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ABSTRACT The interfacial properties of AB diblock polyelectrolytes P(Sm-b-VPz,oIRX). where PS = 
polystyrene, PVP = poly(4-vinylpyridiniumJ. R = C, to CI8, and X = I and Br. have been studied in detail 
at the air-water interface using the Langmuir film balance technique. Previous studies'.' have been extended 
toexplore thescope ofthe surface micellization phenomenon by varying the length ofthepyridinium alkylating 
agent (R). studying the temperature dependence of surface pressure vs mean molecular area (Le.. F A ) ,  and 
controlling the speciation and concentration of the counterion (Z-) in the aqueous nubphase. Surface micelle 
formation is a general phenomenon for all the materials measured. as shown using transmission electron 
microscopy (TEMI of rhecorresponding Langmuir-Rlodgett (LB) films. I t  isshown that both thecounterion 
and the hydrophobicity ofH affect the relative balance between asurface micelle whose polyelectrolytechains 
are surface-adsorbed (etarfieh morphology, and a surface micelle whose polyelectrolyte chains are subphase- 
Solubilized (jellyfish morphology). Plateaus observed in r A  curves for diblocks with moderate to ntrong 
hydrophobic R groups are ass~iated wit h acompression-induced solubilization of thealkylated polyelectrolyte 
chains. The balance between eurface-adsorbed and solubilized PVP R' chains can be readily altered by 
changing the counterion from CI- to Br- to I- or by changing the concentration of the counterion. The size. 
aggregation number, and conformation of the surface micelles derived from PtSwb-VPza R X J  diblocks are 
shown to be readily tunable by a judicious choice of R. X, and the experimental conditions. 

Introduction 
The considerable interest in polymer monolayers arises 

because of both the technological applications of ultrathin 
polymer layers and the molecular details accessible in the 
monolayer e ~ p e r i m e n t . ~ ~  A number of materials have 
been shown to form relatively stable polymer monolayers 
a t  the air-wave interface, including polythiophenes, 
polyamides, etc.7 We have recently been exploring aspects 
of the interfacial chemistry of block polyelectrolytes and, 
in particular, their monolayer-forming properties on 
aqueous s ~ r f a c e s . ' ~ ~ ~ ~ - ~  These materials, made up of 
relatively monodisperse hydrophilic and hydrophilic/ 
amphiphilic blocks, have been found to readily spread on 
water and form very stable monolayer films, while ex- 
hibiting a number of unusual features in their r-A 
isotherms including molecular weight dependences. With 
the aid of microscopy (transmission electron (TEM) and 
atomic force (AFM)) visualized Langmuir-Blodgett films 
of these materials, we have found that the monolayer films 
are, in fact, made up of a quasi-ordered array of self- 
assembled structures which we have termed surface 
micelles. Thesesurfacemicelles form in thedilutesurface 
concentration regime and assume morphologies (starfish, 
rcds, extended planes, or sheets) which are dependent 
upon the balance between block sizes (ref 10; Figure 1). 

The concept of surface micellization of amphiphiles was 
invoked by Langmuir in 1933 to rationalize the gas- 
analogous to condensed-analogous phase transition ob- 
served in low molecular weight amphiphiles." Compared 
to these compounds, the block polyelectrolytes studied in 
our laboratories offer the advantages of having large 
adsorption free energies and of being directly observable 
by both electron and proximal probe microscopy tech- 
niques (i.e., TEM or AFM). 

In a recent paper, we have studied the effects of varying 
the magnitudes and relative sizes of the two blocks.* In 
this study, we have extended our investigation of the 
surface micellization phenomenon by probing both the 
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Figure 1. Schematic representation of (a) a starfish surface 
micelle, (b) a partially formed jellyfish surface micelle, and (e) 
a jellyfish surface micelle. 

effect of altering the amphiphilic nature of the polyelec- 
trolyte block and the effect of varying the electrolyte in 
the aqueous subphase. We show that the block polyelec- 
trolyte surface micelliition phenomenon has considerable 
generality and that the interfacial properties of these 
aggregates are readily 'tunable" by a judicious choice of 
both the subphase conditions and diblock composition. 

