Macromolecule2007,40, 4917-4923 4917

Block Copolymer Vesicles in Liquid CO

William F. Edmonds,T Marc A. Hillmyer,* -+ and Timothy P. Lodge*T#

Department of Chemical Engineering and Materials Science and Department of Chemistrgrdityi
of Minnesota, Minneapolis, Minnesota 55455

Receied February 18, 2007; Résed Manuscript Receeéd May 7, 2007

ABSTRACT: Two polylactideb-poly(perfluoropropylene oxide) (PLAPFPO) diblock copolymers were
synthesized via a coupling reaction of acid chloride end-functionalized poly(perfluoropropylene oxide) and hydroxy-
terminated polylactide. The solubility of these materials in,@@s measured using a variable-volume high-
pressure cell. At a concentration of 1 wt %, the PERFPO copolymers were found to be soluble at modest
pressures<500 bar) over the temperature range of-8® °C. The size of the resulting micelles in solution was
characterized by high-pressure dynamic light scattering. These measurements indicated the formation of
predominantly small, spherical micelles for the block copolymer with a PFPO volume fraction of 0.49 and large
aggregates with hydrodynamic radii of 100 nm for PLRFPO with a PFPO volume fraction of 0.37. By kinetically
trapping the aggregates in G@rough vitrification of the PLA cores, redispersing them in an analogous PFPO
selective solvent, and imaging them using transmission electron microscopy, we confirmed the formation of
block copolymer vesicles in liquid GO

Introduction compressible C&as a function of copolymer concentration and
solution density? Building on this result, the CMD for PVAe
PFOA was studied extensively using small-angle X-ray scat-
ring?-22small-angle neutron scatterifg,2®> and dynamic light
attering?®2628 Lju et al. performed high-pressure dynamic
light scattering measurements (HBLS) on solutions of
PVAc—PFOA and concluded that despite the notion of a CMD
the aggregate-to-unimer transition is not independent of tem-
perature’? Small-angle X-ray scattering measurements by Lo

Diblock copolymers dissolved in a selective solvent self-
assemble to form micelles. Spherical, cylindrical, and bilayer
aggregates have been observed in several systems; accessiﬁ
this progression of micelle structures is achieved experimentally
by either increasing the core block lendttlecreasing the corona
block length?2 or increasing the solvent selectivity® These
tunable variables afford specific control over micelle structure,

which is imperative for tailoring solutions to specialized . ! .

N . - . Celso et al. substantiated this conclusion; the CMD for PMAc
applications. To date, this morphological progression has not PFOA in CQ decreased slightly with increasing temperature
been extended to compressible solvents, such as carbon diOXidebetween 30 and 6% 21~23Thegkin?a/tic aspecis of cr?ain exchange
thereby I|m|t|ng their potential as splvent glternatlves. " and self-assembly were characterized using small-angle X-ray

The interest in condensed ¢ driven by_lts modest crmqal scattering®3® and pulsed field gradient nuclear magnetic
parameters, = 3.1'1°C’ Pc = 73.8 bar), ubiquity, and ga;llke spectroscopy* For PS-PFOA, the time scale for chain
transport properties. In general, €13 a poor solvenlt.for high exchange among micelles was 0.1 s, which is several orders of
molecular weight polymers. For example, the solubility pressure magnitude less than that for conventional aqueous block
of polyisoprene with a molecular weight of 27 kDa exceeds copolymer system&
the pressure limitation (2.4 kbar) ofaspecializeq instrurieént. Aqueous and organic precedents imply the feasibility of
Amorphous fluoropolymers, such as po'ly(l,1-d|hydroperfluo- nonspherical micelles in selective, compressible solvents. We
rooctyl acrylate) (PFOA} and perfluorinated polyethets, aim to extend this self-assembly motif to condensed G€ing

represent exceptions; they are soluble in,@GOpressures less amphiphili .

