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ABSTRACT: The subphase pH effect on the surface micelles of polystyrgmy(2-vinylpyridine) (PSbk-

P2VP) diblock copolymers was investigated by #heA isotherm and the morphology of the LangmtiBlodgett

(LB) film. lonization of P2VP block significantly affects the—A isotherm of the surface micelles at the-air

water interface. At high pH, where the degree of ionization is low,sthé\ isotherm shows a more expanded

form and high transition surface pressure reflecting the strong tendency of P2VP blocks spreading on the subphase
surface. As the subphase pH is lowered, the transition surface pressure decreases while the transition region is
more extended, indicating the facile equilibrium between the flotation and submergence of the P2VP blocks
upon surface pressure change. At pH 1.8 at which the 2VP units are completely ionized, the ionized P2VP blocks
submerge into the subphase even at low surface pressure, and the transition behavior is not obsenvefl. The
isotherm behavior can be understood considering the balance of the solubility and the electrostatic repulsion of
the ionized P2VP chains. Atomic force microscopy images of the LB films of thb-P3VP surface micelles

show isolated circular micelles at high pH. As the subphase pH decreases, the intermicellar distance becomes
shorter and the micelles eventually contact each other to form a laced network of circular micelles. The association
behavior of surface micelles and the-A isotherms at low pH are strongly dependent on the ionic strength of

the subphase. The linear association of the surface micelles at low pH appears to result from the balance of the
hydrophobic attraction among the floated PS cores and the electrostatic repulsion among the submerged P2VP
chains. On the other hand, the average aggregation number of each surface micelle is independent of subphase
pH, which indicates that the aggregation of the block copolymers to form surface micelles is likely to take place
before the P2VP blocks are ionized.

Introduction reaches a point at which the hydrophilic chains form a dense

Many amphiphilic block copolymers can self-assemble at the monolayt_er. Then the film goes through a _transition at V.Vh.i.Ch
Y ampniphit polymers S 5S the 7—A isotherm shows a plateau. The high compressibility

air—water interface into various microphase-separated structures, o S .
which are called surface micellés? The hydrophobic blocks of the f'l.n.] in the transn.lon region has been understood as the
aggregate to form isolated structures of different shapes mainly hyd][Oph'“t(_: cotrona_f_hallgs dissolve into the subphase or make
depending on the block copolymer composition, which are coln ormation ra;]13| |onf. icellization behavior i
stabilized by surface-active hydrophilic blocks spread on the N & SENSE, the surface micellization behavior is a two-
water surface. Following the first report on the surface micelle dimensional analogug of the (three-dlmensmnal) micellization
morphology by Zhu et al., many works have been reported on of block copolymgrs in a selective solvéfitThe structyrq pf

the surface micelle behavior of various amphiphilic block the three-_d|mensu_)nal aggregates form_ed by amp_hlph|I|c co-
copolymers at the airwater interface: polystyrenie-poly- polymers in selective solvents is determined by various factors
(vinylpyridine) (PSb-PVP)129-11 polystyreneb-poly(methy such as relative blockllengf-ﬁ, ion .content§,8v19 solvent
methacrylate};’-213polystyrenes-poly(ethylene oxidej:s14:15 comp_os_|t|onz,O etc. The micelle formation of block copolyr_ner
etc. The surface miceiles exhibit various shapes from circular SONtaining ionizable block such as PVP has been a subject of

) . oy o ;

micelles to large planar aggregates via rod-shaped micellesiNerest in recent years. 2’ The ionized PVP unit can carry

mainly depending on the relative size of the two blocks. Circular counter metal cations that can be reduced to form various metal
. - og .

micelles are formed at high hydrophilic block composition and N@noparticles” A number of studies on the pH dependence of

prevail to as low as 1520% content. As the composition of

the block copolymer micellization behavior have been also
8,22,24,26,2 i

the hydrophilic block is reduced further, rod-shaped micelles reported: However, few studies were done for surface

are preferentially formed. If the hydrophilic block content is

micelles with respect to the subphase pH change. The ionization
reduced as low as 5%, the uniform structure of surface micelles ©f the hydrophilic block changes the solubility of the corona
is no longer observed.

chain of the surface micelles and the electrostatic interaction
As the film is compressed, the area occupied by hydrophilic between the ionized chains. In_ th!s work, we investigated the
) - i . . effect of subphase pH and ionic strength on the surface
chains spread on the aiwater interface is reduced, and it ST . : .
micellization behavior of P8-P2VP at the airwater interface.
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keeping the PS block length constant at 28 kg/mol and varying the
P2VP block length at 11, 28, and 59 kg/mM¢/M, = 1.08, 1.05,

and 1.05, respectively) at78 °C under an Ar atmosphere using
secBuLi and THF as an initiator and a solvent, respectively. Details
of the apparatus and the polymerization procedure were reported
previously?93° After the polymerization of styrene block was
completed, an aliquot of the reaction mixture was withdrawn for
characterization before 2VP monomer was added for the polym-
erization of the P2VP block. Subsequently, a series of diblock
copolymers with an identical polystyrene block length were obtained
by withdrawing aliquots of mixtures after each 2VP monomer
addition. The average molecular weight and the molecular weight
distribution of the PS blocks and the diblock copolymers were
measured by gel permeation chromatography.

