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Mechanism of interaction of diallylmethylamine and its protonated
and quaternary forms with their own radicals in solvent
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The potential energy profiles of reactions of diallylmethylamine and its protonated and
quaternary forms with their own radicals were calculated by the semiempirical MNDO-PM3
method taking into account electrostatic solvation effects in the framework of the self-
consistent reaction field model. The reactions studied simulate chain propagation and chain
transfer to monomer in radical polymerization of the above monomers in dilute solutions
with different dielectric permittivities of the solvents. The conformations of monomers in the
gas phase and in solvent were studied. It was found that protonation and quaternization lead
to successive increase in the activation energy of mobile allyl hydrogen atom abstraction and
to increase in the difference between the activation barriers to competing reactions of chain
transfer and propagation. The results obtained make it possible to predict the conditions of
the synthesis of high-molecular-weight polymers based on diallylamine monomers. The
mechanisms of reactions studied are discussed.
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The problem of radical polymerization of allyl mono-
mers has long been studied.!—7 It was established that
polymerization of these compounds is to a great extent
controlled by the reaction of degradative chain transfer
to the monomer occurring with abstraction of the
a-hydrogen atom of the allyl group of the monomer by
the propagation radical to form a stable low-reactive
allyl radical. This results in the kinetic chain termina-
tion, formation of low-molecular weight oligomeric prod-
ucts, and complete inhibition of polymerization because
of the low reactivity of the allyl radical that formed.!—7

It was established in the studies of polymerization
kinetics that the polymerization rate of allyl monomers
and the molecular weight (MW) of low-molecular weight
oligomers substantially increase in complex-forming and
acidic media, viz., they increase as proton-donor prop-
erties of acid (solvent) and the basicity of allyl mono-
mers increase.3—7 This effect is explained by an increase
in the strength of the a-C—H bonds in the allyl group
upon protonation (or complexation) and by increase in
the reactivity of allyl radical, i.e., by partial transforma-
tion of degradative chain transfer into effective one in
this type of media.3—7

Al said above is also true for compounds of the
diallyl series including diallylmethylamine (1) and mono-
mers of the diallylamine series (2).6~3 Only on going to
quaternary forms of compounds 2, viz., salts of disubsti-
tuted N, N-dialkyl-N,N-diallylammonia (3), the de-
gradative chain transfer to monomer can be inhibited to

a great extent and converted into effective chain transfer
to monomer,?1® which makes it possible to solve thus
the problem of synthesizing high-molecular weight prod-
ucts based on monomers of the type 3 at relatively high
polymerization rates.10.11
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R = H, Me, CMey;
R! = R? = Me, Et or RZ = CH,COOCHMe;;
A =Cl, Br, BF,

At the same time, the mechanisms of several phe-
nomena observed in the processes under consideration
and the role of protonation and, especially, quaternization
of diallylamine in the reduction of the competing ability
of the reaction of abstraction of the a-hydrogen atom of
allyl group remain unclear. In addition, the mechanism
of the conversion of degradative chain transfer to mono-
mer into effective chain transfer to the monomer, i.e., of
the passage from the stable allyl radical to the reactive
form, has not been studied.

The aim of this work was to consider the first issue,
viz., to study addition reactions of the radical to the
double bond of the monomer and abstraction reactions
of the mobile hydrogen atom of the allyl group of the
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monomer by radical, that simulate the chain propaga-
tion and chain transfer to the monomer upon radical
polymerization of compound 1 and its protonated and
quaternary forms. This issue is of interest from theoreti-
cal point of view as a problem of structural chemistry
and, at the same time, can be a key problem for the
search of the conditions of production of high-molecu-
lar weight polymers based on monomers 1 and 2.

It was established by eclemental analysis?? and
by NMR and ESR spectroscopy!3—15 that the addition
of radical to the "tail” of onc of the allyl groups of the
monomer followed by fast intramolecular cyclization
and the formation of a five-membered cycle is the
limiting stage of reactions of the monomers of the series
2 and 3 with various radicals and in different solvents.
The acyclic radical form has not been detected to
date!3.14 because of extremely high cyclization rate (at
25 °C). No aliyl radicals formed upon abstraction of the
mobile hydrogen atom were also detected in the experi-
ments;!31 however, the ESR spectrum of a similar

radical at 77 K was first recorded in the studies of the
reaction of allyl alcohol with a radical initiator.1$ In
addition, signals of end methyl and vinyl groups indicat-
ing the occurrence of the reactions of chain transfer to
the monomer were recorded in 'H and 13C NMR spec-
tra of a polymerization product of diallyldimethyl-
ammonium chloride (4).?

