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ABSTRACT: The overall structure and thermodynamic interactions that take place in low-polarity 
ionomer solutions have been investigated via the technique of small-angle neutron scattering for two 
Na-neutralized carboxy-telechelic polystyrene model ionomer systems that differ in the length of the 
polymer backbone. The strong interchain association that is evidenced in the viscometric measurements 
of the ionomers compared to the ester forms is apparent in the scattering profiles of the ionomers that 
show a characteristic upturn that extends in the low-q regime and increases with increasing polymer 
concentration. The apparent molecular weight and size of the aggregated particles show a significant 
increase over a small concentration range, while the ionic content seems to not affect the degree of 
association in the concentration regime studied. The supramolecular structure of the ionomer solutions 
is revealed by fitting the scattering data to a scaling law in the intermediate qR, regime that supports 
a percolation type of behavior for the ionomer clusters for both systems studied. The fractal dimension 
of the aggregates is 1.76 for both ionomer systems which provides evidence for a rather extended 
configuration and high polydispersity of the clusters in solution. The molecular weight of the associating 
particles is observed to  rapidly approach infinity with increasing polymer concentration, indicating the 
approach to a gel transition. The scattering data of the ionomer solutions were fitted to the de Gennes 
model based on the random-phase approximation theory. The Flory-Huggins interaction parameter of 
the ionomer solutions determined using this model shows a strong concentration dependence with a quite 
unexpected increase with decreasing polymer concentration. The thermodynamic interactions in the 
ionomer solutions were changed dramatically by the association as revealed by a significant decrease of 
the second virial coefficient. 

1. Introduction 

Ionomers are polymers that have a small amount 
(usually less than 10 mol %) of ionic groups covalently 
bonded to the polymeric backbone. After more than 20 
years of research on ionomers there are still unanswered 
questions about the structural characteristics and mor- 
phology of these materials that  lead to their unique 
properties. This is mainly due to the ionic interactions 
that add to the complexity of the material behavior. Up 
to now, most research on ionomers has been focused on 
their solid-state behavior. In the bulk, it  is generally 
accepted that the unusual behavior of ionomers origi- 
nates from ionic group interactions that lead to ag- 
gregation of ions into microdomains, which act as 
physical cross-links in the material.' However, the 
morphological features induced by the microphase 
separation that involve the shape, distribution, and 
arrangement in space of the ionic microdomains are still 
a subject of controversy.2 Compared to the extensive 
investigation that has been conducted in the bulk, the 
solution behavior of ionomers has been relatively less 
explored despite the unique properties observed in this 
area as well.3 In solution, the unusual behavior exhib- 
ited by ionomers originates from the fact that the ionic 
interactions can be altered by controlling the environ- 
ment surrounding the ionic groups. An intriguing area 
of ionomer solution research has involved the study of 
mainly nonpolar hydrocarbon-based ionomer chains in 
low-polarity solvents. These solutions have been shown 
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to exhibit behavior similar to that in bulk: the low- 
polarity environment of the solvent favors strong dipolar 
interactions between ion pairs that  result in intermo- 
lecular association. Evidence of association in low- 
polarity ionomer solutions has been most dramatically 
demonstrated by a significant enhancement of the 
viscosity of the ionomer solution compared to its non- 
ionic analog. The most significant feature of this 
phenomenon is that it occurs at low polymer concentra- 
tions. 

Solution studies of ionomers have mostly focused on 
random copolymer ionomer systems that have the ionic 
groups randomly placed along the polymeric backbone. 
The solution properties of these systems have been 
observed to strongly depend on concentration. Visco- 
metric measurements of low-polarity random ionomer 
solutions have detected the existence of a crossover 
concentration, c * . ~ - ~  Below c*, the ionomer solution 
viscosity is reduced compared to the nonionic parent 
polymer. Above c*, a significant increase of the ionomer 
viscosity is observed over that of the parent polymer 
that is further enhanced as polymer concentration or  
ion content increases. This enhancement in the ionomer 
solution viscosity is considered to arise from intermo- 
lecular interactions which increase the apparent mo- 
lecular weight and hence the viscosity and lead to the 
formation of multimers, particles that  consist of many 
polymer chains interconnected through the ionic dipoles. 
In the low-concentration regime the reduced intrinsic 
viscosity of the ionomer solution compared to its non- 
ionic analog was originally attributed to intramolecular 
interactions which lead to single-chain collapse. 

Light and small-angle neutron scattering (SANS) 
have been applied to structural investigations of random 
copolymer ionomer solutions responsible for the ob- 
served viscometric behavior. Scattering experiments on 
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low-polarity solutions of randomly sulfonated polysty- 
rene ionomers (SPS) have shown that the average 
weight and size of the scattering particles increase with 
concentration, supporting multimer formation. How- 
ever, interchain association was shown to persist even 
at  concentrations below c * . ~ , ~  In addition, single-chain 
scattering studies showed that the single-chain dimen- 
sions were not affected by association in the semidilute 
concentration regime for the different ionic levels 
studied.8-10 This suggests that the interpretation of the 
viscometric results, which involved a transition from 
intramolecular to intermolecular interactions around 
the crossover concentration, is incorrect."J2 A recent 
dynamic light scattering study of SPS in xylene has 
reported the existence of a crossover concentration that 
corresponds to the transition between single-chain 
dynamics and multichain aggregate dynamics. This 
transition is, however, almost 10 times lower than the 
c* detected in the viscometric experiments.13 Therefore, 
interpretation of the actual structure of ionomer solu- 
tions has to take into account the sensitivity of each 
experimental technique to  probe different moments of 
the particle distribution in solution. 

Due to the non-well-defined architecture of the ran- 
dom copolymer ionomers, structural studies on these 
systems are restricted in providing the overall charac- 
teristics of the association phenomenon. Halato-tele- 
chelic ionomers that have the ionic groups fmed a t  the 
ends of the polymeric backbone have proved to be a very 
attractive system for exploring ionomer solution proper- 
ties. Telechelic ionomers have shown the same general 
behavior as the random copolymer ionomer systems; 
therefore, they can be used as a model system to  provide 
the correlations that define the behavior of ionomers in 
general.14 Solution studies of these systems have, 
however, been mostly explored through viscometric 
investigations ~ n l y . ~ ~ - ~ ~  In low-polarity solvents a 
significant enhancement of the ionomer viscosity is 
observed, in analogy to the random copolymer ionomers. 
However, the increase in viscosity that is observed in 
telechelic ionomer solutions with increasing polymer 
concentration is much sharper and eventually leads to 
gelation at very low concentrations (1-2 g/dL).15J7 Such 
an abrupt gelation transition has not been observed in 
the random copolymer ionomer solutions in which the 
viscosity slowly increases with concentration. In tele- 
chelic ionomer solutions the observation of a crossover 
concentration, c*, in the viscometric curves, analogous 
to the random ionomer solutions, has not been reported 
in the majority of studies in this area. A crossover 
concentration has, however, been observed in highly 
dilute solutions of quaternary ammonium-telechelic 
polystyrene ionomerslg which is an indication that a c* 
may also be apparent in model telechelic ionomer 
solutions at  lower concentrations. This behavior should 
be compared to a decrease of the crossover concentration 
that has been observed to take place in random copoly- 
mer ionomer solutions as the polymer molecular weight 
decreasesz0 Although such a behavior was originally 
interpreted in terms of the smaller number of ionic 
groups per polymer chain in telechelics compared to the 
random copolymer ionomers which makes intramolecu- 
lar association less favorable,20 intramolecular associa- 
tion in telechelic ionomer solutions has been supported 
by viscometric,lg fluorescence,21 and SANS measure- 
ments.22 The gelation concentration has been observed 
to be strongly dependent on the polymer molecular 
weight, decreasing with increasing molecular  eight.^^,^^ 
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In low-polarity ionomer solutions it might be expected 
that the structure in solution is related to the morpho- 
logical features that have been associated with the bulk 
morphology of ionomers. However, investigations on the 
internal structure of the ionomer aggregates as well as 
structural studies of model ionomer systems in solution 
are limited.22,25,26 A recent small-angle X-ray scattering 
(SAXS) study on concentrated low-polarity solutions of 
halato-telechelic ionomers has observed no structural 
discontinuity from the bulk to the solution state.27 Upon 
dilution the interaggregate distance increases, while the 
average number of chains per multiplet remains con- 
stant. Further dilution results in partial aggregate 
dissociation, while the interaggregate distance remains 
constant. In this paper we shall attempt to probe the 
structural characteristics that are responsible for the 
association phenomenon observed in ionomer solutions 
by studying a model telechelic ionomer system. This 
paper reports the results of small-angle neutron scat- 
tering (SANS) experiments from the multimers in the 
dilute concentration regime. To this end, SANS is a 
unique tool to probe the structure of the associating 
particles, as coverage of a wide q range can allow for 
determination of the statistics and scaling laws that 
govern the association phenomenon. In order to utilize 
the whole experimental range attainable from the SANS 
experiment, a molecular model is required that de- 
scribes the interparticle scattering function. In this 
study the de Gennes model that has been widely applied 
in the polymer solution literature is considered. The 
application of this model to the ionomer solutions allows 
for an indirect determination of the single-chain dimen- 
sions as well as the thermodynamic Flory-Huggins 
interaction parameter, xps, of the ionomer solutions. 
Based on the experimental findings, the structure and 
thermodynamics of the ionomer solutions are analyzed 
according to  techniques that have been developed for 
associating solutions and a possible structure for the 
aggregated chains is suggested. 

