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bstract

The basic conditions necessary for realization of single-stage processes of synthesis of polymeric products with optical accuracy are considered
n this work. It is shown, that this problem can be solved with a method, which is designated as a method of frontal photopolymerization. The
ssence of this method will consist in maintenance of process of polymerization as a running wave.

For fabrication of products with optical accuracy it is necessary, that polymerization passed actually only in infinitely thin layer on a
olymer–monomer boundary.
The basic requirements to devices of exposure and to compositions for photopolymerization are considered in this work. It is shown, that only
ompositions, in which process of radical polymerization passes without breaking, are suitable for these purposes. Such process can be realized at
mposing of certain restrictions on molecular movements of reagents, first of all, on their rotary movement.

2007 Elsevier B.V. All rights reserved.

eywords: Level-by-level photopolymerization; Photochemical synthesis; Optical accuracy
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. Introduction

Two schemes of polymer products formation are possi-
le: two-staged and single-stage. The two-staged scheme is
raditional—first a polymer (material) is synthesized and then
product is made from it by various ways (a thermo-pressing,
oulding under the pressure, mechanical machining, etc.). A

ingle-stage scheme assumes, that both a polymer and a product
rom it are formed simultaneously during a single stage. There-
ore one can say rather about a synthesis of polymer products
ith given properties, including shapes and sizes of the product

nd physical–chemical characteristics of an obtained material,
han about of a synthesis of a polymer as an initial raw material
or its further transformation into a product.
There are two basic reasons to leave two-staged schemes of
olymer products formation and to proceed to the single-stage
nes.
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The first reason is decreasing of energy and raw material
xpense in polymer products manufacture. As a rule, energy
xpense, connected with transformation of a polymer into a
roduct, significantly exceeds one of polymer synthesis. In many
ases, in particular, when products are made from blocks of a
olymer by mechanical processing, the most part of material is
oosed as a wastage (shaving).

The second reason is a quality of products, made from poly-
ers. Firs of all it must be noted, that practically in all kinds of

rocessing of polymer into a product there are such undesirable
henomena, as a partial destruction of the polymer, which leads
o an occurrence of free radicals in it. These radicals initiate

thermo-oxidizing destruction of a polymer as a chain reac-
ion with degenerated branching and also causes a formation of
arious defects (stresses, dislocations, cavities, molecular pack-
ng density fluctuations, etc.), which are able to concentrate on
hemselves any external influences (mechanical, chemical, etc.)
nd to promote by such a manner theirs increasing, which leads

o a product destruction finally. The rather paradoxical situation
rises—somebody spends grate efforts to get high quality poly-
er, and others spoil it during processing into a product. Very
any polymers do not find an application namely because of

mailto:director@reper.ru
mailto:sch@iomc.ras.ru
dx.doi.org/10.1016/j.jphotochem.2007.07.030
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These conditions are dictated by that the free volume had time
to leave completely in a liquid phase, and reaction of polymeriza-
tion in all points of volume of the reaction medium would carry
02 V.M. Treushnikov, S.A. Chesnokov / Journal of Photoche

bsence of comprehensible way of their processing into prod-
cts.

A task statement about creation of single-stage processes of
olymer products formation is not new. This task was formu-
ated definitely enough in the last quarter of the last century
1–3]. However, all attempts to solve this problem were not suc-
essful, especially in a field of getting polymer products with
ptical accuracy. There are two basic reasons, which explain
egative results of these investigations. They are processes of
thermal emission and a contraction of a reaction medium

emission of a free volume), those take place during polymeriza-
ion of practically all known monomers. The statement is even
nown, that creation of single-stage processes is impossible until
on-contractive monomers will be created (synthesized).

The aim of this paper is to show, that single-stage processes of
olymer products synthesis with optical accuracy can be realized
nd without of non-contractive monomers use. It is necessary for
his to provide conditions, in which processes of heat-away and
f extraction of a free volume from reaction zone occur much
aster, than a polymerization reaction itself.

