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ABSTRACT We investigate the effects of variation in chemical conditions (solvent composition,

spheres

water content, polymer concentration, and added salt) on the morphologies formed by PS-b-PAA in

DMF/dioxane/water mixtures in a two-phase gas—liquid segmented microfluidic reactor. The 2

differences in morphologies between off-chip and on-chip self-assembly and on-chip morphological
trends for different chemical conditions are explained by the interplay of top-down shear effects

Water Content

(coalescence and breakup) and bottom-up chemical forces. Using off-chip morphology results, we

construct a water content-solvent composition phase diagram showing disordered, sphere, cylinder,

and vesicle regions. On-chip morphologies are found to deviate from off-chip morphologies by three

. . . N . . , Solvent Content
identified shear-induced paths: 1) sphere-to-cylinder, and 2) sphere-to-vesicle transitions, both via

shear-induced coalescence when initial micelle sizes are small, and 3) cylinder-to-sphere transitions via shear-induced breakup when initial micelle sizes are
large (high capillary number conditions). These pathways contribute to the generation of large extended bilayer aggregates uniquely on-chip, at either
increased polymer or salt concentrations. Collectively these results demonstrate the broad utility of top-down directed molecular self-assembly in

conjunction with chemical forces to control morphology and size of polymer colloids at the nanoscale.
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he solution self-assembly of block co-
polymers into colloidal nanostructures
(termed block copolymer micelles) has
inspired research in many corners of science
and engineering, due to its fascinating paral-
lels to spontaneous organization in living
systems, along with its promising applications
in materials science.' %" A central focus has
been the understanding and control of the
various micelle morphologies, including
spheres, cylinders, and vesicles, since the size
and shape of colloidal particles will pro-
foundly influence their effectiveness for spe-
cific applications, including drug delivery,2%°
sensing, > and medical imaging' 33
Conventional morphological control over
block copolymer self-assembly in solution is
via intermolecular forces (i.e, from the bot-
tom-up), with variation of chemical param-
eters directly influencing the strength and
nature of these forces and thus the structural
products of self-assembly." 2" In particular,
various groups have investigated the influ-
ence of block copolymer composition,®'%"”
polymer concentration,'®?' solvent,'#?°?” pH,
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and ionic strength'"'®*2** on nanostructures

obtained by block copolymer self-assembly.
For example, Eisenberg and co-workers ob-
served that polystyrene-block-poly(acrylic
acid) (PS-b-PAA) micelle morphologies trans-
formed from spheres, to cylinders, to vesicles
as the THF content in mixtures of THF/DMF/
water was increased, due to increased chain
stretching as the core became increasingly
swollen by the solvent (THF) with the higher
PS affinity."*?°?” The same group showed
that in similar systems of PS-b-PAA, adding
various amounts of salt, acid or base led to
dramatic differences in micelle morphologies,
attributed to changes in the extent of electro-
static repulsion between PAA chains.'"6223*
In many cases, these chemically induced mor-
phological transformations are found to be
reversible, suggesting that the structures are
controlled by thermodynamics.'’'416202227.34
In fact, empirical equilibrium phase diagrams
for block copolymer micelle morphologies as a
function of chemical conditions have been
determined.’*'*?' However, under conditi-
ons where interfacial tension between the
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microphase-separated blocks is extremely high, or
chain dynamics are extremely slow, the sluggish rever-
sibility of block copolymer self-assembly can lead to
strong kinetic contributions to the observed micelle
morphologies.>*?

In addition to the purely bottom-up approach, a
small number of studies have employed forces external to
the molecular system (i.e, from the top-down), including
shear and confinement, to partially direct the structural
outcomes of block copolymer self-assembly.3>~*' Such
strategies offer the potential for “dialing-in” desired mor-
phologies through relatively simple changes in processing
conditions without changes in chemical formulation. For
example, our group has recently shown that the self-
assembly of PS-b-PAA block copolymers on a multiphase
gas—liquid microfluidic chip yields morphologies that are
different from those produced under identical chemical
conditions in the bulk (Figure 1).***' In solvent mixtures of
75/25 (w/w) at different water contents, it was found that a
PS-b-PAA copolymer that formed spheres in the bulk
yielded mixtures of spheres and networks of mainly
cylindrical micelles* In a follow-up study, we showed
that the same copolymer also forms spheres in pure
dioxane and water, whereas on-chip the identical solution
produced vesicles.*' These results were explained by a
two-part mechanism in which shear-induced collision/
coalescence of thermodynamically stable micelle struc-
tures in the high-shear corners of the liquid plugs in the
gas—liquid microfluidic reactors produced high free en-
ergy aggregates which then relax nonergodically to var-
ious kinetically stable morphologies via intramicellar chain
rearrangements.”**" Either cylinders or vesicles were
generated as a result of on-chip shear-induced processes,
suggesting that the initial equilibrium state, dependent on
the solvent environment, plays an important role in
determining which morphological transformation path-
ways can be unlocked by on-chip shear. However, to date,
the on-chip combination of molecular self-assembly and
high shear, and the resulting morphological control, has
been demonstrated only under a few isolated chemical
conditions.

In this paper, we describe a systematic study of the
influence of various chemical parameters on morphol-
ogies formed on-chip, with comparison to the structures
formed off-chip under equivalent chemical conditions.
Specifically, we quantify the effects of different solvent
mixtures, water contents, polymer concentrations, and
added salt. We show that these chemical parameters
have a considerable influence on the thermodynamics
and kinetics of on-chip micelle formation, which in turn
governs the resulting micelle morphologies via an inter-
play between chemical and shear forces. Moreover, an
improved understanding of chemical effects on shear-
directed self-assembly processes on-chip expands the
toolbox of block copolymer morphological control to
include a new suite of flow-directed micelle manufactur-
ing strategies involving microfluidic reactors.
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Figure 1. Schematic of the gas—liquid microfluidic reactor,
with insets showing segmentation of gas and liquid (top) and
PS-b-PAA self-assembly within the liquid plugs (bottom).

