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ABSTRACT: Novel glycolides with pendent oligo(ethylene oxide) monomethyl ether substituents were synthesized.
Subsequent ring-opening polymerization using#-butylbenzyl alcohol as the initiator and Sn(2-ethylhexanote)

as the catalyst yielded homogeneous oligo(ethylene oxide)-grafted polylactides with high molecular weights and
low polydispersities. Polymers with short oligo(ethylene oxide) chains (1 or 2 ethylene oxide repeat units) are
more hydrophilic than polylactide but insoluble in water, whereas polymers having 3 or 4 ethylene oxide repeat
units are water-soluble. Aqueous solutions of polymers with 3 and 4 ethylene oxide repeat units in each pendent
chain are thermoresponsive, with lower critical solution temperatures (LCSTs) at 19 a@drégpectively. The

LCST transitions were confirmed by cloud point measurements, variable temperature dynamic light scattering,
and changes in line widths measured by variable temper&tudMR spectroscopy.

Introduction of lactide block. Furthermore, structural heterogeneity may lead

Lactide-based polymers are an important class of degradableto unpredictable degradation profiles, resulting in complicated

aliphatic polyesters. Because of their biodegradability and d“;{gegifﬁze;igesti;s'est that introducing pendant oligo(ethylene
biocompatibility, polylactides have long been used in medical P 99 gp 9 y

applications as degradable sutures and implants and are currentl pxide) groups onto a hydrophobic polymer backbone can be a

' . | approach to new water-soluble thermoresponsive
being developed for controlled drug delivery and as de radable6enera

scaﬁ%lds for t?ssue engineerifg® Cgmparedyto polyglycglide polymerst 318152 3For example, polymethacrylates that
polylactide is more hydrophobic which contributes to its slower Eg\/SeTt\SN(;?nZdBth;Z e;hz)jllg nereOSX'gitﬂ/r:j;lm;Eg Sgggp?gﬂ?&h'b't
degradation rate in vivo. A hydrophilic polylactide would be olystyrene with three ana fourpeth Iené oxide units |gn the side
advantageous for some applications since it should have afastegh;n ihows LCST behavior at 13yand 70, respectively?
degradation rate, and a polylactide with some degree of water ’ P :

- ' ! . . Additionally, the presence of PEO moieties can render the
solubility may resist protein fouling and prove particularly useful . : . . -
in drug delivery. polymer resistant to protein adsorption, making them attractive

i ) _ . biomaterials’® The few PEO-grafted polyestéfs* reported

An obvious strategy for increasing the hydrophilicity of 5 gate all suffer from either a low grafting density, backbone
polylactide is to appqnd a hydroph|I|c. group such as a poly- degradation, or a high polydispersity.
(ethylene glycol) chain or a carboxylic acid to the polymer  one strategy for tailoring the properties of polylactides is to
structure. Structurally related polymers are thermoresponsweremace the methyl group of the lactic acid repeat unit with
and exhibit a lower critical solution temperature (LCST) at near- g pstituents that alter the polymer’s physical propeffiékhe
ambient temperatures. One of the most studied LCST systemsaffectiveness of this approach was illustrated by the successful
is aqueous solutions of polytisopropylacrylamide) which — gynthesis of a various of substituted polylactides such as poly-
undergoes a rapid and reversible-sgél transition when heated (phenyllactide}2 polymandelidé? and alkyl-substituted poly-
through its LCST®™? BesidesN-isopropylacrylamide and its  |actidest* Here we describe the synthesis and ring-opening
copolymers, polymers derived from poly(methacrylaté)s? polymerization of lactide monomers that have been function-
poly(styrene)s? poly(phosphazene}$,*” poly(vinyl ether)s'®19 alized with exact length oligo(ethylene oxide) chains. The
polyethers?® and chitosaft have been reported to exhibit LCST  1eqyiting PEO-grafted polylactides should have predictable
behavior. Although their unique phase transition Suggests jegradation behavior because of the inherent homogeneity of
potential applications in fields such as drug delivery sysfénds, the monomer repeat unit. These polymers are water-soluble and
smart surface®;*’ bioseparation3}~*° controlled filtration?"-*2 show LCST behavior, suggesting applications in medicine such
and for controlling enzyme activit§,the vast majority of LCST 4 |ocalized drug delivery, where cool solutions of a drug and
polymers are nonbiodegradable, limiting their biomedical ap- the protomatrix (below LCST) are injected at a desired site and
plications. localized as the mixture warms to body temperature and gels

Not surprisingly, there also is substantial interest in develop- (above LCST).
ing thermoresponsive polylactides. For example, thermorespon- ) .
sive injectable drug-delivery systems were developed from EXperimental Section
thermoresponsive poly(ethylene oxide) and polylactide diblock ~ Materials. Ethylene glycol monomethyl ether (99%), di(ethylene
and triblock copolymers (PEQPLA and PEG-PLA—PEQ)34 glycol) monomethyl ether (99.6%), and tri(ethylene glycol) mono-
A disadvantage of such systems is that practical applications Methy! ether (95%) were purchased from Aldrich and distilled
limit the allowable PEO block length, and manipulation of the 2&fore use. 1,6-Dibromohexane (96%), NaH (60% dispersion in

. ; ! mineral oil), diethyl oxalate (99%), and 5% platinum on activated
transition temperature requires precise control over the length carbon were obtained from Aldrich and used as received. Tetrahy-

drofuran (THF) was dried using an activated alumina column.
* Corresponding authors. E-mail: smithmil@msu.edu, bakerg@ Characterization. The molecular Welghts of polymers were
msu.edu. determined by gel permeation chromatography (GPC) at@5
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using two PLgel 10 mixed-B columns in series (manufacturer-
stated linear molecular weight range of 501D 000 000 g/mol)

