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ANALYTICAL SERIES

Fluorescence Decay Methods
for the Characterization of
Latex Film Formation

Ev LWLG, Martinho and J.P.5. Farinha,
CQFM, Instituto Superior Techico

Fluorescence decay methods have
been vsed extenshvely to characterize
the formation of polymer filims from fatex
disparsions, 8 process widely used i
the coatings industry. By measuring the
polymer chain diffusion at the nanometar
seale, this technique enables the quant:-
fication of the amalnt of mixing between
poltymer particles that wiimately cantrit-
utes to the formation of 8 potvnrer coating
wittr good meachanlcal praparties. Ttris
article privides an infroduction 1o Auo-
rescance decay mathods, with a strong
emphasis on their appiication o the
charactarization of tatex Il formation.
Exarmples are also provided, demonstrat-
ing how this technigue bas been Used to
fele In the understanding of this Arocess
i ciifferent latex coatings.

INTRODUCTION TO
THE PROBLEM

Latex Filrn Farmation

The different stages involved in the
farrmation of g fikn from 3 water disper-
gian of palvmer nancparticles, or katex,
are schematically shown in Figure 114
After water evaporatlon and drving, the
palymer particles form a densealy close-
packed arrangemeant. & temperatures
ahove the “rminimum film formatlar
temperature” (MFFT, which is close 1o
the glass transition temperaturg of the
polymer in the presence of wateth, a
transparent film i furmed by defarmation
of the particles, through a comblhation
of capillary, osmotic. and surface foroes
that pwercame the elastle modulus of the
particles.! To form a mechanically strong

film, the polymer chains have to further
diffuse scross the interfaces between ad-
jacent paricles, in & process drivent by the
Increase in entropy associated with the
healing of these interfaces. This last alage
i= of utmast impoenance to the final propar-
tles of the film. Therefore, to medify coat-
ing formulatlons and design more efficient
coatings. it is necessary to understand the
characteristics of palyrmer diffusion for the
particular formulation of interest.

Measuring Polymer Diffusion
During Film Formation

The maost commonly used techniques
for atudying polymer interdiffusion across
the interface in latgx film formation are
zsmall angle neutron scattering (SAMNS) and
Firster resonance energy transfer (FRET).
SANS expetiments, first used by Hahn®®
1o study the relation betweean polymer
interdiffusion and film tansile strength,”
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Figura i—Formaticn of a fllm from a water
disperstan of polymer nanoparticles.



requirs the preparation of destgerated and nondeu-
terated polymer particles to achigve contrast The
use of FRET 1o analyre palymer mixing, ar approach
picneered by Motawetz®7 and extensively used by
Winnik Lo study latex film formation, "4 requires the
preparation of polymer particles labeled with a small
arnpunt fypically less than 1 mol%) of two different
dyes: a flugrescent energy donor dye and an engrgy
acceptor dyve ¥ These dyes are usually incorporated
irto the latex particlas via dye comonomers with
appropriate polymenizable graups, such as meth-
acrylate ar vinyl substituents. FRET has besn used
to study the effects of different faclors en latex film
formeation; tompersture, 1 composition, 2 moisture,'?
coalescing aids, ™" *? polar groups at the latex sur-
faco,™" the presence of filler particles, etg, =1 ™

The filmms are prepared from a hlend of FRET do-
nov- and accoptor-labeled latex particles, for which
the fluarescence spectra of the donor averlaps the
absorption speclra of the acceptor. Since the molar
fraction of the dyes is very low, one can assume
that the danor and acceptor dyes serve only as
traces for the locaticn of the polymer. The donor-
and acceptor-labeled particles should, in principls,
have similar size, as well a5 similar molecular
weight and molecular weight distribution of their
constituent palymers, This can be achieved by syn-
thesizing hoth particles fram a commen unlabeled
weed latex with a size much smaller than the final
latex particles, To measure the fluorescence decay
curve of the doner in the filins, & putse of light with
a wavelangth selectively absoned by the denor dye
is used. The donor decay is affected by nonradiative
energy transfer to the acoemor dyes in proximity
{ypically & few nanometers to tens of nanameatars,
depending an the dyes), and this effect can be used
2% 3 “molecular ruler” o evaluate the donar-
acceptar separation.

