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Abstract

Photon transmission (PT) and steady state fluorescence (SSF) methods were used to study latex film formation and oxygen diffusion
processes, respectively. Films with different latex content were prepared separately by annealing pyrene (P) labeled poly(methyl methacry-
late) (PMMA) particles above the glass transition temperature. Annealing was performed at three different temperatures. The transmitted
photon intensity from these films decreased as the latex content is increased. It is observed that as the latex particles are packed more voids o
cracks are formed in the films. Absorption coefficiemtswere measured for each film sample annealed at different temperatures. The SSF
method was employed to monitor oxygen diffusion into these latex films. Diffusion coefficiznté,oxygen were determined for various
films of different thicknesses and at different annealing temperatures and were found to increaséSrot00° to 73x 10 % cn® s™* by
increasing the film thickness from 10 to 1@fn. No temperature effect was observed on the diffusion coeffidemalues.© 2000 Elsevier
Science Ltd. All rights reserved.
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1. Introduction latex, however, stays undeformed at this stage. Annealing of
soft particles cause diffusion across particle—particle bound-
In the last two decades latex film formation in coating aries which allows the film to be a homogeneous continuous
industries has received extensive attention. In latex coatingsmaterial. In the annealing of the hard latex system, however,
the polymer chains are confined in particles which must deformation of particles first leads to void closure [2] and
coalesce during solvent evaporation and subsequent agin@fter the voids disappear diffusion across particle—particle
to form a mechanically rigid, protective film. Such films are boundary starts, i.e. the mechanical properties of hard latex
more permeable to moisture than the solvent-based coatingdilms can be evolved by annealing, after all the solvent has
in which polymer chains are entangled and fully interpene- evaporated and all the voids have disappeared. After the
trating as they are applied to the surface. The quality of void closure process is completed, the mechanism of film
coalescence of latex-based coatings has a dramatic effecformation, by the annealing of hard latex films is known as
on final film properties. interdiffusion of the polymer chains across the polymer—
The term “latex film” normally refers to a film formed polymer interfaces [5-8].
from soft particles where the forces accompanying the The process of interparticle polymer diffusion has been
evaporation of water are sufficient to compress and deform studied by direct nonradiative energy transfer (DET) using
the particles into a transparent, void-free film [1-4]. fluorescence decay measurements in conjunction with par-
However, hard latex particles remain essentially discrete ticles labeled with the appropriate donor and acceptor chro-
and undeformed during the drying process. Film formation mopher [9—11]. This transient fluorescence technique has
from these dispersions can occur in several stages. In bothbeen used to examine a latex film formation ofuh
cases, the first stage corresponds to the wet initial state.diameter hight PMMA particles [10,11] and of 100 nm
Evaporation of the solvent leads to the second stage, indiameter lowT poly(butyl methacrylate) (PBMA) particles
which the particles form a close packed array, and if the [9]. All these studies indicate that in the particular systems
particles are soft they are deformed to polyhedrons. Hard examined, annealing the films abolgeads to the polymer
interdiffusion at the particle—particle junction as the particle
* Corresponding author. Tel.:+ 90-212-285-3213; fax:+ 90-212-285- interfaces heals. Mazur [2] has written an extensive review
6366. on the coalescence of polymer particles, in which he mainly
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discussed the neck growth mechanism and its several2. Experimental
geometrical approximations before interdiffusion of the
polymer chain takes place. DET and the steady state fluor- Pyrene (P)-labeled PMMA-PIB polymer particles steri-
escence technique have been used to study interdiffusioncally stabilized by poly(iso butylene) (PIB) were prepared
processes at the particle—particle junction during film separately in a two-step process which is reported else-
formation by highT PMMA latex particles [12-14]. where [16]. These spherical particles ranged in diameter
Recently photon transmission technique was developed inof 1-3um. Glass transition temperatures of these parti-
this laboratory for studying latex film formation for both cles are found to be around If0 These particles are
soft and hard latex particles [15-17]. made up of polymers with a molecular weight f, =