. Methods

What is an essence of a problem? First of all it is necessary
o note, that during polymerization not only polymer formation
ccurs

· M
polymerization−→ Mn,

but simultaneously formation of a heat and a free volume take
lace:

· M
polymerization−→ Mn + “heat” + “free volume”,

here M is a monomer, Mn the polymer, n is the number of
onomer molecules, formatting polymer molecule (a polymer-

zation chain length).
A free volume one can interpret as quasi-particles of zero

ass density, which can then cooperate with each other and form
arious kinds of defects in a polymer. Principally important is
ollows—an output of such quasi-particles from the volume can
ake place only through the surface, surrounding the reaction

edium. This leads to decreasing of a volume of a polymer and
o distortion of all the surfaces of a formed polymer product.
atural consequence of eduction of heat is the increase in tem-
erature of the reaction medium. The last cannot be supposed for
wo reasons. First, the increase in temperature results in change
f constants of velocities of the elementary reactions determin-
ng the mechanism of reaction of polymerization. Consequence
f this can be increase in dispersiveness of various character-
stics of obtained polymer (molecular mass, structure in case
f copolymers, microtactfulness, etc.), that inevitably in itself
s the reason of deterioration of optical properties of a material.
econd, the increase in temperature results in volume expansion

f formed products, that, naturally, is accompanied by change
f their sizes.

From the aforesaid one conclusion follows only: formation of
roducts with optical accuracy under the single-phase scheme
y and Photobiology A: Chemistry 196 (2008) 201–209

s possible only in case of the organization of such processes
n which the increase in temperature is excluded during poly-

erization (reaction of polymerization should take place in
sothermal conditions) and the full output of free volume from
olymer is provided.

Both distribution of temperature, and free volume in the reac-
ion medium can be as a first approximation described by the
quations of heat conductivity and the diffusion, having the same
tructure. In this connection, characteristic times of a relaxation
f these processes (times of an setting of balance) depend on the
inear sizes of formed products in the second power (trel ∼ L2,
here L is a radius or diameter of the cylinder in case of cylinder

ormation, for example). Factors of proportionality depend both
n the form of formed products, and from factors of heat con-
uctivity of the reaction medium and diffusion of quasi-particles
f free volume in these medium.

Square-law dependence of times of a relaxation of these pro-
esses on the linear sizes of formed products is the basic obstacle
n a way of creation of single-phase processes of their formation.
owever, it is true only when process of polymerization occurs

imultaneously in all points of volume of the reaction medium as
t usually occurs at polymerization in flasks, reactors, etc. Such
ependence can be excluded, if polymerization carries out as
ayer-by-layer growth of a product, providing course of reaction
f polymerization only on border of separation of phases: liquid
onomer–polymer. The essence of this statement is explained
ith the scheme shown in Fig. 1. This scheme explains also

ense of designations used below.
In a quantitative sense for realization of such mechanism of

olymerization fulfillment of three basic conditions is necessary:

. depth of front of reaction of polymerization should be
infinitesimal, i.e. �h → 0;

. velocity of movement of front of reaction of polymerization
should be equal to some constant, i.e. ω = constant;

. velocity of polymerization should be those that the inequality
is satisfied: tpol ≤ �h/ω, where tpol is the minimal time neces-
sary for achievement of a degree of conversion of monomer
αk, which is equal 1 in an ideal case (αk → 1).
Fig. 1. Scheme of level-by-level polymerization, designations are in the text.
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ig. 2. Two principal schemes of devices for exposure allowing realize the
rontal polymerization: (1) horizontal–vertical type; (2) centrifugal type.

ut at the same temperature (at �h → 0 times of a relaxation trel
end also to zero for both these processes). Realization of these
onditions in case of usual dark reactions is extremely difficult.
ut it can be carried out if one proceeds to photopolymerization,

.e. to polymerization initiated by light.
Fig. 2 shows two basic schemes of devices for exposure,

llowing to realize two of three listed conditions: �h → 0 and
= constant.
In case of devices of horizontal–vertical type the horizontal

lane which passes through an axis 00′, divides space into two
arts: bottom where intensity of light is equal E0, and top, where
= 0. Change of intensity of light from E0 up to 0 occurs within

he range of a zone of thickness �h shown on a curve of distri-
ution of intensity of light along a vertical. Reducing of size �h
o minimally possible value is achieved with the help of opti-
al system of division of a light beam specially developed for
hese purposes (achieved level �h ≤ 10 �m). Clearly, that pho-
opolymerization can take place in a transitive zone and in the
ottom, lighted part of space. For this purpose a composition (we
hall name it below a photopolymerization composition—PPC)
s filling in the special form made from a transparent material
or light, and with set constant velocity, ω = constant, is lower-
ng gradually in the bottom zone. It is essentially important to
hoose a velocity ω such that reaction of polymerization had
ime to come to the end during passage of a transitive zone
y thickness �h. In this case process of polymerization repre-
ents a moving flat wave of length �h. We have named such
ay of polymerization by frontal photopolymerization. Strictly

peaking, here it is necessary to distinguish two waves: one light
ave, generating polymerization, and a flat wave of polymeriza-

ion generated by light. In an ideal case these two waves should
ove synchronously, with the same velocity ω.
In case of devices of exposure of centrifugal type (Fig. 2)

ight first is focused along a vertical axis 00′ (in case of man-
facturing of lenses—along an optical axis of a lens), and then
adius of a lighted zone is increased with constant velocity ω.
ther requirements are the same, as in the previous case. Here
oth moving waves have the ring form.