I donor and acceptor dyes arg located in differ-
ent particles, FRET rmeasuraments can be wsed tao
evaluate the extent of mixing during the formation
af the palymer film. [N the naseant film {obtained
wpan drving the fatex dispersion), the dyes are con-
finad to separate particles, and tha efficiency of
FRET iz limited because it oceurs only across the in-
terface hotween adiacent particles. Subsedquent cur-
ing of the film leads 1o polymer diffusion acrees the
interface betwean particles, mixing of donor- and
aceeptarlabeled polpmer ehaing, and a resuitant in-
crease in the efficignoy of enargy transfer. Although
this effect can alao be evaluated by Tollowing the
decrease in fluprescance intensity of the donor
spectra, this is sublaect 1o numercus artifacts, and
tharefore it 18 typical to measore instead the fluores-
canoe decay of the donar. These experirmental arti-

facts are refated to geormetrical and light scattering
effects. az well 85 1o the difficully in assuring that
the excitation energy is exclusively absorbed by the
danor in the donor/acceptor-mixed films.

FORSTER RESOMANCE ENERGY
TRANSFER IN POLYMER COATINGS

Since the pionearing work of Morawetz,® the
forrnalizm of FRET has been developed to acoom-
modate increasingly complex geametries®><7 and
dye distributions,"**%2 gllowing the experimental
determination of dye copcentration profiles in com-
ples nanostruciured matarials,

T use FRET in the characterization of lates film
formation, ane mikes polymer particles labeled with
a small ameunt [typically less than 1 malS) of a
flugrescent cnergy donor dye (O} with palymer par-
ticles labeled with an acceptor dye (A), After casting
the filrn, this is Irradiated with visible or UV radiation
that should be mainly absorbed by O, and electranic
energy can then be transferred o a nearby A by
a resanance dipole-dipole coupling mechanism,
The efficiency of FRET depends on the inverse six
power of the: D-4 distance, in a length scale of a
few nanometers (depending on the D-A pair used).
The typical length soale of FRET matches the size
of interparticle domains in Tatex filrs, and is small
encugh to avold interference by capillary waves
at the interface. In a typical experiment, two latex
dispersions (one labeled with an energy denor and
the other with an acoeptan are mized. If the film
is drled at about the plass transition temparature
{ Tg} af the palymers, FRET oocurs only across the
interfaces between O- and A-labeled neighboring
particles. Annsaling of the film above the “1"g of the
polymers leads to colacalization of the dyes in the
interparticle redions, and one observes an Intrease
in the quantum effiziency of energy transfer. Since
the dye distribution mimics the distribution of the
prolyrrer components, these axperimants can pro
vide detailed infarmaticon on the dlstribution of the
lgheled polymer camponents and the marphology of
the nanostructure, ™

EXPERIMENTAL SETUPS FOR
FLUQRESCENCE DECAY MEASUREMENT
BY SINGLE-PHOTON TIMING

The most commanly used technique o re-
cord fluorescence decay curves is time-correlated
single-phcton counting (TCSPCH, batter designated
as single-photon teng (SPT). Figure 2 shorws a
diagram of the modules that compose {ypical SPT
equipment,3
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Figure 2—Fquipnient
diagram far flucres
cence decay tlme
measuremant by the
slngle-photon timing,
{SPT} technique,
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The heart of this technigue is the Tme-to-
amplitude converter (TAC) that translates the differ-
ence fr fime batwean two pulses to a voltage. The
sarmple can be eloctronically excited using a pulsed
larmnp (nanosecond pulss width) ar a pulsed laser
[picosecond pulse width). An electric signal associ
ated with the excitation pulse is generated (e,
fram the electronics of the excitation sourcs or from
a Tast photodiode that detecls a small fraction of
the exciation Hght) and rowted through a disciimi-
nator to initiate the TAT (st pulsel. The sfop sig-
nal iz generated by the fluorescence of the sample,
which is detected by o photomuitiplier (preferably,
a microchannel plate, which has faster responsc
tirmes and practically no "ealor elfecl™). The interval
between the start and the stop signals is converted
in an analeg autpul pulse proportional to the time
between these signals.

Az the probability of detecting a single photon
at time t after excitation is progortional te the fluo-
rescence intensiy, the histogram of the number of
Ccounts versus virltage reproduces the fluorescence
decay curve, The TAC and the assnciated analog to
digital vonverter (ADC] must gugrantee a very good
lincariy in the Ml ranges of operating voltages.

