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Photoreactions on latex surfaces:
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Abstract

Excimer formation from |-pyrenemethanel (PyM) and several other pyrene derivatives is investigated in aqueous dispersions of polystyrene
(PS) latex, as well as in homogeneous solutions. The efficiency of excimer formation is markedly enhanced on going from the homogeneous
agueous solutions 1o the particle surface in the presence of the PS latex, This is attributed to adsorption of the probes onto the latex surfaces.
The peak height ratio between the excimer and monomer fAuorescence bands ( I/ 1yy) of PyM is measured as a function of the surface density
of the probe. The ratio takes 2 maximum when the surface density is about 0.3 molecules nm ™. Analysis of various spectral and kinetic data
suggast that the probes are inhomogeneously disiributed on the latex surface and that a significani portion of the probes self-associate into

ground state dimeric forms.  © 1997 Elsevier Science S.A.

Keviords: Polystysene latex: |-Pyrenemethanel: Fluorescence: Excimer: Lifetime: Adsorption isotherm

1. Intreduction

Over the past decade considerable attention has been
devoted to the study of photoreactions on solid surfaces, The
solid materials so far extensively investigated are silica, clays,
porous vycor glasses, alumina and titanium oxides. Some
aspects of surface effects on photoreactions are nicely
reviewed in recent literature [ 1,2].

Latex particles represent a type of organic solid material
which can be employed as a micro-substrate for photoreac-
tions. The surface consists of organic polymers embedded
sparsely with functional groups such as sulfate, carboxyt, or
amino groups. ‘This structure is, in some sense, similarto that
of silica which has been more extensively studied. In silica,
the surface consists of a siloxane (-8i-0-8i-) matrix embed-
ded with silanol (-Si-OH) groups, which act as binding sites
for various reacting species. However, compared to silica.
latices have several advantages: (a) many kinds of functional
groups can be introduced onto the latex surfaces, whereas
only the silanol group is available on native silica; (b) con-
centration of the functional groups on latex surfaces can be
easily controlled by modem synthesis techniques; (c) differ-
ent types of polymers such as polystyrene (PS) and poly-
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acrylates, with varying degrees of hydrophobicity can be
employed as the support material: (d) the particle shape is
highly uniform (spherical); {e) the particles size can be
controlled within a narrow distribution.

We have investigated several photoreactions on the surface
of PS and poly(butyl methacrylate) (PBMA) latices. For
example, direct energy transfer from thodamine dyes to mal-
achite green [3,4] and electron transfer quenching reaction
of the fluorescence of -pyrenemethanol (PyM) by methyi-
viologen [5]. We find that on going from a homogenesous
aqueous sofution to the latex dispersion the efficiencies of the
photoreactions are dramatically enhanced. In this paper, we
report our studies of the excimer formation of PyM and other
pyrene derivatives on the surface of PS latex.

Excimer formation relates to an important class of photo-
reactions [6]. It has attructed much attention because: (a) a
group of important organic compounds undergo excimer for-
mation, e.g. photodimerization of aromatic olefins proceeds
via excimer formation [7]; (b} the reaction can be used to
probe the microstructure of heterogenecus systems sich as
micelles, vesicles and solid surfaces [ 1,26} (¢) thereaction
can be employed to elucidate the kinetics of diffusion-con-
trolled reactions in the restricted space of polymeric systems
{81.

The present study reveals that in the latex dispersion the
excimer formation reaction is about 10 times more efficient
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than in homogeneous solutions. We utilize measurements
of Auorescence excitation spectra and decay curves to show
that effective adsorption and ground-state dimer formation
significantly enhance the reaction efficiency.

2. Experimental

I-pyrencbutyric acid (PyA), l-pyrenchutyltrimethytam-
monium bromide (PyB), and I-pyrenemethanol (PyM)
were obiained from Molecular Probes, Inc., and were used as
received, Structural formulae of these compouncs are shown
in Fig. 1. Ali solvents employed were spectrograde, and used
without further purification.