Taking into account the aforesaid, we studied three
reaction systems (I—III) simulating the clementary re-
actions of chain propagation and chain transfer to the
monomer upon polymerization of compound 1, its pro-
tonated form, viz., diallylmethylammonium (5), and the
diallyldimethylammonium cation (6) (Scheme 1). Sys-
tem I was used to consider the elementary reactions
occurring upon polymerization of amine 1 in the bulk of
monomer and in organic solvents of different polarity
(the solubility of compound 1 in water does not exceed
8% under normal conditions). Using system II, an ideal
limiting case of the interaction between cations of a
completely protonated monomer and radical in highly

Scheme 1
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dilute acidic solutions of different polarity was simulated
(the effect of anionic residue of the acid was not consid-
cred). Using system IIlI, we studied clementary poly-
merization reactions of salt 4 in highly dilute solutions
where its cation 6 is free solvated and isolated from the
influence of solvated CI™ anion in solution.

Calculation procedure

Calculations of the gas-?hasc reactions were performed by
the MNDO-PM3 method!’ with full geometry optimization
using the MOPAC-6 program, while radical forms were calcu-
lated in the framework of the UHF approximation. Zero-point
vibrational energy corrections were ignored. The inductive
effect of the N atom in the series of monomers 1, 2, 5, and 6
was also assessed by the AM1 method.!® Previously, the PM3
and AM1 methods were used to calculate the potential energy
profiles and surfaces, as well as the entropy factors of analo-
gous reactions, e.g., the radical dimerization of ethylene and
chain transfer to monomer,!? and dimerization of scveral
acrylates.19:28 Comparison of the resuits obtained for these
systems using semiempirical and various ab inifio methods has
shown!® that the former provide semiquantitative agreement
with experimental data.19:2¢

The potential energy profiles were calculated along the
reaction coordinate, i.e., along the distance /| between the
reacting carbon atom of (hc mdxcal and the terminal atom of
the double C=C bond of the monomer (Fig. 1, a) and along
the distance /, between the reacting carbon atom of the radical
and the mobile hydrogen atom of the allyl group of the
monomer (Fig. 1, »). After reaching a transition state (TS)
whose geometry was also controlied by special search using the
MOPAC-6 program, the TS energy was additionally scanned
through the torsion angle of rotation (9) of one allyl group
about the other one in the monomeric fragment and then the
structure of the found TS conformer of minimum energy was
refined in & narrow region of the /) or h reaction coordinates
in the vicinity of the saddle point.

Calculations of the clectrostatic solvation effects were per-
formed using the SOLPAC program,?! which employs the self-
consistent reaction field (SCRF) approximation??* and
semiempirical methods at the stage of quantum~chemicat cal-
culations. Trial calculations of several ammonium (including
pyrrolidinium and N-methylpymolidinium) and oxonium ions
showed that the experimental values of the sums of clectro-
static and specific contributions to the free hydration energy
are reliably reproduced in the framework of the SOLPAC
procedure.2! The small contribution of specific solvation due
to hydrogen bonding to the free hydration energy of ammo-
nium ions is in agreement with the experimental data23,

Full optimization of geometric parameters of the ground
state of monomer 5 performed with consideration of the
solvent effect showed that the enthalpy of formation of §
decreases slightly (by 0.1 kcal moi™!) as compared to the value
obtained using the gas-phase parameters. Hawever, these cal-
cuiations appeared to be time consuming (about 6 h of com-
puting time). At the same time, it was reported?! that the use
of gas-phase parameters in calculations performed taking into
account medium effects should not introduce considerable
errors. Therefore calculations with consideration of solvent
effects were carried out using optimum geometric parameters
of the reagents and TS fragments calculated for the gas phase.
In this case the TS structure was partly optimized along the /|,
/3. and ¢ reaction coordinates with inclusion of solvent effects
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Fig. 1. Structures of transition states of reactions (1a) and (4)
in Scheme I: addition of radical to the double bond (a@) and
abstraction of a-hydrogen atom of the allyl group (5).

by scanning through a specified range of the values of these
gas-phase parameters, which, as a rule, did not change on
taking account of clectrostatic solvation.

