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VccnefoBaHa KaTMOHHAA NOMMKOHAEHCALMA 2-METOKCMOEH3MN0BOro cnupTa B Npu-
CYTCTBUM pas3nuHbIX KucnoT Jibtounca (TiCl4, SnCl4um 'BUAICI2) n npu pa3HbiX TeMIe-
patypax. [oka3aHo, 4TO UCNO/b30BaHWe CUbHbIX KUCOT fibtonca (TiCl4) B kauecTse
KaTanm3aropa npouecca CnocobCcTBYeT MPOTeKaHWIO MOBOUHBIX peaKkLuii pa3BeTBIeHUA
M CLUMBKM LENu, NPUBOASALLUX B KOHEYHOM CYeTe K 06pa3oBaHUI0 HEPacTBOPMMOTO B
OpraHn4YeckKux pacTeoputenax nonmmepa. CHUXEHWE TeMnepaTypbl peakLun Takxe
BbI3bIBAET 3aMETHOE YBENYEHNE 0NN NOBOYHbIX peakumnin. HaobopoT, ncnosb3oBa-
HWe MATKMX KNCnoT JSlbtonca B KayecTBe KatanusatopoB (SnCldun 'BUAICI2) n npose-
[eHve nonMMepu3saLny Npum KOMHaTHOM TemnepaType N03B0/SeT NOyYaTb IMHEHbIE
NoNMMEPbI C HU3KOI MOMAMCNEPCHOCTLIO. Tak, Npy nofmmepum3anmmn 2-MeToKCU6eH-
31N0BOTrO cnupTa B NpucyTcTBUM SnCI4B KauecTse Katanusatopa npu 20 °C 6bin nony-
YeH NNHeRHbIA NoNn(2-MeTOKCMBEH3UN0BLIA cNUpT) ¢ M,, 0Kono 2000 r *Mofib-11 OT-
HOCMTENbHO HU3KOW nosyuucnepcHocTelo (MWM,, < 2,0).

The cationic step-growth polymerization of 2-methoxybenzyl alcohol in the presence
of different Lewis acids (TiCl4, SnCl4 and 'BuAICI2) at various temperatures has been
investigated. It was shown that the use of strong Lewis acids (1iC14) leads to proceeding
of side reactions such as branching and cross-linking, which results in the formation of
a polymer insoluble in organic solvents. The decrease in the temperature ofthe reaction
also intensifies the proceeding of side reactions. On the contrary, the use of soft Lewis
acids as catalysts (SnCl4and 'BuUAICI2) and polymerization at room temperature ensures
obtaining linear polymers with low polydispersity. The SnCl4-Catalyzed polymerization
of 2-methoxybenzyl alcohol at 20 OC affords linear poly(2-methoxybenzyl alcohol) with
M,, of about 2000 g mmol-1 and relatively low polydispersity (MwWM,, < 2.0).

KrtoueBble CoBa’, KaTUOHHAs NMOMMKOHAEHCALNS; 2-MEeTOKCMGBEH3NIOBbINA CNNPT; K1C-
notaJlblouca; cpegHeuncoBas MoNeKynspHas Macca; nosMANCNepCHoCTb.

Keywords: cationic step-growth polymerization; 2-methoxybenzyl alcohol; Lewis acid;
number-average molecular weight; polydispersity.

Cationic polymerization of vinyl monomers, similarly to anionic and radical
polymerizations, proceeds by the way of chain-growth mechanism via multiple
addition of the monomer molecule to the active center with the formation of high
molecular weight product even at the beginning ofthe reaction [I]. In contrast, step-
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growth polymerization results in the formation of oligomers in conjunction with
the release of small molecules (water, alcohols) as by-products at the earlier steps of
reaction followed by the further condensation ofthese oligomers with generation of
high molecular weight polymers at the later stages ofpolymerization [1]. However, it
was shown recently that chain-growth and step-growth polymerization can proceed
simultaneously under certain conditions leading to polymers ofunique architectures,
which are difficult to prepare by other means. For example, simultaneous chain-
growth and step-growth radical copolymerization of methyl acrylate and 3-butenyl
2-chloropropionate catalyzed by RuCp*CI(PPh32- (Cp* is 1,2,3,4,5-penta-
methylcyclopentadiene) results in copolymers possessing both C-C and C-O linkages
in a main chain [2]. Moreover, chain-growth condensation polymerization [3] as
well as self-condensing radical polymerization of />-(2-bromoisobutyloylmethyl)
styrene using Cu/CuBr2/ 2,2'-bipyridine catalytic system [4] were also reported. In
addition, coordination polymerization ofpara- and meta-methoxystyrenes catalyzed
by half-sandwich rare-earth alkyl complexes activated by [Ph3C] [B(CeF54] proceeds
simultaneously via chain-growth and step-growth mechanisms [5, 6].

