)| rResults and Discussion

respect to an oxygen atmosphere was 55% on silica, 20% on

alumina, and 5% on magnesium oxide. For acridine on A. Ground-State Absorption Spectra.The UV—vis absorp-
ammonium sulfate the intensity of the diffuse reflectance spectration spectra of acridine are the result of three or four transitions,
was independent of the gaseous atmosphere, possibly becausgepending on the nature of the solvent. These spectra include

AC (x10° mol/g)

C, (x10° mol/g)

Figure 2. Adsorption isotherm of acridine in hexane on ammonium
sulfate at 23°C.

of its low-emission intensity on that surface.
C. Time Domain Fluorescence Spectroscopy.he fluores-

one in the UV-C and two (for protonated species) or three (for
neutral species) in the UV-Avis wavelength region$1°The

cence decay curves and the time-resolved emission spectra ofwo highest energy transitions at 250 and 355 nnvarer* in

acridine were obtained with asNaser model GL-3300 from

nature while the lowest energy transitions (375 or 430 nm) could

Photon Technology International (PTI) using an excitation be n—z* or 7—x*, depending on the polar nature of the solvent
wavelength of 337 nm (pulse width of 2 ns) and a pulse and the acridine species pres&ht? In protic polar solvents,
frequency of 10 Hz. The emission wavelength was dispersedthe transition to the first excited singlet state decreasi8

by the monochromator of the SE-900 PTI spectrofluorometer nm with respect to that in aprotic nonpolar solvents. In acidic
and detected by a photomultiplier tube model R1527P of PTI. water, the rR* transition disappears due to the protonation
Time-correlated single-photon-counting technology was em- of the acridine nitrogen. The first and second £*) excited
ployed. The data were analyzed using Time Master software singlet states of acridine have been denominated,asl L,
version 1.2 from PTI. The kinetic decay curves were analyzed respectively, according to the perimeter free electron orbital

by deconvolution with the instrument response function.
D. Laser Flash SpectroscopyTransient intermediates were

model3® As the water pH drops, thegltransition shifts to a
higher wavelength (from 380 to 430 nm) due to the protonation

generated with the third (355 nm) or fourth (266 nm) harmonic of acridine (Ka = 5.45)3! Thus, the wavelength position of
output of a Continuum Surelite Il laser. Transient species in this band is a good indicator of the presence of protonated
solution were monitored at right angles to the unfocused laser acridine, ANH". For hydrogen-bonded (in methanol) and neutral
beam using a 150 W xenon arc lamp (Oriel Corp.) as the (in hexane) acridine species, the-55; transitions are not well-
analyzing light. Transient species adsorbed on the surface wergesolved, as these appear at 380 and 375 nm, respectively.
monitored using the diffuse reflected radiation from a 300 W Therefore, the exclusive presence of either of these two species

xenon arc lamp (Oriel Corp.) positioned at°9@lative to the
cell surface, while the unfocused laser beam was atfidin

could not be clearly established.
The absorption spectrum of acridine adsorbed on ammonium

the cell surface. The wavelengths from the probe beam weresulfate is shown in Figure 3a. This is very similar to that of
dispersed with a monochromator and detected with an electronacridine in water at pH 2.5. Theslband was observed at the
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Figure 3. Diffuse reflectance spectra of acridine adsorbed on the following setijts (@) 5 x 1078 mol/g on (NH,).SQy; (b) 2 x 10~7 mol/g on

SiO;; (€) 6 x 107" mol/g on ALO;3; (d) 5 x 10°¢ mol/g on MgO. Absorption spectra of 26 10~ M of acridine in the following solutions are
presented for comparison: water at pH of 2-5+¢ —), methanol (--), and hexane-(—).

430 nm region, although a shoulder on this band in the 380 nm of water) the neutral species were present (Figure 3c), while
region was not observed. Ayband in the 406450 nm region for the newer alumina (2.27% of water) the neutral and
is strong evidence of the presence of a ground-state acridine-protonated species were observed. Therefore, the interaction of
protonated species. For acridine adsorbed on silica (Figure 3b),acridine with the acidic sites on alumina decreased as the water
two L, bands in the 385 and 430 nm regions were observed. content increased. However, the formation of ANkiay also
Contributions to the spectra from the absorption of protonated depend on the acidity of the surface. This was estimated by
species can be clearly established from the absorption band ameasuring the pH of water in contact with the alumina powder.
430 nm, while the presence of the hydrogen-bonded and/orFor silica the surface pH was determined as 6.6, allowing for
neutral acridines can be inferred from the band-&85 nm. the possible formation of protonated species on this surface.
On alumina and magnesium oxide (Figure 3c,d), acridine The alumina was pH 7.7, more basic than the pH of silica.
presented a 4 band in the 380 nm region, suggesting the Therefore, the protonation of acridine under dark conditions was
presence of the neutral and/or hydrogen-bonded acridine speciesnore favorable for acridine adsorbed on silica than on the
on these surfaces. Contributions from the protonated speciesalumina surface, as demonstrated by the fact that the absorption
were not observed due to the absence of bdnd in the 406 band associated with protonated acridine was not seen on
450 nm region as is normally seen for acridine at pH 2.5 (Figure alumina.

