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Structural and hydrodynamic characteristics of polystyrene
synthesized in the presence of conjugated dinitrones
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A series of branched high-molecular-weight alkoxyamines (HAAs) based on polystyrene of
different molecular weight were synthesized using nitroxide radicals generated in sifu in the
presence of conjugated dinitrones (N,N-dimethylglyoxaldinitrone, N,N-di-tert-butylgly-
oxaldinitrone, and N, N-diphenylglyoxaldinitrone). Structural features of the products obtained
were studied by MALDI-TOF mass spectrometry. Modification of the synthesized HAAs in the
presence of azobisisobutyronitrile, carbon tetrabromide, dodecyl mercaptane, 4,5,5-trimethyl-
2,2-diethyl-2,5-dihydroimidazole-1-oxyl, and 3,5-di-tert-butylbenzoquinone, as well as ther-
molysis of the HAAs in the presence of atmospheric oxygen showed that the nitroxide fragments
are located within the polymer chain irrespective of the initial structure of the conjugated
dinitrone. The molecular weight characteristics and conformational properties of the nitroxide-
containing linear macromolecules and polymers were studied by static and dynamic light scat-
tering and by viscometry. In most cases, the calculated values of the p-parameter (R,/R,) and
the Zimm viscosity factor of the branched polystyrene samples synthesized using conjugated
dinitrones are lower than those of linear analogues.
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The concept of controlled radical polymerization
(CRP) developed in the last two decades opened new
prospects in polymer chemistry.1=4 There are three main
routes in CRP, viz., stable free-radical polymerization
(SFRP), atom transfer radical polymerization (ATRP),
and reversible addition-fragmentation chain-transfer
polymerization (RAFT). They provide powerful tools for
the synthesis of polymers with specified molecular weight
(MW), chemical structure, and architecture including
dendrimers, hyperbranched polymers, multiple-arm stars,
molecular brushes, and other macromolecular struc-
tures.1—8

Among these CRP methods, SFRP, or the synthesis
of polymers mediated by stable nitroxide radicals in the
reversible inhibition regime, is one of the best studied
approaches that does not require additional purification
of polymers from catalysts.?—1! Stable nitroxide radicals
and alkoxyamines (AAs) used as main SFRP agents are
often synthesized from commercially available spin traps.
The spin trap based AAs can be obtained either ex situ
(with preliminary synthesis and isolation of AAs)%10 or
in situ (during the polymerization process).!2—22 Imple-
mentation of the latter technique in the SFRP strategy
opened new prospects for the synthesis of high-molecular-
weight alkoxyamines (HAAs) and (co)polymers with
specified structure and topology and allowed one to carry

out controlled synthesis in the practically more convenient
temperature range (70—90 °C) and to extend the range of
monomers that can be polymerized in the reversible inhibi-
tion regime.2—22 This method of synthesis of HAAs in
the monomer medium at relatively low temperatures,
where the decomposition of HAAs is impossible, was called
enhanced spin capturing polymerization (ESCP).23—25
The HAAs obtained at higher temperatures (above
100 °C) were used to synthesize various block copolymers
and to carry out post-polymerization.23—25

High-molecular-weight AAs based on spin traps with
symmetric structure can also be obtained using radical
trap-assisted atom transfer radical coupling (RTA-
ATRC).26—34 The technique involves the synthesis of
a polymer with a particular structure and MW character-
istics in the ATRP regime followed by coupling of high-
molecular-weight radicals mediated by nitrones or
nitroso compounds in the presence of a catalytic system
based on transition metals.

These methods deserve particular attention from the
standpoint of efficiency, versatility, and possibility to ob-
tain macromolecules of complex structure and different
topology. For instance, star-shaped, H-shaped, cyclic,
dendritic, and other polymeric products were synthe-
sized in the SFRP, ESCP, and RTA-ATRC regimes in
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the presence of functional nitrones.?:30—35 Note that
the development of new methods for the synthesis of
branched polymers is to a great extent due to the differ-
ence of the physicochemical properties of these polymers
from those of their linear analogues. Branched polymers
possess a number of unique properties and have a wide
variety of applications including biomedical ones.30 In
particular, star-shaped polymers are characterized by low
viscosity, good solubility, high strength, encapsulability,
and are used as carriers for drug and gene delivery, in tissue
engineering and diagnostics, and for the design of anti-
bacterial biomaterials.37

The aim of this work was to develop a strategy for the
synthesis of branched styrene (ST) based polymers in the
presence of spin traps, namely, conjugated dinitrones
(DNs) bearing various substituents at nitrogen atom, and
to study the structure and conformational properties of
the polymers synthesized.

Results and Discussion

Earlier,1 we established that HAAs obtained in situ
during the polymerization of ST mediated by various
mononitrones (C-phenyl- N-tert-butylnitrone, or PBN,
and 2-(benzylideneamino)-2-methyl-1-phenylpropanol-
1-N-oxide, or BMPO) can efficiently control the poly-
merization process in the reversible inhibition regime at
temperatures below 90 °C. Here we tested this approach
to the synthesis of HAAs using DNs of different structure
(MDN, BDN, and PDN).
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N,N-Diphenylglyoxaldinitrone (PDN)

It was established that these DNs efficiently control
the rate of ST polymerization and the MW characteristics
of polystyrene (PS) in a wide temperature range from 70
to 130 °C. For instance, in Fig. 1 the MW of PS synthesized
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Fig. 1. Molecular weight (@) and dispersity (b) of polystyrene
synthesized at 90°C in the presence of AIBN (1 mol.%) and
dinitrone (1.5 mol.%) plotted vs. monomer conversion: MDN
(1, 1), BDN (2, 29, and PDN (3, 3).

in the presence of DNs (1.5 mol. %) is plotted vs. monomer
conversion. As can be seen, the MW increases linearly
with the monomer conversion in the presence of all DNs
studied. However, the dispersity of PS depends strongly
on the DN structure. In particular, ST polymerization in
the presence of MDN affords highly disperse samples
(M,,/M,, = 5.4 at 90 °C; cf. 2.15 for PS synthesized in the
presence of PDN at deep monomer conversions). In
contrast to ST polymerization in the presence of MDN
and PDN, the synthesis of PS in the presence of BDN
results in narrow-dispersity samples (minimum disper-
sity is 1.43).

Styrene polymerization mediated by glyoxal-based
DNs was thoroughly studied in different temperature and
concentration conditions elsewhere.2? Note that the
structure of DNs and the stability of the HAAs based on
them are of great importance for implementation of the
reversible inhibition regime. Indeed, steric hindrances
produced by the methyl, fert-butyl, and phenyl substituents
in the DN are different and can immediately affect both
the accepting ability of the nitrone and the lability of the
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C—O bond in the HAA molecules. It is no coincidence
that the HAAs based on MDN (the least sterically hindered
nitrone) provide the best control of ST polymerization
only at high temperatures (130 °C), as indicated by the
relatively low dispersities of the PS samples synthesized
in DMSO (M,/M,, = 1.65). When using HAAs based on
the other two dinitrones (BDN and PDN) bearing bulkier
substituents, the optimum temperature regime of control-
ling the MW characteristics (70—90 °C) is similar to the
conditions of industrial polymer synthesis. This allows one
to obtain polymers with a dispersity of 1.42 for the BDN-
mediated polymerization. At 130 °C, controlling the MW
characteristics of PS in the presence of in situ synthesized
HAAs (BDN and PDN) becomes more difficult due to the
lower accepting ability of these DNs compared to MDN
and to different stability of the HAAs under those condi-
tions. In addition, the possibility to use BDN in the high-
temperature regime is limited by the occurrence of side
processes. In particular, BDN-based nitroxide radicals
can decompose to 2-methyl-2-nitrosopropane (MNP) and
tert-butyl vinyl nitroxides at high temperatures.3® We also
showed that an increase in the polymerization time and
temperature leads to decomposition of the BDN-based
HAASs, which manifests itself in changes in the color of
the polymerization system to dark brown and in minor
variations of the MW characteristics of PS.

