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Abstract

Interactions of Ag with naphthalene and pyrene in aqueous solution were investigated using ultraviolet (UV) absorption and steady-state
and time-resolved fluorescence spectroscopies. Small red-shifts in the two primary absorption bands of naphthalene and pyrene were ob-
served in the presence of high concentrations of Agdicating that ground-state cation—aromatielectron interactions occurred. Ag
complexation constant¥{ and Ky) for naphthalene were determined directly from steady-state and time-resolved fluorescence data,
whereas the formation of a pyrene—Agxciplex required an additional correction to remove its interference on apparent pyrene complex-
ation constants. The correction utilized ratios of the exciplex and monomer preexponential factors obtained from pyrene fluorescence decay
curves measured at several emission wavelengths that were impacted to different degrees by the exciplex emission. The novel approact
developed here to quantify ground-state complexes betwe&raAd polycyclic aromatic hydrocarbons (PAHS) offers new opportunities
to investigate weak metal-organic complexes such as those resulting from caitideractions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction expected to consist of charge-quadrupole, charge-dipole,
charge-induced dipole, charge transfer, dispersion force,
Ever since single ring aromatic compounds were reported electostatic interaction, and hydrophobic components. Re-

to form 1:1 complexes with silver ionfl—3], polycyclic cently, Munakata et al[21] provided a review on the
aromatic hydrocarbons (PAHs) have been recognized asformation of Agh ion—PAH complexes in various phases.
potential donor molecules for preparing Agaromatic Andrews and Keefefd] suggested that the water soluble
complexes in aqueouyg—7] and organic solvents,8,9]. aromaticw complexes AgAt and AgAr?t are in equilib-
The Agt—aromaticw interaction has also been studied in rium with the aromatic compound and free Agand that
gas[10,11] and solid[12—18] phases. Mulliken[19] for- the monosilver complex is predominant in the ground-state.

mulated a theoretical model for the bonding between silver In other words, the complexation constant for,Ag?t is
perchlorate and benzene and Fukui et [2D] provided a minor component in calculating the overall speciation.
a molecular orbital theoretical treatment of the electronic Kofahl and Lucag5] determined Ag complexation con-
requirements of Af§—aromaticw interactions. Based on stants of various PAHs in an agueous medium containing
these resultd19,20], cation—aromaticr interactions are ~ KNOgz and AgNQ at unit ionic strength and in equimolal
water—methanol solutions containing Napl@énhd AgNQ; at
ionic strength 0.5 using a solubility enhancement method.
: They found that Ag complexation constants of phenan-

E-mail addressesmschlau@clemson.edu (M.A. Schlautman), threne (Phen) depended significantly on the polarity of the
ecarraw@clemson.edu (E.R. Carraway). !

1 Co-corresponding author. Tek:1-864-646-2189; solvent systems. For example, the complexation constant
fax: +1864-646-2277. for formation of AgPhen in aqueous medium was 3.3

* Corresponding author. Tek:1-864-656-4059; faxi1-864-656-0672.

1010-6030/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/S1010-6030(03)00443-X



166 J.H. Lee et al./Journal of Photochemistry and Photobiology A: Chemistry 163 (2004) 165-170

times larger than that obtained in the water—methanol systemble absorption bands in the wavelength region longer than
[5]. Recently, Yim[7] determined Ag complexation con- 300 nm[9].
stants for naphthalene (Naph), pyrene (Pyr), and perylene UV-Vis absorption spectra (resolution of 0.05nm) were
(Peryl) using a similar solubility enhancement technique and measured with a double-beam, double-monochromator spec-
showed that the constants increased proportionally with in- trophotometer (Shimadzu UV-2501PC) using appropriate
creasing molar volume and reduction potenfi2,23] of background solutions as references. Steady-state fluores-
the PAHs (e.g. Naph< Pyr < Peryl). Zhu et al[24] re- cence spectra were recorded with a PTI QuantaMB¥ter
cently demonstrated that Agcomplexation constants for  spectrometer (Photon Technology International, Inc.)
deuterated aromatic molecules can be determined via deu-equipped with a 75W xenon arc lamp. The excitation
terium nuclear magnetic resonance spin—lattice relaxationwavelengths used for naphthalene and pyrene were 276
(*H NMR T1) measurements, thereby eliminating the need and 334 nm, respectively. Fluorescence emission was mon-
to conduct solubility enhancement studies which can be con-itored at 322 nm for naphthalene, while pyrene emission
founded by macroscopic salting out effeft$. was monitored at 373, 379, 383, and 393 nm. Excitation

