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ABSTRACT: Micelle structures from the assembly of poly(acrylic adthekpoly(methyl acrylatepblock
polystyrene (PAAb-PMA-b-PS) triblock copolymers in mixed tetrahydrofuran (THF)/water solution, including
disks, toroids, cylinders, and spheres, were targeted by coassembling with different diamines. At constant solution
composition (THF:HO, polymer concentration, and diamine concentration), the interfacial curvature of the
assembled structures was determined primarily by diamine chain structure. It was found that interchain binding
from the interaction of the two amine end groups of diamines with acid groups from different PAA corona
blocks governs the final assembled structures. Diamines with hydrophilic spacers induced the formation of micelles
with larger interfacial curvature as the spacer length increased. Disklike micelles, cylindrical micelles, or spherical
micelles were observed with the gradual increase of hydrophilic spacer length. Diamines with variable hydrophobic
spacers showed a similar effect when the spacer length was less than six methylene units. Application of longer
hydrophobic diamines had a reverse effect on the interfacial curvature. This effect was attributed to the interaction
of hydrophobic diamine hydrocarbon linking chains with the PIHRS hydrophobic core. These findings indicate

an easy method to tune micelle structure with multivalent organic counterions. Assembled morphologies were
characterized by means of transmission electron microscopy, and the interaction of diamines with acidic units of
the PAA block segments was studied by solution-state nuclear magnetic resonance spectroscopy.

Introduction Therefore, by taking advantage of the design flexibility of
Controlling the assembled structure of amphiphiles is of great Plock copolymer/solvent systems, one can produce assembled
practical value and has received tremendous interest due tgsStructures in a controlled way. Three main strategies have been
current and potential applications in the fields of materials Pursuedto control the block copolymer supramolecular assembly
science: s bioengineerind;’ and the pharmaceutical indus9. process with the aim of obtaining highly tailored materfdls:
The associative behavior and aggregate structure of small(1) choice of block copolymer molecules, (2) selectivity of added
molecular amphiphiles, such as surfactants and lipids, are fairlysolvents, and (3) application of solution stimuli. The first
well understood experimentally and theoreticafithe packing important design parameter is the molecular level structure of
geometry in surfactant systems is tunable by adjusting the block polymers themselves, including the types of blocks, chain
molecular structure, surfactant concentration, solvent properties length of different blocks, and chain architecttté2 26 Second,
and temperatur¥. Recently, amphiphilic block copolymers, the the micelle structure is tunable by choosing different solvents
macromolecular analogues of conventional surfactants, havethat are selective to one or more bloéks®® Eisenberg'’s
been recognized for advantages such as low critical micelle grouF® 3! proposed that not only could aggregation morphology
concentration (cmc), more robust assemblies, highly tunable be controlled by the solvent properties, but also the aggregate
composition and chain architecture, micellization depending on size is controllable by changing the relative ratio of different
selective solvents, and abilities to trap unstable or metastablesolvents. Third, the application of solution stimuli presents a
structure due to slow kinetid3:!® The combination of these  route for both control of aggregate morphology and size and
different features offers great flexibility for developing novel the potential control of material function. Examples of external
assembled morphologies and outstanding ability to control and stimuli studied are acicié;3>bases® salts34-36 or surfactantd’—48
manipulate those morphologies. A variety of morphologies zhang et aP# initially reported that the addition of ions can
originating from the solution-state self-assembly of amphiphilic change morphology of “crew-cut” aggregates of polystyrene-
copolymers, which are rarely observed in surfactant systems, p.poly(acrylic acid) copolymers in dilute solution. More re-
have been discovered including toroid$ielices}® nanotubes? cently, Foster and co-worke#8 proposed that charged diblock
disks17:18 hollow hoopsll_g and nanos_pheré@.Notably, when copolymer micelles fused into toroidal networks in the presence
charged blocks were introduced in replacement of neutral ot 5 higher concentration of salts in aqueous solution. Effort
hydrophll!c blpcks: assemlbled structures could be manipulatedy, 55 a1s0 been devoted to studying complex micelle formation
through ior-ion interaction by adding external counter- ¢ coassembly of nonionic block copolymers with surfac-