As is known, the free solvation energy (AGg) can be
represented as the sum of electrostatic (AG,) and specific
(AGy;) contributions and also the overall contribution (AGy) of
the dlspcmon van der Waals, and cavitation free energies
(AGy can be considered as a nonclectrostatic contribution),
dependent, in particular, on the volume of the cavity (V)
occupied by a solute molecule (ion) in the medium2!:

AGS = AGcl + AGsp + AGy. (7)

In the case of equilibrium solvation the activation energy
of reaction in sotution (E;g) is determined by the sum of the
activation energy in vacuum (£Eg) and the difference between
the free solvation energies of the TS (AGs*) and the reagents
(AGs):

Eys = Eo + A(AGY),

A(AGs) = AGs™ — TAGS

Taking into account the reported data,2!.23 for the reac-
tions coasidered the AG, term in Eq. (7) can be neglected. We
did not assess the contribution of the AG, free energies.
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Obviously, this introduces no considerable error when compar-
ing the energetics of the chain propagation and chain transfer
reactions for the same reaction system, because the initial
reagents remain the same, the structures of the TS are almost
identical, and the volumes of the cavities for the transition
states of chain propagation and chain transfer, according to
our calculations, are equal for cach of the systems I—III.
Elimination of the AGy terms can introduce a smafl error when
determining the relative energetics of two reactions for systems
I and III or systems II and III (the volumes of the cavitics
occupied by the reagents and the TS in systems [ and II are
virtually equal). The maximum difference in the volumes of
the cavities due to the introduction of Me groups into the
reagents and TS is small and approximately constant (accord-
ing to our calculations, it is 14 to 16% when comparing the
reagents (or the TS) for systems 1 and I1I). Taking into
account that, according to the experimental data (sece Ref. 21
and references cited therein), the introduction of one Me
group into the molecules of cyclic or aliphatic hydrocarbons
increases the positive hydration energy of the hydrocarbons
{which is, obviously, determined by the AGy term) by no more
than 0.3—0.4 kcal mol™l and that the effect of the introduc-
tion of two Me groups is, as a rule, less than the additive effect
(no more than 0.6 kcal mol™1), we get that the maximum error
will be no more than 0.2 kcal mol™ when comparing the Eq s
values for the reactions occurring in different systems. The emror
of the determination of the £ s absolute value is expressed by
the AGy” — EAGY term, where AGy” is the free nonelectrostatic
solvation energy of the TS and AGY is the sum of the
contributions of the free nonelectrostatic solvation energies of
the reagents. Taking into account that introduction of one
CH;, group into a hydrocarbon molecule increases the positive
encrgy of its hydration by approximately 0.2 kcal mol™}, 2t jt
can be shown that the desired error for the systems under
consideration will be no more than 1 kcal mol™!. Thus, the
Eg s values were calculated using the equation

a)_s "~ E) + (AGd' - ZAGdr), 8)

where AG4* is the free clectrostatic solvation energy of the TS
and TAG. is the sum of the contributions of the free electrn-
static solvation energy of the reagents.

It is obvious that the length of the macroradical chain
should not affect the activation energy of the reactions under
study (in contrast to its effect on the entropy factor)!?; hence
the results of calculations of the activation barriers to the
above reactions can be compared with the kinetic data for
actual polymerizing systems in the linear region of small
monomer conversions (up to 2—5%).

Results and Discussion
Reagents

According to the results listed in Table 1, the free
electrostatic solvation energies of cationogenic mono-
mers and radicals are well reproduced by the computa-
tional method used. Introduction of a Me group in
positions 3 and 4 of N-methylpyrrolidinium causes a
decrease in the AG, value of the 1,3,4-trimethyi-
pyrrolidinium radical (7), whereas introduction of the
second Me group in position 1 of radical 8 leads to a
further decrease in the AG, value by 4 kcal mol™!. The
AG,, values of monomeric forms 5 and 6 are smaller

Table 1. Free electrostatic solvation energies (AG,/keal mol™1)
of cationogenic reagents?

