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Abstract

The solutions of charged G1 arborescent polystyrene-graft-poly(2-vinylpyridine) copolymers in methanol-d4 and D,0O were investigated over a
dilute concentration range ¢ =0.005-0.05 (¢: mass fraction) using small-angle neutron scattering (SANS). Upon addition of acid (HCI)
arborescent graft polymers became charged and a peak appeared in SANS data. The interparticle distance (d.p) calculated from a peak position
corresponded to the expected value (d,,;) for a uniform particle distribution. This indicates the formation of liquid-like ordering due to long-range
Coulombic repulsions. The smaller dielectric constant of methanol-d4 resulted in long-range electrostatic repulsions persisting to lower polymer
concentration than in D,O. The slow mode scattering was observed by dynamic light scattering measurements for the same polymer solutions,
indicating the presence of structural inhomogeneity in the solutions. Both the peak and slow mode disappeared by addition of NaCl or excess HCI
into the solutions due to the screening of electrostatic interactions. The G1 polymer grafted with longer P2VP chains (M, ~30,000 versus
5000 g mol) formed a gel on addition of HCI. This result reveals that molecular expansion is more significant for arborescent polymers with longer
(M, ~30,000) linear polyelectrolyte branches, resulting in gelation for ¢ >0.01. Upon addition of NaCl or excess HCI a gel transformed back to a

liquid resulted from the screening of electrostatic interactions.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Arborescent graft polymers are a general class of dendritic
polymers such as dendrimers and hyperbranched polymers
[1,2]. In contrast to dendrimers, arborescent graft polymers
incorporate well-defined linear polymer segments rather than
monomers as building blocks, which leads to branched
polymers with a cascade-branched structure and very high
molecular weights in a few grafting cycles (generations), while
maintaining a relatively narrow molecular weight distribution
(M /M,,<1.1). Dendritic polymers have generated a consider-
able research interest in nanotechnology because of their
controllable dimensions, topology, structure, and chemical
functionality on the nanometric scale [3-5]. Charged dendritic
polymers are interesting because the recent developments in
polymeric nano-applications are increasingly associated with
polyelectrolyte system such as biomaterial in aqueous
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environment and layer by layer structures, etc. [6,7]. The
arborescent graft polymers studied in this article is generation 1
(G1), poly(2-vinylpyridine) (P2VP) copolymers where P2VP
branches were grafted onto comb-branched polystyrene
(GOPS). The poly-(2-vinylpyridine) chains are easily ionized
in methanol or water using HCI [8,9]. The charge density of
these molecules can be varied by concentration of added HCI.
The situation is similar to previously studied PAMAM
dendrimers where their terminal amine groups are ionized
with HCI and the charge density is controlled by added acid
[10-13]. One of the anomalous features of likely charged
polymers in solution is the presence of local large-scale
structure. Such an inhomogeneity has been confirmed by
dynamic light scattering (DLS) measurement [14-20] showing
slow dynamics as well as the upturn in a very low g regime by
small-angle scattering experiments [20,21]. The two state
structure model has suggested that the structural inhomogen-
eity mentioned above originates from the formation of two
phases, disordered (Brownian) regions and highly ordered
domains via attractions as well as repulsions [22-27].
According to this model, the observed peak in the small-
angle scattering patterns represents ordering within the
domains of a higher density, which coexists with less dense
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disordered regions. Consequently the presence of local
inhomogeneity was inferred from the observation that the
interparticle distance d.., from the peak position is clearly
smaller than expected values, d,,; calculated from polyelec-
trolyte concentration for a uniform particle distribution. The
inequality d.y, <d.5 has been observed as the evidence of the
formation of ordered domains for charged colloidal suspen-
sions [24,25] and polyelectrolyte micro-gel solutions [26]. The
theory of attraction of likely charged polyelectrolyte solutions
causing a two state structure was proposed by Sogami and
more recently Schmitz and Bhuiyan [22,23]. The solution
structure of charged dendrimers has been examined by several
research groups. The charged PAMAM dendrimers were
reported to form a two state structure based on the observations
of the relationship deyp, <d,ni, for the higher generation (=G7)
[12]. For the relatively low generation dendrimers (G5) of
PAMAM and poly(propyleneimine), instead of highly ordered
domains, short-range ordering (liquid-like ordering) induced
by intermolecular Coulombic repulsions has been proposed for
the solution structure [11,13]. The solution properties of
neutral (non-charged) arborescent polymers have been exten-
sively studied including P2VP copolymers [28]. To our
knowledge no structural investigation has been detailed for
arborescent graft polyelectrolyte solutions. The purpose of this
article is to investigate the structure of charged arborescent
polymers in dilute solution (below an overlap concentration),
¢=0.005-0.05 (¢: mass fraction) using SANS and DLS. The
main focus is to elucidate the influence of the ionization level,
solvent quality and branch size on the structure of arborescent
graft polyelectrolyte solutions.