11. Experimental Section 
A. Synthesis of Telechelics. The materials that are 

reported in this study are halato carboxy-telechelic polystyrene 
ionomers neutralized with sodium. These materials belong 
to the larger group of carboxylato-telechelic ionomers that have 
been synthesized and studied by the group of R. JerBme at 
the University of Liege, Liege, Belgium.28 The materials have 
been synthesized according to the synthetic procedures re- 
ported by Broze et a1.I5 and Jer6me.@ Carboxylic acid- 
telechelic polystyrenes were synthesized by anionic polymer- 
ization of styrene (9976, Aldrich) to produce a narrow molecular 
weight distribution. Naphthyllithium was used as a difunc- 
tional initiator that produces chains with exclusively styrene 
units.21 Carbon dioxide was used as the deactivating agent 
to end-cap polystyrene chains with a carboxylic acid group, 
which was either quantitatively neutralized with sodium 
methoxide with formation of the ionomer or quantitatively 
esterified with diazomethaneZ9 to produce the nonionic analog. 
The functionality of the ionomers is better than 1.95 as 
determined from potentiometric titration of the acid end 
groups in a 90/10 (v/v) toluene/methanol mixture using tet- 
ramethylammonium hydroxide. 

B. Molecular Weight Characterization. The molecular 
weights of the polymers were characterized in the ester forms, 
that are expected to lack ionic association, using gel perme- 
ation chromatography (GPC), intrinsic viscometry (IV), and 
static light scattering (SLS) techniques. 

1. GPC Measurements. GPC was performed on a Waters 
501 apparatus with two Ultrastyragel columns, in dimethyl- 
acetamide (DMA) at  50 "C, 1 mumin,  a t  0.1 g/dL polymer 
concentration, using both refractive index (RI) and ultraviolet 
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Table 1. Moments of the Molecular Weight Distribution 
of the Hydrogenated Telechelic Esters Evaluated from 

GPC Experiments 
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GPC results 

material M ,  M W  MZ 
e-6 7780 8500 9220 
e-17 17800 19120 20310 

(LJW detection at  266 nm. Polystyrene standards of low 
molecular weights from 2000 to 50000 were used for the 
determination of the GPC calibration curve. The number-, 
weight-, and z-average molecular weights of the hydrogenated 
telechelic esters calculated from the GPC measurements are 
shown in Table 1. The nomenclature that will be used 
throughout this study will be symbolized as m-x where m 
denotes the form of the material which is e for the ester and 
i for the ionomer and x denotes the targeted prepolymer 
molecular weight in thousands. The polydispersity is less than 
1.10 for all materials. 

2. Viscometry Measurements. Intrinsic viscosity mea- 
surements were performed on an AVS 300 Schott-Gerate 
semiautomated viscometer measuring station for dilution 
sequences using KPG-Ubbelohde capillary viscometers placed 
in a measuring stand. Temperature control was achieved to 
within 0.05 "C or better using a transparent thermostated 
bath. The flow times of the solutions were in all cases larger 
than 200 s, and the Hagenbach correction was applied for the 
specific capillary used. The correction in no case exceeded the 
error tolerance of the time measurement. Special care was 
given to the cleaning of the viscometers, as viscosity measure- 
ments are very sensitive to  the cleaning procedure. After 
rinsing with the solvent, the capillary viscometer was left in 
nochromix solution overnight, followed by rinsing with water 
and acetone, and then allowed to  dry in an oven for about 8 h. 
The solutions were filtered with a Millex-LCR 0.5 ,um pore size 
filter from Millipore Co. and left for -30 min in the thermo- 
stated bath prior to measurements to achieve temperature 
equilibration and homogeneity after dilution. The highest 
concentration for each sample was determined by weighing 
the sample in a high-precision balance and then dissolving in 
a specific amount of solvent. The lower concentrations were 
determined by dilution with a precise amount of solvent. All 
solutions were prepared in anhydrous toluene (99.8%, Aldrich). 
The viscosities that are reported in this paper are with respect 
to kinematic viscosity values. 

For each material the reduced viscosity of an average of 
eight different concentrations, in the range 0.3-2.0 g/dL, was 
determined. The overlap concentration based on viscometric 
measurements, c*", is usually considered to be c*" = 2.5/[r11,30331 
where [ V I  is the intrinsic viscosity of the polymer solution. In 
all cases, c*\. was more than 10 times larger than the highest 
concentration studied. In addition, the specific viscosity of the 
polymer solutions was less than 0.6 which verifies that the 
concentration regime studied is well within the dilute solution 
limit. In the dilute concentration regime where [ale << 1, the 
reduced viscosity of nonionic polymer solutions is linear with 
concentration and can be described by the Huggins equation: 

where vSp is the specific viscosity of the solution, c is the 
polymer concentration (w/v), and k l  is the Huggins constant. 
For all the esters studied the Huggins constant was found to 
be larger than the value of 0.3 that this parameter usually 
assumes for solutions in good solvent and it varied from sample 
to sample. This discrepancy in k l  is expected to arise from 
the small difference that exists between the reduced and 
intrinsic viscosities due to  the low molecular weight of the 
polymers, that makes a precise evaluation of the slope of the 
viscometric curve very sensitive to the instrumental accuracy. 
The intrinsic viscosities, however, were determined with high 
precision. 

The Mark-Houwink equation, that is the most commonly 
used expression to extract molecular weight information from 

Table 2. Molecular Characterization of the 
Hydrogenated Carboxy-Telechelic Polystyrene Methyl 

Esters in Toluene at 25 "C 

[VI, C'KLS, (Rg)app,C 
material d u g  Mva MWb dnldc g/dL (M.,,IaDDC A 

e-6 0.0872 7120 9520 0.108 3.4 88601 32.0' 
e-17 0.1479 20220 21880 0.104 2.1 231902 68.62 

a From intrinsic viscometry measurements. From light scat- 
tering measurements. From SANS experiments on the esters as 
described in the text: (1) 1.04 and (2) 1.45 gldL. 

intrinsic viscosity measurements, is only valid over a limited 
range of molecular weights and breaks down for low molecular 
weight polymers.32 Intrinsic viscosity data from the literature 
for the system polystyrene/toluene suggest that the use of any 
relation fails around a molecular weight of 10 000. Since the 
polymers studied fall both below and above this value, a broad 
range of molecular weight standards would be needed for study 
along with the application of a different relation in each 
regime. In this study, in order to determine the correlation 
between the intrinsic viscosity and viscosity-average molecular 
weight, we have used the results of a theory developed by 
Han,33 based on arguments of the blob theory, that has been 
shown to be an excellent description of the system polystyrene/ 
toluene over an extremely broad molecular weight range.34 The 
relations necessary for the calculations are given in eqs 2-4, 

F(M/M,)= 1 for M > M ,  

F ( E )  = 

( 3 )  

for M < M ,  (4) 

in which x = M/M1. The fit of a number of monodisperse 
polystyrene samples with molecular weights from 660 to 4 x 
lo6 in toluene at  25 "C to  these equations yielded the values 
of the parameters: KO = 0.1033; M I  = 14 000. The validity of 
these equations was tested with four narrow distribution 
polystyrene standards of M,: 5120,9000,12 200, and 17 500. 
The intrinsic viscosities and molecular weights, M,, of the 
telechelic esters obtained from this analysis are given in Table 
2. These values are in satisfactory agreement with the GPC 
experimental results. 

