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Ground- and Excited-State Aggregation Properties of a Pyrene Derivative in Aqueous
Media
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The aggregation properties of 4-(1-pyrene)butanoate in aqueous media have been quantitatively investigated.
For the pyrene chromophore ground state, the moneierer equilibrium was monitored using NMR
methods, yielding a dimerization constant of 150'Nbr pyrenebutanoate in alkaline water. In addition, the
excited-state aggregation was studied by time-resolved emission spectroscopy. The excimer formation constant
in water, which represents the equilibrium established by interaction of excited- and ground-state species,
was determined to be 1.6 10* M~ (about 100-fold larger than the ground-state dimerization constant). The
role of solvent polarity and the influence of an aromatic cosolvent were examined in order to determine the
types of interactions that contribute to the driving force for aggregation. The ground-state aggregation propensity
of pyrenebutanoate was significantly diminished upon addition of methanol or pyridine to aqueous solutions,
indicating that hydrophobic and/ar-stacking interactions play a role in the aggregation processes. Similar
trends were observed also in the case of excited-state aggregation when the organic cosolvents were included.
The investigation provides a quantitative assessment of the thermodynamics of interaction of pyrene
fluorescence probes that are widely used in aqueous media in biophysical studies.

Alkylpyrene derivatives have been widely used to probe SCHEME 1: Structure of 4-(1-pyrene)butanoate (PB)
macromolecular conformations utilizing the emission properties
of the monomeric and aggregated aromatic chromophdre.
Upon excitation in the UV region, monomeric pyrene exhibits
fluorescence at 37430 nm with well-resolved vibronic
features. However, if another chromophore is in proximity, the
monomer fluorescence is diminished in intensity and a broad
featureless emission band peaking at about 485 nm appears.
The so-called “excimer fluorescence” has been observed for . .
pyrene solutions at high chromophore concentratidnfor solvents were purchased from Cambridge Isotope Laboratories,
pyrenes incorporated in micellé8,when chromophores are Inc. )
linked together via short chaif$, or when macromolecular ~ The 4-(1-pyrene)butanoate samples were prepared by dispers-
quaternary structures bring two chromophores into proxifrty. iNg small volumes of concentrated DMSO (or DMSg)-d
A concern in using pyrene derivatives as aggregation fluores- solutions of pyrenebutanoic acid in thg approprlatg alkaline
cence probes has to do with the erroneous assumption that they@dueous solvent. The samples for the emission experiments were
are “passive probes”. In fact, derivatization with pyrene increases Purged with argon for about 30 min prior to the measurements.
the aggregation propensity of macromolecules frequently leading Methods. The NMR spectra were recorded using a 400 MHz
to structural alterations (e.g., in the formation of peptide helix Varian spectrometer. The UV/vis absorption measurements were
“bundles”) 1011 The purpose of this publication is to provide a conducted on a Beckman DU 640B spectrophotometer. The
quantitative treatment of alkylpyrene aggregation properties in €mission spectra were recorded using a PTI Fluorescence
aqueous environment in order to fractionate the association freeSystem with FeliX software. The reported stroboscopic lifetime
energies of chromophore tagged macromolecular species, i.e.measurements in this study were performed on PTI TimeMaster
to determine the portion of the total aggregation energy that is Fluorescence Lifetime Spectrometer, equipped with a PTI GL-
a result of chromophorechromophore interactions in labeled 3300 nitrogen laser for excitation at 337 nm.
macromolecule®? To better understand the driving factors that
influence aggregation, the effects of introduction of relatively Results and Discussion
less polar and aromatic cosolvents was examined. The free

energies of formation of ground- and excited-state aggregates Ground-Staﬁa Aggregation. An apprpach usmg}H.NMR
were extracted from NMR and dynamic fluorescence data. spec.troscop&?' was employed to examine the behavior fD .
solutions of 4-(1-pyrene)butanoate (PB, see Scheme 1) at various

concentrations. The NMR spectra obtained for samples covering
the low millimolar concentration range are presented in Figure
Materials. 4-(1-Pyrene)butanoic acid was purchased from 1. A very significant upfield signal shift is observed with
Aldrich and doubly recrystallized from ethanol. The solvents increasing concentration, which can be assigned to the formation
(HPLC and spectroscopic grade) were purchased from VWR. of molecular aggregates. The shifts of three aromatic and two
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Milli-Q water was used for all experiments. The deuterated