2. Experimental procedures

The synthesis and characterization of the arborescent
poly(2-vinylpyridine) copolymers used in this study have
been discussed in detail elsewhere [8,9]. The generation 1 (G1)
arborescent copolymer molecules used in the investigation was
obtained by grafting comb-branched polystyrene (GOPS)
substrates with P2VP chains. To study the influence of P2VP
chain length on the polyelectrolyte properties, P2VP with a
molecular weight of either 5000 (P2VP5K) or 30,000
(P2VP30K) were used as side chains. Since, the molecular
weight of arborescent graft polymers grows exponentially for
successive generations, the copolymers contained at least
90 mol% P2VP even though the GO substrate was pure
polystyrene. The molecular weight of the side chains was
determined by the size exclusion chromatography by analysis

Table 1
Characteristics of arborescent polystyrene substrates

Generation Branches Graft polymers
My (gmol ™Y MM, M, (LS £, (tot)
(SEC)* (SEC)* (gmol ™)

GOPS 5220 1.07 6.7%x10* 12

? Values from SEC analysis using linear PS standards calibration.
b Absolute My, of the graft polymers from laser light scattering.

of a sample removed from the reactor prior to the grafting
reaction. The GO substrate consisted of a linear polystyrene
backbone (M,,=5420, M, /M,=1.09) grafted with 12 poly-
styrene side chains (M,,=5220, M,/M,=1.07), for a total
MW=6.7><104 as shown in Table 1. The characteristics of
copolymers are given in Table 2.

Deuterated methanol (CD;OD, methanol-d4) and deuterium
oxide (D,O) were used as solvents. Methanol-d4 was a good
solvent for the GOPS-P2VP copolymers and HCI was added to
the solutions to charge the polymers. The copolymers would
not dissolve in D,O until HC1 was added. Each 2VP unit carries
one aromatic amine functionality that can be ionized upon
addition of HCI. The charge density is defined as the
stoichiometric ratio of added HCI to the total number of
amine groups in the polymer solution (Eq. (1)). When « is
equal to 1, all the 2VP units are assumed to be ionized.

moles HCI

= 1
“ moles P2VP M

Small-angle neutron scattering (SANS) experiments were
carried out at the Center for Neutron Research at the National
Institute of Standards and Technology on the 30 m NIST-NG3
and NG7 instruments [29,30]. The raw data were corrected for
scattering from the empty cell, incoherent scattering, detector
dark current, detector sensitivity, sample transmission, and
thickness. Following these corrections the data were placed on
an absolute scale using either a calibrated secondary standard
or direct beam measurement and circularly averaged to
produce I(g) versus g plots where I(g) is the scattered intensity
and ¢ is the scattering vector (¢=sin #47/A). The g range was
0.0046-0.0820 A~ ! and the neutron wavelength was A=6 A
with a wavelength spread AA/A=0.15.

Dynamic light scattering measurement was carried out
using a Malvern Zetasizer 3000. Photon autocorrelation
functions were obtained from a Malvern 7132 correlator at
an angle 90". The laser used for this wok is a nominal 5 mW
helium neon continuous power model having a wavelength
633 nm. Sample temperature was maintained 25°C. For
dynamic scattering the real time random motion of polymer
in solution is considered. The instantaneous scattering intensity
I(g, t’) at time ¢’ correlates the intensity after an elapsed time 7
(at time ¢+ 7). This correlation is defined by the autocorrela-
tion function, G(7) [31].

G(1) = (1(4.0)I(q.7))

. L / / /
_%1_%1 [t JOI(q,t)I(q,t —i—r)dt )

When 7=0, the autocorrelation function is {[/(¢,0)]%), the
mean-square value of the intensity. For the Brownian motion of
a monodisperse solute, the decay curve is that of a single
exponential and

G(r) = (1(4.0))*

+ [([16.0)7) = (1(a.0))?|exp(—7) G)
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Table 2
Characteristics of arborescent 2-vinylpyridine graft copolymers

Copolymers Side chains Graft polymer Graft copolymers
composition/mol% P2VP¢
M,, (g mol " (SEC)* M/M,, (SEC)* M,, (gmol ") (LS)° fultot)
GOPS-P2VP5K 5820 1.08 90 72%10° 112
GOPS-P2VP30K 28,600 1.09 97 3.2X10° 111

# Values from SEC analysis using linear PS standards calibration.
b Absolute My, of the graft polymers from laser light scattering.
© Copolymer composition determined using 'H NMR spectroscopy.

where I'=1/2¢°D and D is the diffusion coefficient. D was
determined by fitting autocorrelation function to the following
simple expression with three fitting parameters, the amplitude
A, the base line B and the D

G(r) = [Aexp(—¢*Dr)]” + B )

The hydrodynamic radius Ry, of the particles was obtained
using the Stokes—FEinstein equation:

D = kT/6mBR,, (5)

where k is the Boltzmann constant, 7 is the absolute
temperature, (3 is the solvent viscosity.