Note that, unlike the mononitrones PBN and BMPO,
DNs are somewhat less efficient in the in situ polymeriz-
ation of ST aimed at obtaining narrow- dispersity poly-
mers.1%:20 This can be due to different accepting ability of
mono- and dinitrones and to the stability of the corre-
sponding HAAs.

A distinctive feature of DNs is the possibility to medi-
ate the synthesis of branched polymers, namely, three- and
four-arm ones (Scheme 1).

Star-shaped polymers are obtained using two synthetic
methodologies, a divergent (core-first) and a convergent
(arm-first).39 In this respect the in situ synthesis of HAAs
mediated by glyoxal-based a.-DNs represents an original
route to branched polymers based on the divergent strat-
egy (see Scheme 1). However, the efficiency of formation
of branched HAAs can depend on the steric hindrances
produced by substituents in the o.-DN molecules, on the
redistribution of the electron density in the initial DNs
and in the products (HAASs), and on the stability of inter-
mediates and HAAs in the course of polymerization. By
and large, these factors should influence the rate constant
for acceptance of chain propagation radicals by the DNs
under study and, as a consequence, the ability to form
star-shaped structures.

To determine the composition, structure, and confor-
mational properties of the polymers obtained during the
in situ synthesis of HAAs, we modified a number of poly-
mers and analyzed their MW characteristics and structures
by gel permeation chromatography (GPC), MALDI-TOF
mass spectrometry as well as static and dynamic light
scattering.

Modification of polystyrene synthesized in the presence
of DNs and a study of its composition and structure. First,
the composition of polymers synthesized by the MDN- and
BDN-mediated polymerization was studied by MALDI-
TOF mass spectrometry. Samples of low-molecular-weight
MDN-based PS (M,, = 6000, M,,/M,=4.51) and BDN-
based PS (M, = 4200, M,,/M,, = 1.38) were analyzed in
detail. The DN-based HAAs were analyzed using two
different matrices, frans-2-[3-(4-tert-butylphenyl)-2-
methyl-2-propenylidene]malonitrile (DCTB) and 2,5-di-
hydroxybenzoic acid (DHB) (see Figs 2 and 3, respec-
tively). A MALDI-TOF analysis of the MDN-based HAA
using the DHB and DCTB matrices revealed that the
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Fig. 2. MALDI-TOF mass spectra (m/z range 1700—2100 Da) of polystyrene (M,, = 6000, M,,/M,, = 4.51) synthesized in the presence
of MDN (3 mol.%) and AIBN (1 mol.%) at 90 °C: DHB matrix, no salt (a) and DCTB matrix, with Ag salt (b); and of HAA (M,, = 7600,
M,,/M,, = 3.95) synthesized in the presence of MDN and modified in the presence of CBr4 at 130 °C: DCTB matrix, with Ag salt (c).
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Fig. 3. MALDI-TOF mass spectra (m/z range 1900—2400 Da) of polystyrene (M,, = 4200, M,,/M, = 1.38) synthesized in the presence
of BDN (3 mol.%) and AIBN (1 mol.%) at 90 °C: DHB matrix (a); DCTB matrix, with Ag salt (b); and of HAA (M,, = 3100,
M,,/M,, = 1.47) synthesized in the presence of BDN and mofidied in the presence of CBry4 at 110 °C: DCTB matrix, with Ag salt (c).
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Table 1. Structures corresponding to peaks in the MALDI-TOF mass spectra (see Figs 2 and 3) of MDN- and BDN-based

HAAs and modified products

Figure Dinitrone Peak Structure? MW, oo/ Da MM,,/Da
Fig. 2, a MDN 4 MDN(AIBN),(ST);5C¢HsCH,H™" 1906.7 1905.3
Fig. 2, a MDN 1 MDN(AIBN),(ST) sH" 1919.8 1921.6
Fig. 2, a MDN 2 MDN(AIBN),(ST)sCH,H"* 1933.8 1935.2
Fig.2,a MDN 3 (AIBN)(ST)gCH,H"* 1957.9 1959.8
Fig.2,b MDN § MDN(AIBN),(ST)4,CcHsCH,Ag 1909.4 1903.1
Fig.2,b MDN 5 MDN(AIBN),(ST)sAg™ 1922.5 1921.1
Fig. 2, b MDN 6 MDN(AIBN)y(ST);sCH,Ag™* 1936.5 1934.0
Fig. 2, b MDN 7 (AIBN)(ST);CH,Ag" 1960.6 1961.4
Fig. 2, ¢ MDN?® 9 MDN(AIBN),(ST)sAg" 1922.5 1921.4
Fig. 2, ¢ MDN?® 9 (AIBN)(ST),¢BrAg* 1922.3 1921.4
Fig. 2, ¢ MDN® 10 (AIBN)(ST);Ag* 1946.6 1946.1
Fig. 2, ¢ MDN? 11 (AIBN)(ST);Ag”" 1960.6 1958.7
Fig. 2, c MDN? 11 MDN(AIBN)(ST)¢Ag* 1958.5 1958.7
Fig. 3, a BDN 12 (AIBN)(ST)gCH,H" 1957.9 1956.2
Fig. 3, a BDN 13 (BDN); 5(AIBN),(ST);H* 2007.9 2010.1
Fig. 3, a BDN 14 (AIBN)(ST)oH* 2048.0 2044.1
Fig. 3, b BDN 15 (AIBN)(ST),;CH,Ag" 1960.6 1955.7
Fig. 3, c BDN? 16 (AIBN)(ST);Ag* 1946.6 1946.6
Fig. 3, c BDN? 17 (AIBN)(ST),;CH,Ag™" 1960.6 1961.9

Here (AIBN) stands for cyanopropyl radical (C4HgN), (ST) stands for CgHg; MDN stands for (CH;NOCH),; and BDN

stands for (C(CH;3);NOCH),.
5HAA modified in the presence of CBry.

MALDI-TOF mass spectra represent series of main signals
(Fig. 2, a, signals I; Fig. 2, b, signals 5) characteristic of
the HAA containing MDN and two cyanoisopropyl groups.
The weaker signals observed with a period of 104.15 Da
using both matrices (Fig. 2, a, signals 2—4; Fig. 2, b,
signals 6—&, Table 1) correspond to decomposition prod-
ucts of the MDN-containing macromolecules under the
MALDI ionization conditions. The main decomposition
channels of the PS chain containing no DNs are presented
in Scheme 2.

