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ABSTRACT: Long chain sodium polyacrylate polymers in dilute aqueous solution respond extremely
sensitive to the addition of small, stoichiometric amounts of Ca2+ ions. Essential features of this response are
a considerable shrinking of the coil dimensions and an additional sensitivity of the coil dimensions toward a
change in temperature. To reveal details of this shrinking process, the conformational changes in response to
the addition of alkaline earth cations at two different temperatures are investigated by means of light and
neutron scattering and by AFM on the same samples, respectively. Partially collapsed coils at 15 �C were
further shrunken andmodified in shape by increasing the temperature to 30 �C.The scattering curves from the
intermediates at 30 �C could successfully be interpreted with a pearl necklace model, which includes a low
amount of pearls per polymer separated by 80 nm from each other. AFM investigations of adsorbed chains
confirm the drastic conformational changes inferred to the system with the temperature increase by 15 �C.
The results are considered to be one of the rare direct evidence for a pearl-necklace-like intermediate along the
coil-to-globule transition of polyelectrolyte chains.

Introduction

The shrinking of polymer coils in poor solvents is a mature
topic in polymer science, yet it has not lost any of its attractive-
ness. Originally driven by a purely fundamental interest in the
coil-to-globule transition postulated by Stockmayer1 and de
Gennes,2 it has meanwhile gained a considerable technological
relevance. This relevance is due to the fact that the process
has model character for potential applicabilities in responsive
materials.

The collapse of coils to compact spheres has been proven for
the first time in 1980 by Sun et al.3 Successively, several features of
intermediate structures have been addressed. Chu et al.4 identi-
fied a two stage process with the first stage being attributed to a
nucleation and growth of beads along the chains, which further
grow and merge during a second stage. A considerable experi-
mental hurdle to be overcome was the speed of these structural
changes. At the same time Kuznetsov et al. presented Monte
Carlo simulations for the kinetics of the coil-to-globule transition
where locally collapsed domains along the coils are formed
initially which in a second stage grow in size and eventually
combine to form a single sphere within a chain.5 This schematic is
emphasized because it may bear similarities to the subject of the
present report.

Theoretical postulations concerning a similar transition of
polyelectrolytes have been first presented by Kantor and Kadar6

and Rubinstein et al.7 who transferred the concept of the shape
instability of charged oil droplets to collapsing organic polyam-
pholeytes and homogeneously charged polyelectrolyte coils in
water respectively. Unlike the oil droplets, however, the resulting
subdroplets of partially collapsed charged polyelectrolyte coils

remain interconnected by string-like coil segments. The reversed
expansion of such collapsed polyelectrolytes leads to a cascade of
transition states, which resemble necklace-like structures. These
transition states bear only partial similarity to the electrically
neutral intermediates5 mentioned above. Contrary to the latter,
the electrostatics of polyelectrolyte intermediates aligns the split-
ting beads equidistantly along a straight line if no additional salt
is present in solution. This structure shall be denoted as stretched
pearl necklace chain in the present article. Screening of electro-
static repulsions due to an added salt may disturb this alignment
of beads. It is also worth being noted that the electrostatic nature
of the shrinking coils may stabilize intermediates and thus makes
its investigation easier than in the case of neutral polymers. As
could be revealed by further theoretical investigations and
simulations, a subtle interplay of solvent quality for the hydro-
phobic backbone, of polymer concentration and of the degree of
electrical charging is required to generate such necklace-like
intermediates.8-11 In the necklace regime, a large fluctuation of
the bead size and number of beads per chain occurs within a
sample.9-11

If all other parameters are appropriately fixed, coil shrinking
can be induced by its discharge. Discharge of a polyelectrolyte is
achieved either by counterion condensation, by complex bonding
of specifically interacting counterions, by variation of the fraction
of chargeable groups in a copolymer or by changing the solvent
quality for the polymer. A survey of these contributions is given
recently.12 Discharging polyelectrolyte coils with specifically
interacting cations;usually protons or multivalent metal
cations;is especially appealing for two reasons: (i) it avoids a
cosolvent, and (ii) it has a stronger impact than counterion
condensation. Yet, as we will see, specifically interacting
counterions in the presence of an additional inert salt modify
the formation of stretched necklace chains, anticipated theoreti-
cally7-11 in salt-free solution.
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Many of the experimental reports on polyelectrolyte shrinking
support the model of a necklace-like chain conformation. How-
ever it is the number of indications rather than a clear-cut proof,
which seems to confirm the theoretical predictions. Experiments
which are considered to reveal the most direct indications for
pearl necklace structures are small angle scattering curves from
single chains and atomic force microscopy (AFM) images of
isolated coils.

Geissler et al.13 induced the shrinking of polyelectrolytes in
salt-free water by addition of acetone and performed small angle
neutron scattering (SANS) experimentswith collapsed chains. By
comparing the overall size of polyelectrolyte chains with the
behavior of the scattering curves at high q-values, they found an
indication for a string of three to four beads. Schweins et al.14

investigated the collapse of NaPA, induced by divalent alkaline
earth cations. Only in one case did the trend of a combined light
and small angle neutron scattering provide data of sufficient
quality in the q-regime appropriate to provide clear evidence for a
bead-bead correlation as a characteristic feature of necklace
chains. More recently, Bou�e et al.15 succeeded in revealing
indications for necklace structures in semidilute solution of
partially sulfonated polystyrene sulfonate. Form factors of single
chains could be extracted by means of the zero average contrast
method and depending on the degree of sulfonation yielded
contributions from elongated chain segments and spherical
entities.

Contrary to scattering techniques,microscopyprovides images
in real space, yet with the disadvantage that chains can only be
imaged after the adsorption process thus putting considerable
strain on the polymer coils while preparing the samples. Recently
AFM has been successfully used for the study of the coil
shrinking of relatively large synthetic polyelectrolytes.
Stamm et al.16,17 induced this shrinking for poly(2-vinylpyridine)
and poly(methacryloyloxyethyl dimethylbenzylammonium
chloride) by addition of Na3PO4 as a low molecular weight salt,
which screens intermolecular repulsions. They succeeded to
image a cascade of transition states with necklace shape on
mica substrates. The number of beads and the length of the
interconnecting strings decreases, while the size of the
beads increases with increasing salt concentration in the preced-
ing solution state. In a closely related experiment, Borkovec
et al.18 observed essentially the same trendwith poly(vinylamine).
In the latter experiment a direct discharge of the respective poly
(vinylammonium) salt was achieved by decreasing the pH.
Noteworthy, all captured necklace-like structures are closer to
an arrangement of beads along a semiflexible chain than to an
equidistant placement of beads along a straight line (stretched
necklace).