Experimental Section
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Figure 1. One-dimensional proton NMR spectra for PB at various
concentrations in BD (+ 2% NaOD).
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Figure 2. Examples of alteration of the NMR chemical shifts in the
aromatic (H,) and aliphatic (H) regions. (The shaded area represents
the meta-stable solution: i.e., a concentration range where precipitate
formed in an 8-24 h period.)

aliphatic protons (noted on Scheme 1 and Figure 1) were
followed in their titration-like behavior (Figure 2).

An assumption for one-step aggregation (i.eRB =
(PB),), 13715 yields the following expressions for the total PB
concentrationC, and the aggregation equilibrium constaft,

= [PB] + [(PB),] 1)
_[(PB)]
[P @)

where [PB] and [(PBj] are the equilibrium concentrations of
the monomer, PB, and the aggregata ofonomeric units, (PB)
respectively.
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Figure 3. Treatment of NMR shifts for PB in various solvents using
the logarithmic function described (eq 5): (2@ (b) 50% (v) CQx-
OD in D;O; and (c) 15% (v) pyridine«din D,O.

Assuming that the aggregation kinetics is much faster than
the NMR data collection timé&*4 the observed shift of each
proton,dehs Can be expressed as a weighted sum of all the shifts
it will exhibit for the distinct inter-exchangeable speciés;,s
= 1/C Y; Cio;, yielding the following expression for an one-
step aggregation equilibrium:

[PB
C

Is o n[(PB),] 5

0 C

obs = 1 (3)

where dops is the observed NMR shifty; is the shift of the
same proton for the PB monomer, abyffor the PB aggregate.
The values for the latter twa); and 6, were obtained by
extrapolation of the shift data (Figure 2) to concentrations zero
and infinity, respectively.

Combining eqgs 1 to 3, followed by proper rearrangement,
yields the following relation for the aggregation parameters and
the NMR shifts:

(6obs - 6n)n

(0= 0" “

(61 - (Sobs)C =n

that can be transformed into a linear dependence by taking the
natural logarithm for both sides of the equation:

IN((0; — OxpdC) = 0,)C) + In(K) + In(n) +

(1—n)In(@; — 0,) (5)

N IN((dops —

Equation 5 was applied to the five NMR signals whose shifts
were followed; the slope of the plots yielded the state of
aggregationn, while the intercept provided the aggregation
equilibrium constantk (Figure 3a)t* The results suggest that
the PB aggregation for the observed concentration range
proceeds to a dimem 2.14 £+ 0.06, with dimerization
constantK = 150 M1 (In(K) = 5.0 & 0.5), a value which is
similar to the results reported for another pyrene derivétive.
Applying the relationAG = —RT In(K), the free energy of
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Figure 4. Emission spectra of PB (various concentrations) in water g B 3
+ 1.5% NaOH fex = 333 nm).S;, and S represent the areas under S § . 0 N
the monomer and dimer fluorescence spectra, respectivily: [F g5 o 50 UM in 50 % MeOH
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SCHEME 2: Kinetics of Ground- and Excited-State B £
Aggregation of PB Chromophore z =
1 1 5
PB + 'PB* \k; E
N\kd ®B),* E
3 B =
PB* kich &7
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Figure 5. Emission decays of PB in aqueous solvents in the presence
L k of 1% NaOH (ex = 337 nm): (a) for relatively low PB concentrations
g + 'pB <‘”§_ . at which excimer formation is not observed; and (b) for relatively high

k. (PB), PB concentrations, illustrating decay of monomer emission and growth
and decay of excimer emission (see text, eqs 6 and 7).