TABLE 1. Some Physical Parameters of Solvents and
Polymers

material solubility parameter (6/[MPa]"?) dielectric constant ()
DMF 248 382

dioxane 205 2.2

PS 18.7

RESULTS AND DISCUSSION

Solvent Composition Dependence of PS-b-PAA Morphologies
Formed Off-Chip. Before understanding the effect of
solvent composition on the on-chip morphologies, it
was first necessary to investigate the influence of
solvent composition on off-chip morphologies of PS-
b-PAA micelles, which in most cases represent equilib-
rium states. First, for the “crew-cut” copolymer em-
ployed in this study, PS(665)-b-PAA(68), critical water
contents in various mixtures of DMF/dioxanes were
determined. The relevant solubility parameters and
dielectric constants for this system are given in Table 1.
Clearly, as the dioxane content of DMF/dioxane in-
creases, the solubility parameter of the mixture will
become closer to the value for the PS block, while the
dielectric constant of the mixture will decrease. One
result of the increased solvent quality for the PS block
with increasing dioxane content is the concomitant
increase in the critical water content (cwc) for micelle
formation: as the PS blocks are more strongly solvated
by the organic solvent, more water is required to
precipitate them from the solvent phase.'® This is
shown by the results in Figure 2. The cwc values for
PS(668)-b-PAA(65) in different DMF/dioxane composi-
tions were carefully determined using the well-estab-
lished light scattering technique, in which sharp
increases in scattering intensity with increasing water
content indicate the cwc (Figure 2A).'¢ As shown in
Figure 2B, the general trend of increasing cwc with
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Figure 2. Critical water content (cwc) determination of PS-
(665)-b-PAA(68) (co = 0.33 wt %) in various DMF/dioxane
mixed solvents. (A) Examples of cwc determinations in DMF,
dioxane, and 15/85 (w/w) DMF/dioxane mixture using the
static light scattering method described in the text. The cwc
of the solution in DMF (2.8 & 0.1 wt %) is indicated with an
arrow. (B) Plot showing cwc as a function of dioxane content
in various DMF/dioxane mixtures.

increasing dioxane content is exhibited by the data, as
expected based on the solubility parameters. Here, we
retain the convention adopted previously of investi-
gating self-assembly at three different water contents
above the cwc for each solvent mixture:*® cwe + 1, 2,
and 4 wt %; however, due to the different cwc values
for the different solvent systems (Figure 2B), the abso-
lute water contents for self-assembly are different for
each mixture of DMF/dioxane.

The effect of solvent composition on the resulting
micelle morphologies is demonstrated in Figure 3,
which shows TEM images for off-chip self-assembly
in DMF/dioxane (w/w) mixtures of 100/0, 35/65,
15/85, and 0/100, each at a relative water content of
cwc + 2 wt %, which is 4.8, 6.6, 7.3, and 10.5 wt %,
respectively, for each solvent composition. At lower
dioxane contents, the sole morphology is spherical
(Figure 3A,B) with the mean size of spheres increasing
from 33 & 2 nm (Figure 3A) to 40 & 2 nm (Figure 3B) as
the dioxane content increases from DMF/dioxane
compositions of 100/0 to 35/65. A further increase in
the dioxane content to 15/85 transforms spherical
micelles to long cylinders and vesicles (Figure 3C).
Finally, the micelle morphology progresses to pure
vesicles in the 0/100 case (pure dioxane, Figure 3D).
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Figure 3. Effect of solvent composition on off-chip morphol-
ogies of PS(665)-b-PAA(68). TEM images of micelle morphol-
ogies formed from bulk (off-chip) self-assembly of PS(665)-
b-PAA(68) (co = 0.33 wt %) in various DMF/dioxane (w/w)
mixtures: (A) 100/0 (pure DMF), (B) 35/65, (C) 15/85, and
(D) 0/100 (pure dioxane). In all cases, the water content during
self-assembly was cwc + 2 wt %. The scale bars indicate
200 nm.

The observed trends are consistent with the results for
similar PS-b-PAA copolymers described in the litera-
ture, and can be explained by a combination of
increased solvent swelling of the PS cores and de-
creased repulsion between PAA chains as the dioxane
content of the solvent mixture increases.'*?**’ The
resulting increase in PS stretching first effects an
increase in core diameter (Figure 3A,B), followed by a
morphological transformation to micelles with pro-
gressively lower internal curvature: first to cylinders
(Figure 3C) and then to vesicles (Figure 3D).

In addition to the specific mixtures described in
Figure 3, we investigated the morphologies obtained
for a series of solvent mixtures between and including
DMF/dioxane = 100/0 and 0/100, each at water contents
of cwc + 1, 2, and 4 wt %. Table 2 compiles the main
micelle morphologies observed in each of these cases.
Spheres are observed at all water contents for solvent
mixtures with dioxane contents up to and including
35/65. However, at dioxane contents of 25/75 and higher,
cylinders and vesicles start to appear as the water content
increases. In the 25/75 mixtures, the morphology is
spherical at a water content of cwc + 1 wt %, although
the increased thermodynamic driving force for micelliza-
tion with an increase in water content to cwc + 2 wt %
gives rise to a mixture of spheres and cylinders; the
reversion to spheres as the water content further in-
creases to cwc + 4 wt % is believed to be a kinetic effect,
representing a trapped transition state due to the high
core viscosity at the highest water content. For the 15/85
mixture, a similar transformation from spheres to a
mixture of cylinders and vesicles occurs as the water
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TABLE 2. Summary of Morphologies Formed via Off-Chip Self-Assembly”

DMF/dioxane (w/w) — 100/0 85/15 75/25 65/35 55/45 45/55 35/65 25/75 15/85 0/100
awe/wtde 28 32 32 37 40 42 46 53 6.0 85
we + x wt %

1.0 S S S S S S S S S S+1L

20 S S S S S S S S+ C C+V v

40 S S S S S S S §* S+ V v

“Notes: S = spheres and S* represent kinetically-trapped (nonequilibrium) spheres; C = qylinders; L = lamella; V = vesicles. The polymer concentration ¢, in all cases is

0.33 wt % and the cwc was determined using light scattering. The micelle morphologies were determined from TEM.

TABLE 3. Summary of Morphologies Formed via On-Chip Self-Assembly (Q = ~5 uL/min)?

