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ABSTRACT

We investigated the radical polymerization of N-n-propylmethacrylamide (NNPMAAm)
in the presence of alkali metal bis(trifluoromethanesulfonyl)imides (MNTT;), in
particular LiNTf,. The addition of MNTHY; led to a significant improvement in the yield
and molecular weight of the resulting poly(NNPMAAm)s. Furthermore, the solvent
employed influenced stereospecificity in the presence of LiNTf,. The stoichiometry of
the NNPMAAm-Li" complex appeared to be critical to determining the
stereospecificity in the NNPMAAm polymerization. The 1:1-complexed monomer in
protic polar solvents provided syndiotactic-rich polymers, whereas the 2:1-complexed
monomer in aprotic solvents gave heterotactic-rich polymers. Stereochemical analyses
revealed that m-addition by an r-ended radical was the key step in the induction of
heterotactic specificity in the aprotic solvents. Spectroscopic analyses suggested that the
Li" cation played a dual role in the polymerization process, with Li" stabilizing the
propagating radical species and also activating the incoming monomer. Kinetic studies
with the aid of electron spin resonance spectroscopy revealed that the addition of
LiNTf, caused a significant increase in the &, value and a decrease in the k; value. The
stereoregularity of poly(NNPMAAm)s was found to influence the phase transition
behavior of their aqueous solutions. In a series of syndiotactic-rich polymers, the
phase-transition temperature decreased gradually with increase in rr triad content.
Furthermore, heterotactic-rich poly(NNPMAAm) exhibited high hysteresis, which

increased in magnitude with increasing mr triad content.
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INTRODUCTION

Methacrylates have been one of the most extensively studied classes of vinyl monomers
in terms of stereoregularity since the first reports on the triad tacticities of poly(methy
Imethacrylate)s (PMMAs) were determined by 'H nuclear magnetic resonance (NMR)
in 1960." Methacrylates can be polymerized by a variety of polymerization systems
including radical, anionic, and coordination mechanisms. Stereoregularity is a function
of monomer structure, initiator, solvent, and temperature. As a result, control of a wide
range of stereoregularities, such as isotacticity, syndiotacticity, and heterotacticity, has
been achieved.”

However,  stereochemical studies on the  polymerization of
N-alkylmethacrylamides (Fig. 1), which are amide analogs of methacrylates, are
scarce.”? This is mainly because N-alkylmethacrylamides can be polymerized only via
a radical mechanism owing to their acidic N-H protons, which do not allow vinyl
polymerizations via anionic and coordination mechanisms. In the case of
N-alkylacrylamides, the N-H protons can be protected for anionic polymerizations.
Indeed, stereoregular poly(N-isopropylacrylamide)s [poly(NIPAAm)s] were prepared
by anionic polymerization of protected monomers, followed by deprotection.'® '
However, this protection strategy is unsuitable for N-alkylmethacrylamides, because
N,N-disubstituted methacrylamides, which correspond to protected
15-20

N-alkylmethacrylamides, show nonpolymerizability via any reaction mechanism,

unless the N-substituents are small and highly strained ring structures, such as aziridine
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and azetidine.”’ > Consequently, development of stereospecific radical polymerization

is desired for the production of stereoregular poly(N-alkylmethacrylamide)s.

H  R'=n-Pr: NNPMAAm
N R'=i-Pr : NIPMAAm
\ R'=Me : NMMAAm

o) R
=\ R® R2=H,R3=n-Pr: NNPAAm
)N R2=H, R3 = i-Pr : NIPAAm
0 R3 R2=R3=Me : DMAAm

Fig. 1. Structures and abbreviations of methacrylamide and acrylamide derivatives
described in this paper.

Although the stereoregularities of the poly(N-alkylmethacrylamide)s reported
so far have been moderately syndiotactic,”'? a limited number of stereospecific radical
polymerizations of N-alkylmethacrylamides have been reported in the last two
decades.*** For instance, poly(N-methylmethacrylamide) [poly(NMMAAm)] with rr
triad = 95% was prepared in (CF;),CHOH at -78 °C.*
Poly(N-isopropylmethacrylamide) [poly(NIPMAAm)] with mm triad = 67% was
prepared in methanol at —20 °C in the presence of Yb(OTf);.> ** Radical
polymerization of bulky methacrylamides such as N-triphenylmethylmethacrylamide
gave nearly 100% isotactic polymers.”®

It is well known that Lewis acids, including alkali metal salts, accelerate the
radical polymerization of (meth)acrylic monomers.”?" ?*! Recently, we have also
found that inclusion of alkali metal bis(trifluoromethanesulfonyl)imides (MNTTf,), such

as LiNTf, in the radical polymerization of N,N-dimethylacrylamide (DMAAm) leads to
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a significant increase in the yield and molecular weight of the resulting polymer.** NMR
analysis of a mixture of DMAAm and LiNTf, suggests that DMAAm is activated by the
coordination of Li" to its C=0O group. Furthermore, electron spin resonance (ESR)
spectroscopic analysis of the polymerization in the presence of LiNTT, suggests that the
propagating radical is stabilized by Li", probably through a single-electron lithium
bonding, which is a recently proposed theory.**” Based on both of those effects, we
have proposed a mechanism for this polymerization, where the propagation steps occur
between a lithium ion-stabilized propagating radical and a lithium ion-activated
incoming monomer. The activation effect of the incoming monomer is greater than the
stabilizing effect of the Li" on the propagating radical, which leads to the
polymerization-enhancing effect.

Furthermore, selecting the appropriate combination of solvent and alkali
metal salt has successfully induced a wide range of stereospecificities, such as
isotacticity, syndiotacticity, and heterotacticity, although stereocontrol of the
polymerization of monosubstituted vinyl monomers has been recognized as difficult.
The stereospecificities induced by LiNTT; in acetonitrile (CH;CN) were correlated with
complex structures formed through the coordinating interaction between the C=0 group
and Li'; the 1:1 complex induced isotactic specificity, whereas the 2:1 complex induced
heterotactic specificity. It is therefore assumed that this strategy, stereocontrol by
complex structure, may be extended to other vinyl monomers.

