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whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.
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Pentazadienes as New Photoinitiators
in the Development of New Materials

Nataliya Yeshchenko
Volodymyr Syromyatnikov
Kyiv National Taras Shevchenko University, Macromolecular
Chemistry Department, Kyiv, Ukraine

Investigations of volume photopolymerization in big diameter round dilatometer
are carried out. The methods of experiment allowing in regular intervals to
irradiate a solution from different sides are offered. The theory of photopolymeriza-
tion processes for any values of initiator optical density is proposed.

On the basis of theoretical and experimental studies of a photoinitiated polymeri-
zation by pentazadienes is shown, that photopolymerizations kinetics at initiator
big values of optical density contains fast and slow components, and the fast one
corresponds to dilatometer surface polymerization, and the slow one – to reaction
front movement inside the dilatometer. It is shown, that due to computer simula-
tion of photopolymerization kinetics molecular weight distribution is possible to
calculate. It is found, that during the polymerization distribution of macromole-
cules yields on polymeric chain lengths is kept constant.

Keywords: initiators; pentazadienes; photopolymerization

INTRODUCTION

Pentazadienes represent a class of new light-sensitive [1] organic com-
pounds, which can form some kinds of free radicals with different reac-
tivities on UV-exposure. These reactivities depend on an electronic
structure of pentazadienes and radicals. Using photoinitiators of dif-
ferent structures and varying of photopolymerizations conditions it
is possible to develop polymeric composites for electronics with optimal
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properties. For manufacturing of optical devices a valume polymeriza-
tion is commonly used, therefore it is very important clarify peculiari-
ties of regulated volume photopolymerization which can be possible
due to an application of pentazadienes as photoinitiators.

EXPERIMENTAL

Materials

In this work the new class of photoinitiators – 3-methylpentazadienes-
1,4 of the common formula is suggested:

where I � R1 ¼ R2 ¼ H, II � R1 ¼ R2 ¼ OCH3, III � R1 ¼ R2 ¼ NO2.
They were syntesized by an interaction of suitable diazotized aromatic
amines with methylamine.

Methods

Traditionally in researches of photopolymerization kinetics for vinyl
monomers quartz dilatometer of small thickness are used. For this
aims a solution of monomer and initiator of polymerization are chosen
in a such way that the optical density of resulting solution on wave
length of irradiation is small (D� 0,01). Under such conditions it is
possible to consider, that the light intensity for the initiator of poly-
merization can be the same in all points of a solution. As scientific
researches are carried out with a wide set of concentrations of the
initiator and a monomer, it is necessary to take many of dilatometers
with various thickness, that not always possible. If we use only one
dilatometer, it is necessary to pay an attention on results of processing
of experimental dependence of light intensity of initiated polymeriza-
tion from a route of light in a solution. Of course, it complicates our
results of processing. However, the theory of such processes isn’t
too complicated and using of computers allows bypassing arising
difficulties at results processing [1].
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In contrast to dilatometer with rectangular section for which it is
convenient to carry out calculations of photochemical processes, for
cylindrical dilatometers which are frequently used in the practice,
the theory of photopolymerization kinetics is not developed, that is
why the method has no adequate mathematical processing. Therefore
in this work we have decided to clarify this problem.

The irradiation of cylindrical dilatometer with a beam directed per-
pendicularly to an axis of the dilatometer, results that the intensity of
light falling onto a solution, depends on a distance from an axis of the
beam which is passing through an axis of a dilatometer:

IðrÞ ¼ I0 cosðuÞ ¼
I0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � r2

p

R
;

where R – radius of a dilatometer, r – distance from an axis of a beam.
The beam entering the dilatometer, refracts according to optical

laws: if the angle between a falling beam and radius in a point of fall-
ing of beam is equal u, than the refracted beam will pass at the angle
of a to radius, and sin a ¼ sinu=n, where n – a parameter of refraction
of a solution in dilatometer (for example, for dimethylformamide
n ¼ 1,43). Thus it appears, that the light inside dilatometer is focused,
and so distorts the law of dependence of light intensity distribution
from distance. Besides parts of the dilatometer, located above and
below limiting beams which are entered in the dilatometer at
u ¼ 90�, is found unlit. Of course, dispersion of light always exists
and the photopolymerization will proceed in all points of a solution.
However it appears practically impossible to take into account all pro-
cesses in round dilatometer while it irradiates from a dot light source.

So we have suggested to change the scheme of a solution irradiation
so that all points of a surface of a dilatometer have to be in identical
conditions. For this purpose we have considered some schemes of
irradiation. Especially, usage of elliptic irradiator has allowed to show
(Fig. 1a), that all the surface of a cylindrical dilatometer is illumi-
nated. However, as follows from Figure 2, in this case the surface of
a dilatometer is illuminated essentially non-uniformly, that creates
the certain difficulties with an interpretation of the experiment.
Especially, it will be problematic to investigate a dependence of the
polymerization speed on the intensity of an illumination.