DMF/dioxane (w/w) — 100/0 85/15 75/25 35/65 15/85 0/100
we/wt % 28 32 32 46 6.0 8.5
we + x wt %

1.0 S S S+C S+CHVY) S+V )

20 S+C S+CHL S+C(+1D S+CHVY) S+V

40 S S S S(-+0Q S+V(H+0 V({9

“Notes: S = spheres; C = cylinders; L = lamella; V = vesicles. The polymer concentration ¢y in all cases is 0.33 wt % and the cwc was determined using light scattering. Minor
morphologies are shown in brackets. The micelle morphologies were determined from TEM.
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Figure 4. Water content—solvent composition phase diagram
for PS(665)-b-PAA(68) (c, = 0.33 wt %), showing regions
corresponding to unimers (disordered, DO), spheres (S), cylin-
ders (C), and vesicles (V).

content increases from cwc + 1 wt % to cwc + 2 wt %.
Further increasing water content to cwc + 4 wt % results
in mostly smaller vesicles along with some spheres;
again, the spheres are attributed to the high viscosity
and slow chain dynamics at the highest water content,
which precludes micelles from reaching their most
thermodynamically favorable state. In pure dioxane
(0/100), the transformation is from a mixture of spheres
and lamellae (a structural precursor to vesicles) to
pure vesicles as the water content increases from
cwc + 1 wt % to cwc + 2 wt %, with mainly vesicles also
observed at cwc + 4 wt %.

Considering that, for the most part (with exceptions
noted in Table 2), the resulting off-chip self-assembled
micelles should represent equilibrium morphologies, we
used the data in Table 2 to construct a solvent composi-
tion versus water content phase diagram (Figure 4).
The boundaries between morphological regions are
estimated, and in the 25/75, cwc + 4 wt % case, where
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the observed spheres are believed to be a kinetically
trapped transition state, the thermodynamic phase
region is inferred from the general trends. The phase
boundary between the unimer phase and the sphe-
rical phase is simply determined from the locus of cwc
values described previously. This equilibrium phase
diagram from off-chip self-assembly serves as an
important starting point for understanding the none-
quilibrium on-chip morphologies under various sol-
vent conditions.

Solvent Composition Dependence of PS-b-PAA Morphologies
Formed On-Chip. Our previous studies have suggested that
shear processing of particles circulating through the
strongly localized high-shear fields in the corners of the
liquid plugs,** together with the chemical environment,
are both important factors in on-chip morphologies.***’
Herein, we study on-chip self-assembly for various DMF/
dioxane compositions and water contents of cwc + 1, 2,
and 4 wt % in each solvent mixture. We compare the
resulting on-chip micellar structures (Table 3) with mor-
phologies formed under equilibrium conditions in the
bulk under the corresponding chemical conditions
(Table 2, Figure 4).

Along with the 75/25 DMF/dioxane system,*® three
other investigated compositions showed similar general
trends in the relationship between bulk (off-chip) and on-
chip micelle morphologies at different water contents.
These are, in order of increasing dioxane content, 100/0
(pure DMF, Figure 5), 85/15 (Figure 6), 75/25 (Figure 7,
represented for completeness) and 35/65 (Figure 8).
Comparison of these figures shows that in all four DMF/
dioxane mixtures, only spherical micelles were formed in
the bulk at all investigated water contents, whereas cyli-
ndrical morphologies were generated on-chip at certain
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cwc+2wt% cwc+1wt%

cwc+4wt%

Figure 5. Effect of water content on off-chip and on-chip
morphologies of PS(665)-b-PAA(68) in DMF. TEM images of
micelle morphologies formed from bulk (A,C,E) and on-chip
(B,D,F) self-assembly of PS(665)-b-PAA(68) (c, = 0.33 wt %)
in DMF at water contents of cwc + 1.0 wt % (A,B), cwc + 2.0
wt % (C,D), and cwc + 4.0 wt % (E,F). For this solvent system,
cwc = 2.8+ 0.1 wt %. The on-chip flow rate is Q = ~5 uL/min.
The scale bars indicate 200 nm.

water contents. In the 100/0 (Figure 5) and 85/15
(Figure 6) mixtures, shear-directed cylinders are gener-
ated on-chip at cwc + 2 wt %, but not at cwe + 1 wt %;
however, at higher dioxane contents, 75/25 (Figure 7)
and 35/65 (Figure 8), on-chip cylinders formed at both
cwc + 1 wt % and cwec + 2 wt %. All four solvent
compositions formed only spheres on-chip at cwc +
4 wt %, although in most cases the resulting spheres
appear to be highly aggregated compared to the bulk.
The nature of the shear-induced morphologies is slightly
different at the different solvent compositions, although
all are dominated by cylindrical micelles: the 100/0
solvent forms only highly interconnected networks of
cylinders (Figure 5D); the 85/15 (Figure 6D) and 75/25
(Figure 7B,D) mixtures form mainly branched and net-
work cylinders, along with a few lamellae; the 35/65
(Figure 8B,D) mixture forms branched and network
cylinders, along with a few vesicles.

Considering the equilibrium phase diagram based
on off-chip morphologies (Figure 4), and the mechan-
ism of on-chip morphology transformations proposed
previously (Scheme 1),%**" we can understand why
cylinders are the most prominent nonspherical struc-
tures generated in the microfluidic channel at the four
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bulk on-chip

cwc+2wt% cwc+1wt%

cwc+4wt%

Figure 6. Effect of water content on off-chip and on-chip
morphologies of PS(665)-b-PAA(68) in 85/15 (w/w) DMF/
dioxane. TEM images of micelle morphologies formed from
bulk (A,C,E) and on-chip (B,D,F) self-assembly of PS(665)-b-
PAA(68) (co = 0.33 wt %) in 85/15 (w/w) DMF/dioxane at
water contents of cwc + 1.0 wt % (A,B), cwc + 2.0 wt % (C,D),
and cwc + 4.0 wt % (E,F). For this solvent system, cwc=3.2 +
0.1 wt %. The on-chip flow rate is Q = ~5 uL/min. The scale
bars indicate 200 nm.

compositions 100/0, 85/15, 75/25, and 35/65. In these
mixtures, global equilibrium favors spheres, and so fast
mixing with water generates spheres near the injector
(Scheme 1, State A). Subsequent shear-induced co-
alescence of spheres in the high-shear corners of the
liquid plugs locally increases aggregation numbers to
generate high-energy aggregates (Scheme 1, State B).
These transition structures then relax via the kinetically
favored pathway of intramicellar chain rearrangements
to form the morphology (Scheme 1, State C) that repre-
sents a local free energy minimum, within the kinetic
constraint of local aggregation numbers in the absence
of interparticle exchange>* Since the effect of shear-
induced coalescence on-chip is to increase aggregation
numbers,*® it exerts a force locally that is morphogeni-
cally equivalent to the chemical force exerted by an
increase in dioxane and/or water content (both of which
will globally increase aggregation numbers). As a result,
the equilibrium spheres are pushed by on-chip shear into
the nearest morphological region with higher aggrega-
tion number, which is cylinders.

