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ABSTRACT: Eight well-defined poly(glycidotypoly(propylene oxide)poly(glycidol) (PG-PPO-PG) block
copolymers with PG contents from 20 to 84 wt % and fixed molecular weight of the middle PPO block of 2000
were prepared. The copolymers are considered as analogues to the commercially available Pluronic, poly(ethylene
oxide)—poly(propylene oxide}poly(ethylene oxide) (PEOGPPO-PEO), block copolymers in which the PEO

blocks are substituted by blocks of linear PG. They were prepared by means of anionic polymerization of
ethoxyethyl glycidyl ether (protected glycidol) followed by cleavage of the protective groups. The resulting products
bear hydroxyl groups in each repeating glycidol unit. In agueous solution all studied copolymers were found to
self-associate above a certain critical concentration (cmc), which depends on the PG content and temperature.
The cmc values were found to decrease with increasing temperature and decreasing the content of the hydrophilic
component less strongly than those of the corresponding Pluronic copolymers. According to the thermodynamic
data, the substitution of the PEO blocks by blocks of linear PG reduces the enthalpic barrier to aggregation. The
latter is entropically less favored compared to that of the Pluronics. The turbidity measurements reveal three
types of transmittance vs temperature curve patterns. Two of them have been observed for some Pluronic
copolymers. The third type, characterized by an increase of transmittance with increasing temperature, is exhibited
only by the copolymers of higher (above 50 wt %) PG content. This behavior as well as other findings that
deviate from the expectations can be understood with the well-documented in the present study fact that the
interactions of the constituent blocks with water change with temperature in opposite manners.

Introduction o J\
N
Glycidol, 2,3-epoxy-1-propanol (Figure 1a), is a hydroxyl LA _OH %7/\0 o
epoxide that takes a special position among the other oxiranes. @) (b)

It is able to polymerize via an anionic mechanism, i.e., in the Figure 1. Structural formulas of (a) glycidol and (b) ethoxyethyl
presence of alkoxide; however, because of repeating intra- andglycidyl ether (EEGE).

intermolecular transfer steps of the active sites to the primary |, ;nionic surfactant®-2 |n aqueous solution they exhibit rich

hydroxyl groups, which subsequently propagate, typically gy ctural polymorphism. The microstructures resulting from the
branched oligomeric products are obtaifédA variety of self-assembly of the copolymers can vary from normal micelles

copolymers with epoxide (propylene oxié@thylene oxidé, through body-centered cubic or face-centered cubic, hexagonal,
epichlorohydrine, isopropyl glycidyl ether, glycidyl phenyl ether, - y;continyous cubic, and L3 to lamellar lyotropic liquid crystals.

1,2-ep(;g(ybutarf’e, cyclic (caprolactary), and noncyclic (methyl ' how well established that the parameters influencing their
acrylate? p-chloromethylstyren monomers in which the poly- gy ctural polymorphism are the total copolymer molecular
(glycidol) moieties consist of highly branched polyether scaffold weight, molecular weights, and hence the balance between the

have been reported. The linear products, homo- and COpOIymerShydrophobic, PPO, and hydrophilic, PEO, components as well
(_)f glycidol are (_:onsiderably less studied. In general, to obtain ,q temperature and concentration. The accumulated knowledge
linear poly(glycidol), the hydroxyl group must be protected by 5,4t the ability of these important copolymers to attain diverse
a suitable group. It appears that for an anionic polymerization icrostructures and the properties of the microstructures is of
the ethoxyethyl protective group is most suitable as it is stable great importance as the Pluronic copolymers are commercially
at basic conditions and easily removable by hydrolysis. There 5 qijaple and find wide application in fields as diverse as
are few reports that document the synthesis of ethoxyethyl glyc- aicine and petroleum industry. In the attempts to diversify
idyl ether, EEGE (Figure 1b), as referred to as protected glyc- yhe assortment copolymers, other, e.g., reverse and starlike,
idol, its anionic (co)polymerization, and investigation of the 5 chjtectures have been commercialized. To the best of our

resulting linear productSA subsequent step could be cleavage o yledge, however, attempts have been made to substitute only
of the protective group which yields linear poly(glycidol) o hydrophobic PPO block with structurally similar poly-
moieties containing a hydroxyl group in each repeating unit. (butylene oxide¥*24 With this in mind we initiated a study to
The amphiphilic copolymers of the Pluronic family are com-  create and investigate novel block copolymers which could be
mercially available in wide ranges of molecular weights and considered as analogues to Pluronic copolymers in which the
ratios between the hydrophilic and hydrophobic components. hydrophilic blocks of PEO are substituted by blocks of linear
They are linear triblock copolymers of a poly(ethylene oxide)  poly(glycidol) (PG). In particular, in this first paper, we describe
poly(propylene oxideypoly(ethylene oxide) (PEGPPO-PEO) the synthesis and preliminary aqueous solution properties of a
architecture and probably the most extensively studied polymeric series of PG-PPO-PG block copolymers in which the PG
content varies from 20 to 84 wt % whereas the degree of
* Corresponding author: Tek 359 2 979 2293; Fax 359 2 870 0309 polymerization of the PPO block is 34. Thus, the resulting block
e-mail rangelov@polymer.bas.bg. copolymers are closest in composition to the Pluronic series
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L61-F68 and L72-F77. In forthcoming papers rheological HOwWwmnnnnnns OH