The correlation curves were analyzed for the multimodal
distribution of particles in solution using the CONTIN
algorithm written by Provencher [32].

3. Results and discussion

Fig. 1(a) shows SANS data collected for GOPS-P2VP5K
copolymer in methanol-d4 in which polymer concentration is
fixed at $=0.03 and « was varied from 0.0 to 0.3. The
progressive decrease of the scattering intensity in very low g
correlates well with the increase of the total osmotic pressure
upon increasing acid concentration. The most notable effect
upon addition of acid is the appearance of a scattering peak,
which is a common feature for polyelectrolyte solutions and is
consistent with the previous observations of dendritic
polyelectrolyte solutions [10-13]. The origin of the peak has
been normally interpreted for dendritic polyelectrolyte sol-
utions as a correlation peak of which position is related to an
inter-particle distance due to long-range Coulombic inter-
actions. As provided in Fig. 1(a) the peak becomes more
pronounced with its increasing charge density up to «=0.3,
showing that ordering is enhanced owing to the increasing
number of ionized 2VP monomers. The location of the peak is
roughly maintained unchanged as a function of «. The origin of
the peak in the scattering curve can be further understood by
examining the dependence of the peak position on polymer
concentration. The SANS curves for GOPS-P2VP5K (ionized
with « =0.5) molecules in methanol-d4 are shown as a function
of polymer concentration in Fig. 1(b). The location (q*) of the
peak moves to higher ¢ as ¢ increases following the scaling law
g =k¢" with n=0.313+0.01 which corresponds to a simple
volume expansion (n=1/3) of the interparticle distance with
decreasing polymer concentration. A scaling exponent of about

1/3 has been reported for spherical polyelectrolyte systems
such as charged dendrimers [10-13], micelles [33], and
globular biopolymer solutions [34]. The nearest neighbor
interparticle distance dey, was estimated from the observed q*
and compared with the average interparticle distance d,;
calculated from the molecular weight and polymer concen-
tration assuming a face-centered-cubic (FCC) lattice and
simple-cubic (SC) lattice (Table 3). For an FCC lattice, the

nearest neighbor interparticle distance is given by
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Fig. 1. SANS data of GOPS-P2VP5K in methanol-d4 (a) (¢=0.0313) as a
function of acid concentration, « (b) («=0.4) as a function of polymer
concentration, ¢.
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doxp = \/En/q(*m), where ¢" is the (111) peak position. The
nearest average interparticle distance d,,; was calculated from

V2 (. >

dni =5
i = \NAC,

(6)

where M,, is the molecular weight, N, is Avogadro’s number
and C,, is the mass concentration. For a simple cubic lattice,

dexp = 2T0/q()00) and the nearest average interparticle distance
was calculated using
M 13
dyni = - 7
uni (NACm) ( )

The results summarized in Table 3 show that the values of
dexp agree with (for FCC, slightly larger than) d,,; for all
concentrations investigated confirming the absence of inequal-
ity, dexp<duni which has often been observed for charged
colloidal systems [24-26]. The relationship d.yp, = dyn; Suggests
that the peak originates from the liquid-like ordering of likely
charged arborescent graft polymers that uniformly correlate
throughout the solution. For ordinary non-charged molecular
fluids, the high packing density, the volume fraction n=0.3—
0.5 is necessary to produce liquid-like ordering induced by
short-range repulsive potentials. In contrast, charged colloidal
suspensions correlate via long-range Coulombic interactions
and liquid-like ordering normally occurs at packing densities as
low as n=0.001. The observed liquid-like ordering for the
arborescent graft polyelectrolyte solutions at very low
concentration ¢=0.005 indicates the strong influence of
long-range electrostatic interactions on the solution structure.
The liquid-like ordering has also been observed for charged
dendrimer solutions [11,13]. Recent experimental studies
confirm that the size of dendrimers remains unchanged upon
charging them [11,35]. This result clearly shows that the liquid-
like ordering of dendrimer polyelectrolyte solutions is not
caused by the hard sphere interaction of expanded dendrimers,
but by purely long-range electrostatic repulsions. The size
expansion for charged arborescent polymers is found to be
larger than dendrimer but relatively insignificant for polymers
grafted with short branch of 5K [9]. The peak was seen in the
SANS curves for charged GOPS-P2VP5K copolymers at low
concentration ¢=0.005 where the interparticle distance is
significantly greater than the particle diameter of charged
molecules. In the previous SANS investigation for non-charged
GOPS-P2VP5K polymers, we demonstrated that the peak was
not found even at high concentration ¢=0.053 where the
polymers are close to an overlap condition [28]. These reveal
that liquid-like ordering (peak) originates from long-range
electrostatic interactions for charged arborescent polymers in
solution.