) ) phiphilic copolymers (LF) of polylactide (PLA) and poly-
than 200 bar at ZBCZ on th|§ ba5|§, quoroponmer; are a (perfluoropropylene oxide) (PFPO). The glass transition tem-
common lyOph'I'.C C.ho'ce for ?gs_[l)?rsmg copolymers in super- perature {g) of low molecular weight PLA is cad0°C. Implicit
critical carbon dioxide (scC. ) in the selection of PLA as the G&phobic, core-forming block

Research on the self-assembly of block copolymers in CO s the potential for freezing the LF micelles in @OThis
has focused on the existence of a critical micelle density (CMD). tgchnique facilitates direct characterization of the frozen struc-
McClain et al. first reported the formation of polystyrepe-  yres py transmission electron microscopy and is analogous to
PFOA (PS-PFOA) spherical micelles in scG®? Using small- the strategy used by Zhang and Eisenbeiy characterize

angle neutron scattering, Londono et al. further characterized micelles of PS-poly(acrylic acid) in aqueous solutions.
the size of these micelles as a function of solvent density and

as a function of copolymer molecular weight, composition, and Experimental Section
concentration; spherical micelles were observed at all condi-  5oneral Methods. The!H and°F NMR spectra were measured
tions*® Using poly(vinyl acetatep-poly(1,1,2,2-tetrahydroper-  ysing a Varian VAC-300 spectrometer. The PLA samples were
fluorooctyl acrylate) (PVAe-PTAN), Buhler et al. established  prepared in deuterated chloroform, the PFPO samples in 1,1,2-
the existence of a reversible aggregate-to-unimer transition in trichlorotrifluoroethane, and the PL-LAPFPO copolymer samples
in an 80/20 v/v mixed solvent of 1,1,2-trichlorotrifluoroethane and

. . . deuterated chloroform. Size exclusion chromatography (SEC) was
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Materials. All materials were used as received unless otherwise increasing the sample volume. The corresponding rate at which
noted.pL-Lactide (Sigma-Aldrich) was recrystallized from ethyl the pressure decreased wasl® bar/min. The solution cloud point
acetate once, dried under vacuum at ambient temperature, and storedas defined as the pressure at which the stir bar was no longer
under nitrogen. Toluene was purified by passing over a series of visible. Each temperature measurement was repeaté&dtignes,
two columns: one of activated alumina and the other of supported and the reported value is the average. The data uncertainties
copper catalyst. Methoxynonafluorobutane (3M, HFE-7100) and represent the 95% confidence interval determined by 10 replicate
o,0,0-trifluorotoluene (Sigma-Aldrich) were stirred over Catdr measurements dt = 25 °C.

12 h and then distilled and stored over activated molecular sieves. Dynamic Light Scattering (DLS). DLS measurements were
Cross-linked polystyrene with pendant 4-aminopyridine (Reilly performed on both conventional liquids and compressible fluids.
Industries, polyDMAP) and carboxylic acid end-functionalized For conventional measurements, samples were filtered (05
PFPO (DuPont, Krytox FS Series) were dried under dynamic pore size) into dust-free glass tubes (i.d. of 0.2 in., o.d. of 0.28
vacuum for 12 h at ambient temperature prior to use. in.). For measurements made at ambient temperature with conven-

Synthesis of Polylactideb-poly(perfluoropropylene oxide) tional liquids, the DLS tubes were sealed using paraffin film to
(LF). The ring-opening polymerization of lactide in toluene was prevent contamination from dust and water vapor condensation.
conducted under a nitrogen atmosphere in a Chemglass heavy+or measurements performed at elevated temperatures, the tubes
walled pressure vessel and sealed using a Viton O-ring and Teflonwere flame-sealed under reduced pressure to prevent solvent
bushing. In a typical reactiomL-lactide (12.3 g, 0.085 mol) was  evaporation. The DLS setup consisted of a Lexel 75 Ar ion laser
dissolved in 90 mL of dry toluene. Addition of 1.28 mL (0.002 with an operating wavelength of 488 nm, a home-built goniometer
mol) of diethylaluminum ethoxide (Sigma-Aldrich, 1.6 M in  with a temperature-controlled silicon oil bath, and a Brookhaven

toluene) initiated the reaction. The solution was stirred af®0 Instruments photomultiplier tube (BI-PMT) and digital correlator
for 20 h, and then the polymerization was terminated by adding 5 card (BI-9000AT) for detection and data processing.

mL of 1.5 M HCI. The polymer was precipitated in MeOH at© Intensity correlation functiong®(z) were analyzed using two
and dried under dynamic vacuum at 80 for 72 h. expressions. For systems exhibiting two decay modes, the following

