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Abstract. It has been shown that for curing reaction in
fractal spacethereaction rate constant reductionistypical.
Another typical feature of this reaction is the formation
of a large number of microgels with smaller molecular
weight in comparison with reaction in Euclidean space at
the same conversion degree. The dimensional border
between nanoreactor and nanoparticle for the curing
reaction under consideration has been obtained.
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1. Introduction

In paper [1] it has been shown that the epoxy
polymers curing can occur in both Euclidean three-
dimensional space and the fractal one. Inthelast case the
space dimension is equal to fractal dimension D of
microgels, formed in the curing process. The main
difference of kinetic curves named conversion degree-
reaction duration (Q-t) inthe last caseis practically linear
dependence Q(t) almost up to gelation point and variation
(increase) of D value on this part of curve Q(t). The
purpose of the present paper is further study of epoxy
polymers curing in fractal space, in particular the reaction
rate constant k_and microgel s self-diffusivity D_, changing
character on the example of haloid-containing oligomer
on the basis of hexachlorobenzene curing [2].

2. Experimental

Thekinetics of curing of hal oid-containing oligomer
onthe basis of hexachlorobenzene (conditional designation
EPS-1) was studied. This oligomer was cured by 4,4’ -
diaminodiphenylmethane (DDM) at stoichiometric ratio
of DDM:EPS-1 [2].

The curing kinetics of system EPS-1/DDM was
studied by the method of inverse gas chromatography

(IGC) [2]. The basic parameter received from processing
of the experimental data was the conversion degree Q as
a function of curing duration t, determined for an interval
of kinetic curvet £ 340° s. Ketones (methyl ethyl ketone,
1,4-dioxane, cyclohexanone) were chosen as standard
substances for the determination of retention time and
argon was taken as a gas carrier.

The curing temperature of the system EPS-1/DDM
wasaccepted equal to 393 K. Themicrogd sfractal dimension
D value varied within the limits of 1.61-2.38 [1].

3. Results and Discussion

As was shown in paper [1], the value of reaction
rate constant k within the range Q » 0-0.70 for curing
reaction in Euclidean space is constant. The relation
between k , Q and D has the following form [3]:

t(D—l)/Z — Cl

kp(l- Q) (l)

where C, is a constant.
For the system EPS-1/DDM the average value
k = 0.9740 molt/s was determined [2] by IGC method.
rom the equation (1) the value C, can be determined at the
average values of the parametersincludedintoit: t = 1.5 0% s,
D =1.99and Q= 0.35. Inthiscase C = 0.0244 mol#/s. As
the calculations showed, k reduction from 4.16X10° to
0.76X0° moli/s was observed within the range
t =(0.5-2.5) ®0® s. Therange of the above indicated values
D assumes that the microgds formation occurs according
to the cluster-cluster mechanism, i.e. by the large microgel
formation from the smaller ones [4]. In this case the
microgels molecular weight MW value is determined
according to the following scaling relationship [5]:

MW ~ QZ/(3- D) (2)
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The microgel gyration radius R, is connected with
MW according to the following relationship [4]:

Rg ~ MWD ~ QZ/D(3-D). 3)

The obtained results allow to carry out the system
EPS-1/DDM curing kinetics analysis within the
frameworks of irreversible aggregation models [6]. In a
general case the relationship between kp and R, can be
presented as follows [6]:

k, ~ R (4)

Exponent wis defined by the parameters describing
clusters (microgels) motion in space and their structure.
This intercommunication has the following form [6]:

2w=-¢c+d- D, (5)
where g characterizes the dependence of microgels self-

diffusivity D, on their sizes (D_~ Rég), d is dimension

of the space, in which the curing reaction occurs, D, is
dimension of microgels random walk trajectory.

For the reactions in Euclidean spaced = 3, D = 2
(Brownian motion of microgels), g= -1 and then w = 0.
This means, that in the given case the condition should be
fulfilled:

k, = const (6)

The condition (6) is confirmed experimentally (k
velue is not changed at R increasing) [2]. For the curing
reaction proceeding in fractal space the situation differs
fully from the described above. This aspect attains special
meaning within the frameworks of nanochemistry [7],
therefore deserves consideration in more detail.

As is known [7], in nanochemistry there are two
fundamental notions — nanoparticle and nanoreactor: the
first characterizes dimensional parameter whilethe second
defines nanoobject function. Thus, iron cluster loses almost
fully its specific properties (ionizati on energy, magnetism)
and approaches metallic iron with a number of atoms in
cluster n = 15. At n > 15 it remains a nanoobject in
dimensional sense, but loses “ nanoreactor” qualities, for
which properties become a size function. In Fig. 1 the
dependence of curing rate constant k on microgels
diameter 2R, which has a very specific form is adduced.
Withinthe range of microgels(although the term* nanogel”
is more precise) diameters less than 10 nm, the valuek is
aclearly expressed rapidly decreasing function of di ameter
2R, and at 2R % 100 nm the indicated dependence is
practlcally absént. Let us note that the size 100 nm is
assumed as an upper limit (although conditionally enough)
for nanoworld objects [7]. Hence, thedatain Fig. 1 clearly
demonstratethat microgel at 2R <100nm isananoreactor
in which reaction (curing) rate is a strong function of its
size, and at 2R 3 100 nm microgel loses this function and
as amatter of fact becomes chemically inert particle. Let
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us note that the indicated transition nanoreactor—
nanoparticle is possible only in the fractal space. In
Euclidean space these notions do not differ (k = const).
InFig. 2 the dependence k (Rg) for thesystem EPS
1/DDM in log-log coordinates is shown, which is well
approximated by a straight line. From the slope of this
straight line the value 2w = —0.58 can be determined. As
was noted above, the dimension of the space, in which
curing reaction occurs, is equal to D and the value D can
be determined according to the Aarony-Stauffer rule [8]:

D, =D+1 @)

Hence, the equation (5) for the considered case
can be rewritten as follows (for any D value):

2w=-g-1 (8)
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Fig. 1. The dependence of reaction rate constant k
on microgels diameter 2R, for system EPS-1/DDM.’
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Fig. 2. The dependence of reaction rate constant k
on microgels gyration radius R, in log-log coordinates
for system EPS-1/DDM.
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Then according to the equation (8) g = —0.42 can

be obtained. This means that the self-diffusivity value D_,
-0.42

~ R*%)

in comparison with the reaction in Euclidean space (D_,~

R."). The indicated difference is demonstrated in Fig. 3.

The microgels molecular weight MW depends on
curing duration t as follows [6]:

MW ~ tD/(D—ZW) 9)

As was noted above, in Euclidean space 2w = 0

and the exponent in the relationship (9) is equal to one,

which assumes MW ~ t. For the reaction in fractal space

2w < 0 and the exponent in the relationship (9) is lessthan

one. This means that infractal space the value MW grows

slower than in Euclidean one. Thisrelation for the system

EPS-1/DDM is shownin Fig. 4. As Q valuein the second

caseis larger this means that the reaction in fractal space
gives a larger number of small clusters (microgels).

decreases with R increasing much slower (D,
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Fig. 3. The dependences of microgels self-diffusivity D_,
on curing reaction duration t in Euclidean (1) and fractal (2)
spaces for system EPS-1/DDM.
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Fig. 4. The dependences of molecular weight MW
of microgels on curing reaction duration t in Euclidean (1)
and fractal (2) spaces for system EPS-1/DDM.
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k, change indicated above can be obtained
immediately from the Smoluchowski formula, which has
the following form [6]:

k, =8pDyR (10)

For the reaction in Euclidean space D_~ and kp:
const, for the reaction in fractal space for the EPS-1/
DDM system D_, ~ andk ~, e, |t|sthatk is reduced
as supposed at curing reacti on proceeding (the increase
of R, or MW).

Let us note in conclusion the strong dependence
of kp on the microgels structure, characterized by the
fractal dimension D (Fig. 5).

Asfallows from Fig. 5, k sharp decay is observed
for D increase at D < 2 and the attainment of the values kp
on asymptotic branch at D>2. As it is known [6], within
the frameworks of irreversible aggregation models the
relationshipistrue:

d- 2
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Fig. 5. The dependence of reaction rate constant k
on microgels fractal dimension D for system EPS-1/DDM.

If for Euclidean space, for example, with d = 3,
the exponent in the relationship (11) is constant and equal
to one, then for fractal space with variable value D the
situation will be essentially different. For D < 2 the
exponent in the relationship (11) is less than zero and R
growthresultsink_ reduction under other equal conditions.
AtD=2 k dependson R, Andfinaly, at D > 2 k value
should increase at R, rlsmg Thisisexpressed by thesharp
decay of k at D < 2, since both D_ and reduce this
parameter aI microgels MW mcreasmg At D > 2D
reduction is compensated to a certain extent by grovvth
and kp decay at MW increasing is decelerated. It is easy to
seethat at D = 2.48 for EPS-1/DDM system the condition
k = congt is fulfilled. Analytically the correlation k (D)
can be presented as follows

lgk, =-1.56- 1.26(D - 1) (12)
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4. Conclusions

The results presented in this paper have shown that
for curing reaction proceeding in fractal space the reaction
rate constant reduction is typical. Formation of a large
number of microgels with smaller molecular weight in
comparison with reaction in Euclidean space at the same
conversion degree is also typical of such reaction. The
dimensional border between nanoreactor and nanoparticle
for the considered curing reaction has been obtained.
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HNEPEXIITHAHOPEAKTOP-HAHOYACTHUHKA
BITPOLIECI CTPYKTYPYBAHHSA EINIOKCUJIHUX
IIOJIIMEPIB

Anomauin. Iloxkaszano, wo 015 peakyiti CmpyKmypy6auHs
Y @ppakmanbHOMy NPOCMOPi MUNOBUM € 3HUNCEHHA KOHCMAHMU
weuoxocmi peaxyii. IHwor munosoio ocobrusicmio yiei pearkyii,
nopisuano 3 peaxyicio ¢ Eexniooeomy npocmopi, € ymeopens
8eNUKOT KiTbKOCMI MIKDO2ENO 3 HEGENUKOI MONEKYIAPHOIO MACOIO
30 00HAKOB020 CMYNeHs nepemeopeHus. [lisi po3enanymoi peakyii
CMPYKMYPYBAHHA 00EPHCAHO MENCY NePexo0y y NPOoCmoposuli Cmat

MidHc HAaHopeaxkmopom I HAHOYACMUHKOTO.

Knwwuosi cnoesa. enoxcuduuil noaimep, peaxyis 3ameepo-

JHCEHHA, PPAKMATLHUL NPOCIP, HAHOPEAKMOP, HAHOYACIMUHKA.





