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On the basis of the microheterogenous model and taking into account the light gradient
the kinetic equation of the three-dimensional photoinitiated polymerization of the
polyfunctional oligomers in block is obtained. The prediction of models for the initial
stage of the process and endless thin layer —are correlated with the experimental data of
photopolymerization of the bifunctional oligoacrylate, obtained within the wide range of
values of photoinitiator concentration, thickness of the composition layer and the intensity
of the light falling on its surface. In all cases the data predicted by the model correlate
with the experimental observations. The following parameters of the model are found:
coefficient of the photoinitiator extinction, quantum yield of its decay, constants of the
rates of homophase and heterophase polymerization process. The comparison of the
calculated set of parameters and experimental kinetic curves shows, the satisfactory
correspondence of the suggested model including the fluctuation dependence of the rate of
three-dimensional polymerization caused by the microheterogenity of the process.

Keywords: Photopolymerization; microheterogenic model; kinetic; the UV-radiation;
polyfunctional oligomers

The polymers have for space applications have valuable use properties
and are widely used in different technologies including the photo-
chemical forming of complex items [1, 2].

The process of their synthesis depends; (i) on the mechanism of the
process of the polymerization of the polyfunctional oligomers, which
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are explained in terms of the microheterogenic model [1], and (ii) on
the gradient of lighting in the layer of the photopolymerizating com-
position, and (iii) gradients in concentrations of the photoinitiator of
the oligomer and the depth of the photopolymerization.

. Short time of the process of the photopolymerization in such viscous
environments as oligoacrylates allows us to neglect the action of
the diffusion mass transfer on the indicated gradients. In this case the
dynamics of the photodecomposition of the initiator is determined by
the system of the nonlinear partial differential equations [3, 4],

OI/0X = —ecl, Oc/0t = —~ecl, (1)

where 1= Iy(x,1) and ¢ = c(x, ¢)~intensity of the lighting and the
concentration of the photoinitiator in layer x, x + dx from illuminated
surface (x = 0) in the moment of time ¢; e — molar extinction coeflicient
of the photoinitiator: v—quantum yield, close to the coeflicient of
initiation by its sense.

The common solution of Eq. (1) is known [5, 6] and it is convenient
to describe it using the dimentionless parameters 7 = yelpt, ¥ = €cox,
where I,—Intensity of light which falls on the surface of the
polymerizating composition, ¢o—initial concentration of the photo-
initiator, which is assumed to be equal for all layers of the initial
composition

c=co[l +e7(e" — 1)]“, I=hLe[l+e7(e" — 1)]_1 (2)

From (1) and (2) we obtain the expression for the rate of photo-
initiation v;(x, ?) = — d¢/0t:

Vi=coloe [l + (" = 1)] 3)

In the previous work [7] based on the microheterogenous model we
have suggested the following kinetic equation of the three-dimensional
polymerization of the polyfunctional oligomers,

dp/dt = k(1 — pvi”* + kap (1 — p)v; )

Here p(x, t) = ['(x, {)/Ty—relative depth of the polymerization in the
layer x, x + dx at the moment of time #, which is determined by the
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relation of the current depth of polymerization I'(x, f) to the limit
To(t— ); k; and k,—Xkinetic constants.

According to [7], the first constituent in (4) represents the rate of the
process in the liquid oligomer phase, second in the interphase layer in
the boundary solid polymer liquid oligomer.

As a rule, the experimentally measured parameters of the photo-
initiated polymerization are not the differential rate of the process
Op/0t, or relative depth of the polymerization P, but their integral, that
is the average of the layer analogs. They are determined by the
expressions;

W= dP/dt = " /0 (dp/dydx, P=o" /0 pdx, (5

where /—thickness of the photopolymerization composition.

Using (3) and (4) in the integral convertion (5) and taking into
account the theorem about the mean, the expression for the poly-
functional oligomers will be

w =L _ (1 = P)Int(1) + k2P (1 - P)Int(2), (6)

dt
1/2 Y. . 1201 _ w0/2

Y 47 ) € (e" — 1)/5(1 — e¥e/?)
Il’lt(l) =2/ (——) (eT————T> arctg e e—yo/z(eT — 1)

ECH
Int(2) = £ yIp(1 — ™) /[l + (e — 1))

where y, = ecof — initial optical density of the layer.