The PS latex was synthesized by standard emulsion polym-
erization in the presence of sodium dodecy! sulfate. The
details of the latex synthesis are described elsewhere [3].
The latex was purified by successive dialysis until the con-
ductivity of the serum was reduced to that of deionized water.
The diameter of the particles as determined by an Otsuka
DLS-7000 dynamic light scattering spectrophotometeris 182
rm, with a narrow size distribution.

Stock solutions of the pyrenc derivatives in water (20 pM)
were prepared first. Aliquots of the PS dispersion and the
probe stock solution were mixed in a 10 m! volumetric Aask,
followed by sonication for 5 min. The samples were stored
in the dark for | day prior to any measurements, Spectro-
scopic measurements were carried out under aerated condi-
tions, unless otherwise mentioned.

Adsorption isotherms of the pyrene derivatives onto the
fatex surface were measured by ultracentrifugation. First, ali-
quots of the latex dispersion containing known amounts of
the probe were placed in ultracentrifuge tubes, and centri-
fuged (Hitachi 55 P-72) for 30 min at 40 000 rpm (1G%g}.
Next, the conceniration of the probe in the supernatant was
determined by UV absorption or Ruorescence measurements.
The quantity of the probe adsorbed was calculated from the
difference of the totai concentration in the dispersion and the
equilibrium concentration in the serum.

Fluorescence spectra were recorded or 2 Hitachi F-4000
spectroflucrometer with a cell-holder in the front-face con-
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Fig, 1. Structural fornwla: of PyM, PyB, and PyA.

figuration. Spectra were comected by wsing a standard ‘ung-
sten lamp with a known color temperature. Absorption
spectra were measured with a Jasco Ubest-50 spectrophotom-
eter. Fluorescence lifetime (1) measurements were carried
out with a Horiba NAES 1100 time-resolved spectrofluoro-
meter which employs a time-correlated singie photen count-
ing technicque.

3. Resulis and discussion

Fig. 2 shows ihe fluorescence spectra of PyM and PyB in
PS latex dispersions together with the spectra in homogene-
ous agueous solutions. We note two types of emission from
the pyrene derivatives in the latex dispersion. One is a fine-
structured monomer emission ranging from 370 nm to
450 nm. The second is a broad excimer emission from
450 nm 10 580 nm. Because of limited solubility of the pyrene
derivatives in water, one cannot observe any excimer fluo-
rescence from the aqueous solutions of the probes. For homo-
gencous solutions of pyrene derivatives in lcv viscosity
solvents, a concentration of more than ca. I mM is normally
necessary lo observe excimer emission. In contrast, in the
presence of the PS latex dispersions, we find signiticant exci-
mer fluorescence of PyM and PyB at 1he level of 10 pM
concentration. The results indicate that in the latex disper-
sions the excimers are formed some 10° times more effec-
tively than in homogeneous solutions. This feature can be
explained by the effective adsorption of the probes onto the
latex surface [5].

Itis weli ¥riown that the peak height ratio between excimer
and monomer fiuorescence bands (i.e. fg/ly,) can be used as
a measure of the efficiency of excimer formation [6]. As in
the case of molecular pyrene itself [9-11], it is known that
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Fig. 2. Fluorescence spectra of (a) PyM and (b) PyB in pure water
{ ) and aqueous PS luex dispersions (---). [PyM]=10pM.
[PyB]=5.0 uM, {FSj =050 g |~ '. Samples deaerated by ni purging
for 15 min. Excitation wavelength 325 nm. Excitation and emission band
passes 5.0 nm and 1.5 nm, respectively. Spectra normalized at the band 3.
See text for the band notations.
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the peak height ratio between the band 1 and the band 3 of
PyM (i.e. I,/15) is a good measure of polarity of the probe
environment, which has a high value for high polarity envi-
ronments [5,12].