Accordingly, we investigated the effect of alkali metal ions, in particular Li",
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on the radical polymerization behavior of N-alkylmethacrylamides. Among the
poly(N-alkylmethacrylamide)s, poly(NIPMAAm) and poly(N-n-propylmethacrylamide)
[poly(NNPMAAm)] are known to exhibit phase transition in water at critical
temperatures.*®>> In this study, NNPMAAm was chosen as the monomer, instead of
NIPMAAm, because poly(N-n-propylacrylamide) [poly(NNPAAm)], which is an
acrylamide analog of poly(NNPMAAmMm), exhibits a large degree of hysteresis in phase
transition behavior in aqueous solution when stereosequence in poly(NNPAAm) is
regulated to be syndiotactic and isotactic.’®*® It is therefore expected that the
stereoregularity of poly(NNPMAAm)s affects the phase transition behavior of their

aqueous solutions.

EXPERIMENTAL

Materials

NNPMAAm was prepared in a way similar to the synthesis of NNPAAm.>® Dimethyl
2,2'-azobisisobutyrate (MAIB) (supplied by Otsuka Chemical Co., Ltd., Osaka, Japan)
was recrystallized from methanol (CH;0H). Toluene (Kanto Chemical Co., Inc., Tokyo,
Japan) was purified by washing with sulfuric acid, water, and 5% aqueous NaOH,
followed by fractional distillation. CH;OH (Kanto Chemical Co., Inc.) was fractionally
distilled. Ethanol (CH3CH,OH), LiNTf, (Tokyo Chemical Industry, Tokyo, Japan),
tetrahydrofuran (THF), CH3;CN, N,N-dimethylformamide (DMF; high-performance

liquid chromatography grade) (Kanto Chemical Co., Inc.), acetone, acetylacetone,
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diethyl  ether, deuterated dimethyl sulfoxide (DMSO-ds), potassium
bis(trifluoromethanesulfonyl)imide (KNTf;) (Wako Pure Chemical Industries, Osaka,
Japan), 2,2,2-trifluoroethanol (CF;CH,0H),
4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL) (Sigma-Aldrich Japan,
Tokyo, Japan), sodium bis(trifluoromethanesulfonyl)imide (NaNTf;), and lithium
bromide (LiBr, anhydride) (Kishida Chemical Co., Ltd, Osaka, Japan) were used as

received.

Polymerization

In a typical polymerization procedure, NNPMAAm (1.27 g, 10.0 mmol), LiNTf; (1.44 g,
5.0 mmol), and MAIB (0.023 g, 10.0 x 10> mmol) were dissolved in CH3CN to prepare
5 mL of solution. Four milliliters of the solution was transferred to a glass ampoule,
which was degassed under vacuum and filled with nitrogen six times at —50 °C before
the temperature was raised to the required polymerization temperature. Under reduced
pressure, the mixture was irradiated at a distance of ca. 5 cm by a UV-LED lamp
(LED-41UV375N100VF, 4 = 375 nm, 410 mW, Optocode Co., Tokyo, Japan) to initiate
polymerization. (The glass ampoule was placed at 40 °C or 60 °C when NNPMAAm
was thermally polymerized.) After 24 h, the reaction mixture was dialyzed against
CH;0H/acetone (1:1 vol/vol) containing a small amount of acetylacetone (Spectra/Por 3,
molecular mass cutoff 3.5 kDa, Spectrum Laboratories Inc., Shiga, Japan) until it was

free from salts. The dialysate was evaporated to dryness under reduced pressure to give
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a residue, which was dissolved in THF and poured into diethyl ether (400 mL). The
precipitated polymer was collected by centrifugation, and dried in vacuo. The polymer

yield was determined gravimetrically.

Size-exclusion chromatography (SEC) measurement

The molecular weights and molecular weight distributions of the polymers were
determined by SEC; the chromatograph was calibrated with standard PMMA samples.
SEC was performed on an HLC 8220 chromatograph (Tosoh Corp., Tokyo, Japan)
equipped with TSKgel columns [SuperHM-M (6.5 mm inner diameter X 150 mm) and
SuperHM-H (6.5 mm inner diameter X 150 mm)] (Tosoh Corp.). DMF containing 10
mmol-L™" LiBr was used as an eluent at 40 °C and a flow rate of 0.35 mL-min"'. The

initial polymer concentration was set at 1.0 mg-mL™".

NMR measurements

'"H and “C NMR spectra were measured on EX-400, ECX-400, ECA-400, and
ECA-500 spectrometers (JEOL Ltd., Tokyo, Japan). Triad tacticities were determined
from °C NMR signals of the quaternary carbons measured in DMSO-d, at 100 °C.***

Fig. 2 shows the 100 MHz “C NMR spectra of the quaternary carbons of the

syndiotactic- and heterotactic-rich poly(NNPMA Am)s obtained in this study.
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Fig. 2. 100 MHz *C NMR spectra of the quaternary carbons of (a) syndiotactic-rich
and (b) heterotactic-rich poly(NNPMAAm)s.

ESR measurements

ESR samples were placed in 1-mm (outer diameter) quartz tubes and degassed by
several freeze-pump-thaw cycles before being sealed under a nitrogen atmosphere. ESR
spectra were recorded on an X-band (ca. 9 GHz) FA100 spectrometer (JEOL Ltd.) at
0 °C with 100 kHz field modulation. UV irradiation (350-370 nm) was carried out
using an ultra-high-pressure mercury lamp (SX-UI5S01HQ; Ushio Ltd., Tokyo, Japan)
with appropriate UVD-350 (AGC Techno Glass Co., Ltd., Shizuoka, Japan) and

HAF-50S-30H (Sigma Koki, Co., Ltd., Saitama, Japan) glass filters.
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Detection of propagating radical species

The following parameters were used to detect the propagating radical species: the
modulation width, magnetic field width, sweep time, and time constant were set at 0.5
mT, 15 mT, 2 min, and 0.3 s, respectively. The number of scans was set at 1 (LiNTT;) or
3 (none), depending on the radial concentrations. A microwave power of 5 mW was
used for the measurements. The magnetic field and g tensor were calibrated with Mn®",
The concentration of the propagating radical species was determined by the double
integration of the ESR signal and a comparison of this result with that corresponding to

the ESR spectrum of a known concentration of TEMPOL in CH3CN.