In Scheme 2, we superimpose the phase diagram of
thermodynamically favored morphologies with the
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bulk on-chip

cwc + 2wt % cwc +1wt%

cwc+4wt%

Figure 7. Effect of water content on off-chip and on-chip
morphologies of PS(665)-b-PAA(68) in 75/25 (w/w) DMF/
dioxane. TEM images of micelle morphologies formed from
bulk (A,C,E) and on-chip (B,D,F) self-assembly of PS(665)-b-
PAA(68) (co = 0.33 wt %) in 75/25 (w/w) DMF/dioxane at
water contents of cwc + 1.0 wt % (A,B), cwc + 2.0 wt % (C,D),
and cwc + 4.0 wt % (E,F). For this solvent system, cwc =3.2 +
0.1 wt %. The on-chip flow rate is Q = ~5 uL/min. The scale
bars indicate 200 nm.

various observed on-chip morphogenic transforma-
tions due to shear; in this classification of on-chip
results, the process described above is represented
by Path 1 (shear-induced coalescence from spheres, S,
to cylinders, C). This analysis also explains why a small
number of lamellae (a transition structure in vesicle
formation, e.g., Figure 6D) and then some vesicles
(Figure 8B,D), are observed by on-chip self-assembly
as the dioxane content increases; as the equilibrium
composition moves closer to the sphere-cylinder
phase boundary, a small number of particles will
experience a sufficient increase in local aggregation
number to undergo two morphogenic steps from
spheres to cylinders to vesicles.

Under equilibrium (off-chip) conditions, the solvent
composition 15/85 DMF/dioxane (Figure 9) lies in the
sphere region just below the cylinder/vesicle phase
boundary at cwc + 1 wt % (Figure 4, Figure 9A), and at
different points along the cylinder/vesicle phase
boundary at cwc + 2 wt % (Figure 9C) and cwc +
4 wt % (Figure 9E). As previously mentioned, the small
number of spheres present along with vesicles at
cwc + 4 wt % (Figure 9E), far from the equilibrium sphere
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cwc+2wt% cwc+1wt%

cwc+4wt%

Figure 8. Effect of water content on off-chip and on-chip
morphologies of PS(665)-b-PAA(68) in 35/65 (w/w) DMF/
dioxane. TEM images of micelle morphologies formed from
bulk (A,C,E) and on-chip (B,D,F) self-assembly of PS(665)-b-
PAA(68) (co = 0.33 wt %) in 35/65 (w/w) DMF/dioxane at
water contents of cwc + 1.0 wt % (A,B), cwc + 2.0 wt % (C,D),
and cwc + 4.0 wt % (E,F). For this solvent system, cwc =4.6 +
0.1 wt %. The on-chip flow rate is Q = ~5 uL/min. The scale
bars indicate 200 nm.
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Scheme 1. Proposed energy diagram for on-chip morpho-
logical transitions via shear-induced coalescence and intra-
particle chain rearrangements.

region, are believed to be kinetic structures trapped as
a result of the high water content. On-chip, this solvent
composition shows a rich variety of shear-induced
morphogenic behavior that is strongly dependent on
the water content and thus on the initial equilibrium
morphologies that form immediately after the injector.
At cwe + 1 wt %, where solely spheres are present
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Solvent Content

Scheme 2. Categorization of on-chip morphological transi-
tions (dashed arrows) for different initial equilibrium con-
ditions on the phase diagram. Paths 1 and 2 represent
morphology transitions via shear-induced coalescence of
spherical micelles (as described in Scheme 1). Path 3 repre-
sents a morphology transition via shear-induced breakup of
cylinders to spheres; breakup rather than coalescence
occurs in this case due to the high capillary number of the
initially formed aggregates. Symbols represent initial and
final states of various on-chip shear-induced pathways and
do not correspond to specific data points.

under off-chip equilibrium conditions (Figure 9A),
spheres along with a significant number of shear-
induced vesicles, are formed on-chip (Figure 9B). The
formation of shear-induced vesicles from equilibrium
spheres, instead of the shear-induced cylinders ob-
served at compositions with lower dioxane content, is
attributed to the close proximity of spherical micelles
under these conditions to the vesicle region of the
phase diagram; thus, the local increases in aggregation
number as a result of shear-induced coalescence push
spherical aggregates into the vesicle region, as por-
trayed by Path 2 in Scheme 2.*'

In contrast to the equilibrium spheres at cwc + 1 wt %,
the chemical conditions at 15/85 DMF/dioxane and
cwc + 2 wt % give rise to an equilibrium mixture of long
cylinders and large vesicles off-chip (Figure 9C); on-chip,
the dominant effect of downstream shear is particle
breakup rather than coalescence. The predominance of
on-chip shear-induced breakup at cwc + 2 wt %, in
contrast to the predominance of shear-induced coales-
cence on-chip at cwc + 1 wt %, can be understood by
comparing the equilibrium aggregates formed in the
bulk under these two chemical conditions, which should
be similar to the corresponding on-chip structures near
the injector before significant exposure to shear. In
general, the susceptibility of colloidal particles to breakup
increases with the capillary number, Ca, which describes
the balance of viscous to interfacial forces for dispersed
liquid drops under shear:

_ MmyD

Ca = T (1)

where 7, is the viscosity of the matrix, 7 is the shear rate,
D is the particle diameter, and I is the dispersed phase/
matrix phase interfacial tension. Therefore, compared to
small spheres formed at cwc + 1 wt %, the larger sizes of
the cylinders and vesicles formed upon mixing with
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cwc + 2 wt% cwc+1wt%

cwc +4 wt%

(Y

Figure 9. Effect of water content on off-chip and on-chip
morphologies of PS(665)-b-PAA(68) in 15/85 (w/w) DMF/
dioxane. TEM images of micelle morphologies formed from
bulk (A,C,E) and on-chip (B,D,F) self-assembly of PS(665)-b-
PAA(68) (co = 0.33 wt %) in 15/85 (w/w) DMF/dioxane at
water contents of cwc + 1.0 wt % (A,B), cwc + 2.0 wt % (C,D),
and cwc + 4.0 wt % (E,F). For this solvent system, cwc=6.0 +
0.1 wt %. The on-chip flow rate is Q = ~5 uL/min. The scale
bars indicate 200 nm.