Water-Soluble Thermoresponsive Polylactidexl9

from the light brown crude product under vacuum (10 mTorr) at
145 °C overnight and was used without further purificatioht.

with THF as the eluting solvent at a flow rate of 1 mL/min. A NMR: 6 3.57-3.64 (m, 16H), 3.483.55 (m, 5.5H), 3.393.43
Waters 2410 differential refractometer was used as the detector,(t, 2.7H,J = 6.59 Hz), 3.34-3.38 (t, 2.2H,J = 6.84 Hz), 3.32

and monodisperse polystyrene standards were used to calibrate th8.34 (s, 3.8H), 1.7#1.85 (p, 2H), 1.56-1.59 (p, 2.6H), 1.37%
molecular weights. The concentration of polymer solutions used 1.45 (br m, 2.6H), 1.281.37 (br m, 2H). The integration of this
for GPC was 1 mg/mL. Differential scanning calorimetry (DSC) compound was skewed due to contamination from elimination
analyses of the polymers were obtained using a TA DSC Q100. byproducts.

Samples were run under nitrogen at a heating rate dfClfin, Synthesis of 2-Hydroxy-9,12-dioxatridecanoic Acid (4a).
with the temperature calibrated using an indium standard. The 1-Bromo-7,10-dioxaundecan2d) was dissolved in 600 mL of dry
reported glass transition temperatures correspond to the midpointTHF and stirred with 24 g of magnesium turnings until the solution
of the transition. Thermogravimetric analyses (TGA) were run in stopped boiling. The Grignard reagent was then added dropwise
air at a heating rate of 18C/min using a Perkin-Elmer TGA-7.  under nitrogend a 2 L round-bottom flask containing a stirred
Elemental analyses were determined using a Perkin-Elmer 2400solution of diethyl oxalate (56 g, 0.38 mol) in dry THF (500 mL)
CHNS/O analyzertH NMR (300 or 500 MHz) and3C NMR (75 at —80 °C. The mixture was stirred for an additional hour at
or 125 MHz) spectra were acquired using either a Varian Gemini —80 °C and then was quenched by adding 300 nil2dVl HCI

300 spectrometer or a Varian UnityPlus-500 spectrometer with the into the reaction mixture. The water layer was extracted with ether
residual proton signals from the CQGolvent used as the chemical (5 x 200 mL), and the combined organic layers were dried over
shift standard. Spectra with NMR assignments are provided in the MgSQ,. Filtration and removal of the solvents by rotary evaporation
Supporting Information. Mass spectral analyses were carried outgave a light brown oil. After dissolving the oil in 500 mL ethanol
on a VG Trio-1 bench-top GC-MS. Variable temperatteNMR and addig 1 g of 5%Pt/C and 15 g NaHC#¢) the a-keto ester
(500 MHz) spectra were recorded on a thermoregulated Varian was hydrogenated at 1500 psi. Whiéth NMR showed that the
UnityPlus-500 spectrometer using 15 mg/mL polymer solutions in a-keto ester had fully reacted (disappearance of the triplet at 2.80
D,0O (D, 99.9%). For each temperature, the solution was equilibrated ppm), the solids were removed by filtration and the ethanol solution
for 20 min before acquiring the data. Variable temperature dynamic was concentrated by rotary evaporation to give a colorless oil.
light scattering (DLS) experiments were run on a temperature- Saturated aqueous NaHg( L) was added and the mixture was
controlled Protein Solutions Dyna Pro-MS/X system. All samples heated to reflux for 3 days. Whéhl NMR showed the hydrolysis
were filtered through a 0.2m Whatman PTFE syringe filter and  was complete (disappearance of the quartet at 4.30 ppm), the basic
then equilibrated in the instrument for 15 min at each temperature solution was continuously extracted with ether for 24 h. The ether
before taking the data used to calculate the hydrodynamic radiuslayer was discarded and the aqueous layer was acidified with

(Ry). The particle size uniformity was determined by a monomodal

concentrated HCI to~pH = 1. After continuous extraction with

curve fit, which assumes a single particle size with a Gaussian ether for 48 h, the ether layer was dried over MgSiltered, and

distribution.

Synthesis of 1-Bromo-7,10-dioxaundecane (2&.2 L round-
bottom flask containing 600 mL of dry THF was cooled+@5 to
—35 °C under a blanket of nitrogen and charged with NaH (60%
in mineral oil, 60 g, 1.5 mol) and 1,6-dibromohexane (96%, 508
g, 2.0 mol). Freshly distilled 2-methoxyethanol (76 g, 1.0 mol) was
dissolved in 500 mL of dry THF and added dropwise into the stirred
slurry over 5 h. After the addition was complete, the mixture was
stirred at~—15 °C for 24 h and at O°C for 2 days. The solids

evaporated to dryness to give crudkeas a light brown oil which
was purified by three crystallizations from etherat0 °C followed
by drying under vacuum (10 mTorr) at room temperature for 12 h
to give 71 g of4a (80%) as white crystalsSH NMR: ¢ 4.21 (dd,
1H,J = 7.17 Hz,J = 4.39 Hz), 3.56 (m, 4H), 3.44 (t, 2H, =
6.66 Hz), 3.37 (s, 3H), 1.80 (m, 1H), 1.67 (A), 1.56 (p, 2H),
1.24-1.50 (br m, 6H).23C NMR: ¢ 178.35, 71.89, 71.38, 70.06,
69.73, 58.88, 33.83, 29.27, 28.82, 25.69, 24.45.
2-Hydroxy-9,12,15-trioxahexadecanoic Acid (4b)Obtained

were removed by filtration, and the solvent was removed by rotary using the procedure described for the synthesis of 2-hydroxy-9,-

evaporation to give a light yellow oil, which was purified by
fractional distillation. The distillate at 5860 °C (50 mTorr) gave
151 g of2a (63%) as a colorless oitH NMR: ¢ 3.53 (m, 2H),
3.49 (m, 2H), 3.42 (t, 2H) = 6.59 Hz), 3.38 (t, 2HJ = 6.84 Hz),
3.34 (s, 3H), 1.84 (p, 2H), 1.59 (p, 2H), 1:38.46 (br m, 2H),
1.29-1.38 (br m, 2H).:3C NMR: d 71.93, 71.20, 69.95, 58.97,
33.71, 32.65, 29.33, 27.90, 25.22.
1-Bromo-7,10,13-trioxatetradecane (2b)Obtained using the