AFM makes accessible the conformation of adsorbed poly-
electrolyte coils. During adsorption, the conformation of long
polymers is inevitably modified by the transition from three to
two dimensions (2D).19 Loss of one degree of freedom drastically
reduces the number of possible configurations that the molecule
can access within the range of the thermal energy. In principle,
three distinct cases of molecule-surface interactions can be
postulated: (1) the molecules freely equilibrate on the surface as
in a 2D solution before they are captured in a particular
conformation, (2) the polyelectrolyte coils adsorb irreversibly
whereby the interaction with substrate changes the polymer
conformation, leading to their partial local spreading, or (3) the
molecules adhere to the substrate without being equilibrated, and
the resulting conformation resembles a projection of the actual
3D conformation onto the surface. The latter scenario corre-
sponds to kinetic trapping of the molecules onto the surface. In
the light of these three distinct cases, it is fully justified to ask how
much the conformation of adsorbed molecules reflects the
respective conformation in solution before adsorption.

The aim of the present contribution is to shed further light on
the shrinking of the dimensions of polyelectrolytes which follow a
coil-to-globule transition. The system under consideration is
sodium polyacrylate (NaPA) in dilute aqueous solution in the
presence of 0.01 M NaCl as an inert electrolyte. NaPA precipi-
tates upon addition of stoicheometric amounts of Ca2+ or other
alkaline earth cations. While approaching this precipitation
threshold by variation of either component concentration, the
PA coils shrink and collapse to compact spheres.12,20 In the
present work, the shrinking process is induced by an exchange of
a small fractionof theNa+ ions in solutionbyCa2+ ionswhereby
the overall concentration of cationic charges was kept constant.
This procedure has been proven to be extremely successful in a
series of preceding investigations.12,14,20 In addition to the varia-
tion of the Ca2+ concentration, the temperature has been
introduced as a second parameter to approach the collapse
threshold. The latter impact is based on the fact that the complex
formation of the COO- residues with Ca2+ ions is entropic in
nature.21,22 As a consequence, Ca2+ induced coil shrinking and
intermolecular precipitation of CaPA at a constant Ca2+ content
is enhanced by a temperature increase. All experiments are
carried out with a NaPA sample, which has a weight averaged
molar mass of 783 kDa.

In order to reproduce our earlier findings on the CaPA
system,14 where direct indications of necklace like intermediates
has in fact been collected just for one specific CaPA sample by
SANS, we performed an additional set of combined experiments.
Beyond it, these experiments aredesigned togive a definite answer
to the following question: Is it possible to confirm the necklace
shape for single NaPA coils in dilute solution which undergo a
coil-to-globule transition upon discharge with specifically inter-
acting counterions? AFM can supplement scattering experiments
in an almost ideal way and is superior to any scattering experi-
ment as it presents a direct view of adsorbed polymer coils. Yet, its
disadvantage is a largely uncontrollable relaxation and strain on
the coils during the sample preparation, i.e. during adsorption on
a surface. With these aspects in mind, the same samples used for
SANS above shall be subdued to AFM experiments. As a result
wewill be able to add information to a second question:DoAFM
images on shrinking polyelectrolyte coils succeed to reveal the
essential features which the very coils exhibit in dilute solution
respectively and therefore provide a reliable tool to investigate
dilute solution behavior of polyelectrolyte coils? If the answer is
yes, we can additionaly confirm and image in direct space the
shape of shrinking intermediates, observed by SANS.

Experimental Section for Scattering Experiments and Sample
Preparation

Materials. The sodium polyacrylate was purchased from
Polysciences (Eppelheim, Germany). NaCl, dry CaCl2 and
NaOD (40% w/w in D2O) were of analytical grade from
Fluka (Buchs, Switzerland), and Sigma-Aldrich (Taufkirchen,
Germany). D2O was purchased from Deutero GmbH
(Kastellaun, Germany) and was used without further purifica-
tion. Prior to light scattering experiments all solutions were
purified from dust by filtration with filters from Millipore
(Eschborn, Germany). For solvents and solutions 0.22 μm CA
filters and 0.45 μm PVDF filters were used, respectively.
A sodium polyacrylate sample, denoted as P804, was used in
all experiments. P804 was analyzed in 0.01M aqueousNaCl at a
pH of 9 by means of combined static (SLS) and dynamic (DLS)
light scattering at 25 �C. A stock solution with a NaPA
concentration of c = 0.1584 g/L was used as a basis for a
Zimm/Berry analysis23 for a dilution series. The results of the
characterization are summarized in Table 1.

Selection of Samples for SANS. SANS experiments were
performed to investigate coil shrinking in dilute solutions of
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NaPA in the presence of Ca2+ ions in the vicinity of the Ca2+/
NaPA phase boundaries at 15 and 30 �C. This requires appro-
priate solutions where the CaPA coils exhibit a considerable
degree of shrinking. The degree of shrinking preferably has
not yet reached the sphere limit. Selection of appropriate
solutions was based on a combinded SLS and DLS analysis.
For this purpose, three different stock solutions were prepared:
(i) A solution of 0.01 M NaCl in D2O was set to pH = 9 using
0.01 M NaOD in D2O; (ii) the NaPA was dissolved in
D2O containing 0.01 M NaCl whereby the resulting solution
was gently mixed for three days; (iii) additionally, a solution
of dry CaCl2 and NaCl was prepared in D2O at a pH = 9 set
with 0.01 M NaOD. By combining appropriate amounts of
the three stock solutions, samples with different [Ca2+]/[PA]
ratios were prepared whereby the concentration of cationic
charges [C] in this solutions was [C] = [Na+] + 2[Ca2+] =
0.01 M.

