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Abstract

A series of cholesterol end-capped poly(ethylene glycol),PElG) were synthesized by coupling cholesterol at each end of PEG
(molecular weight= 400Q 10 000, 20 000 and 35 000 g/mol) with hexamethylene diisocyanate. Unlike hydrophobically modified PEGs,
which are end-capped with flexible hydrocarbons or fluorocarbonsEXBs are not soluble in water, although they do swell significantly,
and the swelling ratio increases with molecular weight. Analysis of the swelling ratios via the Flory—Rehner equation indicates that, as PEG
molecular weight increases, the Flory—Huggins interaction parameter decreases slightly frpto 0.83 and becomes constant within
experimental error when the PEG molecular weight reaches 10 000 g/mol. Addition of small amounts of a co-solvenhgropasol
converts this intractable opaque material to a completely homogeneous, optically transparent, highly elastic fluid whose viscoelastic proper-
ties are those of a transient network with relaxation times in the range from 0.1 to 10 s, depending on co-solvent content and temperature.
© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction small-angle X-ray scattering [18]. Such investigations indi-
cate that molecules of hydrophobically end-capped PEG
Poly(ethylene glycol) (PEG) or poly(ethylene oxide) is a form aggregates at very low concentrations. As polymer
polymer with many unique properties [1,2]. In the solid concentration increases, the aggregates increase in size
state, PEG is a semi-crystalline material with a strong and overlap with each other, at which point the viscosity
power to solvate alkali ions [3]. The tendency of PEG to of the solution increases dramatically. Upon further increase
crystallize is such that significant crystallinity of PEG has in polymer concentration, the size of the aggregates
been found even in multi-component systems [4,5]. In solu- continues to increase until all the aggregates coalesce, and
tion, PEG exhibits an unusual solubility pattern [2]. It is form a network. This network is transient or reversible in
soluble both in water and in many organic solvents. It is nature reflecting a degree of internal fluidity, which origin-
also very effective at excluding other polymers from its ates in the magnitude of the lifetime of the junction points of
presence in an agueous environment. The combination ofthe network [7,19-22]. The relaxation time of the network
these interesting properties makes PEG very attractive inis determined by the exit rates of hydrophobes from aggre-
advanced technologies [2,6]. gates, which is expected to be strongly dependent on the
Recently hydrophobically end-capped PEG [7-18] has structure of the hydrophobe, e.g. whether hydrocarbon or
received attention as a model system for fundamental andfluorocarbon, flexible or rigid, etc. While flexible hydro-
technological study of hydrophobically modified water- phobes, either hydrocarbons [7-9,12-18] or fluorocarbons
soluble polymers. Information about the structures formed [10,11], have been used to end-cap PEG with molecular
by hydrophobically end-capped PEG in water has been weights in the range from 2000 to 35 000 g/mol, to our
obtained with the aid of various techniques such as rheome-knowledge, no rigid hydrophobes have been used to end-
try [7—-12], dynamic light scattering [13,14], static and cap PEG in this molecular weight range.
dynamic fluorescence spectroscopy [15,16], NMR self- It is well known that cholesterol derivatives have a great
diffusion [10,14,17], and, at high concentration, tendency to form liquid-crystalline phases because of the
rigid anisotropic structure of cholesterol. If we attach
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Scheme 1.

polymers, can be synthesized. We expect that this chol-reference. GPC experiments were carried out on a
esterol end-capped PEG will show strong association in Waters chromatograph connected to a Waters 410
water due to the tendency of cholesterol derivatives to differential refractometer with poly(ethylene glycol) as
form liquid-crystalline phases. In this paper, we report the standards in THF. Dynamic rheological experiments
synthesis of cholesterol end-capped PEG and some preli-were performed on a Rheometrics RFS 8500 fluids
minary results on the solution properties. rheometer with stainless-steel cone-and-plate geometry
(cone angle= 0.02rad and cone radius 25 mm). The