12-dioxatridecanoic acidig), crystallizing the crude product once
from ether at-80 °C and twice from ether at40°C. The resulting
colorless oil was then dried under vacuum (10 mTorr) at room
temperature for 12 h to give 72 g 8b (67%) as a colorless oil at
room temperature'd NMR: 6 4.20 (dd, 1H,J = 7.17 Hz,J =
4.39 Hz), 3.62 (m, 4H), 3.56 (m, 4H), 3.43 (t, 2Bi= 6.66 Hz),
3.35 (s, 3H), 1.78 (m, 1H), 1.66 (m, 1H), 1.55 (p, 2H), 1-2448

(br m, 6H).13C NMR: 0 177.55, 71.68, 71.24, 70.34, 70.15, 69.96,

procedure described for the synthesis of 1-bromo-7,10-dioxaunde-69.77, 58.75, 33.81, 29.12, 28.79, 25.61, 24.45.

cane Ra) and purified by vacuum distillation (8386 °C, 30 mTorr)
to give 195 g of2b (69%) as a colorless oitH NMR: 6 3.60 (m,
4H), 3.56 (m, 2H), 3.52 (m, 2H), 3.42 (t, 2Hd,= 6.59 Hz), 3.36
(t, 2H, J = 6.84 Hz), 3.34 (s, 3H), 1.82 (p, 2H), 1.56 (p, 2H),
1.38-1.46 (br m, 2H), 1.361.38 (br m, 2H)1*C NMR: 9 71.94,

2-Hydroxy-9,12,15,18-tetraoxanonadecanoic Acid (4cjOb-
tained using the procedure described for the synthesis of 2-hydroxy-
9,12-dioxatridecanoic acid), crystallizing the crude product twice
from ether at-80 °C and twice from ether at40°C. The colorless
oil was dried under vacuum (10 mTorr) at room temperature for

71.17,70.63, 70.51, 70.08, 58.97, 33.75, 32.70, 29.40, 27.94, 25.27.12 h to give 76 g ofic (61%).*"H NMR: 6 4.20 (dd, 1HJ=7.17

1-Bromo-7,10,13,16-tetraoxaheptadecane (2€btained using

the procedure described for the synthesis of 1-bromo-7,10-diox-

aundecane2@) and purified by vacuum distillation (168L12°C,
30 mTorr) to give give 213 g o2c (65%) as a colorless oilH
NMR: 6 3.61 (m, 8H), 3.51 (m, 4H), 3.41 (t, 2H,= 6.59 Hz),
3.36 (t, 2H,J = 6.84 Hz), 3.33 (s, 3H), 1.82 (p, 2H), 1.54 (p, 2H),
1.37-1.45 (br m, 2H), 1.291.37 (br m, 2H)33C NMR: ¢ 71.88,

Hz, J = 4.39 Hz), 3.62 (m, 8H), 3.56 (m, 4H), 3.43 (t, 2Bl=

6.66 Hz), 3.35 (s, 3H), 1.78 (m, 1H), 1.66 (m, 1H), 1.55 (p, 2H),

1.24-1.48 (br m, 6H).2C NMR: 0 177.69, 71.77, 71.21, 70.44,

70.26, 69.97, 69.88, 33.83, 29.19, 28.78, 25.65, 24.47.
2-Hydroxy-9,12,15,18,21-pentaoxadocosanoic Acid (4dpb-

tained using the procedure described for the synthesis of 2-hydroxy-

9,12-dioxatridecanoic acidt§), crystallizing the crude product five

71.11,70.56, 70.53, 70.45, 70.04, 58.93, 33.70, 32.65, 29.36, 27.90times from ether at-80 °C. The light brown oil was dried under

25.23.
1-Bromo-7,10,13,16,19-pentaoxaeicosane (2@bhtained using

the procedure described for the synthesis of 1-bromo-7,10-diox-

aundecane 2g), except that2d was not purified by vacuum

vacuum (10 mTorr) at room temperature for 12 h to give 57 g of
4c (41%).*H NMR: 6 4.20 (dd, 1HJ = 7.08 Hz,J = 4.39 Hz),
3.62 (m, 12H), 3.56 (m, 4H), 3.43 (t, 2H, 2B8= 6.59 Hz), 3.35
(s, 3H), 1.78 (m, 1H), 1.66 (m, 1H), 1.55 (p, 2H), 1-24.48 (br

distillation since attempts to distill this compound caused significant m, 6H). 13C NMR: ¢ 177.37, 71.78, 71.21, 70.49, 70.43, 70.39,
decomposition. Instead, the excess 1,6-dibromohexane was removed0.26, 69.98, 69.91, 58.86, 33.84, 29.22, 28.79, 25.69, 24.46.
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Scheme 1. Synthesis of PEO-Grafted Polyglycolides
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Synthesis of 3,6-Bis(7,10-dioxaundecyl)-1,4-dioxane-2,5-dione
(5a). 2-Hydroxy-9,12-dioxatridecanoic acidg) (23.4 g, 0.1 mol)
was placedn a 2 L round-bottom flask, along wit 1 g of
p-toluenesulfonic acid ané-1.8 L of toluene. The solution was

poly(5a-d)