Time-resolved ESR measurement

To measure the decrease in the TEMPOL radical concentration during the
polymerization with an interval of several tens of seconds, the time-resolved
measurement was performed using a package program with the following parameters:
the modulation width, magnetic field width, sweep time, time constant, microwave
power, and number of scans were set at 0.2 mT, 1 mT, 1 s, 0.001 s, 1 mW, and 1,
respectively. Of the triplet signals of TEMPOL, the signal at the lowest magnetic field

was monitored.
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RESULTS AND DISCUSSION

Radical polymerization of NNPMAAm in several solvents at 0 °C in the presence
or absence of LiNTTf,

Radical polymerizations of NNPMAAm were carried out in various solvents at 0 °C in
the presence or absence of a 0.5 mole equivalent of LiNTT, relative to the NNPMAAmM
monomer (Table 1). The addition of LiNTf; increased significantly the polymer yield
and number-average molecular weight (M,), except for THF. Coordinating ability of
THF to Li" would be responsible for suppressing the addition effect of LiNTf,. These

results correspond to those observed for the DMAAm polymerizations.*

<Table 1>

The stereoregularities of the poly(NNPMAAm)s were also affected by the addition of
LiNTf,. In addition, the solvent played an important role in determination of
stereospecificity. For example, syndiotactic-rich polymer with 7r triad = 71.0% was
obtained in CH3OH in the presence of LiNTf,, although the rr triad decreased by 6.9%
with the addition of LiNTf,. The tendency of decreasing r» triad in the presence of
LiNTf, was enhanced as the polarity of protic solvents decreased. On the other hand,
the mr triad was increased by adding LiNTf, to the NNPMAAm polymerizations in
aprotic solvents, regardless of the polarity. In particular, the heterotactic-rich polymer

with mr triad = 64.4% was obtained in CH3CN; the increase in the mr triad reached
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40.3%.

The conditional probabilities for m-addition and r-addition in the propagating
reaction, (i.e., the so-called first-order Markovian-statistics parameters, such as P,;, and
P,,) are also summarized in Table 1. For example, the parameter P, denotes the
probability of an m-addition by an r-ended radical (Scheme 1). When the polymer
propagation obeys Bernoullian statistics, P,,, will be equal to P, and P, will be
equal to P,;. The equivalent relation, P/, + P, = 1, is a useful measure for testing the
extent to which the system obeys Bernoullian statistics; complete deviations from
Bernoullian statistics result in a (P, + Py;) value of either zero or two. The sums of

P,;, and P,,, are listed in Table 1.

Scheme 1. Heterotactic propagations by the r-ended and m-ended radicals and the
first-order Markovian-statistics parameters.

The values for the polymers obtained in the absence of LiNTf, were reasonably close to
unity, regardless of the solvent used; the deviations were within 6.8%. These results
demonstrate that the stereosequences in the poly(NNPMAAm)s radically prepared at

0 °C almost obey Bernoullian statistics. The value for the polymer obtained in CH;OH

Page 12 of 44



Page 13 of 44

Polymer Chemistry

was also close to unity even though LiNTf, was added, whereas the values for the
polymers obtained in protic, less polar solvents and aprotic solvents in the presence of
LiNTf, significantly deviated from unity, and the deviation reached 37.4%. This is
because the mr triad content, which can be attained in Bernoullian statistics, is at most

50%.°

Radical polymerization of NNPMAAm in CH3;0H or CH;CN in the presence or
absence of LiNTf,

The polymer with the highest 77 triad content was obtained in CH;OH, whereas that
with the highest mr triad content was obtained in CH;CN. Therefore, the NNPMAAm
polymerizations in CH3;0H and CH;CN were investigated in more detail. Radical
polymerizations of NNPMAAm were carried out in CH;OH at a wide range of
temperatures for 24 h in the absence of LiNTT; (Table 2; runs 13—17). Polymers were
obtained in moderate yields, except for thermal polymerization at 60 °C. For example,
the polymer was obtained at 31% yield when polymerized at 20 °C for 24 h. Polymer
yield decreased as the polymerization temperature decreased, and polymerization
scarcely proceeded at —40 °C under the given conditions, even though the

polymerization time was extended up to 40 h (Table 2; run 17).

<Table 2>
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Addition of LiNTf, increased polymer yield (Table 2; runs 18-24). As a result
of an acceleration effect, the polymer was obtained at 8% yield even at —80°C, whereas
reaction with NNPMAAm produced no polymers, at least it did not under the given
conditions. One of the greatest advantages associated with being able to reduce the
reaction temperature with the aid of LiNTf, is formation of polymers with higher
stereoregularities. The 77 triad content increased gradually with a decrease in the
polymerization temperature, although the addition of LiNTf, decreased the rr triad
content of the polymers obtained compared with those in the absence of LiINTF,. The rr
triad content reached 91.8% at —80 °C. Note that the stereosequences in the
poly(NNPMAAm)s radically prepared in CH;OH almost obey Bernoullian statistics,
regardless of the temperature. The addition of LiNTf, also increased the M, of the
polymers obtained. Reducing the temperature enhanced the tendency. For example,
around 2-fold increase was observed in M, at 60 °C with the addition of LiNTf2,
whereas the increase was nearly 6-fold at —20°C.

Radical polymerizations of NNPMAAm were also carried out in CH;CN at a
wide range of temperatures for 24 h in the absence of LiNTf, (Table 2; runs 25-28).
Similar tendencies to those in CH;0H were observed in the polymer yield, M,, and
stereoregularity. Polymer yield and M, decreased as the polymerization temperature
decreased, and polymerization scarcely proceeded at —20 °C under the given conditions.
The rr triad content increased gradually as the temperature decreased.

The addition of LiNTf, exhibited a similar effect on the yield and M,
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compared with the NNPMAAm polymerizations in CH;OH (Table 2; runs 29-31, 36,
37). On the other hand, heterotactic-rich polymers were obtained, regardless of the
temperature. However, temperature dependence of the mr triad content was smaller than
we expected. For example, polymers with mr triad contents of 62.0 and 62.9% were
obtained at 60 and —20 °C, respectively. Instead of the mr triad, the mm and rr triad
contents varied with the polymerization temperature; with a decrease in the temperature,
the mm triad decreased gradually, whereas the 77 triad increased gradually.