properties and investigations based on scattering methods and 1. CsOH /-H,0

electron microscopy of the copolymers of this series as well as 2.2n HZC\—/CH—CHZ
copolymers of other series that differ in molecular weight of o OCH/CH3

the central block of PPO will be presented. \ocsz

Experimental Section fo—CH—Csz—omm,\M O<<CH2_CH_O>,
A. Materials. The solvents (methanol, methylene chloride) were (|;H n | n
2 AlC; CH,

purified by distillation. Glycidol (96%, Aldrich) was distilled under CH | CH
reduced pressure. Ethyl vinyl ether (99%, Aldrich), A{6H,O ocH ~® MeOH ocH_ .3

(99%, Aldrich), and CsOHH,0 (99.95%, Acros Organics) were OCzHs OC2Hs
used as received. Ethoxyethyl glycidyl ether (EEGE) was obtained y

by a reaction of glycidol and ethyl vinyl ether as described O—CH—CH,—-Ovmanananann O CHZ_CH“O%
elsewheré. Fractions of EEGE of purity exceeding 98.5%, deter- _( [ -)—

mined by gas chromatography, were used for polymerizations. Poly- CH, " CH n
(propylene oxide) 2000 (Fluka) was dried by azeotropic distillation | | 2
using toluene. A recent MALDI TOF analysis of the same product OH OH

has shown that the exact number-average molecular weight is wwann PPO chain

203025 A hydroxyl value of 47 has been determined as #ell.

B. Synthesis of Block Copolymers.1. Preparation of the
Macroinitiator. CsOHH,0 (0.202 g, 1.2 mmol) was added to PPO
2000 (1.48 g, 0.74 mmol) magnetically stirred at°@in a reaction
vessel equipped with argon and vacuum lines. A%th the reaction
mixture was cooled to room temperature, and to remove the release
water, 1 mL of dry benzene was added and vacuum was switched
on for 2 h.

2. Polymerization (Synthesis of PEEGEPO—-PEEGE Precur-
sors).EEGE (2.92 g, 20 mmol) was introduced to the macroinitiator  Synthesis and Characterization of the Block Copolymer
to obtain (EEGEK(POR(EEGE)s The polymerization was carried  precursors and the Targeting Poly(glycidol)-Poly(propylene
out at 90°C. The conversion of the monomer was followed'bly oxide)—Poly(glycidol) Copolymers.To obtain the novel P&

nuclear magnetic resonance spectroscopy. The syntheses of the Oth%PO—PG copolymers. a two-step procedure was anplied (Fig-
PEEGE-PPO-PEEGE precursors were carried out in analogy to ure 2). In thepfirzt step,PEEGEPPpO?PEEGE precurs%?s we(reg

this procedure. .
3. Deprotection Reaction (Synthesis of PEBPO-PG Copoly- prepared, whereas the protective ethoxyethyl groups were

mers).The procedure described below is similar to a method for cleaved in the second step to yield triblock copolymers with
deprotection of tetrahydropyrany! etfe(EEGE) (POx(EEGE)3 linear PG moieties. The precursors were obtained using an
(2.96 g, 20 mmol) was dissolved in methanol (7.5 mL, 160 mmol). anionic polymerization of EEGE which has been shown pos-
AICl3-6H,0 (0.04 g, 0.2 mmol) was added, and the mixture was sible? close to living?” and applicable to obtain in a controlled
stirred fa' 1 h atroom temperature. Afterward, the reaction product way block copolymers of ethylene oxide and glycié®#?

was filtered through Hylfo Super Gel (diatomaceous earth), and 14 initiate the polymerization, we used PPO 2000 which was
the solvents were evaporated under reduced pressure. _The synthes<=p<artially (80%) deprotonated. This approach is in analogy with
of the other PGPPO-PG copolymers were carried outin analogy a strategy based on a rapid exchange equilibrium between active

to this procedure. - . . - .
C. Analysis. 1. Gel Permeation Chromatography (GPQ)he chain ends and dormant, that is, potentially active, sites. After

GPC analysis was carried out with a Waters system consisted ofS€Veral propagation steps the active sites can be deactivated and
four Styragel columns with nominal pore sizes of 100, 500, 500, reactivated again at some time which enables simultaneous
and 1000 A and a refractive index detector (R401). Tetrahydrofuran growth of all chains, control of molecular weight, and narrowing
(THF) was used as an eluent at a flow rate of 1 mL/min at@0 the dispersity. The concept has been shown successful for
Samples were prepared as solutions in THF. Toluene was used aATRP, immortal polymerization of Inou®,and polymerization
the internal standard for indication of elution volume. Calibration of propylene oxidé! By reacting PPO 2000 with a suitable
was made versus polystyrene standards. deprotonating agent, in particular CsOH, and removal of the
2. H Nuclear Magnetic Resonance (NMRM NMR spectra  rejeased water, 80% of the hydroxyl groups were converted into

were recorded at 250 MHz on a Bruker WM 250 spectrometer. 5 qyide. Cesium alkoxide has been reported to be an efficient
The samples were prepared as solutions in GO0, or DMSO- S - o ! ;
initiator for anionic polymerization of oxiranes and more active

de. The chemical shifts are given in ppm from tetramethylsilane. . . .
Tehe spectra were recorded %t differe%‘: temperatures. y than the other alkali metal alkoxid&3729.32.33|n gddition, the

