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The solution properties of two water-soluble polymers, poly(acrylic acid) (PAA), covalently labeled with the
fluorescent hydrophobic dye naphthalene (Np), have been investigated in water:organic solvent mixtures.
The naphthalene chromophores have been randomly attached, onto the polymer, with two different degrees
of labeling. Fluorescence measurements (steady-state and time-resolved) have been used to follow the
photophysical behavior of the polymers and consequently report on the self-association of the polymers in
the mixed organic (methanol or dioxane):aqueous solutions. The emission spectra of the high-labeled Np
PAA reveal the presence of monomer and excimer bands whereas with the low-labeled polymer only monomer
emission is observed. The excitation spectra collected at the monomer and excimer emission bands show
significant differences, depending on the water content of the mixture, which indicate the simultaneous presence
of preformed and dynamic dimers as routes to excimer formation. The time-resolved data decay profiles of
the high-labeled polymer in the mixtures were always triple exponential whereas in pure methanol and dioxane
they follow biexponential laws. The data in the mixtures are consistent with two types of monomers and one
excimer. Both monomers are able to give rise to excimer in the excited state, one type involving the movement
of long distant Np chromophores and the other involving a local reorientation of adjacent Np chromophores.
These correspond to different decay times: (1) a long which corresponds to the long distant approach of
nonneighboring Np chromophores forming an excimer and (2) a short corresponding to the fast adjustment
of two neighboring Np chromophores in order to have the adequate parallel geometry. An additional decay
time corresponding to the excimer decay was found to be present at all wavelengths. All the decay times
were dependent on the water content of the mixture. An estimation of the two excimer forming rate constants
values is made for the mixed media considered in this work. On the whole, using both steady-state and
time-resolved fluorescence parameters, and by comparing data for a polymer with a small number of
hydrophobes with a more highly modified one, it is possible in great detail to demonstrate how association
is controlled by solvent quality for the hydrophobes and by the distance between hydrophobes.

Introduction association of pyrene in liquid solutidThis type of association

Water-soluble polymers grafted with aromatic fluorescent WS later on reported to also occur intramolecularly with

probes have recently gained increased interest because they cafjPneny!- and triphenylalkanes by Hirayahm this last case,
provide information at a molecular level on the kind of existent Hirdyama postulated that the number of carbon atoms connect-

interactions. From photophysical (essentially fluorescence) N9 the two chromophores (involved in excimer formation) that
studies it is possible to follow, at a molecular level, events Would allow maximum overlap, and therefore a more efficient
occurring in a very short time scale. Among a large variety of &xcimer formation, should be 3. This is known as e 3 or
molecular probes, particular relevance has been devoted totirayama rule:*The light emitted by the monomer and excimer
pyrene, carbazole, and naphthalene because of their additionaPCCurs in dlffe_rent regions of the emission spectra with the latter
property of displaying excimer emission in addition to the red-shifted with regards to the former.

fluorescence of the fluorophore itself (monomer emission). This  The more or less pronounced fluorescence intensity of the
additional emission results whenever the excited fluorophore excimer band relative to the monomer band, or even its absence,
can collide with another nonexcited fluorophore, leading to can be directly related with movements of the polymer where
guenching of the monomer fluorescence by excimer formation. the probe is found attached. Since excimer formation occurs
It was first reported by Frster and Kasper for the intermolecular  only when one electronically excited chromophore and a ground-
state chromophore achieve a specific conformation (preferen-

IES:]‘QE[JS:}K/S:S%?“W& tially full overlap between them) at close contact (distance of
§ Universidade Nova de Lisboa. ca. 3 A) with each other, the excimer fluorescence is often used

* Corresponding author: e-mail sseixas@ci.uc.pt; Fax 351 239 827703. as a probe for molecular associations. For example, pyrene end-
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capped polymers are used to study the conformational structureSCHEME 1

and dynamics of the chain conne'cting the tyvo chlromoprfosres. —(CHy—CH)— (CHy—CH), —
In a randomly labeled polymer with aromatic moieties, such as |
. . L /C:O _
the presently studied polymers, there are regions within the HO T 0
polymer richer in the fluorophore, where preformed pairs are _
st : - X097 L paaMenpss  NH

more probable to occur, coexisting with other regions where y=0.03 enNp éH

2

the fluorophore is isolatetllf the macromolecule is completely

immobilized, a situation not very probable to occur in solution, ’igggg } PAAMEND200

then the relative intensity of the excimer-to-monomer bands ¥ P ©©

(Ie/lm) will only depend on the quantity of sites rich in the

fluorophore or excimer-forming sites (EFSYhis is close to

the situation found for the highly labeled naphthalene PAA in polymers, grafted with fluorescent probes, to present complex
alkaline solution, where electrostatic repulsions between the decay laws, particularly for polymers carrying probes where
ionized carboxylic acid groups inhibit the necessary movements €xcimer formation is allowed. In the case of randomly labeled
of segments of the polymer in order to get two chromophores polymers it has been argued that different distances between
in close proximity, a condition needed to induce excimer the interacting chromophores will give rise to a distribution of
formation® If movements, within the polymer, are allowed then excimer-forming rate constants, and this has been considered

thelg/ly ratio will vary, thus providing information concerning ~ Within the so-callecblob modef**2 However, this does not
the conformational state of the p0|ymer. seems to be the general rule for this kind of polymers, and