Most of the photophysical and chemical reactions taking 2.15% 10° with the polydispersity of 1.49. A combination
place in polymers occur as a result of the mass diffusion of of ‘H NMR and UV-V analysis indicated that these parti-
the reactants. Knowledge of the diffusion coefficient of cles contain 6 mol% PIB and 0.037 mmol P groups per
these reactants into the polymeric system is of prime impor- gram of polymer. (These particles were prepared in Prof.
tance in the development of materials of desired properties.M.A.  Winnik's Laboratory in Toronto). Latex film
Oxygen is one of the most important reactants to be consid-preparation was carried out in the following manner.
ered in the diffusion phenomenon. The control of the diffu- The pyrene labeled particles were dispersed in heptane
sion of oxygen is of particular importance in the design of in a test tube. After complete mixing, six different film
polymeric membranes for separation processes in thesamples were prepared by placing different number of
production of films for packing industries, and in the devel- drops on a glass plates with the size oBR 2.5 cnt.
opment of biocompactible materials. The heptane was allowed to evaporate. Then the films
The usual procedures used to measure the diffusionwere annealed sequentially at 180, 200 and °€20
coefficients of gases through polymeric system are basedtemperatures for 60 min time intervals. During annealing,
upon measurements of the amount of gas, which perme-the temperature was maintained within2°C. Samples
ates a given area of polymer in a given time. In addition were weighted before and after film casting to determine
to this direct method of determination, depending upon the latex contents and thicknesses of the films. These
the properties of the gases being investigated there arevalues are summarized in Table 2. The average particle
also indirect methods that are based on the quenching orsize was taken as |2m to calculate the thickness of the
bleaching action of these gases on the molecular probesfilm.
imbedded uniformly in the polymer. The diffusion coeffi- The UV-V experiments for the latex film formation were
cient of oxygen into PMMA was determined by the carried out with the model Lambda 2S UV-Visible spectro-
guenching of the phosphorescence of phenanthrenemeter of Perkin—Elmer and the transmittance of the films
added into the polymer [18]. Barker has utilized the was detected at 400 nm. In situ fluorescence measurements
bleaching action of oxygen on color centers produced for oxygen diffusion experiments were performed by
by the electron beam irradiation of polycarbonate and placing films in a round quartz tube filled with nitrogen,
PMMA by following optically the moving boundary ina Perkin—Elmer Model LS-50 fluorescence spectrometer.
[19]. The quenching of the fluorescence of naphthalene Slit widths were kept at 8 nm. Pyrene was excited with
in PMMA was studied by oxygen in thin films after the 345 nm at room temperature. Film samples were illumi-
displacement of nitrogen atmosphere over the sample bynated only during the actual fluorescence measurements
oxygen [20]. ESR spectroscopy method was used for and, at all other times, were shielded from the light source.
measuring oxygen diffusion coefficient in PMMA spheres O, diffusion experiments were performed for each film
[21]. Every technique mentioned above carries some inher-sample at room temperature and in all experiments maxi-
ent advantage and disadvantages. mum peak at 395 nm were used for the pyrene intensjty (
In this work various latex films formed from pyrene measurements. The change in pyrene intenkiigs moni-
labeled hard latex particles with different latex content tored against time, after the quartz tube was open to the air
were annealed for 60 min time intervals at 180, 200 and for O, diffusion experiments.
22C0°C. Transmitted photon intensitie, from annealed
latex films were measured by UV-visible (UV-Vis) tech-
nique to study the packing effect. It is observed that 3. Theoretical considerations
obeyed the Beer—Lambert law by decreasing as the latex
content was increased. Steady state fluorescence techniqug.1. Turbidity of latex films
was used to study oxygen diffusion into these annealed
polymeric latex films. The time drive mode of SSF spectro-  When the latex film is formed and annealed it goes from
meter was employed to monitor the intensity change of the turbid to the transparent state. Usually the turbidity of a
excited P during oxygen penetration into latex films. A medium is created by the scattering of light. If the intensity
model was developed for the low quenching efficiency to of incident light isly, and on passage of the light through a
measure oxygen diffusion coefficiel, medium of thicknesd the incident intensity is reduced kp
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as a result of scattering then the turbidity of the medium is fluorescence decay increase. These phenomena are due to

