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ANALYTICAL SERIES

Fluorescence Decay Methods
for the Characterization of
Latex Film Formation

By J.M.G. Martinho and J.P.S. Farinha,
CQFM, Instituto Superior Tecnico

Fluorescence decay methods have
been used extensively to characterize
the formation of polymer films from latex
dispersions, a process widely used in
the coatings industry. By measuring the
polymer chain diffusion at the nanometer
scale, this technique enables the quanti-
fication of the amount of mixing between
polymer particles that ultimately contrib-
utes to the formation of a polymer coating
with good mechanical properties. This
article provides an introduction to fluo-
rescence decay methods, with a strong
emphasis on their application to the
characterization of latex film formation.
Examples are also provided, demonstrat-
ing how this technique has been used to
help in the understanding of this process
in different latex coatings.

INTRODUCTION TO
THE PROBLEM

Latex Film Formation

The different stages involved in the
formation of a film from a water disper-
sion of polymer nanoparticles, or latex,
are schematically shown in Figure 1.4
After water evaporation and drying, the
polymer particles form a densely close-
packed arrangement. At temperatures
above the “minimum film formation
temperature” (MFFT, which is close to
the glass transition temperature of the
polymer in the presence of water), a
transparent film is formed by deformation
of the particles, through a combination
of capillary, osmotic, and surface forces
that overcome the elastic modulus of the
particles.® To form a mechanically strong

film, the polymer chains have to further
diffuse across the interfaces between ad-
jacent particles, in a process driven by the
increase in entropy associated with the
healing of these interfaces. This last stage
is of utmost importance to the final proper-
ties of the film. Therefore, to modify coat-
ing formulations and design more efficient
coatings, it is necessary to understand the
characteristics of polymer diffusion for the
particular formulation of interest.

Measuring Polymer Diffusion
During Film Formation

The most commonly used techniques
for studying polymer interdiffusion across
the interface in latex film formation are
small angle neutron scattering (SANS) and
Forster resonance energy transfer (FRET).
SANS experiments, first used by Hahn5%
to study the relation between polymer
interdiffusion and film tensile strength,”
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Figure 1—Formation of a film from a water
dispersion of polymer nanoparticles.



require the preparation of deuterated and nondeu-
terated polymer particles to achieve contrast. The
use of FRET to analyze polymer mixing, an approach
pioneered by Morawetz®1° and extensively used by
Winnik to study latex film formation,**1? requires the
preparation of polymer particles labeled with a small
amount (typically less than 1 mol%) of two different
dyes: a fluorescent energy donor dye and an energy
acceptor dye.’® These dyes are usually incorporated
into the latex particles via dye comonomers with
appropriate polymerizable groups, such as meth-
acrylate or vinyl substituents. FRET has been used
to study the effects of different factors on latex film
formation: temperature,** composition,’®> moisture,1©
coalescing aids,>171° polar groups at the latex sur-
face,?0 the presence of filler particles, etc. 2124

The films are prepared from a blend of FRET do-
nor- and acceptor-labeled latex particles, for which
the fluorescence spectra of the donor overlaps the
absorption spectra of the acceptor. Since the molar
fraction of the dyes is very low, one can assume
that the donor and acceptor dyes serve only as
traces for the location of the polymer. The donor-
and acceptor-labeled particles should, in principle,
have similar size, as well as similar molecular
weight and molecular weight distribution of their
constituent polymers. This can be achieved by syn-
thesizing both particles from a common unlabeled
seed latex with a size much smaller than the final
latex particles. To measure the fluorescence decay
curve of the donor in the films, a pulse of light with
a wavelength selectively absorbed by the donor dye
is used. The donor decay is affected by nonradiative
energy transfer to the acceptor dyes in proximity
(typically a few nanometers to tens of nanometers,
depending on the dyes), and this effect can be used
as a “molecular ruler” to evaluate the donor-
acceptor separation.