The TAC signals corresponding to valid start-stop
cyclas are stored in & multichannel analyzer (MCAD
accoroing to their voltage. The voltages is then can-
vared intime by the calibration of the TAC, and
the flucrescence decay curve is recorded,

The papularity and preeminence of the SPT
technigue stems from its high senslthvity, excel-
lent dynarnic range and linearity, and well-defined
Poisson statistics. To ensure that a probability of
detecting two flugrescence photons per excitation
pulssc is low, the number of fluorescence pulses
have to be muesh smaller [ca. < 2%) than that of
cxcitation pulses. To obtain the decay curve with
gond statistics, the number of counts at the maxi-
muen channel should be high {=20,000 counts).

This requires extitation sources delivering light
pulzes at high repetition rates, Thanks 1o polsed
lazears delivering pulses in the MHz range, fluo-
rescence decays can be acquired in minutes. Far
high repetition rate sources, it is recommeandad to
use a reverse start-stop made [inverted configu-
ration) ta cireurnvent high but inefficient conver-
sion rates, because many start-stop cvoles never
complete while maintaining the time measure-
ment electronics busy. In the reverse made, the
Conversion rates are much smaller becauss they
are only as high as the actual photon rates gen-
erated by the flugrescence signal. Instrumontal
response functions of ~25 ps duration can be
achigved by using pulsed ps lasers and fast de-
tectors angd electronics. The stahility of the laser
gystems and last and lincar reaponse of the
electronics permits the recording of very accurale
fluorescence decays with a high dynamic range,
allowing the determination of lifelimes of the or-
der of 5 ps by using deconvolution [recomvalulion’
procedures for decay curve analysig®

)= jL(a} r-a)de (1)
q

whers the experimental fluorescence decay cunve
fit] is & corvolution of the instrumental response
function {or excitation pulse profile) LD wilh the
fluotescence decay [0 thal would bo obtained for
8 d-pulse of excitation light.

DECAY DATA ANALYSIS

&fter the latex film containing donor- and
acceptor-labaled particles has been annealed st
tomperatures above T, fora period of time 1.,
ane measures the donor fluorescence decay curve,
T2t One of two different stralagies can then be
follawed. For arn in-depth characterization of the
film morphology, a detailed FRET model has to
be used to analyre the donor flecrescenco docay
curve.™ Here, we describe a less complers strategy
That ¢an be usod to evaluale the evoluticn of inter-
diffusion as the latex film is formed. In this case.
one calculates the quarturn efficiency of energy
transfer:

J2tey et
Dol )=l (2]
[7othar

whera the integrals correspond Lo the arcas under
the danar decay curve of a latex film containing
mixed donar- and acceptor-abeled particles. !, (T,
and of & latex film containing anly donor labeled
partlcles, | it), This melhcdology circumvents
marny disadvardages of the delenmination of FREF



ellicienzies from the MNuorescence spectra. Indeed,
inthis case it is nat required that only the donors
absark the excitation light, because the donar
decay is invariant to the presence or absence of
excited aeoeptors. Furthermare, since the decays
are normalized, the films containing only donors o
A mixfure of donors and accoptors do not necd o
have exactly the same optical density. Addilionally,
geometric effects that are important in steady
state fluorescence measuraments do not affect
Lhe decay curves, and light scattering can be eas
iy removed from the decay curve [aithough not
from the fluorescence spoctral.

Although the integral of the donor decay curve
of & latex film containing only donar-labeled parti
cles can be easily caloulated (il corresponds it the
donar decay lifetime, 7} W0 calowate the integral
ol the donor decay curve measurcd Tor the |ates
fidm conlaining mixed donor- and acceptor-labeled
particles, it is bedter to fit the experimental decay
using the crmpirical equation® ! 3

‘_J-jl:."r} ‘i""“‘Pf— _n—f’l'l_.l' '._:-jl +A,_,L"".]'!I—f Jl,a;'

whers the terrn with pre-exponential factor 4, ac-
counts for the donors that are invalved in the on-
ergy fransfor process, and A, is proportionaf Lo the
amount of donors isolated fram acoeptors. which
decay with the intrinsic lifetime 7..