Hydrophobically modified polymers (HMP) are water-soluble alternative modified classical models seem to adequately fit the
polymers modified with hydrophobic moieties, which can be decays with a rate constant that can be considered as represent-
randomly distributed or located in the two extremities of the Ing an average val_ue of that rate constant Q|$_tr|btﬁ|6)1her
polymer chain. In aqueous solution the HMPs can orient possible complications arise from the possibility of existence

themselves in a way that they expose their hydrophilic groups o_f more th_an one excimer, the presence of dimers, and
toward water and simultaneously protect their hydrophobic kinetically different monomers. The presence of more than one

groups from the contact with the water, and consequently they n:onor_r:r?r hlas beP]p d'sfj duf'ssoll V(;”th.t;]he prgsehnt poly?ra%dl
are able to form hydrophobic microdomains by inter- and ?SO With po y(facry '? act adeeh.vxr/]l 'pylr% g ELG atmo € ¢
intramolecular interactions. Because of this characteristic, they or excimer formation, -and which Inciudes two lypes o

are very important in several industrial applications, for example, hmontc)) mirz (St)llatecé a?,g able dtic:1gt;‘:/ N nnsel toi excfnmertif:]rrzatmlrg, d
surface modification, rheology control, and dispersion stabiliza- as been developed and use € analysis ot the time-resolve

tion. The hydrophobic modification of a polyelectrolyte, with fluorescence measurements. The presence and identification of

allor aromatic groups? allos a blance bevween elc- 1% 507G monamer wrich s unavie o reach tre contact
trostatic forces and hydrophobic interactions. The grafting of ' '

the fluorescent probe into the polymer backbone provides aIsoThIS pattern was also found for. different klnds of polyn%érs.
the possibility to employ luminescent techniques at very low and can also be due to the existence of high-energy barriers
concentrations, i.e., so that conformational properties of the separafing the two types of monomés.

isolated polymer can be studied with no additional interpoly- ) .

meric interactions. The presence of the aromatic hydrophobic EXPerimental Section

groups, randomly introduced into the chain, also provides
hydrophobic associations, which compete with the electrostatic reported in previous work!6 Briefly, the designation of the

repulsions resulting from the ionized carboxyl groups. In view polymers is made according to the number of naphthalene (Np)
of these competing processes, the polymer chain can undergqpits per acrylic acid units in the polymer. The PAA polymer
conformational changes, which again can be probed by the a5 5 nominal molecular weight of 150 000 g/mol and was
hydrophobic aromatic units. purchased from Wako Chemicals, Japan. The amounts of

The transition from a coiled to an extended conformation can naphthalene were determined both by ultraviolet (UV) absorp-
be induced by several external factéfsThe pH and temper-  tion measurements using 1-naphthylmethylamine hydrochloride
ature effects were previously studied in aqueous solutions of as a model compound and By nuclear magnetic resonance
poly(acrylic acid) labeled with naphthaleh&! Conformational ~ (1H NMR) measurements in deuterium oxide. The naphthalene
changes can also be induced by changes in the nature of thesontent of the high-labeled PAA polymer was 1 Np unit per 34
solvent, this being the aim of the present work. Water is a bad acrylic acid unimer units, and the sample is denoted PAA-
solvent for the aromatic probe. The gradual introduction of a MeNp34 (see Scheme 1). The naphthalene content obtained for
good solvent for the aromatic probe (but not so good for the the second labeled PAA polymer corresponds to 1 Np unit per
backbone chain), such as dioxane or methanol, into the water200 acrylic acid unimer units, and the sample is denoted
solution induces an additional controlling factor. In fact, the PAAMeNp200 (see Scheme 1).

gradual intrOdUCtiOI’] Of a Second SOIVent a"OWS the balance The so'vents used for the po'ymer so'u“ons were Of spec-
between hydrOphObiC and hydrOphIhC influence to be controlled. troscopic or equivalent grade. 114_Dioxane was puriﬁed by the
In the present work, two naphthalene-labeled PAA polymers procedure described in ref 17. Methanol (Merck Uvsol) was
were studied using steady-state and time-resolved quorescencq,reViousw dried over CaO and then distilled. Water was twice
techniques, one high-labeled (denoted PAAMeNp34) and one gistilled and passed through a Millipore apparatus. The measured
low-labeled (denoted PAAMeNp200). pH values were obtained with a Crison micropH 2000, and
The area of polymer photophysics has gained a renewedadjustments of the hydrogen ion concentration of the solutions
interest during the past years. This is so because new approachesere made with diluted HCI and NaOH solutions. The chro-
have given a new light into the complex excited-state kinetics mophore concentration of the PAAMeNp34 and PAAMeNp200
occurring with these polymers. There are several reasons forsolutions used in all fluorescence experiments ranged from

The synthesis and characterization of the polymers was
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Figure 1. Absorption spectra of PAAMeNp34 (full line) and PAAMeNp200 (dashed line) in (A) dioxane, (B) dioxane:water 7:3 (v:v), and (C)
dependence of the dioxane:water 1:9 (v:v)lat 293 K. The pH of the water before mixing with dioxane is 5.5.