formation of the PB ground-state dimer in water was calculated

(AGrc = —2.9 kcal/mol= — 0.13 eV). [PB] &~ C = constan}; (3) based on the previous two conditions
Excited-State Aggregation. The excited-state association for low PB concentrations, at any time [(PB)< [PB], thus,

(i.e., excimer formation) has been extensively studied for pyrene the excimer decay can be presented to proceed directly to the

derivatives>8 However, few of the previous investigations ground-state monomer (see the dashed arrow in Scheme 2); (4)

pertained to the aqueous solvent media that are most relevansince the time span of the measurements is kept belosy all

to polypeptide and protein studies. Attempts to generate PB the triplet pathways leading to regeneration of the singlet excited

excimers have been reportébo, however, the concentrations State and delayed fluorescehcan be neglected and the excited-

attained were not high enough for excimer generatfon. singlet-to-triplet intersystem crossing rate constants are included
The fluorescence spectra of PB in water at various concentra-in the decay rate constants; and ke.
tions (Figure 4) demonstrate that abové mM the monomer It has been reported that upon short nanosecond pulse

emission (379-430 nm) is quenched with concurrent growth excitation of miIIimoIa_lr pyrene solutic_ms, the monomer fluo-
of a broad featureless excimer band at 485 nm. At these high€Scence spectrum with traces of excimer fluorescence appears
concentrations the excited dimer can be obtained either (1) by With the pulse. Consequently, the monomer fluorescence disap-
direct photoexcitation of the ground-state dimer, or (2) by pears_gradually in t_ens of ngnqsec_onds, and concurrently the
aggregation of an excited- and ground-state chromophores (i.e.intensity of the excimer emission increases, goes through a
excimer formatior-seekn, andKy,, Scheme 2). The emphasis ~maximum, and then decaydhe same behawor was obsgrved
of this section is on the latter process. in the case of aqueous PB solutions (Figure 5). Adopting the
For investigation of excited-state kinetics, time-resolved annotations introduced by Birk, = kn + Ky CandY = ke
fluorescence spectroscopy was applied. Pyrene systems of thigh Ki-» the monomer and the excimer fluorescence decays can
type have been extensively studied and the required mathematiP€ re_preséented by the following biexponential time dependent
cal treatment has been previously developed in detail by Birks functions:
et al® However, in previous studies the ground-state aggregation

— Ash —
has not been taken into consideratforiTherefore, the Birks Fo=Ae "'+ Be™ (6)
approach is applicable in this investigation with the following ot s
limitations? (1) the total PB concentration is to be kept F.=D(e™ —e ™) @

relatively low (0.5 mM and less) in order to prevent excimer
formation from direct ground-state dimer excitation; (2) use of where,
low excitation pulse energies is necessary to ensure that the
concentration of the excited-state species is negligible compared 1= 1 X 2
; . ! =-(X+YFLHY—X) "+ 4 C 8
to the total PB concentration through the whole time range (i.e., L2 ( “/( ) karks C) (8)
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TABLE 1: Photophysical Data and Aggregation Constants for PB in Alkaline Water and Water with Organic Cosolvents

P ki te ki, x 1079¢ ki x 1076¢ K* [M ~1¢ K [M-1e
solvent P2 [ns] [ns] [M~tsT [s7Y (—AG* [eV))f (—AG [eV])
water 0.64 153 132 33. 2.1 15610 (0.20) 150 (0.10)
50% MeOH 0.53 176 199 1.3 2.9 450 (0.13) 2.5(0.019)
15% pyridine 0.24 81.1 63 22. 2.1 1:010¢ (0.19) 7.5 (0.042)

aFrom steady-state emission data (see Figuré Fom single-exponential fits of time-resolved emission data for PB concentrations smaller
than 20uM. © From time-resolved emission data for PB concentrations between 100 anaVsQfee text for details)! K* = ki, /Kj_. ¢ From

NMR data (see text for details)Calculated for 20°C.
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Figure 6. Analysis of the sums of the decay constaitsandA, (see
eq 9).