Langmuir —Blodgett (LB) Film. Langmuir films of the P3»-
P2VPs were formed at the aiwater interface by spreading a dilute
polymer solution in chloroform (0.5 mg/mL). The subphase was
prepared with deionized water from a water purification system
(Human, Seoul, Korea) equipped with an organic removal cartridge.
The pH and ionic strength of the subphase were adjusted before
the spreading of the polymer solution using phosphate buffers or
strong acids such as hydrochloric acid or sulfuric acid. The surface
pressure-surface arear{A) isotherms were obtained using a
Langmuir-Blodgett (LB) film apparatus (KSV 5000) at a compres-
sion rate of 5 mm/min. The temperature of the subphase was i ' i ' ' '
maintained at 25C using a circulating water bath (Neslab, RTE-
110). LB films were transferred onto RCA-treated Si wafers at a pH1L6
constant vertical lift speed of 5 mm/min while keeping the surface
pressure constant by compression. The transfer ratio of the LB film
was close to unity. The LB films were examined by a tapping mode
AFM (Digital Instruments, Nanoscope Ill). The AFM was housed
in a vibration-resistant case, and silicon tips were used.
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Figure 1 displays thec—A isotherms of three different PS- 2K

b-P2VP block copolymers (28K11K, 28K—28K, 28K—59K)
at three different subphase pH in 0.2 M phosphate buffer. 50 100 150 200 250 300

Although the situation at the aiwater interface may be Area(mf/n'olecde)

different from the bulk solution, if we assume that the ionization Figure 1. 7—A diagrams of P$-P2VP at three different subphase

constant for pyridine in solution & = 5.2) is identical at the  pH (0.2 M phosphate buffer). The molecular weights of the P2VP block
air—water interface, the pyridine residues in the P2VP block are labeled for corresponding isotherms.

are fully ionized at pH 1.8. At pH 6.6, only a small fraction of nolecule densely packed each other but uncompressed. The
the pyridine residues are ionized: the ratio of neutral to ionized gpgcissa of Figure 2 is the molecular weight of the P2VP block
pyridine is about 20. At pH 11.6, practically all the pyridine  represented as the number of 2VP monomers in the block. Then
moieties are in the neutral form. the slope of the plots is the area occupied by one 2VP monomer
The difference in ther—A isotherms at three pHs can be unit at the corresponding pH. The area occupied by a 2VP
understood on the basis of the degree of ionization of the residue increases with pH, indicating that more 2VP monomers
pyridine group. At pH 1.8, the surface pressure does not increasereside at the airwater interface (not submerged) at higher pH.
until the film was compressed to very low molecular area, AtpH 1.8, the area is only 2.9%Aconfirming that most of the
indicating that not much surface-active material resides at the 2P residues are submerged into the subphase.
air—water interface regardless of the P2VP block length. The  Except for the case of pH 1.8, the intercept of the plots
fully ionized P2VP blocks are no longer surface active and approaches zero. This behavior was previously observed for
dissolved into the subphase almost completely. Therefore, amany block copolymers forming surface micelles, which
transition plateau representing the equilibrium between the indicates that the PS block does not contribute significantly to
floated and submerged corona chains is not observed. At higherthe limiting area in this low surface pressure regidhlt may
pH, the 7—A isotherms are expanded, indicating that the indicate that the PS micelle cores lie on top of the P2VP
partially ionized or neutral P2VP blocks are surface-active. At monolayer in this surface pressure region. At pH 1.8, however,
pH 6.6, the transition zone appears clearly for 288K and the plot shows a finite intercept, about 15 hiwhich reflects
28K—59K samples at a surface pressure a little lower than 20 a significant contribution of the PS surface micelle cores to the
mN/m. The transition behavior is not observed for 2B2VP limiting area. Similar results are also obtained at higher pHs if
with a shorter P2VP block (28K11K). At pH 11.6 ther—A the limiting area is determined at the surface pressure region
isotherms are more expanded and the transition surface pressurgbove the transition pressure. Kumaki measured the area
increases further to a value higher than 20 mN/m. occupied by PS aggregates when a dilute solution of homo-PS
The limiting areas of P®-P2VP were determined by was spread at the aiwater interfacé! The area was propor-
extrapolating the linear region af = 5—15 mN/m in ther—A tional to the molecular weight of PS,» 1074 MW = 11 nn?
isotherms to the zero surface pressure and plotted in Figure 2.for 28 kg/mol, which is a little smaller than the limiting area of
The limiting area is the virtual area occupied by alrB2VP PSb-P2VP at pH 1.8. The similar discrepancy was a&,SBV
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other due to the highly ionized P2VP blocks. To our knowledge,
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Figure 2. Limiting area per P$-P2VP molecule vs number of 2VP
monomer in a molecule at three different pH, 1.8, 6.6, and 11.6, in 0.2
M phosphate buffer. The limiting areas were obtained by extrapolating
thesr = 5—15 mN/m region of thet—A isotherms in Figure 1 ta =
0 mN/m.