1 x 1075 to 10°® M. Prior to experiments, solutions were obtain thelg/ly ratio values consisted in matching the emission
deoxygenated by bubbling with ,Nor Ar and sealed. This  spectra of the less labeled polymer (PAAMeNp200), where only
procedure was utilized for both time-resolved and steady-statethe monomer band is displayed, with the monomer band of the
experiments. The polymer concentration in the different solu- PAAMeNp34 polymer. The resulting differential spectrum is
tions was 0.05 g/L, which for this molecular weight is well the excimer emission band.

below the critical value for coil overlag?¥, and intermolecular Results and Discussion

chain contacts are therefore improbable in homogeneous solu- Figure 1 shows the absorption spectra of the PAAMeNp200
tions. In fact, as stated elsewhere, a concentration of 0.05 g/L gng PAAMeNp34 polymers in pure dioxane and in two dioxane:
is still far below the overlap concentratioa®(= 1/[], where  ater mixtures with a low and a high content of the organic
7 stands for the viscosity of the mediéfjnof the unlabeled  go|yent. The existence of a perfect match between the absorption
PAA, which was found to be approximately 10 g/L in water at of the Np chromophore of the two polymers for all mixtures
pH=35 can be observed; only at 90% water (Figure 1C) there is a slight
Absorption and fluorescence spectra were recorded on Shi-geparture. An identical behavior is observed for other dioxane:
madzu UV-2100, Olis-Cary 14, and Jobin-lvon SPEX Fluorog ater and methanol:water mixtures (not shown). This perfect
3-22 spectrometers, respectively. All the fluorescence spectragyerlap of the absorption spectra for the PAAMeNp34 and
were corrected for the wavelength response of the system. TheppoaMeNp200 polymers in all solvents suggests that the level
low optical density of the samples used prevents self-absorptiongf ground-state dimers (GSD) is approximately identical in
or inner filter effects. dioxane, methanol, and mixtures of these two solvents with
Fluorescence decays were measured using a home-built timewater. In water, as was previously shown, the level of ground-
correlated single photon timing apparatus previously de- state dimers strongly depends on the pH of the médfian
scribed®2%In short, it consists of a Por N, gas filled IBH the case of pyrene-labeled PAA polymers and in good solvents
5000 coaxial flashlamp as excitation source, excitation and (for the chromophore), such as dioxane and methanol, the level
emission Jobin-lvon monochromators, Philips XP2020Q photo- of GSD strongly decreasés.
multiplier, and Canberra instruments time-to-amplitude converter  Figure 2 shows the normalized (at the emission maximum)
and multichannel analyzer. Alternate measurements (1000 count§juorescence spectra for the PAAMeNp34 polymer in dioxane:
per cycle at the maximum) of the pulse profile at 285 nm water and methanol:water mixtures. Note that the increment in
(or 295 nm) and the sample emission were performed until the percentage of the organic solvent leads to an increase
(5-10) x 10 counts at the maximum were reached. The followed by a decrease of the excimer to monomer fluorescence
fluorescence decays were analyzed in a Pentium 500 PC,intensity (g/ly) ratio (see also Figure 3). It can be seen in Figure
running LINUX Red Hat as the operating system, using the 3 that in both organic solvent:water mixtures, and in consonance
method of modulating functions of Striker with automatic with previous findings$ the dependence o§/1y ratio with the
correction for the photomultiplier “wavelength shift®. molar fraction of the organic solvent shows a similar shape to
Temperature control was achieved using a home-built systemthe situation observed in water at different pH valtfeEor
based on cooled nitrogen and electric heating, which is methanol:water mixtures the data display an increase &g\
automatically controlled by the difference between the input = 0 to =0.2, followed by a gradual decrease (Figure 3A). In
temperature value and the sample real temperature, determinedioxane:water mixtures the same pattern is observed (Figure
with a PT100 thermometer. 3B), but with slightly different values for the molar fraction of
The results from steady-state fluorescence experiments aredioxane xpy. In this case, the maximum for thgly ratio occurs
presented as emission and excitation spectra but often also imat xpx = 0.1. This behavior reflects that the degree of excimer
terms of the ratiodg/ly (ratio of the excimer to monomer  formation has a maximum and decreases thereon with the
bands). Theg/ly ratio results from the decomposed area under increase in methanol (or dioxane) in the mixture. In addition,
the monomer and excimer bands. The general procedure tonote that the inflection points in the/ly curves are found for
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T A T 'B TABLE 1: Spectroscopic Parameters Obtained from the

: Absorption and Fluorescence Excitation Spectra for
PAAMeNp200 and PAAMeNp34, atT = 293 K, in
Methanol:Water Mixtures 2

--------- 50 % % methanol (v:v) 0 20 30 40 50 100

Al/nm(#03) 16 13 12 05 04 0.1
(£0.3) (1.1) (09) (0.6) (0.5) (0.5)
AlJnm (£0.19) 15 09 09 05 s
(£0.20) (0.8) (05 (0.5 (0.5) (0.5)
Pa (£0.06) 118 118 117 120 123 128
(£0.08) (1.15) (1.18) (1.21) (1.21) (1.21)
Pu (£0.03) 113 114 113 111 114 111
(£0.03) (1.11) (1.10) (1.11) (1.14) (1.13)
Pe (£0.02) 111 112 109 110 112 1.07
(£0.02) (1.10) (1.10) (1.11) (1.05) (1.10)

2 The values were obtained for water at two different pH values:
2.55 and 5.22 (in parentheses). Thevalue is for PAAMeNp34. Also
presented is the associate error for all the parameters (resulting from 4
to 5 independent measurements).