The cyalution of the extent of mixing in the
latex film as it anneals cat Lhan be approximately
calcuiated as ke increass in the quantum effi-
cigncy of encrgy transfer, normalized with the vat
ues obtained for the film before annealing [t

=0
i
andg for the Tully mized film {1, = =@

. N L s [I } o Pr{{}:l
jul (!_,'_:{,' ‘-I - _q_:-{'x'} = (I'.I‘l_.:. {n‘j {4}

The quanturn efficiency of energy transfer for
thee: fully mised film (L= =} can usually be deter
mined by casting a film from a good solvent for the
poymar (usuasdly, THF). In cases where Lhe particlcs
are partially crosslinked and complete mixing is not
oxperimentally acoessible, it is necessary to esti-
mate this valug.2* 47

Tha waluc obtained from eguation (4) is a rea-
sanable approximation of the real extent ot mixing
inthe lates filrn wp to about 705 mixing2®; how-
evel, it can generally be used to gvaluata the evo-
hatfon of the extenl of mixing, If one needs a mors
accurate estinate of the extent of miking, a more
complex procedure must be used which details the
marphalogy of the evolving irterparticle boundary
during THlm lormatign, - ? PR3

ldeally, the parametar 1o moasure the polymer
diffusion ratc would be the certer-of-mass diffu-
sion coelficient, I . FOr & system as complos as
a latex film in which the polymers ares inilially con-
fined in the deformed particles and have a broad
distribution of molecular weights, calculating the
distribution of & valucs that chara clerize the
systom would L'ne |mpractlca| Instead, it is usual to
caleulate a single mean dilfusion coetficient to de-
goribe the diffusion of a polymer characterized by a
distriution of diffusivities. The concentralion pro-
filz of the polymer in a parlicle can b described
as a function of the extent of mixing betwecn the
polymer chaing lrom ngighbaring particles, assum-
ing that the general shape of the polymer segiment
dislribartion can he described by Fickian diffusion
prafile for spherical geometry.? for which the da-
nar concemntration profiles, g.ir, is:

El

where #= 2,,;?;1'3'}{_.;_; i% 8 parameter measuring the
extent of diffusion during a period of time £, with
average diffusion coefticiont =0, R, is the radius
of the particls. and erfiz) is the crar func‘uon Froprm
the distribetion profile we can caloulate the volume
Traction of polyver miking 7

e

1] B v F -
=l e

=i by

fo=1-

ppor _[4? bkt 8)
To calculate Lhe polymer diffusion coefficient
during film tormaticn, one Lhen assumas that the
normalized increass in the quantum efficiency of
encrgy transfer £, it ) is @ good estimate of the
s that diffuscs across the interparticls hound-

APPLICATION EXAMPLES

Latex Film Formation

In this example, we monitor the polymer dil-
fusion in palybutyt methacrylate) latex films with
a palymer melar mass of M = 125,000 /W
= 2B}, using polymor nanaparticles labeled with
phenantrane (FPhel, & FRET donar, and athers la-
beled with d-dimethylamine benzophencne (MBen),
& nonfluarescent FRET acceptor (Fgure 2.4 The
dyes veerg incorporaled as (9-phenanthyll-methyl
methacrylate (PhoMyA) and 4-Bimethylamino-2-
acrlony-S-methyl-benzephenana (NBen] 3240 jnio
a PBEMA Igtcx by 3 fwa-sLeu seaded emulsion
palymetization.

]::n-.dl'
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Figure 3—Fluarescent menoemers (g-phenanthyl Fmethyl
methacrylate [ Phe, left) and 4-Dimethylaminog-z-aceyl oxy-5-
methyl-benzephennne (MBen, right].

Flgure 4=—Fhenanthrone
fluorescence decay profiles

in PEMA latex films prepared
from Phe-PBMA latex (1) and
from 2 11 ratio of Phe-PERMA
and MBen-PBMA lattloes {2-43,
for a naseent fllm formed at
roorn temperature (1), a film
ann=aled for B0 min at waC
3% and a solvers-cast film (4.

Figure 5—Plots nf b
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The latex dispersions were prepared by seeded
semicontinuous emulsion palymerization, 4 Lates
flms ware prepared from dispersion mixtures of 101
weight ratio of Phe- and MEen-labeled particles. The
dispersicns were first cleaned with an ion-exchange
resin (AE501- X8 mixed-bed-resin, Bie-Rad) to
remove the ienic surfactant and gther innic spe
cies pefore film formation, & few drops of a latex
dispersion {cortaining L1 ratic of miked Phe- ang
MNEBen-labeled particle, & wit¥: solids) were spread on
a small quartz plate. The film was allowed 1o dry at
roan temperature in the open air for one night be-
fore annealing. Filrms were dry and transparent,

The fluorescence decay profiles were measured
By the single photon timing technigue?! at roam
temperature. Phenanthrene was excited at 300 nm,
and fts emlssion was recorded pver the range 350 -
A0 nm. A band-pass fiter (310400 nm) and a
cut-cff filter (335 nm} were mounted in the front of
the photarauit pller tube detector to minimire the
interference due to scatterad light. For fluorescence
decay measurements, each sample was placed in @
stmall guartz tube and degassed with flgwing N, for
& min before each measurement, In Phiel1%)-FEMA
lzte films (no NBen enerdy transfer acceptar), Phe
decay profiles were fitted with an exponential func-
ticn, with lifetirne 7, = 46.1 ns.