. Theory
What properties should have PPC to satisfy the condition
pol ≤ �h/ω? For discussion of this question it is useful to use
oncept of threshold photosensitivity of PPC, which we shall

t
m
w
P
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efine as value:

λ
th = 1

E0 · tth

he physical sense of values E0 and tth is defined above. Taking
nto account this definition, the basic requirement to PPC it is
ossible to write in the following view:

λ
th · E0 >

ω

�h
(1)

heoretical expression for Sλ
th has the following view [4–6]:

λ
th = − aλ

ln(1 − α∗)
(2)

here aλ is a constant of velocity of photochemical reaction of
ecomposition of the photoinitiator in PPC, equal to multipli-
ation of its molar extinction factor at the wavelength λ(ελ) on
quantum output of its decomposition (Φ); α* is the minimal

egree of conversion of the photoinitiator in PPC, necessary for
chievement of a degree of conversion of monomer in PPC equal
k(αk → 1).

Values α* and αk are connected by the following equation
7,8]:

¯ · α∗ · C0 · ν̄ = αk · CM (3)

aking into account the last equation, we find, that:

λ
th = − aλ

ln(1 − (αk · CM)/(n̄ · C0 · ν̄))
(4)

here C0 and CM are concentrations of the photoinitiator and
monomer in PPC; n̄ the average number of the free radicals

ormed at disintegration of one molecule of the photoinitiator,
apable to lead a chain of polymerization; ν̄ is an average length
f a chain of polymerization.

Further only those PPC will be interesting for us in which pro-
ess of polymerization takes place under the radical mechanism.
ccording to the standard theory of radical polymerization, true

or a stationary regime of course of reaction, we have:

¯ = kp · CM√
aλ · E0 · C0 · k0

(5)

here kp and k0 are the constants of velocities of reactions of
rowth and breakage of a chain of polymerization. The relation
5) assumes, that breakage of a chain of polymerization occurs
s a result of reactions recombination of macroradicals or their
isproportions. Taking into account (5), we find, that:

λ
th = − aλ

ln(1 − (αk

√
aλ · E0 · k0)/(n̄ · kp · √

C0))
(6)

rom expression (6) unequivocally follows, that at

0 ≥ n̄2 · k2
p · C0

aλ · k0 · α2
k

= Ecr (7)
his expression loses physical sense. In the practical sense it
eans, that at any as much as big times of exposure by light
ith E0 ≥ Ecr the set degree of conversion of monomer αk in
PC is unattainable. For each type of PPC the relation Ecr · α2

k =
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onstant should be satisfied. We have confirmed this relation by
umerous experiments. It is true for systems in which really reac-
ion of polymerization takes place in a stationary regime. Thus,
t is possible to say, that the condition (7) excludes a possibility
f creation of single-stage processes of synthesis of polymeric
roducts with optical accuracy. The condition (1) demands, that
PC keep ability to polymerization at E0 → ∞. Only this condi-

ion can provide desirable quality of formed products (�h → 0)
t maintenance of high enough velocity of wave movement ω

productivity of process).
However, as it has been marked above, expression (5) is true

nly for a stationary regime of course of reaction, i.e. when
elocity of initiation of the free radicals, capable to lead a chain
f polymerization, is equal to velocity of destruction of trailer
acroradicals. Whether there can be other regimes of course

f reaction of polymerization? One variant can be of interest
or single-stage processes of synthesis of polymeric products
nly: when in (6) and (7) k0 → 0, i.e. when polymerization takes
lace without breaking. First we shall prove theoretically, that
uch mechanism of polymerization can be realized under some
ertain conditions.