1.6}

1.2¢
0.0

0.8}

Intensity (a.u.)

0.4}

TABLE 2: Spectroscopic Parameters Obtained from the
Absorption and Fluorescence Excitation Spectra for

08007350 400 50 300 300 350 200 450 500 PAAMeNp200 and PAAMeNp34, atT = 293 K, in
» (nm) A (nm) Dioxane:Water Mixtures?

Figure 2. Fluorescence emission spectra for PAAMeNp34 in (A) % dioxane (viv) 0 10 30 50 70 90 100

methanol:water mixtures and (B) dioxane:water mixtures. The spectra A /nm#0.2) 1.1 04 03 02 02 02 O

are normalized at the emission maximum. The percentage (in volume) Aj,/nm *0.3) 08 04 07 06 04 02 0.1

is relative to the organic solvent. P, (£0.04) 1.18 1.19 1.19 122 125 124 1.42
Pu (£0.015) 111 113 113 114 115 114 114

LA Pe (0.01g) 110 111 112 112 110 1.10 1.07

a2The water pH value is 5.47. The, value is for PAAMeNp34.
Also presented is the associate error for all the parameters (resulting
g from 4 to 5 independent measurements).

0.20

parameters Ry and Pg) which can also be related, in a

qualitative manner, to the degree of GSD present in solGtién.
Several parameters can be extracted from the absorption and

excitation spectra in the different studied mixtures. In Table 1,

the values forAl; represent the difference between the

1 wavelength maxima of the,S— S; transition obtained in the

g absorption spectra for the two polymersi; is the difference

. R I P L between the wavelength maxima obtained from the fluorescence

000204060810 000204060810 0 20 40 60 80 excitation spectra obtained at 320 and 440 nm for PAAMeNp34;

*Meon ¥ px e Pa is the ratio, in the absorption spectra, between the maximum

Figure 3. I¢/ly ratio as a function of the molar fraction of (A) methanol, ~@bsorption value and the absorption value in the valley for the

(B) dioxane in water for the PAAMeNp34 system [water at$H.37 S — S transition (see Figure 1) made for the PAAMeNp34

(©), pH = 5.22 (»), and pH= 5.52 ()] and (C) dependence of the  polymer;Py is the ratio between the maximum and the valley

Ie/lm ratio with the dielectric constant) of the dioxane and methanol iy the fluorescence excitation spectra of PAAMeNp34 when

solvents. The lines are guides for the eye. collected at 320 nm (monomer region); and final is the

ratio between the maximum and the valley in the fluorescence

different values (Figure 3A,B), whereas the plot against the g iation spectra of PAAMeNp34 when collected at 440 nm
dielectric constant of the mixture shows the inflection at (excimer region).

approximately the same value (Figure 3C). This indicates that
this variation and in particular the inflection are dependent on shift observed is in the range dfl, = 1—4 nm52-24 |n the

the solvation ability of the mixture. case of the present PAAMeNp34 naphthalene polyrés

In a previous work we have shown that in the pure organic values of ca. 1 nm have validated direct absorption of light by
solvents dioxane and methanol the analogous PAA polymer ground-state preassociated Np dinfets. Tables 1 and 2 the
labeled with pyrene (PAAMePy) showed increased dynamic margin of error associated with each parameter (or the associated
contribution to excimer formation when compared to water uncertainty) is given for the data that results from, at least, four
solutions? In the case of the PAAMePy polymers it was possible independent measurements.
to extract such information based on steady-state and time- From the gradual decrease of thé; value (Table 1), a
resolved datd.In fact, excitation at different wavelengths in  decrease in the percentage of GSD with the increase in methanol
the case of pyreffe(and naphthalerd results in different content in the mixture is inferred. Note that in the case of water
Ie/lm ratio values, namely at the red edge of the absorption band.at higher pH (Table 1, values in parentheses), Alievalues
This constitutes an additional evidence for the presence of GSD(in particular theA4; value) present, in general, lower absolute
in such systems. Moreover, the emission excitation spectra, withvalues than those found at the acidic pH value. This seems to
collection at the monomer and excimer regions, gives rise to suggest that the level of GSD is in all the mixtures more

0.04

1 1 ! 1 1

0.00

In systems where preformed pyrene aggregates occur, the red
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pronounced at the acidic pH value. In the case of the mixture . .A. . 10 B. I .C. -
with water at pH= 2.55, theAl; parameter displays, for low 70 [pH=137 N O a, IAAANNAN 1.0
methanol contents, values above one, which is a clear sign that A N 09 A a, ] 08
significant differences exist between the two polymers. At this 6 [AA 4 o %8 % o qf &gl %
pH value the PAA polymer is totally protonated, and thus a - o «07{03 mu i 8 :’; 406
coiled structure would result in an increased degree of the so T g f 06} O KNS = loa
hydrophobic association between the naphthalene groups. For ol O ol T osk O 1 1oz
the PAAMeNp34 polymer, the result is that ground-state < O < o4l ] &
aggregation between Np units will be highly pronounced. In " ;| - 5 ) 1] 40.0
the case of the PAAMeNp200, the low degree of labeling leads 0310 A ol 5© el s
to an absence of intrachain interactions between the Np groups 20} { 02 O 6 GO o
irrespective of the PAA backbone conformation. O o In Ao ol 04