; 14,15,20 . ”
lons: tants37-43 Multiple morphologies other than spheres have also
o been reported from mixed systems of ionic copolymers with
I\Lfvr;‘s’ﬁ{rslgg’ogfl’?nei\'lag’;’;{?-in Saint Louis surfactant$4=48 Among the three block copolymer supramo-
* Corresponding authors. E-mail: kiwooley@artsci.wustl.edu; pochan@ leCL’."’f‘r assembly S'Frategles, changing SO!Vent prOp?rt'eS and
udel.edu. addition of counterions are most convenient experimentally
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because new block copolymers demand new laborious synthetic Table 1. Structure of Diamines Used in This Study
efforts. In this context, we are taking advantage of all three diamine structure
design parameters, particularly the addition of coupterions, to DI2 HaNCH,CHoNH,

control the structural features of final assembled micelles. Our Dl4 HoN(CHCHz):NH,

system consists of (1) a designed linear triblock copolymer with DI6 H2N(CH,CHz)sNH;

a chargeable hydrophilic PAA block connected sequentially to DI8 H2N(CH,CH)4NH;

PMA and then PS hydrophobic blocks, (2) mixed THF and EDDA HzN(CH,CH,0),CH,CH,NH,

water solvents with variable ratios, and, most importantly, (3) PEGS HN(CHCHAO).CH.CHaNH,

application of diamino organic counterions with different chain from PAA blocks was fixed as 1-1. The mixture was stirred
structures. . ) ) _rigorously overnight to ensure complete dissolution of copolymer.
It has been shown that the addition of inorganic salts will Then a certain amount of Milli-Q deionized water was introduced
cause charged micelle corona to shrink and the aggregationinto the solution. The initial concentration of copolymer in solution
number to increase in an equilibrium system because of was 0.1 wt % in THF before adding water and consequently
electrostatic screening of repulsions between chains. Thesedecreased with the introduction of water. Control experiments
effects can, to some extent, change the assembled micellesShowed that the change of block copolymer concentration in this
morphology3549-52 Literature examples show that multivalent range (0.+0.02 wt %) did not induce any difference in assembled
salts demonstrated greater ability to modify assembled structureg®©lymer structure. . .
compared to monovalent inorganic s&ftsiowever, the use of Transmission Electron Microscopy. TEM experiments were

inorganic counterions to control aggregate structure seems toperformed on a JEOL 2000FX microscope operating at an ac-
gal 9greg i celerating voltage of 200 kV. TEM samples were prepared by
be limited to a narrow range of relative block compositions.

; - applying a drop of polymer solution (about2.) directly onto a

For example, block copolymers with a long hydrophilic block - carhon-coated copper TEM grid and allowing the solution to
did not produce morphologies other than spherical micelles, evenevaporate under ambient conditions. Afterward, a droplet of freshly
with addition of a considerable amount of inorganic 3aln made, saturated uranyl acetate aqueous solution (abeilt)Mlas
comparison to inorganic salts, organic counterions can afford depo_sited onto the dried samplgs. After_ ca. 3 min, the excess
enormous advantages in manipulating the block copolymer solution was wicked away by a piece of filter paper. The sample
assembly structure via the widely adjustable organic counterion Was then allowed to dry under ambient conditions. In-situ cryo-
properties of chain hydrophobicity, chain architecture, valence, 1EM imaging has shown micelle structures with the same packing
and volume as well as the selectivity to solvents. However, the geometry as those in cast films, indicating that micelle structure in
interactions of amphiphilic copolymers with organic counterions, cast films reflected in-situ micelle solution structures.

espec@ally counteriqns yvith Iong hydrocarbon chqins, are more Regylts and Discussion

complicated than with inorganic salts. The addition of multi- o . . . )

valent organic counterions into charged micelle systems could 1+ Effect of Diamines with Different Hydrophilic Chain