3. Turbidity MeasurementsThe turbidity was determined by ~ iNg-opening anionic polymerization of EEGE does not involve
measuring the transmittance/at= 500 nm of aqueous solution of ~ Side reactions, and (co)polymers of good yield and molecular
the copolymers with concentrations ranging from 1 to 10 wt % at weight distribution have been obtain&éf2%-32.33A number of
different temperatures using a Specord-tUXs spectrophotometer.  polymerizations were carried out aiming at preparing copolymers
The samples were placed in a thermostated cuvette holder andwith varying contents of PG. The targeting PG contents were
heated slowly with a heating rate ofC/min from ca. 15 to 90C. from 20 to 90 with an increment of 10 wt % (Table 1).

4. Determination of the Critical Micellization Concentration The block structure of the resulting PEEGEPO-PEEGE

(cmc).Aqueous solutions (2.0 mL) of a given triblock copolymer . )
in the concentration range from 0.001 to 5 wt % were prepared at precursors was proved by GPC. The GPC analysis gave mono

0 °C. 1,6-Diphenyl-1,3,5-hexatriene, DPH (2 of a 0.4 mM modal distributions with dispersity indices ranging from 1.04
solution in methanol), was added to each of the copolymer solutions. 10 1.28. The GPC traces of the starting PPO 2000 and two of
The solutions were incubated in the dark for 16 h at room tempera- the resulting copolymers are presented in Figure 3. Tiny low
ture. The absorbance in the wavelength intefval 300-500 nm molecular weight tails are observed which have been previously
was followed at temperatures ranging from 25 t¢6®n a Specord attributed to homo-PPO and diblock copolymer impurities dee']_z)-v

Figure 2. Synthesis of linear triblock copolymers of glycidol and
propylene oxide.

UV —vis spectrophotometer. The main absorption peak, character-
jstic for DPH solubilized in a hydrophobic environment, was at
56 nm.

Results and Discussion



Macromolecules, Vol. 39, No. 20, 2006 PG-PPO-PG Block Copolymers 6847

. 9+10 (a)
1 2 4 H:
G—Hcl;—H?c 0—cH—C O—E‘.Hz—(l:H
3
scr; :r: T 34 clsH;, n
P ] CHy
OCHZ acHT
3 Og”ﬁ”i -~ OCH,CH;
14+2+3+4+5

Elution volume (ml)

Figure 3. Gel permeation chromatography traces of poly(propylene

oxide) 2000 (1) and poly(ethoxyethyl glycidyl ethepoly(propylene 12 4. Hy » | b
oxide)—poly(ethoxyethyl glycidyl ether) copolymers with compositions ‘(O M 4 EH ‘ﬁ{o b ®)
17-34-17 (2) and 76-34—70 (3). St SR G/

OH OH

ing most probably from monofunctional PPO contaminafidns ‘
or irreversible inactivation of some of the active centers as a 142434445

result of interactions with impurities introduced with the |
monomer. (o ‘

The attempts to prepare well-defined block copolymers with (]

degrees of polymerization (DPs) of the flanking blocks greater ; "il |
than 70, which corresponds to total copolymer molecular weight [ | [l

higher than 22 000, were unsuccessful. The GPC curves were . !

highly asymmetric with clearly pronounced shoulders on the §_|"§|"'
side of the low molecular weights (not shown). Apparently, this > P REaesoze:
is the upper limit of the polymerization conditions (bulk, @@) Figure 4. H nuclear magnetic resonance spectra of (EEFEE) ks
utilized in the present study. The experiments carried out at (EEGE} precursor in CDGI (a) and the resulting (GPO}«G)e
higher, that is above 96C, temperatures were of low repro- ~ copolymer in RO (b).
ducibility due most probably to cleavage of the protective group of the protective groups involves treatment with protonic acids,
at such harsh conditions. In a forthcoming paper we use anotherelevated temperatures, and long reaction times. At such harsh
deprotonating agent (potassium naphthalide) to prepare copoly-conditions destruction of the polyether backbone may occur,
mers of molecular weights well above 22 000. which largely limits the efficiency and applicability of the