The AA, parameter (obtained only for PAAMeNp34) also 10 L, oo ] oo A Al l?'m L0
shows larger changes for the methanol:water mixture at acidic 0.00.20.40.60.8 1.0 0.00.20.40.60.81.0 0.00.20.40.60.8 1.0
pH values. Note that we are now comparing data resulting from X, o (ViV) X, o (ViV) X, o (Viv)
“observation” of the excimer and the monomer emissions. ’ ’ ’
Moreover, at both pH values (2.55 and 5.22), there is a gradual A 10— B ___ ¢
decrease of thA, parameter with the increase in methanol in PHSS A 0o 9 A ANAAAAN10
the mixture. In methanaoh; is virtually zero. This is again in 0L A . T ]

. ! . o a - —40.8

consonance with the gradual decrease of the contribution of = . Tx A AL 03 2 ] Y
GSD. Z::?::OJD OoO4 [ o a 106

In the case of th®, parameter, it has been argued that with sofm ™ g : 0.6 - 1+t 2 % o4
pyrene-labeled polymers values close to 3.0 will indicate the _ , [ ol | 1 st 1L 1o
absence of ground-state association and that the lowering of§. oo Oom < o4l ] Eal
that value will indicate the presence of those aggredatas. 301 =, 1M 100
previously mentioned, the situation with naphthalene derivatives, 20 O 1w 0 o [ O Ooo o102
with regard to parameters related with absorption and excitation 0 A QA 'e) I
spectra, is not as clear as with pyrene derivatives when 10} Opg Q ot O AA |0) Oog -
information regarding the quantitative level of GSD is to be ol oop 4y, B 106
obtained. The relatively low sensitivity of this parameter in 0.00.20.40.6 0.8 1.0 000204060810 000204060810
methanol:water and dioxane:water mixtures is revealed by the X0 viv) X0 (viv) X0 (v:v)

constancy of the obtaind®x values, which vary between 1.18 ) . .
y &t y Figure 4. Fluorescence decay times (A) and amplitudes at the (B)

at 0% and 1.28 at 100% methanol (two pH values were ; S
. . . monomer §;) and (C) excimer &) emission of PAAMeNp34 as a
investigated: 2.55 and 5.22) and 1.18 at 0% and 1.42 at 100%gynction of water content in methanol:water mixtures (water at

dioxane (at pH= 5.5). Albeit the sensitivity of this parameter pH = 1.37, top panels; water at pH 5.5, bottom panels).
with naphthalene derivatives is low, the message that can be
taken from the data in Tables 1 and 2 is that in fact the P ) ) L
parameter increases with the methanol (and dioxane) content®f thrée exponentials at the monomer and excimer emission
in the mixture, which seems to indicate a decrease in the '€9ions. At the two emission regions (monomer and excimer)
contribution of GSD. With respect to ttig, andPe parameters, the obtained decay times,, 72, andrs are identical. This does
there is basically no change in the difference between these twon©t @pply to the preexponential factors which are related with
values (they lay around 1.671.14) for both organic:water the excited-state concentrations at time zero (see Figures 4 and
mixtures at the different conditions studied (organic solvent 5A).
content and pH). From this behavior of tig and thePg In water and in pure dioxane and methanol we have observed
parameters, we may infer that GSD aggregates either contributefor the PAAMePy and PAAMeNp polymers that the coexistence
equally for the emission at both wavelengths or contribute very of isolated monomers (unable to form excimers) with monomers
little for the emission at either wavelength. Other recent studies able to give rise to excimer was responsible for two of the decay
with naphthalene macromolecular structures have used excitatiortimes in the monomer emission regidft The third decay time
spectra together with time-resolved analysis to prove the in the monomer emission was, for the PAAMePy polymers,
existence of GSB® From the analysis of these steady-state attributed to the excimer-to-monomer reversibifityn the case
fluorescence data, we can conclude that time-resolved fluores-of the PAAMeNp derivatives again in water at room temperature
cence measurements are needed to fully explore the GSD andhe decays were biexponential with decays associated with the
excimer formation in these polymer systems (see below). Note “free” monomer and to the monomer giving rise to exciniérs.
that despite the substantial information concerningAheand At the excimer emission wavelength the decays were basically
P parameters that validates these parameters in Tables 1 and Zpund to be biexponential for the two PAA derivatives (Py and
the data should be regarded with caution, and the information Np) with the presence of a negative preexponential, associated
here obtained only helps to understand the gradual pattern foundwith the faster time (rise time&)!! In the present situation, for
In this case, water induces GSD formation whereas dioxane (andthe organic solvent:water mixtures, the decays are more
methanol) reduces it strongly. complex. In fact, the global analysis (simultaneous analysis) of
Time-Resolved Fluorescence DataMethanol:Water Mix- the monomer (320 nm) and excimer (390 nm) decays gives
tures. Time-resolved fluorescence measurements were per-triexponential laws for all mixtures. The individual analysis at
formed on both the Np-labeled PAA polymers in methanol: each wavelength also gives decays that can be fitted to sums of
water and dioxane:water mixtures. The fluorescence decays forthree exponentials. The three decay times associated with the
PAAMeNp34 in methanol:water mixtures were fitted with sums exponential laws are identical at the monomer and excimer
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whereas in water only one was observed. The question arising
now is the correct attribution to these three species.
T/ns 911 33.64 T419 %2