Experimental Section 
Materials. The synthesis of P(Swb-VPm) has been de- 

scribed elsewhere.' Quaternization wan effected using methyl 
iodide, butyl iodide, hexyl iodide, decyl iodide, octadecyl iodide, 
and decyl bromide (all from Aldrich). The extent of quater- 
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Figure 2. Schematic representation of areaand surface pressure 
parametera associated withLangmuir fiims of the samples studied 
here 
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Figure 3. Surface pressure w molecular area (FA) curves for 
P(Snwb-VPuolR1) block polyelectrolyteson a pure water surface 
at 25 OC. R = methyl (C,), n-butyl (Cd, n-hexyl (Cd, n-decyl 
(Cd, and n-octadecyl (CI8). 

nization(-100% inallsamplesexceptforC,, whichwas -95%) 
waa monitored by FTIR via the disappearance of the pyridine 
adsorption at 1414 em-'. NaCI, NaBr, KCI, and KI dissolved in 
the aqueous subphase were analytical grade from BDH and were 
vacuum oven-dried at 120 O C  overnight before use. 

Surface Balance Measurement and LB Films. As de- 
scribed previously,',z a Langmuir film balance (Lauda Model D) 
waa used to measure the surface pressure as a function of area 
(FA) of polymer films spread from 0.5 mg/mL of polymer solution 
in a 41 mixture of chloroform/Z-propanol. Deionized 18 Ma 
(MilliQ,Toronto) water which hadbeenpassedthroughanorganic 
residue cartridge waa used throughout these studies. The 
compression rate was maintained at 15 mm/min. The experi- 
mental isotherm parameters Aon, AI, At, and r, are as indicated 
in Figure 2. Reference is made throughout the text to plateau 
and collapse pressures; the former refers to extended regions of 
theisothermswheredr/dA r0,andthelatterreferatotheregion 
of the isotherm where irreproducihle discontinuities arise, i.e., 
at low A and high r. 

LB films were transferred onto EM grids which had been 
precoated with Formvar and carbon at a present pressure under 
aconstant verticalliftingspeed of 1 mmlmin. The LB films1EM 
grids were shadowed with platinumlpalladium (60140) at a low 
shadowing angle (15-20°) to provide contrast, and the trans- 
missioneleetronmicrographs wereacquired usinga JEOL CXlCC- 
TEMSCAN electron microscope at 100 kV. 

Results and Discussion 
The T A  curves at 25 OC for P(S~~-~-WZIOIRI). where 

R = methyl, n-butyl, n-hexyl, n-decyl, and n-octadecyl, 
are shown in Figure 3. It is apparent that the isotherm 
parameters A,, AI, rt, and Az are highly dependent upon 
the net hydrophobicity of the pyridinium alkylating group. 
General trends readily apparent from Figure 3 include 
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Figure 4. TEM photographs of P(S2,,-b-VP,,,/RI) LB films 
deposited on carbon-coated EM grids at a = 2 mN/m and 
shadowed with PtiPd (60140) at a low angle (15-20"). R is as 
indicated ineach photograph. Thearrowsindicate thedirection 
of shadowing. 

the following: (i) a distinct discontinuity in the isotherms 
for R 2 c6; (ii) plateau pressures, zt. accompanying this 
discontinuity follow a trend of c6 < Clo < C1s; (iii) the 
limiting area, Az, follows the trend CI < CI < c6 < Cl0 < 
CIS. The molecular origin of these trends and a description 
of the organizational states of the surface-adsorbed block 
ionomers are more readily discussed in conjunction with 
transmission electron microscopy images of the LB films 
(Figure 4) removed from the pure water surface. The 
temperature dependence of each sample is shown in Figure 
5, and the effect ofvarying thespeciationandconcentration 
of the subphase electrolyte is shown in Figures 6-8. 