In respect to cationic polymerization, only several examples of acid-catalyzed
step-growth cationic polymerization are known including polymerization of specific
monomers such as organic carbonates [7] or phenol/formaldehyde mixture [1].
In addition, chain-growth/step-growth polymerization for 2-vinylthiophene [8]
and 2-alkenylfuranes [9] was reported, while for the latter monomer a set of side
reactions (cross-linking, isomerization) was also observed [10]. Very recently, we have
reported simultaneous step-growth and chain-growth cationic polymerization of
9-(4-vinylphenyl)carbazole leading with polymers with totally different photophysical
properties in comparison with polymer from the same monomer obtained via
conventional chain-growth radical polymerization involving only vinyl double bond
into the reaction [11].

In this article, the concept of cationic step-growth polymerization was expanded
to polymerization of 2-methoxybenzyl alcohol (MeBzOH), a monomer, which, in
contrastto 9-(4-vinylphenyl)carbazole, does not contain the vinyl group. Particularly,
the effect of Lewis acid nature and concentration as well as polymerization
temperature will be investigated here in order to find optimal conditions for the
preparation of linear poly(2-methoxybenzyl alcohol) via step-growth cationic
polymerization.

EXPERIMENTAL PART

Materials. 2-Methoxybenzyl alcohol (Sigma-Aldrich, 99 %) was dried with CaCl2
and then distilled under reduced pressure. CH2CIl2 (Reachim), 1,2-dichloroethane
were treated with sulphuric acid, washed with aqueous sodium bicarbonate, dried
over CaCl2and distilled twice from CaH2under an inert atmosphere. SnCl4 (Aldrich,
98 %), 1iCl4 (Sigma-Aldrich, >99 %) were distilled under reduced pressure before the
usage. AICI3 (Aldrich, 99.999 %), 'Bu3Al (I M solution in hexane, Aldrich), CDCI3
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(Euriso-top®), tetrahydrofuran (anhydrous, Merck MM pore, >99.9 %) and ethanol
were used as received. Isobutylaluminium dichloride ('BuAICI2) was obtained as | M
solution in hexanes or toluene by mixing of AICI3 suspension and '‘Bu3Al solutions
in an appropriate molar ratio at room temperature according to procedure described
in [12]. The concentration and composition of synthesized 'BuAICI2 solutions were
controlled by back titration of Al with EDTA by ZnSO4with diphenylthiocarbazone
as an indicator and back titration of chlorine using \blhard’s method, respectively.

Methods. Size exclusion chromatography (SEC) was performed on a Agilent
1200 apparatus with Nucleogel GPC LM-5, 300/7.7 column and one precolumn
(PL gel 5 mm guard) thermostated at 30 °C. The detection was achieved by differential
refractometer. Tetrahydrofuran (THF) was eluted at a flow rate of 1.0 cm¥min. The
calculation of molar mass and polydispersity was based on polystyrene standards
(Polymer Labs, Germany). 1H (400 MHz) and 13C (100 MHz) NMR spectra were
recorded in CDCI3at 25 °C or CéD6 on a Bruker AC-400 spectrometer calibrated
relatively to the residual solvent resonance.

Polymerization procedures. Cationic polymerization of 2-methoxybenzyl alcohol
was carried out under dry argon atmosphere in a Schlenk tube. Liquid reagents were
transferred to reactor via dry syringes against a continuous argon flow. In a typical
experiment, the reaction was initiated by adding of SnCl4 (0.22 cm3) to a mixture
of 2-methoxybenzyl alcohol (I cm3) and CH2ClI2 (8.2 cm3) at room temperature.
After a predetermined time, ~1 cm3 aliquots were withdrawn and poured into
excess of ethanol. The precipitated polymers were separated from the solution by
centrifugation and then dried in vacuum at 65 °C. Monomer conversions were
determined gravimetrically. Then, for NMR investigations the polymers were further
purified by column chromatography using silica gel 60 from Fluka and CH2ClI2 as
eluent. The solvent was evaporated by rotary evaporator and polymer was dried in
vacuum at 65 °C.