The combined investigation of SANS with DLS measure-
ments was carried out for charged solutions. The results by
both SANS and DLS measurements for GOPS-P2VP5K
copolymers at ¢=0.005 as a function of « are provided in
Fig. 2. As shown in Fig. 2(a) the peak in the SANS patterns
disappears upon addition of HCl in excess of the stoichiometric
amount (a>1) where all 2VP are already ionized and further

added acid increases counterion concentration, leading to the
screening of electrostatic interactions. The radius of gyration
(Ry) was calculated using Guinier’s equation,
I(9)=1(0)exp(—R3¢*/3). The R, values for uncharged and
fully screened GOPS-P2VP5K molecules are nearly equivalent.
The scattering becomes eventually similar to that of uncharged
polymer solution although the scattering intensity of fully
screened solutions remains smaller than that of neutral
polymer. The diffusion distribution curves obtained by DLS
for GOPS-P2VP5K copolymer at ¢=0.005 in methanol are
shown in Fig. 2(b). Upon addition of HCI one average diffusive
relaxation split into two modes in the diffusion distribution
curves. The solution of neutral polymer with a narrow
polydispersity typically shows one average diffusive relaxation
by DLS. However DLS auto correlation function for
polyelectrolyte solutions normally show two exponential
decay times yielding to two diffusive relaxations, faster and
slower than that of the corresponding neutral polymer solution.
This anomalous dynamic behavior of polyelectrolyte solutions
was termed the ordinary—extraordinary transition. A slow mode

(@ 4

0 0=0 (no HCI), R,=87 A
0 0=0.4
v 0=3.47 (excess HCI), R;=86 A
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-
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10°® 107 10° 10°
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Fig. 2. Comparison of SANS and DLS measurement of GOPS-P2VP5K with
different acid concentration « at the same polymer concentration ¢ =0.005 (a)
SANS data as a function of « in methanol-d4 (b) diffusion distribution curves as
a function of « in methanol.
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has been reported for nearly all types of polyelectrolyte
systems including colloidal suspensions and charged dendri-
mers [14,15]. Although the low g upturn was not clearly seen in
the SANS patterns for charged GOPS-P2VP5K polymer
solutions, the slow mode observed by DLS in Fig. 2(b)
possibly indicates the presence of local large-scale structures in
the solutions. However, the observed slow mode is only two
times smaller compared to the single mode from the neutral
arborescent polymer solutions, while the separation between
the slow mode and the single mode of the corresponding
neutral polymer has been found to be at least one order of
magnitude for the most of linear polyelectrolyte and charged
colloidal systems. The Fig. 3(a) shows the auto correlation
function with increasing polymer concentration. At higher ¢,
the double exponential of correlation function becomes more
evident compared to lower concentration solutions resulting in
the decrease of the slow mode as a function of ¢ as shown in
Fig. 3(b). Another interesting feature of DLS measurements is
that two modes merge back into a single mode, recovering the
dynamics of neutral polymer solutions upon addition of
stoichiometric excess HCl (a>1) due to the screening of
electrostatic interactions. Some studies proposed that structural

(a) L T e S ——
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0.8
z
2 I
S 06f
= L
s
5 |
L o4}
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02
0
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Time, ps
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Q 610»7— B\B/////E] |
N
=
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§ 31071 -
(2]
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g 2107t .
107l G\s\ |
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0 0.005 0.01 0.015 0.02 0.025
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Fig. 3. (a) Auto correlation function as a function of ¢ (b) diffusion coefficient
of the fast and slow mode as a function of ¢.

inhomogeneity is due to the macroscopic demixing promoted
by hydrophobic interactions of backbone [36,37]. The
disappearance of the slow mode by screening effect, however,
indicates that inhomogeneity does not result from hydrophobic
GO polystyrene comb but by purely electrostatic interaction.
The average diffusion coefficient for the uncharged and fully
screened polymer is nearly identical agreeing with the R,
measurement by SANS (Fig. 2(a)). The fast mode has been
explained in terms of polyion-counter ion coupling. The fast
diffusion mode shown in Fig. 3(b) is essentially found to be
independent of concentration agreeing with some other
experimental results [16-18].