Detailed insight into the organization and morphology 
ofthemonolayer-forming block polyelectrolytes is difficult 
if one relies exclusively on isotherm data. LB films have 
been examined to resolve this and to address the origin 
of unusual phenomena such 89 an abrupt onset of r,  very 
flat, first-order-like plateaus, and a temperature inversion 
in the isotherms. We have made the assumption that a 
1:l correspondence exists between the organizational state 
of the Langmuir film and the deposited LB film. In other 
words, we assume that a distortionless transfer bas 
occurred. Figure 4 shows the micrographs of each sample 
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Figure 6. Effect of subphaee electrolyte composition MX (0.1 
N) on isotherms of P(Sm-b-VPpdCJ) at 26 "C. MX = KI, 
NaBr, and KC1. The isotherm on pure HsO is provided for 
reference. 
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Figure 7. Effect of subphaae salt concentration (NaBr) on 
isotherms of P(Sm-b-W&Cl&r) block polyelectrolytes at 25 
"C. Concentrations are as indicated. 
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Figure 8. Isotherms of P(&-b-VP&C1I) block polyelectrolytes 
on pure water and on 0.1 N KI at 25 "C. 

mensions (diameter, center-to-center distances, height) 
are apparent in each case. 
An insight into the relationships between structure, 

surface morphology, molecular area, and surface preasure 
is accessible via a quantitative analysis of both the 
isotherm and electron micrographs. Previously, we have 
shown that the decylated material, P(Sm-b-VPz&ld) 
block polyelectrolyte, forms highly regular aggregates at 
A 1 2 "/mal To summarize earlier conclusions,1*2 the 
Clo derivative forms aggregates which consist of a core of 
PS blocks and a corona of highly extended PVP/CmI arm.  
These arms are entirely surface-adsorbed because of the 
hydrophobicity of the decyl chains. This state of the 
surface micellee is referred to as the starfish state (Figure 
1). Decrease of the surface area on the film balance leads 
to an increase in the surface concentration of these species, 
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Figures. EffectoftemperatureonthesurfacebehaviorofP(S~- 
b-VPdRJ) block polyelectrolytes on pure water surface. R is 
as indicated in each figure. 

$1 to Cl$) deposited onto a carbon surface at 2 mN/m. 
Structures with uniform morphology (circular) and di- 
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and at A,, a measurable u results from the repulsive 
interactions of PVP/CloI chains of adjacent surface 
micelles. Further compression leads to an interdigitation 
and lateral compression of the surface-adsorbed PVP/ 
Cld chains and also a flat to edge-on conformational change 
of the PVP rings. This conclusion is based on calculations 
of the area per VP at Aon and A1 and comparison with the 
areas of a flat alkylated VP residue (ca. 0.48 nm2, ref 20) 
and an edge-on residue (ca. 0.18 nm2). The amount of 
remaining free water surface area is thus reduced on going 
from A,, to AI. Further compression beyond A1 forces 
the decylated PVP+ moieties into the aqueous subphase. 
An alternative scenario wherein PVP/CloI chains or 
segments extend out into the air is believed to be unlikely 
because it would be too energetically costly. The broad 
plateau corresponds to the incremental submersion of 
PVP/CloI moieties until the subphase saturation concen- 
tration of PVP/CloI has been reached. The monolayer at  
A1 is thus made up of PS cores and PVP/ClJ chains 
adsorbed to the surface, with the Clo chains oriented 
upward into the air phase. The monolayer at areas greater 
than A2 is highly incompressible due to repulsive PVP/ 
CloI-PVP/CloI interactions and PS core/PS core incom- 
pressibility. The two extremes in morphology-the 
entirely surface-adsorbed micelle at ?r < ut and the 
structure where the ionic chains are for the most part 
subphase-dissolved-have been described as the "starfish" 
morphology and the "jellyfish" morphology, respectively.lY2 
The broad plateau is therefore termed a "starfish to 
jellyfish transition" and is PA evidence for a molecular 
reorganization occurring in the monolayer. 