The compositions of the precursors were determined from employed deprotection methods. Recently, a method for depro-
the'H NMR data assuming an average DP of the PPO moieties tection of tetrahydropyranyl ethéfhas been adopted to cleave
of 34. A representative spectrum of a PEEGEPO-PEEGE the ethoxyethyl groups of homo-PEEGEThe same method
copolymer is shown in Figure 4a. The theoretical and experi- was applied to the present PEEGEPO-PEEGE precursors.
mental DPs as well as the compositions of the PEEBEO- The cleavage was successful as evidenced by disappearance of
PEEGE precursors are given in Table 1. The experimental DPsthe signals for the methine proton at 44.7 ppm and methyl
are in satisfactory agreement with the theoretical ones and withprotons at 1.31.2 and 1.3 ppm of the acetal group in thé
the values calculated from the feed. NMR spectrum of the resulting P&PO-PG copolymer

The PEEGE blocks can be converted into PG blocks by (Figure 4b). It should be mentioned that the glycidol to
hydrolysis of the protective ethoxyethyl groups. Ideally, the DPs propylene oxide ratio and hence the DPs of the PG blocks and
of the PG blocks should be the same as the DPs of the PEEGEcopolymer molecular weights cannot be determined from the
blocks of the corresponding precursors. Typically, the cleavage ratio of the signal intensities because, as shown later, depending

Table 1. Targeting and Characterization Data of the Poly(glycidol}-Poly(propylene oxide)}-Poly(glycidol) (PG—PPO—-PG) Copolymers and the
Corresponding Poly(ethoxyethyl glycidyl ether)-Poly(propylene oxide)-Poly(ethoxyethyl glycidyl ether)
(PEEGE—PPO—PEEGE) Precursors

total degree of polymerization of the
PEEGE moieties

targeting PG copolymer experimental PG
content (wt %) theoretical experimerttal compositiof content (wt %9 abbreviation
20 7 6 3-34-3 18 LGP62
30 12 11 6-34-6 29 LGP63
40 18 16 8-34-8 37 LGP64
50 27 26 13-34-13 49 LGP65
60 40 35 1734-17 56 LGP66
70 63 52 26-34—26 66 LGP67
80 108 102 533451 79 LGP68
90 242 141 76-34—70 84 LGP6&

aDetermined from théH NMR data of PEEGEPPO-PEEGE precursors in CDEIP 34 is the average degree of polymerization of the middle PPO
block. The degrees of polymerization of the flanking blocks are the same for the precursors and final copé/Petersnined from théH NMR data of
PG-PPO-PG precursors in DMSs. cDV
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on temperature water is a selective solvent for the-P8C- € 06 ®)
PG copolymers. The DPs of the PG blocks were determined g

from the H NMR spectra in DMSQds from the relative B 051

intensities of the resonances of the hydroxyl protons at 4.6 ppm = 044

of the glycidol units and methyl protons of the oxypropylene ®

units at 1.1 ppm (Figure 5). The determined DPs are in excellent 2 0,31

agreement with the DPs of the PEEGE blocks of the corre- 3 0.2 :
sponding precursors (Table 1), implying that no destruction of o ] P

the polyether backbone takes place during the deprotection 8 0.1

reaction. The experimental PG contents are close to the targeting =

ones (with exception of the copolymer of the highest content 0,01 P

as discussed above), which indicates that both the polymerization €3 001 04 1 10 100

and the following modification proceed in a controllable and C (Wt%)
predictable way. "
For easy presentation of the aqueous solution properties Ofgi%l::rt?a%f Efgegti (ﬁelﬁGIPfg goﬁgfgfgzﬁféﬂ(gg éé)l)t;:‘é/rils gg?r:gtég?
the resulting P.GPPO_PG copolymers, we I.ntrOdUC? apbrewa— agsorption iﬁtengity a)t/ 35’6 ’nm at 25 (squares), 50 (circles), ari€60
tion codes which are used also in forthcoming publications. The (riangles).
codes are given in the last column of Table 1. They consist of
3 characters and 2 digits. LGP is abbreviation of linear glycidol/ lization boundaries the copolymers presumably exist as unimers,
propylene oxide copolymers. The last digit multiplied by 10 that is, unassociated macromolecules, whereas hydrophobic
gives the targeting PG content in wt %. Similarly to the abbre- domains, implying the presence of aggregates, are formed above
viation of the Pluronic copolymers the first digit multiplied by the micellization boundaries. It should be noted that up to
300 gives the molecular weight of the PPO block. In our case, intermediate temperatures the cmc values are lower than those
however, the latter is slightly higher than the first digit indicates. of the corresponding Pluronic copolymers, particularly the series
Aqueous Solution Properties.In this section we present L61—-F68 and L72-F771338This indicates that the substitution
preliminary aqueous solution properties to get some insight into of the PEO blocks with PG blocks facilitates the formation of
the nature and behavior of these original copolymers. We startaggregates, which is somewhat counterintuitive keeping in mind
with determination of the critical micellization concentration that PG is considered more hydrophilic than PEO. No doubt,
and turbidity of dilute and semiconcentrated solutions. Detailed as Figure 7a reveals, the micelle formation of the LGP copoly-
studies based on scattering methods, electron microscopy, rheolmers is sensitive to temperature, however, not as much as that
ogy, etc., are underway and will be published in the near future. of the Pluronic copolymers. The cmc’s of the latter are known
Cmc DeterminationThe nonpolar dye DPH was used for to decrease with an order of magnitude with a°@increase
determination of the cmc’s of the copolymers. The absorbancein temperaturé® The temperature sensitivity was found to
of DPH is sensitive to changes in the microenvironment; it is depend on the PG content; whereas the cmc dependence on
minimal in water and substantially enhanced showing a charac-temperature for LGP6266 is given by parallel curves exhibiting
teristic maximum at 356 nm in hydrophobic environments. This a characteristic break at 3@, that of the copolymers of higher
property has been exploited to determine the cmc’s of various PG content is nearly linear with slopes that decrease with