Figure 3, a demonstrates the MALDI-TOF mass
spectrum of PS synthesized in the presence of BDN. It
was recorded using the DHB matrix. In contrast to the
MALDI-TOF mass spectrum of the MDN-containing
HAA the spectrum of PS synthesized using BDN-mediated
polymerization exhibits one strong signal (signal 12) cor-
responding to the product of PS decomposition under the
MALDI ionization conditions (see Table 1, Scheme 2).
In addition, there are two weak, nearly background-level
signals separated by an interval of 104.15 Da. Signal 13
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corresponds to a single-nitroxide product of HAA decom-
position at the C—C bond in the DN molecule while
signal /4 corresponds to the protonated polystyrene chain.
The MALDI-TOF mass spectrum of the BDN-based HAA
recorded using the DCTB matrix (see Fig. 3, b) is similar
to the spectrum recorded using the DHB matrix, which
also exhibits one main peak (15) corresponding to the
polystyrene chain (see Scheme 2) formed upon the de-
composition of HAA. Indeed, BDN-based nitroxide
radicals are unstable under UV irradiation and decompose
to MNP and tert-butyl vinyl nitroxides at high temper-
atures.38 Therefore, the decomposition products observed
in the MALDI-TOF mass spectra of the BDN-based HAA
can form both during the polymerization and under the
ionization conditions of the polymer samples.

The results of the MALDI-TOF analysis unambigu-
ously demonstrate the presence of nitroxide moieties in
the HAAs but give no structural information. In particular,
the question about location of the nitroxide fragment in
the polymer chain (as terminal group or within the chain)
remains unanswered. To analyze the structure of the
polymers synthesized in the presence of a-DNs in more
detail, we modified them in the presence of chain transfer
agents (dodecyl mercaptane C,H,5;SH, CBry4) and stud-
ied thermal decomposition of the HAAs followed by chain
termination on different inhibitors (atmospheric oxygen;

. . ) \ '
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4,5,5-trimethyl-2,2-diethyl-2,5-dihydroimidazole-1-oxide
(nitroxide N); 3,5-di-tert-butylbenzoquinone-1,2 (35Q))
and on a cyanoisopropyl radical generated during the
decomposition of azobisisobutyronitrile (AIBN) (Scheme 3).
Preliminary studies showed that modification of HAAs
takes 20 h at 90 °C and 7 h at 130 °C to complete. No
further decrease in the MW of the HAAs was observed at
longer times.

Location of the nitroxide fragment in the HAAs was
assessed from the decrease in the MW of the modified
polymers compared to the starting unmodified polymers,
in particular, from the MW values corresponding to the
peak on the MW distribution (MWD) curve (M,,, see
Tables 2—4). Note that the decomposition and modifica-
tion of the HAAs based on a-DNs containing intramo-
lecular nitroxide moieties should be accompanied by
a decrease in the MW of the end product (Scheme 4, reac-
tions 2—4). The MW characteristics of low-molecular-
weight AAs and HAAs with terminal nitroxide group (see
Scheme 4, reaction 1) should remain unchanged.

The MDN-containing PS was modified in the presence
of CBry as efficient chain transfer agent (chain transfer
constant is 2.2 at 60 °C, see Ref. 40) and various inhibitors
of radical processes including 35Q, atmospheric oxygen,
and the nitroxide radical (nitroxide N) at 130 °C. This
temperature range is optimum for carrying out MDN-

Table 2. Molecular weight characteristics of the thermolysis and modification products of the HAAs synthe-
sized in situ in the presence of AIBN (1 mol.%) and MDN (0.5 mol.%)

Run Components 7/°C tmod®/h Mt 1073 M, 1073 M,/M, AM,,
1 Unmodified 1 90 — 3.8 9.3 2.45 —

2 1, CBr4, THF 130 7 3.7 5.5 1.49 3800
3 1, 35Q, THF 130 7 44 6.0 1.36 3300
4 1, 0, DMSO 130 7 3.3 7.2 2.18 2100
5 1, N, O, DMSO 130 7 4.3 7.6 1.77 1700
6 Unmodified 2 90 — 10.5 47.2 4.50 —

7 2, CBry, C¢Hg 130 7 8.6 30.6 3.55 17000
8 2, 0, DMSO 130 7 11.0 35.5 3.22 11700

9 tod is the HAA modification time or the thermolysis time.
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Table 3. Molecular weight characteristics of the thermolysis and modification products of the HAAs synthesized in situ in the
presence of AIBN (1 mol.%) and BDN (0.5 mol.%)

Run Components 7°C fmoa/D Mpt1073 M=1073 M, 107%  M/M, AM, AM,
1@ Unmodified 3 90 — 4.2 5.8 4.8 1.38 — —

2 3, CBry, CgHg 110 20 3.1 4.6 4.0 1.48 1200 800

3 3, C|;HysSH, C¢Hg 110 20 1.9 4.7 4.1 2.47 1100 700

4 Unmodified 4 90 - 7.8 12.7 11.0 1.63 — —

5 4, CBry, C¢Hg 110 20 5.8 10.6 9.0 1.83 2100 2000
6 4, CyH,5SH, C4Hg 110 20 7.0 10.3 8.6 1.47 2400 2400
7 Unmodified 5 90 — 8.6 14.8 13.9 1.72 - -

8 5, CBry, THF 130 7 7.7 12.5 10.4 1.62 2300 3500
9 5,35Q, THF 130 7 8.6 133 11.0 1.54 1500 2900
10 5,0,, DMSO 130 7 7.8 13.0 10.9 1.67 1800 3000
11 5,N, 0, DMSO 130 7 7.3 12.6 10.5 1.73 2200 3400
12 Unmodified 6 90 - 10.8 20.5 16.6 1.90 — —

13 6, AIBN, C¢Hg 90 20 10.1 18.8 15.6 1.86 1700 1000
14 6, CBry, C¢Hg 110 20 7.8 16.2 13.4 2.07 4300 3200
15 6, C|;HysSH, CgHg 110 20 9.6 16.3 13.9 1.70 4200 2700
16 6, CBry, THF 130 7 9.5 16.1 13.1 1.69 4400 3500
17 6, 35Q, THF 130 7 9.8 16.6 13.6 1.69 3900 3000
18 6, 0,, DMSO 130 7 9.3 17.2 14.1 1.83 3300 2500
19 6,N, 0, DMSO 130 7 9.3 16.4 12.6 1.76 4100 4000
20 Unmodified 7 70 — 23.1 524 36.6 2.27 — —

21 7, AIBN, CgHg 90 20 19.3 47.0 325 2.44 5400 4100
22 7, CBry, C¢Hg 110 20 14.6 42.0 27.3 2.87 10400 9300
23 7, C1;HysSH, C4Hg 110 20 17.6 43.0 283 2.44 9400 8300
24 7, CBry, THF 130 7 14.9 38.8 25.6 2.60 13200 11000
25 7,35Q, THF 130 7 16.8 40.4 25.2 2.40 12000 11400
26 7, 0,, DMSO 130 7 15.2 40.2 26.2 2.64 12200 10400
27 7, N, 05, DMSO 130 7 13.5 30.5 19.9 2.25 21900 16700