The ratio P,;,/P,, should correspond to the ratio of rate of m-addition and

r-addition by r-ended radicals. Thus, P,,, / P, can be expressed as equation (1):

Pr/m/Pr/r = (kr/m[Pr-] [M])/(kr/r[Pr-] [M]) = kr/m/kr/r (1)

where [P,’] and [M] are the concentrations of r-ended radical and monomer, and %,,,, and
k., are the rate constants of m-addition and r-addition by the r-ended radicals,
respectively. Therefore, the ratio P,;,/P,, corresponds to the heterotactic selectivity of
the r-ended radicals, because formation of a heterotactic sequence requires two opposite
stereoregulations, m-addition by the r-ended radicals and r-addition by the m-ended
radicals, to occur in an alternate manner. Similarly, P,,/Pm, corresponds to the
heterotactic selectivity of the m-ended radicals.

Temperature dependences of the heterotactic selectivities of the r-ended and

m-ended radicals in the NNPMAAm polymerizations in CH3;0H and CH;CN in the
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presence or absence of LiNTf, were examined. Fig. 3 shows Arrhenius plots of
heterotactic selectivities of the m-ended and r-ended radicals. The addition of LiNTf,
increased significantly only the heterotactic selectivity of the r-ended radicals in
CH;CN. This means that m-addition by r-ended radicals was identified as the key step
for induction of heterotactic specificity in the present system. Furthermore, with an
increase in 1/T, the heterotactic selectivity of the m-ended radicals increased gradually,
whereas that of the r-ended radicals decreased slightly. Such opposite dependences of
the heterotactic selectivity on the temperature are responsible for the unique temperature
dependence of the triad tacticities of the polymers obtained in CH3CN in the presence of

LiNTf,.

3_
m-ended radical 0
= 2 ~ [
o o5 8
E 1 g 2
D |
£ ol o0 0 o o
S [ ]
kP ~~ Li CHaCN
S } ] y
of 2] ¥ = _ —LicHoH
€ 1 none CHsCN * ™
-3
r-ended radical none CH3OH
-4 T ™

25 3 35 4 45 5 55
1/Tx 103 /K™

Fig. 3. Arrhenius plots of the heterotactic selectivities of the r-ended and m-ended
radicals in the NNPMAAm polymerizations in CH3OH and CH3CN in the presence or
absence of a 0.5 mole equivalent of LiNTf5.

Effect of the [LINTf,]o/[NNPMAAm]y ratio on the stereospecificity of the
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polymerization in CH;CN

To investigate the effect of the [LiNTf;]o/[NNPMAAm], ratio on the induced
heterotactic specificity, radical polymerizations of NNPMAAm were carried out in
CH;CN at 0 °C by changing the added amount of LiNTf; (Table 2; runs 32-35). Fig. 4
shows the changes in triad tacticities and polymer yields versus the
[LiNTf,]o/[NNPMAAm], ratio. The polymer yield significantly increased with the
[LiNTf;]o/[NNPMAAmM], ratio but decreased over a ratio of 0.5. The mr triad content
gradually increased, whereas the rr triad content gradually decreased, with the

[LiINTf;]o/[NNPMAAmMm], ratio, and the mr triad content became almost constant over a

ratio of 0.5.

100
| rr i
A /
- ———e
= \ e - R
> N\ .
& 50 N Yield
o / ao -“ /
g SN )
g / Il SR
S -
mm 4
/ A- -~ ‘Q
e - A - - - A- - N
0 | [ |
0 0.5 1
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Fig. 4. Changes in triad tacticities and polymer yields versus the
[LINT£;]o/[NNPMAAm], ratio in the NNPMAAm polymerization in CH3CN at 0 °C.

Fig. 5 shows the relationship between the first-order Markovian parameters and the
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[LiINTf;]o/[NNPMAAm], ratio. The P,, significantly increased with the
[LINT£;]o/[NNPMAAm], ratio and the increasing tendency weakened over a ratio of 0.5.
The P, slightly increased with the [LiNTf,](/[NNPMAAm], ratio and slightly
decreased over a ratio of 0.5. These results suggest that the [LiNTf,]o/[NNPMAAm],
ratio = 0.5 is a critical point for the induction of heterotactic specificity in the

NNPMAAm polymerization in CH3CN.
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[LiNTf,], / [NNPMAAm],

Fig. 5. Relationship between the first-order Markovian parameters and the
[LiINT£;]o/[NNPMAAmM], ratio in the NNPMAAm polymerization in CH3CN at 0 °C.

NMR study of complex formation between NNPMAAm and LiNTf,

To develop a deeper understanding as to why the addition of LiNTf, dramatically
enhanced the polymer yield and molecular weight, we investigated the nature of the
interaction between the NNPMAAm monomer and Li" by examining changes in the

chemical shifts of the NMR signals belonging to the methacryloyl group of
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NNPMAAm upon mixing. The chemical shifts of the methacryloyl group are highly
sensitive to the interaction between NNPMAAm and Li" as a result of the large changes
in the intra- and intermolecular electron distributions following the coordination of Li".
Fig. S1b (ESIt) shows the *C NMR spectrum of the C=0 group in NNPMAAm
following the addition of a 0.5 mole equivalent of LiNTf,. The signal of the carbonyl
carbon showed a large downfield shift of 1.04 ppm when the NNPMAAm was mixed
with 50 mol% LiNTf,. This result indicated that NNPMAAm formed a complex with
Li" through a coordinating interaction between the C=0 group of NNPMAAm and Li",
as DMAAm and Li" do.*

The differences in the chemical shifts of the vinylidene group suggested that
the complex formation enhanced the radical polymerizability of NNPMAAm (Table 3).
The signals of both the H; and H; protons in the vinylidene group exhibited downfield
shifts following the addition of LiNTf,. The magnitude of the downfield shift was larger
for the H, proton than the H; proton, and the difference in the chemical shifts between
the H; and H, protons consequently increased from 0.360 to 0.384 ppm with the
addition of LiNTf;. There is a strong correlation between the difference in the chemical
shifts of the vinylidene protons of methacrylates and the Q value of the monomer, in
that the Q value increases as the chemical shift difference increases.”’ In addition, the
signals of the C, and Cg carbons exhibited upfield and downfield shifts, respectively,
following the addition of LiNTf;, resulting in a decrease of the chemical shift difference.