In Fig. 3, we show the fluorescence spectra of PyA in the
PS latex dispersivn. It is interesting that the excimer forma-
tion is strongly pH dependent. We note significant excimer
fluorescence at pH 3, whereas none is detected at pH 8. If we
assurne that the pK, of PyA is clese to that of butyric acid
(i.e. pK,=4.6), then nearly 97% of PyA have an unionized
acid groups at pH 3, while almost all are jonized at pH 8. At
pH 3, the liydrophobic interaction between the probe and PS
matrix dominates and leads to a high degree of adsorption
onto the latex surface, whereas at pH 8, repulsive interactions
between the ionized form of the probe and the charged latex
(sulfate groups) cause a shift in the purtitioning of PyA
toward the aqueous phase.

For a deeper understanding of the excimer formation phe-
nomena on the latex surface, we need information about the
adsorption behavior of the probes. Fig. 4 shows the adsorp-
tion isotherms of PyM and PyA for the PS latex surface. The
horizontal axis represents the total concentration of the sol-
ubilized probe. The vertical axis represents the quantity of
adsorbed probe, calculated as the difference between the total
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Fig. 3. Fluorescence spectra of PyA in PS Lutex dispersions at pH 3 (-—)
and pH 8 (). [PyAj=10 uM, [PS| =0.50g1". Spectral settings as in
Fig. 2.
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Fig. 4. Adsorption isotherms of pyrene derivatives onto PS latex pasticles at
20°C. {a) PyM: (b) PyA at pH 3 (O) and pH & (@). [PS] =050z ".
[PyM] and [PyA]. respectively, the total probs consentration in the
dispersion.

concentration put in the dispersion and the measured equilib-

rium value in the supernatant. Accordingly, the slope of the

line gives the fraction of the total probe residing on the Jatex .
particles. In Fig. 4{a) we note that for a 0.5 g 1 ' dispersion,

about 80% of PyM are surface adsorbed, a value not sensitive

to the pH. Consequently the effective local probe concentra-

tion much exceeds the pM bulk value, and surface excimer
formation becomes possibie. The same reasoning explains

the pH dependence of excimer formation for PyA. Fig. 4(b)

(empty circles) shows that at pH 3, about 75% of the probe

isadsorbed (2.5% ionized, assuming p&K, = 4.6), Onthe ather

hand, when the pH is increased to 8 (filled circles), only 1 1%

are adsorbed, leading to a reduction of PyA snface concen-

tration and the disappea.ance of excimer emission {cf.

Fig. 3).

To further study the partitioning effect, we measured the
dependence of f¢/ I, of PyM on the latex concentrntion, for
two fixed PyM concentrations at 5 pM and 10 oM, respec-
tively. Fig. 5 shows the two profilzs are similar { more exci-
mer at higher load of probe) so that we focus the discussion
on Fig. 5(a) only. We nnte that the Jg/ ], profile shows 2
maximum at a latex concentration of about 0.3 g 17" (point
B). Such behavior is also reported by Kaufman and Avnir
[ 13] for the pyrene probing of sol~gel-xerogel ransition in
silica. In that work the maxima of Ig/ 1, profile was related
to the changes of surface irregularily and porosity,

To discuss the subject of the system of this report on a
more quantitative level, we introduce the foliowing equations

ta=R{+Iy ()
irl:_ = lg + IE (2}
where iy, o (Y, I5) denote the monomer (excimer) fug-
rescence intensities arising from the aqueous and latex sur-