The considerable research efforts have been made to
account for the coexistence of local inhomogeneity and
ordering in polyelectrolyte solutions, although currently no
theory is widely accepted by polymer science community. The
low g upturn was previously observed for dendrimer
polyelectrolyte solutions and interpreted as the indicative of
local large-scale structures, possibly aggregates in the solutions
which exhibit liquid-like ordering at the same time. Similarly
the slow dynamics for arborescent polyelectrolyte solutions
could be attributed to the formation of temporal aggregates,
which are floating in liquid-like ordering phase. This
interpretation is analogous to the structural analysis for linear
polyelectrolyte solution by Forster showing that temporal
aggregates freely move in semi-dilute net work structure in the
solutions [17]. Assuming that the slow mode originated from
the dynamics of aggregates in the arborescent polyelectrolyte
solutions, the structure of aggregates should have been well
resolved by SANS within the g range investigated, given the
relatively small size of the slow mode calculated by Eq. (5).
Such a low g scattering, however, has not been seen in SANS
data. It is then possible to infer that the slow mode by DLS does
not represent aggregates but some other kind of local
inhomogeneity. One of the interesting results drawn from the
combined investigation of DLS with SANS is that the
screening of electrostatic interactions eliminates not only the
slow mode but also the peak in SANS data as shown in Fig. 2.
This behavior may imply that local inhomogeneity and liquid-
like ordering possibly originate from the same Coulombic
repulsions. This argument is also conceptually similar to the
model proposed by Ermi et al. in the aspect that ordering and
the aggregation have same origin, which is however, an
attraction for the case of linear polyelectrolyte system [38]. For
arborescent polyelectrolyte, the idea of the same origin for both
ordering and structural inhomogeneity in the solution may not
favor ‘attraction’ but rather ‘repulsion’ for the origin of
inhomogeneity. The aggregation and a two state structure
model are based on the same concept that the attraction is
responsible for structural inhomogeneity. Besides the attraction
of likely charged macroions, Roji et al. suggested that charged
colloidal particles undergo a fluid—fluid (gas—liquid) phase
separation although they interact via a purely repulsion. This
indicates that attraction is not necessary for local inhomogen-
eity in polyelectrolyte solutions [39]. However, even in the
case of a fluid—fluid (gas—liquid) phase separation by repulsions
for arborescent graft polyelectrolyte solutions, the absence of
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Fig. 4. Comparison of SANS data of charged GOPS-P2VP5K for very dilute
concentration ¢ <0.01 in (a) D,O and (b) methanol-d4. DLS measurement (c)
Particle diameter distribution curves at ¢ =0.01.

the low scattering or upturn in the SANS data for arborescent
polyelectrolyte solutions is still a question. We tentatively
conclude that the origin of the slow mode by DLS may be
related to temporarily correlated movements of a few charged

Table 3
Comparison of dy, and dyy,; for GOPS-P2VP5K in methanol-d4

¢ Simple cubic Face-centered cubic
dexp (A) duni (A) dexp (A) duni (A)
0.005 595 598 729 671
0.010 501 477 613 536
0.020 390 376 477 422
0.030 333 328 408 369
0.053 299 295 366 331

molecules or branches within liquid-like ordering rather than a
separated phase.

The screened Coulombic repulsions of spherical electrolyte
can be described by the classical DLVO (Derjaguin—Landau—
Verwey—Overbeek) theory. Ignoring the weak van der Waals
contribution to the DLVO potential, the repulsive potential
between two identical spherical macroions of diameter o is [40]

U(r) = Tceosazwgexp (—%)/r, r>ao ()

where r is the interionic center-to-centre distance, ¥ is the
surface potential, ¢ is the dielectric constant of the solvent
medium, and ¢ is the permittivity of free space. « is the Debye-
Hiickel screening length determined by the ionic strength of the
solution and K2=47TIB,LL (lg= Qz/ekBT is the Bjerrum length, u
is the ionic strength and 7 is the temperature). The SANS data
of charged arborescent polymers in D,O and methanol-d4 at
low ¢ (¢<0.01) are compared in Fig. 4. The DLVO theory
predicts that the kind of solvent should have a significant effect
on the strength and the range of electrostatic interaction due to
the different . The screening length « is inversely proportional
to the square root of the dielectric constant of the solvent. As a
result Coulombic interactions should be more effectively
screened in D,O (¢=80) than in methanol-d4 (¢=36). No
clear scattering peak was observed in D,O solutions at these
low concentrations (only a weak shoulder is visible in the ¢ =
0.005 sample), consistent with more effective screening of
electrostatic interactions because of the higher value of . A
peak is discernable in D,O for slightly higher concentration,
$=0.0102 compared to 0.0096. The scaling factor for g~ ~ ¢"
in D,0 is found to be n=0.377%0.034. The d.y, values for
polymers in D,0 agree with (for FCC, slightly larger than) the
dun; showing that charged arborescent polymers form liquid-
like ordering in the aqueous solution as well as in methanol.
The d.x, values estimated from the observed q* in D,O is
slightly smaller than in methanol-d4 as given in Tables 3 and 4.
The DLS measurements were carried out on the aqueous
solutions of the charged arborescent polymers. Similar to the