If donor and acceptor dyes are located in differ-
ent particles, FRET measurements can be used to
evaluate the extent of mixing during the formation
of the polymer film. In the nascent film (obtained
upon drying the latex dispersion), the dyes are con-
fined to separate particles, and the efficiency of
FRET is limited because it occurs only across the in-
terface between adjacent particles. Subsequent cur-
ing of the film leads to polymer diffusion across the
interface between particles, mixing of donor- and
acceptor-labeled polymer chains, and a resultant in-
crease in the efficiency of energy transfer. Although
this effect can also be evaluated by following the
decrease in fluorescence intensity of the donor
spectra, this is subject to numerous artifacts, and
therefore it is typical to measure instead the fluores-
cence decay of the donor. These experimental arti-

facts are related to geometrical and light scattering
effects, as well as to the difficulty in assuring that
the excitation energy is exclusively absorbed by the
donor in the donor/acceptor-mixed films.

FORSTER RESONANCE ENERGY
TRANSFER IN POLYMER COATINGS

Since the pioneering work of Morawetz,® the
formalism of FRET has been developed to accom-
modate increasingly complex geometries?>27 and
dye distributions,%2832 allowing the experimental
determination of dye concentration profiles in com-
plex nanostructured materials.33

To use FRET in the characterization of latex film
formation, one mixes polymer particles labeled with
a small amount (typically less than 1 mol%) of a
fluorescent energy donor dye (D) with polymer par-
ticles labeled with an acceptor dye (A). After casting
the film, this is irradiated with visible or UV radiation
that should be mainly absorbed by D, and electronic
energy can then be transferred to a nearby A by
a resonance dipole-dipole coupling mechanism.
The efficiency of FRET depends on the inverse six
power of the D-A distance, in a length scale of a
few nanometers (depending on the D-A pair used).
The typical length scale of FRET matches the size
of interparticle domains in latex films, and is small
enough to avoid interference by capillary waves
at the interface. In a typical experiment, two latex
dispersions (one labeled with an energy donor and
the other with an acceptor) are mixed. If the film
is dried at about the glass transition temperature
(Tg) of the polymers, FRET occurs only across the
interfaces between D- and A-labeled neighboring
particles. Annealing of the film above the Tg of the
polymers leads to colocalization of the dyes in the
interparticle regions, and one observes an increase
in the quantum efficiency of energy transfer. Since
the dye distribution mimics the distribution of the
polymer components, these experiments can pro-
vide detailed information on the distribution of the
labeled polymer components and the morphology of
the nanostructure.33

EXPERIMENTAL SETUPS FOR
FLUORESCENCE DECAY MEASUREMENT
BY SINGLE-PHOTON TIMING

The most commonly used technique to re-
cord fluorescence decay curves is time-correlated
single-photon counting (TCSPC), better designated
as single-photon timing (SPT). Figure 2 shows a
diagram of the modules that compose typical SPT
equipment.34
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Figure 2—Equipment
diagram for fluores-
cence decay time
measurement by the
single-photon timing
(SPT) technique.
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The heart of this technique is the time-to-
amplitude converter (TAC) that translates the differ-
ence in time between two pulses to a voltage. The
sample can be electronically excited using a pulsed
lamp (nanosecond pulse width) or a pulsed laser
(picosecond pulse width). An electric signal associ-
ated with the excitation pulse is generated (e.g.,
from the electronics of the excitation source or from
a fast photodiode that detects a small fraction of
the excitation light) and routed through a discrimi-
nator to initiate the TAC (start pulse). The stop sig-
nal is generated by the fluorescence of the sample,
which is detected by a photomultiplier (preferably,
a microchannel plate, which has faster response
times and practically no “color effect”). The interval
between the start and the stop signals is converted
in an analog output pulse proportional to the time
between these signals.
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As the probability of detecting a single photon
at time t after excitation is proportional to the fluo-
rescence intensity, the histogram of the number of
counts versus voltage reproduces the fluorescence
decay curve. The TAC and the associated analog to
digital converter (ADC) must guarantee a very good
linearity in the full range of operating voltages.

The TAC signals corresponding to valid start-stop
cycles are stored in a multichannel analyzer (MCA)
according to their voltage. The voltage is then con-
verted in time by the calibration of the TAC, and
the fluorescence decay curve is recorded.

The popularity and preeminence of the SPT
technique stems from its high sensitivity, excel-
lent dynamic range and linearity, and well-defined
Poisson statistics. To ensure that a probability of
detecting two fluorescence photons per excitation
pulse is low, the number of fluorescence pulses
have to be much smaller (ca. < 2%) than that of
excitation pulses. To obtain the decay curve with
good statistics, the number of counts at the maxi-
mum channel should be high (~20,000 counts).