R-Group Variation at 26 "C. The u-A curves obtained 
at  25 "C and their accompanying TEMs for the diblocks 
quaternized with other alkyl groups support this descrip- 
tion and provide details regarding the relationship between 
the aggregation state, R group, and NAgg. The cl8- 
alkylated material, for example, exhibits an A,, about the 
same as the C ~ O  material (115 vs 109 nm/molecule) but a 
much higher At than the Clo material. In our model, A,, 
is directly related to the entire area excluded by the 
micelle's PS core and PVP/RX chains. The abrupt A,, 
is consistent with A, originating from the interaction of 
preassembled molecules. If this were not the case, then 
surface reorganization would readily occur and a much 
more compressible film would be observed at low pressure. 
The plateau pressure, ut, is very high (at least >55 mN/m) 
because the transition involves energetically costly solu- 
bilization of the VP/CleI residues into the aqueous 
subphase. The ut for the C18 material is higher than the 
Clo material by at least 20 mN/m, consistent with the 
considerably greater energy required to solubilize the c18 
chains compared to the Clo chains. In summary, the Cle 
derivative's monolayer remains substantially two-dimen- 
sional even up to u = 50 mN/M because the quaternized 
VP residues are too hydrophobic to be solubilized at 25 
"C. The LB electron micrographs support this general 
description, where at low pressure (u = 2 mN/m) rather 
uniform circular structures are observed with a surface 
density of > 1010 particles/cm2. Aggregation numbers of 
7+90 and 80-130 are found for the Cl8 and C ~ O  materials, 
respectively (Table I). The value of N h g  for C18 is about 
30% less than that measured for C ~ O ,  indicating that the 
aggregation phenomenon is at least partially controlled 
by the hydrophobicity of R. The net conclusion from this 
comparison is that Cloand Cl8 form similar types of surface 
micelles, except that the submerged polyelectrolyte state 
is a less favorable state for the c18 polymer than the CIO 
polymer. 
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Table I 
Numerical Values for Surface Micelles of P ( S ~ - ~ V P ~ U , /  

RI) at T = 2 mN/m 

D(nmp 45f6 39f5 37+6 34f5 30+5 
d(nm)* 77f16 123f22 113f24 125f28 102f28 
r(nm)c 1615 42f13 38f14 45f17 36f16 
h (nm)d 8.9f 1.5 8.0 f 1.2 7.7 f 1.6 7.6 f 1.5 6.8f 1.3 

calculated aggregation numbers (N&) 
methodo R = C 1  R E G  R = C s  R = C l o  R = C l s  

total area 143f7 128f4 156f24 12253 86fl 
individual micelle 193 f 59 168 f 53 123 f 40 131 f 35 84 t 36 

hexagonal lattice 153 132 125 131 89 
PS volumd 248f88 173f57 151f63 125f51 91f37 
PS area 152f40 111f29 101f32 83f2 67f22 

area 

0 D = average diameter of PS cores. * d = average center-to-center 
distance between PS cores. r = (d  - D)/2;  intercore distance. d h 
height or thickness of the PS cores measured by metal shadowing. 
e Methods of calculating N b g  from TEMs. For details, see ref 7. 
f Using he = 4 nm.7 

The PVP/cSI material exhibits a sharp rise in u at A, 
as in Clo and CIS but a ut which is substantially lower (23 
vs 38 mN/m and >55 mN/m, respectively) and a plateau 
which is not horizontal. The lower ut is consistent with 
the lower energy required for submersion of the less 
hydrophobic C6-pyridinium moieties into the subphase. 
The sloping plateau at u > ut suggests the existence of 
more states than just a simple surface state and a pure 
submerged state. The finite solubility of Ce-pyridinium 
iodide in water suggests that many adjacent C6-pyridinium 
residues can be simultaneously submerged to form loops 
in the subphase. The value of A1 for the hexylated sample 
is, however, very similar to that of the CIO and C18materials, 
consistent with the c6 sample being entirely surface- 
adsorbed up to that point. The A2 of the PVP/CJ diblock 
is, however, considerably smaller than that of the PVP/ 
Cld diblock (i.e., 20 vs 36 nm2/molecule), suggesting that 
the c6 material forms a more complete jellyfish surface 
micelle (Le., the polyelectrolyte chains are more completely 
submerged) than the Clo material at 25 "C (Figure 1). 
TEM's of the LB films of P ( S ~ ~ O - ~ - V P ~ ~ O / C ~ I )  removed at 
2 mN/m reveal circular micelles just as for the CIO and C18 
derivatives. The core diameters are clearly larger than in 
the Clo and c18 cases, and the values ofN, (100-160) are 
correspondingly greater (Table I). 