T o0 4 eniess0manr Ao T Th_e presence of more than one excimer can result from the
l-"‘:‘%;“ . -u-om z A 1-uuu 1'13 coexistence of ground-state _dlmers (GS_D) _that can be either
o - B o directly excited and decay with a short lifetif#@ or rapidly
rearrange in the excited state to give a dynamic excihalso
in the case of 1,3-dipyrenylpropanes, full- and partial-overlap
Lo mmnatmdy o= 320 nm excimers were found to coexist, giving rise to different emission
..~ e ) = 390 nm bands2%-3°With polymers labeled with pyrene, reports exist on
0100 200 300 400 500 600 700 800 900 systems where only one monomer and two different excimers
Channels are found to coexist-31:32
'“"l'_,-i.b;-.i'hrl\; -_f'1:|'I'|"lf“lﬂ"‘.\.-"\i"'llm ol A.= 320 nm In'the case of randomly labeled po]ymers gi'vin.g ri.se to
{ - - A= 390 nm multiexponential decays, other models imply a distribution of
sites for excimer formation that originate a distribution of rate
constants for the intramolecular excimer procgs8Yet in the
present case, clearly three exponentials can fit the fluorescence
decays, and consequently the physical model here proposed
465.0 ps/ch constitutes an additional and alternative method to others where
50.0ns distributions of rate constants are obtained depending on the
T/ns 5222 2 degree and localization of the labeling.
A,=3300m a; 10 111 In the case of the poly(methylphenylsiloxanes), Dias et al.
have found, by time-resolved fluorescence, at several temper-
) atures, that two different types of monomer species were
L :—;‘ operativel>3435These were attributed to long- and short-range
0 100500300400 500 E00EONBE000 phenyl interactions. To establish the two types of interactions,
Channels one has to be able to differentiate them. From the stationary
fluorescence data it is unlikely that contributions from two
monomers could be distinguished. However, time-resolved
fluorescence data can give important insight, since if the
Figure 5. Fluorescence decays for (A) PAAMeNp34 in a methanol:  contributions of these two monomers are different enough, they
water (pH= 5.5) mixtures 4:6 and (B) PAAMeNp200 in a methanol: yj| give different decay times. This is what happens for the
water mixture 5:5. PAAMeNp34 polymer in methanol:water and dioxane:water
mixtures (Figure 6). In fact, good fits for the fluorescence decays
A A of PAAMeNp34 in methanol:water mixtures were only obtained
0r A il with sums of three exponential functions (see Figure 5). The
A simultaneous analysis of the fluorescence decays gives rise to
0F A A i identical Qecay timesz() and different amplitudega() wht_an
collected in the monomei{n = 320 nm) and excimer regions
= (Aem= 390 nm) for all mixtures. Pure dioxane and water present
0 1 a different behavior. In the case of water the decays are virtually
biexponentials at the two emission wavelengths but with one
ol O i single common decay timé.The decay time and amplitude
O
values were found to be strongly dependent on the pH value of
. the medial! In Figure 5 we can observe that the two shorter
2 U 4 decay times have associated negative preexponentials at the
3 excimer emission wavelength. Moreover, the longer component,
! associated with the decay time of the excimer, has a strong
" contribution at the monomer emission wavelength. This shows
o @) o that the backward excimer-to-monomer reaction is operative in
10 o © 7 these mixtures. This was not observed in pure wtdihe
" 9, " " . observation of the PAAMeNp200 polymer lifetimey) in the
00 02 04 06 08 1.0 : ; -
same mixtures reveals that this polymer decays single expo-
nentially, meaning that no excimer formation is present (Figure

10 ~ 183.0 ps/ch
20.0ns

o
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Figure 6. Fluorescence decay times as a function of the water content 5B). This happens because of the nature of the grafting process,
in dioxane:water mixtures (water at pH 5.5) for the PAAMeNp34  which results in the nonexistence of neighboring Np groups in
polymer (1, 0, O) and PAAMeNp200 M). this polymer. Moreover, these observations also provide infor-
mation on the nature, and value, of the unquenched decay time
emissions, meaning that at least three different species areof the PAAMeNp34. In fact, in the case of the PAAMeNp200
kinetically coupled in the excited state. Data for the three decay polymer, the chromophore is found alone with no possible
times ;) of PAAMeNp34 in methanol and the amplitudes in interaction with other neighbor naphthalene. Its decay time can
the monomerdy;) and excimerdy) decays are shown in Figures  only be influenced by the nature of the solvent medium.
4 and 5. Emphasis should be placed on the comparison between Figures 4-6 show that the intermediate decay timg) (in
the present decays and those obtained in pure Whtarthe PAAMeNp34 has a value close, but not identical, to the
present case, two rise times are obtained at the excimer emissiolPAAMeNp200 value€y) in the same mixtures. The difference
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SCHEME 2 like species are directly connected, and the last gives rise to
the excimer. We believe that our system behaves differently,
; although we cannot discard one mechanism relative to the other