water to cwc + 2 wt % leads to higher capillary numbers
at the same shear rate, which increases their susceptibility
to breakup.**** Also, the high aspect ratio of the
cylinders, and the low internal viscosities of the vesicles,
will increase the rate of breakup relative to smaller, more
compact spheres. As a result, the shear-induced on-chip
morphologies (Figure 9D) have lower, rather than higher,
aggregation numbers than their off-chip counterparts
(Figure 9C), in the form of spheres and smaller vesicles.
We represent this type of on-chip transition—from larger
equilibrium aggregates (e.g., cylinders) to smaller aggre-
gates (e.g,, spheres) as a result of shear-induced breakup

at high capillary number—by Path 3 in Scheme 2.
Finally, the cwc + 4 wt % morphologies on-chip
(Figure 9F) and off-chip (Figure 9E) are consistent with
other solvent compositions at high water content, in
that the small particle size and large activation energy
do not allow either significant breakup or coalescence
under shear, such that the on-chip morphologies are
not dramatically different from those formed off-chip
under the same chemical conditions. However, we do
note that a few cylindrical-like aggregates appear to
form on-chip (Figure 9F) as a result of coalescence of
kinetically trapped nonequilibrium spheres, as formed
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off-chip (Figure 9E); this suggests that under chemical
conditions where off-chip structures are trapped away
from equilibrium, on-chip shear may provide sufficient
energy to allow micelles to move closer to their lowest-
free energy morphology.

Although some vesicles are generated from spheres
on-chip via Path 2 (Scheme 2) in the 15/85, cwc + 1 wt %
case, the majority of micelles remain spherical (Figure 9B);
however, by carrying out self-assembly in pure dioxane
(0/100 composition) at cwc + 1 wt %, we have identified
chemical conditions that generate no vesicles under off-
chip equilibrium conditions (Figure 10A), but lead to
either a majority of vesicles or a pure vesicle population
on-chip (Figure 10B). The bulk morphology (Figure 10A)
shows a mixture of spheres and flat lamellar structures,
which are precursors to vesicles, indicating an equilibri-
um condition on the phase boundary between spheres
and vesicles (Figure 4). Compared to the 15/85, cwc +
1 wt % case, where only a few shear-induced vesicles are
generated on-chip, the presence of pure dioxane as the
organic solvent appears to adjust the coalescence activa-
tion barrier (E;;, Scheme 1) to a level that maximizes
coalescence while at the same time minimizes fission in
favor of intraparticle rearrangements, allowing pure ve-
sicle populations to be generated. The kinetic effect of
increasing the dioxane content would be to lower the
core viscosity component of the coalescence activation
barrier by increasing the degree of solvent swelling in the
PS core; at the same time, increasing dioxane should
increase the electrosteric activation energy, since the
water content at the cwc is higher, leading to a higher
concentration of water localized in the PAA corona and
thus increasing the charge density of the brush.*

By increasing the water content to cwc + 2 wt % in
dioxane, the equilibrium morphology moves into the
vesicle region, and a pure population of vesicles is
obtained off-chip (Figure 10C); on-chip, vesicles are
also observed, although characterized by a population
of very large vesicles (up to a micrometer in diameter)
that apparently formed from the shear-induced co-
alescence of smaller vesicles (Figure 10D). Finally, at the
highest water content of cwc + 4 wt %, a pure
population of small vesicles is observed in the off-chip
case (Figure 10E); the vesicles generated in the same
chemical conditions on-chip are very similar in size,
although they are accompanied by a population of sphe-
rical micelles that are not present in the bulk (Figure 10F).
These spheres may have formed as a result of shear-
induced breakup of some of the small vesicles that form
upon water mixing; another possibility is that they repre-
sent trapped transition structures that are locked in during
vesicle formation as a result of the fast on-chip mixing.

In summary, the interplay of chemical and shear
forces on chip can be categorized in terms of three
main paths for on-chip morphological transitions un-
der different conditions of solvent composition and
water content: Path 1, sphere-to-cylinder transition via
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cwc+2wt%

cwc+4wt%

Figure 10. Effect of water content on off-chip and on-chip
morphologies of PS(665)-b-PAA(68) in dioxane. TEM images
of micelle morphologies formed from bulk (A,C,E) and on-
chip (B,D,F) self-assembly of PS(665)-b-PAA(68) (c, = 0.33 wt
%) in dioxane at water contents of cwc + 1.0 wt % (A,B), cwc +
2.0 wt % (C,D), and cwc + 4.0 wt % (E,F). For this solvent
system, cwc = 8.5 £+ 0.1 wt %. The on-chip flow rate is
Q = ~5 uL/min. The scale bars indicate 200 nm.

shear-induced coalescence (e.g., on-chip self-assembly
at dioxane contents up to 35/65 DMF/dioxane); Path 2,
sphere-to-vesicle transition via shear-induced coales-
cence (e.g., 15/85 DMF/dioxane, cwc + 1 wt %; 0/100
DMF/dioxane, cwc + 1.0 wt %). Path 1 and Path 2 both
follow the energy diagram represented in Scheme 1,
with the main difference being the morphology that
forms as a result of intraparticle rearrangement, which
we have shown depends on the proximity of the initial
equilibrium state to other morphological regions on
the phase diagram. Finally, Path 3, cylinder-to-sphere
transition via shear-induced breakup under high capil-
lary number conditions (e.g., 15/85 DMF/dioxane, cwc
+ 2 wt %). The determination of operative conditions
for these various on-chip pathways, demonstrated
here, highlights the immense potential of on-chip
self-assembly as a means of combining chemical forces
with shear processing to effect fine control over nano-
scale colloidal structure.