This requires excitation sources delivering light
pulses at high repetition rates. Thanks to pulsed
lasers delivering pulses in the MHz range, fluo-
rescence decays can be acquired in minutes. For
high repetition rate sources, it is recommended to
use a reverse start-stop mode (inverted configu-
ration) to circumvent high but inefficient conver-
sion rates, because many start-stop cycles never
complete while maintaining the time measure-
ment electronics busy. In the reverse mode, the
conversion rates are much smaller because they
are only as high as the actual photon rates gen-
erated by the fluorescence signal. Instrumental
response functions of ~25 ps duration can be
achieved by using pulsed ps lasers and fast de-
tectors and electronics. The stability of the laser
systems and fast and linear response of the
electronics permits the recording of very accurate
fluorescence decays with a high dynamic range,
allowing the determination of lifetimes of the or-
der of 5 ps by using deconvolution (reconvolution)
procedures for decay curve analysis343°:

I(t)= jL(H) I°(r-6)de 1

where the experimental fluorescence decay curve
I(t) is a convolution of the instrumental response
function (or excitation pulse profile) L(t) with the
fluorescence decay /5(t) that would be obtained for
a &-pulse of excitation light.

DECAY DATA ANALYSIS

After the latex film containing donor- and
acceptor-labeled particles has been annealed at
temperatures above Tg, for a period of time t .,
one measures the donor fluorescence decay curve,
I4(0). One of two different strategies can then be
followed. For an in-depth characterization of the
film morphology, a detailed FRET model has to
be used to analyze the donor fluorescence decay
curve.33 Here, we describe a less complex strategy
that can be used to evaluate the evolution of inter-
diffusion as the latex film is formed. In this case,
one calculates the quantum efficiency of energy
transfer:

j 1,,(t)dt
(DET(tdg;f)zl_ ?D (2)

j 1,(1)dt

0

where the integrals correspond to the areas under
the donor decay curve of a latex film containing
mixed donor- and acceptor-labeled particles, I ,(t),
and of a latex film containing only donor-labeled
particles, /,(t). This methodology circumvents
many disadvantages of the determination of FRET



efficiencies from the fluorescence spectra. Indeed,
in this case it is not required that only the donors
absorb the excitation light, because the donor
decay is invariant to the presence or absence of
excited acceptors. Furthermore, since the decays
are normalized, the films containing only donors or
a mixture of donors and acceptors do not need to
have exactly the same optical density. Additionally,
geometric effects that are important in steady
state fluorescence measurements do not affect
the decay curves, and light scattering can be eas-
ily removed from the decay curve (although not
from the fluorescence spectra).

Although the integral of the donor decay curve
of a latex film containing only donor-labeled parti-
cles can be easily calculated (it corresponds to the
donor decay lifetime, T,), to calculate the integral
of the donor decay curve measured for the latex
film containing mixed donor- and acceptor-labeled
particles, it is better to fit the experimental decay
using the empirical equation31536:

1,,(t)=Aexp(-t/7, - P(t/7,)"* + A, exp(~t/1,) (3)

where the term with pre-exponential factor A, ac-
counts for the donors that are involved in the en-
ergy transfer process, and A, is proportional to the
amount of donors isolated from acceptors, which
decay with the intrinsic lifetime 7.

The evolution of the extent of mixing in the
latex film as it anneals can then be approximately
calculated as the increase in the quantum effi-
ciency of energy transfer, normalized with the val-
ues obtained for the film before annealing (t . = 0)
and for the fully mixed film (t,, = o0)?®:

O, (tdiﬁf) - ®,,(0)
D,/ (0) - D, (0)

fm (td[/f) ~ (4)

The quantum efficiency of energy transfer for
the fully mixed film (t,, = o) can usually be deter-
mined by casting a film from a good solvent for the
polymer (usually, THF). In cases where the particles
are partially crosslinked and complete mixing is not
experimentally accessible, it is necessary to esti-
mate this value.?437

The value obtained from equation (4) is a rea-
sonable approximation of the real extent of mixing
in the latex film up to about 70% mixing?®; how-
ever, it can generally be used to evaluate the evo-
lution of the extent of mixing. If one needs a more
accurate estimate of the extent of mixing, a more
complex procedure must be used which details the
morphology of the evolving interparticle boundary
during film formation.1928,30:31,33