In this paper, we demonstrate that quenching of PAH flu- and emission slits were adjusted to a resolution of 0.25 nm.
orescence by Ay ions can be used to quantify their Ag ~ When necessary, observed fluorescence intensities were cor-
complexation constants in dilute aqueous solution. Becauserected for inner filter effects and/or Raman scattering from
of its inherent sensitivity, fluorescence quenching alleviates the background solutiof26,27] Fluorescence lifetimes at
many of the problems previously associated with obtain- the same emission wavelengths above were obtained with
ing Agt complexation constants from solubility enhance- a PTI TimeMastef spectrometer using a nitrogen-filled
ment methodologies (e.g. salting out effects, need for high nanosecond flashlamp and a stroboscopic optical boxcar de-
Agt concentrations) and eveéid NMR T; measurements tection methodology. Lifetime data analyses were performed
(e.g. method sensitivity limitations, aromatic compound sol- using TimeMaster P! for Windows provided with the
ubility limitations, need for high Ag concentrations). In  PTI system. Observed fluorescence decays were deconvo-
addition, the fluorescence quenching technique is simpleluted using a sum of exponentials model and a measured
and rapid compared to traditional solubility enhancement excitation pulse by the Marquardt nonlinear least-squares
methodologies. method. For pyrene, both monomer and exciplex emission

decay lifetimes in the presence of AgGl@ere determined
at each wavelength. Goodness of fit was characterized by

2. Experimental the reduced chi-square statistig?f, Durbin-Watson pa-
rameter, runs test, and plots of the weighted residuals and
2.1. Chemicals autocorrelation function of weighted residuals. Best fit val-

ues for the lifetimes1;) and/or preexponential factorsy{

AgClO4 (99.9%), NaClQ (99.0%), naphthalene (99.0%), were then used in subsequent calculations and analyses.
and pyrene (99.0%) were purchased from Aldrich and used

without further purification. Spectroscopic grade methanol

was purchased from Fisher Scientific. Distilled, deionized 3. Results and discussion
water (Super-OM Plus, Millipore) having a resistivity

greater than 18.0 M cm was used to prepare all aqueous 3.1. Absorption spectra
solutions.

Relatively high concentrations of Agin agueous solu-
2.2. General procedures tion resulted in UV spectra for naphthalene and pyrene that
were slightly red-shifted compared to spectra observed in
Naphthalene, pyrene, and AgCJGtock solutions were  the absence of Agions (Fig. 1). For example, the pres-
prepared at room temperature (212°C) and stored in ence of 0.30M Ad ions generated red-shifts of approxi-
dark containers to minimize photoreactions. Samples for mately 1 nm in the two primary absorption bands (266 and
absorption and fluorescence measurements were prepared76 nm) of naphthaleneF{g. 1A). Similar red-shifts oc-
in an anaerobic chamber (95% No% H,; Coy Laboratory curred for pyrene at 319 and 334nm in the presence of
Products Inc.) using deoxygenated solvents and then sealed®.15M Ag+ (Fig. 1B). The trends of the two curves shown
in 1cm screw cap anaerobic fluorescence cells (Starna) toin Fig. 1B are similar to those observed in the absorption
exclude oxygen. The ionic strength of most samples was spectra of caffeine-solubilized pyrene in aqueous solution in
fixed at 0.1 M with NaClQ, except for some ultraviolet the absence and presence of AgN[@8]. Fig. 1 provides
(UV) absorption measurements conducted at relatively high suggestive evidence that cation—aromatielectron inter-
Ag™ concentrations (0.15-0.3 M) to detect its interactions actions between Agions and PAH molecules occur in the
with naphthalene and pyrene. In general;"Nand CIQ,~ ground-state, even though the relevant absorption bands of
are not considered to be quenchers of PAH fluorescencethe complexes formed overlay the local bands of the aro-
[25]. Also, AgCIO, and NaClQ solution have no apprecia- matic donorg29]. Unfortunately, the very small absorption
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Fig. 1. (A) Absorption spectra of naphthaleneQ® 10~ M) in aqueous Fig. 2 Representative Stern-Volmer plots _for the steady-stlly (
) and time-resolved M) fluorescence quenching of (A) naphthalene
solution (¢ = 0.30M) for 0 (a), and 0.30M (b) AgCIQ Reference so- ot
) ([Naph] = 2.0 x 100*M, Aem = 322nm) and (B) pyreng[Pyr] =
lutions for curves (a) and (b) were 0.30 M NaGl@nd 0.30 M AgCIQ, 45% 107 M, Aem = 373nm) by Ad
respectively. The presence of weak naphthalené—agmplexes are in- ' ) em = y ’
dicated by the slight red-shifts in the absorption bands at 266 and 276 nm