Polymer Concentration and Added Salt Dependence of On-
Chip PS-b-PAA Morphologies. In the previous section, dif-
ferences in on-chip morphologies with variation in
solvent composition or water content were mainly
attributed to thermodynamic, rather than kinetic effects.
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By contrast, in this section we investigate the effect of
polymer concentration and salt addition on the on-chip
morphology, and find dramatic morphology differences
that we attribute mainly to increased rates of coales-
cence, suggesting morphology differences as a result of
differences in kinetics rather than thermodynamics.

In Figure 11, we compare off-chip and on-chip mor-
phologies for the 75/25 DMF/dioxane, cwc + 2 wt %
system at two different polymer concentrations: our
standard concentration of ¢, =0.33 wt % and an elevated
polymer concentration 3x higher: ¢, = 1.0 wt %. Note
that the ¢y = 0.33 wt % condition is identical to that in the
off-chip and on-chip experiments described previously
(Figure 7CD). As well, it is important to mention that
while in general cwc values show some dependence on
the polymer concentration,'® the measured cwc values at
Co = 0.33 wt % and ¢y = 1.0 wt % were in fact identical
within experimental error, so that the water contents for
the two experiments were also identical.

At both polymer concentrations, the off-chip ex-
periments yield spherical micelles (Figure 11A,Q), in-
dicating that polymer concentration does not have an
influence on the off-chip micelle morphology in this
range. However, on-chip, the morphologies are dra-
matically different at the two polymer concentrations.
A discussed previously, the lower polymer concentra-
tion yields a mixture of spheres and shear-induced
branched cylinders and cylinder networks, along with a
few lamellae (Figure 11B). On the other hand, the
higher polymer concentration generates surprising and
impressively large extended aggregates (Figure 11D),
which consist of an interconnected network of large
lamellar sheets. In some cases, these large bilayer net-
works, which we term “dinosomes” (similar aggregates
have also been called large compound vesicles else-
where in the literature),'" extend for several micrometers
and often appear broken or damaged by sample pre-
paration and water evaporation, indicative of the large
volumes of water that were encapsulated by the exten-
sive bilayer sheets in the colloid state.

Although block copolymer concentration is known
to influence the equilibrium morphology of block
copolymer micelles, the effect is generally quite weak,
as obviated by the very steep morphological phase
boundaries in the polymer concentration—water con-
tent phase diagram determined for the PS(310)-b-PAA-
(52) copolymer in dioxane/water mixtures.?" This weak
thermodynamic effect, in addition to the large size
difference in the aggregates obtained at the two
polymer concentrations, suggests that the most im-
portant result of increasing the copolymer concentra-
tion is to increase the concentration of micelles and
thus increase the on-chip collision/coalescence rate
dramatically. As a result, a much larger number of
primary spherical micelles effectively coalesce into a
single giant aggregate as the liquid plugs travel
through the chip, with the resulting bilayer structure
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on-chip

0.33 wt %

Figure 11. Effect of initial polymer concentration on off-
chip and on-chip morphologies of PS(665)-b-PAA(68) in 75/
25 (w/w) DMF/dioxane. TEM images of micelle morpholo-
gies formed from bulk (A,C) and on-chip (B,D) self-assembly
of PS(665)-b-PAA(68) at two different polymer concentra-
tions: ¢co = 0.33 wt % (A,B) and ¢, = 1.0 wt % (C,D). For all
experiments, the solvent system is 75/25 (w/w) DMF/diox-
ane at a water content of cwc + 2.0 wt %. The on-chip flow
rate is Q = ~5 uL/min. The scale bars indicate 200 nm.

governed by the resulting high local concentration of
copolymer chains. Thus we view the demonstrated
polymer concentration effect on the on-chip morphol-
ogy to be kinetic, rather than thermodynamic, in origin.

Interestingly, we can effect a very similar morphol-
ogy change on-chip to that obtained by increasing the
polymer concentration by adding a small amount of
salt (Rnac = 0.2 mol NaCl per mol acrylic acid repeat
unit) to the self-assembly mixture prior to inducing
micellization by adding water above the cwc. In both
off-chip and on-chip experiments, the salt was added
to the DMF/dioxane/copolymer solution via a concen-
trated 0.2 M NaCl aqueous solution, resulting in an
initial water content well below the cwc; the remaining
water was then added either dropwise off-chip or via
mixing with the water-containing stream on-chip.
Again, all experiments were carried out for the solvent
condition 75/25 DMF/dioxane, cwc + 2 wt %, where
the measured cwc with and without salt at Ry, = 0.2
was found to be identical within experimental error.
The off-chip and on-chip morphologies with and with-
out added salt are shown in Figure 12. Off-chip, the
small amount of added salt does not influence the
morphology, with spheres observed in both cases
(Figure 12A,Q). Eisenberg and co-workers have studied
the influence of added salt on the morphologies of PS-
b-PAA block copolymers,''%?23% and observed dra-
matic morphology transitions, but only for salt contents
Rnaci > 0.4;'" therefore, the spheres we observe via off-
chip self-assembly both with and without added salt are
consistent with their results. On-chip, the added salt
gives rise to similar dinosome aggregates (although not
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Figure 12. Effect of added salt on off-chip and on-chip
morphologies of PS(665)-b-PAA(68) in 75/25 (w/w) DMF/
dioxane. TEM images of micelle morphologies formed from
bulk (A,C) and on-chip (B,D) self-assembly of PS(665)-b-
PAA(68) (co = 0.33 wt %) with salt added at a molar ratio
per acrylic acid group of Ryac =0 (no salt, A,B) and Ry, = 0.2 (C,
D). For all experiments, the solvent system is 75/25 (w/w) DMF/
dioxane at a water content of cwc -+ 2.0 wt %. The on-chip flow
rate is Q = ~5 uL/min. The scale bars indicate 200 nm.

as large) to those obtained at elevated polymer con-
centration, along with vesicles (Figure 12D), in contrast
to the cylindrical aggregates generated on-chip without
added salt (Figure 12B).