Another correlation between the difference in the chemical shifts of the vinylidene
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carbons of methacrylates and the 1/Q value of the monomer is that the 1/Q value

decreases as the chemical shift difference decreases.®

<Table 3>

To investigate the stoichiometry of the NNPMAAm-Li* complex, '"H NMR analyses
were carried out on solutions with [NNPMAAm], + [LiNTf]o = 0.25 mol-L™" in
CD;0D and CD;CN at 0 °C. Fig. S2 (ESIt) shows changes in the chemical shift of the
H; proton in the vinylidene group of NNPMAAm (cf. Table 3) resulting from variation
of the initial proportion of NNPMAAm. The stoichiometry of the complex was

evaluated by Job’s method (Fig. 6) via equation )

& (Hy) — o (H
[NNPMAAM - LINTf,] = o ) x NNPMAAM], (2)

where 6(H,) and 8(H,), are the chemical shifts of the sample mixture and NNPMAAm
alone, respectively. The chemical shift of NNPMAAm varied with concentration as a
result of self-association (ESI Fig. S27). The chemical shift of NNPMAAm alone at the
corresponding concentration was equated to d(H»): The chemical shift for the saturated
mixture, d(Hy)., was calculated from the intercept of the quadratic fit to the data in Fig.
S2 (ESIYT), since the saturation value should be independent of NNPMAAm

concentration.
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[NNPMAAm - LiNTf2]

[NNPMAAm - LiNTf2]

o 05 067 1
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Fig. 6. Job’s plots for the association of NNPMAAm with Li" in CD;0D and CD;CN at
0 °C.

A maximum was observed at an initial proportion of NNPMAAm = 0.5 in CD;0D (Fig.
6a). This result indicates that NNPMAAm and Li" formed a 1:1 complex in methanol.
However, a broad maximum was observed at an initial proportion of NNPMAAm =
0.6-0.67 in CDsCN (Fig. 6b). This result suggests that NNPMAAm and Li" afford both
1:1 and 2:1 complexes, but the 2:1 complex is preferentially formed. It is therefore
assumed that the stereospecificity of the NNPMAAm polymerization depends on the
stoichiometry of the monomer—Li~ complex; the 1:1 complex gave syndiotactic-rich

polymers, whereas the 2:1 complex gave heterotactic-rich polymers. This dependence is
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similar to that observed in the DMAAm polymerizations in CH3;CN in the presence of
LiNT£,.** It should be noted, however, that the 1:1 complex gave an isotactic-rich
polymer in the DMAAm polymerizations. This is because the a-methyl group in

NNPMAAm is responsible for the induction of syndiotactic specificity.

Proposed mechanism for the heterotactic specificity induced in CH3CN in the
presence of LiNTf,
A heterotactic sequence can be formed by cyclopolymerization of divinyl monomers,
where intra- and intermolecular additions occur alternately, and these two processes
exhibit the opposite stereoselections, m- and r-addition. Kdémmerer et al.®? reported that
heterotactic-rich PMMA (mr = 52%) was obtained by cyclopolymerization of
2,2'-methylenebis(4-methyl-2,1-phenylene)dimethacrylate, followed by hydrolysis and
methylation. By a similar mechanism, heterotactic polymers were prepared by radical
polymerization, in which 4-vinylpyridine formed a 2:1 inclusion complex with
randomly methylated p-cyclodextrin.®

The Job’s plots suggested that NNPMAAm and Li" preferentially form a 2:1
complex in CD;CN. It is therefore assumed that this 2:1 complex behaves like a divinyl
monomer. Thus, we propose the mechanism for the heterotactic specificity in the
current system summarized in Scheme 2. At first, the pseudo-divinyl monomer
approaches the propagating radical intermolecularly to reduce the electrostatic repulsion

between the Li" binding to the monomeric unit at the chain end and the incoming
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monomers. Subsequent pseudo-intramolecular propagation forms the » configuration at
the second diad from the newly formed propagating chain end. The single bond near the
r-ended propagating chain end is restricted by the coordinating interaction of the Li"
with the amide groups at the penultimate and chain end monomeric units. Therefore,
subsequent pseudo-intermolecular propagation forms the m configuration at the second
diad from the newly formed propagating chain end. This m-ended radical is transformed
to the r-ended radical by the subsequent pseudo-intramolecular propagation. As a result,
m-addition by r-ended radicals and r-addition by m-ended radicals both take place in an

alternating manner, leading to the formation of heterotactic stereosequences.
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— e 2
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Scheme 2. Proposed mechanism for the heterotactic propagation by 2:1-complexed
monomers.

ESR study of the NNPMAAm polymerization

ESR is a powerful tool for estimating the concentration of propagating radicals.®* ©°
However, reports on ESR spectra of the radical polymerizations of methacrylamides are
limited.'" '* %% Furthermore, almost all of the reports are concerned with radicals
trapped in a variety of solid matrices.® This is probably because the radical

concentration of the propagating radicals derived from methacrylamides is too low to be

detected under practical conditions, owing to the cross-conjugation between the
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C=C-C=0 and O=C-N-H groups in methacrylamides.'® It has been reported that
addition of Li salts sufficiently increases radical concentration to an ESR-detectable
level.*” * For example, in the polymerization of DMAAm, ESR signals of the
propagating radicals in solution were observed for the first time following addition of
LiNTf,.** Therefore, we conducted an ESR study of the NNPMAAm polymerization.
Fig. 7 shows ESR spectra of the polymerization of NNPMAAm (2.0 mol-L™") with
MAIB (1.0 x 107! mol'Lfl) at 0 °C in CH3CN in the presence and absence of LiNTf,
(1.0 mol-L™"). The 9-line spectra, characteristic of the polymerization of methacrylic
monomers, were observed.®* %> " The addition of LiNTT;, resulted in a significant
increase in the concentration of the propagating radicals. During the ESR measurements,
the observed spectra showed almost no change in intensities and shapes (ESI Fig.
S3-57), indicating that a stationary state with respect to the propagating radical was
reached under the practical polymerization conditions. The stationary concentrations of
the polymer radicals ([P']) in the presence and absence of LiNTf, were determined to be
47 x 10° and 0.91 x 10° mol-L™", respectively. This means that the radical

concentration increases ca. five times following addition of LiNTf,.
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Fig. 7. ESR spectra of the NNPMAAm polymerization in CH3CN at 0 °C in the (a)
presence and (b) absence of LiNTT,.