The samples were successively analyzed by means of
combined DLS and SLS. Light scattering experiments were
carried out using a model 5000E CGS from ALV-Laser
Vertriebsgesellschaft (Langen, Germany), equipped with a
Nd:YAG laser with 200 mW operating at a wavelength of
532 nm. Cylindrical quartz glass cells with an outer diameter
of 20 mm fromHellma (Müllheim, Germany) served as cuvettes
for light scattering experiments. Light scattering experiments
were performed at 15 and 30 �C. The temperature was set to
the desired values with a precision of 0.01 �C using a C25
Haake bath. The scattering intensities were recorded in an
angular regime of 30� e θ e 150�. Extrapolation to zero
concentration was not sensible because different [Ca2+]/[PA]
ratios lead to different coil sizes. Hence, SLS and DLS
experiments were analyzed by solely extrapolating scattering
data to zero scattering angle according to eqs 1 and 2,
respectively,

Kc

ΔRθ
=

1

Mw
þ Rg

2q2

3Mw
ð1Þ

D = Dzð1 þ CRg
2q2Þ ð2Þ

In eqs 1 and 2, Mw, Rg
2, and Dz are the weight averaged molar

mass, the z-averaged mean square radius of gyration and the
z-averaged diffusion coefficient, respectively. By means of the
Stokes-Einstein equation, the diffusion coefficient can be
transformed into a hydrodynamically effective radius Rh

Rh ¼ kBT

6πηDz
ð3Þ

with T the absolute temperature in Kelvin, kB the Boltzmann
constant, and η the solvent viscosity. Temperature dependent
viscosity and refractive index data were interpolated using eqs
11 and 12 of ref 22. A refractive index increment of (∂n/∂c) =
0.1709 mL/g for NaPA in 0.01 M NaCl was used in all LS
experiments.23

Two samples have been selected as suitable for SANS
experiments. NaPA and Ca2+ concentration in the sample
denoted as SASE were c = 0.2346 g/L of NaPA (2.50 mM)
and [Ca2+] = 1.00 mM respectively. The second sample,
denoted as SASH, contained 0.13 g/L of NaPA (1.38 mM)
and 0.65 mMCa2+ ions. The coil dimensions are drastically
decreased compared with the dimensions of NaPA in 0.01M
NaCl without Ca2+ ions (cf. Table 1 and Figure 1).
The extent of shrinking is more pronounced at 30 �C.
Analysis was performed at 15 and 30 �C by means of
combined DLS and SLS. All data were evaluated in an
angular regime 60�e θe 150�, corresponding to a q-regime
of 0.015 nm-1 e q e 0.03 nm-1. The first three data points
have been always omitted for this analysis because they
occasionally exhibited a strong fluctuation of the scattering
signal, probably caused by the formation of aggregates.
Further justification for this procedure of data analysis is
provided in the Supporting Information and by the proof of
sample stability.

Proof of Sample Stability. The samples selected for SANS
were solutions of NaPA coils which exhibited a pronounced
extent of coil shrinking and were located close to the phase
boundary.20,22 This requires a proof of the stability for a time
period which includes sample preparation, sample transfer
to the ILL site and the SANS experiment. To this end, SASE
as one of the selected samples was analyzed prior to the
transfer of the samples to the ILL and after SANS. After the
SANS experiment, we prepared a solution from sample
SASE from the same stock used already for the analysis
prior to the SANS experiments. The resulting shelf life was
12 days. Analysis was performed at 15 and 30 �Cbymeans of
combined DLS and SLS. All data were evaluated in an
angular regime 60�e θe 150�, corresponding to a q-regime
of 0.015 nm-1 e q e 0.03 nm-1. The resulting scattering
curves are shown in Figure 2. As already mentioned, the
lowest scattering angles occasionally exhibited excess scat-
tering intensity.Once such an excess occurred, it decreased or
disappeared during the shelf life. At q g 0.015 nm-1 the
scattering curves remained essentially unaltered. This clearly
indicates stability of sample SASE and therefore comfirms
that SANS experiments could be performed with the same
single coils as observed with the preparatory DLS/SLS
analysis prior to SANS. The results of the temperature
dependent DLS/SLS experiments and of the stability tests
are summarized in Table 1.

SANS Experiments. SANS experiments were carried out
on the small angle neutron scattering instrument D11 at the
Institut Laue-Langevin (ILL, Grenoble, France). The sam-
ples were put into a sample changer rack. The temperature
was controlled by using a Haake bath with a precision of
0.1 �C. The actual temperature in the rack was measured
online by putting a Pt100 in a water-filled cell. For solvents
and solutions, Hellma cells with a path length of 5 mm were
used. Water (H2O) in a sample container with a path length
of 1 mm was applied as calibration standard. SANS inves-
tigationswere performedon both samples, SASEandSASH,
at 15 and 30 �C at sample-detector distances of 1.10, 2.50,
10.00, and 22.00 m. Additionally, a measurement at 30 �C
with SASE and the corresponding solvent was performed
applying a sample-detector distance of 28.00 m. For all
measurements a constant wavelength of 0.6 nm was used
resulting in a range of momentum transfer of 0.02 nm-1 e
q e 3.3 nm-1. Scattering intensities were recorded with a
2-dimensional position-sensitive 3He detector consisting of
64� 64 cells with a spatial resolution of 1 cm2. Transmissions
were determined by measuring the direct, attenuated beam
(i.e., q=0) passing through any object Ixwhich was divided

Table 1. Results of the Characterization of Sample P804 in 0.01 M
NaCl and the Light Scattering Analysis of SASE Performed before
and after the SANS Experiments and of SASH Performed after the

SANS Experiments

sample T/�C MW/(g/mol) Rg/nm Rh/nm

P804 25 783 000( 13 500 125.8( 4.1 76.8( 2.0
SASE before SANS 15 1 140 000 ( 13 700 34.3( 0.9 31.2 ( 0.3
SASE after SANS 15 935 000( 11 200 38.3( 0.8 31.3( 0.4
SASE before SANS 30 978 000( 8800 19.3( 1.1 15.8( 0.1
SASE after SANS 30 1 010 000 ( 11 100 25.6( 1.0 15.4 ( 0.3
SASH 15 1 090 000( 22 900 52.8( 1.1 40.0( 0.9
SASH 30 1 190 000( 26 200 32.8( 1.6 15.7( 0.3
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by the respective measurement of the incident beam Ii.
according to eq 4