The observed effect of added salt on the on-chip
morphologies can be explained by a combination of
kinetic and thermodynamic effects. Similar to increasing
the polymer concentration, the addition of salt will
increase the rate of on-chip coalescence events, not by
increasing the collision rate, as in the case of elevated
polymer concentration, but by decreasing the electros-
teric contribution to the activation barrier E,; (Scheme 1).
The short-range electrosteric repulsion between charged
polymer brushes has previously been shown to decrease
as the ionic strength increases,** leading in the present
case to an increased rate of successful collisions with
added salt. As a result of this increased rate of coales-
cence, similar large dinosome structures are generated to

METHODS

Materials. The composition of the polystyrene-block-poly-
(acrylic acid) sample used in this study was PS(665)-b-PAA(68).
Anionic polymerization was employed to synthesize the asso-
ciated polystyrene-block-poly(tert-butyl acrylate) block copoly-
mer, followed by hydrolysis of the ester block. The numbers in
parentheses refer to number-average degrees of polymeriza-
tion of each block. The reagents, dimethylformamide (DMF)
(Aldrich, 99.9+%, HPLC grade, H,0 < 0.03%) and 1,4-dioxane
Aldrich, 99.0%, reagent grade, H,O < 0.05% were used as
received without further purification.

Critical Water Content Determination. Static light scattering mea-
surements were carried out in order to accurately determine the
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those observed at the higher polymer concentration. In
addition to this kinetic effect, adding salt has been shown
by Eisenberg and co-workers to change the free energy
of the self-assembling system by effectively screening
electrostatic repulsive interactions between proximal
charged PAA chains, leading to morphological transitions
from spheres to cylinders to vesicles as the salt content is
increased."'%%2** As well, changes in the solvent quality
of nonionic PS blocks in polar DMF with added salt
cannot be ruled out* Although the weak salt effects
present at Ryacy = 0.2 are not significant enough to effect
a change in morphology off-chip, they do change the
equilibrium position of the system, effectively moving the
spherical micelles closer to the vesicle region of an appro-
priate phase diagram. Thus, when coalescence induces
increases in aggregation number, the resulting intraparti-
cle rearrangements to locally minimize free energy give
rise to vesicles (Figure 12D), rather than the cylinders
formed in the absence of added salt (Figure 12C).

Conclusions. We have investigated the effect of var-
ious chemical conditions (solvent composition, water
content, polymer concentration, and added salt) on the
morphologies formed by PS-b-PAA in DMF/dioxane/
water mixtures on a two-phase gas—liquid segmented
microfluidic reactor. The resulting morphological trends
are explained by the interplay of top-down shear effects
(coalescence and breakup) and bottom-up chemical
forces. Using off-chip morphology results, an equilibri-
um phase diagram of the present block copolymer
system in various DMF/dioxane/water mixtures was
constructed. In many cases, the on-chip morphologies
could be explained by one of three identified shear-
induced paths which depended on the initial equilibri-
um positions on the phase diagram. In addition, polymer
concentration and salt content were found to have a
dramatic kinetic effect on micelle morphology when
combined with on-chip shear forces, due to the in-
creased rate of coalescence that was effected by
changes in these parameters. Top-down directed mo-
lecular self-assembly in microfluidic devices offers im-
mense potential for a variety of applications, as it
promises new and convenient handles on colloidal
morphology and size at the nanoscale.

critical water content (cwc) of PS(665)-b-PAA(68) for different
chemical variables (polymer concentrations, solvent mixtures
and salt contents) applied in this study. Light scattering experi-
ments were performed on a Brookhaven Instruments photon
correlation spectrometer equipped with a BI-200SM goniometer,
a BI-9000AT digital autocorrelator, and a Melles Griot He—Ne Laser
(632.8 nm) with a maximum power output of 75 mW. For instance,
to determine the cwc of 0.33 wt % PS(665)-b-PAA(68) in pure DMF,
stock solution was prepared by adding DMF solvent to a copoly-
mer concentration of 0.66 wt %. The stock solution was then
filtered through a Teflon syringe membrane filter with a nominal
pore size of 0.45 um (National Scientific Company) into precleaned
scintillation vials. Next, the stock solution was diluted with DMF
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solvent mixture filtered through two Teflon syringe filters with a
nominal pore size of 020 um (National Scientific Company)
connected in series to give a polymer concentration of 0.33 wt %.
Deionized water was next added dropwise to ~6 g of the
solution in successive 0.02—0.05 g quantities via a microsyringe
equipped with a membrane filter (Life Sciences) with a nominal
pore size of 0.20 um. After each addition of water, the solution
was agitated with a vortexer to aid mixing. The scattered light
intensity was recorded 15 min after vortexing to allow the
solution to equilibrate. All measurements were carried out at
a scattering angle of 90° and a temperature of 23 °C. The cwc
thus obtained for DMF (Figure 2) was 2.8 £ 0.1 wt %. The cwc
determinations of other solvent mixtures were carried out in
similar fashion.

We also carried out cwc determinations for solutions under
different chemical conditions, such as different polymer con-
centration and salt contents. For both of these measurements,
the solvent mixture was 75/25 w/w DMF/dioxane which serves
as a basis for comparisons. To determine the cwc for 1.0 wt % of
PS(665)-b-PAA(68) in 75/25 w/w DMF/dioxane, a stock solution
of 2 wt % copolymer in 75/25 w/w DMF/dioxane was used. It
was diluted down to 1.0 wt % copolymer solution in 75/25 w/w
DMF/dioxane using similar method. The cwc determination for
the added salt effect in 75/25 w/w DMF/dioxane was carried out
using stock solution of 0.66 wt % copolymer. The stock solution
was treated with filtered 0.2 M NaCl solution in deionized water
until the salt contents of 20% equivalent of the poly(acrylic acid)
unit (R = 0.20) was added. Then the stock solution was diluted
down to 0.33 wt % with filtered 75/25 w/w DMF/dioxane for the
CWC measurement.

Off-Chip Micelle Preparation. Morphologies formed on-chip
under different chemical and flow conditions were compared
to off-chip control experiments in which block copolymer
micelles were prepared in the following manner. Three water
contents (cwc + 1, 2, and 4 wt % water) were investigated for
each solvent composition. For instance, to prepare off-chip
micelle solution in pure DMF, water contents of 1, 2, and
4 wt % above its respective cwc were used. To the three vials,
each containing ~5 mL of 0.33 wt % PS(665)-b-PAA(68) in DMF,
deionized water was added dropwise at a rate of 20 ulL every
10 s with moderate magnetic stirring (600 rpm) until the various
target water concentrations were reached (1, 2, and 4 wt %
above cwc). The resulting micelles were then allowed to
equilibrate for 2 weeks without stirring, followed by kinetic
trapping via fast transfer into ~50 mL of deionized water. The
colloidal dispersions were finally dialyzed against deionized
water to remove residual organic solvent.