Fig. 8 shows time-conversion curves during the ESR measurements. The monomer
conversions were determined by 'H NMR spectra of the polymerization mixtures,
which were obtained under the same conditions as the ESR measurements. The
conversion increased linearly with time without any induction period in the early stage
of polymerization, regardless of the presence or absence of LiNTf,. The initial
polymerization rates (R,) in the presence and absence of LiNTf, were estimated to be
3.9 x 10 * and 0.33 x 10 * mol-L™"s™", respectively, from the time-conversion curves.
The rate constants of propagation (k) in the presence and absence of LiNTf,, therefore,

were estimated to be 41 and 18 L-mol 's™', respectively, according to equation (3):

R, = ky[P'][NNPMAAm] 3)
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Fig. 8. Time-conversion curves for the polymerization of NNPMAAm with MAIB in
the presence and absence of LiNTTf,.

The rate constant of termination (k) can be determined from the decay of the
propagating polymer radicals formed in the polymerization. However, this method is
unsuitable in the current system, because of the low concentration of the propagating
radical in the absence of LiNTf,. Therefore, to estimate the apparent ki, the kyf values
were determined using radical trapping method with TEMPOL under polymerization
conditions,”’ where kg and f denote rate constants of the MAIB decomposition and
initiator efficiency, respectively. The reactions depicted in Scheme 3 proceed in the
presence of TEMPOL in the polymerization. Some of the primary radicals derived from
MAIB are deactivated by cage reactions. The others diffuse through the solvent cage,
and react with NNPMAAm, followed by TEMPOL or with TEMPOL directly to yield
coupling products. The kyf values, therefore, can be determined by monitoring the

concentration of TEMPOL with the aid of ESR.
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Scheme 3. Reactions of the primary radicals derived from MAIB in NNPMAAm
polymerization in the presence of TEMPOL.

Fig. 9 shows the relationship between reaction time and TEMPOL concentration in
CH;CN at 0 °C in the presence and absence of LiNTf, (1.0 mol'Lfl), where the initial
concentrations of NNPMAAm, MAIB, and TEMPOL were 2.0, 1.0 x 10_1, and 3.4 x
10~ mol-L™, respectively. The k¢f values in the presence and absence of LiNTf, were
estimated to be 4.5 x 10™ and 6.4 x 10°-s", respectively, from the slopes of the straight
lines. Some Lewis acids are reported to accelerate decomposition of MAIB in thermal
polymerizations.®> ** 77 Nevertheless, the kqf value was decreased following addition
of LiNTf,. It is therefore assumed that the initiator efficiency is significantly reduced at

0 °C by adding LiNTf,.
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Fig. 9. Relationship between reaction time and concentration of TEMPOL during the
polymerization of NNPMAAm with MAIB in CH3;CN at 0 °C.

Then the k; values were calculated using equation (4):

2k IMAIB] = 2k[P')? 4)

This is because bimolecular termination essentially occurs in radical polymerization,
even if Lewis acids such as Li salts exist in the polymerization system.”> *° Note the use
of the definition of the rate of termination (R;) based on the IUPAC recommendation,’*
7> instead of R, = k[P']*. The calculated ; values in the presence and absence of LiNTf,
were 2.0 x 10° and 77 x 10° L'molfl-sfl, indicating that the addition of LiNTf, leads to

an approximately 36-fold decrease in the rate constant of the terminating reaction.

Effect of the cation on radical polymerization behavior of NNPMAAm in CH3;CN
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at 0 °C

To examine the extent to which the cation affects the yield, molecular weight, and
stereoregularity of the polymer, NaNTf, and KNTf, were added to the NNPMAAm
polymerization in CH3CN at 0 °C instead of LiNTf,. The addition of NaNTf, and
KNTT, enhanced the polymer yields, molecular weights, and mr triad contents. However,

their magnitudes decreased gradually in the order: Li" > Na" > K" (Fig. 10).

64.4 %

30.3 %

53 %
60% 3.0 1.8

LiNTf2

60.0 %

29.7 %

10.3%
NaNTf2 43% 1.9 25

51.8 %

\ 34% 1.7 28

L e e e B L L B B B B B B By e e

46 45 44
Chemical Shift / ppm

Page 30 of 44



Page 31 of 44

Polymer Chemistry

Fig. 10. 100 MHz >C NMR spectra of the quaternary carbons of poly(NNPMAAm)s
prepared in CH3CN at 0 °C in the presence or absence of MNTT,.

The *C NMR signals of the C=0 groups of NNPMAAm showed downfield shifts
following addition of the alkali metal salts (ESI Fig. S11). However, the magnitude of
the downfield shift decreased gradually in the order: Li" > Na" > K'. Furthermore, the
difference in the chemical shifts between the vinylidene protons increased with the
addition of NaNTf, and KNTT;, as well as LiNTf, (Table 3). However, the magnitude
decreased gradually in the order: Li" > Na' > K'. These results suggest that the
coordinating interaction between the NNPMAAm and the alkali metal cation decreased

in the same order.

Effect of stereoregularity on the phase transition behavior of aqueous solution of
poly(NNPMAAmMm)

An aqueous solution of poly(NNPMAAm) radically prepared in benzene at 73 °C
exhibits phase transition at ca. 28 °C, although the NNPMAAm monomer is insoluble

. 48,54, 55
1In water. "

Therefore, we examined the effect of syndiotacticity on phase transition
behavior. Fig. 11 shows the temperature dependences of the transmittances (500 nm) of
aqueous solutions of syndiotactic-rich poly(NNPMAAm)s with 77 triad contents of 63.3,
71.0, 80.4, and 91.8% (cf- runs 2, 4, 22, and 24). The phase-transition temperature in the
heating process decreased gradually as the »r triad content increased (Fig. 11a). It

should be noted that this tendency is the opposite to that of the aqueous

poly(NIPMAAm)s, for which the phase-transition temperature of the poly(NIPMAAm)
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with 77 = 80% was higher than that of the poly(NIPMAAm) with mm = 67%.%>*° It is

therefore assumed that higher syndiotacticity reduces the solubility of

poly(NNPMAAm), probably because polymers with higher levels of stereoregularity
are generally less soluble, as evidenced by several other polymers, including

poly(N,N-dialkylacrylamide)s and poly(N-alkylacrylamide)s.”™ "*”7®
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Fig. 11. Temperature dependence of the transmittance at 500 nm of the aqueous solution
of syndiotactic-rich poly(NNPMAAm)s in (a) heating and (b) cooling processes. (0.1
w/v%, heating and cooling rates = 0.5 °C-min ).