Tx ¼ Ixðq ¼ 0Þ
Iiðq ¼ 0Þ ð4Þ

The scattering data were treated using the ILL standard
software package.24 The 2-dimensional raw data were
radially averaged after location of the central detector
coordinates for each sample-detector distance. Normaliza-
tion of the scattering intensities was achieved via the calibra-
tion standard H2O. The wavelength dependent effective
differential cross-section (dΣ/dΩ)H2O

= 0.905 cm-1 of H2O
for the 3He detector (at a wavelength of 0.6 nm) is taken from
ref 25. The differential scattering cross-section of a solution
is obtained by direct subtraction of the corresponding
solvent according to eq 5

dΣ

dΩ

� �
S

¼
ðIS -ICdÞ-

TSð1-nSτÞ
TSOLVð1-nSOLVτÞ ðISOLV -ICdÞ

ðIH2O -ICdÞ-
TH2O

ð1-nH2O
τÞ

TECð1-nECτÞ ðIEC -ICdÞ

0
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1
CCCA�

TH2Oð1-nH2OτÞ � 0:1 dΣ
dΩ

� �
H2O

TSOLVð1-nSOLVτÞ � 0:5

0
B@

1
CA ð5Þ

The indices denote sample cell (S), solvent cell (SOLV),
standard (H2O), empty cell (EC), and cadmium (Cd). The
Cadmium measurement provides the electronic background.
The term (1 - nτ) takes into account the correction for dead
time losses with n being the integral count rate of each
measurement and τ being the dead time. Sample background
was appropriately considered by subtracting the scattering
profile of the solvent cell from the polymer solution cell. This
procedure saves separate subtraction of the empty cell from
sample and solvent respectively and is highly recommended at
low sample signal intensities. The incoherent contribution to
the scattering intensity, which can be attributed to the pre-
sence of hydrogen in the polymer, was determined to be 2.7
10-5 cm-1 andwas thus subtracted from the scattering curves.

Experimental Section for AFM Experiments

Materials. Dry lanthanum chloride was of analytical grade
and purchased from Sigma-Aldrich (Taufkirchen, Germany).
Chemical modification of mica surfaces was carried out using
(3-aminopropyl)dimethylethoxysilane (97% purity) fromABCR
GmbH (Karlsruhe, Germany). Toluene and sodium (>99%
purity in terms of trace metals) were of analytical grade and
purchased from Arcos Organics (New Jersey, USA) and Merck
SchuchardtOHG (Hohenbrunn,Germany), respectively. PTFE
filters (0.2 μm) were used to remove any dust particles in
solutions andwerepurchased fromCarlRothGmbH(Karlsruhe,
Germany). Temperature of the samples and substrateswas set to
desired values using a standard type E 200 water thermostat
from Lauda-Dr. R. Wobser GmbH (Königshofen, Germany).

Sample Preparation.Freshly cleaved mica surface was chosen
as the most appropriate substrate because its unique flatness
allows single molecular resolution.16-18,26 It is fairly well estab-
lished that polyacrylates do not adsorb on pristinemica surfaces
because of strong electrostatic repulsion forces acting at the
substrate-sample interface.27,28 Thus, kinetic trapping of such
polyelectrolyte molecules on the surface can be affected only
with the aid of suitable pretreatment agents capable of shielding
this repulsion.

Following earlier works,28-30 several pretreatments were
applied. In our case, the best results were obtained when mica
was pretreated with a solution of La3+ salt prior to the adsorp-
tion of polyacrylate. Freshly cleaved mica surfaces were treated
with a solution of 0.01 g/L LaCl3 in Millipore water for 1 min,
which was successively removed with a flux of N2. The sub-
strates so prepared were fixed at the outer surface of a hollow
aluminum tubelet, attached to a water bath which served as a
thermostat. The thermostat was adjusted to the two desired
temperatures, corresponding to 15 and 30 �C. The sample
solutions SASE and SASH to be adsorbed were also equili-
brated at the same temperatures respectively. After equilibra-
tion, a drop of sample solution was put on the substrate for
2-3 s and successively the solvent was removed with a flux of
N2. The substratewas then taken forAFM imaging. In addition,
reference experiments were also performed at room tempera-
ture. In these reference experiments, denoted as REFE and
REFH, the same concentration of NaPA and total salt were
used as for SASE and SASH respectively, yet without CaCl2.

In an alternative procedure, mica surfaces were pretreated
with silanes. This procedure has also been cited to be an
appropriate method for adsorbing charged polyelectrolytes on
mica surfaces.18,31,32 The silanes customarily used for such

Figure 1. Results of static light scattering experiments for SASE
(A) and SASH (B). The full symbols refer to the experiments at 15 �C
whereas the open symbols refer to the data taken at 30 �C. The data
points on the left of the vertical line were not considered for further data
evaluation at both temperatures.All datawere recorded after the SANS
experiment.

Figure 2. (A) Sample SASE at 30 �C: (O) LS experiments before SANS
experiments; (0) LS experiments performed after SANS experiments.
(B) Sample SASE at 15 �C: (b) LS experiments before SANS experi-
ments; (9) LS experiments performed after SANS experiments;
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chemical modifications have been both monofunctional like
(3-glycidoxypropyl)dimethylethoxysilane18 and multifunctional
like (3-glycidoxypropyl)trimethoxysilane18 or (3-aminopropyl)
triethoxysilane.31,32

The quality of mica surfaces chemically modified with multi-
functional silanes has been reported to be quite sensitive to
ambient humidity.32 Depending upon the exact chemical
modification procedure followed, AFM scans of mica surfaces
modified with multifunctional silanes have shown formation
of large aggregates.31 These aggregates are speculated to be
condensation products resulting from the silanization process
itself.18 In the latter case, it becomes quite difficult to differ-
entiate between condensation products formed on the surface of
mica as a result of silanization and actual aggregates from the
polyelectrolyte specie under investigation.18 For our case, the
thermal equilibration required for the chemically modified mica
surface at a particular temperature prevented a strict control
of humidity. Thus, a monofunctional aminosilane like
(3-aminopropyl)dimethylethoxysilane (APDMES), having only
one ethoxy group to bind the hydroxyl groups of the mica
surface, was expected to greatly reduce the probability of side
condensation reactions. Its amino head would capture the
negatively charged polyelectrolyte as shown schematically in
Figure 3. In fact, APDMES gave the best results and chemical
modification was carried out using monofunctional APDMES
in the present work.