The PVP/CJ material exhibits a large A, (- 230 nm2/ 
molecule), followed by a very broad, compressible region 
in the isotherm. At  25 "C, the isotherm appears to be 
quite simple, with large A values arising only at  a small 
area per molecule. No distinct discontinuities are observed 
in this isotherm. TEMs of the material removed at  2 
mN/m reveal that circular surface micelles form with this 
material as well; estimates of N b g  range from 110 to 175 
(Table I). 

At  25 "C, the PVP/CJ diblock material exhibits only 
very small surface pressures up to ca. 50 nm2/molecule, 
consistent with the VP's not being surface-adsorbed. 
Furthermore, in the region where the film is quite 
incompressible, the areas correspond to area per VP values 
of 0.05-0.07 nm2/VP residue. Such values are consistent 
with the polyelectrolyte chain adopting a conformation 
which extends into the subphase in some fashion (Le., a 
jellyfish surface micelle; Figure 1). In agreement with 
previous measurements of P(MMA-b-VPIC2Br) diblocks 
at the air-water interface,16 we believe the PS coil in our 
work acta as a surface-adsorbed, water-insoluble buoy for 
the water-soluble PVP/CII chains. TEMs of a LB film 
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(2 mN/m) of PVP/C1I exhibit a series of close-packed 
circular structures at high densities (ca. 10" particles/ 
cm2). These structures show that surface micelles form 
even in the case of PVP/CJ. Using the aggregation number 
determination techniquesa once again, estimates of N h g  
range from 140 to 250, and the area of the PS core = 1.6 
X lo3 nm2 or 6.1 nm2 per PS block. The isotherm and LB 
f i b  information allow one to conclude that the methylated 
material forms jellyfish surface micelles even at low a. 

The high water solubility of PVP/ClI and the fact that 
there is only very low surface pressure detectable at A > 
50 nm2/molecule suggest that only aggregates whose PVP/ 
C1I chains are submerged are formed even at -0 mN/m. 
The highly incompressible state which occurs soon after 
A, is believed to be caused by repulsions between 
submerged VP chains on adjacent micelles. At a = 50 
mN/m, for example, A = 12 nm2/molecule, of which 6.1 
nm2 is attributable to the PS. The remaining 5.9 nm2/ 
molecule means that each VP/C1 residue contributes 0.025 
nm2 to the projected area. Given that a fully extended 
PVP/CJ chain would have a projected area of -0.001 
nm2 per C1 residue, it is clear that either the polyelectrolyte 
chains are not fully extended or chain-chain repulsions 
prevent denser packing. 

Temperature Effects. Variation of the temperature 
between 5" and 45 "C produces marked changes for all the 
material studied. The Clo system has been previously 
discussed in detail.112 To briefly summarize, the temper- 
ature dependence of both the plateau pressure and the A2 
value is believed to reflect the temperature dependence 
of the decylated polyelectrolyte solubilization process. At 
higher temperatures (i.e., 35 "C), the surface - subphase 
partitioning occurs more readily, and the final confor- 
mation at small areas is an almost completely developed 
jellyfish surface micelle. At lower temperatures (Le., 15 
"C), the solubilization process is less favorable, the at is 
larger, and the subphase solubility limit for PVP/Cld 
chains at the interface is achieved. The result is evolution 
of a starfish micelle into a partial jellyfish. 

A very similar series of isotherms is found for P(S2m- 
b-VP2&!eI) as for P ( S ~ ~ - ~ - V P ~ ~ O / C ~ O I ) .  In this case, at 
decreases and the surface pressure in the A, to A1 region 
increases with increasing temperature. The A2 values do 
not follow a smooth trend, however, with those at higher 
temperatures being less than those at lower temperatures. 
It appears that at higher temperatures, the surface- 
adsorbed polyelectrolyte becomes almost completely sub- 
merged at the point where a increases sharply (i.e., at 
areas less than A2). At lower temperatures, the A2 values 
are larger, suggesting that significant loop/train formation 
occurs. Temperature apparently servesto alter the balance 
between partial and complete submersion of the poly- 
electrolyte chains. 