in curve (b). (B) Absorption spectra of pyrene§4 10~7 M) in aqueous Although dynamic quenching by Aigis predominant, the
solution ¢ = 0.15M) for 0 (c) and 0.15M (d) AgCI@ Reference so- . . L
static quenching component can be resolved and indicates

lutions for curves (c) and (d) were 0.15M NaGl@nd 0.15M AgCIQ, ) . . .
respectively. The presence of weak pyrene-Apmplexes are indicated  that Ag" ions interact with the diffuser electron clouds of

by the slight red-shifts in the absorption bands at 319 and 334nm in naphthalene to form complexes in the ground-state. There-
curve (d). fore, the steady-state Stern—Volmer equation is second-order
with respect to Ag ion concentratiorf27]:

band shifts observed coupled with the relatively low sen- Fo = (14 Kp[OD)(1+ K<[Q)) (1)
sitivity of the UV-Vis spectrophotometer did not allow for F
Ag™ complexation constants to be calculated for naphtha-

: whereFg andF are the steady-state fluorescence intensities
lene and pyrene in these systems.

in the absence and presence offAigns, respectively,Q]

. is the Ag" (quencher) concentration, akg andKs are the

3.2. Dynamic and steady-state fluorescence measurementsdymjm]iC and static quenching constants, respectit@lyis

for naphthalene generally considered to be the product of the bimolecular

) . fluorescence quenching rate constag) @nd the naphtha-

For this study, fluorescence techniques proved to be|gne flyorescence lifetimerd) [27], while Ks is normally

much more sensitive than UV-Vis absorption becausg Ag reported to be for a 1:1 compld&7]:

is known to be a strong quencher of PAH fluorescence

[27]. Fig. 2A shows that Ag is both a static and dynamic [Ar — Q] B

quencher of naphthalene fluorescence in aqueous solution:*S — [Ar][ O]
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Here, [Ar] is the concentration of free naphthalene and{Ar 2.96 @
Q] is the concentration of the naphthaleneXAgomplex Naphthalene
formed in the ground-state. 2.95
Several research groups$,5,7,8] have proposed the for-
mation of both 1:1 and 2:1 complexes between™Aand 2.94 -
aromatic hydrocarbons from cation—aromatic electron M
interactions in solution as shown 8cheme 1 2.93 - ¥ = 3.045x + 2.908
K R? = 0.993
Ar+Ag === AgAr 2.92 1
K 2.91 . : .
+ + 2 2+
AgAr +Ag AgrAr 0 0005 0.01 0.015 0.02
Scheme 1. [AgCIO,] (M)
For the complexes shown 8cheme 1Eq. (2)can be rewrit- 3.55 B 1.97
ten: Pyrene
AgAr+ Ag-Art 3.54 y=6.734x +3.351
Ks— . [Ag ]++[ 92 ]2+ —_ R? = 0.999 +1.95 =
([Ag;"] — [AgAr™] — 2[Ag,Ar“"DI[Ar] £ £
= K1+ K1K2[Ag™] €) g 3451 3
where [Ad'] is the total concentration of Agions added < - 2.008x + 1903 | 193 ¥
to the aqueous naphthalene solution. As showkdn (3), 3.4 1 Y oe0s
Ks depends on the free concentration of‘Agnd, because
of the stoichiometry for a fixed naphthalene concentration, 3.35 1.91
the initial Ag™ concentration. For example, tH€s 0002 ' 0 0.01 0.02 003'