Compound AG, (calc.)  AGy + AG?
Pyrrolidinium 61.8¢ 62.8
N-Methylpyrrolidinium 56.0¢ 56.2

7 549

8 50.8

5 522

6 48.7

/

4 g = 80.
b Estimates of experimental values were taken from Ref. 21.
¢ Calculated using the SOLPAC program.2!

than those of the corresponding radicals 7 and 8 because
of the more branched structure of the former.

In the course of calculations we studied possible
spatial conformations of the monomers, obtained by
rotating onc allyl group about the other. Several stable
conformations of each monomer can be found both in
the gas phase and in solvent (¢ = 80), viz., three confor-
mations of monomer 1 (cis-, gauche-, and frans-con-
formers whose heats of formation (AH) differ by
1.2 kcal mol™!) and monomer 5 and two conformations
of monomer 6. These results are in agreement with the
data obtained by steam chromatography, according to
which there is a possibility of separating compound 2
into scveral stercoisomers? using AgNO; (this part of
the study is of special interest and requires additional
investigations). Calculations of activation energies were
performed for conformers with minimum AH; values.

Reactions of addition to the double bond —
chain propagation

The energy diagrams of the reactions of free-radical
addition to the double bond in solvent (¢ = 80) are
shown in Fig. 2. According to calculations, an open
form of the dimeric radical is the stable product formed
in the limiting stage (a) both in the gas phase and in
solvent. An early TS, in which the structure of the
reacting fragments is close to that of the initial reagents,
is observed at this stage (see Fig. 1, a), which is in
agreement with general concepts of free-radical addi-
tion?S and, in particular, with the results of ab initio
calculations of the TS structure of ethylenec radical
dimerization (see Ref. 26 and references cited therein).
Structural similarity of the TS and reagents is in agree-
ment with the high exothermicity of reactions (1a)—(3a)
obtained in calculations (see Fig. 2); the end products
of all reactions following the routes (1)—(3) are more
thermally stable cyclic dimeric propagation radicals 10,
14, and 18, respectively, formed as a result of intramo-
lecular cyclization (see Fig. 2).

Changes in the activation energies of chain propaga-
tion reactions (la)—(3a) are small; they correlate with
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Fig. 2. Energy diagrams of the reactions of addition of radical
to the double bond (dashed line) and abstraction of the
a-hydrogen atom of the allyl group (solid linc) for systems [
(a), 11 (b), and 111 (c).

electronic and energy characteristics of interacting fron-
tier n-orbitals {(FMQ) and are controlled -primarily by the
energy difference between these orbitals (Table 2), which
is in agreement with the concepts of radical addition.
A slight increase in the Ejg energy of the reaction of
addition to the double bond observed upon protonation
and quaternization (the difference between the Eg g values
of reactions (3a) and (la) or (2a) can be 0.2 kcal mol™!
smaller if calculations of solvation effects are performed
taking into account the AGy terms, see above) is associ-
ated with increase in the difference between the HOMO
energies of radical and monomer. This is due to a higher

Table 2. Calculated activation energies (£g, £gs/kcal mol™!)
of chain propagation reactions and cormrelations with x-electron
characteristics (Egppo. £./eV) of interacting frontier molecular
orbitals (FMO)

Reac- Eq, s Epmo® E®
tion vacuum € =80 g = 25

(1a) 5.5 5.8 5.8 0.52 0.71
(2a) 45.2 6.5 7.4 1.44 0.24
(3a) 4.5 6.8 7.6 1.42 0.20

2 The energy difference between the interacting FMO; ¢ = 80.
® Estimate of the x-electron enerzy of the interaction between
the FMO; calculated in the framework of perturbation theory
(see, e.g., Ref. 25); the p resonance integral was assumed to be
equal to 1 ¢V; e = 80.

stabilization of monomeric forms upon protonation or
quaternization as compared to radicals. The increase in
the activation energies of the reactions of cationogenic
forms upon decrease in the dielectric permittivity of the
medium is due to the decrease in the free solvation encrgy
in less polar media, which manifests itself to a greater
extent for bulky structures of TS.