Ideally, the parameter to measure the polymer
diffusion rate would be the center-of-mass diffu-
sion coefficient, D, . For a system as complex as
a latex film in which the polymers are initially con-
fined in the deformed particles and have a broad
distribution of molecular weights, calculating the
distribution of D values that characterize the
system would be impractical. Instead, it is usual to
calculate a single mean diffusion coefficient to de-
scribe the diffusion of a polymer characterized by a
distribution of diffusivities. The concentration pro-
file of the polymer in a particle can be described
as a function of the extent of mixing between the
polymer chains from neighboring particles, assum-
ing that the general shape of the polymer segment
distribution can be described by Fickian diffusion
profile for spherical geometry,38 for which the do-
nor concentration profiles, g,(1), is:

+ R -

)y verf(

2,(r)= ;(erf(

where 6=2,/(D)t,, is a parameter measuring the
extent of diffusion during a period of time t ..., with
average diffusion coefficient <D>, R_ is the radius
of the particle, and erf(z) is the error function. From
the distribution profile we can calculate the volume
fraction of polymer mixing f:
3%
e I4ngo (r)dr (6)

s 0

fi=1-

To calculate the polymer diffusion coefficient
during film formation, one then assumes that the
normalized increase in the quantum efficiency of
energy transfer f_(t,..) is a good estimate of the
mass that diffuses across the interparticle bound-

ary f (L)

APPLICATION EXAMPLES

Latex Film Formation

In this example, we monitor the polymer dif-
fusion in poly(butyl methacrylate) latex films with
a polymer molar mass of M, = 125,000 (M,/M_
= 2.5), using polymer nanoparticles labeled with
phenantrene (Phe), a FRET donor, and others la-
beled with 4-dimethylamino-benzophenone (NBen),
a nonfluorescent FRET acceptor (Figure 3).14 The
dyes were incorporated as (9-phenanthyl)-methyl
methacrylate (PheMMA) and 4’-Dimethylamino-2-
acryloxy-5-methyl-benzephenone (NBen)3°40 into
a PBMA latex by a two-step seeded emulsion
polymerization.
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Figure 3—Fluorescent monomers (9-phenanthyl)-methyl
methacrylate (Phe, left) and 4’-Dimethylamino-2-acryloxy-5-
methyl-benzephenone (NBen, right).

Figure 4—Phenanthrene
fluorescence decay profiles 10°F
in PBMA latex films prepared
from Phe-PBMA latex (1) and
from a 1:1 ratio of Phe-PBMA
and NBen-PBMA lattices (2-4),
for a nascent film formed at 10
room temperature (2), a film
annealed for 60 min at 90°C . ,
(3), and a solvent-cast film (4). 0 75 150 225 300
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Figure 5—Plots of

f,, vs annealing time 107°C 90°¢
at different tem-
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films consisting of 1:1 fm
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The latex dispersions were prepared by seeded
semicontinuous emulsion polymerization.'* Latex
films were prepared from dispersion mixtures of 1:1
weight ratio of Phe- and NBen-labeled particles. The
dispersions were first cleaned with an ion-exchange
resin (AG-501-X8 mixed-bed-resin, Bio-Rad) to
remove the ionic surfactant and other ionic spe-
cies before film formation. A few drops of a latex
dispersion (containing 1:1 ratio of mixed Phe- and
NBen-labeled particle, 6 wt% solids) were spread on
a small quartz plate. The film was allowed to dry at
room temperature in the open air for one night be-
fore annealing. Films were dry and transparent.

The fluorescence decay profiles were measured
by the single photon timing technique3* at room
temperature. Phenanthrene was excited at 300 nm,
and its emission was recorded over the range 350-
400 nm. A band-pass filter (310-400 nm) and a
cut-off filter (335 nm) were mounted in the front of
the photomultiplier tube detector to minimize the
interference due to scattered light. For fluorescence
decay measurements, each sample was placed in a
small quartz tube and degassed with flowing N,, for
5 min before each measurement. In Phe(1%)-PBMA
latex films (no NBen energy transfer acceptor), Phe
decay profiles were fitted with an exponential func-
tion, with lifetime 1, = 46.1 ns.