An APDMES-toluene solution (0.01% V/V) was dropped
on freshly cleaved mica and evaporated under glovebox condi-
tions (oxygen<1ppm,water<1ppm). The surfacewaswashed
several times under laboratory hood conditions using dry
(refluxed over Na) toluene filtered previously through a filter
of pore size 200 nm. The remaining procedure was the same as in
case of LaCl3 pretreatment. Both samples, SASE and SASH,
were thermally equilibrated at 15 and 30 �C. The samples were
adsorbed on chemically modified mica surface equilibrated at
the same temperatures as the samples.

Atomic Force Microscopy. Reference experiments on REFE
and REFH and investigations of SASE equilibrated at 15 and
30 �C and SASH equilibrated at 15 and 30 �C were performed
in dry state with an AFM instrument Multimode (Digital
Instruments, Santa Barbara, CA). TheMultimodewas operated
with amplitude feedback and in a “light” tapping mode config-
uration. The amplitude set point was set to the maximum
possible value. Silicon tips with a spring constant of 0.3 N/m
and a resonance frequency of 250-300 kHz were used after
calibration with gold nanoparticles (of diameter 5.22 nm) to
evaluate the tip radius. The tips with radius 14.9( 1.9 nm were
used for most measurements.

For quantitative analysis of the AFM images, the WSxM 4.0
software package,33 MATLAB and OriginPro were used, as
specified. Major emphasis was put to prove that we have
been able to image single molecules. We have established
histograms for volume and radius of gyration, for both samples
at the equilibration temperature of 30 �C. Clusters could

unambiguously be identified in the “unflattened” scan as they
were significantly larger than single molecular species. Those
clusters did not enter the statistical analysis. Both histograms
were based on 100 individual molecules respectively. This
number provides a statistically representative survey of the
population of adsorbed molecules. If preferential adsorption
of any size species can be excluded, this population also reflects
the true molecular weight distribution of the respective sample
in solution. Volume histogramswere generated using the built in
“flooding” parameter of WSxM 4.0 software for each molecule
individually. This parameter allows the selection of a minimum
threshold height in close agreement withmica surface roughness
and evaluates the volume of the structure above the threshold.
Similar methods have already been used for size analysis of
structures on AFM images.34,35 Radius of gyration histograms
were then generated using ASCII data from AFM images and
evaluating eq 6 for eachmolecule individually. The same thresh-
olding method was used as applied for the volume histograms.

Rg
2ðX,Y ,ZÞ ¼ ÆX2æ þ ÆY2æ- ÆXæ2 - ÆYæ2 ð6Þ

where

ÆX2æ ¼
X
i

Xi
2Zi=

X
i

Zi and ÆXæ ¼
X
i

XiZi=
X
i

Zi

ÆY2æ ¼
X
i

Yi
2Zi=

X
i

Zi and ÆYæ ¼
X
i

YiZi=
X
i

Zi

Note that the raw image produced by the AFM is an array of
values Vz(Vx,Vy) where V denote voltages applied to the piezos
responsible for motion in the X, Y, and Z directions. The
generation of ASCII data, Z(X,Y) from the raw AFM image,
Vz(Vx,Vy) usually creates an error of (3% for either of X, Y or
Z axes, assuming that the piezos are well calibrated.36Xi,Yi, and
Zi in the relations cited above are the ith piezo displacement
values ofX,Y, andZ respectively obtained after selection of the
threshold. It must also bementioned that the sample height may
not be necessarily equal to the Z piezo displacement. This
happens because the force experienced by the tip varies non
linearly with tip-sample distance. Since the amplitudes in-
volved in the “light” tapping mode configuration are rather
large, complicated force vs tip-sample separation curves may
result. An error analysis for this phenomenon may require
numerical solutions and is way beyond the scope of this paper.
The volume and radius of gyration histograms gave us conclud-
ing evidence thatwe have not crossed the precipitation threshold
at 30 �C for either of the samples.

Results: Scattering Experiments

Ashas beenoutlined in theExperimental Section, two samples,
SASE and SASH, have been identified as suitable samples for

Figure 3. Schematic representation of chemical modification of mica surface using (3-aminopropyl)dimethylethoxysilane (APDMES).
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SANS experiments. Both samples were generated with the
sample NaPA denoted P804. With its molar mass a value of
the unperturbed dimensions can be estimated to Rg(θ) =
41.7 nm.23 Taking this value as a reference, it can be seen from
Table 1 that the radius of gyration of SASEat 15 �C (Rg≈ 36 nm)
is 13% smaller than Rg(θ), whereas the Rg = 52.8 nm of SASH
exceeds the unperturbed dimensions by more than 25%.
However, both samples revealed already a considerable shrinking
if compared to Rg = 125.8 nm measured in the absence of
Ca2+ ions. Increasing the temperature from 15 to 30 �C causes a
further coil shrinking. For SASE, Rg ≈ 25 nm falls below the
unperturbed dimensions as does Rg = 32.8 nm for SASH.

To obtain further information about the impact of tempera-
ture on the internal structure of the collapsingNaPA coils, SANS
experiments were performed at 15 and 30 �C on both samples.
The SANS data are shown together with the LS data in Figure 4.
The SANS data were adjusted onto the LS data by appropriate
shift factors. SANS data at q e 0.025 nm-1 were considered
neither for this shifting nor for any further data evaluation. Due
to their closeness to the beamstop those points deviate from the
scattering curves without any specific trend.