3a). Previous studies have shown that protonated species are The diffuse reflectance spectra of acridine on the different
present on 100C pretreated alumina. However, on untreated solids show a similar absorbance, but they were obtained from
alumina the ANH species were at lower concentration or samples with different surface loadings. The acridine surface
absent®27 In our studies, the alumina was not thermally loading was in the following order: ammonium sulfatesilica
activated and protonated acridines were not observed. A < alumina< magnesium oxide. The degree of attenuation of
dependence of the formation of ANHvith the water content  the diffuse reflected light depends on the absorption coefficient
was suggested by Rempfer and co-workéiBhe alumina used  of the sample and penetration depth. The similar absorbances
in our studies was exposed to atmospheric water and notat different surface loading are related to the presence of
thermally treated. Older and newer alumina samples from the protonated acridines since these have a higher absorption
same chemical company (Sigma Chemical) were used becauseoefficient than the neutral species. At 355 nm the absorption
these had different water contents due to their different exposurecoefficient of the ANH species is 2.5 times higher than that
times to atmospheric water. The diffuse reflectance spectra of for the neutral species. Because acridine on ammonium sulfate
acridine on these aluminas containing two different water is protonated while on alumina is not, it presented a higher
percents were recorded to establish the effect of water contentabsorbance on ammonium sulfate than on alumina. Therefore,
in the yield of the acridine species. For the older alumina (8.59% different absorbance on the surfaces tested will be observed at
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Figure 4. Emission spectra of acridine adsorbed on the following sotig)s (a) 5 x 1078 mol/g on (NH,),SOy; (b) 2 x 107 mol/g on SiQ; (c)

6 x 107" mol/g on ALOs; (d) 5 x 1076 mol/g on MgO. Emission spectra of 2:6 10> M of acridine in the following solutions are presented for
comparison: water at pH of 2.5-(-- —); water at pH of 5.8 ¢ —); water at pH of 10 - —) and methanol, intensitx 10 (--). The excitation
wavelength was 355 nm.

similar surface loadings. However, similar absorbances were acridine adsorbed on ammonium sulfate, the characterized
observed at differences of 2 orders of magnitude in the surfaceground- and excited-state species present were in their proto-
loading, which suggest that these differences are not only duenated form. On silica gel as the adsorbent, while the absorption
to the absorption coefficient on the adsorbed species. Thesespectrum presented contributions from protonated, hydrogen-
differences could also be related to the penetration depth of thebonded, and/or neutral acridine species, acridine’s emission
incident light, which depends on scattering and transmission spectrum was characteristic of the protonated form, ANH
properties of the solids. These results suggested that on silica gel, acridine could undergo
B. Steady-State Emission Spectral he steady-state emission — an excited-state proton-transfer reaction. The excitation spectrum
spectra of adsorbed acridine were used to establish the naturéf acridine on silica (Figure 5) was similar to the diffuse
of the excited-state species present on each model surfaceteflectance spectra, suggesting that the emitting species were
According to the diffuse reflectance spectra, adsorbed ground-the protonated, hydrogen-bonded, and/or neutral acridine. This
state acridine could exist as AN, ANHO, and/or ANH . These suggests that the low contribution of neutral species to the
may be the same species observed in the fluorescence spectrgmission spectra could be the result of a photoprotolytic reaction.
unless photochemical reactions of the acridine excited statelndeed, the excitation spectra are not strong evidence that a
change their nature. The shift of the acridine emission band photoprotolytic reaction occurred, but its possibility should not
from 425 to 470 nm as the pH of its environment decreased be excluded. This photoprotolytic reaction with hydroxyl silica
from 6.6 to 4.8 has been used as an indication of the protonationgroups has been reported in heat-pretreated silica surfaces at
of acridine?® In our work, at pH 10 neutral acridine (AN) 180°C2%25
presented an emission band with a maximum at 425 nm, while, When adsorbed on ADs, acridine presented an emission
in methanol, the hydrogen-bonded species ANO exhibited spectrum (Figure 4cimax = 444 nm) very similar to that
the emission maximum at 414 nm. observed in an aqueous solution at pH 5.8. At this pH the ratio
Acridine adsorbed on (NHLSO, (Figure 4admax= 475 nm) of [ANH *]/[AN] is 0.44. Thus, on the basis of the fluorescence
and on silica gel (Figure 4. = 469 nm) presented emission  spectrum of acridine at a pH of 5.8, we proposed that AN and
bands in the same wavelength region as that observed forANH* species were present on the alumina surface. The
acridine in water at pH 2.51hax = 472 nm). Therefore, we  presence of hydrogen-bonded species on alumina cannot be
propose that on these surfaces the major species of acridine irtotally discarded because in methanbhdx = 414 nm) these
the singlet excited state was the protonated form. In the case ofemit on the blue side of the emission spectra of acridine on
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10 to be taken into consideration to prevent underestimating the
— ANon aluniina pH. However, due to the contribution of ANHo the steady-
—— AN on silica . . .
state absorption on silica and its absence from the spectra of