this is a new morphology found for two-dimensional surface
micelles.

To examine the laced surface micelle structure at low pH in
more detail, the LB films of the 28K59K sample were
prepared at different surface pressures at pH 1.8 in 0.2 M
phosphate buffer, and the morphology of the LB film was
measured by AFM. As displayed in Figure 4a, without any
compression of the Langmuir monolayer after spreading of PS-
b-P2VP @@ = 0 mN/m), the circular micelles already start to

observed for P®-PEO and ascribed to the contribution of
submerged chains to the limiting area.

Figure 3 shows the AFM topographic images of the three
PSb-P2VP LB films prepared at the subphase pH 1.8 and 6.6
in 0.2 M phosphate buffer. The LB films were transferred at a
surface pressure of 2 mN/m that is far below the transition

associate. The extent of association is not large a0 mN/

m, but all the associated micelles have linearly laced structure.
The length of the laced array increases as the film is compressed,
and a few branches show up/at= 2 mN/m (Figure 4b). As

surface pressure. For 28KL.1K sample, circular micelles coexist
with rod-shaped micelles due to the relatively short P2VP block

the film is compressed further, the circular micelles make more
random connections. These observations indicate that the
length. Also, there is no clear difference in morphology at the association of the PS micelle cores with ionized P2VP brush is
two different pHs. In contrast, for 28K28K and 28K-59K a spontaneous process, which is likely to be driven by the
samples, a big morphological difference shows up between thehydrophobic interaction between the PS micelle cores. We will
LB films deposited at the two different pHs. At pH 6.6, isolated come back to this later.

circular micelles are observed for both block copolymers, which ~ To examine the pH-dependent surface micellization behavior
is the morphology commonly observed for amphiphilic block of PSb-P2VP more quantitatively, the average aggregation
copolymers with large hydrophilic blocks. The distance between number in a surface micelle was calculated at different subphase
the PS cores reflects the hydrophilic P2VP block length residing pH at 2 mN/m, and the results are summarized in Table 1. The
at the air-water interface as corona chains. At pH 1.8, however, results at pH 5.3 (pure water) are included from the previous
the circular micelles are in contact with each other to form a report!! The average aggregation number per surface micelle
laced network structure, but certainly not rod-shaped micelles. was determined by dividing the number of BE2VP mol-

The reduction of the intermicellar distance is an expected ecules in a fixed surface area {1 um) with the number of
phenomenon since the area pervaded by the P2VP corona atircular micelles in the same area counted from the AFM image.
the air-water interface decreases due to the increased solubility The aggregation number is larger for the 288K sample than

of P2VP at low pH. However, it is intriguing that they neither 28K—59K, which is in accord with the known trend found in
remain as isolated circular micelles nor make randomly associ- various block copolymer surface micelles; the aggregation
ated structure, but are connected to form the laced array ofnumber in a surface micelle decreases as the ratio of the
circular micelles. This laced array is contradictory to a simple- hydrophobic block size to hydrophilic block size decreases.
minded expectation that the circular micelles would repel each In this regard, it is expected that the aggregation number isc?ﬁ\(}
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Figure 4. AFM images (1 x 1 um) of 28K—59K PSh-P2VP
Langmuir-Blodgett films deposited at three different surface pres-

sures: 0 (a), 2 (b), and 10 mN/m (c) at pH 1.8 in 0.2 M phosphate
buffer.

s h

Table 1. Number Density and Average Aggregation Numbers of
Surface Micelles at Different pH

no. of micellesin?
(a) 28K—28K Sample

aggregation no.