At 15 �C the scattering curves of SASE and SASH show a
decrease close to q-2 for a momentum transfer of q g 0.1 nm-1

indicating a coil-like structure. A comparison of the scatter-
ing curves with the Debye model curve for polydisperse coils37,38

further supports this structure. However, as is shown in Figure 5
sample SASH is performing slightly poorer in this comparison
than sample SASE does. The polydispersity is taken into account
using a Schulz-Zimm distribution. The width of the distribution
is described by the polydispersity parameter z= (Mw/Mn - 1)

-1,
where Mw and Mn are the weight and number averaged molar
masses, respectively. A value of z = 2.5 has been estimated
from our DLS analysis.39

At 30 �C the scattering intensity for both samples in the same
regime of momentum transfer of q g 0.1 nm-1 is much stronger
than it is at 15 �C. At q g 0.2 nm-1 also a power law with an
exponent close to a value of -4 appears at 30 �C. This is typical
for compact particles (cf. Figure 4). Assuming that spherical
subdomains may occur as structural features, we fitted both
scattering curves in the regime of 0.1 nm-1 e q e 0.5 nm-1 with
the shifted form factor of a polydisperse sphere. The sphere radius
Rp and the shift factor S were fit parameters. Polydispersity
was taken into account by a Schulz-Zimm distribution with a
polydispersity parameter z=1.For SASE and SASH sphere radii
of 10.7 and 10.2 nm were established from the fit, respectively.

Another characteristic feature of the scattering curves at 30 �C
is a shoulder around 0.03 nm-1 e q e 0.04 nm-1. The shoulder
is more pronounced for sample SASE. As was shown with
molecular dynamics (MD) simulations by Limbach and Holm,9

such a shoulder occurs in the scattering curves of pearl necklace
shaped intermediates and reflects the distance between neighbor-
ing pearls. Pearl necklace shaped intermediates were suggested by
Rubinstein et al.7 as a result from the balance of the electrostatic
repulsion between pearls and the surface energy of pearls in the
collapsing chain. In this case the shape is that of a fully stretched
pearl necklace chain. Pearl necklace shaped structures were also
predicted for the intermediates of collapsing neutral chains.5 In
the latter case, the shape is close to a freely jointed chain of strings
with the beads sitting on the ankles connecting neighboring
strings. Neither beads nor strings are expected to be monodis-
perse in size.

However, quantitative model fits with such a model would
require a large number of parameters. In the case of a stretched
necklace, we have as a parameter the size of the beads, the number
of beads, the size of the strings and the mass ratio of the string to
the bead. In the case of a collapsing neutral chain, denoted as
freely jointed necklace (FJN), we have in addition to consider the
polydispersity of the beads and the polydispersity of the strings. In
both cases, quantitative model fits also would have to take into
account a considerable degree of polydispersity of the polymer
mass, leading to a variation of the pearl number, a certain degree
of irregularity of the shape of the beads, which do not necessarily
correspond to regular spheres and finally a certain degree of
flexibility of the interconnecting strings. In the light of this
complex situationwedecided toapproach the experimental curves
with two simplified features typical for necklace-like structures:
(i) the sphere as a model for compact solid-like subdomains and
(ii) a pair of spheres separated by a rod-like string as a model
for neighboring solid subdomains, separated by linear chain
segments. We utilized the model form factor of a regular FJN
for further data interpretation.40 This model is based on a freely
jointed chain of monodisperse rods with compact, monodisperse
spheres at the junctions and thus includes both features. In order
to establish a starting point for a fit, the location of the first
correlation minimum of two neighboring pearls can be used.40 A
look onto themodel calculations of ref 40. suggests a crude regime
of 50 nm<A<150 nm for such a pearl-pearl distance A in our
samples. This distance is fairly large and excludes FJN ensembles
with a considerable fraction of species with pearl numbers N
larger than 3 because this would result in overall dimensions not
compatible with the respective value of Rg (Table 1). Thus, we
tried to keep the model fits as simple as possible.

Figure 4. Scattering data of SASE (A) and SASH (B). The open
symbols refer to the experiments at 30 �C, the closed symbols to the
experiments at 15 �C. The triangles represent the light scattering data,
the squares represent the SANS data. SANS data at q e 0.025 nm-1

were not utilized for any data evaluation due to their closeness to the
beamstop.

Figure 5. Scattering data of SASE (A) and SASH (B) at 15 �C as
indicated in Figure 4. The dashed line is the form factor of a poly-
disperse (z = 2.5) Gaussian coil37,38 with Rg

2 from Table 1.



4294 Macromolecules, Vol. 42, No. 12, 2009 Lages et al.

The scattering data of sample SASE at 30 �Cwere fitted with a
fixed number of pearls N = 2 corresponding to a dumbbell.
A fixed pearl radius Rp = 10.7 nm was adopted from the above-
mentioned fit with a polydisperse sphere to the subsection of the
respective scattering curve in the q-regime of 0.02 nm-1 e q e
0.5 nm-1. The number of rods is N - 1 = 1. The fitting
parameters are the distance A between neighboring pearl centers
and the ratio of the mass of one pearl mP to the mass of one
interconnecting rodmR. As is shown in Figure 6, the fit leads to a
satisfactory description of the scattering data of SASE at 30 �C
for q e 0.3 nm-1 with A close to 80 nm.

The same model of a dumbbell was also applied to the
scattering data of sample SASH at 30 �C. Consistent with
the aforementioned fit of a polydisperse sphere in the regime of
0.1 nm-1e qe 0.5 nm-1 the value for the pearl size nowhad tobe
fixed atRP= 10.2 nm. Unfortunately, the shoulder in the case of
sample SASH at 30 �C is less pronouced and no satisfactory fit
could be achieved in this case with a dumbbell. As has been
outlined earlier9,14 a composition of structurally varying species
could be responsible for such a blurring of the shoulder. Themost
simple case for a structural inhomogenity is a mixture of a
dumbbell and a sphere. Therefore, we fitted the scattering data
of sample SASH at 30 �C with the sum of the form factor of a
dumbbell and the form factor of a polydisperse sphere. In
addition to the fitting parameters A, mR and mP also used for
sample SASE at 30 �C, we introduced the fraction wPS of the
polydisperse sphere as fitting parameter for sample SASH at
30 �C, leaving the fraction of the dumbbell at 1-wPS. A common
radius of 10.2 nm has been fixed for both, the z-averaged sphere
radius of the polydisperse sphere fraction as well as for the pearl
radius of the dumbbell component. The results of these fits are
summarized in Figure 6 and Table 2. Compared to the fit with a
pure dumbbell (not shown in Figure 6) addition of a fraction of
polydisperse spheres considerably improves description of the
scattering data for sample SASH at 30 �C.