. shear strain was 5%.
2. Experimental

2.1. Materials 2.3. Synthesis of cholesterol isocyanate derivative
Cholesterol (Aldrich) was purified by recrystallization

from ethanol. Hexamethylene diisocyanate was purified by . ~ed and stirred und it SCS0
distillation just before use. Dibutyltin dilaurate and PEG cyanate were mixed and strred under nitrogen '

specimens (Fluka) with molecular weigtw) = 400q 24 b Mostof (he excess diisocyanate was then removed by
10 000, 20 000, and 35 000 g/mol, denoted as PEG-4K, distilation under reduced pressure. The residue was

PEG-10K, PEG-20K, and PEG-35K, respectively were, dissolved with 300 ml of dry hexane. The resulting solution
used as réceived ’ ’ ’ was kept at—30°C for 24 h. The precipitate obtained was

separated and dried in vacuo at°’60for 24 h. 19.0 g of
2.2. Analytical methods white solid was obtained (yield: 88%jH NMR: & 0.68
(s, 3H, cholesterol 18-§), 0.8—-2.1 (38H), 2.32 (m, 2H,
'H NMR spectra were recorded using a Varian XL-200 cholesterol 4-H), 3.15 (m, 2H, CHN), 3.29 (t, 2H,
200 MHz FT NMR spectrometer. Chemical shifi8) (are CH,NCO), 4.47 (m, 1H, cholesterol 3{4 4.59 (t, 1H,
given in ppm with the peak (7.24 ppm) of CHChs NHCOO), 5.38 (d, 1H, cholesterol 6;H

15.0 g of cholesterol and 100.0 g of hexamethylene diiso-
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Fig. 1. *H NMR spectrum of C}PEG-4K in CDC}.

2.4. Synthesis of cholesterol end-capped PEGREK®) 2.5. Swelling study

10.0g of PEG-20K was dissolved in 150 ml of dry The swelling behavior of the GREGs was investigated
toluene. After 100 ml of toluene was distilled out, 1.1 g of &t room temperature (20) by immersing the weighed dry
the cholesterol isocyanate derivative and 0.02 ml of dibu- S@mples in distilled water. After 10 days, the excess water
tyltin dilaurate were added to the PEG/toluene solution. The Was removed and the swollen networks were weighed again.

resulting solution was stirred under nitrogen at@for 8 h. The weight swelling ratiog,,, was calculated as

The solution was cooled to room temperature and poured W

into 500 ml of ethyl ether. The precipitate was separated, G = - D
washed with ethyl ether and reprecipitated from THF into d

ethyl ether one more time. After drying in vacuo atGdor whereW is the weight of swollen sample aitd, the weight
24 h, a white solid, which is denoted as£EG-20K, was of dry sample.

obtained.

Following the same procedure as described above, reac 6. preparation of CHPEG solution
tions between the cholesterol isocyanate derivative and
PEG-4K, PEG-10K or PEG-35K produced cholesterol 0.20 g of CARPEG-20K, 8.82 g of water and 0.98 g of
end-capped PEGs with different molecular weights, which propanol were mixed and equilibrated at room temperature
are denoted as GREG-4K, ChPEG-10K, or CRPEG-35K, for 3 days. After removing excess solvent40% of the
respectively. total weight), a transparent solution with highly elastic
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Table 1 was then reacted with the PEG in the presence of dibutyltin
Characteristics of the cholesterol end-capped PEG dilaurate. The molar number of the cholesterol derivative is
Sample M, N, /M, 2 DS (%) four times that of the PEG to ensure that most of the hydro-
xyl end-groups of the PEG are substituted. After reaction,
EEEEE_%K 1511111% 11?;; 2552 the excess cholesterol derivative can be removed by multi-
ChPEG-20K 21110 1.22 94.6 ple prelc Ipitation. o
ChPEG-35K 36110 1923 95.9 The "H NMR spectrum of the purified cholesterol end-
capped PEG (GIPEG-20K) in CDC} is shown in Fig. 1.
3 Measured by GPC in THF. The strong peak at 3.64 ppm is due to the methylene groups
® Measured byH NMR in CDCl,. in PEG. The peaks in the range from 0.6 to 2.1 ppm are due
to 49 hydrogens of the total 58 hydrogens in the cholesterol
properties was obtained. The concentration ofREG-20K isocyanate derivative. From Fig. 1, the degree of substitu-
in the solution is about 3.3 wt%. tion, DS, of PEG can be calculated via the following equa-
tion:
3. Results and discussion DS (%) los21/(2X 49 % 100% @)
1364/(4 X DPpeg)