pH 1.8 486+ 18 71+ 3
pH 5.3 (pure water) 143 2 74+ 1
pH 6.6 125+ 6 78+5
pH 11.6 121+ 11 70+ 6
(b) 28K—59K Sample
pH 1.8 614+ 10 47+ 1
pH4.1 79+ 3 51+2
pH 5.3 (pure water) 103 2 51+1
pH 6.6 91+5 51+ 3
pH 11.6 86+ 8 47+ 5

a Average number of surface micelles inxl1 um area from the AFM
image.? Uncertainty is one standard deviation obtained from the analysis
of four separate k 1 um AFM images of the LB films transferred at=
2 mN/m.

affected by the degree of ionization. As shown in Table 1,
however, the aggregation number is independent of pH within
the experimental precision.

Another interesting feature found from the results in Table 1
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Figure 5. 7—A isotherms of the 28K59K sample obtained at different
subphase pHs in 0.2 M phosphate buffer. Eacti\ isotherms is labeled
with the corresponding subphase pH. In the inset, an expanded portion
of the isotherms is displayed.

is exceptionally low at pH 4.1. The complex behavior was
investigated further byr—A isotherm measurements. Figure 5
showsz—A isotherms of the 28K59K sample at four different
pHs in 0.2 M phosphate buffer. The-A isotherms measured
at pH 4.1 and 4.7 exhibit highly stretched transition regions
(very high compressibility). As a result, at low surface pressure
they cross ther—A isotherm at pH 6.6 and the REP2VP has

a larger molecular area at pH 4.1 and 4.7 than at pH 6.6. It is
consistent with the fact that the number density of micelles at
pH 4.1 is peculiarly small in Table 1.

Despite the consistency among the experimental results, it is
not straightforward to understand how the more highly ionized
P2VP block at pH 4.1 or 4.7 can occupy a larger molecular
area than pH 6.6. These interesting phenomena found in PS-
b-P2VP surface micelles could be understood in terms of the
balance among the solubility of the ionized P2VP chains, the
electrostatic repulsion between the ionized pyridine moieties,
and the hydrophobic interaction between the PS micelle cores.
At around pH 4.1, the effects of the solubility and electrostatic
repulsion of P2VP chains would be balanced in such a way
that the Langmuir film exhibits the stretched transition region
with a high compressibility at low surface pressure. In other
words, at pH 4.1 the partially ionized P2VP chains do not
spontaneously submerge into the subphase but reside at-the air
water interface at low surface pressure. At the same time, the
electrostatic repulsion stretches the P2VP chains to occupy a
large area pervaded by each P2VP chain. Upon compression
of the Langmuir film, the partially ionized P2VP chains
occupying the large area submerge into the subphase extending
the transition plateau. Since the ionized P2VP chains easily
submerge into the subphase, the Langmuir film shows very high
compressibility at low surface pressure.

As pH is further lowered (pH= 1.8), the solubility of the
fully ionized P2VP chain becomes high enough to submerge
into the subphase even in the absence of the compression force.
They are no longer able to reside at the-aiater interface,
and little surface pressure is observed until the PS micelle cores
with submerged P2VP chains feel repulsive interaction each
other as the Langmuir film is compressed. The PS micelle cores
floating at the air-water interface do not have sufficient P2VP
chain corona to protect their hydrophobic surface and associates
each other driven by the hydrophobic interaction. Such an
association of hydrophobic particles was observed earlier for

is in the micelle number density. In general, the number density PS monomolecular particles formed at the-aiater interface
of surface micelles decreases with pH increase since less ionizecy spreading dilute PS solutiéh. While the PS particles
P2VP chains should have a tendency to float at the surface andassociate randomly, the RBSP2VP surface micelles with
pervade a larger area than the highly ionized chains. However,ionized P2VP brush form a laced structure with little branches.

the number density of surface micelles of the 289K sample

It is seemingly due to the electrostatic repulsion betweenCtBQ/
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Figure 7. m—A isotherms of P$-P2VP (28k-28K) at pH 1.8, but
at three different ionic strengths: (a) 601073, (b) 2.8 x 1072, and
(c) 0.12 M.

highly charged P2VP chains submerged in the subphase. Figure
6 schematically illustrates the formation of laced micelles at
low pH (a) and isolated surface micelles at high pH (b).