acridine on alumina, we can expect that the hydroxyl groups
on silica are more acidic.

The fluorescence of acridine is quenched by oxygen. In
alkaline water, the decrease in fluorescence intensity under an
oxygen atmosphere with respect to a nitrogen atmosphere was
small, 0.93. However, on the solids surface the quenching of
the fluorescence in the presence of oxygen was higher, 0.63 on
silica, 0.54 on alumina, 0.51 on magnesium oxide, and 0.90 on
ammonium sulfate, than in solution. The higher frequency of
oxygen quenching on the solids than in solution is expected

, . . . , . since acridine on the solid/air interface is more exposed to
300 320 340 360 380 400 420 440 oxygen than in So'ut|0n

A(nm) C. Time-Resolved Fluorescence Measurementghe fluo-
Figure 5. Excitation spectra of 5 10~7 mol/g acridine on alumina rescence lifetimes of excited acridines in water at pHs of 2.5
(Em 450 nm) and silica (Em 470 nm). and 9.0 and in methanol were obtained using the time domain
fluorescence technique. These lifetimes increased with an
alumina. Since only contributions from neutral and/or hydrogen- increase of the emission wavelength. The shorter lifetimes were
bonded species were observed in the absorption spectra omyssigned to the neutral and hydrogen-bonded species, while the
alumina, the contribution from the protonated species to the longer was assigned to the protonated species, which emit in
emission spectrum suggested that an efficient photoprotolyiic the red side of the spectrum. The measured lifetimes (Table 1)
reaction was occurring on this surface (eq 1). Moreover, the yere similar to those previously reported: 0.5 ns for acridine

excitation spectra of acridine on alumina did not show the i, methanol (AN:--HO), 10-11 ns for acridine in alkaline water
contribution of ANH" species to the emission, while the AN), and 33.9 ns for acridine in acidic water (AN}8-20

emission spectra did (Figure 5). This demonstrated the participa-gome of these decay lifetimes were measured in the presence
tion Of. singlet excned-sta_te_ proton addition reaction in the 0O, because insignificant oxygen quenching effects were
formation of protonated acridine. Indeed, the formation of singlet observed®20In our studies, the solution and adsorbed samples
excited ANH" has been reported in not-pretreated aluniina. of acridine were not flushed with NAny difference between

. the observed lifetimes in solution included in Table 1 and those
AN---HO—Al + hy — AN* +--HO—Al — ANH "™ + previously reported were probably due to differences in the data
“O—Al (1) analysis. Lifetimes were also measured for acridine adsorbed
on the different surfaces. By comparing these with those
It has been reported that the excited-stafg @f acridine is obtained in solution, the excited-state acridine species adsorbed
10.35?8 much larger than for its ground stateKgp= 5.45). were identified. Due to surface heterogeneity, two or more
This large change inkx has been explained as resulting from  acridine species are postulated to be present on some surfaces,
the acquisition of a higher electron density by the nitrogen as demonstrated by the multiple component decay curves. Table
heteroatom in the excited state than in the ground state, 1 presents the lifetimer] of the fluorescent components on
facilitating the proton addition reactié.Thus, it is possible  each surface at a given emission wavelength. In addition, the
that on alumina surfaces, the excited state of hydrogen-bondedemissjon fractionfj of each of the species contributing to the
or neutral acridine reacts with the aluminol groups to produce tqta| emission is displayed. The emission fraction is the fraction
the protonated form through a proton abstraction reaction (ed of 4 species with a given lifetime that contributes to the total
1). fluorescence.