No experimental data on the activation energies of the
reactions considered are available. The rate constant for
chain propagation in the polymerization of compound 4
was reported, viz, k, = (2.0£0.2)-10° L mol™! s7!
at a concentration of 0.75 motl L~! and T = 25 °C.%7
Using the experimental value of the entropy
(preexponential) factor for ethylene polymerization
(1.9:107 L mol™! 571),26 jt is possible to estimate the
activation energy (£,) at 25 °C, which is equal to
5.5 kcal mol™!. Comparison with this value is somewhat
incorrect since it is only a rough estimate. At the same
time, it was mentioned above that taking account of the
AGy terms may lead to a decrease in the calculated
absolute values of Egg of reaction (3) by a value of
IAGy* — SAGY| ~ | kcal mol™!. However, the application
of temperature corrections should increase the Ey g value
by a value not larger than RT (i.e., 0.6 kcal mol™! at
25 °C).* On the whole, the calculated absolute values of

* The height of the potential barrier (£j) calculated with
inclusion of zero-point vibrational energy comections and the
E, value obtained experimentally from the Arrhenius equation
are related to the considered type of reactions as follows?8:

E, = Ey = RT?- d{In[Q"/(Qmon * Craa)1}/dT + RT,

where %, Quon. 3nd Q4 are the molecular partition func-
tions over states for the TS, the monomer, and the radical,
respectively. The second and third terms in this expression are
temperature corrections for the Ey value. For the reaction of
addition of ethy! radical to ethylene (calculations by the
QCISD(T)/6-311G* method), the ternperature correction for
323 K calculated at a HF/6-31G* level of theory was
1.8 kJ moi™! (0.4 kcal mol™!), i.e., somewhat less than the
corresponding RT value (0.6 kecal mol™}).2¢
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Ey 5 of reactions (1a)—(3a) are in agreement with experi-
mental and theorctical data on the activation energy of
addition of a hydrocarbon radical to the double C=C
bond. The experimental Eyg value for the well-studied
reaction of ethylenc polymerization is 7.3 kcal mol™! at
50 °C (see references cited in Ref. 26), whereas the K g
values for ethylene dimerization calculated by the
ab initio QCISD(T)/6-311G* method with inclusion of
zero-point vibrational energy correction calculated at the
HE/6-31G* level of theory without considering solvent
effects are 7.4 and 7.8 kcal mol~! without and with
temperature correction (+0.4 kcal mol™! at 50 °C), re-
spectively.28 It should be noted that the activation energy
calculated at lower levels of theory (e.g., by the
HF/3-21G and HF/6-31G* methods) without inclusion
of electron correlation appeared to be overestimated (8.9
and 12.2 kcal mol™!, respectively).2é

Abstraction of the maobile proton —
chain transfer to monomer

A characteristic collinear structure of TS (see Ref. 29
and references cited therein) was obtained for the reac-
tions of proton abstraction (see Fig. 1, b). According to
calculations, the activation enecrgics of the reactions of
proton abstraction considered above are higher than
those of corresponding alternative reactions of addition
to the double C=C bond (Table 3, see Fig. 2), which is
in agreement with the experimental data on the activa-
tion energies of the reactions of chain propagation and
abstraction of the mobile proton in the radical polymer-
ization of ally! acctate.! Charge separation in TS ob-
served for reactions (4)—(6) is a specific feature of this
type of reactions.?? Transition states of reactions (5) and
(6) arc solvated bctter than those of the alternative
reactions (2a) and (3a), respectively (Table 4), which is
likely due to a higher polarization of the charges. Addi-
tion of the second Me group to the N atoms in the TS of
reactions (3a) and (6) leads not only to a regular de-
crease in the absolute values of AG,* of these structures
as compared to the corresponding values for the TS of
reactions (2a) and (5), but also to a decrease in the
difference between the free solvation energies of TS and
corresponding initial reagents; this difference is a rela-
tive quantity determined by structural and electronic
parameters of the systems and is independent explicitly
of the number of Me substituents, in contrast to the
absolute free energics (Sec Tdble 4).