The approach to the description of kinetic of chemical
eactions in media with the limited mobility of the reagents,
escribed earlier in Refs. [9–15] is used below. The basic
ssumption is, that according to representations about cellular
ffect bimolecular reactions in the condensed media can take
lace by one of two schemes mentioned below:

where reactions in a cell are shown in square brackets. Basic
ifference of these two schemes is that the output of products
rom a cell in the first one is designated by a direct arrow, whereas
n the second—by wavy one. This means we admit, that at tran-
ition from low viscous media to solid ones a qualitative change
f character of molecular movements is possible at some values
f viscosity. As for the reactions designated by direct arrows, we
ssume, that density of distribution of probabilities of lifetime of
orresponding conditions (intermediate products) are described
y indicative functions of type:

(t) = kie
−kit (8)

his statement directly follows from the mass action law, in
articular, from the equation for reaction of the first order. Basic
mportance is that if transformation of any intermediate product
n complex reaction does not correspond to function (8) the mass
ction law impossible to use for the description of such reactions.
In process of change of viscosity of medium character of
olecular movements of reagents should change—most likely,

t should come closer to type of Brown movement (continual
iffusion). For the description of continual diffusion in absence

P

f
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f action of external forces the one-dimensional Focker–Planck
quation can be used [9–15]:

∂f (x, t)

∂t
= D

∂2f (x, t)

∂x2 (9)

ith the following boundary and initial conditions:

(0, t) = f (a, t) = 0; f (z, 0) = 1

he density of distribution of probability of reagents lifetime
an be found by integration:

(t) =
∫ a

0
f (x, t) dx (10)

ere the following designations are used: D is the factor of dif-
usion (more exactly, the factor of diffusion of rotary movement
f the reagent, correlating with value of reversal time of correla-
ion of rotary movement, for example, the paramagnetic probe
etermined experimentally by EPR method [16,17]); (0, a) the
ange within which a movement of a molecule on type Brown
ovement take place in one-dimensional representation until

ne of borders will be achieved—transformation of one type of
molecule into another; z the position (coordinate) of a molecule

n this range at the moment of time t = 0. The solution of Eqs.
9) and (10) under the set boundary conditions is function of
robability density distribution [18]:

(t) = 2πD

a2

∞∑
ν=1

ν

{
sin

πzν

a
+ sin

π(a − z)ν

a

}
e−(Dπ2ν2/a2)t

(11)

ore simple solution we have at z/a → 0

(t) = z

2
√

πDt3
exp

(
− z2

4Dt

)
(12)

unctions (11) and (12) essentially differ from (8), that makes
se of the mass action law incorrect for the description of such
rocesses.

According to representations about cellular effect the con-
tant of velocity of bimolecular reaction can be defined as

eff = k1 · PB(x) (13)

here PB(x) is the probability of an output of intermediate prod-
cts from a cell towards the end-products formation.

According to Refs. [9–11], a value of PB(x) is determined by
ntegral:

B(x) =
∫ ∞

0
fa(η)

{∫ ∞

η

fb(ξ) dξ

}
dη (14)

here for scheme I

a(η) = k−1e−k−1η; fb(ξ) = k2e−k2ξ
B(x) = k2

k−1 + k2
= x

1 + x
; x = k2

k−1

or the scheme II
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ig. 3. Results of calculation by means of Eq. (14): (1) χ = 4πrD/k2; (2)
= π2D/a2k2; (3) χ = 4D/Z2k2.

fa(η) = k−1e−k−1η; fb(ξ) corresponds either (11) or (12). In
ase (12), in particular, we have:

B(x) = 1√
π

∫ ∞

0
t−3/2e−((1/t)+(1/x)) dt; x = 4D

z2k−1

ere everywhere designations η and ξ as well as t correspond to
ime parameter.

Results of calculations on Eq. (14) for schemes I and II are
hown in Fig. 3.

At transition from function (8)–(11), that corresponds to qual-
tative change of character of molecular movements of reagents,
ignificant reduction of values PB(x) and accordingly of con-
tants of velocities of bimolecular reactions are natural. At
≤ 0.04 reduction of constants of velocities of chemical reac-

ions more than in 105 times it is necessary to expect. This
ircumstance can be an explanation of significant reduction of
onstants of velocities practically of all reactions at their tran-
itions from low viscosity media to solid ones, for example,
o polymers [19–21]. Here one can note, that in the literature
uch phenomenon usually is named the phenomenon of a kinetic
top of chemical reactions which cannot be explained within the
ramework of the classical kinetic theory by transition of reac-
ions in solid media to a diffusion-controllable regime of their
ourse (constants of velocities of coming together of reagents
n solid media is larger than constants of velocities of reactions
hemselves in 105 and more times [19–21]).