On the MgO surface, the acridine emission maximum (Figure The time-resolved emission spectra (TRES) of adsorbed

4d) appeared at 418 nm and the shape of the spectrum was__. . . . .
similar to that observed for acridine dissolved in methaighy acridine at different time delays were also recorded (Figure 6).

— 414 nm) and in water at pH of 10 = 425 nm). Therefore, This was done in order to assign the lifetimes to the spectra

the hydrogen-bonded and neutral acridine species are postulate&ssoc'a}t.ed with different em'“'"g .speC|es. )
to be present on MgO. ~On silica gel, the TRES of acridine at short time delays was
The wavelengths of maximum emission of adsorbed proto- similar to the steady-state emission spectra, Figure 6a. A small
nated and neutral acridine differed by 50 nm (Figure 4a,d). As band in the 410 nm region was observed at short time delays
consequence, the emission spectra of adsorbed acridine can bwhile at longer time delay (16 ns) was not observed. The fact
utilized to estimate the average pH of the solid surface that AN and AN--HO emit in this wavelength range, with
microenvironment. On the basis of this information, ammonium lifetimes of 0.53 and 7.4 ns, respectively, explained the lack of
sulfate can be considered an acidic surface while magnesiumemission from these species at longer time delays (Figure 6a).
oxide a basic surface. An excited-state photoprotolytic reaction The longer time delay spectrum only showed an emission
occurred in acridine adsorbed on silica and alumina surfaces,characteristic of ANH. The lifetimes obtained from the fits to
which produced a high yield of protonated species. These the kinetic decay curves were similar to those observed for
photoprotolytic reactions would increase the emission fraction acridine in methanol (0.44 ns), alkaline water (8.5 ns), and acidic
of ANH™ (with respect to the values expected if no photopro- water (29 ns). The similarity between these lifetimes and those
tolytic reaction occurs), leading to a lower estimate of the pH obtained for acridine adsorbed on silica led us to propose that
value. Thus, to use acridine as a fluorescent probe to estimateAN:--HO (0.53 ns), AN (7.4 ns), and ANH(29.7 ns) are
the pH of these surfaces, the diffuse reflectance spectrum needpresent on silica. In support of this, the fluorescence decay
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Figure 6. Time-resolved emission spectra of acridine on (a) 307 mol/g on SiQ, (b) 5 x 1078 mol/g on (NH;),SQ, (c) 6 x 1077 mol/g on
Al,0s, and (d) 5x 107® mol/g on MgO at different time delays (TD).
TABLE 1: Time Domain Fluorescence Lifetimes ¢) and Emission Fractions €) of Acridine Species in Solution and Adsorbed

on Various Solids Surfaces
acridine medium and concn  emission wavelength (nm) ; (ns) 72 (NS) 73 (NS) f f, fa
3 x 10"°M methanol 412 0.44-0.01 1.0
3x 10°M H;0, pH=9.1 425 8.5£ 0.5 1.0
3 x 10°M H;0, pH=2.5 470 29+ 1 1.0
5 x 10" mol/g Si 425 0.53+0.09 7.4+04 25.6+0.7 0.10£0.05 0.35-0.01 0.57+0.01
450 0.3+ 0.2 6+1 29.7+£0.3 0.01+£0.01 0.06+0.03 0.93+0.01
470 54+ 0.6 31.2+0.2 0.05+0.01 0.95+0.01
550 29.5+ 0.1 1.0
5 x 1078 mol/g (NHy),SOy 450 0.79+0.05 2.6+0.1 0.50+0.4  0.514+0.03
470 0.87+0.03 2.9+0.1 0.6+ 0.4 0.38+ 0.03
525 0.93+0.04 3.0+0.1 0.5+ 0.3 0.51+0.03
6 x 10" mol/g Al,O3 410 0.83+0.06 2.4+0.3 0.74+0.05 0.26+ 0.07
425 0.96+0.03 3.5+:0.3 0.804+0.03 0.204+0.02
444 0.87+0.06 3.0+0.2 0.55+ 0.05 0.45+0.04
480 1.48+0.05 5.4+0.2 0.58+ 0.02 0.42£0.02
530 1.84+0.08 5.9+0.2 0.47+0.02 0.53+0.02
5 x 107% mol/g MgO 410 0.65£0.03 3.1+0.2 0.57+0.07 0.43+0.02
425 0.71+0.03 3.6+0.2 0.60+0.04 0.40+ 0.02
450 0.69+ 0.03 3.0+0.2 0.60+ 0.04 0.40+ 0.02
500 0.66+0.03 3.4+0.2 0.57+0.05 0.43+0.02

curves for silica recorded at 425 and 450 nm were best fitted to the blue part of the spectra were those for which the emission
a three-component system (Table 1). At 425 nm, the calculatedfraction was inversely related to the magnitude of the detection
lifetimes were characteristic of the ANHO, AN, and ANH" wavelength.