The PVP/C4I material seems to exhibit properties of 
either complete or partial jellyfish surface micelles at large 
areas depending on the temperature. At  higher temper- 
atures (45 "C), the monolayer is highly compressible and 
has no plateau features; thus it appears to be in a jellyfish 
state throughout. A2 values decrease on going from 5 to 
25 "C, with the isotherms for 35 and 45 "C superimposable 
in the highly compressed state. These data are consistent 
with a complete jellyfish existing from A,, to the collapse 
region at 35-45 "C. At  low temperatures, the PVP/CJ 
chains contribute to the total area values even at high a, 
suggesting that some "partial jellyfih" state occurs. These 
temperature effects probably arise from the polyelectrolyte 
chain solubilization process. 
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Figure 9. Plot of the mean molecular area at r = 50 mN/m 88 
a function of temperature. R = c, (O), C, (A), CS (+), Clo (W), 
and Cis (V. 

The temperature dependence of the methylated material 
is consistent with the physical descriptions of the surface 
micelles provided above. Over the temperature range 
investigated, the isotherms retain the features of the 25 
"C isotherm. No notable discontinuities are observed from 
Aon to A2 but the value of A2 progressively decreases with 
increasing temperature. Becauee the isotherm at even 5 
"C has no features associated with surface-adsorbed 
polyelectrolyte chains, it is apparent that at temperatures 
higher than 5 "C, the PVP/C1 chains are completely 
solubilized (i.e., the micelle is in a jellyfish state) and the 
dominant factors contributing to the surface area at high 
a are the interactions between surface-adsorbed PS cores 
and between PVP+ chains. 

An additional perspective on the temperature depen- 
dence is available from Figure 9. A plot of the area at high 
surface pressure (?r = 50 mN/m) against temperature 
clearly shows the differences that exist with materials 
which readily adopt a jellyfih conformation and those 
which do not. The C1 and C4 materiab have both a very 
small area and temperature dependence at high n values, 
consistent with the expected propeties of a well-formed 
jellyfish micelle. P(Sw-b-VPw/C&, however, d m  not 
achieve the same area as the C1 and C4 derivatives until 
the subphase temperature is -40 "C. The CIO and Cle 
derivatives are clearly far from the complete jellyfish state 
at 35 "C but evidently will approach it at much higher 
temperatures. The Clo and C1a derivatives are quite 
compressible at low temperatures but become highly 
condensed at elevated temperatures. This is consistent 
with the jellyfish state being possible at high temperatures. 

Electrolyte Effects. The experimental variation of 
subphase electrolyte has focused primarily on the P(Szs0- 
b-VP24&1&) material. First, both the cation and anion 
of the subphase electrolyte MZ have been varied. Chang- 
ing M+ from N+ to K+ (2- = C1-) leads to no change in 
the isotherms. Changing Z- (I-, Br, Cl-), however, causes 
large changes in the isotherms for P(Szso-b-VPzdClo1). 
A, and A1 values consistently decrease, and nt values 
increase on going from X- = C1- to Br- to I-. The resulting 
isotherms therefore feature lower pressures at areas less 
than A1 for I- than Cl- and greater pressures at areas larger 
than A1 for I- than C1-. These trends are consistent with 
the compression-induced reorganization of the polyelec- 
trolyte chains for the following reasons. The equilibrium 