RESULTS AND DISCUSSION

In the first series of experiments, three Lewis acids of different acidity were tested
as catalysts of step-growth polymerization of 2-methoxybenzyl alcohol (MeBzOH).
Titanium tetrachloride (TiCl4), which is the strongest Lewis acid among the studied
acids [13, 14], induced the polymerization only at a very high concentration
([TiCl4] : [MeBzOH] = 1:1) and low temperature due to the formation of strong
complex between the Lewis acid and monomer [15] (samples | and 2, Table). Lewis
acid ofmuch lower concentration was required to initiate the polymerization at higher
temperature due to the decrease in the strength of TiCl4 complex compound with
MeBzOH (Table) [15]. However, independently on the temperature and Lewis acid
concentration, the TiCl4-co-initiated polymerization of MeBzOH was accompanied
by side reactions leading to the formation ofcross-linked polymer, whichwas insoluble
or only partially soluble in common organic solvents (Table). The soluble part of
these polymers was characterized by multimodal molecular weight distribution that
confirmed the fact of cross-linking during the polymerization (Fig. I, a).
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Effect of the Lewis acid (LA) and temperature
on the cationic step-growth polymerization of MeBzOH

N LA Te°C LA min  Comversion gemol  MIMn
| -80 0.2 90 0 - —
2 .80 0.8 5 gell — —
3 TiCl4 -30 0.2 200 7 2600 2.66
4 -30 0.4 300 gell 22802 6.432
5 20 0.2 100 gell — —
6 -80 0.6 20 10 2410 1.62
7 -30 0.6 I gell 37302 3.372
8 20 0.2 10 71 1300 2.04
9 Sncl4 20 0.2 30 99 2000 2.89
10 20 0.15 1800 92 1500 1.67
1 503 0.15 360 100 1970 156
12 20 0.2 140 0 - —
13 'BuUAlCI2 20 0.4 60 0 - —
14 20 0.4 1020 100 870 1.30

Footnotes: Solvent- CH2CI2 [MeBzOH] = 0.8 M.

1The formation of gel insoluble in common organic solvents is observed.

2For apart of polymer sample soluble in the THE

3n case ofthe sample reagents were agitated at higher temperature in 1,2-dichloroethane.

The use of SnCl4 as a catalyst, which was a weaker Lewis acid than TiCl4, resulted
in the formation ofwell-defined polymers with relatively low polydispersity when the
process of polymerization occurred at room temperature (samples 8—11, Table). At
low reaction temperature (less than —30 °C), however, the side reactions leading to the
formation of cross-linked polymer became predominant (samples 6,7, Table). Further
optimization of reaction conditions allowed us to prepare poly(2-methoxybenzyl
alcohol), which was characterized by low polydispersity and monomodal molecular
weight distribution (sample 10, Table, Fig. I, b). Finally, 'BuAlCl2as the weakest Lewis
acid among the studied acids induced a slow cationic step-growth polymerization of
MeBzOH yielding polymers of low molecular weight (M,, = 870 g *mol-1) and quite
lowpolydispersity (sample 14, Table, Fig. I, c).

Based on the obtained results, it was decided to perform further investigations
of the cationic step-growth polymerization of MeBzOH using SnCl4 as a catalyst.
Firstly, in order to validate the concept of proceeding the polymerization via step-
growth mechanism, the molecular weight ofpoly(2-methoxybenzyl alcohol) obtained
at different conversions was analyzed. Indeed, molecular weight of the polymer
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appeared to be much lower at low monomer conversion that is consistent with the
step-growth mechanism (samples 8,9, Table). To vahdate the step-growth mechanism
for SnCl4-Catalyzed polymerization of MeBzOH, the separately prepared polymer
(sample 10, Table) was treated with SnCl4without an addition of monomer at elevated
temperature (run 11, Table). As a result, molecular weight was increased due to the
formation of larger molecules via condensation of small ones (sample 11, Table).
Thus, all these results indicate that Lewis acid-catalyzed cationic polymerization of
MeBzOH proceeds via step-growth mechanism.

6 7 8 9 10 8 9 10 85 9.0 95 100 105
Elution volume (mL) Elution volume (mL) Elution volume (mL)
a b C

Fig. 1. SEC traces ofpoly(methoxybenzyl alcohol) synthesized
with different Lewis acids as catalysts:
a—TiCl4 (sample 4, Table); b —SnCl4 (sample 10, Table);
C—BUAICI2 (sample 14, Table)

Then, the structure ofsynthesized poly(2-methoxybenzyl alcohol) was investigated
by means ofiH, 13C and DEPT-135 NMRspectroscopy (Fig. 2, Fig. 3). In 1H NMR
spectrum of poly(2-methoxybenzyl alcohol), two groups of very broad signals were
observed. The signal at 3.2—4.2 ppm in aliphatic part of spectrum corresponds to
protons of methylene group located between two phenyl groups (I, 17) as well as to
protons of methoxy group (2). The signal in olefinic part of spectrum corresponds to
protons of aromatic ring after different binding of methoxybenzyl alcohol molecule
(Fig. 2) into the polymer chain (5, 7, 8, 6, 77, 8”). It should be noted that the
integration of signals ofprotons in aliphatic and olefinic regions of IH NMR spectrum
gives the ratio of 5.00 to 2.95. That is very close to theoretical ratio of 5 : 3, since
there are 5 aliphatic protons in methylene and metoxy group and 3 aromatic protons,
respectively. These data indicate the formation of predominantly linear polymer, since
the branching will lead to an increase in the ratio of aliphatic to aromatic protons
due to the appearance of branching points similarly to cationic polymerization
ofisoprene [16].