species. At 450 nm the emission fractions associated with AN For acridine adsorbed on ammonium sulfate, the TRES
-*HO and AN decreased in comparison to those obtained from coincided with the ANH emission spectrum observed in acidic
the decay curve recorded at 425 nm. SincerANO (Amax = water irrespective of the time delay used (Figure 6b). Contribu-
414 nm) does not emit at 470 and 550 nm, the data recorded atjons from the AN--HO or AN species were not observed in
these emission wavelengths were best fitted to a two-componentthe emission spectra. This indicated that ANtas the only

(AN and ANH") and one-component (ANH system, respec-  adsorbed species present on ammonium sulfate. Nevertheless,
tively. The dependence of the emission fraction on the wave- the data were best fitted to a two-component model. This could
length for each species correlated well with the emission spectrahave been due to the heterogeneity of the surface sites on which
of the different acridine species. The species that emitted in the ANH" is adsorbed. The fluorescence decay was faster (0.87
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and 2.9 ns) than expected when compared to the fluorescence 030~ 18
lifetime for ANH* in solution (29 ns) and on silica (29.5 ns). (@) TR
Also, the fluorescence intensity of acridine on ammonium sulfate Lo —— AN in hexane

was smaller than for acridine in acidic water. These effects are ~ °2° | — AN metianol
typical of quenching processes or a rapid photochemical
reaction. However, since the emission wavelength range of the g2 -
TRES was independent of the time delay an excited-state
reaction did not explain the two-component decay. Therefore, ,
quenching of the protonated acridines is a better explanationg 0215
for the observations than the participation of an excited-state
reaction. In addition, similar quenching effects had been
observed by others for acridine in the presence of alcohols and
ammonium nitraté832 Photophysical studies of acridine (AN)
in alkaline water (pH 8.3) in the presence of ammonium ions 0.05 -
have demonstrated the existence of proton addition reactions.
However, the lifetime of the ANH species formed from the
photoprotolytic reaction with Nkt was smaller (20 ns) than
the characteristic lifetime of ANH (30 ns) in the absence of
the salt (NHNO3).32 This was explained in terms of quenching A (nm)
of the acridinium ion emission by NjMO;.%? Figure 7. TRDR spectra of 1x 1075 mol/g acridine on MgO. For
The TRES for acridine on alumina at (Figure 6c¢) short and comparison the transient spectra of acridine in methanol and hexane
long time delays were very different. At short time delays the ar€ presented. An excitation wavelength of 355 nm was used.
TRES presented amax ~ 420 nm, in the same wavelength
region of the emission spectra of neutral and hydrogen-bonde
acridine. Nevertheless, the TRES taken at longer time delays
showed contributions from protonated acridine species. As
already stated for the steady-state emission studies, this wa . . . !
due to the occurrence of a photoprotolytic reaction from the on_the silica su_rface than on alumina and magnesium oxm_le.
This agrees with the coverage of hydroxyl groups that is

acridine singlet state. The analysis of the fluorescence decayex octed on these surfaces being hiaher in the alumina surface
curves for acridine on alumina at several emission wavelengths pe - gng .
than in the silica surfac®.The coverage of hydroxyl groups in

best fit a two-component model. In the wavelength emission thermally unactivated magnesium oxide had not been reported
region where the neutral and hydrogen-bonded acridine<410 but its known that it is covered with hydroxyl groutSs.

440 nm) emit, the lifetimes of the two components were 0.83 D. Triplet —Triplet Absorption Spectra. The time-resolved

and 3.0 ns. The shorter lifetime is characteristic of the hydrogen- . .
. . - . diffuse reflectance (TRDR) spectroscopy technique was used
bonded species, while the longer lifetime could be assigned to L
; - . to determine if the neutral, hydrogen-bonded, and protonated
the neutral species. In the wavelength region where ANHits - . . S
(480-530 nm) the measured lifetimes were 1.48 and 5.9 ns species undergo intersystem crossing to their triplet states when
Since these lifetimes were associated to A*Nh;i/hich has.a " adsorbed on the surface of the solids tested and to assist in the
’ characterization of the adsorbed species of acridine. These

longer lifetime than AN"HO. and AN, the.se. were higher than experiments were done in samples purged with nitrogen since
those observed in the blue side of the emission spectra. However - . - S