The phase transitions in the cooling processes of the poly(NNPMAAm)s with 77 triad
content of 63.3 and 71.0% were observed at lower temperatures than those in the

heating processes (Fig. 11b). The differences in 7; between the heating and cooling
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processes (AT.s) (8.8-9.5 °C) were larger than those observed for poly(NNPAAm)s
with 7 = 60.4-65.5% under the corresponding measurement conditions (1.5-1.7 °C).”’
Taking into account that the heat of phase transition of aqueous poly(NNPMAAmM) is
larger than that of aqueous poly(NNPAAm),*® the increased AT, suggests that the
introduction of methyl groups at the a positions of the monomeric units increased
hydrophobicity, leading to an enhanced interaction between polymer chains in the
dehydrated state.

Furthermore, the phase transition temperature of the poly(NNPMAAm)s with
rr = 80.4 and 91.8% decreased drastically. Fig. S6 (ESIf) shows the relationship
between the AT, and the average length of the r diad (n,) in the syndiotactic-rich
poly(NNPMAAm)s. The hysteresis was discontinuously enhanced at a certain 7, value;
poly(NNPMAAmMm) with n, over at least 9.69 exhibited high hysteresis over 16 °C. A
similar tendency was observed for the aqueous poly(NNPAAm)s.”’ However, the
critical n, value (9.69) was quite large compared with that for poly(NNPAAm) (3.06). In

. 57, 58
previous papers,””

we have proposed that cooperative intramolecular hydrogen
bonding among the amide groups of adjacent monomeric units in the syndiotactic
stereosequences is responsible for induction of high hysteresis, because the formation of
intramolecular hydrogen bonds makes dehydrated copolymers more hydrophobic
(Scheme 4). The significant increase in the critical n, value from 3.06 to 9.69 implies

that the formation of the intramolecular hydrogen bonds is impeded in the dehydrated

poly(NNPMAAm)s, because the introduction of methyl groups at the o position reduces
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49,79

main-chain flexibility.

Scheme 4. Proposed intramolecular hydrogen bonding between amide groups in
adjacent monomeric units in the syndiotactic stereosequence of the dehydrated
poly(NNPMAAm).

Fig. 12 shows the temperature dependences of the transmittances of aqueous solutions
of heterotactic-rich poly(NNPMAAm)s with mr triad contents of 64.4 and 57.0% (runs
8 and 37). The AT, value increased from 8.9 to 14.8 °C with mr triad content increasing
from 57.0 to 64.4%. This tendency is in complete contrast to that observed for aqueous
poly(NIPAAm)s, for which the AT, values of heterotactic poly(NIPAAm)s are smaller
than those of syndiotactic and isotactic ones.*” The mechanism for the enhanced
hysteresis observed for heterotactic-rich poly(NNPMAAm)s is unclear. However, it is
assumed that another type of intramolecular hydrogen bonding is formed to make the
dehydrated heterotactic-rich poly(NNPMAAm)s hydrophobic; one possible explanation
is cooperative intramolecular hydrogen bonding among the monomeric units skipping
one monomeric unit (Scheme 5). Similar intramolecular hydrogen bonding has been

calculated for the heterotactic trimer of NIPAAm.®!
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Fig. 12. Temperature dependence of the transmittance at 500 nm of the aqueous solution

of heterotactic-rich poly(NNPMAAm)s with mr triad content of (a) 64.4% and (b)
57.0%. (0.1 w/v%, heating and cooling rates = 0.5 °C-min ).

Scheme 5. Proposed intramolecular hydrogen bonding between amide groups in

monomeric units skipping one monomeric unit in the heterotactic stereosequence of the
dehydrated poly(NNPMAAmMm).

CONCLUSIONS

We investigated the effect of alkali metal bis(trifluoromethanesulfonyl)imides on the
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radical polymerization of NNPMAAm. The addition of alkali metal salts led to a
significant improvement in the yield and molecular weight of the resulting
poly(NNPMAAm)s. Furthermore, the solvent influenced the stereospecificities in the
presence of LiNTf,; syndiotactic-rich polymers were obtained in protic polar solvents
such as CH3;0H, whereas heterotactic-rich polymers were obtained in protic, less polar
solvents such as CF;CH,OH and aprotic solvents such as CH3;CN. The stoichiometry of
the NNPMAAm-Li" complex is critical to the stereospecificity in the NNPMAAm
polymerization; the 1:1-complexed monomer provided syndiotactic-rich polymers,
whereas the 2:1-complexed monomer gave heterotactic-rich polymers. Stereochemical
analyses revealed that m-addition by r-ended radicals is the key step for the induction of
heterotactic specificity in the present system.
Spectroscopic analyses suggested that the Li* cation plays a dual role in the
polymerization process, with Li" stabilizing the propagating radical species and also
activating the incoming monomer, as proposed for the DMAAm polymerization in the
previous paper.** Kinetic studies with the aid of ESR spectroscopy revealed that the
addition of LiNTf; caused a significant increase in the k; value. A similar increase in the
k, value has been commonly observed for radical polymerizations of (meth)acrylic
monomers in the presence of Lewis acids.?~ 3% 36341

The stereoregularity of poly(NNPMAAm)s was found to influence the phase
transition behavior of their aqueous solutions. In a series of syndiotactic-rich polymers,

the 7. decreased gradually with increasing 77 triad content. This tendency is opposite to
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that observed for poly(NIPMAAm).*>* In addition, the poly(NNPMAAm)s with rr =
80.4 and 91.8% exhibited high hysteresis between the heating and cooling processes.
The hysteresis in the phase-transition behavior can be explained by the intramolecular
hydrogen bonding between contiguous NNPMAAmMm units in the syndiotactic sequence
in the dehydrated state. However, the critical n, value (9.69) was considerably larger
than that for poly(NNPAAm) (3.06), suggesting that the formation of intramolecular
hydrogen bonds was impeded in the less flexible poly(NNPMAAm)s in the dehydrated
state, owing to the introduction of methyl groups at the o position. Furthermore,
heterotactic-rich poly(NNPMAAm) exhibited high hysteresis, and the magnitude
increased with increasing mr triad content. This result suggests that another type of
intramolecular hydrogen bonding is formed to make the dehydrated heterotactic-rich
poly(NNPMAAm)s hydrophobic, because heterotactic-rich poly(NIPAAm)s scarcely