X- + VP+/R e W/RX (1) 
is known to follow the trend KI > KB* > Kcl for PVP/R+ 
homopolymers at the air-water interface." Paralleling 
this binding strength series is the readily observed 

k 
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insolubility of long-chain alkylpyridinium iodides in water 
compared with the substantial solubility of the corre- 
sponding chlorides. The trend in A,, values suggests that 
initial micelle interactions occur at a smaller area with I- 
< Br- < C1-. This in turn suggests that in the I- case, 
radially oriented polyelectrolyte chains are less highly 
extended than in the C1- case. Stronger binding by I- 
leads to a higher proportion of VP/R+ residues being 
effectively neutralized, which in turn slightly reduces the 
extent of chain-elongating intramolecular electrostatic 
repulsions compared to the C1- case. The difference 
between A,, and A1 in these three isotherms is quite 
constant (60-65 nm2/molecule) for each salt species, 
despite the substantial difference in the actual values of 
A,, and AI. This suggests that the polyelectrolyte chain- 
chain interpenetration and VP+ ring reorientation (i.e., 
flat to edge-on) processes involve the same area contraction 
whether the polyelectrolyte chain is highly or only mod- 
erately charged. This condition in turn will arise only if 
the polyelectrolyte chain assumes a purely 2D conforma- 
tion on the surface and does not extend into a third 
dimension (i.e., the subphase or air) while in the A,, to A1 
region of the isotherm. These data therefore further 
support our contention that the A,, - A1 region is related 
to the properties of surface-adsorbed polyelectrolyte 
chains. 

The trends in ut as a function of electrolyte reflect both 
the stability of the “starfiih” micelles whose polyelectrolyte 
chains are interpenetrated and the degrees of difficulty in 
solubilizing the VP/Clo+X- ion pairs in the subphase. At  
a given MX concentration, the degree of dissociation (a) 
follows the trend ac1- > ag,- > a1-.17 Given that VP+/CloX- 
tight ion pairs will have limited water solubility and thus 
will tend to remain on the water surface, the compression- 
induced solubilization process will be more difficult for 
the I--containing case. A quantitative relationship be- 
tween At and CY is not presently accessible because we do 
not have accurate values of the ion exchange constants 
between surface-adsorbed VP/R+I- and externally added 
Br- and C1-. 

Changing the subphase salt concentration (i.e., NaBr 
with P ( S ~ ~ - ~ - V P ~ N / C ~ , J B ~ ) )  produces significant changes 
in the isotherms, with values of A,, and A1 decreasing and 
ut increasing with increasing NaBr concentration. Because 
the polyelectrolyte ions are initially in the bromide form, 
the complications caused by ion exchange selectivity are 
avoided. The difference between A, andA1 (Le., the lead- 
up to the plateau) remains reasonably constant (60 nm2/ 
molecule) at low concentrations of NaBr, with a decrease 
observed on going to higher salt concentrations (55 nm2/ 
molecule for 0.01 M NaBr, 53 nm2/molecule for 0.1 M 
NaBr). This trend suggests that the salt induces subtle 
changes in the PVP chain dimensions. Such chain 
dimension changes also explain why A,, decreases with 
increasing salt and why the apparent free surface area at 
A,, is reduced at high salt concentration. The ut trend 
reflects the ion pair equilibrium constant (Kx), with a 
higher concentration of X- leading to a higher proportion 
of tight ion pairs being formed. These ion pair are, in 
turn, more difficult to solubilize in the subphase than the 
loose, solvent-separated ion pairs and lead to elevated rt 
values. Because the maximum salt concentration is 
relatively modest (0.1 M), the apparent differences are 
negligible between a y vs A and r vs A18 representation of 
the data. The large monolayer expansion effecta observed 
at low salt concentration are therefore believed to be real 
and are not artifacts of data presentation. 
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Table I1 
Data Associated with P(Szco-b.VPdhJh) on NaBpH2O 

at 26 *C 

[NaBrl (MI A d ’  
0 132 
1 X lo-‘ 125 
1 x 10-3 121 
5 X  1W3 119 
1 X 115 
1 x 10-1 110 

Ai0 (&.-Adb WiC 
73 59 470 
65 60 525 
61 60 525 
60 59 500 
60 55 475 
57 53 440 

w 2 c  ?ftd 

635 31.7 
550 35.4 
525 37.8 
535 38.9 
530 39.4 
485 40.0 

a Units of nmz/molecule. * Difference in mean molecular areas 
betweenA,,andAl. Wland W2arethevaluesoftheworkcalculated 
from area8 under r-A curves from A, to A1 and from A1 to Az, 
respectively. Unita of kJ.mo1-’. Plateau pressure at AI. Unita of 
mN/m. 