M*
VTM/ A k‘d E’ \l/iM since phenomenologically the two are indistinguishable. In the
Ao
Bhv

ka,slow X ka’fast

present situation the results appear to account for the presence
of two kinetically independent monomers giving rise to one

(1-Bhv  (1-0)(1-B)hv excimer.
To evaluate the possible influence of the hydrogen ion
My E \Y% concentration on the dynamic behavior of the PAAMeNp34,

fluorescence decays were obtained in methanol:water mixtures
between these two valuess(and 7y, see Figure 4) can be at two different pH values (1.37 and 5.5) (see Figure 4).
understood from the ability of the long distance monomers Comparison between the data obtained at the two pH values
(nonneighboring), in the two polymers, to reach the excimer shows that no significant difference exists albeit the fact that
conformation during its lifetime; i.e., it can be considered as a the plots cannot be considered strictly identical since there are
chromophore intramolecular concentration dependence of thesome fluctuations due to the analysis procedure. The electrostatic
average pseudo-unimolecular rate constafdew In fact, since  repulsions between the carboxylate groups in the main polymer
the ratio of monomers in the two polymers is 200/B4%.88, backbone were of fundamental importance in pure water,
kasiow in the PAAMeNp200 polymer is estimated to be decreasing the level of association between naphthalene
<0.002 ns. As a consequence, with the low-labeled polymer groupsé811in fact, the analysis of the\1; values at two pH
the excimer formation cannot compete with the monomer decay values (Table 1) shows that for low methanol contert4q%)
kv = 0.02 ns'. In PAAMeNp34 the excimer formation rate  protonation of the carboxylates leads to chromophoric aggrega-

constant between nonneighboring monomkesd,= 0.01 F}Sl)_ tion, while for higher methanol contents both protonated and
is of the order of magnitude déy, and excimer formation is  unprotonated forms show similar extended conformations. This
observed. difference for mixtures below 40% methanol is not seen in the

The aforementioned two negative preexponential factors time-resolved data at p& 1.37 and pH= 5.5 because it reflects
occurring in the excimer region should be linked to two the presence of preformed ground-state dimers with no dynamic
monomer states, since their lifetimes are identical to the two contribution. The lowering of the dielectric constant induced
faster components in the monomer emission. Moreover, sinceby the addition of organic solvent makes (for methanol contents
they possess different decay times, this means that when theabove 40%) the mixture a better solvent for the chromophores
excited chromophore (monomer) is formed, it can be in one of and eliminates the differences in aggregation between the
the following two situations: (a) near excimer conformation protonated and unprotonated forms of the polymer. The organic
(e.g., neighboring monomers) where the excimer can be reachedsolvent in the mixture also induces changes in the relative
with a localized movement (single rotation of a bond or bending contribution of the short- and long-range interacting chromo-
to reach parallel position); (b) “isolated”, where the excimer phores. The increase of organic solvent most likely results in a
conformation is achieved by movements of large polymer more homogeneous medium, leading to identical contributions
segments (several rotations and diffusion). If the times that it of the two types of monomers. In fact, in pure methanol the
takes to deactivate these two different monomer states aredecays display double-exponential behavior (see Figure 4).
sufficiently different, then the excimer formation would reflect Under the transient approach (instantaneous formation of the
this, by showing that its formation will occur during the decay excited species), the differential equations ruling the time
of two different monomers. This is what we believe is happening dependence of concentrations of the three excited species are,
in the present case. The random nature of the naphthaleneaccording to Scheme 2, given ¥y
labeling will provide intramolecular short- and long-range

encounters between one excited and one nonexcited monomer. Mp* kg ky O Mp*

The present excited-state behavior is consequently in agreement d E* | =Kigow K¢ K¢ [|E* 1)
with the proposed model schematically illustrated by Scheme dt Mg* 0 o K| [Mg*

2

The excited-state kinetic mechanism for PAAMeNp34 in
methanol:water and dioxane:water mixtures, here considered
includes therefore three kinetically coupled species which are

whereMp*, Mg*, and E* are the concentrations of M Mg,
'‘and E in the excited state and

the two monomers (i and Ms) and one excimer (E). In the Ky = K, o+ Ky 2
case of the monomers, these differentiate into long-rangg (M % Slow

d short- int ti h h leading t
and short-range (i) interacting chromophores leading to ke = Koot Ky + ke 3)

excimer formation. Consequently, the excimer formation due

to the long-range interaction will give rise to the slow rate ,

constant K, siow @and the short-range naphthalene interaction to Kz =Ky + ku (4)
the fast ka fas) rate constant. Since the two types of monomers ] ]

can exist in the ground state, the fraction of light exciting these The integration of eq 1 leads to

two types of monomers must be divided imftoand (1— o)
(1 — B). The kinetic scheme also contemplates the possibility Mp* a;, a4, Qg e Mt
that exc.imers can be.preforr.ned in the ground state by the direct Ex |=|ay a, axl|e™ (5)
absorption of a fraction of lightof(1 — f)]. Mg* g A3 Ags| | .t
Other$*=36 have also considered the involvement of two e