To facilitate the coupling of PLA and PFPO, the carboxylic acid double-exponential expression was used
end-functionalized PFPO was reacted with oxalyl chloride to form
the acid chloride functionalit§® In a typical reaction, +2 g of g(z)(r) —1=[A exp(T7) + A exp(—Fzr)]2 1)
polyDMAP was added to a single-neck round-bottom flask modified
with a Teflon valve sidearm; polyDMAP scavenged the HCI whereA; andA; represent the relative contributions to the scattered
produced by the coupling reaction. PLA (2.5 g, 4.8 kDa, 5.2  field of the decay rated); and I',. For systems composed of a
104 mol) was dissolved in 20 mL af,o,o-trifluorotoluene, and single, broad distribution, the following cumulant expansion was
acid chloride end-functionalized PFPO (30 g, 4.2 kDa,%.103 used to fit the dag435
mol) was dissolved in 50 mL of methoxynonafluorobutane (MnFB).
These two solutions were then added to the reaction flask containing g?@) — 1=pe" 71 + 1,T321)? @)
polyDMAP under a nitrogen purge; the final molar ratio of PFPO
to PLA was cal5:1. To achieve homogeneous reaction conditions,
both MnFB anda,o.,a-trifluorotoluene were added to achieve a
final reaction volume of 250 mL; the mixed solvent ratio was 1:1
(v/v). The reaction was refluxed at 6& for 24 h, after which the
solution was filtered to remove polyDMAP. Excess solvent was
removed under reduced pressure, and then the polymer was drie
under vacuum at ambient temperature for 12 h. The reaction was determined via a forced fit through zerolofis ¢?, and the
products were dissolved in tetrahydrofuran at a concentration of 1 mean hydrodynamic radius of the micelles was detérmined using
wt % and then centrifuged and decanted five times to remove excessq siokes Einstein equationD, = KT/6R. A 95% confidence
PFPO homopolymer. THF was removed under rgduced Pressure;niarval is reported for each of the measuRgdthese uncertainties
and the polymer was dried under vacuum at ambient temperature, o hased on the standard error associated with the fitted value of

for 72 h. D:. For conventional DLS measurements, where the solvent was

The following resonances are representative of the homopolymer athoxynonafluorobutane (MnFB), the refractive index and solvent
precursors and the diblock copolymer. PEA NMR (300 MHz, viscosity were 1.3 and 0.61 cP. In addition to egs 1 and 2, the

CDCh): 5.2 (m,—C(O)CH(CH5)O—), 4.4 (m,—CH (CH3)OH)’1‘;-2 inversion routine CONTIN was used to analyze the intensity
(m, CHCH20-), 1.6 (M, ~C(O)CH(H3)0—). PFPC-COCI™F correlation functions. CONTIN employs a regularization method
(300 MHz, CRCICFCE): —146 (broad;-CF(CF;)CF,0—), —131 to determine the distribution df that satisfies the following the
(broad, CECF,CF,0—), —127 (broad,—CF(CF;)C(O)CI), —82 expressioff
(broad, —CF(CF3)CF,0—). PLA—PFPOH NMR (300 MHz,
CDCIy/CFR,CICFCL 20/80 v/v): The PLA resonances are the same ) o nt
as above with one exception: (PEACH(CHs)OC(O>-PFPO) g = ﬁ) GM)e "dr @)
shifts downfield and cannot be distinguished from the peak at 5.2
ppm. F NMR (300 MHz, CDC}/CF,CICFCL 20/80 v/v): The whereg®)(z) is the field correlation function and is related to the
PFPO resonances are the same as above with one exception: thimtensity correlation function by the Siegert relatigf)(r) — 1 =
peak at-127 shifts to—133 ppm (broad, PFPECF(CF;)C(0)O— BlgW(r) |2
PLA). High-Pressure Dynamic Light Scattering (HP-DLS).The HP-
Solubility Measurements. The solubility of the block copoly- DLS setup used for this study is a modified version of the cell
mers in CQ was determined using a home-built, variable-volume designed by Zhou, Chu, and Dhadw&#23"The cell included four
high-pressure cell (see Supporting Information for a schematic of optical ports at angles of°030°, 9¢°, and 150. The fifth port at
the cell). In a typical cloud point experiment, the polymer sample 180 was connected to a safety valve/burst disc assembly (see Figure
was loaded directly into the cell, and the cell was purged with CO S4 for a schematic). In addition, this port included a beam stop
for 20 min to remove atmospheric gases. The system was chargednsert, which was machined from aluminum and anodized black.
with CO, to 350 bar at ambient temperature, and the contents were The upper surface of the sample volume was also anodized black
stirred using a Teflon-coated stir bar for 30 min to achieve a to minimize reflections. The sample (volume 5 mL) was stirred
homogeneous solution. For each temperature measurement, 20 mitusing a Teflon-coated stir bar. The optical ports were composed of
was allowed for thermal equilibration. After achieving the desired GRIN microlenses (NSG America; SLW, 3.0 mm diameter, 7.8
temperature, the cloud point measurements were conducted bymm long, 0.25 pitch) epoxied onto stainless steel ferrules. For the

