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One-Pot Synthesis of Polyglycidol-Containing Block Scheme 1. One-Pot Synthesis of Polystyrer®eck-poly(ethylene

: P i : oxide)-block-poly(ethoxyethyl glycidyl ether)
Copolymers with Alkyllithium Initiators Using the (PSH-PEO-b-PEEGE) Triblock Terpolymers via Sequential
Phosphazene BaseBuP, Monomer Addition Using secBulLi as Initiator and Subsequent
Deprotection of the PEEGE Block To Yield the Corresponding
Polystyreneblock-poly(ethylene oxide)block-polyglycidol
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Polyglycidol and its derivatives have been of great interest D4 .-70°C.1h " E|\m_1AO [L BuPd
during the past years due to its biocompatibittyand to the 2) £BuPy, 10°C
fact that hyperbranched polyglycidéfswith a relatively narrow $80°C.2d
molecular weight distribution are accessible. In particular, the
high functionality of linear and hyperbranched polyglycidols
makes them interesting for biomedical applications, such as drug o o
carrier systems. 1) EEGE, 20 °C j/ E|‘H

Linear polyglycidol can by synthesized via anionic ring- W n m P
opening polymerization of the corresponding protected mono- 3y AcOHMeOH o
mer, 1-ethoxyethyl glycidyl ether (EEGE), followed by depro- (3/5, viv) >i
tection in order to recover the pendant hydroxy grotrg8. d
Various amphiphilic block copolymers based on polyglycidol
as the water-soluble component have been synthesized and their >
aggregation behavior studied in aqueous solutions, e.g., poly-
styreneb-polyglycidol ! poly(lactic acid)b-poly(ethylene oxide)-
b-polyglycidol 123 and polyglycidolb-poly(propylene oxide)- i ° O}H
b-polyglycidol 51415 These block copolymers are able to form 1) HCOOH, 20 °C, 3h n m p
aggregates, such as micelles, in water at certain concen- 2 N KOH reflxi2h Ho

trations and/or temperatures, making them interesting for future
applications in biomedical and other fields. Linear polyglycidol
can be functionalized with acetic anhydride or ethyl isocyanate diblock copolymers by PEEGE in order to produce triblock
to obtain polymers which have easily adjustable lower critical terpolymers with a PEO middle block. The ability to produce
solution temperature’s’1¢ This opens a new application field  well-defined block copolymers is important in order to gain a
for polyglycidol derivatives as thermosensitive polymers. deeper understanding of the self-assembly of block copolymers

Up to now, most of the initiators used for the anionic ring- and justifies the use of expensive additives, like the phosphazene
opening polymerization of EEGE are based on potassium or baset-BuP;.
cesium alcoholate®>81*19 However, block copolymers of In this Communication we describe the one-pot synthesis of
EEGE and vinyl monomers, like styrene or dienes, cannot be poly(ethoxyethyl glycidyl ether) (PEEGE) containing block
synthesized in a one-pot procedure using commercially availablecopolymers via sequential anionic polymerization using alkyl-
alkyllithium initiators, as polymerization of epoxides does not |ithium initiators in combination with the phosphazene base
proceed in the presence of'Ltounteriong?2! Especially, in  t-BuP,. Deprotection of the PEEGE block resulted in the
diene polymerization (butadiene, isoprene) to obtain a high corresponding polyglycidol (PG)-containing block copolymers.
content of 1,4-addition the use of t.tounterions is indispen- A polystyreneblock-poly(ethylene oxideplock-poly(ethoxy-
sable. Thus, in order to promote polymerization of EEGE the ethyl glycidyl ether) (PS-PEOb-PEEGE) triblock terpolymer
counterion has to be changed to" kor Cs", resulting in was synthesized via sequential anionic polymerization of the
additional functionalization and purification steps making the corresponding monomers usisgeBuLi as initiator, as depicted
synthesis more time-consuming. It has been shown that ethylenein Scheme 1. First, styrene was polymerized-@0 °C in THF
oxide (EO) can be polymerized in the presence of Li for 1 h. Subsequently, ethylene oxide (EO) was added. After
counterions using the phosphazene biaBeP;.2223 This has  stirring for 1 h the reaction mixture was slowly heated to 10
been utilized in our group to synthesize block copolymers of °C followed by addition of the phosphazene ba8eiP, in order
vinyl monomers and EO, e.g., RBPEO, in one step using  to promote polymerization of EO, which was conducted at 50
alkyllithium initiators without the need of changing the coun- °C for 2 days. A ratio of§ecBuLi]/[t-BuPy] = 1/0.95 was used
terion to Na or K* in order to facilitate EO polymerizatiotf. 26 in order to avoid an excess of phosphazene base, which might
Here, this concept was applied to the anionic ring-opening result in side reactions with 1-ethoxyethyl glycidyl ether (EEGE)
polymerization of EEGE in the presence of'ldounterions. In due to its high basicityMe“NoKpn = 42.727). After addition of
particular, we were interested in an extension of PEO-based EEGE at room temperature, it was allowed to polymerize at 50

