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We demonstrate that long hydrophilic polymers (PEG 6000, 9 ———
8000, 20000) with a minor hydrophobic modification (anthra-
quinone attached to one of its terminal groups) can be trapped inside
very narrow water channels (site= 1.5 nm, much smaller than
the polymer radius of gyration) in the hexagonal phase of non-
ionic surfactant GEs (n-dodecyl hexaoxyethylene monoether). The
equilibrium partition coefficient of the polymers between a bulk
water solution and a hexagonal phase is giveiky [X]pord [X]buik
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= exp@u/KT), whereAu is the change of the chemical potential Sr § b
upon transfer of a polymer chain from the bulk solution into the

nanopored.For the Gaussian chaifiu ~ —KkT(zRy/1)?, whereR, 4r e} ?
= 0.02V%%8 [nm] is the radius of gyratichof PEG andM is PEG ®

molecular mass. From this estimate we fidd~ 10776 (for PEG 3 . : ’ ; ; ’ : y
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20000). A small hydrophobic group attached at one end of the Molecular mass of PEG / kDa

polymer increases\ by a few percent and therefore, from the Figure 1. Diffusion coefficient vs molecular mass of PEG/modified PEG

equilibrium thegry, we still get that fdRy > | 100% of the polymer molecules obtained from dynamic light scattering measurements and from
should remain in the bulk solutionin our experiment we used the  fluorescence correlation spectroscopy

phase separation kinetics to trap modified PEG in the nanopores.. ) )

We obtainedk > 4 for modified PEG 20000 (85% of PEG inside IS the average size o_f the molecule in the hexagonal column; and
the hexagonal phase) and found that the amount of trapped polymerd = 1-5 nm is the width of water nanopores between surfactant
increases with PEG molecular mass. The experiment is based oncyllnders‘.‘ PEG added to the surfactant/water solutions induces
the observation that hydrophobically modified PEG (M-PEG) phase separation into surfactant-rich and polymer-rich phase at room
anchors at the micellar surface with high affinity in dilute solution. (€mperature or below (e.g., for 3% £ and 10% percent of PEG
Subsequently it can be permanently trapped in the surfactant-rich 20000 the separation temperature was below@y) and at high
phase during quick phase separation. In short the phase separatiofiPncentration of PEG the separated surfactant phase forms the
“freezes” the equilibrium association partition of M-PEG between nexagonal phase.The separation is caused by the depletion
micelles’/M-PEG complexes and free M-PEG in water. Our nteractions:

observation can be used in the timely problem of encapsulation We performed the following experiments (the results of partition
techniques. coefficients from UV-spectroscopy are shown in Figure 2): (a) we

PEG molecules were hydrophobically modified in a reaction with Mixed 10% of PEG/0.2% of M-PEG with 10% of surfactant and

anthraquinoné.More details about synthesis and NMR analysis induced a phase separation into isotropic PEG-rich phase and
of the products can be found in supporting materials. The collective €xagonal surfactant-rich phase (supporting material gives the
diffusion coefficient was the same for modified and unmodified €auation for the amount of PEG needed to induce hexagonal
PEG as measured by the dynamic light scattering and as shown in®"dering); (b) we mixed 3 to 6% of PEG with 0.2% of M-PEG
Figure 1, meaning that modified PEG (M-PEG) and PEG have the gnd 3% of surfact_ant and induced a phase separation |_nto PEG-
same radius of gyration. Moreover it demonstrates that M-PEG does!iCh Phase and micellar surfactant-rich phase; (c) we mixed 4 to
not form aggregates in the bulk solution. Modified PEG in surfactant 2% 0f PEG/6 to 8% of M-PEG with 10% of surfactant and
solutions shows mobility which is smaller than in pure water and Performed temperature cycle (jumpuench) to induce phase