4 HAA synthesized in the presence of BDN (3 mol.%).
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Table 4. Molecular weight characteristics of products thermolysis and modification of HAA synthesized in situ in the presence

of AIBN (1 mol.%) and PDN (0.5 mol.%)

Run Components 7°C tmod/h M, 1073 M, 103 M, 1073 M,/M, AM,, AM,,
1 Unmodified 8 90 — 10.7 19.1 17.0 1.79 — —
2 8, AIBN, C¢Hg 90 20 10.1 18.0 15.9 1.78 1100 1100
3 8, CBry, C¢Hg 90 20 9.6 17.7 15.9 1.84 1400 1100
4 8, C{,H,sSH, C¢Hg¢ 90 20 10.8 17.9 16.8 1.66 1200 200
5 8, CBry, TGF 130 7 11.0 17.1 15.6 1.55 2000 1400
6 8, 0,, DMSO 130 7 10.2 17.2 15.8 1.69 1900 1200
7 8, N, 0, DMSO 130 7 9.0 16.0 12.8 1.78 3100 4200
84 Unmodified 9 90 — 13.9 28.8 24.4 2.08 — —
9 9, AIBN, C¢Hg 90 20 14.0 28.3 24.0 2.02 500 400
10 9, CBry, C¢Hg 90 20 13.6 27.4 23.7 2.01 1400 700
11 9, C{,H,5SH, C¢Hg 90 20 14.6 27.7 23.8 1.90 1100 600
12 Unmodified 10 90 - 18.0 52.7 28.9 2.93 — -
13 10, AIBN, C¢Hg 90 20 19.3 53.4 28.9 2.76 — —
14 10, CBry, C¢Hg 90 20 18.9 52.0 29.5 2.75 700 —
15 10, C;,H,5SH, C¢Hyg 90 20 19.5 52.5 29.5 2.70 200 —
16 Unmodified 11 70 — 38.9 88.0 71.7 2.26 — —
17 11, AIBN, C¢Hg 90 20 41.0 87.1 71.7 2.12 900 —
18 11, CBry, C4Hg 90 20 37.7 85.5 70.5 2.27 2500 1200
19 11, CBry, TGF 130 7 45.6 82.5 68.0 1.80 5500 3700
20 11, 35Q, TGF 130 7 41.4 80.8 68.2 1.95 7200 3500
21 11, O,, DMSO 130 7 333 80.0 70.1 2.40 8000 1600
22 11, N, O, DMSO 130 7 25.6 73.4 67.3 2.87 14600 3800

¢ HAA synthesized in the presence of PDN (3 mol.%).

mediated CRP of PS in the reversible inhibition regime.20
Therefore, decomposition of MDN-based HAAs will
proceed with the highest efficiency under these conditions.
Changes in MW were evaluated from the M,, values treated
as the most reliable experimental data. The modified
products based on the PS samples synthesized in the pres-
ence of MDN (0.5 mol.%) and isolated at different ST
conversions (samples 1 and 2) demonstrated a decrease in
their MWs (see Table 2). In the course of modification or
thermolysis the corresponding MWD curves are shifted
toward lower MW values (Fig. 4). Noteworthy, as the MW
of the starting PS sample increases from 3.8 (sample 1) to
10.5 kDa (sample 2), the corresponding M,, difference
also increases. This can be indicative of either migration
of the nitroxide fragment toward the mid-point of the
polymer chain during MDN-mediated polymerization of
styrene or possible formation of a star-shaped polymer
whose decomposition produces two polymer chains (see
Scheme 4, reaction 4). It should be noted that modification
of the HAAs synthesized under identical conditions but
isolated at different monomer conversions (see Table 2,
¢f. runs 2 and 7, 4 and 8) is accompanied by changes in
the MWs of both decomposition products (see Table 2,
columns "M,," and "AM,,"). The increase in the MWs of
both decomposition products including the nitroxide one
can suggest that the initial stage of the process mainly
involves the formation of linear polymers that undergo

transformation to four-arm star-shaped structures (see
Scheme 4, reactions 3 and 4).

Structure determination of the modified HAA sample
was performed by MALDI-TOF mass spectrometry using
the DCTB matrix and the silver salt (see Fig. 2, ¢). This
MALDI-TOF mass spectrum differs from that of the start-
ing unmodified MDN-containing PS (see Fig. 2, ). The
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Fig. 4. Molecular weight distribution curves of polystyrene syn-
thesized in the presence of MDN (0.5 mol.%) and AIBN
(1 mol.%) at 90 °C: umodified PS sample with M, = 10500 Da (/)
and PS modified in the presence of CBr, at 130°C (2).
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MALDI-TOF mass spectrum of the PS sample modified
in the presence of CBr, exhibits three peaks. One of them
corresponds to the starting MDN-containing polymer
(signal 9) while the other two peaks (signals /0 and 71)
correspond to the HAA decomposition products. Note
that signal /7 can correspond to two structures of the HAA
decomposition products (see Table 1). Besides, peak 9can
also correspond to the bromine-containing polymer chain.
By and large, the intensities of these signals unambiguously
prove the HAA decomposition at the C—O bond of the
polymer—nitroxide group fragment under the modification
conditions.

Modification of PS was studied in detail taking the
BDN-containing HAA as an example. A total of five PS
samples with 4.2 < M, < 23.1 kDa (samples 3—7, see
Table 3) and a number of modifiers (AIBN, C,,H,5;SH)
were studied. The temperature range of the modification
and thermolysis processes was extended to 90—130 °C. It
was established that, similarly to the MDN-containing
HAA, decomposition of the BDN-based PS also efficiently
proceeds at 130 °C. However, decomposition at the C—O
bond in the HAA molecule can also proceed under milder
conditions (at 90—110 °C). For instance, the MW of the
modified sample decreases at 90 °C in the presence of
AIBN in contrast to the MW of the starting unmodified
sample. Modification and thermolysis proceed most ef-
ficiently in the presence of CBr,4 and nitroxide N and at-
mospheric oxygen. As the MW of the starting PS increases,
the MW difference between the starting and modified
product slightly increases, being most pronounced for the
modification of PS (M,, = 23100) synthesized at 70 °C. It
follows that the nitroxide moiety in the PS sample with
the higher M, is closer to the mid-point of the polymer
chain. In addition, as in the case of the MDN-based
samples, the MWs of the decomposition products of the
samples isolated at different monomer conversions change
(see Table 3, ¢f. modification of samples 5 and 6, runs §
and 16). This also suggests a gradual transformation of the
two-arm structures to four-arm ones.

Figure 5 presents the MWD curves of the BDN-based
HAA and a product of thermolysis in the presence of nitr-
oxide N and atmospheric oxygen. The MWD curve is
noticeably shifted toward lower MW values. By and large,
the results of modification and thermolysis of BDN-based
HAA show that the nitroxide moiety is located within the
polymer chain.