Polymer diffusion in latex films annealed at 56,
74, 90, and 107 °C was evaluated from the energy
transfer quantum efficiency, by approximating the
fractional mass that diffused across the particle
boundary f_ by the normalized energy transfer
quantum efficiency f_, and calculating the mean
apparent diffusion coefficient, Dapp.

In Figure 4, examples of Phe fluorescence
decay curves in films prepared from mixed disper-
sions of Phe(1%)-PBMA and NBen(0.3%)-PBMA are
presented. The top curve (1) is the exponential de-
cay from a film prepared from the Phe-PBMA latex
only; the curve below (2) shows the small degree
of curvature associated with a freshly prepared
film obtained from a 1:1 mixture of the donor- and
acceptor-labeled latex; the next curve (3) corre-
sponds to the same film after it was annealed for
60 min at 90°C; and the bottom curve (4) was ob-
tained for a solvent-cast film, representing full mix-
ing of the donor- and acceptor-labeled polymer.

From the decay curves in Figure 4, we cal-

culate energy transfer quantum efficiencies

of ®_. = 0.07 for the newly formed film and

G)ET = 0.37 for the solvent-cast film, using equa-
tion (2). Values of f calculated from equation (4)
are presented in Figure 5 for a film annealed at
four different temperatures. One can see that the
annealing temperature has a large effect on the
rate of polymer diffusion, with f_increasing to 1



log <D> (cm?/s)

26 27 28 29 30 31
1000/T

Figure 7—Arrhenius plot of log D

for f,, values 0.40,
0.66, and 0.78 (top to bottom).

app

in only a few minutes at 107°C, but reaching only
0.4 after annealing 15 hr at 56°C.

Dapp values calculated in this way for the
data in Figure 5 are plotted against f, in Figure 6.
These values increase markedly with increasing
temperature. There is also a tendency for these
values to decrease with increasing f_, which we
attribute to the molecular weight polydispersity of

our latex samples.

In Figure 7, the D, values obtained at different
temperatures are plotted in an Arrhenius fashion.
In making these plots, we compare Dapp values at
similar extents of mixing. For three different values
of ., these data can be fitted with an apparent ac-
tivation energy E_ = 34 £ 3 kcal/mol. To emphasize
the fact that this value pertains to all the data, we
use this value to calculate a shift factor to create a

master curve of Dapp values at 56°C (Figure 6).

Reactive Latex Blends

In this example, FRET is used to evaluate a
reactive blend in which the two components have
initially limited miscibility, but become miscible as
the reaction proceeds.*! In this type of system, the
growth in the quantum efficiency of energy transfer
f, allows one to monitor both the rate of polymer
diffusion across the interparticle boundary and
how this rate is affected by the chemical reaction.

Poly(ethylhexyl methacrylate) (PEHMA) latex
particles containing reactive functional groups,
either 11 mol% methacrylic acid (MAA) or 5 mol%
t-butylcarbodiimidoethyl methacrylate (tBCEMA),*2
and labeled with either 9-phenanthrylmethyl meth-
acrylate or 9-anthryl methacrylate,*® were prepared
by a two-stage emulsion polymerization from a
common seed under monomer-starved conditions.
Phenanthrene-labeled PEHMA latex (Phe-PEHMA),
phenanthrene-labeled carboxylic acid-containing
PEHMA latex (Phe-PEHMAA-MAA), anthracene-
labeled PEHMA latex (Ant-PEHMA) and anthracene-
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Figure 8—Evolution of ®_; with annealing time in dispersion-cast
and THF-cast films prepared from (a) Phe-PEHMA | Ant-PEHMA;
(b) Phe-PEHMA | Ant-PEHMA-tBCEMA; and (c) Phe-PEHMA-

MAA | Ant-PEHMA blends, annealed at 60°C.
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labeled tBCEMA-containing PEHMA latex (Ant-
PEHMAA-tBCEMA) were prepared with 1 mol% of
fluorescent dyes.