°C for 3 days followed by termination with a mixture of acetic
* Corresponding author. E-mail: Holger.Schmalz@uni-bayreuth.de.  acid/methanol (3/5, v/v).
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A In addition, a poly(2-vinylpyridinelockpoly(ethylene oxide)-

;i blockpoly(ethoxyethyl glycidyl ether) (P2VB-PEObH-PEEGE)
triblock terpolymer and a PEG-PEEGE diblock copolymer
were synthesized (Table 1). 1,1-Diphenyl-3-methylpentyllithium
(DPMPLI), prepared in situ by the reaction sécBuLi with
1,1-diphenylethylene (DPE) in THF at70 °C, was used as
initiator in order to suppress side reactions with 2VP anc?EQ,
respectively.

The synthesis of the P2VBP-PEObH-PEEGE triblock ter-
polymer was accomplished in analogy to Scheme 1 and
proceeded without termination, as can be deduced from the SEC
traces shown in Figure S2 and the low polydispersity index
(Table 1). The PE®-PEEGE diblock copolymer was synthe-
sized by addition of EO to DPMPLi at70 °C. After stirring
for 1 h, the temperature was slowly increased t6Q@ollowed
by the addition oft-BuP;. EO and EEGE were polymerized
according to Scheme 1. The SEC traces of the PEO precursor
and the PE(-PEEGE diblock copolymer (Figure 1B) dem-
onstrate that the block extension with EEGE proceeded without
termination. The visible tailing at the lower molecular weight
side might be attributed to a slow initiation of the EEGE
polymerization (see discussion on EEGE kinetics). SEC column
adsorption phenomena due to partial hydrolysis of the EEGE
might also contribute to the tailing, as a mixture of methanol/
acetic acid was used for termination, and therefore a partial
cleavage of the acetal protecting group cannot be excluded
28 20 22 o completely. The polydispersity index of 1.10 (Table 1) is

comparable to that of PEEGE homopolymers and block
V, [ml] copolymers synthesized by other groups using & Cs'
Figure 1. (A) SEC (THF) traces of the synthesizegtS0,s EEGEy, counterions:6.9.10
triblock terpolymer (dotted) including the PS (solid) and PBEO Homopolymerization of EEGE in THF at 50C using
(dashed) precursors. (B) SEC (THF) traces of thedEGE;s diblock DPMPLi as initiator was accomplished in analogy to the reaction

copolymer (dotted) and the corresponding PEO (solid) precursor. The . . .
inset in (A) shows the SEC trace of thefS0s/G, triblock terpolymer protocol used in the synthesis of the PBGEEGE diblock