. . .. 80
show hysteresis under the corresponding measurement conditions.
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Table 1. Radical polymerization of NNPMAAm in various solvents at 0 °C for 24 h in the presence or

absence of LINTf,”
[LiNTfy], Yield  Tacticity’ /% P
Run Solvent /mol'L™" /% Mx10°%¢ M M,* P,,* P,° +
mm mr rr P
1 CH;OH 0.0 17 1.8 203 779 0.7 7.0 0.849 0.115 0.964
2 (e=32.7) 1.0 44 24 266 71.0 2.8 3.5 0.847 0.158 1.005
3 CH;CH,OH 0.0 11 1.0 223 767 0.9 11.0 0.918 0.127 1.045
4 (e=24.6) 1.0 19 29 338 633 28 4.4 0.854 0.211 1.065
5 CF;,CH,OH 0.0 4 1.6 258 726 0.9 8.1 0.890 0.151 1.041
6 (£=2.03) 1.0 21 6.4 540 39.6 4.3 3.6 0.808 0.405 1.213
7  CH;CN 0.0 9 32 241 727 09 9.7 0.790 0.142 0.932
8 (=37.5) 1.0 60 53 64.4 303 3.0 1.8 0.859 0.515 1.374
9 THF 0.0 3 23 254 723 1.2 7.2 0.847 0.149 0.996
10 (e=7.58) 1.0 5 44 560 39.6 2.1 7.1 0.864 0.414 1278
11" Toluene 0.0 3 42 28.7 67.1 1.0 11.6 0.774 0.176 0.950
127 (£=2.38) 1.0 31 151 56.7 282 13.9 3.2 0.652 0.501 1.153

‘INNPMAAm], = 2.0 mol-L™", [MAIB], = 2.0 x 10 ° mol-L". The values in parentheses denote the
dielectric constants (€) of the solvents.

"Determined from *C NMR signals of the quaternary carbons in the main chain.

‘Determined by SEC.

P = (mr/2)/(mm + mr/2).

Prim = (mr/2)/(rr + mr/2).

‘For 4 h.



Table 2. Radical polymerization of NNPMAAm in CH;0H or CH;CN for 24 h in the presence or absence

Polymer Chemistry

of LiNTf,"
[LiNTf,]y Temp. Yield Tacticity® /% Py
Run Solvent /mol'L”" /°C /% Mx107¢ My M,* P,° Pyt +
mm  mr rr Pr/m
137 CH;OH 00 60 81 34 319 647 27 1.9 0.824 0.198 1.022
14" CH;OH 00 40 24 27 296 67.7 112 22 0846 0.179 1.025
15 CHOH 00 20 31 24 257 719 1.0 6.5 0.843 0.152 0.995
16 CHOH 00 -20 6 13 152 835 05 64  0.854 0.083 0.937
17 CH;OH 00 40 ~0 - - - - - - - -
18" CH;OH 1.0 60 33 54 378 568 438 2.1 0778 0250 1.028
19" CH;OH 1.0 40 7 41 339 620 142 1.8 0.805 0215 1.020
20 CH:OH 1.0 20 24 31 31.1 658 19 1.9 0.834 0.191 1.025
21 CH:OH 1.0  -20 9 16 229 755 29 23 0877 0.132 1.009
22 CH:OH 1.0 40 12 1.1 185 804 3. 22 0.894 0.103 0.997
23 CH:OH 1.0  -60 8 0.6 134 860 23 63 0918 0.072 0.990
24 CH:OH 1.0  -80 8 01 81 918 33 1.7 0976 0.042 1.018
25" CH,CN 00 60 8 68 336 596 18 2.1 0712 0220 0.932
260 CH,CN 00 40 29 53 299 648 82 22 0738 0.187 0.925
27 CH,CN 00 20 21 40 270 69.0 0.7 68 0771 0.164 0.935
28 CNsCN 00 20 ~0 - - - - - - - -
29" CH,C(N 1.0 60 81 103 62.0 27.7 52 220751 0528 1279
30" CHCN 1.0 40 19 103 62.1 27.6 146 30 0751 0529 1.280
3. CHCN 1.0 20 42 73 639 288 23 20 0814 0526 1.340
32 CHCN 05 0 42 57 535 408 23 6.9 0.824 0396 1.220
33 CHCN 134 0 37 80 642 278 22 2.6 0.800 0536 1.336
34 CHCN 15 0 25 96 644 260 3.0 28 0770 0553 1.323
35 CHCN 2.0 0 16 125 658 21.7 6.1 3.0 0725 0.603 1.328
36 CHCN 1.0 20 19 57 629 314 18 42 0.847 0500 1347
37 CNsCN 1.0 40 33 28 57.0 402 29 1.9 0911 0415 1326

‘INNPMAAm],=2.0 mol-L™", [MAIB], =2.0 x 10 ° mol-L".

"Determined from *C NMR signals of the quaternary carbons in the main chain.

‘Determined by SEC.

Py = (mr/2)/(mm + mr/2).
P = (mr2)/(rr + mr/2).

"Thermally polymerized without UV-LED irradiation.
For 40 h.
"For 4 h.
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Table 3. 'H and

Polymer Chemistry

BC NMR chemical shifts for the vinylidene groups of

NNPMAAmM?*
H CH
1\ / 3
C[3 :C(x
’ \
H, CONHn-Pr
Omi O |0H1 - Omi dca dcp |0ca - Ocl
none 5.305 5.665 0.360 141.42 119.42 22.00
LiINTf, 5.388 5.772 0.384 140.08 121.69 18.39
NNTf, 5.342 5.716 0.374 140.76 120.53 20.23
KNTf, 5.323 5.696 0.373 141.04 120.06 20.98

INNPMAAm]y = 2.0 mol-L™", [MNT£]p = 0.0 or 1.0 mol-L™", in CD;CN at

0°C.
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Graphical Abstract

Addition of Li" enhanced the radical polymerization of N-n-propylmethacrylamide, in which the
stoichiometry of the monomer-Li~ complexes determined the stereospecificity of the radical

polymerization.
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