([Ag™] = 0.002M) value determined from the static and
dynamic quenching curves shownhig. 2A over the range [AgCIO,] (M)

[Ag*] =0 to 0.004M 15 slightly smaller thams 0.004 Fig. 3. Representative results for the effect of TAgoncentration
([Ag*] = 0.004 M) obtained over the range [Ap= 0.002 on the static fluorescence quenching constat, for (A) naph-
to 0.008 M. We were thus able to determine differ&t thalene ([Naph]= 2.0 x 107*M, iem = 322nm) and (B) pyrene
values for naphthalene as a function of fAgoncentration ~ ([Pyr] = 4.5 x 107" M, iem = 373nm @) or 384nm W)). Apparent
(Fig. 3A) and then calculate the Atg complexation con- Ag™ complexation constants; anq K_z can be dgtermined from the in-
. .. . . tercepts and slopes of the best fit lines accordingdo (3)
stantsK1 andKy directly via linear regression according to
Eqg. (3)(Table 1.
of K1 andK>) occurred at the wavelengths having the high-
3.3. Dynamic and steady-state fluorescence measurementsest exciplex emission intensities. To correct for the exciplex
for pyrene with corrections for pyrene—Agexciplex emission interference, it was necessary to apply the proce-
interference dure described above for naphthalene to pyrene fluorescence
at multiple emission wavelengths that exhibited varying de-

The primary mechanism responsible for dynamic quench- grees of exciplex emission, and then extrapolate these results
ing of PAH fluorescence by Agions is intersystem crossing  to the hypothetical condition of no exciplex interference.
(ISC) to the lowest triplet excited state from the lowest sin-  In aqueous solution, the pyrene-Agexciplex has a
glet excited stat¢30]. For naphthalene, ISC alone appears maximum intensity at 379 nm, which can be highlighted by
to be the sole quenching mechanism since no exciplex emis-normalizing steady-state fluorescence emission spectra in
sion was observed in a companion stfi8ly]. Therefore, the the presence and absence ofAgt the 0-0 transition of
fluorescence quenching procedure described above could b@yrene {em = 373 nm)[31]. Although this type of normal-
used directly to calculate Agcomplexation constants for ization clearly distinguishes the presence of the exciplex,
naphthalene. With pyrene, however, exciplex formafgi] multi-wavelength time-resolved fluorescence measurements
resulted in varying degrees of emission interference over thedemonstrate that the exciplex interference also occurs at the
wavelength range of 370-395 nm when using the method- 0-0 transition as evidenced by a significant nonzero exci-
ology above (i.e. higher emission intensities, inconsistent plex preexponential factor and an exciplex emission lifetime
with normal dynamic quenching, were observed at those consistent with the other wavelengtf&l]. For example,
wavelengths). In other words, depending on the emission fluorescence lifetimes of the pyrene monomer and exciplex
wavelength monitored, different values K§f and K, were (tmo = 4330+ 1.78nS,Texc = 3.21 4+ 0.84ns) measured
calculated. The largest impact (i.e. smallest apparent valuesat the emission wavelength of 373nm in the presence of
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;ZTeccl)mplexation constarftfor aromatic hydrocarbons in aqueous solution
PAHs This study Andrews and Keefft] Kofahl and Lucag5] Yim [7] Zhu et al.[24]
K1 K2 K1 Kz K1 K2 K1 K2 K1 Kz
Benzene nd nd 241 0.21% nd nd nd nd 226 nd
Naphthalene 2.908 (0.092) 1.046 (0.064) 3.080¢ 0.90¢! 3.21Z 0.966 2.990¢ 0.3789 nd nd
2.937 0.90¢
2726 0.866
Phenanthrene  nd nd 3.670 1.80¢ 3.55¢'  0.99¢ nd nd nd nd
Pyrene 3.965 (0.142)  2.349 (0.156) nd nd nd nd 3.61% 1.26¥ nd nd
Perylene nd nd nd nd nd nd 4.084 1.259 nd nd

aUnits for K; andK, are Mt and M2, respectively.

bnd, not determined.