face, respectively. Dividing Eq. (2) by Eq. (1) and
cansidering that i’ =0, we obtain
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Fig. 5. Dependence of Ig/ly of PyM on 1z PS latex concenivation: (a)
[PyM] =50 pM: (b) [PYM] =10 pM.
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When the PS concentration is low (point A, Fig. 5(a)),
the value of /g//,, is small since most of the probe is parti-
tioned into the agueous phase. As the PS concentration is
increased, the value of /g/1,, increases because more of the
probe partitions toward the latex. /¢/1,, reaches 4 maximum
at the P3 concentration of 0.27 g 1 ' (point B). Considering
that here 77% of the probe is surface adsorbed (cf.
Fig. 4(a) ), we calculate a mean surface density of 0.28 pro-
be nm ™2, which corresponds to a rean nearest neighbor dis-
tance of 1.Y nm. [t is believed thatexcimer formation requires
the distance between the two reacting pyrene molecules to be
ca. 0.5om {14,15]. Two independent excimer formation
mechanisms can be envisioned. In the most commeon case,
observed in homogeneous fluid media, dynamic diffusion
after excitation brings the two probes to within the required
distance. In the less prevalent case, also referred to as the
static mechanism, the two pyrenes are preassociated ( within
0.5 nm) prior to excitation, and the ¢xcimer is formed imme-
diately upon excitation. Fer the case of probes on the latex
surface, the spectral and partitioning data presented so far
cannot distinguish the dominant mode of excimer formation.
However, in the next section we shall present spectral and
kinetic data which show that the dominant mode of excimer
formation on the fatex surface occurs via a static mechanism.
Consequently, at point B of Fig. 5, the PyM prabes must be
highly associated on the latex surfaces. As we continue to
increase the particle concentration, the value of [/ 1, grad-
ually decreases (region B-C), a feature which can be attrib-
wted io the dissociation of ground state dimer (lowering of
the probe surface density ). A similar situation is encountered
for the dissociation of ground state aggregates for rhodamine
dyes on P8 Jatice: ! 2 16] and rhodamine 6G on the surface
of vesicles {17},

More comaty vove o dence for the partitioning of PyM
between water snd latzn can be obtained if we plot 1,/1,
against the PS5 conceatranon (Fig. 6). At lower PS concen-
tratans, We vatue of 1,/1, is 1.71, close to that of the probe
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Fig. 6. Dependence of I;/1; of PyM on PS latex concentration: (a)
FPYM| =58 1M: (b) [PyM] = 10 pM.

in pure water [5]. Under these conditions almost all PyM
exist in the aqueous phase. As the PS conceniration is
increased, the /,/1; value decreases gradually, reaching a
minimum at point B. Because the PS surface has a lower
polarity than that of water [5], we have evidence of more
partitioning for the latex surface, an interpretation consistent
with that offered for the change of I/l in Fig. 5. We also
note here a slight increase in 1, /1, for the higher PS concen-
trations. At preseni, we cannot make ary conclusive remarks
for this effect. A possible explanation is that near point B the
probes are in the most highly clustered state, reducing the
overall polarity of the environment. Kaufman and Avnir [ 13]
proposed a similar mechanism to account for the decrease of
1,/15 (also a measure of local polarity) in silica systems.