3,6-Bis(7,10,13,16,19-pentaoxaeicosyl)-1,4-dioxane-2,5-di-
one (5d). Obtained as a light brown oil using the procedure
described for the synthesis of 3,6-bis(7,10-dioxaundecyl)-1,4-
dioxane-2,5-dione5g). Distillation (238°C/3 mTorr) gave 5.2 g

refluxed for 3 days, with the water removed azeotropically using a of 5d (15%) as a colorless oitH NMR: ¢ 4.88 (dd,J = 8.30 Hz,
Barrett trap. After the toluene was removed by rotary evaporation, J = 4.88 Hz),0 4.83 (dd,J = 7.69 Hz,J = 4.27 Hz, 1H total for
the residue was dissolved in 500 mL of diethyl ether, washed with the signals at 4.88 and 4.83), 3.62 (m, 12H), 3.57 (m, 4H), 3.40 (t,

saturated NaHCg) and dried over MgS@ Filtration and removal

2H,J = 6.66 Hz), 3.34 (s, 3H), 1:92.2 (br m, 2H), 1.4#1.7 (br

of the ether gave the crude product as a light brown oil, which was m, 4H), 1.3-1.47 (br m, 4H)13C NMR: ¢ 166.90, 165.71, 76.31,

recrystallized from diethyl ether at40 °C and then distilled
(180°C/3 mTorr) to give 9.6 g 0ba (41%).'H NMR: ¢ 4.88 (dd,
J=28.30 Hz,J = 4.88 Hz),0 4.83 (dd,J = 7.69 Hz,J = 4.27 Hz,

1H total for the signals at 4.88 and 4.83), 3.52 (m, 4H), 3.40 (t,
2H, J = 6.66 Hz), 3.34 (s, 3H), 1:82.1 (br m, 2H), 1.41.6 (br

m, 4H), 1.24-1.4 (br m, 4H)13C NMR: 0 166.87, 165.66, 76.24,

75.49,71.88, 71.21, 71.16, 70.55, 70.52, 70.46, 70.03, 58.97, 31.84,
29.94, 29.38, 28.82, 28.69, 25.74, 24.46, 24.26. Anal. Calcd for
Cs4He4014: C, 58.62; H, 9.19. Found: C, 58.30; H, 9.25. M8/(
2) 697.4 M+ 1).

Bulk Polymerization of 3,6-Bis(7,10-dioxaundecyl)-1,4-diox-
ane-2,5-dione (5a)Solvent-free polymerizations were run in sealed

75.41,71.87,71.20, 71.15, 69.89, 58.93, 31.75, 29.87, 29.27, 28.74tubes prepared frofls in. diameter glass tubing. Freshly distilled

28.60, 25.65, 24.38, 24.18. Anal. Calcd 058,005 C, 61.11;
H, 9.26. Found: C, 60.80; H, 8.87. M&1() 433.3 (M+ 1).

3,6-Bis(7,10,13-trioxatetradecyl)-1,4-dioxane-2,5-dione (5b).

monomerda (1.17 g) and a small magnetic stir bar were added to
the tube and stirred under vacuum (3 mTorr) for 12 h at 405
After cooling to room temperature and backfilling with argon, a

Obtained as a colorless oil using the procedure described for thesyringe was used to add toluene solutions of the catalyst (Sn(2-

synthesis of 3,6-bis(7,10-dioxaundecyl)-1,4-dioxane-2,5-dibak (
Distillation (190°C/3 mTorr) gave 7.8 g 0bb (28%).H NMR:

0 4.88 (dd,J = 8.30 Hz,J = 4.88 Hz),0 4.83 (dd,J = 7.69 Hz,

J = 4.27 Hz, 1H total for the signals at 4.88 and 4.83), 3.62 (m,
4H), 3.57 (m, 4H), 3.40 (t, 2HJ) = 6.66 Hz), 3.34 (s, 3H), 19

2.2 (br m, 2H), 1.471.7 (br m, 4H), 1.3-1.47 (br m, 4H).13C

ethylhexanoatg) 0.098 M, 56uL, 0.2 mol %) and initiator (4-
tert-butylbenzyl alcohol, 0.095 M, 57L, 0.2 mol %). After careful
removal of the toluene under vacuum, the tube was sealed under
vacuum and immersed into an oil bath at 130 and stirred
magnetically for 4 h. At the end of the polymerization, the tube
was cooled in ice water and opened. A portion of the polymer was

NMR: ¢ 166.87, 165.69, 76.28, 75.46, 71.88, 71.18, 71.12, 70.57, analyzed by GPC to determine molecular weigivg € 148 500
70.45, 70.01, 58.94, 31.80, 29.93, 29.33, 28.79, 28.65, 25.70, 24.43g/mol, PDI = 1.31) and by NMR to evaluate conversion by

24.22. Anal. Calcd for gH1g010: C, 60.00; H, 9.23. Found: C,
60.10; H, 9.60. MSr/2 521.1 (M+ 1).
3,6-Bis(7,10,13,16-tetraoxaheptadecyl)-1,4-dioxane-2,5-di-

comparing the methine resonances for the monomer4a ppm)
and polymer £5.1 ppm) (97%). The remaining polymer was
dialyzed (molecular weight cutoff 12—14 000) in acetone and

one (5¢).Obtained as a colorless oil using the procedure described dried under vacuum (4 mTorr) at 7€ overnight to give 0.97 g of

for the synthesis of 3,6-bis(7,10-dioxaundecyl)-1,4-dioxane-2,5-

dione 64). Distillation (210°C/3 mTorr) gave 6.9 g 05c (21%).