wheref is the spatial coherence factdt,is the mean decay rate,
andu; is the second cumulant; the ratio @§/I'?> was used as a
measure of the mobility dispersity or breadth of the size distribution.
Using either eq 1 or 2 was determined for different wave vector
alues,g = 47ni~1sin(/2), wheren is the solvent refractive index
nd 6 is the scattering angle. The mean diffusion coefficibpt
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incident light source, a Lexel 95 Ar ion laser (operating at a 500
wavelength of 488 nm) was coupled (Newport Corp., F-915) to a §
multimode fiber (Newport Corp., F-MSD). The scattered light was

collected by a single mode fiber (Thorlabs, SMF-28) sheathed with 4501
reinforced tubing (Thorlabs, FT900SM) to improve mechanical
integrity. The stripped fiber ends were epoxied within ceramic
ferrules (SENKO), and the endfaces were polished using 5, 3, and
1 um polishing paper. The scattered light was detected using a
Malvern photomultiplier tube modified with a home-built faceplate.
The faceplate contained an optical port identical to those machined
into the scattering cell. For each measured angle, the detector probe § two-phase
was inserted into the corresponding optical port. Putty was used to @

anchor the detector probe and maintain flush contact of the fiber 3001

with the rear focal plane of the GRIN microlens. The signal from @ O LF5-4
the discriminator of the PMT was fed to a Brookhaven digital 250- O LF46
correlator (BI-9000AT). The modifications made from the setup y T T T y T
discussed by Zhou et & were necessary to accommodate the weak 20 30 40 %0 60 70
scattering; the W/dc ~ (Nprpo — Nco,400 ba)/ PPEPoOf PFPO in CQ
is ~0.03 mL/g.

one-phase §

4004

350 @

Pressure (Bar)
reH

Temperature (°C)

Figure 1. Cloud point pressure as a function of temperature for LF
To remove dust from the polymer sample, the LF copolymers copolymers in condensed G@t a concentration of 1 wt %. The error

were dissolved in MnFB, filtered (0.4,5m pore size), and dried bars represent the 95% confidence interval determined by 10 replicate
under vacuum for 72 h at 40C. Prior to each measurement, the | oasurements at 2%.

cell was thoroughly rinsed with both MnFB and THF and then dried

at 50°C. As a final cleaning step, the sample volume was flushed ccD camera; the optical density gradients of the background were

with CO; for 1 h and then fluidized with Coat a pressure of 400 digjtally subtracted. Typically, this “cyro-casting” technique pro-

bar and stirred for 1 h. At ambient pressure, the filtered and dried gyced grids coated with a thin solvent film. Block copolymer

polymer sample was loaded into the cell through the fifth port at micelles were embedded in the vitrified film, and no clusters were

180; typically, 40 mg was added to achieve the desired concentra- gphserved.

tion of 1 wt % in solution. To purge air and dust, the cell was

flushed with CQ and then pressurized to the desired solvent density. Results and Discussion

After stirring the solution for 12 h, the intensity correlation functions . . .

were measured. For the data analysis, the refractive index and For this study, two diblock copolymers were synthes_lzed,

viscosity values for C@ were taken from Burns et &. and LF5-4 and LF4-6, Whgre the numerals reflect .the constituent