One can note two more very well-known facts which also
an be considered as consequence of that in solid media molec-
lar movements of reagents occur on type of Brown movement.
hese facts concern so-called compensation effect (CEF) which
as no explanation within the framework of the classical kinetic

heory [22,23], and substantial growth of energy of activation
ractically all chemical reactions at transitions from low vis-
osity media to solid ones [24,25]. We shall prove, that these
acts are natural at transition from scheme I to the scheme II.

o

l
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irst of all we note, that if in (14) function (12) is used as fb(ξ),
nd (8)—as fa(η), the obtained result can be approximated the
ollowing complex function:

B =

⎧⎪⎨
⎪⎩

0.1x for 0.4 ≤ x ≤ 4

x3 for 0.04 ≤ x ≤ 0.4

xn n > 3 for x ≤ 0.04

(15)

For scheme I at x 
 1

I
eff = k1k2

k−1
= A1e−(E(1)

A
/RT )A2e−(E(2)

A
/RT )

A−1e−(E(−1)
A

/RT )

= Āe−((E(1)
A

+E
(2)
A

−E
(−1)
A

)/RT ) (16)

For the scheme II at x < 1

II
eff = A1

(
π2AD

z2A−1

)n

e−((E(1)
A

+nED
A

−E
(−1)
A

)/RT ) (17)

here A1, A2, A−1, AD are the before-exponential mul-
ipliers in Arrenius equation for corresponding reactions;

(1)
A ; E(2)

A ; E(−1)
A ; ED

A are the energy of activation in Arrenius
quation for the same reactions.

If in schemes I and II condition (AB)* is interpreted as a
ransitive condition, one can assume that k2 ≈ k−1 and

(2)
A = E

(−1)
A 
 E

(1)
A (18)

n this connection, from the point of view of the stated theory
t is necessary to expect, that at transition from scheme I to
he scheme II the energy of activation practically of all chemi-
al reactions should grow from a value E

(1)
A up to E

(1)
A + nED

A ,
here n > 1, and ED

A is the energy of activation of rotary move-
ent of reagents in a cell. In other words, dependence of

onstants of velocities of chemical reactions on temperature in
rrenius coordinates should look how is shown in Fig. 4.
The numerous researches described, in particular, in Refs.

24,25], confirm this conclusion. One can say that these effects
onnected to increase of activation energies of chemical reac-
ions at transitions of reactions from low viscosity solvents to
olid polymers, one consider as one of the basic attributes of
olid-phase reactions which are not finding explanations in the
raditional kinetic theory. This phenomenon finds quite logic
xplanation within the framework of considered representations.

Now let us consider the next phenomenon. As it follows from
15), value n in (17) can depend on temperature. Taking into
ccount (18), Eq. (17) can be rewritten so:

II
eff = Aeffe

−Eeff/RT = A1A
ne−((E(1)

A
+nED

A
)/RT )

= π2D

z2A−1
r

nAeff − Eeff

RT
= lnA1 + nlnA − E

(1)
A + nED

A

RT
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Fig. 4. Prospective dependence of constant of chemical reaction velocity on
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in these media, characteristic for solid media, should be quite
natural. This statement appeared correct. Namely it opens a way
to creation of PPC, satisfying a condition (1).

Table 1
Correlations times in some polymers

Polymer matrix Tc (◦C) Time of correlation
τc, 109 s at 20 ◦C

Cycled natural caoutchouck (CNC) 28 9–5
Polystyrene (PS) 110 1–2
Polyphenylene quinoxalines (PPQ) 360–380 2
Polyphenylenes (PP) – 20–30
Phenolphormaldehyde pitch (PPP) – More than 100
Siloxane caoutchoucks (SC) About 50 ◦C 1–3

Table 2
Correlations times in some liquid oligomers and monomers

Medium ( × 10−6 m2/s at 20 ◦C Time of correlation
(τc), 109 s at 20 ◦C

TGM-3a 10–30 0.05–0.06
MGF-9a 100–150 0.25
MDF-2a 800–900 0.7
emperature with taking into account a transition from a scheme I to a scheme
I. Ttr is a temperature, by which a change of reagents molecular movements
haracter occurs.

f n is some function of T, than last equality will be true at any
alues T, when

= lnAeff − lnA1

lnA
= Eeff − E

(1)
A

ED
A

ast relation can be rewritten as:

nAeff = lnA1 − lnA
E

(1)
A

ED
A

+ lnA

ED
A

Eeff,

hat corresponds to

og Aeff = a + bEeff (19)

q. (19) represents essence of compensation effect (CEF), which
s widely spread in case of many chemical, biochemical and
hysical processes [22,23]. One can also note here, that CEF is
ogic consequence of transition from scheme I to the scheme II,
aused by imposing of restrictions on molecular movements of
eagents.