conventional and polymeric, including Pluronic, surfactahts.s increasing molecular weight of the PG blocks. The data in Fig-
Figure 6a shows U¥vis absorption spectra of DPH in the ure 7a are replotted in Figure 7b to estimate the effect of the
presence of increasing amounts of LGP64 taken £t@5The PG content. The cmc values at 25 and°@show a gradual

well-pronounced maxima at 356 nm at higher copolymer increase with increasing PG content, indicating that the micelle
concentrations indicate the presence of hydrophobic domainsformation, although slightly, becomes more difficult. At higher
in which DPH is solubilized. The cmc values were determined temperatures a break in the dependence was observed, implying
from the break of the intensity vs copolymer concentration the existence of a critical PG content above which the micel-
curves as shown in Figure 6b for LGP64 at three temperatures.lization is suddenly hindered.

The cmc data for all copolymers studied are plotted as a  Thermodynamics of Micellizatiofhe thermodynamic param-
function of temperature in Figure 7a. The plots represent micel- eters of micellization can be extracted from the temperature
lization phase diagrams for each copolymer: below the micel- dependence of the cri&Thus, the free energy of micellizatio&,DV
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Figure 7. Critical micellization concentrations as a function of (a)
temperature and (b) PG content. Symbols in (a): LGP62 (closed
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Figure 8. Micellization free energyAG®, as a function of temperature
for LGP63 (squares), LGP65 (circles), LGP 67 (open triangles), and
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300

AG°, is given by
AG°® = RTIN(X;nd 1)

whereR is the gas law constant,is the temperature in K, and
Xemeis the cmc in mole fractions at temperatdreAG® values
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Table 2. Enthalpy (AH®) and Entropy (AS°) of Micellization of the
Investigated LGP Copolymers in Aqueous Solution

copolymer AH° (kJ mol?) AS (kJ mol1 K1)
LGP62 64.25 0.308
LGP63 71.98 0.334
LGP64 50.87 0.265
LGP65 44.59 0.244
LGP66 36.57 0.218
LGP67 11.77 0.137
LGP68 4.94 0.118
LGP68t+ 3.28 0.113

the standard entropy of micellizatiohS’, were calculated from
the intercepts and the slopes, respectively, of the linear fits of
the AG° vs T data according to eq*2

AG®° = AH® — TAS (2)

The AH®° andAS’ values are collected in Table 2. Similarly to
the Pluronic copolymet$1°41AH° is positive, indicating that

the micellization is an enthalpically disfavored endothermic
process; the positive entropy contribution is the driving force
for the micellization of the present LGP copolymers. However,
the AH® and AS® values are considerably lower than those of
the Pluronics, which for the latter are in the 8860 kJ mot?
range and ca. 1 kJ mol K™%, respectively. Obviously, the
micellization of the LGP copolymers is an enthalpically less
disfavored with lower entropic contributions process compared
to that of the Pluronic copolymers. It is seen from Table 2 that
the PG content affects very consistently the magnitudee-5f

and AS’ which were found to decrease with increasing PG
content. This suggests that the increasing PG content reduces
the enthalpic barrier to micellization and makes the latter an
increasingly less entropy favored process. Nevertheless, the
fundamental mechanism, that is entropic driving force, is not
altered even for LGP68.

Turbidity MeasurementsThe oligomeric polyoxyalkylene
surfactants, including the Pluronic block copolymers, usually
exhibit a lower critical solution temperature (LCST). At this
temperature, which is experimentally observed as a cloud point
(CP), the one-phase solution is separated into a dilute surfactant
solution and a suspension of large aggregates that cause the
appearance of milky-white opalescence. Solutions based on
homo-PEO typically exhibit CPs over 10CQ *2 whereas those
of PPO cloud at considerably lower temperatures. The CPs of
PPO are found to decrease with increasing molecular weight,
and in particular, PPO 2000 exhibits a CP at about'@3?

The CPs of the Pluronic copolymers depend strongly on the
copolymer composition and only weakly on the concentratfon.
Typically, copolymers of higher, e.g. above 70%, PEO content
do not cloud at temperatures up to 1TD.