processes, one of which is slow and the other rapid, in excimer where the eigenvaluées are the reciprocal decay times of the
formation reactions occurring with labeled polymers. In their shorter §, = 1/13), the longer {1 = 1/r;), and of the long-
case’*36it involves a sequential process where two monomer- range excimer-forming monomer speciés € 1/r3) and are
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related to the rate constants in Scheme 2 by the characteristic A B C
equatiorﬁg 0.12 17717 T T 17T LI BN B L B |
o k&m 1 L |
ok 0 0.10 © e k ©°
.10 slow T [
ka.slow A= ky Ky =0 (6) O o C 3 1 L © i
A=k ]
0 kafaSt ‘ o~ 008 E OO0
The values are obtained by solving the characteristic equation g o Lo
leading to g 006 1 L 1 L ]
M‘% O
13— AZ(kX + ky 1 Ky) 4 A(Keky + Kk + koK, — Ky pasky — % 004 O {4 | ©O 1 L i
kdka,slom) + kaa,fastk'd + kdka,slowkz - kaYkz =0 (7) .M“T I ]
0.02 | 14 1O 4 L 4
The complete solutipn of analggous systems has been performed 0a0®¢ ®e%e | fo 0e® |
elsewhere by obtaining additional relations between the pre- 0.00 L. T TP S 90, .,
exponential faCtOI’Sdi), rate COﬂStantSkO, and experimental 0.00.2040.60.81.0 0.0020406081.0 0.00204060.81.0
decay times 4;).1>35However, as others have also noted, it is tzo (v:v) tzo (viv) tzo (vv)

possible to 5|mpl|fy the solut|.0n in order to have estimated Figure 7. Rate constants for the fadtufu) and slow Keso) excimer
values for the excimer formatlc_)n rate COﬂ_St%"III] our case, formation processes occurring in the PAAMeNp34 polymer in meth-
rate constants for the fast excimer formatié@ias; and slow anol:water mixtures (water at (A) pk 1.37 and (B) pH= 5.5) and
excimer formationka siow CaN be estimated (approximate values) (C) dioxane:water mixtures.

from the difference between the reciprocal of the shortest decay
time () andky (eq 8) for the case of the fast excimer formation
rate constant and from the difference between the reciprocal of
the intermediate decay timesf andky for the slow excimer
formation rate constant (eq 9). The value fqr (=1/ty) is
obtained with PAAMeNp200 under the same experimental Conclusions

conditions. The study of poly(acrylic) acids hydrophobically modified
with naphthalene has been performed in organic solvent:water
Ky fast= 1_ Ky (8) mixtures. We have shown that for both polymers the existence
' 72 of two different types of monomers lead to excimer formation
in organic solvent:water mixtures. The two different channels
Ky ciow= 1_ Ky (9) for excimer formation involves in one situation the approach
' T of two chromophores at long distance, whereas in the other
situation a single local rearrangement (probably resulting from
The obtained rate constants for excimer formation due to fast the correct rotation around the bond connecting the chromophore
(kafas) @nd slow kasiow processes display for the fast rate to the chain backbone) is enough to have the Np rings parallel
constant an increase with increasing water content of the to each other and thus to induce excimer formation. The short-
mixture, whereas the water content of the mixture seems to haveand long-range interacting naphthalene groups give origin to
no significant influence on the rate of the slow process. The excimer formation with different rate constants. The simulta-
increase in thek, rast value withxy,0 can be explained by the  neous presence of these two excimer-forming channels occurs
gradual departure of the solvent medium from a good solvent for PAAMeNp34 in the aforementioned organic solvent:water
for the Np probe. Because this rate constant essentially resultsmixtures. The low Np level polymer, PAAMeNp200, was also
from the interaction of nearby chromophores, the gradual studied in the same mixtures, leading, in all situations, to single-
addition of a bad solvent (water) will promote the approach of exponential decays with lifetime values close to the decay time
the hydrophobic probes. As a consequence of this, the Np groupsof the PAAMeNp34 polymer associated with the approach (long
will be closer, and therefore the rate constant for excimer fold approach). The fast process was found to be dependent on
formation will be faster. Also, the preexponential associated with the water content of the mixtures whereas the slow process is
the fast decay, at the excimer emission wavelength),( not. The gradual addition of water to the organic solvent was
becomes less negative with increasing water content, whichfound to induce an increase in the excimer formation, resulting
indicates a formation of ground-state dimers. Moreover, the from an increase in the GSD contribution. Globally, it was
reversibility (measured by the weight of the component associ- shown that the comparison between two different labeled
ated with the excimer decay at the monomer emission wave- polymers (high and low level of hydrophobes) allows the
length) decreases with increasing water content of the mixture. visualization of how association is ruled by solvent ability
This could be evidence of a more rigid structure. As mentioned toward the naphthalene chromophore as well as by the distance
above, long-range interacting chromophores, corresponding topetween them.
the slow process, suffer no significant change in the rate with
the addition of water to the mixture. This is expected if these
Np chromophores are in chromophoric poor regions, since in
that case the chain solvation (hydrophilic) will dominate
chromophore solvation (hydrophobic) and no aggregation oc-
curs.The present model does not allow the determination of the References and Notes
fraction of each type of monomer present in the ground state (1) Forster, T.: Kasper, Kz. Elektrochem1955 59, 976.
(o and 5 values in Scheme 2) as well as the values for the (2) Hirayama, F.J. Chem. Phys1965 42, 3163.

reversible reactionk{ andky in Scheme 2), as were obtained
in previous work$:343>These and other aspects are currently
under study?® and their solution will be presented in a
forthcoming work.
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