94 S.V. KOSTJUK

ca m

80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
(ppm)

Fig. 2. IHNMR spectrum of poly(methoxybenzyl alcohol)
(M,,= 1300 g *mol-1; MwWM,, = 2.04) synthesized using SnCl4 as a catalyst

Further elucidation of the structure of poly(2-methoxybenzyl alcohol) was
made using the combination of 1 (Fig. 3, a) and DEPT-135 (Fig. 3, b) NMR
spectroscopy. The signals at 30—35 ppmin 13 NMR spectrum (Fig. 3, a) were
attributed to methylene carbon atom of benzyl group after addition of benzyl
cation to para- (1) and Orto-(V) position of 2-methoxybenzyl alcohol molecule
(Scheme 1). The belonging of these signals to carbon atoms ofthe methylene group
is confirmed by DEPT-135 NMR spectroscopy as these signals are located in the
negative part ofthe spectrum (Fig. 3, b). According to both 13C and DEPT-135 NMR
spectroscopy, the signal of carbon atom of methoxy group (2) is appeared to be at
55 ppm (Fig. 3).

The signals at 155—157 ppm (3, 3’) as well as a series of signals between 125—
135 ppm belong to quaternary carbon atoms ofbenzene ring 4, 4, 5 and 6 as these
signals are disappeared in DEPT-135 ppm. The rest of the signals (5, 6°, 7, 7°,
8, 8”) belong to methine (CH) carbon atoms of benzene ring of metoxybenzyl unit
in a polymer chain (Fig. 3). To summarize, it can be concluded based on NMR
investigations (Fig. 2 and Fig. 3) that the polymer chain of poly(2-methoxybenzyl
alcohol) consists ofthe metoxybenzyl units connected predominantly throughpara-
position in respect to methoxy group.

Based on the obtained results, the following mechanism for the Lewis acid-
catalyzed step-growth polymerization was proposed (Fig. 4). Lewis acid forms the
complex with MeBzOH, the strength ofwhich depends on the acidity of Lewis acid
and temperature. The abstraction of hydroxyl group from this complex leads to the
generation of stable benzyl cation, which alkylates another molecule of MeBzOH
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Fig. 3. NMR spectra of poly(methoxybenzyl alcohol)

(M,, = 1300 g *mol-1; MtJ M n=2.04) synthesized using SnCl4as catalyst:
a—13C NMR spectrum; b- DEPT-135 NMR spectrum
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(or complex of MeBzOH with Lewis acid) predominantly inpara-position in respect
to methoxy group with the formation of a dimer (Fig. 4). Further condensation
of dimers and other low molecular weight compounds leads to the formation of
desired Unear polymer. The similar mechanism was also recently proposed for self-
condensation ofhydroxybenzyl alcohols [17] and Friedel-Crafts alkylation of multi-
substituted benzyl bromide with benzene [18].

Fig. 4. The scheme illustrating a tentative mechanism ofthe step-growth polymerization
of MeBzOH catalyzed by Lewis acids (LA)

However, along the formation of Unear polymer, the branched and even cross-
linked polymer can be formed via interaction of oligomeric cations with another
polymer chain. It was shown that these side reactions became important at low
reaction temperatures and in the presence ofstrong Lewis acid. Therefore, the use of
such soft Lewis acid as SnCl4 as a catalyst at room temperature aUowed us to obtain
predominantly linear poly(2-methoxybenzyl alcohol) via cationic step-growth pathway.

CONCLUSIONS

In this work, the Lewis acid catalyzed cationic polymerization of 2-methoxybenzyl
alcohol was studied. It was shown that polymerization proceeds via step-growth
pathway with the generation of oUgomers at the reaction beginning foUowed by their
condensation with the formation of relatively high molecular weight product at the
later stage ofthe process. The Unear poly(2-methoxybenzyl alcohol) with number-
average molecular weight up to M,, = 2000 g *mol-1 and rather low polydispersity
(MwM,, < 2.0) could be obtained using such relatively soft Lewis acid as SnCl4
as a catalyst and conducting the process at room temperature. In case of using
stronger Lewis acid as a catalyst (TiCl4) or low temperatures (below —30 °C), the
polymerization is accompanied by side reactions leading to the formation ofbranched
or even cross-linked polymer.
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