Fenghour et aB? respectively. At 400 bar and 2%, these are ~ Polymer molecular weights in kDa (see Supporting Information

1.245 and 0.13 cP. The DLS measurements were limited to delayfor SEC and'H NMR analysis). The PFPO volume fraction of

times longer than 1@ s to avoid artifacts due to afterpulsing. these diblock copolymers was 0.49 for LF4-6 and 0.37 for LF5-
Quenched Micelle Solution Preparation.To characterize the 4. Both blocks were of comparable total molecular weight. To

micelles using conventional microscopy techniques, solutions of form cylindrical micelles or vesicles in solution, the copolymer

an LF copolymer in C@were cooled at constant solvent pressure, yolume fraction of the C@philic PFPO was designed to be

quenched, and dispersed again in an analogous F selective solvengpstantially lower than that of copolymers previously studied
In a typical experiment, the block copolymer was dissolved in CO in CO,.18

at a pressure of 350 bar and ambient temperature. The clear, - O il .
homogeneous solution was stirred for 96 h and then cooled.taC LF copolymer solubility at 1 wt % in liquid and supercritical

at constant pressure using a recirculating water/ethylene glycol €Oz Was measured as a function of temperature (Figure 1). The
solution; the cooling process took place over the course of 8 h. data represent lower critical solutlon_temperatures; upon heating
We performed HP-DLS measurements on the micellar solution at at & fixed pressure, phase separation occurs. LF4-6 is soluble
25°C and at a cooled temperature oft52 °C to verify that there at lower pressures than LF5-4, a result that is consistent with
was no structural evolution associated with the cooling process (seethe higher PFPO volume fraction. The solubility of the LF
Supporting Information). After cooling the system, £@as copolymers is less than that reported for the highly asymmetric
released from the cell rapidly; this expansion acted to further cool copolymer PVAe-PFOA(10-60 kDa), which is soluble at 200

the system. We did not attempt to decouple the two cooling phar and 45°C 20 This is likely a consequence of the lower
processes to determine which was the more critical in quenching lyophilic volume fraction (0.5 for LF4-6 vs 0.8 for PVAe

the micelle structures. After venting GQcold MnFB was added PEOA) and the enhanced GGolubility of the constituent

to the cell, and the solution was stirred for 48 h to resolvate the - : 1
frozen aggregates. The recovered MnFB solution was filtered (0.45 blocks, PVAc and PFOA, relative to their LF counterpatts

«m pore size) to remove dust and residual material that did not However, the LF copolymers are more soluble than copolymers

fully redisperse. of PS—poly(perfluorooctylethylenoxymethylstyrene) (PFDS)
Trasmission Electron Microscopy (TEM). TEM samples were ~ (8—21 kDa), which are insoluble at a pressure of 380 bar and

prepared on carbon-coated copper grids (Ted Pella, No. 01753-F)a concentration of 4 wt %2 Given the stark C@ solubility

using two strategies. The first involved depositing a drop of solution difference between PL®& and PFPG2 the LF copolymers are

onto a grid and blotting excess solvent. These grids were imagedamphiphilic and expected to form micelles in solution; this

under vacuum at ambient temperature using a JEOL 1210 micro- hypothesis was tested using HP-DLS.

scope operating at 120 keV. When the grids were prepared in this ~Hp_p| S experiments were performed on the LF copolymers

ggrr:sn:rh g:ﬁl Obser(‘j’ed. st(rjuctures "‘ée“t* Otfte” C'#Stertsh of mécelles.at 1 wt % and a single pressure and temperature, 400 bar and

q Y, We devised a second strategy where he grids Were, °C, where the system was well into the “one-phase” region

prepared using a controlled vitrification environment system . . . .
(CEVS). After depositing a drop of solution on the grid and blotting for both copolymers. Figure 2A is the measured intensity

the excess, the grid was plunged into liquid nitrogen, and the castCorrelation function ab = 30° for LF4-6. The data collected
film was vitrified. For imaging, the samples were transferred to a at 30 and 90 were fit using a double-exponential, eq 1, to
cryogenic sample stage (Gatan 626) and were maintained atdetermine the decay rafefor each diffusive modé The inset
—178°C. Micrographs were captured with a Gatan 724 multiscan figure plotsI" vs the wave vector squared; the corresponding
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Figure 2. Intensity correlation functions for (A) LF4-6 & = 30°

and (B) LF5-4 atd = 90° in condensed C@at 25°C and 400 bar.
The figure insets represent the size of the micelles determined by fitting
the decay rate vs wave vector squared.