not only screen the electrostatic repulsions in the corona but -€Ngth on Assembled Structures Generally speaking, when
also bridge separate chains together by forming either hydrogen®r9anic diamines were added, structures with different interfacial
bonds or compact ion pairs. Primarily, to date, the interaction curvature could be developed depending on counterion type and
behavior of inorganic salts with charged polymer micelles or @mount. Without diamine addition, PA&D-PMA7:-b-PSse
brushes has been studied. To the best of our knowledge, thec@Polymers are not able to assemble into any structures other
effect of molecular structure of organic counterion on assembled than spherical micelles at all THF:water solution ratios due to
structure of amphiphilic, polyelectrolyte-containing block co- T€PUlsions between charged PAA corona chains causing sig-
polymers has not yet been studied systemically. This paper ishificant interfacial curvatur_e toward_ t_he THF-sonIg_n PM)A-_
devoted to determining conditions under which the micellar PS: Under the same solution conditions, hydrophilic diamines
structure of PAAB-PMA-b-PS copolymer can be controlled in with different spacer length induced the formation of morphol-
THF/H,0 solutions by choosing organic diamines of different ©9i€s different from spherical micelles. Figure & shows

chain structures. typical TEM images obtained from three different hydrophilic
diamines with different spacer length between the two amine
Experimental Section end groups. Ethylenediamine induced the formation of disklike

micelles (Figure 1A) while 2,2(ethylenedioxy)bis(ethylamine)
(EDDA), with longer hydrophilic spacer length, induced cylin-
drical micelle formation (Figure 1B). PEG5 diamine, which has
double the chain spacer length of EDDA, formed spherical

Materials. The triblock copolymer polyért-butyl acrylate)-
blockpoly(methyl acrylateplockpolystyrene (BBA-b-PMA-b-PS)
was synthesized by sequentially incorporatteg-butyl acrylate
(tBA), methyl acrylate (MA), and styrene (S) through an atom

transfer radical polymerization (ATRP) procedit&* The tert- micelles (Figure 1C).

butyl esters of BBA-b-PMA-b-PS were selectively cleaved via The major forces governing self-assembly of neutral am-
reaction with iodotrimethylsilane (Me3Sil) in dichloromethane, phiphilic copolymers are a balance of three contributions: an
giving the amphiphilic block copolymer poly(acrylic acit)eck interfacial free energy and two penalty terms from chain
poly(methyl acrylatelock-polystyrene (PARs-b-PMA75-b-PSe; stretching of grafted hydrophilic corona and hydrophobic core

My: 2.04 x 10° Da; My/My: 1.05)14 After removal of all the  plocks5” Chain stretching in the corona is due to the short-

solvent and _excess reagent, tpe resulting polymer solid was range interunit repulsive interaction because of high grafting
d'lfr?]fi) (Ie\(/je%m nggﬁgsgotlj?;?dsibsy;/ Zﬁ%ﬁiﬂﬁfg \S/vOa:ltJetzlroné)?ngnic density. In a charged micelle system, this chain stretching is a
b y y 9 P - 21g combination of short-range, nonelectrostatic interactions with

diamines, with the exception of 1,2-di@''-aminoethoxyl)- I | ic 1 . . . "
ethoxyl)ethane (PEG5 diamine), were purchased from Sigma- 10Ng-range electrostatic force but is dominated primarily by

Aldrich and used as received (Table 1). PEG5 diamine was electrostatic interactior’S. Hence, because the strength of
synthesized by a modified meth&tE® electrostatic interactions in the corona can be manipulated
The sample solutions were prepared by dissolving the triblock through the iorrion interactions, the final morphology is tunable
copolymer into THF with a specific amount of organic counterion. by adding external counterions. Multivalent salts present in the
The ratio of amine groups from organic counterions to acid groups polyelectrolyte micelle solution can either neutralize charngv
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Figure 1. Micelle structure strongly depends on the diamine hydrophilic spacer length. The ratio of THF to water was 1:2, and the molar ratio of
amine group to acid group was fixed as 1:1. (A) Disklike micelles, ethylenediamine; (B) cylindrical micelles, EDDA; (C) spherical micelles, PEGS5;

(D) schematic showing the three ways that diamines may interact with PAA blocks: (I) intrachain bonding; (I1) interchain bonding; (1) only one

end of diamine bonding with PAA chain. Scale bar: 100 nm.