To further investigate the properties of the LGP copolymers
at semiconcentrated {110 wt %) solutions we monitored the
variations of the incident light intensity transmitted through the
solutions with temperature. Representative transmittance vs
temperature curves are shown in Figure 9. The curve patterns
can be divided broadly into three types. Type | (Figure 9a) is
displayed by the copolymers of lower PG content, that is LGP62
and LGP63. It is a typical clouding process presented by
sigmoidal curves and corresponding to a thermally induced

for selected copolymers are plotted in Figure 8 as a function of phase separation. Compared to the clouding curve of PPO 2000
temperature. The values are negative, indicating spontaneoughose of LGP62 and LGP63 are less sharp and shifted to higher
formation of aggregates, and become more negative at highertemperatures. Type Il is displayed by the copolymers of PG

temperatures. It is noteworthy that theG° decrease with

content above 50% (Figure 9b). These copolymers do not cloud,

temperature is composition dependent. To further investigate and as seen from Figure 9b the transmittance increases with

this finding, the standard enthalpy of micellizatiokiH®, and

temperature. The increase can be gradual as shown for ther\Q;t
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of 1 wt % of PPO 02000 (closed S?Uargs),. 1 V\llt % of LGP62 (colosefd optically clear up to around 5560 °C, above which they
Egcé%?’(gggnlsgjaéso)f, Igc\;l\'/tj%/% gf: ESGePGgI?SSeisz:ilrglég’, ;n\gts/\?vto% clouded out again. Such a behavior is uni_que for this series of
of LGP67 (open triangles) in (b), and 5 wt % of LGP64 (closed LGP copolymers but not for some Pluronic copolymers. Two
diamonds) in (c). cloud points have been observed earlier for Pluronic3f:62
and explained in terms of presence of a more hydrophobic
% solution of LGP65, reminiscent of the materials exhibiting component that causes the first CP. Similar is the interpretation
upper critical solution temperature (UCST) properties (LGP67) of Zhou and Cht? for the anomalous micellization behavior of
or less sharp compared to the latter but still with a detectable Pluronic L64; although the solutions were clear, they showed
critical temperature (LGP66). The existence of critical temper- strong scattering before the onset of micellization. In our opinion
atures To) at which the appearance of the solutions changes it is the composition of LGP64, rather than the presence of
made it possible to follow the dependencelgfvith concentra- hydrophobic contaminants, that is responsible for the peculiar
tion (Figure 10). The curves, in fact, represent boundaries behavior. We carried out filtration experiments, the same as
between solutions with (slightly) different opalescence; the those carried out by Zhou and CHuand the results presented
regions above the curves are less opalescent than those belown Figure 9c were reproduced within 5%. Moreover, our
the curves. Interestingly, the critical temperatures were found preliminary results with other LGP copolymers comprising PPO
to decrease with increasing copolymer content, indicating that of molecular weight both lower and higher than that of the pres-
the solutions are less opalescent at higher concentrations.  ent copolymers indicate quite similar behavior of the copolymers
Unique for this series of LGP copolymers is the behavior of With moderate PG contents.
LGP64, which features the third type of transmittance vs  Attempting to generalize the cloud-point behavior of the LGP
temperature curve patterns (Figure 9¢). Over a certain concen-copolymers and to make a comparison with the refere&s@
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Figure 12. Variations of the CPs of 1 wt % aqueous solutions with . I ‘ |i
the content of the hydrophilic component: LGP copolymers (triangles 4090 o || ||l ond” b
and solid line); Pluronic copolymers of the series 6168 (circles '

r.
f

and dashed line). The hydrophilic components are PEO and PG for

the Pluronic and LGP copolymers, respectively. The copolymers of

higher hydrophilic component contents do not cloud at temperatures ‘

up to 100°C. The CP data for the Pluronic copolymers are taken from

ref 43, ||“F
|

Pluronic copolymers, we plotted the CPs as a function of the
content of a hydrophilic component (Figure 12). For both groups —

of copolymers the CPs increase with increasing content of the 5o T T TR 10
hydrophilic component. Up to 40% the CPs of the LGP and

Pluronic copolymers slightly differ being somewhat lower for b (b)
the former. Then a crossover was observed, and the two curves |
diverged. ‘

IH NMR Spectroscopic Measuremerits many aspects the -
behavior of the LGP copolymers is similar to that of the corre- f |
sponding Pluronic copolymers. There are, however, a number ... | N I
of differences which, at first sight, are somewhat inconsistent i et e e
with the view of highly hydrophilic PG blocks soluble in water
in the whole temperature range from 0 to 1@ Some of the |
experimental results that deviate from the expectations are as |
follows: (i) Erratic values of the degrees of polymerizations |
and, hence, copolymer compositions, determined from‘the q
NMR spectra in RO. (i) Lower cmc values at ambient/ 10°C A I
moderate temperatures than those of the corresponding Pluronic -~ "__5—'—_’ R
copolymers, implying easier aggregation. (iii) The magnitude T R RRRSRECE \ Erazesay RRRRERSS v Raan
of the exothermic interactions increases whereas the positive ©
entropy contributions decrease upon increasing PG content. The '
effect of the PG content is similar to that of a structure-breaker P“ PL
added to agueous solutions of Pluroffién light of the easier i. “I