Apparently, the sum of the rate factors, and 1,, depends
linearly on the total chromophore concentrati@,

Ayt A=Kyt ket kg + kg, C )
also,
(X =20, = X)
_= kd—+C (10)
and
ke=Y =k (11)

Experimentally, the monomer decay constakt, was
extracted from a single-exponential fit of fluorescence data for
12 uM PB in water (Figure 5a). Consequently, the rate factors,
A1 and A,, were measured at various higher concentrations
(Figure 5b) and their sums G were fit to a line (Figure 6).
The value of the slope of the fit was ascribed to the excimer
formation rate constantki., and the rate factory, was
extracted from the difference between the interceptian@ee
eq 9). The other two rate constaritsand K,_, were calculated
using egs 10 and 11. The excimer formation equilibrium
constantK*, can be represented as a ratio between the forward
and backward rate constants, i.&* = ki, /K . Having a
value of 1.6x 10* M~1 (Table 1),K* for PB in water is similar
to the previously reported excimer formation constant for pyrene
in ethanol,~ 1.0 x 10* M~1 at room temperatur&Furthermore,
the corresponding free energy of PB excimer formation was

calculated to be-5.6 kcal/mol 0.24 eV), which is 2.7 kcal/
mol more negative than the ground-state dimerization free
energy. This higher excimer stability (of about 0.1 eV) is not
surprising since it supports the widely accepted understanding
of the nature of excimer formatidi§.The additional important
feature for the PB aqueous systems reported in this publication
is the formation of a stable ground-state dimer observed at higher
chromophore concentrations.

Influence of Organic Cosolvents.To examine the role of
hydrophobic andr-electron interactions in PB aggregation,
experiments were conducted using less polar and aromatic
cosolvents? methanod® and pyridin€?! respectively. For
ground-state aggregation, the NMR signals were shifted upfield
upon increase in the chromophore concentration (Figure 2),
similar to the behavior of the solutions in pure water. However,
when organic cosolvents were present, the changes occurred at
higher PB concentrations and, in the case of 15% (v) pyridine,
they were not as large. The states of aggregation and the
corresponding aggregation constants were extracted by applying
eq 5 to the data (Figure 3b and 3c). In both cases the slopes of
the linear fits suggested that PB for the concentration range
examined aggregates to dimer. The results obtained for the
dimerization constants were 2.5Wfor 50% (v) methanol, and
7.5 M~ for 15% (v) pyridine, i.e., values that are, respectively,
60 and 20 times smaller than the value obtained for 100% water.
This dramatic decrease of the propensity for PB aggregation
upon addition of a less polar solvent, methanol, is a clear
indication that the intermolecular hydrophobic interactions are
a major driving force in the dimerization process.

A more interesting result is that the addition of only 15%
aromatic cosolvent shows also a significant decrease in the size
of the aggregation constant. A plausible explanation is that the
m-electron-rich pyridine interacts with theelectron system of
the chromophore resulting in displacement of the pyrene
molecules away from each other. This effect would explain why
the NMR signals at low PB concentrations in the presence of
pyridine are considerably upfield shifted (0.5 to 1 ppm compared
to 100% DO solutions), and why pyrergyrene aggregation,
observed in the higher concentration range in 15% (v) pyridine,
does not cause as much deshielding as in 100% water or even
in 50% (v) methanol (Figure 2). Further evidence for pyrene
pyridine interaction and perturbation of the pyrenelectron
system can be found in the PB UV/vis absorption and emission
spectra in the three different solvent media (Figure 7). While
there is no significant difference in spectral data between the
water and the 50% (v) methanol solutions, when 15% (v) pyri-
dine is present, (1) the absorbance and emission bands are shifted
to the red about 2 to 4 nm; (2) a slight decrease of the extinction
coefficient is detected; and (3) the fluorescence quantum yield
(at low concentrations), together with the excited monomer and
excimer lifetimes, is decreased two-to-three times (Table 1).

Similar trends were observed in the excited-state aggregation
properties. For 50% (v) methanol solution, the finding of an
excimer formation constant of 450 M, 36 times smaller than
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