on the polymer chains in the corona via complexation or screen or from the same PAA chain (intrachain binding) or only binding
electrostatic interactions if trapped in the corSAaBoth with one acrylic acid retaining one free amine in the corona.
complexation and screening would weaken the electrostatic Only these diamines that produce interchain binding can bring
interaction between polymer chains in the corona so as to makerepulsed chains together and have a significant effect on corona
the block behave more like nonionic amphiphiles. However, packing, chain conformation, and consequent interfacial cur-
the introduction of the same molar concentration of organic vature to change the micelle geometry. Because of the interchain
counterions but with different controllable chain structure binding, the distance of these two PAA chains in the corona
provides micelle geometry control, indicating that electrostatic would be closely related to the spacer length between two amine
interactions in and of themselves are not the reason for micellegroups. The shorter the diamine spacer length, the closer the
geometry manipulation. PAA can be crowded. Indeed, the interfacial curvature of
In fact, interchain binding of diamines with different PAA  assembled structure is a result of a gradual change of spacer
chains is mainly responsible for modifying the interfacial length. The bridging effect of diamines was further tested by
curvature of assembled structures. When water was added intausing a hydrophilic monoamine, 2-methoxyethylamine. Under
the copolymer/THF solution, it was preferentially distributed the same solution conditions as in Figure 1, R&AB-PMA75-
around PAA chain8? Since the diamine backbones are hydro- b-PSs copolymers only formed spherical micelles in the
philic, it is reasonable to assume that hydrophilic diamines prefer presence of monoamidéMonoamine is incapable of binding
to interact with PAA in the micelle corona. Once organic two different chains and only provides electrostatic screening
diamines are trapped in the corona, they can interact with PAA of the corona PAA chains.
acidic units in three ways (Figure 1D): bonding with two acrylic The effects of organic counterion molecular structure, includ-
acid units from two different PAA chains (interchain binding) ing multivalency and chain architecture, have also been stLgBe
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Figure 2. Morphologies with distinct local interfacial curvature via coassembly with diamines of different hydrophobic spacer lengths. The ratio
of THF to water was 1:2, and the ratio of amine group to acid group was fixed as 1:1. (A) Disklike micelles with DI2; (B) cylindrical micelles with
DI4; (C) cylindrical micelles with DI6; (D) disklike micelles with DI8. Scale bar: 100 nm.

Figure 3. Schematic showing the interaction between triblock copolymer and diamines with longer hydrophobic spacer length; diamine can also
promote morphological change by dipping into hydrophobic cores in addition to bonding with separate PAA chains in corona. cDV
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Figure 4. Assembled morphologies of PA&b-PMA7s-b-PSs in THF/water solution in the presence of EDDA. The copolymer and EDDA were
dissolved in THF. The ratio of amine group to acid group was 1:1. Then water was titrated into the solution at the rate of 0.6 wt %/min. Different
morphologies were observed depending on the ratio of THF to water. (A) Packed bilayer structure, THE:®dte(B) predominantly toroidal
micelles, THF:water= 1:2; (C) mixed cylindrical micelles with spherical micelles, THF:waterl:3; (D) spherical micelles, THF:water 1:4.

Scale bar: 200 nm.

in DNA/polycation complex systems. It was reported that the significantly affect interfacial curvature and, thus, micelle
arrangement of DNA strands in complexes is determined by structure.
the structure of the polycatidii-®* Schellman et al. reported 2. Effect of Diamines with Different Hydrophobic Chain
that collapsed DNA helices could form a hexagonal array with Length on Assembled Structures. When diamines with
organic counterions in the interstices between helices. The Bragghydrophobic chain linkers were employed, the dependence of
spacing for this collapsed DNA structure was dependent on the micelle geometry on linker length observed for shorter hydro-
adjustable spacer length of the methylene bridge between twophobic linkers was similar to that observed with hydrophilic
adjacent amine groups based on X-ray diffraction stutlies. diamines. Figure 2A again shows the dominant disklike structure
Another reason for the formation of different micelles may induced by ethylenediamine (image taken from the same sample
arise from the volume occupied by the different spacers. To as Figure 1A). With the increase of spacer length from two to
minimize the PAAb-PMA interfacial area, one can imagine six methylene groups (Figure 2AC), the morphologies vary
that copolymer chains through the interface must be crowded. from disks to cylinders. Spacer length dependence is the same
It is unfavorable for organic counterions with larger volume as had been observed for hydrophilic diamines. Interestingly,
(longer spacer) to inhabit a corona interior. Any diamines deep when diamine spacer length was increased to eight methylene
in the corona can complex with acid groups close to the units, the morphology reverted to a disk structure rather than
hydrophilic/hydrophobic interface and would strongly contribute spherical as was observed with hydrophilic spacers in Figure
to the morphology transition. As a result, PEG5 diamine with 2D.
the longest spacer will be squeezed out of the interfacial region. The hydrophobic diamines seem to behave as amphiphiles
In contrast, ethylenediamine, due to its smaller molecular themselves. The interactions between the amphiphilic diamines
volume, has more opportunity to interact with acids closer to and the block copolymer are not limited to electrostatic screening
the PAAD-PMA interface. In either case, it can be concluded and inter-acid bonding in the corona. With the increase of
that diamines with shorter hydrophilic spacer length more hydrocarbon chain length, diamine counterions have r%)[rﬁ/
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Bilayer structure (discs or vesicles) Cylindrical micelles Spherical micelles