IH NMR: 6 4.88 (dd,J = 8.30 Hz,J = 4.88 Hz),6 4.83 (dd,J =
7.69 Hz,J = 4.27 Hz, 1H total for the signals at 4.88 and 4.83),
3.62 (m, 8H), 3.57 (m, 4H), 3.40 (t, 2Hl = 6.66 Hz), 3.34
(s, 3H), 1.9-2.2 (br m, 2H), 1.471.7 (br m, 4H), 1.3-1.47 (br
m, 4H).13C NMR: ¢ 166.84, 165.48, 76.05, 75.21, 71.64, 70.93,

poly(5a) as a colorless viscous liquid (83%H NMR: ¢ 5.01—
5.23 (br, 1H), 3.533.64 (br, 4H), 3.44-3.52 (br m, 2H), 3.3%
3.43 (s, 3H), 1.822.03 (br, 2H), 1.551.70 (br, 2H), 1.28'1.53
(br, 6H). Anal. Calcd for (@H400g)n: C, 61.11; H, 9.26. Found:
C, 61.18; H, 9.33.
Poly(3,6-bis(7,10,13-trioxatetradecyl)-1,4-dioxane-2,5-di-
one), Poly(5b).Obtained using the procedure described for the

70.88, 70.32, 70.29, 70.21, 69.80, 58.70, 31.54, 29.66, 29.15, 29.13synthesis of pol\§a). Monomer5b (1.25 g) was dried at 115C

28.61, 28.44, 25.51, 25.49, 24.21, 24.00. Anal. Calcd for
CioH56012: C, 59.21; H, 9.21. Found: C, 59.34; H, 9.60. Mﬁ/@
609.4 (M+ 1).

and polymerized for 11 h at 13C€. The monomer conversion was
82%, andM, = 65 800 g/mol (PDI= 1.14). After dialysis and
removal of solvent by rotary evaporation, the residue was dried



Macromolecules, Vol. 41, No. 2, 2008

overnight under vacuum (4 mTorr) at 7Q to give poly6b) (0.96
g) as a colorless viscous liquid (77%H NMR: ¢ 5.01-5.23 (br,
1H), 3.64-3.72 (br, m, 4H), 3.543.64 (br, 4H), 3.43-3.52 (br,
m, 2H), 3.373.43 (s, 3H), 1.832.05 (br, 2H), 1.541.69 (br,
2H), 1.25-1.52 (br, 6H). Anal. Calcd for (§H4s010),: C, 60.00;

H, 9.23. Found: C, 59.83; H, 9.11.
Poly(3,6-bis(7,10,13,16-tetraoxaheptadecyl)-1,4-dioxane-2,5-
dione), Poly(5c).Obtained using the procedure described for the

synthesis of poly§a). Monomer5c (1.90 g) was dried at 12¢C
and polymerized for 15 h at 13@. The monomer conversion was
73%, andM, = 56 100 g/mol (PDI= 1.10). After dialysis and
removal of solvent by rotary evaporation, the residue was dried
under vacuum (4 mTorr) at 7 overnight to give 1.40 g of poly-
(5¢) as a colorless viscous liquid (73%H NMR: 6 5.01-5.24
(br, 1H), 3.63-3.74 (br, m, 8H), 3.543.63 (br, 4H), 3.423.51
(br, m, 2H), 3.38-3.42 (s, 3H), 1.792.05 (br, 2H), 1.53-1.69
(br, 2H), 1.25-1.53 (br, 6H). Anal. Calcd for (&Hs¢O12)n: C,
59.21; H, 9.21. Found: C, 59.13; H, 9.06.

Poly(3,6-bis(7,10,13,16,19-pentaoxaeicosyl)-1,4-dioxane-2,5-di-
one), Poly(5d) Obtained using the procedure described for the
synthesis of poly§a). Monomer5d (1.3 g) was dried at 130C
and polymerized for 20 h at 13@. The monomer conversion was
74%, andM, = 10 600 g/mol (PDI= 1.12). After dialysis and
removal of solvent by rotary evaporation, the residue was stirred
under vacuum (4 mTorr) overnight to give 0.68 g of pély) as a
light yellow liquid (52%).1H NMR: ¢ 5.01-5.23 (br, 1H), 3.64
3.71 (br, m, 12H), 3.553.63 (br, 4H), 3.43-3.50 (br, m, 2H),
3.38-3.42 (s, 3H), 1.86:2.05 (br, 2H), 1.54-1.69 (br, 2H), 1.25
1.52 (br, 6H). Anal. Calcd for (€HeO014)n: C, 58.62; H, 9.19.
Found: C, 58.64; H, 9.08.

Results and Discussion
Monomer Synthesis We synthesized four PEO-substituted

glycolides using the synthethic steps shown in Scheme 1. First,

the reaction of an oligo(ethylene glycol) monomethyl ether with

Water-Soluble Thermoresponsive Polylactide321

el
Oén—wmo\»owq
PV

SN

(o]

/0\/\0/\,0\/\/\/\)1\0’_‘
OH
T T T T T T T T T ] T T T T [ T T T T
5.0 4.0 3.0 20
ppm

Figure 1. 300 MHz'H NMR spectra of4b, 5b, and polybb).

confirms the 1:1 ratio of thenesao rac diastereomers expected

1,6-dibromohexane generated the corresponding hexy! bromidefor the statistical coupling of a racemic mixture of hydroxy acids.

capped with an oligo(ethylene glycol) monomethyl ether.