AR - : the acridine triplet state is efficiently quenched by oxygen.
the intrinsic lifetime of protonated acridine species were not ; ) -

. . . gy L Indeed, under an air atmosphere theTTabsorption of acridine
observed. This is explained in terms of a simil& pf acridine h | h of . b : ftripl
and the aluminol groups. The proton abstraction from aluminol was not seen. T e wavelength of maximum absorption of triplet-

’ o tate acridine in hexane and methanol has been reported as 435
groups quenches the fluorescence of the acridines protonate nd 441 nm, respectivelf. The TRDR spectra of acridine
:r; t?e exc;ted sttatei rgsultmdg in a lower lifetime than the intrinsic adsorbed on MgO, ADs, and SiQ were obtained and compared
e 'm_e 0 pro.o.na ed acndine. _ . with the transient spectra of acridine in solution.
. E.xc,lted acrldlne_ a(.jsorbed.on MgO showed two emission  Eqr acridine adsorbed on MgO, the-T absorption spectra
lifetimes at the emission maximum, 0.7.1 and 3.6 ns (Table 1). showed a band with maximum at 441 nm (Figure 7). This is
The presence of two species could be inferred from the TRES the same wavelength region where the triplet states of neutral
at the two time delays shown in Figure 6d. At shorter time delays a¢ridine (in hexaneimax = 435 nm) and hydrogen-bonded
the spectrum presented a wavelength of maximum emission neagcridine (in methanolimax = 443 nm) absorb. Therefore, the
417 nm, and its shape resembled that of hydrogen-bondedneytral and hydrogen-bonded acridine triplet species were
acridine. Moreover, at higher delays the recorded TRES was probably present. Moreover, the fact that the decay curves were
red-shifted with respect to that from short time delays. This iS pest fitted to a two-component decay model with lifetimes 2
characteristic of a neutral acridine (AN in water at a pH of 9) 104 and 1x 105 s supported the presence of these species.
whose spectrum is red-shifted (11 nm) with respect to the AN The triplet decay of the species adsorbed on the solids surface
+*HO emission spectrum. Therefore, neutral acridine was the was slower than the decay observed in solutios, 06 s in
species with a lifetime of 3.6 ns. hexane and & 105 s in methanol, due to less efficient internal

Studies of acridine in wateralcohol mixtures showed that  conversion and quenching processes on the solids.

the fluorescence lifetime decreased as the alcohol concentration For acridine adsorbed on alumina (Figure 8a), theTT
increased due to a dynamic quenching proé&$he possibility absorption band appeared in the same wavelength region as for
of interaction of neutral acridine with hydroxyl groups on the the triplet absorption of the neutral and hydrogen-bonded
solids tested increased with an increment in their number on species, and the decay curves fit best to a one-component model
the surface; thus a decrease of the lifetime of neutral acridine with a lifetime of 1 x 107 s. This suggested that only one
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dresulted from the increase in the number of hydroxyl groups.
Neutral acridine on silica showed a lifetime higher (7.4 ns) than
on magnesium oxide (3.6 ns) or alumina (3.0 ns). This could
éae interpreted in terms of a smaller fraction of hydroxyl groups
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0304 16 crossing and observable—Tr absorptior?® Indeed, the fluo-

(@) I - i“hii;’:ga rescence lifetime of ANH on silica was higher than in acidic
—=— AN in methanol water, evidencing the less efficient internal conversion on the
solids than in solution. To confirm the absence of ANH
benzophenone was used to sensitize the triplet state of the
acridine species on alumina. The acridine triplet state was
produced by sensitization from triplet benzophenone through
an energy-transfer mechanism. As shown in Figure 8b, thE T
absorption of benzophenone at the 335 nm band diminished in
intensity in the presence of coadsorbed acridine, while a transient
absorption band of acridine at 445 nm increased demonstrating
that acridine triplet sensitization was achieved. No significant
increase in absorbance in the 490 nm region, in comparison
with the T—T absorption spectra of nonsensitized triplet acridine,
was observed. This indicated the absence of triplet-state
protonated acridine on alumina.