Figure 5. Schematic of micelle formation of PA&b-PMAs-b-PS in THF/water solution. Without any diamine in solution, the block copolymer

only associates into spherical micelles. In the presence of diamines, morphologies other than spherical micelles, such as bilayer strdesired micel
or cylindrical micelles, can be formed depending on diamine chain structure. With a certain amount of specific diamine, the morphology is also
tunable by varying the mixed ratio of THF to water. With the increase of water content, amphiphilic block copolymer tends to form micelles with

higher interfacial curvature.
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Figure 6. (A) NMR spectra of PAAgb-PMA73-b-PSs in THF-dg solution with titration of different amounts of diamine (EDDA). The ratios of
amine groups to acid groups are given in the plot. The spectra were shifted for clarity. (B) NMR spectra ggfF2WA75-b-PS6 in THF-dg/
EDDA solution (amine:acié= 1:1) with progressive addition of water. The ratios of THF to water are given on the right of the plot.

tendency to interact with the PSPMA blocks in the hydro- of micelles with lower interfacial curvature. Additionally,
phobic core. The hydrophobic linker could associate with the electrostatic repulsive interactions between charged chains close
hydrophobic core while charged headgroups remain in the to the interface are reduced significantly due to the formation
corona (Figure 3). A hairpin structure could be formed for of diamine hairpin structure because the charged PAA blocks
diamines with long enough hydrophobic spacers by which the close to the interface are neutralized due to the interaction with
two amine ends remain within the PAA corona while the amine groups from the diamines placed into hydrophobic core.
hydrophobic spacers extend into the PNdRS core. The In summary, the longer the hydrophobic chain between two
bending energy penalty for forming this hairpin structure is too amine groups, the more likely the hydrocarbon linkers will
high for short-chain diamines but becomes less significant partition into the hydrophobic core. If PAA-amine binding and
relative to interactions for diamines having more than six hydrophobic interaction coexist, the amphiphilic copolymer
methylene units. It is hypothesized that once this hairpin tends to form micelles with lower curvature due to the increase
structure is formed, some diamines act as spacers across thef hydrophobic spacer length.

interface, causing a decrease of interfacial area per copolymer 3. Effect of the Ratio of THF to Water on Assembled
chain that favors micelle structures with lower curvature. Structures. Using mixed solvents is a standard technique to
Moreover, hydrophobic linkers of diamine add volume into the produce different assembled structures for amphiphilic block
closely packed hydrophobic core that, in turn, induces further copolymerst#2562|n these studies, it was found that different
stretching of the PMAs-PS chains, also leading to the formation morphologies could be formed depending on the amour&B{/
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water titrated into the THF/polymer/diamine system. A range
of morphologies is possible with water titration using P&A §fc
b-PMA73-b-PS6 block copolymer in the presence of EDDA

organic counterions at a ratio of amine to acid groups of 1:1.