obtained after deprotection of the PEEGE block, using NMP as eluent. copolymer. The PEEGE homopolymers showed broad bimodal
molecular weight distributions (PD¥ 1.3—1.4, results not
Figure 1A shows the SEC traces of the synthesized shown). Obviously, the nucleophilicity of DPMPLIi, which is a
SssE O EEGE7 triblock terpolymer (subscripts denote the model for DPE end-capped living anionic polymer chains, is
degree of polymerization) including the corresponding precur- still too high and results in side reactions, like transfer to EEGE
sors. All steps proceeded without termination and resulted in aby proton abstraction. This is a well-known phenomena in
narrowly distributed triblock terpolymer (PD+ 1.02, Table propylene oxide polymerizatio. This demonstrates the need
1), revealing the successful polymerization of EEGE in the of end-capping with at least one EO unit in order to produce
presence of [Li-BuP,]™ counterions. an alkoxide end group as an initiating site for EEGE polym-
Deprotection of the PEEGE block was achieved in a two- erization, as side reactions were not observed in the synthesis
step procedure by reaction with formic acid and subsequent of the block copolymers.
hydrolysis in alkaline media, according to the procedure given  The kinetics of EEGE polymerization was monitored during
by Spassky et & Complete deprotection was verified Vil the synthesis of the PEGHPEEGE diblock copolymer using
NMR by the disappearance of specific EEGE signal® at online FT-NIR spectroscopy in combination with a fiber-optic
4.6, 1.2, and 1.1 ppm (Figure S1). The deprotection proceededequipment. This method has been already used in our group
without significant side reactions, e.g., cleavage of the polymer for monitoring EO kineticg*26The FT-NIR spectrum of EEGE
chain, as a broadening of the corresponding SEC trace was noin THF was obtained by solvent subtraction in order to yield a
detected (Inset to Figure 1A). Furthermore, the number-averagepure component spectrum and to determine conversions since
molecular weightM,, of the PSb-PEOb-PG triblock terpoly- THF has strong absorptions close to the overtone vibrations of
mer determined vidaH NMR (Table 1) corresponds well with  EEGE (Figure 2A). Specific monomer absorptions for EEGE
the theoreticalM,, calculated using the weight loss upon were detected at 6062 and 4536 ¢miThe strongest vibration

RI-Signal [a.u.]

RI-Signal [a.u.]

deprotection (72.11 g/mol per EEGE unit). is located at 4536 cmt and not separated from the solvent cutoff
Table 1. Molecular Weight Characterization of Synthesized Block Copolymers
samplé My(first block) [g/mol] Mn(SECY [g/mol] Mw/MpP Mn(NMR)¢ [g/mol] Mn(deprotected) [g/mol]
SseEO8EEGEy 6000 23 600 1.02 22 400 20 16@0 500
2VP2EO166EEGEy; 2900 10 100 1.03 14100 —/12 200
EO102EEGEs3 450C¢ 12 100 1.10 16 600 —/10 600

aThe subscripts denote the degree of polymerization of the corresponding bDetermined by SEC in THF calibrated with PS standafdalculated
from H NMR spectra in CDGl using the absolut®, of the first block for calibration (for details see Supporting Informatiéri)etermined by MALDI-
ToF (for details see Supporting InformatioADetermined by SEC in THF calibrated with PEO standaf@eoreticalM, calculated using the weight loss
upon deprotection (72.11 g/mol per EEGE unit).
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A | 7F - order time-conversion plot is linear, i.e., termination does not
4836em’ occur during polymerization. From the slope in the linear regime
(t > 1700 min) an apparent rate constant of propagatidgf