AKratky representation of the scattering curves q2P(q) versus
q shows a characteristicmaximum typical for compact structures.
Therefore such a plot is highly suitable to further emphasize the
charactaristics of our system at 30 �C. Figure 7 shows the Kratky
representation of the scattering data at 30 �C. According to
Dobrynin et al.11 themaximum can be attributed to the pearl size

viaRP=2.5/qmax. As themaxima are located around 0.2 nm-1e
qe 0.25 nm-1 the pearl size is between 10 and 12.5 nmwhich is in
full agreement with the fits based on a polydisperse sphere in the
regime of 0.1 nm-1e qe 0.5 nm-1. Deviations of the theoretical
dumbbell curve from experiments above q=0.3 nm-1 can easily
be attributed to a breakdownof themodel applied by us. The rod-
like stringsmay become completely inadequate at q>0.3 nm-1 if
coil-like or worm-like strings interconnect neighboring pearls.
Irregularities in the shapeof the compact substructures,which are
modeled as regular spheres may lead to further deviations in the
regime of q > 0.3 nm-1.

Thus, a good description of the experiments at 30 �C could be
achieved by the motive of a dumbbell or by a mixture of the
dumbbell and a polydisperse sphere. Single spheres and/or
spheres from dumbbells govern the scattering pattern in the
regime of 0.07 nm-1 e q e 0.3 nm-1, which is characteristic
for compact (sub)structures with a size of RP ≈ 10 nm. For the
spheres in the dumbbells or in the dumbbell fraction, a mono-
disperse sphere had been adopted. Only for the fraction of
isolated spheres which coexist with dumbbells (SASH) a poly-
disperse sphere has been assumed. At this point we have to stress
that the assumption of a polydisperse sphere contribution is
inconsistent in the case of the stretched necklace strictly obeying
the physics of theRayleigh instability.7,8,11However, the compact
substructures may not be regularly shaped spheres and the
collapse may not proceed according to the Rayleigh instability.
The process may rather lead to bead-like nuclei formed with
variable size along a random coil in close analogy to the collapse
of neutral coils.5 This would offer various sources of polydisper-
sities and irregularities. The motive of a dumbbell became
necessary to further interpret the first shoulder occurring in
between 0.03 nm-1 e q e 0.04 nm-1 of the experimental curves
at 30 �C. This pattern indicates that the pearls with RP ≈ 10 nm
are separated by a long string with A ≈ 80 nm in full agree-
ment with an earlier experiment on the same system.14 The

Figure 6. Data for SASE (A) and SASH (B) at 30 �C as indicated in
Figure 4. PartA: (;) Form factor of a polydisperse spherewith a radius
of Rp = 10.7 nm extracted from a fit in the regime of 0.1 nm-1 e q e
0.5 nm-1; (---) form factor of a dumbbell with a pearl radius ofRp=
10.7 nm and a distance A = 78.5 nm between the center of the pearls.
Part B: (;) form factor of a polydisperse sphere with a radius of Rp =
10.2 nm extracted from a fit in the regime of 0.1 nm-1 e qe 0.5 nm-1;
(---) sum of the form factors of a dumbbell and a polydisperse sphere
with a pearl radius of RP = 10.2 nm and a distance A = 82.0 nm
between the center of the pearls. Further details are summarized in
Table 2.

Table 2. Details of the Form Factors from the Fitting Procedure
a

A/nm RP/nm mP/mR wPS Rg/nm

SASE 78.5 10.7 0.76/1.00 31.9
SASH 82.0 10.2 0.94/1.00 0.31 28.3

a RP is the pearl radius, A is the distance between the centres of the
pearls,mP/mR is the ratio of themass of one pearl,mP, to themass of one
rod,mR, connecting the pearls, andwPS is the fraction of the form factor
of a polydisperse sphere in the case of SASH. The last row gives the
radius of gyration of the fitted model curves.

Figure 7. Data for SASE (A) and SASH (B) at 30 �C as indicated in
Figure 4. The dashed lines correspond to the model form factors also
represented as dashed lines in Figure 6. Details of themodel parameters
are summarized in Table 2.
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interpretation just presentedmost likely is not exclusive.Mixtures
of pearl necklaces with various numbers of pearls in the regime of
1 e N e 3 could also satisfactorily reproduce our data. Only fits
with pearl numberNg 4 did not lead to satisfactory fits anymore.
WithNg 4 and a fixed pearl-pearl separation of A≈ 80 nm, we
also could not keep the overall size as low as our values from light
scattering suggested (Table 1). Several alternativemodels without
the feature of a pearl necklace were also tested with the data of
SASEat 30 �Cbut either failed or had tobe discarded for physical
reason (details of this discussion are presented in the Supporting
Information). Therefore, the systemof a simple dumbbell (SASE)
or of a mixture of a dumbbell with a polydisperse sphere (SASH)
are considered to correctly depict the average features of possibly
more complex real systems. With these facts in mind, the results
indicate intermediates with a very small number of 1 e N e 3 of
pearls per chain.

Finally, we will address the enhancement of the shrinking
observed for the CaPA system with increasing temperature. The
shrinking process comprises two steps. First, Ca2+ binds to
COO- residues, in an entropy driven liberation of 10 water
molecules and 2 Na+ ions per bound Ca2+ ion.21 This corre-
sponds to a chemical modification of the chain, which gets less
polar and therefore less soluble in water. As a consequence, the
neutralizing coil collapses in a second step. According to our
findings, the collapse seems to bear more similarities with the
collapse of a neutral coil in a poor solvent than with the model of
a stretched pearl necklace subdued to a Rayleigh-instability. The
latter is supported by the observation that the intermediates
observed at 15 �C have already adopted a coil-like structure.

If this coil further collapses, pearls form along a random coil
rather than along a straight line.

Results: AFM Experiments

The two samples SASE and SASH analyzed with SANS were
also investigated by AFM experiments. In this section, we focus
on AFM experiments. We begin with a description of the two
reference samples, which are the Ca2+ free analogues of SASE
and SASH.

Parts a-c and parts d-f of Figure 8 show exemplary AFM
scans for REFE and REFH, respectively, along with their height
profiles. The images show extended configurations of NaPA
chains. Further resolution of these structures to a statistically
significant amount of isolated single molecules was not possible.
It was observed that adsorption of the negatively charged poly-
acrylate coils on negative mica surfaces was weak. We suspect
that even after treating mica surfaces with 0.01 g/L LaCl3
solution, the surface is still slightly undercharged and prevents
strong trapping of the reference samples. However, a visual
comparison of these images with those of SASE and SASH
shown in Figures 9-12 clearly reveals a much greater extension
for the chainswithoutCa2+ ions than the same chains show in the
presence of Ca2+ ions.