Figure 4 shows different morphologies assembled with different

ratios of THF to water. The morphologies range from a closely

packed bilayer structure, to toroidal/cylindrical micelles, and

to spherical micelles. It can be seen that as the water content

was increased the interfacial curvature between the hydrophilic

and hydrophobic blocks increased. The increase of interfacial %
curvature can be generally attributed to the shrinking of the
volume occupied by the PBPMA hydrophobic blocks and
increasing expansion of the PAA corona with the progressive
addition of water. It is worth mentioning that the structure shown

in Figure 4A is very similar to the lamellar phase usually
observed in bulk phase separation of block copolymers. Bulk

phase separation of the solution in Figure 4A occurred after

sitting quiescently for several days, suggesting that these closely
packed bilayer structures might be bulk-phase-separated, polymergigyre 7. Proposed interaction mechanism between acid groups of
rich droplets, highly swollen by solvents, and exhibiting PAA segment and amine groups of diamines.

bulklike, lamellar nanostructure. A detailed discussion of these ) )

phase-separated droplets will be reported elsewhere. at ca. 7 ppm are ascribed to the aromatic protons from PS. The
observed line broadening is typical of polymer due to the low

progresses, three processes occur: the change of interfaci obility of polymer chain segments and the short relaxation

. . imes. When no diamine is present, a very broad NMR resonance
energy between different blocks and mixed solvents, the Changeexists in the carboxylic acid proton region, suggesting the
of the interaction of amine groups with acid groups, and the . ' X
change of dielectric constant of the solvent mixture. First, since formation of very large, loosely bound aggregates. The tiny

. ... sharp peak in this region is possibly from free acrylic acid ends.
wateris a poor solvent for both PS aqd PMA segments, .addltlon With the addition of only 20% equivalency of diamine, the broad
of water into copolymer/THF solution would result in the

strengthened association of the-HSVIA blocks. Second, strong carboxylic acid proton resonance was replaced by a sharp peak,

lsi by d tonated PAA chai Id . This observation could be taken as an indication of complete
r?‘;ﬂqnsth y depro OEF et ati N alnls wou hcauki? eXpaF?;fndisruption of preformed large aggregation, although it is also
0 In the corona. Electrostalic repulsions shouid force possible that the dramatic line-width change may arise from

chains to take an extended conformation and, consequently, form .
. . ’ . '~ catalyzed exchange of protons between different carboxyl groups
a larger interfacial curvature toward the hydrophobic blocks in y 9 b Yl group

der to alleviate the chain stretchi H . by the small amount added diamine. Further titration of the
or I?'r IO ? ewate the ¢ afl_n zr_e (ihmg. owe\éer,ldorganlc diamine induced the broadening of the new peak, suggesting
muttivacen COfL]JI’] ISRZnS confine dm N rr]:o_ro_na S hOl_J bpc:js_e 2 the formation and increasing of the size of a second aggregation.
(éonstralnt Ok? t F?AA expan5|on” u(;a to their m(tjerc an |_nh|ng. It is worth noting that the line width of the two sets of PS proton
Even so, the corona swelled more and more with an peaks (around 7 ppm) during the diamine titration process did
increased amount of water in solution. Finally, electrostatic

. . in th both lsive | on b not change, indicating that the mobility of PS chains was not
Interactions in the corona, both repulsive Interaction bEWeeN ¢qteq. Monitoring of the micellization process was conducted

charged '_DAA (_:h_ains _and the bonding effect OT d_ia_mine end by further titration with deuterated water. With the progressive
groups with acidic units of PAA blocks, were diminished by - 4ition of water into PABg-b-PMA7+-b-PSss copolymer/THF
the increase of the dielectric constant of the bulk solvent with ¢, v with constant EDDA concentration (amine:aeid 1)

water addition ¢ 78.5) into THF ¢ 7.58). The combined o pg proton signals became broadened, weakened significantly,
contribution from all the interactions balanced the contact area and finally disappeared at 1:2 ratio of THF to water, indicating

between hydrophilic and hydrophobic blocks and defined the 5 oaquai decrease of PS chain mobility (Figure 6B). In mixed
local interfacial curvature. The dominating effect of water qq|yents; the mobility of polymer chains in solution is deter-
addition was the shrinkage of P®MA hydrophobic blocks — ineq by their local environment. Because water is a nonsolvent
and expansion of PAA corona, which resulted in micelle ¢, ps hydrophobic PS segments began to pack more densely
structure with increased interfacial curvature. Therefore, varying 4,4 formed micelle cores with the titration of water in order to

solvent content provides an additional way to control morphol- ninimize contact with the increasing water content in a mixed
ogies in our system. The schematic shown in Figure 5 illustrates ¢y ent system.