Summing up above-stated, we can accept, that as the fact of
ossibility of course of chemical reactions under the scheme II,
nd a possibility of transition from scheme I to II, does not con-
radict experimental data available in the literature. To carry out
ransition to non-breakage polymerizations, it is necessary to
rake selectively only reactions of breakage of a chain of poly-
erization under the second order, having kept thus velocity of

eactions of growth of a chain of polymerization so high, as well
s in low viscosity solutions. From the formal point of view, the
ast is possible, if at change of parameter x transitions from a
urve 1 in Fig. 3 on the curves which are between curves 2 and 3,
ccur for each concrete reaction at certain characteristic for the

iven reaction value x. Basic our assumption is that there should
e some interval of values x, for example xmin ≤ x ≤ xmax within
hich there is non-breakage polymerization with the maximal
ossible velocity. What ways of detection of non-breakage poly-

O
O
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erization can be? In what media can it take place? These are
he basic questions which are considered below.

. Results and discussion

From point of view of considered representations by the most
ignificant for definition of velocity of chemical reactions under
he scheme II is mobility of reagents in a cell, i.e. not so much
ransmitting diffusion of reagents in reactor media, how their
otary diffusion. This conclusion finds many the experimental
onfirmations described, in particular, in Refs. [24,25]. For many
eactions proceeding in conditions of a solid media, linear cor-
elation between constants of velocities of chemical reactions
nd frequency of paramagnetic probe (PP) rotation is found out.
otary diffusion of reagents depends not only on temperature
f the medium, but, that has the most important value for its
ractical regulation, it depends also on viscosity of the reactor
edium and the molecular sizes of reagents. In other words, we

ave completely new mechanisms of control of velocities of the
hemical reactions, not connected with change only tempera-
ure of the medium. In various media it is possible to evaluate
he velocity of rotary movement of reagents, in particular, on the
asis of measurements by EPR method of times of correlation
f rotary movement of various PP [16,17]. In this connection,
t is interesting to compare times of correlations τc in poly-

ers and some liquid oligomers and the monomers presented
n Tables 1 and 2. From these tables it is visible, that times of
orrelation τc in some liquid oligomers have the same values, as
n such solid polymers, as PS, PMMA and others. From point
f view of considered representations display of kinetic effects
KM-2a 0.4–0.7
UMA-2100a 1.2–1.9

a Abbreviations of monomers correspond to classification, presented in Ref.
1].
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Fig. 5. Dependence of threshold photosensitivity of liquid PPC of various com-
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Fig. 6. Dependence of threshold photosensitivity of PPC layers of composition:
m
p

(
t
d
o
w
t
w
(

o
c
τ

b
i
τ

s
a
t
0
l
m
o
a
t
f
i
o
t
a
a
s
T
w

osition on intensity of light: (1) benzyl methacrylate τc = 0.1 × 10−10 s; (2)
henoxyethil methacrylate τc = 0.3 × 10−10 s; (3) TGM-3 τc = 0.4 × 10−10 s; (4)
KM-2 τc = 4 × 10−10 s; (5) OUMA τc = 8 × 10−10 s.

We present some results of the experimental investigations
onfirming this statement. From (6) follows, that at small enough
alues E0/C0 dependence of threshold photosensitivity of PPC
n intensity of light should satisfy the equation:

1

Sλ
th

= Ck

aλC0
+ αk

√
k0

n̄ · kp
√

aλC0

√
E0 (20)

t is taken into account here in addition, that in PPC highly
ffective inhibitor of radical polymerization can present with
oncentration Cx.

From (20) follows, that at k0 = 0 in coordinates 1/Sλ
th ÷ √

E0
hese dependences should be the straight lines directed under
ome non-zero angle to a coordinate axis. At k0 → 0 an angle of
n inclination of these straight lines should approach to zero too.
rom Fig. 5 follows, that in a case of oligomers (monomers), in
hich τc ≥ 0.4 × 10−10 s an angle of inclination of mentioned

traight lines is equal to zero. In such systems velocity of reac-
ion of polymerization is proportional E0 in the first degree that

eans an absence of the second order reactions of breakage of
chain of polymerization, i.e. polymerization is non-breakage.
ne can note, that synchronously with reduction of an angle of

n inclination of the mentioned above straight lines threshold
hotosensitivity of PPC grows significantly (in tens and more
imes).