Table 4
Comparison of dey, and dyy,; for GOPS-P2VP5K in D,O

[} Simple cubic Face-centered cubic
dexp (A) duni (A) dexp (A) duni (A)
0.0102 485 477 594 536
0.0200 367 376 450 422
0.0300 327 328 401 369
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Fig. 5. SANS data for charged GOPS-P2VP5K at ¢=0.02 in D,O (a) as a
function of « (b) as a function of NaCl concentration, as.

solutions in methanol, DLS of the aqueous solutions shows the
slow and fast mode which are to merge back to a single mode
upon addition of stoichiometric excess HCl due to the
screening of electrostatic interactions (Fig. 4(c)). The Ry
value from the slow mode in water by Eq. (5) is slightly larger
than in methanol, while the value of R, for the fast mode does
not change in both solutions under the same concentration.
Fig. 5(a) provides the SANS data for GOPS-P2VP5K
copolymers in D,O in which polymer concentration is fixed
at ¢ =0.03 and « was varied from 0.48 to 0.78. The SANS data
of neutral solution is not available because GOPS-P2VP5K
copolymer dissolves in water only upon addition of HCI. The
GOPS-P2VP5K copolymers in D,O at o« =0.48 exhibit the peak
in the SANS patterns. Interestingly the polyelectrolyte peak
vanishes upon the further addition of HCl («>0.48) and no
peak was observed at a~1 where the charge density is
expected to maximize. This result is different from charged
PAMAM dendrimer solutions which showed the most
pronounced peak at a«=1 by SANS [11]. The arborescent
polymer is highly branched polymer and the charge density of
its polyelectrolyte is much higher than dendrimer polyelec-

trolytes. For instance, the total number of potentially ionized
sites at « =0.4 for the G1 polymer studied here is 2200 which is
substantially larger than 128 terminal amine groups of the G5
PAMAM dendrimers [11]. The polyelectrolyte theory for
highly branched polymer solution predicts that most of the
counterions are drawn into within polymer intrachain volume
even in dilute solutions (charge renormalization). Conse-
quently the effective charge becomes substantially small and
the interaction of polyelectrolyte is governed by the entropic
contribution of the trapped counterions instead of electrostatic
interactions, termed osmotic behavior [41,42]. No peak in the
SANS data indicates that most of counterions condensed into
the strongly charged arborescent polymer (« ~ 1). Based on the
gradual diminishment of the polyelectrolyte peak in the regime
0.5<a<1, the transition from an electrostatic to osmotic
regime (fully screened) occurs gradually as a function of «. The
transition regime 0.5 <« <1 can be considered an intermediate
regime where the electrostatic repulsions between molecules is
still strong enough to exhibit the interference peak, showing
incomplete charge renormalization. The observed intermediate
regime is more complex compared with some theories which
assume either purely osmotic (fully screened) or purely
electrostatic regimes depending on the charge density [42].
The screening of Coulombic interactions in acid solutions can
also be achieved by adding the salt. The neutralization degree,
ag is defined as the stoichiometric ratio of added salt to the
number of protons added in acidic solutions given by

__ moles HCI
" moles NaCl

The scattering curves of GOPS-P2VP5K copolymer at ¢ =
0.03 in D,O are shown in Fig. 5(b) as a function of «ag. The
ionization degree is fixed at «=0.48, but added salt
concentrations varied from ag=0.01 to 0.15. Similar to the
screening observed in the intermediate regime by excess [43]
HCI (a>0.48), the polyelectrolyte peak gradually diminishes
with increasing as.

According to the Hayter and Penfold model, the surface
potential ¥ in Eq. (8) is related to the charge number z on the
macroion by

(€))

g

Z

mego (2 + ko) (10)

Yo =
The scattering intensity is given by the product of the
structure factor S(g) and the particle form factor P(g):

I(q¢) = n,P(¢)S(q) (11)

where n;, is the particle number density. The structure factor,
S(g) for the DLVO potential (Eq. (8)) was calculated by Hayter
and Penfold using a mean spherical approximation [40].
Combining P(g) of a hard sphere model and S(g) by the Hayter
and Penfold model, the scattered intensity for spherical
polyelectrolyte such as charged GOPS-P2VP5K copolymers
can be calculated. This model was used to fit the SANS data for
charged GOPS-P2VP5K copolymers in D,O (¢ =0.02) and the
best fits are provided in Fig. 6(a). The adjustable parameters
were the molecular diameter (o), volume fraction (1) of the
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Fig. 6. Hayter—Penfold (HP) model fits to SANS data of GOPS-P2VP5K as a
function of « in (a) D,O (¢=0.02) (b) methanol-d4 (¢=0.03).