3. Static Light Scattering Measurements. Light scat- 
tering experiments have been performed using a Malvern 
4700C light scattering system operating with a 2-W Ar' laser, 
stabilized with etalon to provide monochromatic light a t  488 
nm. A quartz cylindrical cell was used as the sample cell. The 
refractive matching fluid used was decahydronaphthalene 
which was filtered through a pump filter before the measure- 
ments. The temperature of the sample was kept constant to 
better than 0.1 "C through external circulation of water around 
the sample holder. With the use of a computer-controlled 
goniometer the scattered intensity was measured at scattering 
angles from 30" to 140". Each solution to be tested was pre- 
pared separately by dissolving a precisely weighed sample in 
a specific amount of spectrophotometric grade solvent. The 
solutions were left for 1 day for complete dissolution and 
filtered through a 0.2-pm Millipore filter unit prior to intro- 
ducing them into the cell. The pure solvent was clarified 
through filtration with a 0.1-pm Millipore filter unit. 

The overlap concentration for light scattering experiments, 
C*LS, is usually considered as35 C*LS = 1.31 x M4Rg2) ,3 '2 ,  
where (Rg2)1'2 is the root-mean-square radius of gyration of the 
polymer chain. In order to obtain high enough counts and good 
statistics of the scattered intensity, concentrations higher than 
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C*LS were also measured. In this regime a Zimm plot is no 
longer linear with concentration since the third virial coef- 
ficient of the polymer solution, As, becomes significant as well. 
At all concentrations studied, the dimensionless quantity 
A a d ,  where A2 is the second virial coefficient, was less than 
unity, and therefore the inverse reduced intensity can be 
expressed as an expansion in the power series of concentration 
as36 

where K is the optical constant defined in this case for 
vertically incident polarized light as K = (4n2n02(dn/dc)2)/ 
(,lO4NA) where no is the solvent refractive index, dnldc is the 
refractive index increment of the solution, ,lo is the wavelength 
under vacuum, and N A  is Avogadro's constant. ARo is the 
excess Rayleigh ratio that was converted to absolute scaling 
through comparison of the polymer scattering to that of 
spectrophotometric grade toluene (99.5%, Aldrich). The Ray- 
leigh ratio of the standard for unpolarized detected light a t  
25 "C and 488 nm was obtained as3I 39.6 x cm-', and 
the refractive index as 1.49413.38 The refractive index incre- 
ments of the polymer solutions were measured via a KMX-16 
laser differential refractometer a t  633 nm using at  least four 
concentrations in the concentration regime 0-1 g/dL. The 
measured values agreed within experimental error with the 
literature values for low molecular weight polystyrene solu- 
tions under similar experimental  condition^,^^^^^ and therefore 
the literature data reported a t  488 nm for the same solu- 
t i o n ~ ~ ~ , ~ ~  were considered in the calculations to take into 
account the wavelength dependence of dnldc. The dnldc of the 
telechelic esters in toluene are shown in Table 2. 

For each material eight different concentrations were 
measured. Due to the low molecular weight of the telechelics, 
the scattering angle dependence of the reduced intensity was 
very small which prevents determination of the polymer chain 
dimensions in solution from this experiment. ( h R & o  was 
evaluated from a linear extrapolation of (KclhR~) versus q2. 
The weight-average molecular weights of the materials were 
determined by performing a nonlinear least-squares fit of eq 
535 with fitting parameters M,, A2, and As. The accuracy of 
the results was also tested through the Bawn plot43 that 
requires only A2 and A3 as the fitting parameters. Both 
methods resulted in the same values of the parameters. From 
these analyses the molecular weights were evaluated with an 
accuracy of *lo%. The sensitivity of this technique in this 
low-M, regime was observed to be larger in the determination 
of the virial coefficients so that a larger number of concentra- 
tions would be required to measure these quantities with 
higher accuracy.39 The molecular weights thus determined, 
as well as the estimated overlap concentrations are presented 
in Table 2. Light scattering is observed to result in higher 
M,'s than GPC. However, the deviation between the two 
techniques is less than 15% which is reasonable considering 
the low molecular weight of the materials and their relative 
determination from GPC. In the analysis that follows the 
polymer molecular weights that are involved in the calcula- 
tions are those determined from the light scattering experi- 
ments. 

C. Small-Angle Neutron Scattering Sample Prepara- 
tion and Data Acquisition. The small-angle neutron scat- 
tering (SANS) experiments were performed on the 30-m SANS 
instruments a t  the Cold Neutron Research Facility (CNRF) 
at  the National Institute of Standards and Technology (NIST) 
in Gaithersburg, MD. The scattering data were obtained 
during two visits a t  NIST in May and Nov 1992.44 During 
the first visit data acquisition was performed on the SANS 
instrument connected to the NG-7 neutron guide. The system 
configuration was set a t  a sample-detector distance of 9 m, a 
neutron wavelength of 6 A and a detector center offset of 22 
cm that provided data in the q range 0.0062-0.0722 .kl. 
Quartz cells of 5-mm thickness were used that were deter- 
mined based on the known coherent and incoherent atomic 
cross sections to give sample transmissions within 0.5-0.8.45,46 
Multispecimen holders that allowed for five to seven different 
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cells to be held inside the sample chamber were used. The 
temperature of the solutions was controlled electronically to 
10.1 "C. Data were acquired in time slices of 10 min. The 
total counting time was varied for each sample so that a t  least 
4 x lo5 and up to 7 x 105 counts were collected to achieve 
satisfactory statistics in the scattering data. The scattering 
data from each solution were corrected for the scattering from 
the empty cell and the background (using a 6Li blocked beam). 
The scattering from the solvent was corrected in a similar way 
and was subtracted from the corrected solution scattering to 
obtain the scattering from the polymer alone. To correct for 
the differences in transmission that exist between the sample 
and the empty cell, transmissions from the cell plus sample, 
empty cell, and cell plus solvent were measured. The trans- 
mission measurements were made through attenuation of the 
beam with the use of appropriate thickness Plexiglass and 
comparison of the direct beam intensity between the sample 
and empty beam. The subtracted data were finally corrected 
for the detector response, which becomes nonlinear toward the 
edges, by applying predetermined correction factors and mask- 
ing the edges of the detector according to procedures developed 
at  NIST for the Oak Ridge type detector of the NG-7 SANS 
instrument. The scattering data were then radially averaged 
as none of the samples exhibited anisotropy on the two- 
dimensional contour plot and placed on an absolute scale by 
measuring the scattering of a 1-mm-thickness silica gel 
standard that has a zero cross section of dZdR(0) = 32 i 1 
em-'. The standard allows reduction of the two-dimensional 
scattering data to absolute cross section (dudR),b, versus 
scattering momentum vector, q, which facilitates further 
analysis. During the second visit the experiments were 
performed on the 30-m SANS instrument that is connected to 
the NG-3 neutron guide at  NIST. The system configuration 
was set a t  a sam le-detector distance of 13 m, a neutron 
wavelength of 8 if, and detector center offset of 0 cm that 
provided access to  the q range 0.0035-0.0271 A-1. The 
transmission measurements were performed by using a pencil 
detector and comparing the transmissions between the sample 
and the empty beam. The detector of this instrument is of 
the ILL type, and corrections for the detector response were 
taken into account by dividing the scattering data pixel-by- 
pixel by the measured isotropic scattering of water and then 
masking to correct for nonuniformities in the detector re- 
sponse. The data reduction scheme followed was the same as 
that for the measurements on the NG-7 instrument. The data 
were converted to absolute scaling through comparison with 
the scattering from a 1.5-mm partially labeled polystyrene 
standard C1 that has a zero cross section of dVdR(0) = 594 
cm-' 1 5% and a 1-mm standard silica gel. The zero intensity 
of the polymer standard was evaluated according to the 
random-phase approximation (RPA) theory whose program is 
available a t  NIST. For the absolute scaling evaluation the 
transmissions of the standards were also measured at  the 
specific wavelength of the experiments. 

In order to detect the scattering from the multimers, 
solutions of totally hydrogenated ionomers in deuterated 
toluene (99+ atom % D, ds, SigmdAldrich) were prepared. The 
solutions were left stirring for 5 days before the measurements 
to ensure homogeneity and equilibrium. In this case the 
coherent scattering cross section (dYdR),,h is46,47 

where bl* and bo" are the total coherent scattering length 
densities of the monomer and solvent molecules respectively, 
Kl* ( d l *  - bo*) is the contrast factor between the polymer 
(1) and the solvent (0) based on the scattering length densities, 
and Sll(q) is the polymer-polymer scattering function. Sll(q) 
contains the contributions of both intra- and intermolecular 
scattering as follows: 

(7) 

SJq) = S&q) + S,(q) (8)  

where N1 is the number density of polymer chains, 21 is the 
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Table 3. Atomic Scattering Lengths and Density of 
Hydrogenated Polystyrene and Deuterated Toluene 

Macromolecules, Vol. 28, No. 19, 1995 

b,  e,  6 n c r  VI, 

material 10-12 cm 36 dcm3 cm2 cm3/mol 
h-polystyrene 2.32672 1.087a 840.08 95.8 
d-toluene 9.99308 0.9385* 57.67 106.8 

From ref 46. From ref 47. The atomic incoherent scattering 
cross sections were obtained from ref 43 and 48 for 'H and from 
ref 48 for 13C and 2H. These were calculated by considering the 
molecular weight of the polymer repeat unit and solvent molecules 
to be respectively mo = 104.15 and M, = 100.19. 