EXPERIMENTAL DATA AND THEIR ANALYSIS
USING THE SUGGESTED KINETICS MODEL

The photoinitiated polymerization of the a-methakryloil-w-methakryl-
oildiethyleneglykoloxy-Oligodiethyleneglycolphthalate (MDF-2) with
the known characteristics [8] was studied on the interphotometrical
laser device [2] measuring the current and extreme (¢ — ) concentration
of the layer of composition. From their relation the relative integral
depth of the polymerization was calculated P = H/H,. The photo-
initiator used was the 2,2-diisopropoxyacetophenone.
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The initial concentration of the photoinitiator ¢g, the thickness of
the photopolymerizated composition the intensity E, of the integral
UV-radiation of the lamp DRT-400 were varied.

The value £ was found on the extreme of concentration of the layer,
using the expression £ = Hy/h; coeflicient of the contraction 4z = 0.065
was calculated from the relation of the densities of the liquid oligomer
and the solid polymer [1].

The surface of the layer of the composition was protected from
the oxidation by the 0.15mm thick glass. This also prevented the
deformation at the reflection point of the laser ray, caused by the
strains on the boundary of the division of the liquid and solid phases
at frontal character of the process {3, 9].

A part of the obtained experimental results is presented on Figure |
as the dependence of the relatice integral depth of polymerization vs
time.

They have a clear S-like shape with the ordinate of the point of
the inflection neat P = 1/2 which practically independent from the
intensity of the UV-radiation, concentration of the photoinitiator and
the thickness of the layer of composition.

08
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FIGURE | Experimental (points) and calculated (dashed lines) on Eq. (13), continuous
lines on Eq. (6) the kinetic curves of photopolymerization MDF-2 E; = 40.6 J/m>ss, ¢,
mol/l = 0.105 (1 — 3,5), 0.021 (4); £, mm = 0.03(1), 0.15(2), 0.55(3), 0.12(4), 0.86(5).
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However the general situation of the kinetic curves depends on these
parameters particularly of the thickness of the layer.

The comparison of the experimental data with the general kinetic
model (6) is difficult. Therefore two approximation are considered.
The first one is based on the assumption ¢ = ¢g, v; = const, which is
justified for the long chain processes at condition 7 < 1. Consequently
this approximation may be considered as the model of the initial stage
of the process [10]. Using the condition 7« 1 in (6), we obtain

1/2
P _ g [21(1(7—10) (1 —e™/2)(1 — P) + kaylo(1 — e7)P(1 — P)|.
dt £co
()

Analysing (7) for the extremes of the function, we find that the
ordinate P; of the point of the inflection of kinetic curve should be
determined by the relation

Pi=(4-1)/24, (8)

where

A = ka(2ky) (yecolo) /(1 — e70) /(1 — e772) )

According to the experimental data P, ~ 1/2 and using (8) it follows
that 4>> 1. This leads to the expression for the maximum rate of the
photopolymerization W, = (dP/dt)y, which corresponds to the point
of the inflection of the kinetic curve;

Wo = (kavlo/4€)[1 ~ exp(~yo)] (10)

As follows from (10) at given concentration of the photoinitiator cg
and small thickness of the layer of the composition (yo = gcof < 1),
the maximum rate of the photopolymerization must have the first
order on initiatior: Wy~ kyyecely/4; but at great thickness of the layer
(yo = eco > 1)—zero: Wy kyyIp/4 L.

Experimental data shown on Figure 2 confirm this dependence: at
£ — 0 the values W, depend on the concentration of the photoinitiator,
but at £ — oo they approach, showing the independence of W from cy.
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FIGURE 2 Experimental (points) and calculated on Eg. (10) (continuous lines)
dependence of maximum rate wy of photopolymerization MDF-2 from thickness ¢,
mol/l = 0.105(1); 0.064(2); 0.040(3); 0.021(4); Ey = 40.6J/m>s.