50°C _)Il ___A..Jr. |1 I\ llkn

aggregation suggested above these trends are somewhat unex-
pected. (iv) Lower thermosensitivity and the enhanced role of  ° — - J'ﬂ
the PG blocks at elevated temperatures. As seen from Fig- | |I|"
ure 7b, the linear increase of the PG content leads to an expo- | | '|
nential cmc increase. (v) Type Il of the CP behavior exhibited °C
by the copolymers of higher, i.e., above 50 wt %, PG content. S |
To elucidate these peculiarities, we carried édt NMR
measurements in @ of the copolymers as well as of the

homopolymers PPO and PG at different temperatures. Figure  j¢c _J I,r\..w}'t\“

13a shows théH NMR spectra ba 1 wt %solution of LGP65 IR

taken at 10, 40, and 7CC. Each spectrum contains two reso- f ".,

nances: a doublet at about 1.0 ppm assigned to the methyl 5C __j "\_ N -
protons of the PO units and a composite band from about 3.2 o ————q 35 30

to 3.8 ppm in which the CKCH protons from the PO units are _ _ '
Superimposed by the |arge peaks of the methy|ene and mething-igure 13. H nuclear magnetic resonance spectra _Of 1wt% S_O|Ut|0nS
protons of the glycidol units. The bands change drastically with ©f LGP65 (a), homo-PPO (b), and homo-PG (c) igCDat various

. . temperatures indicated.
temperature: at 40C the peak at 1.0 ppm is almost unrecog-
nizable that it was a doublet, and the hyperfine structure of the the latter is partially restored; however, the band keeps changing
composite band centered at about 3.5 ppm disappears. & 70  with at least one peak shifted toward lower ppm values. SélBQ/
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a shift has been observed previously for Pluronic F127 at (2) Sunder, A.; Frey, H.; Muelhaupt, Rlacromol. Symp200Q 153 187—
temperatures higher than the temperature of micelliz&tizmd 196. _ _ B _
attributed to the reduced mobility of the PO units resulting from ©) r'f]g'lsecczlf:’szgaq"ggé'ig_%%fjer' A Nhaupt, R.; Frey, HMacro-
the micellization. With the spectra shown in Figure 13b we (4) Royappa, T.: Dalal, N.; Giese, M. Appl. Polym. Sc2001, 82, 2290~
unambiguously prove the above suggestion; here, the different 2299.
features of the spectra taken at 10 and@0that is, below and ®) gﬁregrgthﬁ f%/s %%%dgalA?9¥$g$r, .; Nhaupt; Frey, HMacromol.
S:gi\_/eealhee ilr_lct?]l— (;foijiﬁ)itzooq rerspectwgly, are attributed to a (6) Maier, S.; Sunder, A.; Frey, H.; Moaupt, R. Macromol. Rapid
y upon Iincreasing temperature. The Commun200Q 21, 226—-230.

spectra of homo-PG shown in Figure 13c reveal just the opposite (7) Dworak, A.; Kowalczuk-Bleja, A.; Trzebicka, B.; Walach, Wolym.
trend: the bands with a clearly visible hyperfine structure at Bull. (Berlin) 2002 49, 9-16.
70 °C progressively broaden with decreasing temperature, and (8) Fitton, A.; Hill, J.; Jane, D.; Miller, RSynthesis1987 1140-1142.
the latter completely disappears at®. This finding suggests & (T:ﬁteor?]' Eh;y's‘fggzrfgg’lgg_slig”'cme' M.; Spassky, Macromol.
that the mobility of the glycidol units decreases with decreasing (10 zhou, z.: Chu, BMacromoleculesi988 21, 2548-2554.
temperature due to lowering of the solubility of the PG chains (11) Alexandridis, P.; Holzwarth, J. F.; Hatton, T. Macromolecule4994
and/or strong H-bonding involving the hydroxyl groups. 27, 2414-2425.

In summary, théH NMR results show that the interactions ~(12) Wanka, G.; Hoffmann, H.; Ulbricht, WMacromoleculesl994 27,

. . . 4145-4159.
of the constituent blocks with water change with temperature (13) Kabanov, A. V.; Nazarova, I. R.: Astafieva, I. V. Batrakova, E. V..

in completely opposite.ma'\nners, V_Vhich explains _thQ deViatiﬂg Alakhov, V. Yu.; Yaroslavov, A. A.; Kabanov, V. AMacromolecules

from the expectations findings outlined in the beginning of this 1995 28, 2303-2314.

section. (14) Almgren, M.; Brown, W.; Hvidt, SColloid Polym. Sci1995 273
2—15.

Conclusions (15) Mortensen, K.; Pedersen, JMacromoleculed992 25, 5440-5445.

. . . (16) Mortensen, KEurophys. Lett1992 19, 599-604.