At low surface loadings of acridine on silica, the triptet
triplet absorption decay curve presented a very low intensity,
b) —®— 1,10 molig AN + 2x10°C mollg benzophenon while at high surface loadings an intense dela}y quoresc.er)ce
signal was observed. The latter overlapped with the acridine
T—T absorption and resulted from-TT annihilation processes
as previously reported by Oelkrug and collaboratéf$.They
attributed it to the lateral motion of triplet acridines on the
surface, rejecting the possibility of a nonuniform adsorption of
the molecules on the surface. They also demonstrated that the
acridine mobility on silica is higher than on alumina, resulting
in T—T annihilation?® The higher mobility of acridine’s triplet
on hydroxylated silica was explained in terms of a smaller
activation barrier for lateral motion than on hydroxylated
alumina, on which the main adsorbate is protonated acridine
trapped on the-OH groups. The alumina used in our studies
was more basic than the silica, reducing delay fluorescence

300 350 400 450 500 550 processes on that surface. The lack of absorption by ground-

A (nm) state protonated acridines on alumina further demonstrated the

Figure 8. Transient absorption spectra of (a510~7 mol/g AN on basicity of the surface. The high delay fluorescence detected
alumina, 3x 105 M AN in hexane, and 3 10-5 M AN in methanol. from silica samples was ascribed to a low percent of hydroxyl
The excitation wavelength was 355 nm. (bx110-6 mol/g AN and 2 groups per unit of surface area and a nonuniform adsorption of

x 10°® mol/lg benzophenone on alumina,> 10°° mollg AN on  acridines that resulted from the method used to prepare the
alumina, and 2 107® mol/g benzophenone on alumina. The excitation samples. The hydroxyl groups could form hydrogen bonds with
wavelength was 266 nm. the acridines resulting in a higher strength of interaction between

type of species was present, although the presence of more thathe acridines and the surface. This would decrease the mobility
one species with closely spaced lifetimes could not be excluded.f the acridines. In addition, a nonuniform adsorption is more
In the fluorescence studies the presence of protonated acridindikely on silica than on alumina due to the lower amount of
was confirmed; nonetheless, absorption from the acridinium ion hydroxyl groups on the lattéf, which are the main sites for
triplet state was not observed in the wavelength region where the adsorption of azaaromat®s?® The delay fluorescence

it absorbs (490 nm). Photoprotolytic reactions of the triplet state spectrum of acridine on silica was in the region where protonated
were not expected because 15K is 5.6, very similar to the ~ species emit (Figure 9). Therefore, these species are the
ground-state .. Thus, deactivation of the singlet excited state Precursors to FT annihilation processes. Because the triplet
of protonated acridine by intersystem crossing is not a major state of the species must be populated before delay fluorescence
route?? Although the triplet state of these species can be occurs, protonated acridines may undergo intersystem crossing
sensitized by a disodium salt of naphthalene disulfonic acid, to their triplet state on silica. The formation of triplet-state
the triplet-triplet absorption by direct excitation of ANHhas ~ protonated acridines may be the result of the less efficient
not been observed in solution. This may be due to fluorescenceinternal conversion on the solid surface than in solution, resulting
and internal conversion processes which occur as the principalin a higher probability of intersystem crossing and observable
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decay pathway?& If sensitized, the acridinium ion shows aT T—T absorptiort® In experiments using silica in which the
absorption band with maximum at 490 rthat is ap- acridine triplet was produced by benzophenone, the delay
proximately 45 nm red-shifted with respect to the-T fluorescence was less intense, which allowed the trifitgtlet