polyelectrolyte, excess salt concentration (Cs), and the charge
number (z). The charges were assumed to be monovalent. The
Schulz distribution was used to describe the polydispersity.
The validity of the parameters determined by fitting can be
examined by the following relation [28]

_ (0/2)?
NE

where d is the density of polymer, n is the volume fraction
of swollen polyelectrolyte dissolved in the solution and C is
the volume fraction of (dry) polymer. The n and ¢ values
obtained from the fits in Fig. 6(a) correlated well with
polymer concentration (C) and molecular weight via Eq.
(12). The quality of the fit to the experimental data,
particularly the peak region was sensitive to the change in
the charge number (z). The molecular diameter o from the
fits roughly remain constant about 166 +8 A as a function of
a. Since, no excess HCl was added (a<1), a fitting
parameter C, was fixed at zero. The number of charges per
molecule attained from the fits decreases with increasing «,
which is consistent with the gradual diminishment of the
scattering peak. Fig. 6(b) shows the best fits to the
experimental data for charged GOPS-P2VP5K polymers in
methanol-d4 in the regime a=0.043-0.3, where the peak
becomes sharper with increasing «. The number of charges
per molecule from the fit increases as a function of «, which
is consistent with the progressive development of the
scattering peak. Using the Hayter—Penfold model for S(gq)
clearly demonstrated the strong correlation between the peak

12)

development and the effective charge number of molecules,
in other words, long-range Coulombic repulsions. The DLVO
potential by the Hayter—Penfold model, qualitatively
describes well intermolecular long-range Coulombic repul-
sions which generated the liquid like ordering of arborescent
graft polyelectrolyte solutions, however, the model does not
account for some of the key features of highly branched
polyelectrolyte systems. The Hayter—Penfold model assumes
that the charge is only on the surface of spheres while for
arborescent graft polyelectrolytes the ionization of 2VP units
can occur throughout the molecule. Furthermore, the model
also does not take into account the effects of strong charge
renormalization of highly branched polyelectrolyte, osmotic
pressure upon addition of acid to the solutions and structural
inhomogeneity. The quantitative results from the fitting may
be unrealistic (for example at «=0.4 the number of ionized
sites was estimated to be 37 from the fit, as compared with
the presence of ~2200 potential ionizable groups). Regard-
less of some drawbacks of the model, the variation of z value
obtained from the fits by the Hayter—Penfold model
qualitatively follows well the trend of the peak evolution
as a function of charge density.

To examine the influence of P2VP chain length on the
polyelectrolyte behavior, SANS was performed on 30K P2VP
polymer (GOPS-P2VP30K) for a comparison with 5K polymer
(GOPS-P2VP5K) discussed up to now. The viscosity of GOPS-
P2VP30K copolymer in methanol-d4 increases dramatically as a
function of a. At ¢ =0.01 GOPS-P2VP30K copolymer solution
immediately forms a gel on addition of HCI for 0 <« <0.4. The
formation of a gel at $=0.01 for GOPS-P2VP30K molecule
contrasts with GOPS-P2VP5K copolymer, which does not gel
even at 10 times higher concentrations (¢ ~0.1). Our previous
DLS [9,44] measurements showed that molecular expansion was
found to be significantly larger for the arborescent polymers
grafted with longer 30K polyelectrolyte chains, compared to 5K
chains. The gelation for 30K sample may reflect this effect of
expansion upon charging polymers. Increasing the ionization
level (a>0.4) caused a gel to change back to a liquid. For GOPS-
P2VP30K system in methanol-d4, « =0.4 is the transition point
where the effective charge starts to decrease with increasing acid
concentration due to charge renormalization. The large contrac-
tion of charged 30K chains induced by charge renormalization
was previously observed [44]. As a result, a gel weakens and the
liquid state is recovered for a>0.4. The SANS data for GOPS-
P2VP30K polymer solutions at fixed concentration (¢ =0.01) are
provided in Fig. 7(a). Upon gelation the scattering intensity
decreases due to the increase of total osmotic pressure upon
addition of HCI. The interesting feature in SANS data collected
for a gel is the appearance of broad shoulders at higher ¢ in
addition to the interparticle correlation peak in lower g. The
primary peak appeared in the SANS for a gel is sharper than that
for liquid state and the higher ¢ shoulders are found only for a gel.
These indicate that charged copolymers in a gel are less randomly
distributed than in liquid state. This type of broad shoulders in
addition to the primary peak in small-angle scattering curves has
often been observed for microphase separated block copolymer
systems and interpreted as the evidence of liquid-like ordering of
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Fig. 7. SANS of GOPS-P2VP30K in methanol-d4 (a) Comparison of liquid state
(slightly charged @<0.001) and gel state (¢=0.3) for same solution
concentration (f=0.01), The HP and PY (percus-Yevick) model fits to the
data from a gel (b) Screened gel (Liquid state, a=0.7) as a function of f.