meanR, values for each diffusive mode weret42 and 170t
35 nm. The normalized intensity-weighted amplitudes of the
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hypothesis was explored using a quenching strategy to freeze
the micelles in C@and then characterize them using conven-
tional TEM techniques (see Experimental Section). Since this
technique is unprecedented for block copolymers dispersed in
a compressible solvent, we will present results for two control
experiments.

The essence of the first control experiment was to contrast
the DLS results for kinetically frozen LF5-4 micelles redispersed
in MnFB against those for a solution of “pristine” micelles. This
pristine solution of LF5-4 was prepared by directly dissolving
the copolymer in MnFB, stirring at 68C for 72 h, and cooling
the solution to ambient temperature. Figure 3A presents the
normalized intensity correlation function &t= 90° for the
LF5-4 micelles quenched in G@nd redispersed in MnFB, the
LF5-4 micelles measured in GCand the pristine solution. (Note
the measurements are performed in two different solvents; thus,
the time axis of the measured correlation function has been
shifted to account for the difference in solvent viscosity between
CO, and MnFB.) Figure 3A indicates the quenched and in situ
solutions are in good agreement and in sharp contrast to the
pristine solution.

Figure 3B is a plot of the mean decay rate determined using
eq 1 as a function of wave vector for each of the three data
sets. From the Stoke<€instein equation, the med, for the
pristine micelles was 13 1 nm, 70+ 3 nm for the quenched,
and 135+ 40 nm for those measured in situ. Superficially, these
results indicate the quenched micelles are consistent with those
characterized in situ. However, there is a quantitative difference
in the measure®®, value for the two cases. This difference is
plausible given the unlikelihood of completely redispersing the
guenched micelles. In fact, one might expect the larger particles
in solution to coagulate on venting GQhereby skewing the
DLS results for the quenched data set to a smaller size. The
cumulant analysis of the correlation functions yields insight into
the breadth of the aggregate sizes in solution. The mobility
dispersityu,/T'? for the pristine micelles determined @t= 90°
was 0.08. As for the measured sizes, this result is in contrast to
and much smaller than that for the quenched micelles (0.3) and
those measured in GQ0.5).

To further compare the three samples, CONTIN distributions

two modes were 0.2 (170 nm) and 0.8 (4 nm); therefore, the 4 determined using the autocorrelation daté at 90° are shown

nm particles represent99% of the total particles by number.

in Figure 3C. In this plot, the line width amplitude is given as

Given the amphiphilic nature of LF4-6 and the measured size, [G(I') to more accurately reflect the number-weighted size
the 4 nm aggregates are most likely spherical micelles (vide distribution in solution. The agreement of the CONTIN results
infra). This result is consistent with previously reported dimen- for the quenched and in situ solutions is stronger than that of
sions for spherica| micelles of PVAPFOA, where for a 53 the cumulant analysis. The inversion method indicates both
kDa copolymer the spherical micelles had a mBaaf 20 nm?28 samples are bimodal with particle sizes of 100 ard.8 nm.
Explicit determination of aggregate structure will be considered The slight discrepancy in the peak location for the small size
further for the case of LF5-4 in CO distribution is a consequence of the uncertainty introduced by
Figure 2B is a plot of the DLS results for LF5-4. The intensity measuring the intensity correlation function in a compressible
correlation functions at 30 90°, and 150 were fit using the solvent, where the viscosity is 0.13 cP. This gaslike viscosity
cumulant expansion, eq42_'|'he inset figure is a plot Of' VS shifts the characteristic time scale for fast decay rates to delay
o? to determineD; for the structures. In eq 2, the second times outside the measurable range. Consequently, the measured
cumulantu, accounts for a distribution of particle sizes about intensity correlation function is incomplete, and an inversion
the mean value, and the mobility dispersityT2 is a measure ~ routine may not give unique resuftsOverall, Figure 3 strongly
of the breadth of the distribution. For spherical micelles, the suggests the quenched and in situ aggregate structures are
typical value ofuz/I'2is less than 0.1, which is characteristic of ~Physically similar.
a narrow size distribution. For LF5-4 in GOthe mobility For the second control experiment, the kinetically frozen
dispersity at?) = 90° was 0.5 and is indicative of a broad or micelles of LF5-4 redispersed in MnFB were heated to
multimodal size distribution. determine whether the aggregate structures recovered their
In addition, the DLS results indicate a megnof 135+ 40 “pristine” state. The solutions were heated at XD for an
nm for the block copolymer aggregates. Given that the fully extended period of time, and the intensity correlation function
stretched chain length of LF5-4 is estimated to be 30 nm, the of the solution was monitored. Data were collected at a single
observed structures are too large to be spherical micelles. Thisangle® = 90°, and the intensity correlation functions were fit
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Figure 3. Comparison of DLS data for pristine, quenched, and in situ
LF5-4 samples. Plots of (A) the intensity correlation functiort) at