Differences between the MALDI-TOF mass spectrum
of the PS sample obtained by BDN-mediated polymeriz-
ation and modified in the presence of CBr, in a benzene
solution and the spectrum of the unmodified PS sample
(see Fig. 3, b, c) are less pronounced than for the MDN-
containing samples. In particular, the MALDI-TOF mass
spectrum of the modified sample exhibits two intense peaks
(signals /6 and 17, see Fig. 3, ¢ and Table 1) correspond-
ing to decomposition products of the PS sample (see
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Fig. 5. Molecular weight distribution curves of polystyrene syn-
thesized in the presence of BDN (0.5 mol.%) and AIBN
(1 mol.%): unmodified PS sample with M,, = 23100 Da (7) and
PS (M,, = 13500 Da) modified in the presence of nitroxide N
and atmospheric oxygen in DMSO solution (2).

Fig. 3, ¢). Coincidence of the signals in the MALDI-TOF
mass spectra of the unmodified sample (Fig. 3, b) and the
modified product (Fig. 3, ¢), as well as the decrease in the
MW of the BDN-based HAA under the modification
conditions (90—130 °C) is indicative of the decomposition
of HAA under MALDI ionization conditions. Modification
of the PDN-containing HAA led to somewhat different
results compared to those obtained for the MDN- and
BDN-based HAAs. Earlier,20 we found that PDN influ-
ences the kinetics of ST polymerization and the MW
characteristics of the polymers to a lesser extent. Indeed,
PDN-mediated polymerization affords macromolecules
with higher MW from 10.7 to 38.9 kDa (samples 8—11).
It was shown that modification and thermolysis of these
samples at 90 °C causes a slight decrease in the MW of the
HAA and that the MW difference between the unmodified
and modified samples can be comparable with the error
in MW determination by GPC (see Table 4). Raising the
temperature of (i) modification in the presence of CBry
and (ii) thermolysis in the presence of atmospheric oxygen
and nitroxide N or 35Q to 130 °C causes a greater increase
in the MW difference between the unmodified PS and the
modified product for both the sample with M, = 10700
(see Table 4, runs 5—7) and the higher-molecular-weight
AA (see Table 4, runs 19—22). However, in contrast to
the MDN- and BDN-based HAAs, the shift of the MWD
curves of the PDN-containing HAA toward lower MWs
is less pronounced (see Figs 4—6), although a shoulder is
formed in the lower-MW region.

Thus, a MALDI-TOF mass spectrometric and GPC
analysis of HAAs as well as modification and thermolysis
of these compounds made it possible to determine the
structure of both untreated and modified PS samples and
to assess the location of the nitroxide moiety in the mac-
romolecules. In particular, HAAs obtained by MDN- and
BDN-mediated polymerization of ST contain the nitrox-
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Fig. 6. Molecular weight distribution curves of polystyrene syn-
thesized in the presence of PDN (3 mol.%) and AIBN (1 mol. %)
at 90 °C: unmodified PS sample with M, = 38900 Da (/) and PS
modified in the presence of atmospheric oxygen and nitr-
oxide N (2).

ide fragment within the polymer chain. Changes in the
MWs of both decomposition products of the HAAs isolated
at different monomer conversions (see above) also provide
indirect evidence of formation of star-shaped structures.

Hydrodynamic and conformational characteristics of
polystyrene macromolecules synthesized in the presence of
a-~dinitrones. Theoretically, the use of a-DNs as mediators
of in situ polymerization of ST allows one to synthesize
branched polymers (three- and four-arm star-shaped
polymers, see Scheme 1). As mentioned above, steric
hindrances produced by substituents in the DN molecules
can govern the formation of macromolecules having
a particular configuration. The results of the MALDI-TOF
mass spectrometric and GPC analyses of PS do not provide
unambiguous information on the topology of macromol-
ecules. In particular, BDN-containing HAAs decompose
under MALDI ionization conditions (see above). The

MDN-based HAAs contain the nitrone group and two
cyanoisopropyl groups. Note that DN-mediated synthesis
of PS at 90 °C and at higher temperatures can be initiated
not only by an initiator, but also thermally.4! The initiat-
ing radical (product of a Diels—Alder reaction) will cor-
respond to the doubled MW of styrene; thus unambiguous
determination of the HAA structure and the more so the
topological features of the macromolecules by MALDI-
TOF mass spectrometry is impossible. To this end, we
studied a number of hydrodynamic parameters of macro-
molecules that allow one to better assess the architecture
of the PS samples. Table 5 presents the synthesis condi-
tions for and the MW characteristics of the DN-based PS
samples studied in this Section.

The M,, values were determined from the Debye equa-
tion (1) and by the double extrapolation method from the
Debye—Zimm equation (2) using the static light scatter-
ing data. The viscosity-average MWs (M,)) are listed
in Table 5.

Ke 1 o4
RG Mw (1)

where K is the optical constant

K= 42} [dljz
Nad \de )’

c is the solution concentration; Ry is the Rayleigh ratio of
the excess intensity of light scattered at an angle of 90°;
A, is the second virial coefficient; N, is the Avogadro
constant, A, is the wavelength of incident light, n is the
refractive index of the solvent, # is the refractive index of
the solution, and dr/dc is the refractive index increment

K-c 1 167t2n§
=——-1+
Ry M,, 3)\5

~R§-sinzg}+2A2-c, )

where 0 is the light scattering angle and Rg is the radius of
gyration.

Table 5. Synthesis (90 °C, with AIBN (1 mol.%) as initiator) and molecular weight characteristics of PS samples

Sample no. Dinitrone t/h S? (%) GPC M, + 1073 M,,* 1073
M, - 10-3 M, 10-3 M,/M, from light scattering data

Debye Zimm
1 — 2 32 25.5 45.8 1.8 — 51.1 51.2
2 — 1.3 87 17.6 64.5 3.67 64.4 — —
3 MDN (0.5) 25.3 85 11.6 64.4 5.57 494 72.1 72.7
4 MDN (3.0) 5.0 77 9.8 26.6 2.72 26.2 38.1 38.8
5 BDN (0.5) 10.0 68 12.3 23.1 1.86 21.7 27.5 27.3
6 BDN (1.5) 150.0 61 8.0 14.0 1.75 15.4 26.0 26.0
7 PDN (0.5) 2.0 83 16.0 39.4 2.46 31.8 49.3 49.6
8 PDN (3.0) 47.5 68 14.9 30.6 2.06 24.8 32.1 33.1

@ § stands for monomer conversion.
bSample synthesized at 110°C.
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Fig. 8. Zimm double extrapolation plot taken over concentration
(c) and angle (0) for solution of polystyrene sample synthesized
« in the presence of MDN (0.5 mol.%).
1 P 3 ¢+ 10%/g cm™3 Figure 9 presents the concentration dependences of

Fig. 7. Concentration dependences of the inverse intensity of
scattered light Kc/Rg for solutions of polystyrene synthesized by
DN-mediated polymerization in toluene: 0.5 mol.% MDN (1);
3 mol.% MDN (2); 0.5 mol.% BDN (3); 1.5 mol.% BDN (4);
0.5 mol.% PDN (5); and 3 mol.% PDN (6).