1.6 

1.2 

I 
e 

c* 0.8 
M 
r. 

e 

0 .  I 0 

0.0 
0 1 2 3 

c (o/dl)  
Figure 1. Concentration dependence of the relative viscosity 
of Na-neutralized carboxy-telechelic polystyrene ionomers (0) 
i-6 and (0) i-17 in toluene at 25 "C. For comparison the 
corresponding methyl ester form (v) e-6 is also shown. In the 
inset of the figure the reduced viscosity versus concentration 
is shown for the i-6 ionomer and its ester in the lowest 
concentration regime studied, where both are linear with 
concentration. 

degree of polymerization, and St(q), S&), and S,(q) are the 
total, single-chain, and intermolecular scattering functions, 
respectively. 

The scattering obtained after the data reduction includes 
both the coherent and incoherent scattering. At a reactor 
source where the neutron wavelength is constant, the incoher- 
ent scattering is isotropic and is therefore constant over the 
whole q range. Because of the low polymer concentrations 
studied, the 'H content is not substantial and therefore the 
incoherent scattering is expected to be very small for these 
solutions. We have, however, compensated for the incoherent 
scattering from the telechelic solutions by adding a constant 
factor in the expression describing the coherent scattering in 
our modeling analysis and having this factor as an adjustable 
parameter during the modeling. The atomic scattering lengths 
and densities of the polymer and solvent molecules are 
presented in Table 3. The ratio of the coherent to incoherent 
scattering for all samples tested was larger than 1 O : l  at zero 
q,51  

111. Data Evaluation and Analysis 
A. Viscometry. The concentration dependence of 

the relative viscosity of the telechelic ionomers is shown 
in Figure 1. For comparison, the corresponding visco- 
metric behavior of the ester e-6 is also shown. Due t o  
the extensive viscometric investigations that have been 
performed in ionomer solutions,14J5 this experiment can 
be used to show that the ionomer systems studied 
display ionic association. Indeed, as shown in Figure 1 
a t  low concentrations the viscosity of the ionomer is 
increased compared to  the viscosity of the corresponding 
ester form, while at higher concentrations an abrupt 
increase of the ionomer viscosity is observed which most 
interestingly takes place at  relatively low concentra- 
tions. This strong enhancement in viscosity is related 

to the gelation transition that has been observed t o  be 
unique to model telechelic ionomer solutions compared 
t o  the random copolymer ionomers. The association 
phenomenon is expected to increase with increasing 
polymer concentration, as evidenced by the increase in 
solution viscosity. 

The observed viscometric behavior shows the same 
general characteristics that have been exhibited by 
other low-polarity carboxylato-telechelic ionomer solu- 
tions. In the low-concentration regime, that is shown 
in the inset of Figure 1, the intrinsic viscosities of the 
telechelic ionomers are observed to be the same as those 
of the ester forms showing the absence of a crossover 
concentration that has been detected in random copoly- 
mer ionomer solutions, in the concentration regime 
studied. The Huggins constant is observed to  increase 
almost 5 times for the i-6 ionomer and 7 times for the 
i-17 ionomer compared to their corresponding ester 
forms. Such an increase in the initial slope of the 
viscosity-concentration curve has been observed in 
other ionomer systems as well and is considered to be 
indicative of association in s o l ~ t i o n . ~ ~ - ~ ~  At the same 
polymer concentration, the solution viscosity is en- 
hanced for the lower ionic content ionomer, a behavior 
that is quite different from random copolymer ionomer 
solutions in which the ionomer viscosity increases with 
increasing ionic ~ o n t e n t . ~  This difference should be 
viewed in terms of the direct relation that exists 
between the polymer molecular weight and ionic content 
in telechelic ionomers that are inversely proportional 
to each other. In contrast, the ionic content may be 
vaned with a fixed polymer backbone length in a 
random copolymer ionomer system. 

B. Modeling SANS Results. Up to now analyses 
of the results obtained from the application of scattering 
techniques to elucidate structural information in iono- 
mer solutions have been constrained to the low scat- 
tering vector regime. In this regime, except when short 
polymer molecules are considered, the molecular infor- 
mation extracted from a SANS experiment is equivalent 
to that of a more conveniently measured static light 
scattering e ~ p e r i m e n t . ~ ~  However, probing a wide q 
range provides a wealth of information on the structure 
of the solution over a wide range of length scales. This 
is especially true in the case of associating systems in 
which both single-chain and multichain characteristics 
are involved. In order to describe the SANS scattering 
data, a model that describes the polymer-polymer 
scattering function has to be applied, as is apparent 
from eq 6. Following the random-phase approximation 
theory (RPA) developed by de G e n n e ~ ~ ~  and generalized 
by Boue et al.,57 the total scattering from a polymer 
solution of monodisperse hydrogenated polymer chains 
in a deuterated solvent can be written as: 

1 2XPS (9) 
@oVo uo 

where KN is defined from eq 9,@1 and $0 are the volume 
fractions of the polymer and solvent, respectively, VI 
and VO are the partial molar volumes of the polymer 
repeat unit and the solvent molecules, respectively, xps 
is the Flory-Huggins (FH) polymer-solvent interaction 
parameter, and uo is the lattice cell volume defined as 
uo = (V1Vo)1'2. Evaluation of eq 9 as a model for the 
interparticle scattering function shows that it is the final 
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result of many different theoretical appro ache^,^^-^^ and 
it has been theoretically proven to  hold from zero 
concentration to the bulk.61 

In order to utilize the whole experimental q regime, 
the exact expression of the single-chain scattering 
function needs to be employed in eq 9. The discussion 
of the effect of the ionic association on the single-chain 
conformation in the telechelic ionomer solutions is 
presented in the following paper of this series.62 In this 
paper the single-chain structure factor, S&), was 
described by applying both the Debye function, which 
successfully describes the scattering function of high 
molecular weight polymer  chain^,^^,^^ and a wormlike 
chain modeP4 that takes into account the short-chain 
nature of the telechelics. The SANS results were 
modeled by applying a nonlinear least-squares optimi- 
zation program using the E04HEF optimization routine 
of the NAG Fortran library. The objective function for 
minimization was considered to be the sum of the 
squares of the residuals of the total scattering intensity. 
For this analysis the first and second derivatives of the 
objective function with respect to the fitting parameters 
required were analytically evaluated so that computa- 
tional errors were minimized. The fitting parameters 
during the optimization were the incoherent scattering, 
(dZd!2Ilnc, the contrast factor K, and the statistical 
segment length a. Inserting K as a model parameter 
compensates for nonuniformities arising from the ab- 
solute scaling of the data. Monitoring a through this 
analysis results in information on the single-chain 
dimensions and conformation. The results of this 
analysis are presented in the following publication62 
where they are compared with the results obtained from 
direct single-chain SANS scattering measurements. As 
is shown in that report, the de Gennes model predictions 
agree very well with the direct measurements of the 
single-chain dimensions. Since the direct probe of single 
chains in associating systems requires experimental 
procedures and tools that are difficult to apply, this 
result is very important as probing of single chains can 
then be successfully determined by measurements on 
the more experimentally accessible total particles. 

The Flory-Huggins polymer-solvent interaction pa- 
rameter, although nowadays considered more as a 
phenomenological ~ a r a m e t e r , ~ ~  remains a significant 
thermodynamic parameter in the field of polymer sci- 
ence. In polymer solutions this parameter is directly 
associated with the second virial coefficient of the 
solution, and it is used as a criterion to determine the 
thermodynamic state of a polymer-solvent system. The 
FH interaction parameter for polystyrene/toluene solu- 
tions has been well documented, and its value could be 
used in the de Gennes model for modeling the multimer 
scattering data. However, the presence of ionic associa- 
tion in the ionomer solutions is expected to have a strong 
effect on the intersegmental interactions in solution that 
are described by x. The use of SANS data to determine 
the FH interaction parameter is very common especially 
in the literature of polymer blends.66 x is obtained from 
such data in a binary mixture from the application of 
the de Gennes model at  zero scattering angle where 
S,(q),=o = 1. In modeling the SANS data of the ionomer 
solutions, we have followed a similar approach. Ini- 
tially, x was evaluated from the calculated value of K 
from literature data and from the value of (dC/dSZ),=o 
obtained from the intercept of a linear plot of the 
experimental (dZ/d!W'(q) versus q2 at low q. The value 
of x was then corrected for the optimized values of K 
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Figure 2. Absolute total scattering cross sections of hydro- 
genated Na-neutralized carboy-telechelic polystyrene ionomer 
i-17 in toluene a t  25 "C for different polymer concentrations: 
(0) 1.45, (v) 1.02, and (U) 0.735 g/dL. Scattering data from 
the corresponding ester form, e-17, are also shown for com- 
parison: (0) e-17, 1.45 g/dL. The lines represent the fit of the 
data according to the de Gennes model as described in the text 
using as a single-chain scattering function (-1 the Debye model 
and (-- -1 the wormlike chain model. As can be seen, the two 
single-chain scattering models give almost identical fits. In the 
inset scattering intensity data of the ionomer a t  1.45 g/dL 
concentration are shown obtained (0) in the q regime as in 
the main figure and (A) in a lower q regime by altering the 
system configuration as discussed in the Experimental Section. 