However, the maximum rate of the process is the linear function
of the intensity of the UV-radiation, falling on the surface of the
composition.

The calculated dependences of Wy, from £ are shown in Figure 2
by solid lines. These data were obtained by the following set of para-
meters in the Eq. (10): kyvly = 2.2.107°s (at Ey = 40.6J/m?s) and
£ = 87m>/mol-m.

The given value of the molar coeflicient of the extinction is almost
7 times higher than the value, obtained from UV-spectrum of
wavelength Anax ~ 340 nm, which correspond to the maximum of the
absorption band [11].

This band occurs on the falling branch of the wide and larger
absorbtion band with M., ~280nm, which corresponds to the
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coefficient of the extinction almost two orders more, than at A~
280 nm.

The experimentally determined molar coefficient of extinction
¢ = 87m>/mol-m based on our kinetic measurements is probably the
super position for all wavelengths which take part in decomposition of
the photoinitiator in the integral spectrum of the lamp.

We believe that the given experimental estimate of ¢ reflects also the
influence of the absorbing capacity of the oligomer which appears also
as a wide band with A\, near 280 nm.

As far as it is impossible to indicate the wavelength of the
UV-radiation, which leads to decomposition of the photoinitiator,
we selected arbitrarily the average wavelength between 280 and
300 nm, which led to Jy = 2.5-107%Eymol-quant/m?*-s. Using the values
kyyly = 2.2-10 °c at Ey = 40.6 J/m?.s this allowed us to estimate kyy =
0.22m*/mol.

Equation (7) at A>> 1 after integration has the form:

n[(1 + AP)/(1 — P)| = kavIo(1 — e )t/ = 4Wor  (11)

This offers the possibility of estimating the parameter 4 from
experimental data by the relation

A = exp(4Wot12) — 2, (12)

in which t;,, — time of attainment of the ordinate P = 1/2 on the
kinetic curve.

Since the errors in determining Wy and ¢, are included into the
exponent, the estimate of 4 using (12) has a significant experimental
error.

Figure 3 shows, the dependence of 4 from ¢, which agrees with the
expression (9), according to which the increase of the thickness of the
layer parameter 4 must decrease from value 4y = kx(vecolo) ke, at
£ =0 to value A = Ag/2 that by a factor of two.

The calculated dependence of 4 from ¢ (Fig. 3), was obtained at
value Ao =25, that led to: k7' = 8.4-1073(m>?/mol-s)!/>. The cal-
culated values of parameters ¢, k;v'/? and k7 allow us to interpret the
experimental data in coordinates of Eq. (11). The parameter 4 is
calculated using Eq. (9).
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FIGURE 3 Experimental (points) and calculated on Eq. (9) (continuous lines)

dependence of the parameter 4 from thickness of layer MDF-2 at E, = 40.6J/mZs,
¢o = 0.105mol/L.

As shown in Figure 4 the initial plots of the kinetic curves are well
linearized in coordinates of Eq. (11). The values of the slope tangent of
the straight line plots are within the limits of the error of measured of
values of 4W,.

The deviation of the experimental data from the straight line
relation of the coordinates of Eq. (11) begins at values P, = 0.7 —0.9.
Note, that higher values of ¢ correspond to smaller values of Pj. This
allows us to conclude, that the observed deviation is caused by the
neglect of the initial stage of the photoinitiation.

The estimate of the quantum yield v from experimental data were
made using the second approximation, which corresponds to the
model of the endless thin layer [12]. Using the condition yy = ecof < 1.
For the layer 0, 0 + dx accurate determination of the endless thin layer
differential and integral characteristics of the process coincide.
Therefore the rate of the photopolymerization may be described by
the initial equation (4), in which v; = yecolyexp (— velpt) and is the
function of time.

Thus in the model of the endless thin layer

dpP

o=k (vecodo)' (1 — P)e™™? + kyyecolgP(1 — P)e™" (13)
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FIGURE 4 Interpretation of the experimental kinetic curves in coordinates Eq. (11)
(numeration of the curves the same as on Fig. 1).