It seems, that disadvantages of the first lighting scheme by the
second one substantially liquidates (Fig. 1b) in which the illuminator
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is presented by two parabolic reflectors. However, such reflector
allows uniform the distribution of light intensity for a small interval
of the radiation angles corresponding to an angle of disclosing of a cyl-
indrical paraboloid except for a part which is in a shadow of a sample.

Strangely enough, the crude scheme presented on Figure 1c con-
siderably wins in comparison with first two as it allows to create
almost uniform illumination of all dilatometer surfaces. Calculation
show, that the angular distribution received from this illumination
scheme is close to a correct hexagon. Naturally, such distribution is
not ideal, however, it allows to create almost identical intensity in
the whole volume of the dilatometer with not absorbing solution.

Our experiments have allowed to offer the ideal scheme of illumi-
nation represented on Figure 1d. In this scheme a linear source of
radiation and the dilatometer are on the common axis. Thus the dila-
tometer is located higher then a light source that it is convenient for
its removing if it is necessary. Near to the light source L the conic

FIGURE 1 Schemes of illuminators for research of photopolymerization in a
circular dilatometer.
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FIGURE 2 (a) Dependence of an angle a of a beam entering in the second
focus of an ellipse from a angle of an exit u from the first focus; (b) Dependence
of irradiation intensity of the sample placed in the second focus, on an angle of
a beam falling on cylindrical dilatometer.

FIGURE 2 Continued.
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mirror with an angle at the top of the cone, which is equal 90�. Thus,
the light rays proceeding perpendicularly of a source axis are distrib-
uted by a parallel beam upwards. Near to the dilatometer one more the
same conic mirror providing turns of beams aside the dilatometer is put.
The double reflection of light is reduced to that on some distance from
dilatometer in parallel an axis dilatometer as though there is a source
allocated on a circle (on Fig. 1d shown by dashed lines). To exclude hit
on the dilatometer the beams reflected from a mirror only once higher
than a light source and lower than the dilatometer the round screens E
which are not preventing beams, twice reflected from mirrors are put.

Thus, the scheme presented on Figure 1d, allows to illuminate a
researched solution in regular intervals. The radial distribution of
intensity of light getting on dilatometer will depend on diameter of a
luminous column in a discharging lamp. If this diameter is much less
than the diameter of the dilatometer it is possible to suggest, that that
intensity of a falling light with a reduction of the distance up to an axis
of the dilatometer will increase in the inverse proportion to distance. If
a diameter of a luminous column in a lamp is not less then diameter of
the dilatometer the intensity of a falling light will not depend on a
distance inside the dilatometer.

RESULTS AND DISCUSSION

Pentazadienes-1,4 are shown [1,2] to be decomposed on some radicals
and a molecule of nitrogen by photolysis:

i.e., intermediate products of pentazadiene (Pz) photolysis are aryl (P�
1)

and triazene (P�
2) radicals, and also a molecule of nitrogen [3].

Photopolymerization kinetics of methymethacrylate was studied by
the dilatometry method. Dimethylformamide is served as a solvent.
The concentration of the photoinitiator is varied over the range of
1�10�3� 3�10�2mol=l, and a monomer – 0,5� 2mol=l. The irradiation
of a solution was carried out by an integrated light of a mercury lamp
of a high pressure in the glass cylindrical dilatometer which does not
transmit a light with k < 320nm, i.e., it was absent a direct absorption
of a light by a monomer and a solvent. As control experiments have
shown, in an absence of photoinitiators in these conditions the photo-
polymerization does not carry out.
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By studying of the reaction of methylmethacrylate polymerization
at presence of pentazadienes I – III has been shown, that at the same
concentration of a monomer velocity of polymerization is maximal in a
case of pentazadiene II and minimal (close to zero) – for pentazadiene
III, that perfectly correlates with values of quantum yields of pentaza-
diene photolysis (0,15 lkz I, 0,38 lkz II, 0,004 lkz III). If instead of
pentazadiene as the initiator to use one of the effective known initia-
tors - benzoine it appears that in the quartz dilatometer a speed of
initiation of methylmethacrylate polymerization has the same order,
as at use pentazadiene II in cylindrical dilatometer. Hence, pentaza-
dienes are effective initiators of the polymerization (Fig. 3).