Modeling Analysis and Fractal Dimension of the 
Telechelic Ionomer Solutions for the Concentrations and 

Ionic Levels Studied 

Table 4. Optimized Contrast Factor from the SANS 

material c (g/dL) K r n o l ~ r n - ~ )  D 
i-17 1.45 2.870 1.76 

1.02 2.826 1.78 
0.74 2.727 1.76 

i-6 2.37 2.830 1.82 
1.78 2.897 1.74 
1.04 2.920 1.74 
0.48 2.885 1.73 

and (dYdQ),=o, taking into account the best value of 
incoherent scattering obtained from the optimization 
program until convergence. The contrast factor K 
values obtained from this minimization procedure are 
shown in Table 4. These values are in good agreement 
with the expected theoretical value of this parameter, 
2.894 x mol/cm4. Due to this good agreement in 
the determination of K, the minimization program was 
also tested by inserting x as a fitting parameter while 
considering K constant. This analysis resulted in the 
same values for x as the previous method, certifying the 
accuracy of the optimization process. 

The absolute scattering intensity data of the i-17 and 
i-6 ionomers as a function of concentration are shown 
in Figures 2 and 3, respectively. A strong upturn of the 
scattering curves at low q is immediately apparent. This 
upturn is evident in both ionomer systems and becomes 
stronger as polymer concentration increases. This 
upturn is characteristic of the ionomer solutions, as is 
evidenced from the comparison of the scattering pat- 
terns of the ionomers with the corresponding ester forms 
in Figures 2 and 3. The ester forms, measured under 
the same experimental conditions as the ionomers, do 
not show the upturn and have the features expected 
from nonionic polymer solutions. A comparison between 
the SANS data of the two ionomers shows that at  the 
same concentration a stronger upturn is observed for 
the lower ionic content ionomer. This should be com- 
pared to the larger solution viscosity that this system 
exhibits as shown in Figure 1. These data suggest that 
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Figure 3. Absolute total scattering cross sections of hydro- 
genated Na-neutralized carboy-telechelic polystyrene ionomer 
i-6 in toluene at 25 "C for different polymer concentrations: 
(0) 2.365, (v) 1.78, (0) 1.04, and ( A )  0.48 g/dL. Scattering data 
from the corresponding ester form, e-6, are also shown for 
comparison: (v) 1.78 and (M) 1.04 g/dL. The solid lines 
represent the fit of the data according to the de Gennes model 
as described in the text using as a single-chain scattering 
function the wormlike chain model. In the inset scattering 
intensity data of the ionomer at 2.365 g/dL concentration are 
shown obtained (0) in the q regime as in the main figure and 
(0) in a lower q regime by altering the system configuration 
as discussed in the Experimental Section. 

the scattering upturn observed in the ionomer solutions 
should be attributed to the ionic association and that 
the contribution of the intermolecular scattering term, 
as described by eq 8, in the total scattering function is 
very important in these solutions. The features ob- 
served in the scattering curves of the telechelic ionomer 
solutions are similar to those observed from SANS 
experiments on randomly sulfonated polystyrene iono- 
mer solutions in tetrahydrofuran,8 indicating similar 
structural characteristics in solution between these 
ionomer systems although the number and position of 
the ionic groups along the polymer chain is different. 
The de Gennes model fit to the data is presented as solid 
lines in Figures 2 and 3. As can be observed, the de 
Gennes model successfully fits the ionomer scattering 
data over the whole q regime a t  all concentrations and 
ionic levels studied. The quality of the model fit to the 
data is more clearly shown in the insets of Figures 2 
and 3. In these insets the scattering patterns of the 
highest concentration studied for each ionomer system 
are selectively presented and the scattering data are 
combined with SANS data obtained using a different 
experimental configuration that enabled access to a 
lower q regime. Modeling of the two sets of the data 
resulted in the same values of the fitting parameters 
which shows the reliability of the de Gennes model t o  
fit an extended q-range regime. The data reveal a 
monotonous increase of the scattering intensity at  lower 
q. As there is no  evidence of a scattering peak, this 
result indicates that over the concentration regime 
studied the aggregates are arranged randomly in solu- 
tion rather than in an ordered organization. 

The de Gennes model predictions of the Flory- 
Huggins interaction parameter for the ionomer solutions 
are shown in Figure 4. The ionomer solution interaction 
parameter shows a quite surprising behavior. For all 
ionic levels studied, xps is observed to have a strong 
concentration dependence below 1.5 g/dL. Interestingly, 
xps is observed to increase with decreasing concentra- 
tion, which is a result contrary to our expectations, since 
an increase in XPS is related to poorer solvent conditions 
or in the case of associating solutions to stronger 
association. Comparison of xps between the esters and 
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Figure 4. Concentration dependence of the Flory-Huggins 
interaction parameter of the telechelic ionomer solutions in 
toluene at 25 "C. In the main figure the xps parameter that is 
predicted from the fitting of the absolute scattering data to 
the de Gennes model is shown for the ionomers (0) i-6 and 
(v) i-17 and the ester forms (0) e-6 and (v) e-17. The solid 
line corresponds to the expected concentration dependence of 
polystyrendtoluene solutions at 25 "C as described in the text. 
In the inset the concentration dependence of the x' interaction 
parameter that is evaluated from the second virial coefficient 
of the ionomer solutions, A2, is shown; in this figure the 
symbols and lines have the same representation as in the main 
figure. 

the corresponding ionomers as shown in Figure 4 
indicates an increased value of xps for the ionomers, as 
would be expected. From these results it should also 
be noted that a t  the same polymer concentration xps is 
lower for the lower ionic level ionomer solution. Despite 
the first introduction of xps by Flory as a constant 
thermodynamic parameter, experimental determination 
of this parameter in several polymer binary mixtures 
has shown that, in general, xps is dependent on polymer 
c o m p ~ s i t i o n . ~ ~  In this case it has been shown that the 
exact value of xps depends on the experimental tech- 
nique applied for its determination.@ It should be noted 
that the criterion for a good polymer/solvent system, 
that x is less than 0.5, as well as the direct relationship 
between x and the second virial coefficient, refers to the 
x parameter determined from the excess chemical 
potential of the solvent, ~ ~ ( 1 ,  a t  the zero polymer con- 
centration limit. Solutions of polystyrene in toluene at  
25 "C have shown a slight decrease of x with increasing 
polymer volume f r a ~ t i o n , ~ ~ - ~ l  however, data are limited 
in the very low concentration regime, where i t  has been 
observed that x also depends on molecular weight. For 
this system it has been suggested71 that the concentra- 
tion dependence of x/,1 is described by: ~ ~ ( 1  = 0.431 - 
0.31141 - 0.03641~. It can be calculated that the value 
of x determined from scattering experiments, xsc, will 
be xsc = 1/(241)~(4l2x~,l)/~41 = 0.431 - 0.466541 - 
0.072412. The concentration dependence of xsc is plotted 
as a solid line in Figure 4 in the concentration regime 
of interest. As can be observed, this is in good agree- 
ment with the FH interaction parameters that have 
been predicted for the telechelic esters from the de 
Gennes model fitting. 