Microfluidic Chip Fabrication. High-quality silicon wafers (Silicon
Quest International, CA) and negative photoresist, SU-8 100
(Microchem Inc., MA) were used to fabricate negative masters.
Prior to use, new silicon wafers were heated on a hot plate to at
200 °C for 20 min to remove all moisture. SU-8 films (150 um
thick) were spin-coated onto the silicon wafers, followed by heating
at 95 °C for 60 min to remove residual SU-8 solvent. A photomask
was placed over the film for exposure under UV light for 180 s. The
device was heated for an additional 20 min at 95 °C. After that, the
device was submerged in SU-8 developer (Microchem, MA) until all
unexposed photoresist was removed. The reactor has a set channel
depth of 150 um, and consists of a sinusoidal mixing channel
100 um wide and 100 mm in length and a sinusoidal processing
channel 200 um wide and 740 mm in length.

To further stabilize the process of bubble generation, we
employed external resistor chips, which were connected in
series between the Ar gas tank and the microfluidic chip. These
resistors were 1000 mm long, 400 um wide, and 150 um deep. In
operation, these high pressure drop resistors serve to effectively
dampen the pressure fluctuations caused by the Ar gas tank and
the bubble generation process itself. The resistors were de-
signed in a way that the total pressure drop in the resistors was
at least 1 order of magnitude higher than the pressure drop in
the reaction channel.

Microfluidic chips were fabricated from poly(dimethylsiloxane)
(PDMS) using a SYLGARD 184 silicon elastomer kit (Dow Corning,
MI) with an elastomer base-to-curing agent ratio of 10:1. The
elastomer and curing agent were mixed together and degassed in
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a vacuum chamber. The degassed PDMS was poured onto the
negative master in a Petri dish and then degassed again until all
remaining air bubbles in the PDMS were removed. The PDMS was
then heated at 85 °C until cured (~50 min). The microfluidic
chips were cut and peeled off the master, and holes were
punched through its reservoirs to allow for the insertion of
tubing. A thin PDMS film was formed on a glass slide by spin-
coating and was permanently bonded to the base of the
microfluidic reactor after both components were exposed to
oxygen plasma for 30 s.

Flow Delivery and Control. The pressure-driven flow of liquids
to the inlets of the reactors was provided using 250 L and 1 mL
gastight syringes (Hamilton, NV) mounted on syringe pumps
(Harvard Apparatus, MA). The microchip was connected to the
syringes with 1/16th inch (o.d.) Teflon tubing (Scientific Pro-
ducts and Equipment, ON). Gas pressure was adjusted by a Ar
tank regulator as well as a downstream regulator for fine
adjustments (Johnson Controls Inc.). For gas flow, connections
were joined using Teflon tubing of 1/16 in. (o.d.) and 100 um
(i.d.) (Upchurch Scientific, WA). The liquid flow rate (Qyq) was
programmed via the syringe pumps and the gas flow rate (Qgas)
was varied by tuning the pressure regulator. For all experiments
in this paper, the nominal relative gas-to-liquid flow ratio (Qgas/
Qiig) was ~1, and a single nominal total flow rate was investi-
gated: Qioral = ~5 uL/min (low flow rate case). Because of the
compressible nature of the gas and the high gas/liquid inter-
facial tension, discrepancies arise between the nominal
(programmed) and actual values of Qgas, Qgas/Qiiqs and the total
flow rate (Qota)). Therefore, actual gas flow rates were calculated
from the frequency of bubble formation and the average
volume of gas bubbles, determined from image analysis of
the mean lengths of liquid and gas plugs, Liiq and Lga, respec-
tively, under a given flow set of conditions (Supporting Informa-
tion, Table S1). This method of flow determination has been
previously employed in the context of gas—liquid multiphase
flow in microfluidic devices.**

On-Chip Micelle Preparation. For microfluidic self-assembly ex-
periments, three separate liquid streams were combined at an
equal flow rate to form gas-separated liquid plugs within the
reactor: (1) a 1.0 wt % solution of PS(665)-b-PAA(68) single
chains in DMF/dioxane, (2) a separator stream containing DMF/
dioxane only; and (3) a solution of DMF/dioxane containing
differing deionized water contents. The particular DMF/dioxane
w/w ratio depends on the individual runs. A combination of the
three liquid streams yielded steady-state on-chip concentra-
tions of 0.33 wt % polymer, identical to the off-chip control
experiments, and either 1.0, 2.0, and 4.0 wt % above the cwc,
respectively. Microfluidic flow conditions were selected as
described in the previous section.

For off-chip analysis of micelle morphologies prepared
within the reactor, micellar dispersions were generally collected
from the chip following the processing channel into vials
containing a large excess (~250 ul) of deionized water, where
the particles immediately became kinetically frozen due to the
high water content. The solids content of the final mostly
aqueous solution was ~0.25 mg/mL.

Flow visualization of microfluidic experiments and quanti-
fication of all the flow conditions were performed with an
inverted fluorescence microscopy system operating in trans-
mission mode. Optical images of the reactor were capture using
a CCD camera (AF6000 Orca, Hamamatsu, NJ) installed on the
inverted microscope (DMI 60008, LEICA, NJ).

TEM and Image Analysis. Transmission electron microscopy
(TEM) of various aqueous micellar dispersions was performed
with a Hitachi H-7000 electron microscope operating at 75 kV
and a JEOL JEM-1400 microscope operating 80 kV. For TEM
imaging, a 10 uL drop of micellar dispersion was deposited onto
either a carbon-coated or carbon-coated Formvar 300 mesh
copper grid, and then shadowed with Pt/Pd wire for imaging.
For TEM imaging of on-chip prepared samples, the small
quantity of dioxane remaining in the final solutions was found
to dissolve Formvar substrates, and so carbon-coated grids
without Formvar were required for these samples.

Analysis of micellar features (sphere diameter, cylinder di-
ameter, vesicle wall thickness, etc.) were carried onimages randomly

VOL.7 = NO.2 = 1424-1436 = 2013 K@N&NJK)\

WWW.acsnano.org

WL

1434



selected from various regions of the TEM grid. They were measured
from printouts of multiple regions of the TEM grid where the
particles appeared 40000 to 50000 times their actual size.
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