3.1. Synthesis of cholesterol end-capped PEG
4 PP wherelgg_» 1 is the total intensity of the peaks over 0.6—

One way to synthesize hydrophobically end-capped PEG 2-1 PPM, las4 IS the intensity of the peak at 3.64 ppm,
is to directly attach a hydrophobe at each end of PEG DPrec iS the degree of polymerization of PEG. The result
through linkages such as urethane [9] or ether [18], for shows that the degree of substitution of the,REGs is at

example. Another common method is to couple a hydro- l€ast 95% (Table 1). -

phobe at each end of PEG using diisocyanates. Isophorone 19 verify that the reaction condition has not degraded the
diisocyanate [7,8,10-12] is most frequently used in this PEG. the uncapped and capped PEG specimens were
approach. The main disadvantage of using isophorone diiso-analyzed by GPC in THF (Fig. 2). From the GPC analysis,
cyanate is that the two isocyanates are not equivalent whichWe find that the polydispersities of the $HEGs are
leads to different reactivity and results in variable structures approximately 1.25 (Table 1), very close to those of the
between hydrophobe and PEG. To avoid this problem, un_capped PEGs, and the peak positions of molecular weight
hexamethylene diisocyanate was used in this work to couple Shift to slightly higher values as expected from the effect of
cholesterol at each end of the PEG (Scheme 1). The cholesihe attached ch_olesterol derivative. It has been reported [11]
terol was reacted first with excess hexamethylene diiso- that hydrophobically end-capped PEG can also be synthe-

cyanate and the resulting cholesterol isocyanate derivativeSiZed by reacting PEG with diisocyanate first and then react-
ing the resulting PEG isocyanate derivative with

hydrophobe. One problem of this approach is that the
PEG isocyanate derivative tends to undergo condensation
reaction, which results in polymer chains with twice the
initial molecular weight [11]. From Fig. 2, it is evident
that no condensation occurs during the synthesis of the
Ch,PEG, which suggests that reacting diisocyanate with
hydrophobe first, then with PEG is superior to reacting
diisocyanate with PEG first, then with hydrophobe.

Ch2PEG-20K

3.2. Solution properties

Arbitrary Unit

PEG-20K Unlike hydrophobically modified PEGs which are end-

capped with flexible hydrocarbons or fluorocarbons, the
Ch,PEGs are not soluble in pure water, although they do
swell significantly, and the swelling ratio, measured after
10 days equilibrium, increases essentially linearly as mole-
cular weight increases (Fig. 3). The Flory—Huggins inter-
action parametety for the ChPEG and water can be
‘ ‘ ‘ ‘ evaluated using the Flory—Rehner equation [23]
10 12 14 16 18 20
_ _ v, 3

Time (minute) - _ PVi¥2m 3)

¢ In(l — Vzm) + Vom + XV%m

Fig. 2. GPC traces as a function of time for2EG-20K and PEG-20K in
THF. where M. is the average molecular weight between
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Fig. 3. Weight swelling ratio as a function of molecular weight foLPIBG in water at 2TC.