It seems likely that the increase in the barriers to the
reactions of abstraction of the mobile proton in the
series (4)—(6) is determined by gwo factors. The first
factor is the strength of the «-C—H bonds of allyl
groups, which increases upon protonation or
quaternization of the amines (see Table 3). Selected
energy and structural characteristics of monomers 1, §,
6, and 2 calculated by the AM1 method are listed in
Table 5. In this case the AMI method is more illustra-
tive in reproducing the changes in the bond lengths and

Table 3. Calculated activation energies (£,
Ey s/keal mol™!) of the reactions of abstraction of the
a-hydrogen atom and the encrgies (Ep/eV) of the
a~-C—H bonds

Reac- Ey, Ey s E*
tion vacuum e =80 e=25

“@ 6.1 64 64 —12.55
(5) 52.8 7.7 9.0 -—12.69
(6) 524 9.2 10.1  —-12.71

* The total two-center encrgy of the a-C—H bond.

y

Table 4. Absolute and relative free electrostatic
solvation encrgies (AG./kcal mol™!) of transition
states of reactions of cationogenic forms?

Reaction -AG, AG*y — IAGy ®
(2a) 145.8 - =387

(3a) 137.1 -37.6

() 152.2 —45.1

6) 142.7 ~43.2

¢ e = 80.

5 Difference between the free electrostatic solva-
tion epergies of transition state and the reagents.

electronic structure observed upon protonation and alky-
lation in the serics of amines considered. From the data
in Table 5 it can be scen that protonation or quater-
nization causes jumpwise changes in the characteristics
of the systems as compared to the nonionized amines 1
and 2. Most likely, the formation of the bond with the
vacant clectron pair leads to a decrease in the inductive
effect of the N atom and, hence, to a weakening of the
C—N bonds of allyl groups and, correspondingly, to a
strengthening of a-C—H bonds. Alkylation itself intro-
duces no considerable changes.

The analysis performed shows that the increase in
the activation energy of abstraction of a hydrogen atom
on going from the protonated amine to the quaternary
form is due to solvation effects caused by introduction of
a Mec substituent, which leads not only to an absolute,
but also to a relative decrease (compared to solvated

Table 5. Structural and energy characteristics of monomers
calculated by the AM1 method

Com- —Ef(a-C—H) Pa-C—H)? —~E(a-C~N) Ha-C—N)
pound Jeve Jeve JAC

2 11.97 0.946 14.79 1.452

1 11.97 0.948 14.66 1.457

5 12.07 0.952¢ 12.99 1.507

6 12.09 0.952 12.91 1.513

4 The two-center cnergies of the a-C—H and o-C—N bonds.
5 The order of the a-C—H bond.
¢ The a-C—N bond length.
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reagents) in the free electrostatic solvation energy of the
TS of reaction (6).

According to experimental data on the polymeriza-
tion of allyl acetate in the bulk, the ratio of the
preexponential factors of chain propagation and chain
transfer reactions is equal to 1.! It was shown by the
ab initio quantum-chemical methods that the entropy
factors of the reactions of ethylene dimerization and
chain transfer to monomer (abstraction of the hydrogen
atom of the CH, group by ethyl radical) are equal.!?
This result becomes understandable when it is consid-
ered that the TS of two alternative routes of radical
reactions are structurally similar; it also suggests that the
preexponential factors of chain propagation and chain
transfer reactions we have considered are also equal. In
this connection it is of interest to consider the differ-
ences between the activation energies (AEyg) of com-
peting reaction routes in solution, because the AL
values are rclative quantitics that are independent of
temperature cotrections {due to the equality of the
entropy factors) and solvation effects AGy. Comparison
of the AFy 5 values for the reactions of radical addition
to the double bond and abstraction of the a-hydrogen
atom for the three systems studied showed that the
activation barriers to chain transfer reactions are higher
than the Eyg values for chain propagation reactions,
that protonation and quaternization lead to successive
decrease in the competing ability of the reaction of
chain transfer to monomer, and that this effect increases
to a certain extent as the dielectric permittivity of the
solvent (¢) decreases (Table 6). According to the experi-
mental data on radical polymerization of allyl acetate in