In this section we present evidence as to the mechanism of
excimer formation on the surface of PS latex. The two types
of mechanisms considered are {a) dynamic or (b) static in
nature, Such studies are important to the understanding of the
mechanistic details of substrate supported photoreactions.
For example, it is reported that the products of photodimeri-
zation of acenaphthylenc on silica surfaces are strongly
dependent on the surface mobility of the reactants { 18,19].
The dynamic process means that the excimer is formed by
diffusive encounters of an excited monomer with a ground-
state monomer {6,20,21]. The static process refers to the
situation when the excimer originates by the direct excitation
of the ground-state dimer [6,25,21]. We can distinguish
between the two cases by examining fuorescence excitation
spectra and/or fluorescence decay kinetics [6,20,21]. In
Fig. 7, we compare the fluorescence excitation spectra of
PyM in a methanolic solution (t mM) and 2 0.42g17' PS
latex dispersion (10 pM). The solid lines represent the spec-
tra obtained by monitoring the monomer fuorescence
fabbreviated as M-spectra) and the dotted lines show the
spectra abtained by monitoring the excimer fluorescence ( E-
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Fig. 7. Fluorescence excitation spectra of PyM monitored at 395 nm
(——) and 508 nm (). (a) Methanoiic solution, { PyM] = 1.0 mM; (b)
PS katex dispersion. [PyM} =98 uM, [PS] =042 g!~!. Samples deasr-
ated by nitrogen purging for 15 min, Excitaliun and emission band passes
1.5 nm and 5.0 am, respectivety.
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Fig. 8. Fluorescence decay curves of PyM in a PS laex dispersion.
[PyM] =10 gM, [PS]=0.10 217", (2) Monitored by monomer emission
at 395 am; (b) Monitored by excimer emission at 300 nin, Samples deaer-
ated by nitrogen purging for |5 min. Sumples excited at 325 nm, band pass
14 nm. Emissions collected through a Hoya U-360 bund pass filter and a
Toshiba Y-4% cut-off filter, respectively.

spectra). In the methanolic solution (Fig. 7(a)), there is no
difference in the band position of the M- and E-spectra. This
indicates that in the methanolic solutien excimers form by a
dynamic process. as previously reported in earlier literature
{6,20,21]. In the latex dispersion (Fig. 7(b) )}, however, we
observe a significant shift (3 nm) of the band lecation on
going from M- to E-spectra. The spectra indicate that the
dominant made of excimer formation is by the static process.

We measured the fluorescence decay curves of PyM by
itoring monomer and excimer cmissions (Fig. 8). in the
PS latex dgispersion, the excimer decay curve fits a two-expo-
nential profile, with no obvious growing-in tern on this time
scale. The averaged lifetime is {7) =LA77 /LA T, =93.1 s,
with 4, and 7; (=1, 2} defined, rcspectively, as the pre-
exponential factor and lifetime of the ith component, From
Fig. 8(b) it is clear that the excimer emission shows a very
fast rise m the short-time c2gion following excitation. It is
well known that for the case of the dynamic mechanism, one
generally observes a slow rise of the emission intensity ind:-
cating the time elapsed for diffusion related enccunters
[6,201. Indeed this is abserved for the case of excimer emis-
sion of PyM in methanol {data nct shown). The fast rise of
the excimer signul provides us with further evidence for the
static mechanism.

The decay curve tor the moromer emission fits a three-
exponeniial function. with an averaged lifetime ({7)) of
185ns (y”=1.08). Note thal the decay shows a sharp
decrease of intensity in the short-time region following exci-
tation. This may be related to energy transfer from menomers
to theexcimer-forming sites ( dimers ), as reported by Ohmori
et al. for pyrene in Langmuir-Blodgztt films of poly( vinyl
octal) [22] For a detailed discussion of the decay profiles
one needs to employ the Férster or fractal models, as dem-
onstrated by Chmori et al. [22], or our own previous work

{3]. Presently we will not delve into the quaniitative aspects
of the decay kinetics because they will not add to the general
conclusions reached here.

4. Conclusions

Adsorption to the particle surface and excimer formation
for PyM, PyA, and PyB is investigated in aqueous solutions,
in the presence and absence of PS latex. The efficiency of
excimer formation of PyM and PyB is markedly enhanced
on going from pure water to the aqueous latex dispersion.
This is attributed to adsorption of the probes onto the latex
surfaces, followed by partial association into ground state
dimers. PyA shows a pH-dependent behavior for adsorption
and excimer formation. Excimers are formed at pH 3 but not
at pH 8, where the anicnic form of PyA is repelled into ihe
aqueous phase. Analysis of various spectral and kinetic data
indicate that on the surface of the latex PyM self-associates
into ground state dimers or higher aggregate forms. Further
work is necessary before one can conjecture the presence of
nanoscale grooves on the latex surface, serving as potential
sites of aggregation.
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