C. Molecular Description of the Association 
Phenomenon. In dilute polymer solutions information 
on the molecular parameters as well as the virial 
coefficients is obtained from a Zimm plot of scattering 
data in the low-q regime, according to which: 
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Figure 5. Zimm plot of the inverse of the absolute coherent 
scattering intensity data of the i-6 ionomer system, determined 
after subtraction of the best fit incoherent scattering intensity 
according to the de Gennes model from the experimentally 
measured data versus q2.  The symbols are the same as those 
used in Figure 3. The lines through the data indicate linear 
regression of the corresponding concentration solutions. Note 
that the data from the ester have been scaled by a factor of '1, 
from its true value so that a comparison can be made between 
the ionomer and the ester behavior. 

where R,2 is the z-average square radius of gyration (Rp" 
= (R2)2) of the scattering particles. For these solutions, 
extrapolation to zero concentration and scattering angle 
is sufficient to determine the molecular parameters of 
the system. In associating solutions, however, such as 
low-polarity ionomer solutions, the structure of the 
solution changes with polymer concentration; therefore, 
determination of the molecular parameters is not a 
trivial problem. A parameter that is usually used to 
obtain information on the association process is the 
apparent weight-average molecular weight, (MwIapp, that 
is directly attained from the experimental data. This 
is defined from eq 10 at zero scattering angle as:72 

2A,(c) c + 3A3(c)  c2 + ... (11) 
in analogy to eq 4 for light scattering. The complication 
that arises in associating polymer systems is that the 
true molecular weight of the system, Mw(c), as well as 
the thermodynamic interactions as described by the 
virial coefficients are concentration dependent. Deter- 
mination of the z-average radius of gyration from a 
Zimm plot will provide an apparent radius of gyration, 
(Rg2)z,app, that is related to the true (Rg2X as: 

(12) 

By definition, the apparent molecular parameters are 
an average over all particles as well as over all existing 
interactions in solution and therefore provide a first 
evaluation of the true molecular parameters of the 
system. 

For the telechelic ionomer solutions a plot of the 
inverse scattering intensity versus q2 was linear in the 
low-q regime, from which evaluation of the apparent 
molecular parameters of the system was possible. An 
example of an "equivalent" Zimm plot for the i-6 ionomer 
and the corresponding ester is shown in Figure 5. The 
absolute coherent cross sections were obtained after 
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Figure 6. Apparent extent of association, defined as the ratio 
of the apparent weight-average molecular of the associating 
particles at a specific concentration to the single-chain weight- 
average molecular weight, versus polymer concentration for 
the carboxy-telechelic polystyrene ionomers in toluene: (0) i-17 
and (0) i-6. 

subtraction of the total scattering intensity data from 
the best fit incoherent scattering obtained from the 
SANS modeling. A decrease in polymer concentration 
results in an increase of the intercept of the plot a t  zero 
q with a simultaneous decrease of the slope, both 
approaching the magnitudes of the ester. Similar 
features were observed for the i-17 ionomer system. 
These trends provide qualitative evidence that both the 
apparent average molecular weight and radius of the 
particles in solution increase with increasing polymer 
concentration. It is well-known that the validity of the 
Zimm plot holds for dilute polymer solutions in the low-q 
regime, where qR, < 1. While the first condition is 
satisfied for the experimental measurements presented 
in this paper, for the highest ionomer concentrations 
studied Zimm plots were applied for qR, < 4. Although 
it has been shown that for qR, 1 corrections should 
be applied in the evaluation of a Zimm plot,73 the 
magnitude of these corrections depends on the structure 
of the polymer solution,73 and they significantly decrease 
with increasing p~ lyd i spe r s i ty .~~  While the ionomers 
are nearly monodisperse, i t  is expected that the poly- 
dispersity of the associating particles in solution will 
be high, and their structure in solution will be quite 
different from a probable single-chain structure. There- 
fore, in the analysis of the apparent molecular param- 
eters of the ionomer solutions, no corrections were 
applied in the Zimm plots. In addition, we believe that 
the determination of these parameters from a Zimm plot 
analysis a t  the low-q regime is more accurate than that 
from applying a hypothetical structure factor over the 
whole q regime, since the formulation of the Zimm plot 
is independent of the structure and shape of the 
scattering particles in solution. 

The apparent molecular weight and radius of gyration 
of the ionomer solutions obtained from this analysis are 
presented in Figures 6 and 7. From these figures it can 
be observed that the molecular weight of the particles 
in solution increases with increasing polymer concen- 
tration. The extent of association, defined as the ratio 
of the particle molecular weight to the single-chain 
molecular weight, is seen to increase as much as 70 
times within a small concentration range of less than 
2.5%, indicating how sensitive the association is upon 
concentration for these solutions. This should be com- 
pared with an extent of association of only 10 in the 
same concentration regime of a 4.2 mol % sodium- 
neutralized randomly sulfonated polystyrene ionomer.8 
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D. Supramolecular Structure and True Molec- 
ular Parameters of the Association Phenomenon. 
In order to determine the true molecular parameters 
in associating systems, two methods are usually fol- 
lowed in the literature. The first is to assume a physical 
model that describes the equilibria between multimers 
of various sizes in solution. In this case the association 
process can be identified from the concentration depen- 
dence of the apparent molecular weight. Such an 
analysis has been performed in scattering experiments 
of a 1.39 mol % Na-sulfonated random copolymer poly- 
styrene ionomer in xylene.l1$l2 The data were inter- 
preted to follow the open association model, according 
to which multiple equilibria between unimers and 
multimers of all sizes take place. However, for such an 
analysis analytical solutions are available only for two 
extreme multimerization processes, while identification 
of the association process requires experimental data 
obtained over a wide concentration regime.72 

In this study we shall follow the second method that 
has been proposed t o  interpret static light scattering 
experiments from associating solutions and which takes 
into account the supramolecular structure of the solu- 
tions that resembles the architectures of randomly 
branched or covalently cross-linked macromole- 
c u l e ~ . ~ ~ , ~ ~ - ~ ~  This method utilizes data that are ob- 
tained at the large-q regime which are usually accessible 
only by SANS experiments. If the ionic association 
observed in ionomer solutions, as any association phe- 
nomenon, is considered as a phenomenon of connectiv- 
ity, the multimers can be described as fractals, objects 
that exhibit correlations in the D-dimensional space, 
where D is lower than 3.80 The weight-average molec- 
ular weight of the associating particle is related to the 
z-average radius of gyration of the particle as: 

M, = R ~ D  (13) 
In all polymer systems studied so far in both good and 
poor solvents, A2 is a slowly decreasing function of 
polymer molecular weight.81 For a relatively narrow 
range of molecular weights with 6 in the A2 = M,-d 
range 0.2-0.3. For associating systems, if the molecular 
weight is large enough, an analogous scaling behavior 
is observed:56 

A2(c) M,(c) = KAMWa’(c) (14) 
From eqs 11 and 14, and considering only terms up to 
the second virial coefficient due t o  the low-concentration 
regime studied, the apparent molecular weight can be 
described as: 
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Figure 7. Growth of the associating telechelic ionomers in 
solution as a function of polymer concentration: (0) i-17 and 
(0) i-6. 

This observation is in agreement with the stronger 
association expected for a similar ionic level telechelic 
ionomer that eventually leads to gelation compared to 
a random copolymer ionomer where a gelation transi- 
tion has not been observed. From the concentration 
dependence of the apparent molecular weight of the i-6 
system the molecular weight of the associating particles 
is shown to continue increasing with polymer concen- 
tration. An unexpected result is that the apparent 
extent of association appears to be independent of the 
ionic content a t  a given polymer concentration. This 
indicates that, although the associating particles have 
a different molecular weight due to the different poly- 
mer molecular weights, the average number of chains 
involved in a multimer is the same. The results of 
another SANS study on similar systems suggested that 
the multimerization process, as exemplified by the 
concentration dependence of Mw,app, is different for 
different polymer molecular weights.26 This study sug- 
gested that low molecular weight telechelics follow a 
closed type of association, while higher molecular weight 
telechelics follow an open association process. However, 
none of these models could fit the data exactly. In 
addition, the determination of the Mw.app was performed 
by using the Debye model to describe the scattering from 
the multimers, which neglects all intermolecular inter- 
actions. As will be shown later, analysis of our SANS 
data a t  the high-q regime, as well as previous dynamic 
light scattering studies,22 suggests that even for the low 
molecular weight telechelic ionomer system the ag- 
gregates formed are of high polydispersity and their 
molecular weight is concentration dependent. 

During the association process, the associating par- 
ticles also grow in size as shown in Figure 7. The 
change in particle size is not as large as that observed 
in molecular weight, and, in addition, the concentration 
dependence of the apparent radius of gyration appears 
to be concave down, opposite to the behavior observed 
for the apparent molecular weight. Also depending on 
the ionic level, the concentration dependence of the 
particle size is observed to be different. At all concen- 
trations Rg,app is larger for the higher molecular weight 
ionomer. The stronger increase in viscosity observed 
as the ionic content decreases in halato-telechelic iono- 
mer solutions is therefore explained in terms of the 
prepolymer chain length rather than the ionic level. The 
larger molecular weight of the lower ionic content 
ionomer leads to the formation of associating particles 
with the same number of chains but of higher molecular 
weight and size that are in turn responsible for the 
larger increase in the solution viscosity. 