maximum absorption of neutral (hexarg.x = 435 nm) and absorption intensity to be recorded at times where the delay
hydrogen-bonded (methandk,.x = 443 nm) acridine species.  fluorescence had decayed completely (Figure 10). Additionally
Nonetheless, the identification of the triplet acridine protonated on this substrate, a decrease in the absorption intensity of
species produced by direct excitation has been reported onbenzophenone with a simultaneous growth of the acridine’s
thermally activated alumin#. Internal conversion of the pro-  triplet absorption was observed. Analysis of the decay curve of
tonated species may be less efficient on the solid surface thanthe acridine triplet absorption on silica showed the presence of
in solution, resulting in a higher probability of intersystem one species. However, an analysis of the fluorescence decay
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12 (ANH™) that is not an important deactivation route. For neutral
species the photodegradation rate was 0.12 lower under an
oxygen than under a nitrogen atmosphere, suggesting the role
of the singlet and triplet excited states in the destruction of
acridine. Under a nitrogen atmosphere, the ratio of the photo-
degradation rates on ammonium sulfate, magnesium oxide, and
alumina to that on silica (the slowest observed) was 107 on
ammonium sulfate, 25 on magnesium oxide, and 18 on alumina.
The slower photodegradation rates, observed for acridine on
SiO,, AlOs, and MgO surfaces, can be explained in terms of
the presence of ANH As its relative proportion increased on
the different surfaces, the photodegradation rate also decreased.
It was higher on magnesium oxide, a surface at which no ANH
AR is present. On alumina, no ground-state ANBpgpies were
—— Steady state emission spectrum observed; however, _excned-state proton ad_dmon reactions
0.0 1 occurred. These reactions decrease the quantity of AN that can
- . - . undergo intersystem crossing processes to their triplet states
400 450 500 550 resulting in a lower photodegradation rate. On silica, ground-
A state protonated acridines were present and a photoprotolytic
(nm) . . .
) ] reaction occurred; therefore, the acridine photodegradation rate
Figure 9. Transient delay fluorescence spectra ok110°° mol/g on silica was slower than on magnesium oxide and alumina.
acridine on silica. The excitation wavelength was 355 nm. However, the protonated species on silica were shown to
40 undergo intersystem crossing to their triplet state, but due to
—&— AN and benzophenone their high mobility on silica these can underge T annihilation,
: iznznphannna which deactivates the triplet excited state. Ammonium sulfate
was the surface on which acridine degraded faster. This was an
unusual behavior because on this surface the protonated acridine
was the principal adsorbed species present. This unusual
behavior was also observed in the photophysical studies of
acridine on ammonium sulfate. At a similar initial absorbance,
the fluorescence intensity of acridine on ammonium sulfate was
smaller than for acridine in acidic water or adsorbed on a silica
surface. In addition, the fluorescence lifetimes of acridine on
ammonium sulfate were 15 times lower than for acridine in
acidic water, implying that a dynamic fluorescence quenching
process could occur. Therefore, the unusual high photodegra-
dation rate is explained in terms of an excited-state reaction of
acridine with the surface. On all surfaces the photodegradation
under a N atmosphere was faster than under aranosphere

1.0 4

0.8 4

0.6 4

0.4 4

Normalized Intensity

0.2 4

300 350 400 450 500 except for acridine on ammonium sulfate where the photodeg-
L (nm) radation rates under a,dnd G atmosphere were similar. This

Figure 10. TRDR spectra of x 105 mol/g AN and 2x 1076 mol/g correlates well with the absence of a triplet decay route for the
benzophenone on silica, 2 10°® mol/g AN on silica, and 2< 10°® adsorbed species as evidenced by the absence of acridihe T

mol/g benzophenone on silica. The excitation wavelength was 266 nm. absorption on ammonium sulfate.

ZuNr\éeJrs i?\lmogsgrated that three species were pre§ent on silicay, Summary

, ---HO, and AN. It is possible that the triplet states

of more than one species with similar lifetimes were present  Several photophysical and photochemical processes are
on silica. The shoulder at the 485 nm region (Figure 10) implied proposed to occur for neutral, hydrogen-bonded, or protonated
the possible absorption by triplet-state protonated acridine. Foracridine species adsorbed on the models of atmospheric
acridine and benzophenone coadsorbed on silica, the tripletparticulate matter used in this study. The processes that occur
decay curves at the 485 nm region showed a slower decay tharwill depend on the adsorbed acridine species on each model
those from the sample of benzophenone on silica. This further surface. For acridine on silica, the ground-state species present
demonstrates that the transient absorption observed at the 48%vere the hydrogen-bonded, neutral, and protonated. These
nm region is due to the absorption from protonated acridines. species were characterized from the steady-state diffuse reflec-

No transient signals for acridine adsorbed on ammonium tance spectrum, and the analysis of the emission decay curves
sulfate were observed. Moreover, neT absorption of acridine  of acridine confirmed the presence of AN and AMO.
using benzophenone as a triplet sensitizer was observed andecause thelf, of the acridine singlet excited state is greater
the T-T absorption of benzophenone was extremely low in than for its ground and triplet states, a photoprotolytic reaction
intensity. This supported the hypothesis that a rapid quenchingcould explain the much higher emission fraction of ANtith
of excited acridine with the surface was occurring. respect to AN and AN-HO on silica. On ammonium sulfate,

E. Photodegradation Ratesln water, the photodegradation the diffuse reflectance, emission, and time-resolved emission
rate was 3.2 times higher for the neutral than for the protonated spectra showed that protonated acridine was the only adsorbed
acridine species because neutral acridines-(AMD and AN) species. Because the fluorescence lifetimes and fluorescence
can undergo intersystem crossing while for the ionic acridines intensity were smaller than expected (from the spectroscopic
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characteristics of ANH in acidic water), we propose that strong effect in the absorption by acridine. This material is
quenching of the excited-state acridine was occurring. On available free of charge via the Internet at http://pubs.acs.org.
alumina, the presence of hydrogen-bonded species was sup-
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