Reactions of photopolymerization proceeding in a solution are
described with the help of the approximate scheme:

Pz�!hm P�
1 þ P�

2 þN2 ð1Þ

P�
i þM�!ki

PiM�; i ¼ 1; 2: ð2Þ

PiM � þM�!k3
PiM

�
2 ð3Þ

PiM
�
n þM�!k3

PiM
�
nþ1 ð4Þ

PiMn � þPjM
�
m �!k4

PiMnþmPj; i; j ¼ 1; 2: ð5Þ

FIGURE 3 Kinetic curves of polymerization of 20% MMA (1) at the presence
of the initiator (2%).
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PiM
�
n þQ���!k5 PpolyKT ð6Þ

PiM
�
n þ RH���!k6

PiMnHþ R� ð7Þ

PiM
�
n þ R� ���!k7

PiMnR ð8Þ

In this scheme it is considered that each of the formed radicals can
initiate polymerization, but with different constants of velocities
(accordingly k1 and k2). The further growth of a polymeric chain will
proceed with the permanent speed (reactions 3 and 4). Reaction (5) is
corresponded to square-law termination of polymerization, and a reac-
tion (6)–(8)–to linear. Reactions (7) and (8) describe an interaction
between macroradicals and molecules (RH) and radicals (R.) of a
solvent with the termination of a chain. In this connection the solvent
radical most likely does not possess an initiating ability.

This scheme of processes allows to receive the solving for the sum of
radicals y ¼

P2
i¼1

P1
m¼1 PiM

�
m

� �
:

y ¼ A
thðAk24tÞ þ B

2Ak4

1þ B
2Ak4

thðAk24tÞ
� B

2k4

where

b ¼ k1M

k1M þ k41
P
i;n

½PiM�
n� þ ðk51½Q� þ ½RH�fk61 þ k71k6=k7gÞ

þ k2M

k2M þ k42
P
i;n

½PiM�
n� þ ðk52½Q� þ ½RH�fk62 þ k72k6=k7gÞ

;

A ¼ beu½Pz�IðxÞ
k4

þ ðk5½Q� þ 2k6½RH�Þ2

4k24

 !1=2

;

B ¼ k5½Q� þ 2k6½RH�:

The stationary concentration of polymeric radicals can be found from
the equation:

ycm ¼ beu Pz½ �IðxÞ
k4

þ k5 Q½ � þ 2k6 RH½ �ð Þ2

4k24

 !1=2

� k5 Q½ � þ 2k6 RH½ �ð Þ
2k4

:
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In case of a weak efficiency of linear radicals suppression for
stationary concentrations we can find

ycm ¼ beu Pz½ �IðxÞ
k4

� �1=2

:

Now the equation for polymerization of methylmethacrylate type
can be found in the form:

dM

dt
¼ �beu Pz½ �IðxÞ � k3M

beu Pz½ �IðxÞ
k4

� �1=2

:

The first part of the equation corresponding to an initiation is
usually very small in comparison with the second part. Therefore it
could be neglected.

And, at last, for a degree of monomer conversion we can obtain

1

d

Z d

0

dx

Z t

0

dM

M
¼ �k3

1

d

Z d

0

Z t

0

beu Pz½ �IðxÞ
k4

� �1=2

dtdx:

FIGURE 4 Disribution of light intensity (I), monomer concentration ([M])
and polymerization yields (~[M]) by dilatometer thickness at different
irradiation times.
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i.e., the degree of conversion does not depend on the concentration a
monomer, if for parameter b such dependence is absent.

Experimental testing of the last equation has shown, that within
the limits of experiment method errors of a dependence of the conver-
sion value from a concentration of a monomer is practically absent.

For thick dilatometers is necessary to take into consideration, that

I xð Þ ¼ I0 exp �
Z x

0

e PzðxÞ½ �dx
� �

;

d PzðxÞ½ �
dt

¼ �ue PzðxÞ½ �I xð Þ:

For the decision of such problem it was necessary to take advan-
tages of computers. By carrying out of calculations has been shown,
that in this case a photochemical reaction proceeds in a narrow
near-surface layer. With time in this layer pentazadiene disappears,
and the front of reaction moves deeply into a solution (Fig. 4). Calcula-
tions show, that the front of a reaction goes with a permanent velocity.
Hence, the established process of photopolymerization should be
described as a linear function of time. The deviation from such depen-
dence should be observed only in an initial stage when the front of
reaction is only created. Such dependence we really observe (Fig. 4)
in experiments.

From Figure 4 it follows, that at carrying out of computing experi-
ment we simultaneously can fix a light intensity and quantum yields
(length of a polymeric chain) of polymerizations. Hence, we can deter-
mine distribution of formed polymer on molecular weights.

CONCLUSIONS

1. Methods of volume photopolymerization studies are developeded
and is shown, that the best design of irradiated cylindrical dila-
tometer with a photopolymerizable solution is such irradiator at
which a source and dilatometer are located on one axis, and in radi-
ation due to two conic mirrors passes into the dilatometer.

2. Photopolymerization kinetics at the big value of initiator optical
density contains two components, one of which corresponds to
polymerization at the dilatometer surface, and the second one –
to reaction front movement deeply into the dilatometer.

3. Computer processing of photopolymerization kinetics results to
study the molecular weights distribution of formed polymer.

4. During all polymerization kinetics distribution of polymeric mole-
cules yield from polymeric chain length is kept permanent
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