determined by the following equation oxygen quenching of the probe’s excited state. The mechan-
| ism of quenching involves a sequence of spin allowed inter-

I—" = exp(—7d) (@D) nal conversion processes, which takes place within a weakly
0 associated encounter complex between the probe and

where turbidity,, is defined as the fraction of the primary ~0xygen. The product is either a singlet ground state or an
light beam scattered in all directions on passage through aexcited triplet species [22].

medium with thickness of 1 cm i.e. Data generated from oxygen quenching studies on small
| molecules in homogeneous solution are usually analyzed

T= In(l—") (2) using the Stern—Volmer relation (Eq. (3)), provided that
0

the oxygen concentration ppis not too high [23].

The expressiom,/I, has been known as the light transmis- |,

sion or relative transparency. In general turbidity is givenby 7 — 1+ k7ol Ozl ©)
T = (e + k)C, wheree andc are the molar absorption coef-
ficient and the molar concentratioxn the imaginary absorp-
tion coefficient.e usually depends on the wavelength of the
light, being observed, temperature and nature of the
medium. e presents the true absorption of light i.e. when
light is absorbed by a system its energy is transformed into
thermal energy. The molar absorption coefficientdoes
not include the size of the particles if they exist in the
medium. It is known that the size of the colloidal particles
affects light absorption indirectly through either light
scattering or reflection. In general light is scattered only
when its wavelength is greater than the size of a particle
in the medium. If the wavelength of the light is much 4mNA(Dp + Dg)pR

smaller than the particle diameter, light is reflected. When *a — 1000 @
the size of particles becomes considerably greater than
light is no longer scattered but reflected, regardless of the
light wavelength. If the particles are too large, light reflec-
tion from them increases which causes the reduction of the
intensity of scattered light. The fact is that, as a result of
light scattering, the white light, which passes through a
medium, still loses some radiation in the short wavelength
region, which is not the true absorption. Such absorption is
known as the imaginary absorption, which is identified with
k, which is a function of the particle size. =0 the

In this equation] andl, are the fluorescence intensities in
the presence and absence of oxygen, respectikglihe
bimolecular quenching rate constant andhe fluorescence
lifetime in the absence of OThis equation requires that the
decay of fluorescence is single exponential and, moreover,
that quenching interactions occur with a unique rate
constantk,. From the slope of a plot d/l versus [Q], k

can be determined provided thag is known. Diffusion
coefficients related to the quenching events can be calcu-
lated from the time-independent Smoluchowski—Einstein
[23] equation

where D, and D, are diffusion coefficients of the excited

probe and quencher, respectivgdthe quenching probabil-

ity per collision,R the sum of the collision radiiR, + R,),

and N, the Avagadro number. Egs. (3) and (4) can also be

applied to the case of quenching of polymer-bound excited

states in glass as long as the fluorescence decay is exponen-

tial andk, is single-valued. A simplifying factor in the inter-

pretation ok, is the general assumption tHag < D, when

the probe is covalently attached to a polymer. For quenchers

system has no true absorption i.e. the system is white. as small as molecular oxygen, such an assumption would
not be unwarranted. On the time scale of fluorescence the

In our experiments the wavelength of the light is 10 times i o e .
smaller than the latex particle and is comparable to the void pverall translational diffusion coefficient of the polymer coil

size. In our case it is believed that the latex film reflects light is usually not |mportaqt; t.h? relevan'_[ diffusion coefficient is
but does not make true absorption. A decrease in the trans-that for the motion of individual chain segments.

mitted light intensity most probably caused by the imagin-
ary absorption occurred in the latex system. In fact, on the

PMMA, no traces of voids can be seen, as a result most of gpeet and solved by assuming a constant diffusion coeffi-

thg Iight is re_flecteo_l by the crgcks, which can especially ¢jent, the following equation is obtained for concentration
exist in the thicker films. The sizes of these cracks can be changes in time [24]

even larger than the size of the latex particles, which are ) 5
formed after viscous flow i.e. void closure process. C X . 2 Z cosnw . X p(— Dn®mw t) ®)

3.3. Diffusion in plane sheet

C—Ozd T

2, n g ex 7
3.2. Fluorescence quenching by oxygen
whered is the thickness of the slaB) the diffusion coeffi-
When samples containing fluorescent probes are exposedient of the diffusant, an@, andC the concentration of the
to air or their solutions saturated with oxygen, the fluores- diffusant at time zero any respectivelyx corresponds to

cence intensities of the samples decrease and the rates dhe distance at whiclC is measured. We can replace the
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Fig. 1. UVV transmission curves for the latex films in various thicknesses
annealed for 60 min at: (a) 180; (b) 200C; (c) 220C. Numbers on each

curve indicate the film thicknesses.

380 400

concentration terms directly with the amount of diffusant by
using Eq. (6).
= J cdv (6)

Vv

when Eq. (6) is considered for a plane volume element and
substituted in Eqg. (5), the following solution is obtained

[24]:
M 8 & D(2n + 1)%wt
w, _TZ 2n+1)2 p(_ & )(7)

whereM, andM,, represent the amounts of diffusant enter-
ing the plane sheet at tinteand infinity, respectively.

4. Results and discussion
4.1. Latex film formation

The UV-V transmission curves for the film samples of
various thicknesses annealed for 60 min at 180, 200 and
220°C are shown in Fig. la—c, respectively. Transmitted
photon intensities are plotted versus film thicknedsin
Fig. 2a—c for six different latex film samples annealed at
180, 200 and 22T where it is seen tha} decreased as the
film thickness increased which obey Beer—Lambert Law as

Iy = lo €Xp(— ®)

herek is the imaginary absorption coefficient adithe film
thickness. The data in Fig. 2 are fitted to the logarithmic
form of Eq. (8) and plotted in Fig. 3. The slopes of the linear
relations in Fig. 3a—c producedvalues for films annealed

at 180, 200 and 22C temperatures. These values are listed
in Table 1 where it is seen that as the annealing temperature
is increased, thex value decreased, which indicates that
films become more transparent at higher annealing tempera-
tures.