Palymcr diffusicn in latex films annealed at 56,
74,90 and 107" C was gvaluated from the engrgy
transfer gquanturm efficiency, by approximating Lhe
fractional mass that diffused across the particle
boundary £, by the normalized enerdy transfer
guanturn efficiency T, and calculaling the mean
apparent diffusion cocficient, O

Hpn®

I Figure 4, examples of Phe flucrescence
decay curves in films prepared from miked disper-
sinng of Phe(1%)-FEBMA and MNBen0.35%)-PBMA ars
presented. The top curve {1) is the exponential de-
cay from a film prepared from the FhePBERMA latesx
only; the curve below (2] shows the small degree
of curvature associaled with a freshly prepared
filrn cbtained from a L1 mixture of the donor- and
acceptar-labeled later; the next curve (3) corre-
sponds to the same film aftar it was annealed for
&0 min at 20°C; and the hottom curve (4) was ob-
tained for a solvent-cast film, representing full mix
ing of the donor- and acceptar-labeled poly ner.

From the decay curves in Figure 4, we cal-

culate enerdy transfear guamtum efficienclies

of & = 0.07 for the newly formed filrm and

a0, = .37 for the solventcast film, using equa-
tion (2). Values of | calculated from equation [4)
are presented in Figure 5 for a film annealed at
lour different temperatures. One can soo that the
annealing termperature bias a large effect on Lhe
rate of polymer diffusion, with | increasing to 1
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Figure 7=—airhenius plet of log DWP Far f_ wvalues 0.40,
C.86, and 0,78 ftap bo bottam],

in only a few minutes at 1077C, but reaching only
0.4 after annealing 1% hr at G,

DM values caloulated in this way for the
data W Figure 5 are plolled againsl I in Figue &.
These values increase markedly with 'inr.:reasing
temperature. Thers is also 8 tendency for these
values to decrease with increasing [ which we
attributs to the malecular weight polydispersity of

our latex samples.

In Figure 7, the O vafues obtained at different
temperatures are plotted in an Arrhenius fashion.
In making these plots, wo compare O, valucs at
Sirmilar exlants of mizing. For three different values
of T, these data can be fitted with an apparent ac-
tivation energy E, = 34 = 3 kaal/mol. To emphasize
the fact that tas value perlains to all the data, we
Lse this value te calculate a shift factor 1o create a
master curve of O, values at BE'C (Figure 8),

Reactive Latex Blends

In thiz exarmple, FRET fs used fo ovaluate a
reactive blend in which Lhe bwo components have
initially limited miscibility, but become miscible as
the reaction proceeds *- In this type of system, the
growth in the quantum efficiency of enerdy Lransier
f., Allows ane to monitar both the rate of polymer
diffusion across the interparticle boundary and
hiow this rate is affectad by the chemical reaction,

Pobylethylbexd mothacrylate) (PEHMA) atex
particles containing reactive functional groups,
aither 11 mal% methacrylic acid (MAY) ar 5 meol?
t-butylcarbodimidoethyl methacrylate ECEMAL?
and labeled with either 2-phenantbrylmelayl meath-
acrylate or S-anthryl methacrvlate,* were prepared
hy a two-slage emulsion polymerization from a
camumaon seed undar monomer-starved conditions.,
Phenanthrene labeled PEHMA 1atex (Phe-PEHMA),
phenanthrene-labeled carboxylic acid-containing
PEHMA latcy {Phe-PEHMAS-MAA], anthracens-
labeled FEHMA lalex (Ant-PEHMA) and anthracene
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labeled tBCEMA-containing PEHMA latex (Ant-
FEHMAALBCEMA) were preparad with 1 mal of
fluorescent dyes.