is independent of its molecular mass indicating that it forms Separation and hexagonal ordering; (d) to check the equilibrium
complexes with micelles as verified by the fluorescence correlation Partition between the nanopores of the hexagonal phase and the
spectroscopy (Figure 1). The surfactant® in water solution bulk yvater, we agded 0.1to 03% of M-PEG directly to the bulk
forms a hexagonal phase at 39% w/w below %8 and phase solutlon_of PEG-rich phase coexisting with the sgrfactant hexagonal
separates from water by dehydration of polar heads for the phase (|r_1 a 10% PEG/10% surfactant W_ater mixture). In all cases
temperatures above 3C. The hexagonal phase has the following W& monitored the amount of M-PEG in both phases by UV

characteristicsd = 5.9 nm is the size of the unit cely= 2.2 nm spectroscopy. Additionally M-PEG absorbs visible light and gives
colors in the pipet, therefore we also verified the amount of M-PEG
Tinstitute of Physical Chemistry, PAS. in a visible light (PEG is colorless). Figure 2 shows the M-PEG

+ A. Mickiewicz University. - . . . .
8 nstitute of Organic Chemistry, PAS. partition coefficients obtained in the experiments. It demonstrates

Il Cardinal Stefan WysZgki University. that trapping is kinetic in nature. M-PEG does not enter into the
13398 = J. AM. CHEM. SOC. 2007, 129, 13398—13399 10.1021/ja0762590 CCC: $37.00 © 2007 American Chemical Society
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oF o (¢} o A Figure 3. Visualization of the experiments ¢ and d performed for PEG
. 1 . 1 . L . 1 (M-PEG) 8000 and described in the text: (experiment d) direct injection
4 8 12 16 20 of M-PEG into the isotropic (lower) phase obtained by earlier phase

separation of PEG/water/surfactant mixture; (experiment c) temperature
jump—quench method applied to a mixture containing PEG doped with
M-PEG. The images of hexagonal phases (in polarized light with crossed
polarizers) as well as the UV spectra of both phases. In experiment d the
upper phase (hexagonal) is depleted from M-PEG (shown on UV spectrum
and visible as lack of color); in experiment ¢ most of M-PEG is encapsulated
in the hexagonal phase.
hexagonal phase from the bulk solution as demonstrated in the
experiment d. In the experiments a and ¢ we found that most of
M-PEG is trapped inside the hexagonal phase. The partition
coefficient does not change with the amount of M-PEG. Also from
the experiment b we found that approximately the same amount o
M-PEG appears in the micellar phase, where there is a free
exchange of M-PEG between the M-PEG/micellar complexes and
water. It supports our conclusion that the original amount of M-PEG
trap.p.ed inside the hexagonal phase.results from the equilibrium  Acknowledgment. This work was supported as a scientific
partl_tlon of M-PEG between M-PEG/micelles complexes and water. project 2006-2008 and the SONS (SCALES) scientific Project
Since pure M-PEG does not separate at room temperature from006-2009 from the budget of the Ministry of Science and Higher
the surfactant solutions (in fact M-PEG stabilizes the micellar gduycation.
solution by the formation of complexes with micelles) thus in the
experiment ¢ we had to induce the phase separation by the Supporting Information Available: Characteristics of chemical
temperature jumpquench method explained in the Supporting compounds, description of dynamic light scattering and fluorescence
Information (Figure S3). We heated M-PEG/surfactant/water correlation spectroscopy measurements, discussion of depletion interac-

samples above the separation line for binary surfactant/watert'ons’_ quatuon for the amount of EEG needed_to_ induce hexagonal
mixture and separated the mixture into almost pure water and _ordenng in PEG/water/surfactant mixture, description of temperature

concentrated GEYN-PEG phase. The concentration of s in ¢y SR T B ol & PCEm SRt S L
this phase exceeded 39% wi/w, but it did not order owing to high ; g
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long polymers with hydrophobic anchors into the surfactant phases
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the radius of gyration of the polymérOur method might find
applications in the timely problem of polymer encapsulation in the
confined space of vesiclés.
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