Figure 7 presents the dependences of the inverse in-
tensity of scattered light (K c)/Rgy, on the concentration
¢ of the studied PS samples. These are linear plots char-
acteristic of dilute polymer solutions. The Y-intercept
equals 1/M,, while the slope equals the doubled second
virial coefficient A, (see Table 6). As should be expected,
the A, coefficient for the toluene—PS system is positive
and rather large, being characteristic of thermodynamically
good solvents.

The double extrapolation method is more accurate and
allows one to calculate the MW of a polymer ignoring the
macromolecular conformations in solution, the A, coef-
ficient, and the radius of gyration of the macromolecule
based on the Zimm plot (Fig. 8).

the reduced viscosity ng,/c for the PS solutions. They were
analyzed using the Huggins equation (3):

22 [y} k' P,

(3)

where k”is the Huggins constant that characterizes the
thermodynamic interaction polymer—solvent and the
hydrodynamic behavior of the solution.

The calculated £ values of the PS samples synthesized
in the presence of a-DN are listed in Table 6. The constant
k’ allows one to evaluate the affinity between the poly-
mer and solvent. The larger the difference between
the nature of solution components the larger the con-
stant k- The lower the quality of the solvent the larger
the number of encounters between macromolecules
and the larger the Huggins constant. The Huggins con-
stants of the PS samples synthesized using both the
conventional initiator and DNs fall in the range from
0.08 to 0.33 (see Table 6). These values as well as the 4,
values also suggest good solubility of all PS samples
in toluene.

Table 6. Molecular weight and hydrodynamic characteristics of polystyrene samples

DNs

Run M,.? Ay 104 [nl k' Dy 107 R, Ryp Ry P g (RA/M,)+103
(mol.%) +1073 /em3molg=2 /em3g! /em?2 1 m /nm /nm?2 mol™!

1 — 51.0 6.06 — — — 9.8 — 62 — 0.99 1.88

20 — 64.4 — 354 0.12 — — A — 0.99 —

3 MDN(0.5) 727 6.30 29.5  0.18 4.6 6.6 8.5 7.0 0.78  0.77 0.60

4 MDN(3.0) 38.8 3.50 19.0 0.18 6.4 8.4 6.1 4.9 1.38  0.76 1.82

5 BDN (0.5 273 3.01 16.7  0.33 73 10.1 54 42 1.87  0.86 3.74

6 BDN(L.5)  26.0 4.49 132 0.16 7.3 8.8 54 3.8 1.63  0.69 2.98

7  PDN(0.5) 496 5.51 217 0.15 4.3 9.0 9.0 5.6 1.00 0.73 1.63

8  PDN (3.0) 33.1 5.20 183 0.08 6.1 9.6 6.5 4.6 1.48  0.82 2.78

4 MW was determined from the Zimm plot.
bThe viscosity-average MW; p = Ry/Ru_p; 8" = Inlpr/Mliin-
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Fig. 9. Reduced viscosity ng,/c plotted vs. concentration ¢ of
solution of polystyrene synthesized under DN-free conditions
(1) and in the presence of dinitrones: 0.5 mol.% MDN (2);
3 mol.% MDN (3); 0.5 mol.% BDN (4); 1.5 mol.% BDN (5);
0.5 mol.% PDN (6); and 3 mol.% PDN (7).

The intrinsic viscosity [n] values of the PS samples
calculated from the Mark— Kuhn—Houwink equation (4)

[n] = K- M*, “

where K= 17+1073 and a = 0.69 at 25 °C (see Ref. 42)
were used to determine the Mn values (see Table 5).

The viscosity-average MWs of the PS samples fall in
the range from M, to M,,. Note that the MWs of the PS
samples calculated using the Debye—Zimm plot are in
very good agreement and differ only slightly. Contrary to
this, the difference between the My, values determined by
GPC and by static light scattering is very large (see Table 5).
The error in determination of these values for most PS
samples synthesized in the presence of DNs can be as large
as 15—20%. Underestimation of the My, value determined
by GPC compared to the true My, value can be due to the
formation of branched polymers in the presence of DNs.
The M,,©PC values depend on the hydrodynamic radius
of macromolecules, which is usually smaller for branched
molecules compared to linear ones.43

The hydrodynamic and conformational properties of
macromolecules are in no small part due to the molecular
architecture (types of branching, rigidity, and the size and
number of arms). To study the configuration of PS macro-
molecules synthesized in the presence of a-DNs in more
detail, these samples were characterized by dynamic
light scattering. All PS solutions in toluene were charac-
terized by one diffusion mode (Fig. 10) indicating
the formation of true molecular solutions. The hydro-
dynamic radii, R;,_ p, of macromolecules were evaluated
using the Stokes—Einstein equation (5) and experimen-
tal data:

0.5

20 40

Ry_p/nm

Fig. 10. Plots of relative light intensity //1,,, vs. hydrodynamic
size Ry, of scattering particles for solutions of PS synthesized in
the presence of AIBN (1 mol.%) and different dinitrones
(3 mol.%): MDN (1), BDN (2), and PDN (3).

p =Bl 5)
6o Ry—p
where Dy is the diffusion coefficient, kg is the Boltzmann
constant, 7'is absolute temperature, and n is the viscosity
of the solvent.
Using the [n] values, were also calculated the hydro-
dynamic radii of macromolecules from the Einstein
formula:

v (anj NaRioy
[n]= 2.5NA[ e ] RSV (6)
HYRE
_ 3nMy, |3
Rhﬂ] _[ 10TENA ] (7)

where Ry,_, is the viscosity hydrodynamic radius of the
equivalent sphere (see Table 6); V is the volume of the
sphere; and M, is the MW of the polymer determined by
static light scattering.

The data of Table 6 show that the viscosity hydro-
dynamic radii (Ry,_,)) of the PS samples synthesized in the
presence of a-DNs are comparable with their diffusion
hydrodynamic radii (R},_ p), being noticeably smaller than
the latter. This is due to the fact that for these samples the
principle of equivalence of the size of macromolecules for
translational (diffusion and sedimentation) and rotational
(intrinsic viscosity) motion is violated.

The hydrodynamic properties of polymers are governed
by the density of the molecular coil. One should expect
that branched and linear polymeric systems of the same
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chemical nature will behave differently in solution. For
instance, the structure of a macromolecule is characterized
by the ratio of the hydrodynamic radius R;,_ p to the radius
of gyration R, of the macromolecule, or the so-called
o-parameter proposed by Burkhard, p = Rg/Rh_ p (see
Table 6). It characterizes the degree of asymmetry of the
macromolecule in solution. The p values for certain macro-
molecular conformations are available. It is commonly
believed#4 that a hard sphere is characterized by p = 0.778
while a Gaussian coil of polydispersed linear polymer is
characterized by p = 1.73 in 0-solvent and p = 2.05 in
good solvent. Ellipsoids and rigid-rod polymers have
p > 2.05. Four-arm polydispersed star-shaped polymers
in 0-solvent are characterized by p = 1.534. An increase
in the number of arms or branching points in the macro-
molecule causes the p-parameter to decrease to 1.225. The
p-parameter of PS synthesized in the presence of BDN
(0.5 mol.%) is close to that of the Gaussian coil of linear
polydispersed polymer (see Table 6). The p-parameters of
PS synthesized in the presence of MDN (0.5 mol.%) and
PDN (0.5 mol.%) are close to that of a hard sphere or
hyperbranched polymers. By and large, changes in the
concentration of MDN, BDN, and PDN according to the
analyzed parameter can lead to formation of branched and
star-shaped polymers.