On the basis of data presented in Fig. 5, it would be possi-
le to make conclusion that for entering into a non-breakage
egime of polymerization such condition must be satisfied:
c ≥ 0.4 × 10−10 s. But it is not absolutely so.

Fig. 6 shows the generalized curve of dependence of a thresh-
ld photosensitivity of various PPC on correlation time τc,
epresenting system matrix polymer–liquid oligomer.

In such systems mobility of reagents depends not only on

he molecular sizes of monomers (oligomers), but also on ratio
olymer–monomer (in detail these investigations are described
n Refs. [26,27]). In a full view, as it shown in Fig. 6, these
urves have been found out only in case of use of oligomers

“
I
m
i

atrix polymer–oligomer TGM-3 on time of correlation of rotary movement of
aramagnetic probe.

monomers), in which τc ≤ 1 × 10−10 s. It is possible to select
hree areas in Fig. 6. In an area I photosensitivity of PPC does not
epend on τc, that corresponds to a stationary regime of course
f polymerization reaction. In the area II Sλ

th grows significantly
ith increase of τc, that corresponds to a condition k0 → 0. In

he area III Sλ
th decreases with growth of τc, that can be connected

ith braking of reactions of growth of a chain of polymerization
kp → 0).

Data presented in Fig. 6, have essentially important from
ur point of view semantic loading. First, they show, that pro-
ess of braking of various reactions begins at different values
c (different values of parameter x). Second, transition to non-
reakage polymerizations comes to an end at τc ≈ 4 × 10−10 s,
.e. the completely non-breakage polymerization begins not at
c ≥ 0.4 × 10−10 s, but only at τc ≈ 4 × 10−10 s. What is the rea-
on of so big distinction in estimations of correlation time τc,
t which polymerization begins as non-breakage? The men-
ioned above contradiction arises in connection with that at
.4 × 10−10 s ≤ τc ≤ 4 × 10−10 s in case of polymerization of
iquid oligomers a mechanism of microheterogeneous poly-

erization becames more preferable. Really, if at formation
f the first molecules of polymer local microareas (microre-
ctors) arise, in which τc ≥ 4 × 10−10 s it is natural, that in
hese microareas reaction of polymerization will take place
urther according to a non-breakage mechanism with a veloc-
ty, which exceeds the polymerization velocity in other parts
f the reactor in many orders. Further it is easy to image,
hat at the certain concentration of such “points of growth”
nd diffusion run of the free radicals formed in these media
t decomposition of the photoinitiator, polymerization outside
uch microreactors may be excluded practically completely.
he last means, that in such media process of polymerization
ill occur basically due to growth of microreactors (“grains”,

points of growth”), formed on the initial stage of this reaction.

n this connection, we assume, that really non-breakage poly-
erization begins at τc � 0.4 × 10−10 s. More correctly, that

t occurs at τc ≥ 4 × 10−10 s as it displays the data in Fig. 6.
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tiators. It is possible to say, that these connections represent
exception of a rule—the majority of connections generate free
radicals as a result of a photo-redox process (reactions type of
ig. 7. Kinetic curves of photopolymerization of PPC with various viscosities:
1) τc < 4 × 10−10 s; (2) τc > 4 × 10−10 s.

hese conclusions are confirmed directly also by kinetic curves
f photopolymerization of various PPC, distinguished only with
iscosity (Fig. 7).

According to the data presented in Fig. 6, in systems, where
c ≥ 4 × 10−10 s, velocity of polymerization should be slowed
own monotonously in process of course of reaction (increase
f medium viscosity). It is in full conformity with the data
resented in Fig. 7. If at 0.4 × 10−10 s ≤ τc ≤ 4 × 10−10 s poly-
erization occurs on the microheterogeneous mechanism than

gainst those conclusions which it would be possible to make
rom Fig. 6, velocity of polymerization should remain a constant
or a long time (before connection of growing grains), instead
f to grow significantly in process of increase of a degree of
onversion of a monomer.

Summing up to the aforesaid, we come to the con-
lusion, that for realization of non-breakage polymerization
ecessary for realization of single-stage processes of syn-
hesis of polymeric products such PPC can suit, in which
× 10−10 s ≤ τc ≤ 8 × 10−10 s. This statement is one of the
asic criteria of PPC selection for these processes for us. It was
ot revealed any case that this statement has been subjected to
ny doubts.