¢Determined by fluorescence quenching at room temperature: @1C), I = 0.1 M. Average values and standard errors (in parentheses) were
determined from three independent replicate experiments.

d Determined by solubility enhancement at°Z5 I = 1.0 M.

€ Determined by solubility enhancement atZg) 7 = 1.0 M.

f Determined by solubility enhancement at°g) 7 = 1.0 M.

9 Determined by solubility enhancement at°Zn) | varied with AgCIQ, concentration added.

h Determined by deuterium nuclear magnetic resonance relaxation°t, 1%aried with AgQNQ concentration added.

5.0mM AgCIQy are consistent with the average values 3.4. Comparison with literature values
(tmo = 44.54+2.05 nS,texc = 3.42+0.34 ns) determined at
other emission wavelengths (379, 383, and 393nm) within The Ag" complexation constants determined here for
the limits of measurement error. However, ratios between the pyrene are larger than those we measured for naphthalene
exciplex and monomer preexponential factafs{/Amo) at (Table 1, consistent with previous observatiof$,5,7]
these different emission wavelengths are different from one For example, Yim7] has suggested th&y andK values
another, with the smallest and highest ratios being observedshould increase proportionally with increasing PAH size and
at373 and 379 nm, respectively, as expefdddl Fromthese  reduction potential up to some maximufa andK; values;
AexdAmo ratios and their corresponding apparkatandKz beyond these limits; andK; values would either be rel-
values computed at each wavelength, we could then establistatively constant or might actually decrease slightly with in-
trends that enabled us to extrapolate’Agpmplexation con-  creasing PAH size. In addition, it can be seen from the values
stants free of the exciplex interferendégds. 2B, 3B and 4 in Table 1that the Ag- complexation constants we deter-
Table J). mined for naphthalene and pyrene via fluorescence quench-
ing are reasonably consistent with previously reported
literature values for these and other aromatic hydrocarbons
3.5 [4,5,7,24] Likely explanations for the slight differences

observed include different experimental conditions and pro-
31 cedures. For example, our study was performed at room
2.5 - temperature (2 2°C), whereas most of the previous work
~ V- 43608 - 5,375 3,065 was done at 25C with the exception of Yin{7] (20°C),
: 2 1 R =1.000 Zhu et al.[24] (19°C), and Kofahl and Lucafs] who de-
< 1.5 - termined Ag- complexation constants for naphthalene over
the temperature range 20-30. The largest experimental
11 difference, however, was our use of fluorescence quenching
0.5 - technigues that enabled us to work at much lowet &gn-
y=2O08C, - 4960+ 2348 centrations and a much lower and constant ionic strength
0 0 0.3 0.6 0.9 (I = 0.1 M) compared to previous workers who utilized sol-

AcclAne ubility enhancemeni,5,7,8]or NMR [24] methodologies.
For example, Yin{7] has explained that the constant ionic
Fig. 4. Representative trendlines established for the pyrene exciplex-medium ¢ = 1.0 M) solubility enhancement approach used
monomer .preexponential factor ratiof\etd/Amo) a_nd apparent_ 'AJg by Andrews and Keefel] and Kofahl and Lucaf5] over-
Fs;:]plixiTEZ i‘éﬂ?ta?t?,ig&.]):a?oﬁ,\ﬁ(,.}:Exg ir,:,l"_‘eg:)a; cﬁfémi;"lﬂfs' estim_ates Ag .comp_lexation con;tants because it.dogs not
shown above arBexdAmo (hem) = 0.075 (373 nm), 0.294 (384 nm), 0.528 take into consideration PAH salting out by KNQwhich is
(393nm), 0.852 (379 nm). particularly important for the solubility measurement in the
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