Grignard reagents generated from these functionalized oligo-

(ethylene glycol) monomethyl ethers were reacted with diethyl
oxalate at—78 °C to provide the corresponding-keto esters.
Typically, the conversion of diethyl oxalate was85%, with

Crystallization from ether significantly alters the diastereomeric
ratio, favoring isolation of thenesadiastereomer. Similar results
were obtained for the other glycolides. We note thHatNMR
spectroscopy also provides a convenient method for monitoring
the polymerization reaction. As shown in Figure 1 for glycolide

no detectable contamination from addition of a second Grignard 5b, the methine peaks at 4.85 evolve into a broad peatat0

equivalent to thex-keto esters. Catalytic hydrogenation of the
crude ketoesters at 1500 psig using Pt/C yieldedxmydroxy
esters, but since purification of the esters proved difficult, the
crude a-hydroxy esters were hydrolyzed and isolated as the
a-hydroxy acids. To the best of our knowledge, none of the
o-hydroxy acids were previously reported. Crystallization from
ether at—80 and—40 °C gave the acids as colorless to light
brown oils in overall yields of 4£80% based on diethyl oxalate.
A representativéH NMR spectrum, that of the-hydroxy acid

ppm during polymerization, allowing straightforward calculation
of the conversion of monomer to polymer.

Bulk Polymerization. Bulk polymerizations of the PEO-
functionalized glycolides were run at 13@ using 4tert-
butylbenzyl alcohol as the initiator and Sn(2-ethylhexaneate)
as the catalyst. The monomer:catalyst:initiator ratio for all
polymerizations was 500:1:1. The hydrophilic segments in these
PEO-functionalized monomers complicate monomer purification
since residual alcohol or water in monomer can also act as

4b, is shown in Figure 1. The methine proton of the acid appears initiator and lead to lower than expected molecular weights.
as doublet of doublets at 4.20 ppm, while intense signals Stringent monomer purification and drying processes were
between 3.50 and 3.65 ppm are characteristic of the methylenerequired to ensure pure and dry monomers and obtain high

protons of the ethylene oxide units. The methylene protons of molecular weight polymers. All monomers were freshly distilled
the hexyl spacer adjacent to PEO segment appear as a triplet apy Kugelrohr distillation after recrystallization and dried under

3.42 ppm and the>-methoxy protons as a singlet at 3.35 ppm.
Dimerization of thea-hydroxy acids in refluxing toluene
usingp-toluenesulfonic acid as a catalyst yielded a mixture of

the R,S and R,R/S,Sdiastereomers in~45% yield before
distillation. The major byproducts consisted of linear oligomers,
which could in principle be recycled or thermally cracked to
yield additional monomer. A representatité NMR spectrum,
that of compoundbb, is shown in Figure 1. The methine protons

vacuum at>100°C before polymerization. (During distillation,
the monomer epimerized to a statistical mixture of diastereo-
mers.)

Polymerizations were run for420 h, and then samples were
analyzed byH NMR spectroscopy for conversion by comparing
the methine resonances for the monomer~4t8 ppm) and
polymer ¢~5.1 ppm). The crude polymers were purified by
dialysis against acetone and dried under vacuum to give clear

of the 3,6-disubstituted glycolide ring appear as two sets of viscous liquids. Typical polymerization results are listed in Table
doublets of doublets centered at 4.88 and 4.83 ppm; integrationl, and the corresponding GPC traces of the crude polymers
of these two peaks in thiH NMR spectrum of crude product  before dialysis are shown in Figure 2. The molecular weights,
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poly(5d)

poly(5c)

poly(5b)

poly(5a)
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Figure 2. Gel permeation chromatography traces of crude poly-

(ethylene oxide)-grafted polylactides'Q.1 wt % polymer in tetrahy-
drofuran, elution rate= 1 mL/min).

Table 1. Bulk Polymerization Results for Poly(ethylene Figure 3. Photograph showing the lower critical solution temperature
oxide)-Functionalized Glycolides behavior of polybc) in D,O. The polymer concentration wasl5 mg/
L.
monomer  time (h) conv (%) Mp(theorp My¢ PDIc m
5a 4 97 209500 148500 1.31 Agueous Solubility and Solution Properties of PEO-
gg %(1) gg ;g? 888 gg fgg ﬂg Grafted Polylactides. Poly(5a) and poly6b) are insoluble in
5d 20 74 257 500 10600 112 water. Although hydration of the hydrophilic side chains

. _ precludes a precise measurement of the contact angle, the
Monomer conversion was measured'syNMR spectroscopy? Maneo) polymers are clearly more hydrophilic than poly(hexy! glycolide)

= [monomer]/[initiator] x monomer molecular weight conversion® M, o
and PDI data are from crude polymers before dialysis and measured by gel(CONtact angles of 5675° compared to 100for poly(hexyl

permeation chromatography in tetrahydrofuran using polystyrene standardsglycolide). Polybc) and polybd) are water-soluble and form
for calibration. All polymerizations were run at 13C with a monomer/ clear solutions at temperatures below their LCST. To determine

initiator ratio of 500. the cloud points, we prepared aqueous solutions of(Be)yM,