Films prepared from a 1.1 mixture of Phe
FEHMA and Ant-PEHMA—one cast directly from the
latex dizpersion at 4"C, and the other cast from
8 THF solution prepared from the freeze-dried
lates mixture—yield @ = 0.06 and & = 0.52,
respectively. When the same films are annezled
at 80"C, & remalns at 0.52 + 0.01 (o the THF-
cast film and incregses to 0.449 (in 12 min} for the
dispersion-cast film. In the |ast case, the polymers
diffuse across the interparticle boundary, bringing
the Phe and An groups into proximity and incress-
ing P (Figure Ba). The fact that the maximum
value of @ obtained for the dispersion-cast film
corresprnds o that obtained for (homogeneaus)
films cast frarmn THF indicates that the polymers are
fully missihble.

For dispersion-cast and THF -cast films pre-
pared from a biend of Phe-PERMA and Ant-PEHMA-
tBCEMA {Fidure 8h). $_, bohaves in a similar way

ta the blend of Phe PEHMA and ART-PEHMA [Flgure
Ba), yielding @ = O.52 lor the TH-cast films, and
@, ingreasing to (.52 upon annealing for the dis-
persion-cast films. This indicates that Ant-PERMA-

1BCEMA and Phe-PEHMA Are also miscible.

Howeser, the presencea of 11 mol MAL units
in the PEHMAMAL latex is suflicient to induce
phase separation when this paklmer is blended
with PEHMA {Fidure 8c). The mitcd miscihility of
thesa polymnors would not be apparent by tradi-
tional methods since the blends of PEHMA with
PEHMA-MAS are transpacent, and the Tg of 1he twa
compononts are toa clese for the preschnce of sop-
arale phases to be detected by differantial scan
ning calorimetry or dynamic mochanical measure-
ments. In this blend, @ increases much slowar
and only 10 0.24 in dispersion-casL films arnealed
at 807G, while lor solvent-cast Tilms, @, decreases
from &40 [less than full mixing) to .23, upan an-
nealing at 80° 2. This indicates that further dermix-
ing takes place, leading to increased separation of
the Phe- and An-labeled polymers.

The mixture of PEHMA lattices containing 11
mol%: MAL and 5§ moli IBCEMA, Phe-PEHMA-WAL
and Ant-PEHMALBCERMA vields a8 reactive blend in
which the two palymers contain functianal groups
that can combing to produce a graft copalymer,
evortually evolving 1o a crosskinked netweork. The
axtent of polymer interdiffusion can be foliowsd
by FRET, while the estent of chemical reaction is
traced by Fourier translorm infrared spectroscopy
[FTIR), taking advantage of the carbadiimide band
at 2128 el M

The dispersion-cast film exhibis polymer seg-
regation that persists in the solid filmm when this is
annealed for shor times at S0°C. However, ovear
longer imes, miking does ocour, and reaches
complation (Figurc 9a). The growth in polymer
miscibility is coupled to the reaction betwaen the
carbylic (CO0H) and carbadiimide -N=0=MN-]
groups of Maa and tBCEMA to form an N-acyl
urea,* ereating a covalent bond between the two
polyrners in the process. Polymer diffusion is noc-
essary to bring the reactive groups Logether, but
the chemical reaction introduces branches into the
polyrer, On one hand, the branches compatibilize
the blend, bul on the other hand, they retard Lhe
diffusion, creating crozslinks that oring polymer dif-
fusion to a halt.

In the newly formed THF-cast film, & = 0.42,
a valuc that indicates some sedregation. By an-
nealing at 80°C, €, decreases to 0.40 over the
first 20 min due to demixing of the polymers.
However. for longer annealing times, € increases
dug 1o mixing prometed by the reaction belween
-M=0=N- and -CO0H groups, with @ reaching
.52 ifully rmixad fiim). The state of mixing {from



P correlates very well with the extent of carbodi-
imide: reaction monitored by the decreasc in the
FTIR inlensity at 2128 crm™ (Figure 9k

The combined action of pobymer diffusion and
ancharing by the M-acyl urea overcomeas the mix-
ibility proflem of the two blend components and
results in a film with good meachanical properties.

CONCLUSION

Fluorescenae decay methods aflow very pre
cisc evaluation of FRET efficiency in polymer films
labeled with appropriate donor and acceptor dyes.
This technigue has boen extensively used in the
characterization of latex film formatien in differ-
ent systems. such as thermosets, hlends. reactive
blends, eto. By allowing the measuremeant of poly-
mer chain diffusion in the films at the nanometsr
scale, FRET can be used e quantify the extent of
mixing bhetween polymer chaing from different par-
ticles, which ultimately lzads to the formation of @
coating with good mechardcal properies,
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