However it is necessary to mean, that this statement is a
ecessary condition for realization of single-stage processes of

ynthesis of polymeric products, but it is not sufficient. Other
mportant requirement is to provide performance of condition
k → 1. Performance of this condition depends both on nature

F
r
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y and Photobiology A: Chemistry 196 (2008) 201–209

f used oligomers in PPC, and on type of the used photoinitia-
ors, capable to generate free radicals for initiation of a chain
f polymerization. As for oligomers (or their mixes) from the
ormal point of view of the representations stated in this article
re suitable only those, for which transitions from a curve 1 to
ny of curves between curves 2 and 3 in Fig. 3 occur for reac-
ions of growth of a chain of polymerization at such values of
arameter x which are unattainable even at αk = 1. In this article
e shall not discuss in details this question, we note only, that

he last is quite possible. First, it is possible because in many
olid polymers times of correlation τc are of the same order, as
n liquid oligomers (most likely because of “friable” packing of

olecules of polymer). Second, there is a possibility of regu-
ation both of flexibility of chains of obtained polymer, and of
ensity of its packing by optimal choice of initial structure of
PC. For the present we do not have theoretically proved rec-
mmendations about search of PPC structures for single-stage
rocesses, there is only knowledge about properties, which they
ust have.
More definitely it is possible to say about criteria of selec-

ion of photoinitiators for these processes. The photoinitiators
ontaining carbonyl group are most widely presented in the mar-
et. It is possible to divide these photoinitiators into two types
hich differ from each other by mechanisms of generating of

ree radicals: generating free radicals on reaction such as Nor-
ish I and such as Norrish II [28,29]. Our investigations have
hown, that for single-stage processes photoinitiators, in which
ree radicals are formed as a result of a straight dissociation of a
arbon–carbon couple next with carbonyl group (reactions type
f Norrish I), better suit. This statement is illustrated by data in
ig. 8.

Various ethers of benzoin belong to such type of photoini-
ig. 8. (1) System OKM-2–isobutyl ether of benzoin—generation of free
adicals by reaction of Norrish type I; (2) system OKM-2–2,4-di-tert-
utylorthoquinone—generation of free radicals by reaction of Norrish type
I.
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orrish II), in which relatively long-living molecules in excited
riplet conditions participate as intermediate products. Namely
ast circumstance is the reason of braking of reaction of initiation
f free radicals in process of increase of viscosity of the reactor
edium during polymerization (the probability of transition of a
olecule of the photoinitiator from excited triplet condition into

he basic one significantly increases due to braking of bimolec-
lar reaction of breakoff of an hydrogen atom by a molecule in
triplet condition from any donor of hydrogen). The basic role
lays here also a restrictions on molecular mobility of reagents
or the reasons considered above.

There are restrictions also on photoinitiator concentration,
ntered into PPC. It has been established, that the following
elation should be satisfied:

0 · ελ · hmax ≤ 0.3 (21)

here ελ is a molar extinction factor of the photoinitiator for a
avelength of a of light, which carries out an exposure; hmax

s the maximal thickness of a formed product in a light beam
irection.

The condition (21) follows directly from a Buger law. It is
asy to show, that if the condition (21) is satisfied, that during
n exposure of samples from two sides an intensity of light will
e practically identical along of light beams directions on any
istance from walls of the form.

. Conclusions

In summary we note the following. We have stated all basic
equirements necessary for realization of single-stage processes
f photochemical synthesis of polymeric products with optical
ccuracy. Necessity and sufficiency of these requirements are
roved by a 10 years’ operational experience of an enterprise
Reper-NN” in which all production is made under the single-
tage scheme. We shall not describe here assortment and quality
f polymeric products made in this enterprise, one can find all
hem in a site http://www.reper.ru. It is important, that all this
orks.
It would be desirable to pay attention once again that at a

ubstantiation, first of all, of the requirements showed to PPC, it
as necessary to refuse traditional concepts about the major fac-

ors determining velocities of chemical reactions. There is also
ome practical expedience in this. The matter is that single-stage
rocesses of photochemical synthesis of polymeric products
nherently are necessary for attributing to isothermal processes
n the same understanding, as well as in case of alive organ-
sms. Both in those and in other systems the methods allowing
o control processes taking place in them, are necessary. In our

ase it is a variation of reagents mobility. It is interesting, that
his method also is effectively used in alive organisms [30,31].
t is possible, that transition to single-stage processes of syn-
hesis of polymeric products can give not only economic and

[
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cological effects in the near future, but also come nearer to
eproduction under industrial conditions the organic synthesis
sed in wildlife.
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