The true molecular weight of the system can thus be 
directly determined from eq 15 once the parameters a‘ 
and KA are known. 

The scaling exponent a’ depends on the macromo- 
lecular architecture and is related to the fractal dimen- 
sion, D, as a’ = (310) - 1. A direct way of evaluating D 
is from the slope of a double-logarithmic plot of 
(dVd&)(q) versus q which is known to be linear in the 
intermediate-q regime where qR, > 1. In this range:82 

Double-logarithmic plots of the coherent scattering 
intensity for the two ionomer systems studied are 
presented in Figures 8 and 9. The logarithmic plots of 
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Figure 8. Double-logarithmic plots of the coherent scattering 
intensity of the i-17 ionomer solution at  different polymer 
concentrations and comparison with the ester form. The 
symbols are the same as in Figure 2. The solid lines are the 
fit of the data to  the de Gennes model. The broken line is from 
a linear regression of the data a t  1.45 g/dL in the regime 4 < 
qR, < 10. The inset of this figure represents the scattering 
data scaled to  the zero q coherent scattering intensity. 
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Figure 9. Double-logarithmic plots of the coherent scattering 
intensity of the i-6 ionomer solution at  different polymer 
concentrations and comparison with the ester forms. The 
symbols are the same as in Figure 3. The solid lines are the 
fit of the data to  the de Gennes model. The lower scattering 
curves of the ester were evaluated at  a sample-to-detector 
distance of 3 m, a detector center offset of -15 cm, and a 
neutron wavelength of 6 A that resulted in a larger q range of 
0.0153-0.1909 A-l. The broken line is from a linear regression 
of the data at 2.365 g/dL in the regime 4 < qR, 10. The 
inset of this figure represents the scattering data scaled to the 
zero q coherent scattering intensity. 

the ionomers compared with those obtained from the 
esters exhibit features that are characteristic of network- 
type systems.83 The ester forms show a typical plateau 
in the low-q regime with a linear decrease at  higher q. 
As the extent of association in the ionomer solutions 
proceeds, the scattering intensity increases and is 
completely dominated by clusters for which qR, > 1, 
which results in straight lines in the logarithmic plots. 
At the same polymer concentration, a much lower q 
range is required for the ionomer solutions to achieve a 
plateau value compared to the esters, as can be observed 
from the insets of Figures 8 and 9, where the scattering 
data have been scaled with respect to  the zero scattering 
intensity. At higher q the scattering intensity of the 
ionomer drops more abruptly than the ester form. It 
should be noted that some discrepancies are observed 
in the fitting of the de Gennes model in the log scale 
for the i-17 ionomer in the high-q regime, while there 
are very small deviations in the linear scale. In this 
representation the fitting of the model for the i-6 
ionomer and the esters is very good. From the slopes 
of the logarithmic plots the values of the fractal dimen- 
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10' 

Figure 10. Double-logarithmic plots of the scattering inten- 
sity versus scattering vector of both ionomer systems i-6 and 
i-17 scaled with regard to the polymer concentration. The 
symbols for each ionic system that correspond to different 
concentrations are the same as those in Figures 8 and 9. The 
scattering data of the i-17 system have been scaled by a factor 
of 100 for clarity. 

sions were determined considering data in the regime 
4 < qRg < 10. These results are given in Table 4. As 
can be observed, the fractal dimension is independent 
of concentration and is the same within experimental 
error for both ionic contents examined. This is evi- 
denced in Figure 10 where the scattering intensity has 
been scaled with respect to concentration. The large q 
tail of the scattering data is the same for all concentra- 
tions and ionic levels studied, while deviations are 
apparent in the low-q regime because of the different 
degrees of association exhibited at  the different concen- 
tration levels. The average value of D is 1.76, which 
leads to a value of a of 0.71. 

D has been observed to depend on the polydispersity 
as well as the physical state of the system.82 The fractal 
dimension has been observed to assume values of 2.0 
for monodisperse clusters in solution and 1.60 for 
polydisperse swollen clusters and can attain values up 
to 3.0 for more condensed structures. Comparing our 
result with literature data suggests that the associating 
particles in the telechelic ionomer solutions form a 
random type of association with an open rather than a 
condensed structure. The rather low value of the fractal 
dimension could be indicative of a high polydispersity 
in the system. It should be noted that D also depends 
on the method of gel p r e p a r a t i ~ n , ~ ~  and it has been 
shown to  attain a value of 1.75 in a system of mono- 
functional and multifunctional monomers that can 
i n t e r r e a ~ t , ~ ~  which is similar to our case. The observed 
value of fractal dimension is close to the value predicted 
for a diffusion-limited cluster aggregation (1 ,81, in 
contrast to a reaction-limited cluster aggregation (2.11, 
that is characterized by a rapid aggregation and there- 
fore the existence of large clusters in solution.86 The 
observed picture of the supramolecular structure of the 
ionomer solutions is in agreement with the results 
drawn from combined SANS/dynamic light scattering 
experiments on the i-6 ionomer system.22 These studies 
showed that the structural parameter e, defined as the 
ratio of the z-average radius of gyration to the hydro- 
dynamic radius, attains a rather large value for the 
ionomer solutions, which is suggestive of a high poly- 
dispersity of the multimers and the packing of the single 
chains into extended clusters. Further, our result is 
closer to the percolation limit predicted for diluted 
polymer systems (1.60) compared to the Flory classical 
prediction (l.0L8' The D value of 1.76 should be 
compared to  an exponent of 1.68 that has been observed 
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Figure 11. Variation of the true molecular weight of the 
associating particles with concentration. For comparison the 
corresponding apparent molecular weights are also shown. 
i-17: (0) (M,),,,, (0) (MWItrue. i-6: (VI (Mw)app,  (VI (Mw)tme. The 
lines shown are simply drawn through the symbols to show 
the trend of the concentration dependence of the molecular 
weight of the ionomer solutions. The solid lines correspond to 
the apparent molecular weights, (M,),,,, while the broken lines 
correspond to the true molecular weights, (Mw)tr,,e. 

to describe the molecular weight-radius of gyration 
relationship of linear polystyrene in toluene solutions 
in the high molecular weight region (M > 105)39 which 
supports the observation that randomly branched poly- 
mers display a similar behavior to that of flexible linear 
chains. 

Setting KA to 4.362 x 10-3, the concentration depen- 
dence of the true molecular weight is shown in Figure 
11. The reason behind choosing this value for KA will 
be discussed later. As it can be seen, l/Mw,true ap- 
proaches zero more rapidly than its apparent value for 
both ionic systems. Comparison between the two ionic 
levels studied reveals that the divergence in the molec- 
ular weight occurs at  a much lower concentration for 
the lower ionic content system. The concentration a t  
which l/Mw(c) = 0 leads to the gelation concentration, 
cge1, which provides another means, besides viscosity 
measurements, for the determination of this parameter 
in ionomer solutions. These results show very good 
agreement with the gelation concentration expected 
from the viscometric measurements shown in Figure 1. 
E. Thermodynamics of Ionomer Solutions. Eval- 

uation of the thermodynamic interactions in associating 
polymer solutions, as exemplified by the second virial 
coefficient, is still an open question. By definition, A2 
is the proportionality constant of the first term in the 
power series in concentration of the osmotic pressure 
and describes the intramolecular interactions of a 
polymer chain in a solvent due to the excluded-volume 
interactions, molecule size, and shape. In ionomer 
solutions, ionic interactions exist that affect both the 
inter- and intramolecular interactions. Theoretical 
analyses of ionomer solutions predict that the ionic 
interactions affect the excluded volume of the polymer 
chains by an additive contribution, *resulting in a 
dimensionless second virial coefficient Az, where88,s9 A2 
= A2 + FAz'. A2 is the second virial coefficient of the 
solution in the absence of associating groups, f is the 
fraction of ionic groups along the chain, and A2' is the 
second virial coefficient due to dipolar interactions, 
which is always negative due to the attractive ionic 
interactions. In addition, in associating polymer solu- 
tions, the second virial coefficient will include binary 
interactions within a cluster rather than a chain. 