. GPC=59 800, PDI= 1.16) and poly%d) (M,, GPC= 10 600,
measured by GPC and reported relative to polystyrene standardspp| = 1.12) with a concentration of 15 mg/mL in 5 mm NMR
were lower than the theoretical values in all cases. In contrast, types. Solutions of pol$c) were transparent below & and
polylactides characterized under similar GPC conditions usually suyddenly turned cloudy at 2@ during the course of heating
provide molecular weights comparable to the values expected Figure 3). After 24 h at 25C, an obvious precipitate settled
from the monomer to initiator ratio. Lower than expected at the bottom of the tube, but the precipitate redissolved when
molecular weights could be due to residual alcohol or water in the solution was cooled. Similarly, solutions of pdiglj
the monomer or simply indicate that the PEO segments in the exhibited a cloud point at 38C. Apparently, the cloud point
side chains alter the hydrodynamic radius of the polymer in jncreases with the length of PEO chain, as has been reported
THF, leading to lower relative molecular weights. The latter for other PEO-grafted polyme#&.13
seems to be important for polymers with long PEO segments.  \e also used variable temperatdt¢ NMR measurements
We analyzed polya) and polybd) on a GPC system equipped  to study the phase transitions of pdyg| and poly6d) solutions
with a multiangle light scattering detector. TM, calculated (15 mg/mL) in DO. Their '1H NMR spectra at various
for poly(58) was within 5% of the value obtained using temperatures are shown in Figure 4 and Figure 5; the height
polystyrene standards, whilé, determined for poly&d) by light  and position of the water peak were used as internal references.
scattering was-2 times the molecular weight obtained using \When a solution of polyic) was heated from 4 to 1&, there
polystyrene standards (20 800 vs 10 600). We also observedyere no visible changes in the height and shape of the proton
that mU|t|p|e distillations of monomer or hlgher distillation Signa| from the terminal methoxy group. When heated to
temperatures gengrally led to slpwer polymerization rates put 25 °C, the peak broadened and the peak height noticeably
lower molecular weights, suggesting that thermal decomposition gecreased, indicating a phase transition from a soluble to an
may introduce impurities into the monomer. The contributions jnsoluble state somewhere between 18 and@5consistent
of these effects may be responsible for the occasional shouldersyjith the cloud point measurements. For p&ig), the height of
seen on the high molecular weight side of GPC traces (see thethe methoxy peak decreased and broadened between 35 and

data for poly5a) peak and polf6c) in Figure 2). 45°C, again consistent with cloud point measurements that place
The TGA profiles for all four polymers were similar, with  the transition at 38C.
the onset for decomposition at around 3@ (see Figure S1, We analyzed the NMR data by plotting the line width at half-

Supporting Information). We often observed a small weight loss height as a function of temperature for the methoxy resonance.
at low temperatures. Since its magnitude depended on the lengthThe data shown in Figure 6 confirm transitions~at7 °C for

of time the sample was held at 136 prior to starting the run, poly(5¢) and~37 °C for poly(5d).

we assigned it to the loss of hydrogen-bonded water. The DSC The thermoresponsive behavior of the polymer solutions also
scans (see Figure S2, Supporting Information) show a weakcan be monitored by variable temperature dynamic light
glass transition at-—25 °C, consistent with extensive research scattering measurements (DLS). Shown in Figure 7 are the DLS
on poly(methacrylate) comb polymers showing thgtdecrease  results for aqueous solutions of pdgf (3 mg/mL) at different

as the length of the side chains in comb polymers incréfase. temperatures. When the solution was heated from 10 €21
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Figure 4. 500 MHz'H NMR spectra of polygc) (M, = 56 100 g/mol,
PDI = 1.10) in D,O (15 mg/mL) at different temperatures. 20°C
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Figure 7. Dynamic light scattering results for pobg) (M, = 56 100

38°C g/mol, PDI= 1.10) in water (3 mg/mL) at different temperatures.
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Figure 5. 500 MHz*H NMR spectra of polygd) (M, = 10 600 g/mol, 0.1 1 10 100 1000 10000
PDI = 1.12) in DO (15 mg/mL) at different temperatures. Ry (nm)

Figure 8. Dynamic light scattering results for pobd) (M, = 10 600
g/mol, PDI= 1.12) in water (3 mg/mL) at different temperatures.

the average hydrodynamic radius of the polymer particles in

solution remained constantab nm. Further heating to 22C Conclusions

caused a drastic increase in the average hydrodynamic radius Wwe successfully synthesized a series of lactides that have
to hundreds of nanometers, and the variability of this value is gne oligo(ethylene glycol) monomethyl ether chain per lactic
consistent with polymer agglomeration. The DLS results for acid residue. Their subsequent ring-opening polymerization
an aqueous solution of pog) (3 mg/mL) are shown in Figure  yielded high molecular weight PEO-grafted polylactides with
8. Between 25 and 38, the average hydrodynamic radius of narrow molecular weight distributions. P@ga) and poly(5b),

the particles is essentially constant within experimental error, having 1 and 2 PEO repeat units in the pendant chain, are
but heating the solution to 39C induces an increase in  hydrophilic but are not water-soluble. P@g) and poly5d),
hydrodynamic radius to hundreds of nanometers, suggesting thenaving longer PEO chains, are water-soluble, and we detected
polymer chains changed from a hydrated state to an agglomer-lower critical solution temperatures for both polymers. The cloud
ated insoluble state. points of poly5c) and poly5d) in aqueous solutions werel9
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and 37 °C, respectively, which we confirmed by variable

temperaturéH NMR and DLS measurements.

Acknowledgment. The authors thank Center for Renewable
Resource Chemistries at Michigan State University and the

Macromolecules, Vol. 41, No. 2, 2008

(19) Sugihara, S.; Kanaoka, S.; Aoshima,Macromolecule2005 38,
1919-1927.

(20) Jia, Z.; Chen, H.; Zhu, X.; Yan, Ol. Am. Chem. So2006§ 128
8144-8145.

(21) Bhattarai, N.; Ramay, H. R.; Gunn, J.; Matsen, F. A.; Zhang, M. Q.
J. Controlled Releas2005 103 609-624.

Michigan Economic Development Corp. for financial support. (22) Chilkoti, A.; Dreher, M. R.; Meyer, D. EAdv. Drug Delivery Rev.

We also thank Professor Michael Mackay for access to and help

with the dynamic light scattering equipment.

Supporting Information Available: TGA and DSC scans of
polymers5a—d (Figures S1 and S2) and assigréd and'H NMR

spectra of compounds described in the Experimental Section. This
material is available free of charge via the Internet at http://

pubs.acs.org.