To verify the picture outlined above, we investigated on the
effect of the subphase ionic strength. Figure 7 displaystha
isotherms of 28K-28K sample at pH 1.8 but at different ionic
strengths: (a) 6.6 10~2 M hydrochloric acid, (b) 6.0< 1073
M sulfuric acid, and (c) 0.2 M phosphate buffer. Since the pH
of the former two cases were adjusted by adding NaOH solution,Fi e 8. AFMim 1x 1 um) of LB films of PSb-P2VP (28K-
the ionic strength of the three different subphases are (ax 6.0 28% etrinsfe”ed {argﬁ? Ehe Sj‘bp{,gm: 2 niNO/m S;t) pH 1_8( t?ut at
103 M, (b) 2.8 x 1072 M, and (c) 0.12 M. Ther—A isotherms different ionic strengths: (a) 6.8 102 and (b) 2.8x 102 M.
show the ionic strength effect at the same subphase pH. As the
ionic strength of the subphase increases, the isotherms show . ) ) .
the more condensed film behavior. It is clear that the electrostatic®f the surface micelles exist as separated circular micelles at
repulsion among the charged P2VP chains is screened mord"€ low ionic strength while they associate to form the laced
effectively at higher ionic strength media so that the Langmuir Structure at high ionic strength. The-A isotherms and the
film of the surface micelles can be compressed without surface AFM images of the LB film shown in Figures 7 and 8 support
pressure increase until more hard-core-like repulsion among thethe proposition that the laced structure of B&2VP surface
surface micelles increases the surface pressure abruptly. micelles results from the balance of the hydrophobic interaction

The ionic strength effect is also evident from the AFM images between the PS micelle cores and the electrostatic repulsion
shown in Figure 8, which display the topography of LB films between the ionized P2VP blocks. Also, it is worthwhile to note
of the 28Kk—28K sample transferred at = 2 mN/m from the that the association of diblock copolymer micelles has been
subphase corresponding to Figure 7a,b. Even atdH8, most found in aqueous solution upon increasing the ionic stre??ggbv
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In summary, we investigated the surface micelle behavior of (8) Baker, S. M.; Leach, K. A.; Devereaux, C. E.; Gragson, D. E.

- i i Macromolecule200Q 33, 5432.
PSb-P2VP at various subphase pH hy Aisotherm and the o, 7 500 o oo o . Rangmuir1991, 7, 1579,
surface morphology of the LB film. The block copolymers were (10) Goren, M.; Lennox, R. BNano Lett.200%, 1, 735.

prepared by anionic polymerization to have a constant PS block(11) Choi, M.; Chung, B.; Chun, B.; Chang, Macromol. Res2004 12,
length at 28 kg/mol and varying P2VP block length of 11, 28, 127.

. - (12) Seo, Y.; Im, J.; Lee, J.; Kim, Macromolecule001, 34, 4842.
and 59 kg/mol. At high pH, P8-P2VP showed ther—A (13) Chung, B.; Park, S.; Chang, Macromolecule2005 38, 6122.

isotherms characteristic of the block composition with partially (14) Goncalves da Silva, A. M.; Gamboa, A. L. S.; Martinho, J. M. G.
ionized or un-ionized P2VP corona chains residing at the air Langmuir1998 14, 5327.

water interface. On the other hand, at low pH, fully ionized (%) E;nxé rﬂhilfi:ggg'1§';7(7:$25tamine' B. Eisenberg, A.; Lennox, R. B.
P2VP blocks are no longer surface-active and dissolved into (16) Faster, S.; Abetz, V.; Mler, A. H. E. Adv. Polym. Sci2004 166,

the subphase. As a result, the-A isotherms of P$-P2VP at 173. ‘ _
different composition become similar at low pH. Furthermore, (17) Zhang, L. F.; Eisenberg, Aciencel993 268 1728.

. . . (18) zhang, L. F.; Yu, K.; Eisenberg, ASciencel996 272 1777.
the circular micelles associates to form a laced network structure (1) to, H.: Imae, T.. Nakamura, T.. Sugiura, M.; Oshibe,JY Colloid

at low pH. The dependence of the micelles association on Interface Sci2004 276, 290.
surface pressure and the subphase ionic strength indicates thdg0) Yu, G.; Eisenberg, AMacromoleculesi998 31, 5546.

the formation of necklace structure can be understood as a®®%) fgéznize;ﬁ's'\z%'*emz'S';SChmidt’ M., RosenauerMacromolecules

balance of the hydrophobic attraction between the PS cores and22) Martin, T. J.; Prochazka, K.; Munk, P.; Webber, SMacromolecules
the electrostatic repulsion between the ionized P2VP blocks( ) 1996|2$|)(, 6071. . . |
; 23) Esselink, F. J.; Dormidontova, E. E.; Hadziioannou,M&acromol-
submerged in the water. cCules008 31 4873,
(24) Shen, H.; Zhang, L.; Eisenberg, A. Am. Chem. So0d.999 121, 1,
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