0.15-
] = 8.36 x 107 1/min was derived. Using the initial initiator

{ vC-H, first overtone

8 0127 of epoxide at 6062 om” concentration of [ij = 1.46 x 1073 M (initiator efficiencyf =
& 0.00.] \ 1) gives a rate constant of propagationkgf= 9.52 x 1073
'g ] L/(mol s). This value is comparable to that observed in EO
2 0.06] polymerization at 50°C in THF using a PEQ[Li/t-BuPy]™
< ] macroinitiator,k, = 12.0 x 103 L/(mol s)26
0.03 4 In conclusion, polymerization of EEGE with ticounterions
1 in the presence of the phosphazene haBaP; proceeds in a
0.00- 5 living and controlled way and is comparable to the polymeri-
y L T zation with K" and C$ counterions with respect to the
6500 6000 5000 p 4500 molecular weight distributions of the produced PEEGE (similar
Wavenumber [cm'] PDI). The advantage of our method is the possibility to use
B commercially available alkyllithium initiators, which are com-
] monly used in anionic polymerization of styrene and dienes
257 (butadiene and isoprene), without the need of changing the
20_' counterion to K or Cs". This new method reduces the need
i for time-consuming end-functionalization and purification steps,
& resulting in a novel and simple way of producing PEEGE-
f 51 containing block copolymers in a one-pot synthesis.
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Figure 2. (A) FT-NIR spectra of EEGE in THF at 5TC obtained by charge via the Internet at http:/pubs.acs.org.

solvent subtraction at reaction timestof 0, 500, 1000, 1500, 2000,

2500, 3000, 3500, and 5000 min monitored during synthesis of the References and Notes

EO10EEGEs; diblock copolymer (the band at ca. 5970 ¢mis an

artifact arising from solvent subtraction). (B) Corresponding first-order (1) Kainthan, R. K.; Janzen, J.; Levin, E.; Devine, D. V.; Brooks, D. E.

T T T T T T T
0 500 1000 1500 2000 2500 3000 3500

time—conversion plot in EEGE polymerization at 5C ([PEOLI], = Biomacromolecule®00§ 7, 703-709.
1.46 x 103 M, [EEGE], = 0.14 M, [PEOLIJ/t-BuPy] = 1/0.95). (2) Kainthan, R. K.; Gnanamani, M.; Ganguli, M.; Ghosh, T.; Brooks,
D. E.; Maiti, S.; Kizhakkedathu, J. NBiomaterials2006 27, 5377
. . 5390.
at ca. 4500 cm'. Thus, the first overtone €H stretching of (3) Sunder, A.: Kramer, M.; Hanselmann, R.-'Maupt, R.: Frey, H.
the epoxide ring in EEGE at 6062 chwas chosen for Angew. Chem., Int. EA.999 38, 3552-3555.

conversion determination. In addition, peak heights were used égg Ef_e){i H.; ';aang RR?/- Mg'- giOtectn%'-Z%OZ 90, 2h5,7'—\126z|-_ A
H : H imitrov, P.; Rangelov, sS.; bworak, A.; Raragucni, N.; Hirao, A.;
instead of peak areas for evaluation, since they usually gave Tsvetanov, C. BMacromol. Symp2004 215, 127-139.

less noise. (6) Dworak, A.; Baran, G.; Trzebicka, B.; Walach, \React. Funct.

ConversionsX,, were calculated using the following equa- Polym.1999 42, 31-36. .

tion: (7) Jamroz-Piegza, M.; Utrata-Wesolek, A.; Trzebicka, B.; Dworak, A.
Eur. Polym. J.2006 42, 2497-2506.

(8) Lapienis, G.; Penczek, 8iomacromolecule2005 6, 752—762.

Ay — A (9) Dworak, A.: Trzebicka, B.; Walach, W.; Utrata, A.; Tsvetanov, C.
= —x B. Macromol. Symp2004 210, 419-426.
Ao A, (10) Dimitrov, P.; Utrata-Wesolek, A.; Rangelov, S.; Walach, W.;