the influence of both organic counterions and the ratio of THF 5 the basis of these NMR data. a proposed interaction

As the addition of water into polymer/THF/diamine solution

to water on assembled structures. mechanism of amine groups with acid groups is shown in Figure
4. Interaction of PAA Chains with Diamines. To better 7. In neat THF solution, the formation of large aggregate
understand diaminePAA interaction in micelle aggregatée$] structure is due to the hydrogen bonding between carboxylic

NMR spectroscopy was used to monitor the interaction betweenacid groups. With the progressive titration of diamine, this
diamine and triblock copolymer during the micellization process, hydrogen bonding was broken up and replaced with either new
while D,O was added to a solution in deuterated tetrahydrofuran hydrogen bonding or compact ionic pairs between amine groups
(THF-dg). Figure 6A shows five typical NMR spectra of PAA and carboxylic acid groups, causing formation and increasing
b-PMA7s-b-PSs6 in THF-dg solution with different amounts of  of the size of a new aggregate. Unfortunately, NMR spectros-
added diamine. The spectra were recorded with stepwise titrationcopy cannot differentiate exactly whether it is ionic bonding or
of diamine. The peak at 10.8 ppm is due to the resonance ofhydrogen bonding that dominates the binding mechanism. With
the carboxylic acid proton from PAA, and the two sets of peaks the addition of water, deprotonation of weak acid PAA by W&%/
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base diamines occurs, and the solvation causes the loose binding(8) Savic, R.; Luo, L. B.; Eisenberg, A.; Maysinger, Bcience2003

i i i i i ; ; 300, 615-618.
of |fon pairs. Ilt IS h_|g|hly possible that hydrogeﬂ bonding IS o T chilin, V. P.Nat. Re. Drug Discas. 2005 4, 145-160.
preferred in a low dielectric constant media, such as THF, and (20) Israelachvili, J. NIntermolecular & Surface Force&nd ed.; Academic

ion pairing in the high dielectric constant media, such as water. Press: New York, 1991.

In fact, in pure water solution, zeta potential measurements (11) Svenson, SCurr. Opin. Colloid Interface Sci2004 9, 201-212.
reyealed a negatively chargeq sgrfage for PlécRMA-b-PS Egg Eci)sdcgheér:riB!DlJ\\ll/l.a;l C\/r\?orEOIYC \I(ﬁ'e rEgE,hés.ag(.);aLigL,LJ2.6C5._h2/|.7;3§ates, F.S;
micelles (data not shown), which implies that PAA chains are Discher, D. E.: Hammer, D. ASciencel999 284 1143-1146.
deprotonated and tend to form ionic pairs with amine groups (14) Pochan, D. J.; Chen, Z. Y.; Cui, H. G; Hales, K.; Qi, K.; Wooley, K.
in pure water solution. Therefore, hydrogen bonds and compact, L. Science2004 306 94-97.

L . . S . . (15) Cornelissen, J.; Fischer, M.; Sommerdijk, N.; Nolte, R. JSkience
and loose ionic pairs from the amino acid interaction dominated 1098 280, 1427-1430.

at different stages of the self-assembly process. (16) Raez, J.; Manners, |.; Winnik, M. A. Am. Chem. So@002 124,
10381-10395.
Summary (17) Lodge, T. P.; Hillmyer, M. A.; Zhou, Z. L.; Talmon, YWacromol-

ecules2004 37, 6680-6682.
Self-assembled structures originating from a common charged(18) Li, Z. B.; Chen, Z. Y.; Cui, H. G.; Hales, K.; Qi, K.; Wooley, K. L.;
i i i Pochan, D. JLangmuir2005 21, 7533-7539.
ngI?Ck copolymgr Wereéunsfble via thefccr)]asser]bl);/()f org?mc’ (19) Zhang, L. F.; Bartels, C.; Yu, Y. S.; Shen, H. W.; Eisenberg?lAys.
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