spherical micelles [45—47]. The liquid-like ordering of these non-
charged solutions has been quantitatively analyzed by the
Percus—Yevick model for small-angle scattering data analysis
[48]. The Percus—Yevick approximation delineates hard sphere
(excluded volume) interactions and has been successfully applied
to many high density fluids and liquid state systems [45-47]. The
gelation of GOPS-P2VP30K copolymers appears to be attributed
to not only long-range Coulombic interactions but also the
increased packing density of significantly expanded polyelec-
trolyte branch. Itis then possible to assume that unlike 5K charged
solutions, a gel may resemble the behavior of highly concentrated
fluids where liquid-like ordering occurs principally due to hard
sphere interactions. Both the Percus—Yevick and Hayter—Penfold
models for S(g) using the hard sphere model for P(q) were fit to
the experimental data from a gel. The polydisperse S(g) for hard

Table 5
Structural parameters determined by fittings of SANS data for the gel
Ry (A) Polydispersity®  Volume Charge (z)
fraction (1)
HP model 386 0.22 0.5 20
PY model 376 0.15 0.55 -

2 The polydispersity = o/R,, where o is the variance of the distribution.

sphere interactions by the Percus—Yevick approximation was
derived by Griffith et al. [49]. A large increase in the molecular
size for a fitting parameter is necessary to fit the data, particularly
the second shoulder in the higher ¢ regime indicating that the
shoulders originates from the form factor of substantially
expanded GOPS-P2VP30K polymers. The structural parameters
obtained from both fits are summarized in Table 5. Although both
model fits give relatively a good agreement with the primary
peak, the deviation with the experimental data becomes larger in
the higher g regime. The deviation may be reduced by using a
more appropriate model, which takes into account the combined
effects of charge and hard sphere interactions for this
polyelectrolyte gel system. As the solution changes from a gel
to a liquid, the shoulders in higher ¢ disappeared [Fig. 7(b)]
reflecting the substantial contraction of 30K P2VP chains due to
the screening of electrostatic interactions as previously observed
by DLS [44]. The peak position scales with polymer concen-
tration [Fig. 7(b)] according to ¢ =k¢" with n=0.3440.03
molecules. In contrast to low « (=0.2), for higher a (=0.7)
arborescent polymers do not interpenetrate in a manner sufficient
to induce gelation evenat ¢ >¢ (~0.01) where ¢ is the overlap
concentration (gelation begins) for lower o values. This is
consistent with the theoretical prediction for highly branched
polyelectrolyte solutions that the system should be self-screened
with the molecules being impenetrable and exhibiting liquid-like
ordering at ¢ > ¢" [42].

4. Conclusions

The combined investigation of SANS with DLS were
carried out on the dilute solutions of charged arborescent G1,
polystyrene-graft-poly(2-vinylpyridine) copolymer. The
SANS curves from charged GOPS-P2VP5K copolymers in
methanol-d4 and D,O displayed an interference peak. The
calculation of the interparticle distance for a uniform particle
distribution and a comparison to the values from the
experimental data (dexp=d,n;) indicates that the scattering
peak represents the liquid-like ordering of charged arborescent
graft polymers due to long-range Coulombic intermolecular
repulsions. The Hayter—Penfold model for S(g) was used to fit
the SANS data for charged GOPS-P2VP5K copolymer in
solutions. The number of effective charge obtained from the fits
by the Hayter—Penfold model was consistent with the trend of
the peak evolution as a function of charge density, indicating
that charged arborescent polymers may interact via the
screened repulsions which are qualitatively similar to the
DLVO potential. The smaller dielectric constant of methanol-
d4 resulted in long-range electrostatic repulsions persisting to
lower polymer concentration than in D,O. The dynamic light
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scattering showed two diffusive relaxations processing upon
addition of HCI to the GOPS-P2VP5K polymer solution. The
slow mode dynamics observed by DLS possibly indicates the
local structural inhomogeneity of arborescent graft polyelec-
trolyte solutions. The peak and slow mode disappeared
simultaneously due to the screening of electrostatic inter-
actions upon addition of excess HCIl into solutions. The
molecular expansion was found to be more significant for the
polymer with longer polyelectrolyte branch chains (P2VP30K)
than shorter ones (P2VP5K), which resulted in the P2VP30K
molecules forming a gel upon addition of acid at low acid
concentrations (0 <« <0.4). The gel breaks on the further acid
addition («>0.4) resulted from the screening by the counter-
ions drawn into the intermolecular volume.
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