kd)

4.2. Oxygen diffusion

In Fig. 4 pyrene intensity, curves are presented against
time for films having different thicknesses, annealed at
180°C for 60 min time intervals and exposed to oxygen. It
is seen that as the time is increasédjecreased due to
oxygen absorption by latex films, as a result excited P
molecules are quenched by oxygen according to Eq. (3).
Inorder tointerpret the above findings Eq. (3) can be expanded
in a series for low quenching efficiency i.kyty[O,] < 1
which then produces the following useful result

= 1o(1 = kq7o[O2])

During O, diffusion into the latex films, P molecules are
guenched in the volume which is occupied byr@olecules
at time,t. Then P intensity at timecan be represented by the

C)
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Table 1
Experimentally obtained absorption coefficients

Annealing temperatur& (°C) Absorption coefficienk (cm™?)

180 417
200 279
220 306

volume integration of Eq. (9) as

| d |
Iy = jj d\\/IZIO_ kq:/OOJdV[Oz]

(10

where drandV are the differential and total volume of the latex
film. Performing the integration the following relation is
obtained

I, = |0(1— kq%Oz(t))

where Q(t) = [ dv[O,] is the amount of oxygen molecules
that diffuse into the latex film at timeHere Q(t) corresponds
to M, in Eq. (7). Combining Eq. (7) for oxygen with Eq. (11)
the following useful relation is obtained to interpret the diffu-
sion curves in Fig. 4

I, 8C Dt
I =1-C+ ?exp<——d2 )

1D

12

whered is the film thickness an the oxygen diffusion coef-
ficient andC = (k;705(0))/V. Here Q() is the amount of
oxygen molecules that diffuse into the latex film at time infi-
nity. Eq. (12) is fitted to the digitized and normalized P inten-
sity data in Fig. 5a—c for the latex films at various film
thickness annealed at 180 Similar fittings are done for the
other film samples annealed at 200 and°22@emperatures
andk, andD values are obtained. The measuedalues are
listed in Table 2. It is observed that diffusion coefficients of

oxygenD, are found to be dependent on the thickness of latex

films. In Fig. 6 D values versusl were plotted for all film

O. Pekcan, SUgur / Polymer 41 (2000) 7531-7538
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Fig. 4. The time behavior of the pyrene, P fluorescence interisityring
oxygen diffusion into the latex films having different thicknesses annealed
at 180C temperature. Numbers on each curves indicate the film thickness.

which is presented in Fig. 7 for all the film samples annealed at
180, 200 and 22C.

Here Fig. 7 and Eq. (13) predict that @iffuses into the
thicker latex films much faster than it does into the thin
films. Fig. 2 suggests that thicker films are formed much
looser than thin films. In other words thicker films have
more pores and cracks which scatter more light than thin
films. Naturally oxygen can diffuse much faster into the
looser, thicker films than in thin films.

When the pyrene diffusion in the latex film is omitted and
p =1 is taken then Eq. (4) becomes

_ 4wNpDyR
~ 1000
Here D,, is the as mutual diffusion coefficient which can

now be assumed to be the diffusion coefficient of i®
the latex film sincek, is known. If R is taken as the radius

(14

samples where quadratic dependence between these pardf Pyrene then the averagéy, values are found and listed

meters are observed. The data in Fig. 6 obeyed the following

relation
D = ad? (13

Table 2
Experimentally obtained diffusiorD) and mutual diffusion@,,) coefficients

in Table 1 for the latex films having different thickness and
annealed at 180, 200 and 220 Here it has to be noticed

that the penetration of oxygen molecules into the latex film
is much slower than the diffusion of oxygen in the latex film.

Film thicknessd (um)

Diffusion coefficients of oxygehD x 107 %° (cm?s™ %)

Mutual diffusion coefficienDy, x 1078 (cm? s™%)

180C 200C 220C 180C 200C 220C
10 045 = 0.04 05+ 0.03 052+ 0.02 595+ 2.64 273+ 0.70 363+ 243
20 202+ 0.04 384+ 0.07 316+ 0.39 617+ 1.88 211+ 0.45 237+ 0.83
40 928+ 2.18 109 = 0.54 1734+ 6.28 40+ 1.29 695+ 0.45 257+ 0.52
60 2429+ 2.48 187 £ 0.83 2632+ 351 416+ 2.08 339+ 152 526+ 0.84
80 3755+ 6.10 514 + 8.88 4761+ 3.66 829+ 0.26 442+ 0.88 529+ 0.58
100 6703+ 243 495 + 354 7298+ 7.91 201+ 0.26 7.36+ 0.60 430+ 0.50

2 Diffusion coefficients of oxygen are obtained by fitting the data in Fig. 5a—c to Eq. (12) for the latex films at various thicknesses.
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