Films prepared from a 1:1 mixture of Phe-
PEHMA and Ant-PEHMA—one cast directly from the
latex dispersion at 4°C, and the other cast from
a THF solution prepared from the freeze-dried
latex mixture—yield ®_. = 0.06 and ®, = 0.52,
respectively. When the same films are annealed
at 60°C, ®, remains at 0.52 £ 0.01 for the THF-
cast film and increases to 0.49 (in 12 min) for the
dispersion-cast film. In the last case, the polymers
diffuse across the interparticle boundary, bringing
the Phe and An groups into proximity and increas-
ing ®, (Figure 8a). The fact that the maximum
value of @, obtained for the dispersion-cast film
corresponds to that obtained for (homogeneous)
films cast from THF indicates that the polymers are
fully miscible.

For dispersion-cast and THF-cast films pre-
pared from a blend of Phe-PEHMA and Ant-PEHMA-
tBCEMA (Figure 8b), ®, behaves in a similar way

to the blend of Phe-PEHMA and Ant-PEHMA (Figure
8a), yielding G)ET = 0.52 for the THF-cast films, and
®, increasing to 0.52 upon annealing for the dis-
persion-cast films. This indicates that Ant-PEHMA-
tBCEMA and Phe-PEHMA are also miscible.

However, the presence of 11 mol% MAA units
in the PEHMA-MAA latex is sufficient to induce
phase separation when this polymer is blended
with PEHMA (Figure 8c). The limited miscibility of
these polymers would not be apparent by tradi-
tional methods since the blends of PEHMA with
PEHMA-MAA are transparent, and the Tg of the two
components are too close for the presence of sep-
arate phases to be detected by differential scan-
ning calorimetry or dynamic mechanical measure-
ments. In this blend, ®_; increases much slower
and only to 0.24 in dispersion-cast films annealed
at 60°C, while for solvent-cast films, ®_, decreases
from 0.40 (less than full mixing) to 0.23, upon an-
nealing at 60°C. This indicates that further demix-
ing takes place, leading to increased separation of
the Phe- and An-labeled polymers.

The mixture of PEHMA lattices containing 11
mol% MAA and 5 mol% tBCEMA, Phe-PEHMA-MAA
and Ant-PEHMA-tBCEMA yields a reactive blend in
which the two polymers contain functional groups
that can combine to produce a graft copolymer,
eventually evolving to a crosslinked network. The
extent of polymer interdiffusion can be followed
by FRET, while the extent of chemical reaction is
traced by Fourier transform infrared spectroscopy
(FTIR), taking advantage of the carbodiimide band
at 2128 cm.44

The dispersion-cast film exhibits polymer seg-
regation that persists in the solid film when this is
annealed for short times at 60°C. However, over
longer times, mixing does occur, and reaches
completion (Figure 9a). The growth in polymer
miscibility is coupled to the reaction between the
carboxylic (-COOH) and carbodiimide (-N=C=N-)
groups of MAA and tBCEMA to form an N-acyl
urea,*® creating a covalent bond between the two
polymers in the process. Polymer diffusion is nec-
essary to bring the reactive groups together, but
the chemical reaction introduces branches into the
polymer. On one hand, the branches compatibilize
the blend, but on the other hand, they retard the
diffusion, creating crosslinks that bring polymer dif-
fusion to a halt.

In the newly formed THF-cast film, ®_. = 0.42,
a value that indicates some segregation. By an-
nealing at 60°C, @, decreases to 0.40 over the
first 20 min due to demixing of the polymers.
However, for longer annealing times, ®_; increases
due to mixing promoted by the reaction between
-N=C=N- and -COOH groups, with ®_, reaching
0.52 (fully mixed film). The state of mixing (from



@) correlates very well with the extent of carbodi-
imide reaction monitored by the decrease in the
FTIR intensity at 2128 cm™ (Figure 9b).

The combined action of polymer diffusion and
anchoring by the N-acyl urea overcomes the mix-
ibility problem of the two blend components and
results in a film with good mechanical properties.

CONCLUSION

Fluorescence decay methods allow very pre-
cise evaluation of FRET efficiency in polymer films
labeled with appropriate donor and acceptor dyes.
This technique has been extensively used in the
characterization of latex film formation in differ-
ent systems, such as thermosets, blends, reactive
blends, etc. By allowing the measurement of poly-
mer chain diffusion in the films at the nanometer
scale, FRET can be used to quantify the extent of
mixing between polymer chains from different par-
ticles, which ultimately leads to the formation of a
coating with good mechanical properties.
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