90°, (B) the mean decay rate (cumulant), and (C) the distributidr, of
(CONTIN) are included for each solution. Note the time axis &nhd
values in (A) and (B) have been normalized to account for the difference
in viscosity between C@and MnFB.

using the cumulant analysis, eq 2. Figure 4 is a plot of the
cumulant fits as a function of annealing time. Autocorrelation
functions for both the initial quenched and pristine micelle
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Figure 4. Cumulant curve fits of the intensity correlation function for
pristine (»-) and quenched—) LF5-4 micelles in MnFB and the
quenched micelles annealed at“Mfor 0—170 h. The inset indicates
the recovery of the pristine micelle size on heating.

solutions are included as reference points. With annealing time,
the measured decay rate increases, and the autocorrelation
function approaches that of the pristine case. The full recovery
of the pristine result was not experimentally tractable due to a
decrease in the scattered intensity of the solution; the disap-
pearance of the large structures led to an order of magnitude
decrease in measured intensity. In addition, the concentration
of the quenched solution was.&times lower than that of the
pristine micelle solution (1 wt %).

To further analyze the evolution of the sample, the autocor-
relation function data were fit using a global, double-exponential
expression (eq 1). The global fitting parameters wiereand
I',, and the data set specific variables were the intensity-weighted
amplitudesA; and A,. For the pristine samplel; was set to
zero, reducing eq 1 to a single-exponential fit. From the global
fit, the hydrodynamic radii of the micelles were 14 and 83 nm,
which is consistent with the results plotted in Figure 3C. As
the quenched solution was heated at@0the absolute scattered
intensity decreased, coincident with the reorganization of the
83 nm micelles to purely spherical micelles Rf = 14 nm.
Using the fit values ofA; and A, the normalized number
distributions of the two species in solution were approximated
asTiA/(TiA + TiA). The inset of Figure 4 illustrates how the
distribution of sizes changed with annealing time. This annealing
of the solution at a temperature above the glass transition of
PLA (Tq ~ 40 °C) facilitated unimer exchange and, subse-
qguently, the frozen micelles equilibrated. In fact, the LF5-4
chains recover their pristine state of spherical micelles within
the first 24 h of heating.

The DLS results demonstrated that LF5-4 micelles were
successfully quenched in liquid GOThis technique facilitates
direct characterization of the structures via TEM. The images
are shown in Figure 5. Images A and B correspond to samples
that were prepared by vitrifying the sample and maintaining it
at —178 °C throughout the imaging process. Image C corre-
sponds to a sample that was maintained at ambient conditions.
The key difference among the samples is the presence of vitrified
solvent in image B of Figure 5. The electron density of MnFB
is 0.72 mol e/cn? and is higher than the density of PLA, which
is 0.66 mol e/c?. As a result, the structures in image B exhibit
“reverse” contrast; the PLA core of the micelle appears lighter
than the solvent matrix. Despite a similar preparation protocol,
this is not readily apparent in image A. This is most likely the
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Figure 5. Transmission electron micrographs of frozen LF5-4 vesicles quenched in liquidi@Ocast from MnFB. Images A and B are for grid
samples that were vitrified and maintained-at78 °C. Image C is for a sample prepared and maintained under ambient conditions. Finally, an
intensity profile is included for the selected micelle in image B.
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