Further insight into the polyeletrolyte chain reorien- 
tation process from A,, to A1 and from A1 to A2 can be 
gleaned from considering the area under the PA curve 
between these limits, as it is related to the work done on 
the film during compression (Table 11). In the A,, to A1 
region, increasing the salt concentration has no effect on 
the work done; evidently electrostatic effects on the 
surface-adsorbed chains are not particularly significant. 
In the A1 to A2 (i.e., the plateau region) region, however, 
the work required to solubilize the chains is greater with 
more salt present. This is because of the solubility 
phenomenon described above and, perhaps, because of 
osmotic pressure factors.lg 

At the present time, the linking of electrolyte effects to 
surface e subphase partitioning and polyelectrolyte chain 
dimension changes provide the most self-consistent de- 
scription of the system. Models of electrolyte/charged 
monolayer interactions predict a variety of u = f([X-l) 
relationships,2°121 none of which are adhered to for the 
data in Figure 7. If the foregoing description of the process 
occurring in the A,, to A1 region is valid, then a lack of 
adherence to those models is not surprising. The subtleties 
arising in this system, such as the nature of electrostatic 
effects of prone vs edge-on VP/R+ rings and backbone 
reorientation, require more complex modeling conditions 
than are inherent in previous approaches.20*21 

For the methylated material, as shown in Figure 8, 
subphase 0.1 N KI greatly reduces the values of A,, (22 
nm2/molecule with KI vs 130 nm2/molecule for pure H20) 
and expands the condensed phase. Both changes are 
consistent with this material existing in a jellyfish state. 
Specific I-binding (loose or tight) to the solubilized VP/ 
CI+ residues will reduce the overall chain-chain electro- 
static repulsions by reducing the net effective charge on 
each chain. Moreover, the high electrolyte concentration 
will screen the fixed cationic charges, resulting in a 
significant lessening of chain-chain repulsions. The 
differences in the two isotherms at high compression may 
reflect a combination of increased polyelectrolyte chain 
coiling in the added KI case and retention of a highly 
extended polyelectrolyte chain conformation in the pure 
H2O subphase case. 

Summary 
These studies have shown that surface micellization and 

self-assembly of P(Sw-b-VPzm/RX) is a very general 
phenomenon and that the distinct plateau observed in 
T-A isotherms is diagnostic of the orientation of the 
polyelectroyte chains. The hydrophobicity of the quat- 
ernization agent, R, determines whether the polyelectrolyte 
chains are surface-adsorbed or are submerged at a low 
surface concentration of the polymer. In one extreme, 
the CIO and CIS derivatives form surface micelles at low 
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r where the PS blocks aggregate to form a circular "core" 
and the PVP/R+ chains assume a radial, 2D orientation 
from this core. These chains are almost entirely surface- 
adsorbed at low r. In the other extreme, the PS blocks 
of the C1 derivative also aggregate to form a circular core 
but the polyelectroyte PVP/C1+ chains, being very water 
soluble, assume a subphase conformation approximately 
perpendicular to the interface. The surface micellization 
phenomenon is clearly driven by PS-PS interactions, and 
the aggregate size is influenced by the hydrophobicity of 
R. Electrolyte effeda on isotherm features are pronounced 
and reflect significant solubility changes and small elec- 
trostatic effects in the R = C ~ O  case and measurable 
electrostatic effects in the R = C1 case. In this regard, 
both the composition and concentration of the electrolyte 
provide ready control over chain-chain interactions by 
affecting inter- and intramolecular interactions. In the 
latter case, extended chain T=! coil conformational changes 
appear to be manifested in isotherm features of the C1 
material. The film balance experiment may therefore be 
useful as a very sensitive means to probe chain-chain 
interactions in 2D and 3D and may provide an important 
adjunct to surface force apparatus measurements be- 
tween polymer brushes.22 
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