In eq 11, the term that describes the intermolecular 
interactions is included in the true molecular weight of 

the system, while the virial coefficient term describes 
all other interactions. The parameter KA that is re- 
quired for the evaluation of A2 in eq 11 is concentration 
independent. Based upon the similarity that has been 
observed in the behavior between randomly branched 
polymers and flexible linear chains, a first approach to  
this problem is to assume that A2 is the second virial 
coefficient of the corresponding nonionic polymer solu- 
tion at large molecular weight. The molecular weight 
scaling of the second virial coefficient of high molecular 
weight linear polystyrene solutions in toluene a t  25 "C 
has been evaluated as39Az = 4.362 x 10-3Mw-0.203 which 
leads to KA = 4.362 x This result is lower than 
that expected if (A2Ic=o was considered t o  be that of the 
parent polymer solution, in which case KA would be 
-0.0166 for i-6 and 0.0139 for i-17. The similarity in 
these two values may justify the use of the same KA for 
both ionomer systems. The second virial coefficient of 
the ionomer solutions determined from eq 14 is shown 
in Figure 12. As observed from this plot, A2 for both 
ionomer systems studied shows a strong concentration 
dependence. With increasing polymer concentration, or 
increasing degree of association, A2 is seen to signifi- 
cantly decrease, indicating that the presence of ionic 
groups changes the thermodynamic state of the ionomer 
solutions, with the solvent becoming a poor solvent for 
the ionomers even though it is a good solvent for the 
polymer. At all concentrations studied A2 for the 
ionomers is lower than the corresponding esters. Fur- 
thermore, A2 is lower for the lower ionic content ionomer 
which is expected due to the higher association that has 
been observed for this system. Previous information on 
the second virial coefficient of ionomer solutions has 
mostly been obtained from static light scattering experi- 
ments in dilute random copolymer ionomer solutions. 
In these studies A2 was evaluated from the slope of 
l/(MwIaPp versus concentration and was shown t o  de- 
crease with increasing ionic content (increasing extent 
of association) approaching 2810,~ and even assuming 
negative values for low polymer molecular weighhgO 
Although this behavior is similar to that observed in 
the telechelic ionomer solutions presented in this study, 
the determination of A2 in the previous studies has been 
confined mainly to the zero concentration limit. The 
results from this study show that the ionomer solution 
thermodynamic interactions are strongly dependent 
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upon the extent of aggregation. The observed concen- 
tration dependence of A2 and M, of the telechelic 
ionomer solutions has been seen to follow the same 
qualitative behavior for different positive values of KA 
that have been examined. Studies are under way to 
determine the exact molecular parameters of the system 
by probing more dilute polymer concentrations via static 
light scattering measurements. 

Another means of determining the second virial 
coefficient of the ionomer solutions would be from the 
Flory-Huggins interaction parameter x that has been 
evaluated from the modeling of the SANS data. How- 
ever, due to the concentration dependence of all the 
molecular and thermodynamic parameters of the sys- 
tem, such a calculation is not straightforward, as was 
also discussed in the previous sections. A discussion is 
warranted, however, in order to  understand the relation 
between the xps parameter that was evaluated from the 
modeling analysis and the second virial coefficient 
evaluated from the Zimm plot. The application of the 
de Gennes model t o  the ionomer solutions, according to 
eq 9, is equivalent to writing the Zimm equation in 
analogy t o  eq 5, considering that the molecular weight 
term corresponds to the single-chain molecular weight. 
By comparing eqs 9 and 5 at  zero q, the second virial 
coefficient, ASPS, that is related to xps is: 

XPS -- 1 
ASPS = 

2e1240vo el2% 
(17) 

APPS of the ionomer solutions has been included in 
Figure 12 to  facilitate a direct comparison with the 
second virial coefficient, A2, obtained from the Zimm plot 
analysis. As seen in this figure, such an evaluation 
results in large negative virial coefficients for the 
ionomer solutions which is evidence of the domination 
of attractive ionic interactions. At larger concentra- 
tions, A~ps  approaches zero, which is expected with the 
appearance of a gel transition. 

The significant difference that is observed in the 
behavior between A2 and APPS, as well as the large 
values that were attained for the xps-pararneter, can 
therefore be viewed in terms of the different physical 
interpretation that these parameters represent. In the 
evaluation of xps, or equivalently ASPS, the effect of ionic 
association on the state of the solution was considered 
to reside entirely in the terms that describe the interac- 
tion parameters. Therefore, the interaction parameters 
include all the intra- and intermolecular interactions 
that take place in solution. For associating systems, 
however, the thermodynamics of the polymer solution 
has to take into account the free energy of mixing of a 
solution that consists of multichain aggregates. Ap- 
plication of the Flory-Huggins equation for a multi- 
component system would lead to writing the de Gennes 
model a t  zero q as:65,91 

This is written in exactly the same manner as eq 9, with 
the only difference being that the first term corresponds 
to the average over all aggregates existing in solution 
as noted in the insertion of the weight-average degree 
of polymerization of the aggregate particles, 2,. The 
FH interaction parameter that is determined in this 
case, x', describes only the intramolecular interactions 
within the aggregates and is therefore the one that is 
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directly related to the second virial coefficient that was 
evaluated previously from the Zimm plot analysis of the 
SANS data. Comparison of eqs 9 and 18 shows that x' 
is related to xps by a simple additive relation as: 

The parameter 2' for the telechelic ionomer solutions is 
shown in the inset of Figure 4. x' is observed to be 
increasing with concentration, which is the result 
expected of an association phenomenon. At larger 
concentrations x' is seen to approach the critical value 
of 0.5. Comparison between x' and the FH interaction 
parameter of the esters suggests that the actual seg- 
mental interactions between the monomers and the 
solvent are affected by the association becoming poorer 
as the extent of association increases. Although the 
determination of x' relies on knowledge of Mw.true as 
shown in eq 19, its contribution is not significant due 
to the large values that Mw,true attains in the concentra- 
tion regime studied. In fact, the exact value of M,,,,,, 
affects the absolute value of x' but not its concentration 
dependence. It is apparent that the presence of ionic 
association has a significant impact on the thermody- 
namic interactions of these solutions compared t o  their 
nonionic counterparts. A precise evaluation of the 
interaction parameters in associating solutions from 
scattering experiments requires theoretical reconsidera- 
tion in order to fully account for their concentration 
dependence in the derivation of the scattering equations 
from the expression of the free energy of the system. 

IV. Conclusions 
The molecular mechanism that leads to  a strong 

enhancement in the solution viscosity of sodium- 
neutralized carboxy-telechelic polystyrene ionomers in 
toluene is also apparent in the scattering patterns of 
these solutions as evidenced by a strong upturn in 
small-angle neutron scattering experiments in the low-q 
regime. This upturn is characteristic of the ionomer 
solutions as compared to the corresponding ester forms 
and is attributed to strong intermolecular interactions 
that prevail in these solutions. In the dilute concentra- 
tion regime studied ionic association does not lead to 
ordered structures in solution. The effect of ionic 
interactions is quite dramatic on both the molecular and 
thermodynamic state of the solutions. With increasing 
concentration the average number of chains associated 
into an aggregate particle increases several orders of 
magnitude over a relatively short concentration range. 
The molecular weight and size of the aggregates is 
larger for a lower ionic content ionomer which explains 
the rather unexpected viscometric behavior of telechelic 
ionomer solutions that show a stronger viscosity en- 
hancement with decreasing ionic level. Quite surpris- 
ingly, the apparent extent of association appears to  be 
independent of ionic level over the concentration regime 
studied, although the two ionomer systems differ by 
almost a factor of 2 in polymer chain length. The 
existence of a gelation transition is evidenced by a 
divergence of the true molecular weight of the particles 
a t  higher concentrations. The scattering intensity of the 
ionomer solutions can be described by a scaling law in 
the q dimension that is expected for systems that show 
connectivity. The statistics of the association process 
are closer t o  the predictions expected from the percola- 
tion approach rather than classical thermodynamic 
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arguments. The fractal dimension of the aggregates for 
both ionic levels studied has a value of 1.76 which 
suggests that the supramolecular structure of the tel- 
echelic ionomer solutions is dominated by polydisperse 
clusters that prefer an extended rather than a con- 
densed configuration. 

The effect of ionic association on the polymer-solvent 
interaction was most dramatically demonstrated by 
application of the de Gennes model to  the ionomers 
which considers the thermodynamics between single 
polymer chains and solvent molecules. While the model 
analysis provided reasonable results for the telechelic 
esters, it revealed a strong concentration dependence 
of the Flory-Huggins interaction parameter for the 
ionomer solutions. Quite unexpectedly, xps for the 
ionomer solutions showed an increase with decreasing 
concentration for both ionic systems studied, which is 
contrary to  our expectations for association. However, 
in comparison between the ionomers and the esters the 
expected increase of xps on going from the ester to the 
ionomer occurs. Evaluation of the interactions in the 
ionomer solutions reveals that the thermodynamic state 
of the polymer clusters changes with respect to the 
single polymer chains. The polymer-solvent interac- 
tions in the ionomer solutions are strongly dependent 
on the degree of association and become poorer with 
increasing concentration and decreasing ionic level. 
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