Table 6. Calculated differences in activation cnergies of the
reactions of addition to the double bond (g s()/kcal mol™)
and those of abstraction reactions of the a-hydrogen atom
(Ey s@/kcal mol™!) and experimentally observed degrees of
polymerization (n)

Reac- ABys = gl ke n
tions = Fos®'— Eys!! (estimate)®  (experiment)
com- (calculation)

pared e=25 €=280

(1a) and (4) 0.6 0.6 ~3 —4
(2a) and (5) 1.6 1.2 ~8 ~7; <100¢
(3a) and (6) 2.5 24 ~55 21004

¢ Estimate obtained using the data for AE35 (e = 80, T =
25 °C) listed in this table and taking into account the equality
of the preexponential factors.

b No polymer was isolated.?—7.19

¢ Potlymerization of compound 1 in the presence of HCI 8 (at
T = 30 °C) and polymerization of allylamine in the presence
of excess H3PO,4 under conditions of photolytic initiation (at
T = 20 °C),% respectively.

@ See references cited in Refs. 10 and !1.

the bulk,! the difference in the activation energies of the
reactions of abstraction of the mobile hydrogen atom of
the allyl group and chain propagation (AE,) is
3 kcal mol™}. A degree of polymerization of about 20
was achieved in this system,! whereas even oligomers
were not detected in the polymerization of allylamines
and diallylamines in the absence of acids or complexing
agents.2~7 Thus, the AL g value obtained for the poly-
merization of compound 1 seems to be rather reason-
able.

On the whole, the ratios of the rate constants for
chain propagation and chain transfer reactions assessed
from the cquality of the preexponential factors arc in
satisfactory agreement with the experimental data (sce
Table 6). It is obvious that the AEys/(RT) ratio will
decrease with increasing temperature, i.e., the compet-
ing ability of chain transfer reactions will increase. In
fact, the degree of allyl acetate polymerization decreases
from 25 to 18 as temperature increases from 60 to
85 °C.! ’

Analysis of the results obtained and the reported data
shows that the presence of a sufficient amount of stable
protonated forms of the monomer and a minimum
amount of nonprotonated forms in the polymerizing
system is a necessary condition for the decrease in the
competing ability of chain transfer reactions upon poly-
merization of non-quatermary compounds of the diallyl-
amine series (in particular, amine 1). The use of quater-
nary derivatives in the form of salt 4, first, provides the
possibility of cxistence of stable fonogenic forms of the
monomer and propagation radicals and, second, leads,
as has been shown above, to an additional increase in
the activation energies of chain transfer reactions due to
solvation effects.

Obviously, it is difficult to reach an equilibrium at
which the base could exist only in its protonated form in
the acid—basc system and it scems likely this was the case
in the polymerization systemns studied previously.3—3 Nev-
ertheless, there is a possibility of reaching such an equi-
librium. For instance, it was shown by IR Fourier spec-
troscopy that in dilute nonpolar solutions of complexes of
several pyridines (with pK, 2 6.37) and trifluoroacetic
acid, CF;COOH, the equilibrium is shifted toward the
formation of jonized structures only.3® Taking into ac-
count that the pK, values for diallylamines are no less
than 9, the study of their polymerization in the presence
of CFyCOOH seems to be promising.

Thus, we obtained results that are adequate for the
experimental data on both qualitative and quantitative
levels using semiempirical computational methods with
small expenditures of computing time (no longer than
30 min for calculations of TS in vacuum and no longer
than 3 h for calculations of electrostatic solvation ener~
gies on a Pentium- 166 personal computer). In the case
of ab initio calculations of this type of reactions for a
more simple system (ethyl radical—ethylene) without
considering solvation effects, good quantitative agree-
ment with experiment was achieved only at high levels
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of theory (e.g., QCISD(T)/6-311G** calculations of TS
on an IBM RS/6000 workstation take about two
weeks), 1926 whereas the neglect of electron correlation
and the use of smaller basis sets leads to a considerable
deterioration of results.1326 From this point of view the
use of semiempirical computational methods with con-
sideration of solvation effects in the studies of reaction
mechanisms (and search for transition states) of rather
large chemical systems with open clectron shells is
justified.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 97-03-
32773a).
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