The analysis (13) on maximum normalized rate of photopoly-
merization which in terms of the accepted value dP/(1— P)dt =
—dIn(1 — P)/dt establishes the relationship between the ordinate P,
and rate W, = (dP/dt), which corresponds to the point of inflection of
the kinetic curve of the shape In(1 — P) = f(¢) and the maximum rate
of the polymerization (— dIn(1 — P)/df)yax

Py = Wz/"}/t”lo - 1/2A0 (14)

In Figure 5 are shown the experimental data in the form of the
kinetic curves In(l — P) = f(f) which satisfy the approximation of end-
less thin layer yy = ecol < 1. From the ordinate of inflection and slope
tangents the values In (1 — P,) and (dP/(1 — P)dt)max were found. This
allowed us to calculate P, and W,. With these and the calculated
values 4 allowed us to calculate yel. The average of two calculations
(Fig. 5) gave the value vely~8-107> at I = 10*4m01‘quantum/m2-s,
thus v = 0.9 is found. With the already known values k; v'/* and kyy
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FIGURE 5 Interpretation of the experimental kinetic curves in coordinates, showing
the presence of the maximum normalized rate of photopolymerization Eq = 40.6 J/m?s,
¢o = 0.021 mol/l, £, mm = 0.14(1); 0.09(2).

we can estimate the numerical values of two principal parameters
of the initial kinetic equation: k; = 8.8-1073(m*/mol-s)"? and k, =
0.24 m*/mol.

These values of k; and k,, and also ¢ = 87 m*/mol'm and v = 0.9
were put in the approximate kinetic equation (13) of the model of
endless thin layer and total kinetic equation (6) for the direct cal-
culation P = P(¢) by numerical integration (13) and (6). The obtained
calculated dependences P = f(f) are correlated with experimental
kinetic curves (Fig. 1). From this correlation appears that although the
calculated dependences P = f(¢) do not coincide with experimental
kinetic curves, the qualitative and quantitative correspondence
between them is quite satisfactory. This and the found quantum
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yield of the photocomposition of the indicator are the important
arguments in for the validity of the suggested kinetic models (4)
and (6).

Another argument supporting this conclusion is found in the
correlation or the numerical value k,, found by us with those reported
in literature.

Some of the differences between the calculated and experimental
kinetic curves, represented on Figure 1, may be explained by the
extimated kinetic constants k|, k;, ¢ and ~ which agree with the
experimental data. A more detailed analysis of the kinetic curves
showed, however, that any of them can be described with a very small
error using the individual set of the constants ki, k,, € at vy = 1.
Therefore, we concluded as we see, that the difference between the
calculated and experimental relationship P = P(¢) is caused not only
by the approximate estimate of the set of the kinetic constants, but has
also deep physical reasons.

Note also that the instrumental error in construction of the
individual kinetic curve in separate experiment is very small. This is
seen from the arrangement of the experimental points arround the
kinetic curve (see Figs. 1, 4 and 5).

The comparison of the individual kinetic curves shows the
dispersion of parameters, which are calculated from this kinetic curve
{for example the values Wy on Fig. 2 and 4 in Fig. 3) which
significantly exceeds the error of the separate experiment. This
phenomenon is known for three dimensional polymerization and is
reflected in poor reproducibility of kinetic measurements [13—15]. We
maintain that the indicated feature of the three-dimensional poly-
merization is the direct approval of the microheterogenity of the
process namely, the active role of the interphase layer between the
liquid oligomer—solid polymer and the fluctuations in interphase
formation during the stage of initiation of the solid polymer phase.
This is reflected in the kinetic constant k,, the numerical value of
which depends on the relation of the fractal characteristics of the
surface and the volume of the cluster of solid polymer phase in liquid
oligomer and of the liquid oligomer in solid polymer matrix.

Since the contribution of the process of polymerization in the
interphase is dominant, its fluctuational dependence is transferred also
on the entire process.
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