Trzebicka, B.; Dworak, APolymer2006 47, 4905-4915.
(11) Lopez-Villanueva, F.-J.; Barriau, E.; Schleuss, T. W.; Berger, R.;

whereA is the absorbance at timigAq the initial absorbance, Kilbinger, A. F. M.. Frey. H.Polym. Mater. Sci. En2006 95, 780~

and A, the absorbance at full conversion. 781.
The first-order time-conversion plot (Figure 2B) is not (12) Porjazoska, A.; Dimitrov, P.; Dimitrov, |.; Cvetkovska, M.;
linear in the initial stage of the polymerization € 1700 3) TsTvetsnoka'ngagrmeI' EV&WPZSOM 21Qk_4257—é3g- e Galant
. . . T . . omkowski, S.; Gadzinowski, M.; Sosnowski, S.; Radomska-Galant,
mln) bUt shows an increase in Slopg \,N,Ith, lncreaSIng conversion. I.; Pucci, A.; De Vita, C.; Ciardelli, FJ. Nanosci. Nanotechnc2006
This might result from a slow initiation reaction of the 6, 3242-3251.

PEO[Li/ t-BuP4]*t macroinitiator, which is consistent with the ~ (14) Dimitrov, P.; Rangelov, S.; Dworak, A.; Tsvetanov, C.Nacro-

observed tailing in the corresponding SEC trace (Figure 1B). 15) ’;‘gl'aegﬁ,'eef:ogf s;hég%(v*?p%vetanov MBCromoleculeg006

On the other hand, during initiation a primary alkoxide is 39, 6845-6852.

transferred into a secondary alkoxide which probably involves (16) Dworak, A.; Trzebicka, B.; Walach, W.; Utrata, ARolimery

a change in aggregation number of the growing chain. This (Warsaw, PolandP003 48, 484-489.

might contribute to the observed behavior, too. It has to be (1) kalizynski, ﬁéfgggﬂ'a’sf';P"Oal‘)ﬁ’:ﬁ"'gae';F,E@%(O’Cw;gﬁ&c%k’ Z:
stressed that no induction period was found in EEGE polym- 955-963. T B ' '

erization. This is in agreement with the absence of an induction (18) Mendrek, A.; Mendrek, S.; Trzebicka, B.; Kuckling, D.; Walach,

period in EO polymerization using [lt#BuP;]* counterions \2/‘85186%26"'-'3-3 Dworak, AMacromol. Chem. Phy2005 206

when a second batch of EO is added directly after full (19) walach, W.; Kowalczuk, A.; Trzebicka, B.; Dworak, Macromol.
conversion of the first batc. At higher conversions the first- Rapid Commun2001, 22, 1272-1277.



5244 Communications to the Editor

(20) Hsieh, H. L.; Quirk, R. PAnionic Polymerization-Principles and
Practical Applications Marcel Dekker: New York, 1996; p 688.

(21) Wesdemiotis, C.; Arnould, M. A.; Lee, Y.; Quirk, R. Polym. Prepr.
(Am. Chem. Soc., bi Polym. Chem).200Q 41, 629-630.

(22) Esswein, B.; Molenberg, A.; Mier, M. Macromol. Sympl996 107,
331-340.

(23) Esswein, B.; Mter, M. Angew. Chem., Int. EdL996 35, 623~

625.
(24) Lanzendder, M.; Schmalz, H.; Abetz, V.; NMiler, A. H. E.

Macromolecules, Vol. 40, No. 15, 2007

(25) Schmalz, H.; Knoll, A.; Mer, A. J.; Abetz, V.Macromolecules
2002 35, 10004-10013.

(26) Schmalz, H.; Lanzendr, M. G.; Abetz, V.; Miler, A. H. E.
Macromol. Chem. Phy003 204, 1056-1071.

(27) Schwesinger, R.; Schlemper, Angew. Chem1987, 99, 1212
1214.

(28) Taton, D.; Le Borgne, A.; Sepulchre, M.; Spassky,Macromol.

Chem. Phys1994 195 139-148.
(29) Quirk, R.; Lizarraga, G.Macromol. Chem. Phys200Q 201,

Application of FT-NIR Spectroscopy for Monitoring the Kinetics of 1395-1404.
Living Polymerizations. Inin-Situ Spectroscopy of Monomer and
Polymer Synthesi®uskas, J. E., Storey, R., Eds.; Kluwer Academic/

MAOQ70672A

Plenum: New York/Dordrecht, 2002; p 67.