References and Notes

(1) Langer, RAcc. Chem. Re00Q 33, 94—101.
(2) Greenwald, D.; Shumway, S.; Albear, P.; Gottlieb,JL.Surg. Res.
1994 56, 372-377.
(3) Gonzalez, R.; Ramshaw, B.Am. Surg.2003 69, 471-476.
(4) Carnahan, M. A.; Middleton, C.; Kim, J.; Kim, T.; Grinstaff, M. W.
J. Am. Chem. So@002 124, 5291-5293.
(5) Coulembier, O.; Degee, P.; Hedrick, J. L.; DuboisProg. Polym.
Sci.2006 31, 723-747.
(6) Hoffman, A. S.J. Controlled Releas&987, 6, 297—305.
(7) Chen, G.; Hoffman, A. SNature (London)1995 373 49-52.
(8) Alarcon, C. D. H.; Pennadam, S.; Alexander@Bem. Soc. Re2005
34, 276-285.
(9) Yang, Z.; Zhang, W.; Zou, J.; Shi, \Wolymer2007, 48, 931-938.
(10) Fournier, D.; Hoogenboom, R.; Thijs, H. M. L.; Paulus, R. M.;
Schubert, U. SMacromolecule007, 40, 915-920.
(11) Han, S.; Hagiwara, M.; Ishizone, Mlacromolecule2003 36, 8312
8319.
(12) Lutz, J.-F.; Akdemir, O.; Hoth, AJ. Am. Chem. So006 128
13046-13047.
(13) Zhao, B.; Li, D. J.; Hua, F. J.; Green, D. Racromolecule2005
38, 9509-9517.
(14) Lee, B. H.; Lee, Y. M.; Sohn, Y. S.; Song, S. Macromolecules
2002 35, 3876-3879.
(15) Lee, S. B.; Song, S. C.; Jin, J. |.; Sohn, Y Macromoleculed999
32, 7820-7827.
(16) Song, S. C.; Lee, S. B.; Jin, J. |.; Sohn, Y Macromolecule€999
32, 2188-2193.
(17) Zhang, J. X.; Qiu, L. Y.; Jin, Y.; Zhu, K. J. Biomater. Res., Part A
2006 76A 773-780.
(18) Aoshima, S.; Sugihara, S. Polym. Sci., Polym. Chen200Q 38,
3962-3965.

2002 54, 1093-1111.

(23) Chilkoti, A.; Dreher, M. R.; Meyer, D. E.; Raucher, Bdv. Drug
Delivery Rev. 2002 54, 613-630.

(24) Nakayama, M.; Okano, T.; Miyazaki, T.; Kohori, F.; Sakai, K.;
Yokoyama, M.J. Controlled Releas2006 115 46—56.

(25) Schacht, E.; Toncheva, V.; Vandertaelen, K.; Helled, Lontrolled
Release2006 116, 219-225.

(26) LeMieux, M. C.; Peleshanko, S.; Anderson, K. D.; Tsukruk, V. V.
Langmuir2007, 23, 265-273.

(27) Nath, N.; Chilkoti, A.Adv. Mater. 2002 14, 1243.

(28) Takei, Y. G.; Aoki, T.; Sanui, K.; Ogata, N.; Okano, T.; Sakurai, Y.
Bioconjugate Cheml993 4, 341-6.

(29) Shamim, N.; Hong, L.; Hidajat, K.; Uddin, M. Sep. Purif. Technol.
2007, 53, 164-170.

(30) Zhou, Y.; Zhang, Y.; Lau, C.; Lu, Anal. Chem2006 78, 5920—
5924,

(31) Lokuge, I.; Wang, X.; Bohn, P. W.angmuir2007, 23, 305-311.

(32) Wu, G.; Li, Y.; Han, M.; Liu, X.J. Membr. Sci2006 283 13—20.

(33) Mori, H.; Takahashi, H.; Tatsuma, T.; Fujishima,@hem. Sen200Q
16, 160-162.

(34) Jeong, B.; Bae, Y. H.; Lee, D. S.; Kim, S. Wature (London}L997,
388, 860-862.

(35) Allcock, H. R.; Dudley, G. KMacromolecule4996 29, 1313-1319.
(36) Andruzzi, L.; Senaratne, W.; Hexemer, A.; Sheets, E. D.; llic, B;
Kramer, E. J.; Baird, B.; Ober, C. KLangmuir 2005 21, 2495~

2504.

(37) Parrish, B.; Breitenkamp, R. B.; Emrick, J. Am. Chem. So2005
127, 7404-7410.

(38) Riva, R.; Schmeits, P.; Stoffelbach, F.; Jerome, C.; Jerome, R.;
Lecomte, PChem. CommurR005, 5334-5336.

(39) Parrish, B.; Emrick, TMacromolecule2004 37, 5863-5865.

(40) Rieger, J.; Bernaerts, K. V.; Du, Prez, F. E.; Jerome, R.; Jerome, C.
Macromolecule2004 37, 9738-9745.

(41) Dechy-Cabaret, O.; Martin-Vaca, B.; Bourissouhem. Re. 2004
104, 6147-6176.

(42) Simmons, T. L.; Baker, G. IBiomacromoleculeg001, 2, 658-663.

(43) Liu, T. Q.; Simmons, T. L.; Bohnsack, D. A.; Mackay, M. E.; Smith,
M. R.; Baker, G. L.Macromolecule007, 40, 6040-6047.

(44) Yin, M.; Baker, G. L.Macromolecules 999 32, 7711-7718.

(45) Rogers, S. S.; Mandelkern, 1. Phys. Chem1957, 61, 985-990.

MAQ70775T