cross-links, p the density of the polymery; the molar
volume of the solvent, and,,, the volume fraction of the
polymer at swelling equilibrium. The results are tabulated in
Table 2 which shows that thevalues are in the range from
0.49 to 0.53, greater than 0.45, the value for linear PEG
and water [24]. This is due to the fact thatrises from the
enthalpy of mixing of polymer segments and solvent mole-
cules [23] and the cross-links in the SFEG networks are

functionally cross-linked network and the information
regarding the functionality of the GREG networks is not
available at present. The resulting error, however, is negli-
gible since it has been demonstrated, both theoretically [26]
and experimentally [27], that,, is only slightly dependent

on cross-link functionality. For the same reason, the effect
of loops in the CBPEG networks onv,, can also be
neglected. The successful application of the Flory—Rehner

hydrophobic. When PEG molecular weight increases, the equation indicates further that the contribution of dangling

Ch,PEG becomes more hydrophilic, and consequently,

ends is negligible, consistent with the high degree of end-

decreases (Table 2). When PEG molecular weight reachescap substitution, and the strong tendency for self-association

10 000 g/mol, this effect is saturated and becomes
constant within experimental errox. values in the range

of the cholesterol derivative.
Though the CFPEGSs are not soluble in pure water, addi-

from 0.45 to 0.58, measured from the elastic modulus in tion of small amounts of a co-solvent such rapropanol
uniaxial compression, have been reported for PEG networksconverts this intractable opaque material to a completely

formed by end-linking PEG (MW= 10006-10 000 gmol)
with pluriisocyanates in dioxane [25].

We note that Eq. (3) was derived based on a tetra-

Table 2
Flory—Huggins interaction parameteffor the cholesterol end-capped PEG
and water

a

Sample M, Ow Vom X

ChPEG-4K 3870 6.520 0.131 0.53
ChPEG-10K 8890 14.688 0.057 0560
Ch,PEG-20K 17300 24.660 0.034 049
Ch,PEG-35K 29360 41.255 0.020 049

homogeneous, optically transparent, highly elastic fluid.
The properties of the resulting fluid are strongly dependent
on the type and amount of co-solvent. Shown in Fig. 4 is the
viscoelastic response to oscillatory deformation ofREG-
20K (3.3 wt%) in a mixed solvent of water amgpropanol
(weight ratio= 9: 1) at 25C, which indicates that these
solutions have viscoelastic behavior typical of a transient
network. At very low frequencies, there is a viscous flow
(G" > G') due to the dissociation of cholesterol end groups.
The associative effect of the cholesterol end groups is mani-
fested by the highly elastic response of the fluid in dramatic
contrast to the low viscosity rheology of the uncapped PEG
at comparable concentrations [11]. The data in the low-

2 Measured by immersing weighed dry samples in excess distilled water frequency region of Fig. 4 can be fitted to the following

for 10 days.

equations derived from the Maxwell model, which consists
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Fig. 4. Storage modulud’ and loss modulu§” as a function of frequency
o for Chb,PEG-20Kh-propanol/water solution at 26.

of an elastic component (spring) in series with a viscous
component (dashpot) [28]

, Gmsz2

Clor=1"22 @
P _ G wT

Gl = 1+ w?r? ©

whereG' is the storage modulu§” the loss modulusG,,
the high-frequency storage modulusthe frequency, and
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4. Conclusions

It is clear from our results that the behavior of PEG end-
capped with the rigid hydrophobe cholesterol is vastly differ-
ent from that of PEG with flexible hydrophobic end-groups.
The ChPEGs form insoluble networks whereas PEGs with
flexible hydrophobes form viscoelastic solutions [7-12].
Addition of the co-solvenh-propanol converts the GREG
into highly elastic solutions whose rheological behavior is
similar to that of PEG end-capped with flexible hydrophobes
[7—12], presumably because the solvation of the cholesterol by
n-propanol decreases the aggregation number of end-groups,
and increases the dissociation rate of cross-links.
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