In this paper we report our_ﬂrst study on a series of novel (17) Brown, W.: Schillen. K.. Almgren. M.- Hvidt, S.: Bahadur, 2 Phys.
copolymers that can be considered as analogues to the com-""" chem 1991 95, 1850-1858.
mercially available polymeric surfactants Pluronic, in which the (18) Malmsten, M.; Alsins, J.; Bahadur, Pangmuir1991, 7, 446-450.
hydrophilic PEO blocks are substituted by blocks of linear PG. (19) Alexandridis, P.; Nivaggioli, T.; Hatton, T. ALangmuir 1995 11,
In particular, the synthesis and preliminary aqueous solution 20 }34?]8;147'83-(: Sei. 2001 80, 1002-1007

: : - anaaur, urr. SCi. A .
properties are reported. Eight well-defined PEPO-PG (21) Zhou, Z.: Chu, B.; Mark Nace, \Langmuir1996 12, 5016-5021.
copolymers were prepared applying a two-step procedure. In(zz) Yang, Z.; Yang, Y.-W.; Zhou, Z.-K.; Attwood, D.; Booth, @.Chem.

the first step using a macroinitiator technique and by anionic Soc., Faraday Transl996 92, 257—265.

polymerization of EEGE, as referred to as protected glycidol, (23) Schillen, K.; Claesson, P. M.; Malmsten, M.; Linse, P.; Booth).C.
triblock copolymeric precursors of the type PEEGFPO- Phys. Chem. B997, 101, 4238-4252.

PEEGE were prepared. The protective groups were successfullyt®®) gzofth’ C.; Attwood, DMacromol. Rapid Commur2000 21, 501~
cleaved in the second step, thus yielding linear-fRB0O-PG (25) Hasan, E.; Zhang, M.; Mueller, A. H. E.; Tsvetanov, Civiacromol.
triblock copolymers. Both the polymerization and modification Sci., Pure Appl. ChenR004 A41, 467—486.

reactions were found to proceed in a controllable and predictable(26) Namboodri, V. V.; Varma, R. STetrahedron Lett2002 43, 1143~

way. The final copolymers are of total molecular weight ranging (27) Dworak, A.: Panchev, |.: Trzebicka, B.. Walach, Macromol. Symp.

from 2400 to 12 400, molecular weight distribution below 1.28, 200Q 153 233-242.
and PG contents of 20, 30, 40, 50, 60, 70, 80, and 84 wt %, the (28) Dworak, A.; Baran, G.: Trzebicka, B.; Walach, \React. Funct.
molecular weight of the middle block of PPO was always 2000. Polym.1999 42, 31-36.

The thermodynamic data evidence that the aggregation in (29) Xgalla;géV\ll.?;BTzrzebicka. B.; Justynska, J.; DworakPalymer2004
water of the novel copolymers is an entropy-driven process. g, enqo “v1 - aida, T.; Inoue, SMacromoleculed 987, 26, 2983-2988.
Although the increasing PG content reduces the enthalpic barrier(3y) gailey, F. E.: Koleske, V. Alkylene Oxides and Their Polymers. In
to the aggregation and makes the latter entropically less favored, Surface Science SerieSchick, M. J., Fowkes, F. M., Eds.; Marcel
the fundamental mechanism of the aggregation is not altered.  Dekker: New York, 1990; Vol. 35.

Compared to the Pluronic copolymers, the cmc values of the (32) Dimitrov, Ph.; Rangelov, S.; Dworak, A.; Tsvetanov, @facro-

: ; . molecules2004 37, 1000-1008.
present LGP copolymers_ at ambient to _mtt_armedla_te temperature 33) Dimitrov, Ph.; Rangelov, S.; Dworak, A.; Haraguchi, N.; Hirao, A.;
are lower; a less dramatic decrease with increasing temperature " Tsvetanov, ChMacromol. Symp2004 215, 127—140.
was observed. The PG content was found to determine the cmq34) Dimitrov, Ph. Ph.D. Thesis, Institute of Polymers, Bulgarian Academy
values, which showed an increase with increasing content. The(35) cghi(t:tigngsfi’ §°ﬁAa'i%?1‘é-on Bnal. Biochem1984 139 405412
effect of the PG content, however, was much more pronounced o8 < 0 B o S olecuied 995 28, 3597
on the cloud-point behavior of the copolymers: three types of 3603
transmittance vs temperature curve patterns were observed. Thgs7) Scherlund, M.; Brodin, A.; Malmsten, Mat. J. Pharm.200Q 211,
most important finding is that the interactions of the PPO and 37-49.
PG blocks with water change in opposite manners as strongly (38) Lopes, J. R.; Loh, WL.angmuir199§ 14, 750-756.
evidenced by théH NMR spectroscopy, which depending on (39) Desai, P. R.; Jain, N. J.; Bahadur, ®olloids Surf., A2002 197,

X . . 19-26.
the delicate bala_nce between the_ ConSt'tuen_t blocks imparts 6‘(40) Hunter, R. J.Foundations of Colloid SciengeOxford University
number of peculiar agueous solution properties of the copoly- Press: New York, 1987; Vol. 1.
mers. (41) Alexandridis, P.; Athanassiou, V.; Hatton, T. lkangmuir1995 11,
2442-2450.
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