Branching in macromolecules is also evaluated using
the so-called Zimm branching factor of the radius of gyra-
tion (g) and the Zimm branching factor of intrinsic viscos-

ity (g

2

R
g=—3", ®
&lin
g e ©)
Mnn
g =g (10)

where Rgbr and Rglin are the hydrodynamic radii of the
branched and linear polymer, respectively, and [n],; and
[nlin are the intrinsic viscosities of the branched and
linear polymer having the same MW, for regular star-
shaped polymers the exponent b is less than unity, being equal
to 0.5 for the 0-solvent or to 0.6—0.8 for good solvents.43

In most cases the Zimm branching factor of the radius
of gyration for branched polymers is less than unity. As
the number of branching points increases, the parameter
g decreases. Since accurate determination of the radius of
gyration by light scattering is difficult, especially for poly-
mers with low MWs, and since the intrinsic viscosity can
be measured experimentally with high accuracy, it is ap-
propriate to experimentally determine the g’ parameter
rather than g. We evaluated the Zimm branching factors
of intrinsic viscosity for a number of samples (see Table 6).

The [n]y;, values were calculated using the Mark—Kuhn—
Houwink equation (4) and the absolute values of M,,
determined by light scattering. From the data of Table 6
it follows that the g’ parameters of all DN-based PS
samples are smaller than the corresponding g parameters
of linear analogues. It should be noted that the MDN-
based PS samples and the PS samples with high concentra-
tions of BDN are characterized by the lowest g values.

The g parameters of branched macromolecules of
regular structure, viz., star-shaped structures with same-
length arms are calculated from the expression

§=3/p =2/p% a1

where p is the number of branches.46

For instance, the theoretical value of the Zimm branch-
ing factor of the radius of gyration is 0.78 and 0.63 for
three- and four-arm star-shaped macromolecules, respec-
tively. Taking account of Eq. (10), the theoretical g” value
in a good solvent should be approximately 0.86—0.81 for
the three-arm and 0.76—0.69 for the four-arm star-shaped
structures. Thus, our estimates of the g° parameters of the
PS samples synthesized in the presence of DNs suggest
the possibility of formation of star-shaped structures at
different concentrations of MDN, PDN, and BDN
(1.5 mol.%). However, it should be noted that the PS
samples obtained in situ in the presence of DNs can be of
different architecture (contain linear and branched forms,
e.g., three- and four-arm stars of irregular structure). In
this connection, it can only be said of the apparent
p-parameter and Zimm branching factor of intrinsic vis-
cosity that allow one to compare different polymers and
provide qualitative assessment of the effect of the number
of branching points on the degree of compression of the
macromolecular coil.

We also calculated the Rgz/]\/lW values to evaluate the
compactness,48 one more characteristic of the behavior
of macromolecules in solution, using the static light scat-
tering data. Compactness of a macromolecular coil in
solution is governed by the macromolecular conformation.
The larger the R,2/M,, value the less compact the macro-
molecular coil.#® From the data of Table 6 it follows that
the compactness of macromolecular coils correlates with
the p-parameter and the Zimm branching factor of intrin-
sic viscosity for all the samples studied. The most compact
are the samples obtained in the presence of 0.5 mol.%
MDN and PDN; compactness of the BDN-based PS
increases with increasing DN concentration.

The results obtained show that DN-mediated polym-
erization is suitable for the synthesis of star-shaped struc-
tures. The polymers obtained in the presence of MDN and
PDN are more branched than those synthesized using
BDN. We believe this feature is due to instability of the
HAAs formed in the presence of BDN since BDN-based
nitroxides can decompose to give MNP (see Ref. 38) that
mediates the formation of linear polymers. Indeed, based
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on the p-parameter and compactness values, MDN- or
PDN-mediated synthesis of polymers at a DN : AIBN
ratio of 0.5 : 1 affords more branched structures than those
formed at higher DN concentrations (DN : AIBN=3:1).
It should be noted that, theoretically, it isa DN : initiator
ratio of 0.5 : 1 that is most appropriate for the formation
of four-arm star-shaped structures. At a higher DN con-
centration, an excess amount of DN can lead to formation
of linear macromolecules along with the branched struc-
tures and thus to an increase in the apparent p-parameter
and compactness values. However, the opposite was ob-
served in the case of BDN, viz., it is the increase in the
BDN concentration that allows one to synthesize branched
structures. This fact is consistent with the stability of ni-
troxide radicals generated from BDN.

Summing up, in this work we carried out a detailed
analysis of the structure and configuration of PS macro-
molecules obtained in the presence of a-DNs as precursors
of stable nitroxide radicals. To determine the structures
of HAAs, the synthesized PS samples were modified (nitr-
oxide moiety was replaced by the cyanoisopropyl radical,
bromine, and hydrogen atoms), exposed to thermolysis,
and then a MALDI-TOF mass spectrometric analysis of
both unmodified and modified polymers was performed.
It was established that modification of the MDN- and
BDN-based HAAs synthesized in situ during the poly-
merization of ST causes a considerable decrease in the
MW of the samples. This is indicative of the formation of
HAAS containing the nitroxide fragment within the poly-
mer chain. In addition, it was shown that the changes in
the MW of both decomposition products formed during
modification of the PS samples isolated at different mono-
mer conversions can serve an indirect proof of the form-
ation of branched structures. Our static and dynamic light
scattering study of the conformational properties of the
synthesized HAAs revealed the possibility to synthesize
miktoarm star-shaped polymers by varying the conditions
of DN-mediated polymerization of ST irrespective of the
DN structure. It was established that the key factors re-
sponsible for the formation of star-shaped structures in
the presence of a-DNs include their accepting ability and
the stability of the DN-based nitroxide radicals formed
in situ, as well as the optimum concentration of glyoxaldi-
nitrones. In particular, star-shaped macromolecules can
form in the presence of excess amount of sterically hin-
dered BDN owing to the possibility of decomposition of
the corresponding nitroxide radicals. Branched macro-
molecules can also be obtained using lower concentrations
of more thermally stable MDN and PDN.

Experimental

Reactants. Styrene (Aldrich) was purified from inhibitors by
10% aqueous NaOH, the alkali was washed off with water until
neutral pH, and the solution was dried over calcined calcium

chloride. Then, ST was distilled collecting the fraction with
b.p. 48 °C at 20 Torr.49 Azobisisobutyronitrile (Aldrich) was
recrystallized from ethanol following a conventional procedure.50
Dichloromethane, isopropyl alcohol, and acetone (Komponent-
Reaktiv, Russia) were dried over calcined calcium chloride and
distilled. Toluene (Komponent-Reaktiv, Russia) was dried over
calcium chloride and then distilled over metallic sodium; DMSO
was dried over sodium hydroxide and distilled at a reduced pres-
sure. The physicochemical constants of all compounds used in
this work were consistent with the published data.5!

The nitrones MDN, BDN, and PDN were synthesized fol-
lowing a known procedure5? and characterized by liquid chro-
matography and by IR and NMR spectroscopies.

N, N-Dimethylglyoxaldinitrone (MDN). 'H NMR (CDCl;,
400 MHZ), 8: 3.8 (s, 6 H, CH3); 7.8 (s, 2 H, CH=N(0)). IR (KBr),
v/em~1: 3109 (s, C—H stretching vibrations); 1547 (s, C=N
stretching vibrations); 1176 (m, N—O stretching vibrations).

N, N-Di-tert-butylglyoxaldinitrone (BDN). 'H NMR (CDCl;,
400 MHz), 8: 1.57 (s, 18 H, C(CH3)3); 8.27 (s, 2 H, CH=N(O)).
IR (KBr), v/em~—1: 3163 (s, C—H stretching vibrations); 1504
(s, C=N stretching vibrations); 1127 (m, N—O stretching vibr-
ations).

N, N-Diphenylglyoxaldinitrone (PDN). 'H NMR (CDCl;,
400 MHz), &: 7.85 (m, 4 H, m-C¢Hs); 7.52 (m, 6 H, o- and
p-C¢Hs); 8.67 (s, 2 H, CH=N(0)). IR (KBr), v/cm~!: 3134
(s, C—H stretching vibrations); 1500 (s, C=N stretching vibrations);
1477 (m, C—C skeletal vibrations); 1092 (m, N—O stretching
vibrations); 779 (m, C—H deformation vibrations).

Polymerization of ST in the presence of DN. A solution of ST
(0.8 mL),a DN (0.5, 1.5, or 3mol.%), and AIBN (1 mol.%) was
placed into an ampoule. Under reduced pressure, the ampoule
was three times degassed by repeating the freeze—thaw cycles
until a residual pressure of 2+ 10~2 Torr and sealed. The poly-
merization kinetics was monitored gravimetrically. After a spe-
cified time interval the ampoule was frozen in liquid nitrogen to
terminate the polymerization. The polymer obtained was pre-
cipitated into isopropyl alcohol. To purify the polymers from
monomer residues, the samples were reprecipitated from a di-
chloromethane solution and then dried until constant weight at
a reduced pressure and 50°°C. The monomer conversion was
calculated from the expression

P =mp/my,-100%,

where m,, is the weight of the polymer and m, is the weight of
the monomer.

Modification and thermolysis of polymers. A weighed sample
of a polymer (0.01 g) and a weighed sample of a modifier (CBry,
35Q, AIBN, C;,H,5sSH, nitroxide N) taken in a fivefold excess
(0.05 g) relative to the polymer was placed in an ampoule and
a solvent (benzene, THF, and DMSO; V= 0.5 mL) was added.
Modification of polymers at a reduced pressure was performed
using THF and benzene. Samples were prepared as described
above. Modification of polymers at atmospheric pressure in air
was done in the presence of DMSO as high-boiling solvent.

The samples were kept at 90 and 110°C for 20 h (at 130°C,
for 7 h). Then, the ampoules were opened and the products were
analyzed by GPC and MALDI-TOF mass spectrometry. If the
solvent was different from THF, it was replaced by THF by triple
evacuation of the solvent at a reduced pressure of 2 * 10~2 Torr.

Analysis of the molecular-weight characteristics of polymers.

The MW characteristics of the polymers were determined by
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GPC on a KNAUER liquid chromatograph equipped with
a cascade of the Phenomenex columns (300 mmx7.8 mm,
Phenogel, 10 um) with pore diameters of 103 and 103 A and two
(refractometric and UV) detectors. The eluent was THF and the
temperature of the column was maintained at 25.0%+0.1°C.
Narrow-dispersity PS standards were used for calibration.33

The structures of DNs were studied on an Agilent DD2 400
spectrometer operating at 400 MHz at room temperature. The
'H NMR spectra were recorded in CDCl; relative to the signal
of residual protons of the deuterated solvent.

Infrared spectra of DNs were recorded on an Infralum FT-801
instrument in the wavenumber range of 5500—550 cm~! with an
accuracy of £0.05 cm™! using pressed KBr pellets.

Determination of the composition of the polymers by MALDI-
TOF mass spectrometry. The MALDI-TOF mass spectra of the
polymers were recorded on a Bruker Microflex LT instrument
equipped with a nitrogen laser (A = 337.1 nm) in the linear mode
using DCTB and DHB as matrices. The spectrometer was cali-
brated using the (poly(methyl methacrylate), PMMA + Na)*
peaks of narrow-dispersity PMMA standards (Waters, M, =2.58
and 8.2 kDa). The calibration curve was approximated by a cubic
polynomial. Experimental data were processed using the Bruker
flexControl and flexAnalysis software. Samples were prepared by
mixing a solution of a polymer (5 uL, 10 mg mL~!), a solution
of a matrix (10 pL, 20 mg mL~!), and a solution of the salt (sil-
ver trifluoroacetate, 3 pL, 5 mg mL~!) in THF in a microtube.
The MALDI-TOF analysis using the DHB matrix was carried
out under salt-free conditions. The MALDI-TOF analysis using
the DCTB matrix was performed both in the presence and in the
absence of the salt. Then, the solution (2 pL) was poured onto
a stainless steel support and analyzed.

Determination of the molecular-weight and hydrodynamic
characteristics of polymers. The MWs and the static and hydro-
dynamic sizes of macromolecules were determined by static and
dynamic light scattering. The hydrodynamic characteristics of
the polymer macromolecules were measured on a NanoBrook
Omni instrument (Brookhaven Instruments, USA). A 35-mW
laser (A = 640 nm) was used as the light source. The correlation
function of the scattered light intensity was obtained using
a TurboCorr research-level correlator with 510 channels. The
accumulation time of the correlation function was 180—300 s.
The number of photons incident on the detector was in the range
of 50—450 per second. The average hydrodynamic diameter was
calculated from the values obtained in 5—10 parallel measure-
ments. Prior to the experiments, a quartz cell was dedusted by
rinsing two or three times with a solvent filtered through
a Chromafil™ Xtra Nylon filter with a pore diameter of 0.2 um.
The measurements were carried out at a scattering angle, 6, of
173°. The hydrodynamic radii (R;,) were determined using the
Stokes—Einstein equation. The solvent was toluene (density
p = 0.862 g cm~3, the dynamic viscosity 1y = 0.560 cP, and the
refractive index ny = 1.494). All experiments were carried out at
25°°C. The test solutions were filtered through Chromafil™ Xtra
Nylon filters with a pore diameter of 0.2 um.

The M,, values and the radius of gyration (Ry) were deter-
mined by the Debye method>* and by the Zimm double ex-
trapolation method using the data of static light scattering
measurements on a BI-MwA molecular Weight Analyzer (Brook-
haven Instruments, USA). A 30-mW laser (Ay = 660 nm) with
vertical polarization was used as the light source.

The refractive index increment was measured on a BI-DNDC
differential refractometer (Brookhaven Instruments, USA). The

derivative, dn/dc, was determined from the slope of the depen-
dence of the refractive index of the test solution on the polymer
concentration. The intrinsic viscosity [n] of the polymers was
measured in toluene using Ostwald capillary viscometers (solvent
flow time #, = 49.4 s) at 25°C.
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