Figure 8. Reference samples REFE and REFH measured at room
temperature. The reference samples are free of CaCl2 but have the same
NaPA concentrations as sample SASE and SASH respectively,
presented in Figures 9-13 with c = 0.2346 g/L (REFE) and c =
0.1300 g/L (REFH) and [NaCl] = 10.00 mM. In either case, poly-
acrylates do not show any significant collapsed subdomains. Key:
(a) AFM topography image for REFE; (b) zoom of the image a;
(c) height profile taken along a single chain as shown by the line in
the zoom image b; (d) AFM topography image for REFH; (e) zoom of
the image d; (f) height profile taken along a single chain as shown by the
line in the zoom image e.

Figure 9. Adsorption of sample SASE equilibrated at 15 �C onto
freshly cleavedmica, treated with a solution of 0.01 g/L LaCl3. Presence
of Ca2+ ions drastically reduces the size of coils and sections within the
chain begin to collapse into subdomains. Key: (a) AFM topography
image; (b) zoom of the image a showing a well resolved single molecule;
(c) height profile taken along a single chain as shown by the line in the
zoom image b.
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A closer inspection of Figures 9-12 reveals further details.
Parts a-c of Figure 9 show an exemplary AFM scan for SASE
equilibrated at 15 �C along with the height profile of a well
resolved single molecule. Parts a-e of Figure 10 show an
exemplary AFM scan for SASE equilibrated at 30 �C along with
the height profile of a well resolved collapsed single molecule and
with histograms for volumes andmean squared radii of gyration.
At the higher equilibration temperature, the collapse shown by a
polyacrylate coil is much more pronounced. The same trend is
observed for SASH as the equilibration temperature goes from
15 to 30 �C.Parts a-c ofFigure 11 showan exemplaryAFMscan
for SASH equilibrated at 15 �C along with the height profile of a
well resolved single molecule. Parts a-e of Figure 12 show an
exemplary AFM scan for SASH equilibrated at 30 �C along with
the height profile of a well resolved collapsed single molecule and
with histograms for volumes andmean squared radii of gyration.

An inevitable effect during AFM imaging of structures
showing dense pattern of collapsed subdomains is that it is
extremely difficult to probe vertical features.41 The well-known
tip broadening effect further accentuates the situation. Never-
theless, AFMwas able to identify rarely occurring clusters: AFM

scans at the equilibrium temperature of 15 �C (Figure 9a for
SASE and Figure 11a for SASH) show small globules and some
large clusters of polyacrylate chains in addition to partially
collapsed polyacrylate coils. A few clusters also occur at the
equilibrium temperature of 30 �C (Figure 10a for SASE and
Figure 12a for SASH). It is believed that flux drying of surfaces,
and the resulting capillary forces, may cause compaction of some
coils into globules especially in the case of weak adsorption
of polyelectrolytes.18 This compaction further deteriorates the
quality of adsorption on the surface and promotes coalescence of
globules to clusters.

Quantitative analysis was not performed at the equilibration
temperature of 15 �C largely because we were unsure whether
in some cases the globules represent single molecules or sections
of an extended coil which may partly remain invisible to a
scan considering the noise levels at which AFM experiments
were performed.18 Thus, only AFM scans produced at equilibra-
tion temperature of 30 �C were quantitatively analyzed. Analysis
was based on sets of particles identified as single polymers,
which included shapes like globules, sausage-like structures and
dumbbells, resulting in a volume histogram for SASE and
SASH respectively, equilibrated at 30 �C. Assuming the dry
state density of the NaPA-Ca2+ system to be 1 g/cm3, we
can approximate the volume of a molecule with a mole-
cular weight of 783 000 g/mol to be 1685 nm3. The mean volumes
shown by our histograms are only insignificantly higher.

Figure 10. Adsorption of sample SASE equilibrated at 30 �C onto
freshly cleaved mica, treated with a solution of 0.01 g/L LaCl3. The
shrinking effect caused by Ca2+ ions is much more pronounced
compared to the effect observed after equilibration at 15 �C (Figure 9).
Key: (a) AFM topography image; (b) zoom of the image a showing a
well resolved collapsed single molecule; (c) height profile taken across
the collapsed structure as shown by the line in the zoom image b;
(d) volume histogram (for original scan, not deconvoluted to account
for geometry of the tip) showing a mean volume of 2216 nm3; (e) the
mean squared radius of gyration histogram, showing a mean of Rg

2 =
510.8 nm2.

Figure 11. Adsorption of sample SASH equilibrated at 15 �C onto
freshly cleavedmica, treated with a solution of 0.01 g/L LaCl3. Presence
of Ca2+ ions drastically reduces the size of coils and sections within the
chain begin to collapse into subdomains. Key: (a) AFM topography
image; (b) zoom of the image a showing a well resolved single molecule;
(c) height profile taken along a single chain as shown by the line in the
zoom image b.
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Deconvolution to account for geometry of the tip would bring
the numbers still closer to theoretical approximations. Hence,
the volume histograms give concluding evidence that we
have been able to predominantly visualize isolated single mole-
cules.

In line with Rg from SLS, we estimated root mean squares of
the z-averaged squared radius of gyration for SASEand SASHat
the equilibration temperature of 30 �C according to

Rg
2ðAFMÞ ¼

P100
i¼1

Vi
2Rgi

2

P100
i¼1

Vi
2

ð7Þ

where the sums in eq 7 include all individual molecules i.
A comparison of Rg values obtained for SASE and SASH at
the equilibration temperatures of 30 �C from light scattering and
AFM is given in Table 3. For both samples, Rg(AFM) gets close
to Rg(SLS). Once more, this indicates that AFM predominantly
captured well separated polymers at 30 �C. Remaining discre-
pancies may be attributed to capillary forces during flux drying
which tend to shrink the chains.

More important, we note the following qualitative picture:
once the conformation in solution reaches a random coil state
(equilibration temperature of 15 �C), the conformation on
surface already begins to show signs of pearl formation. When
the conformation in solution shows a pearl-necklace-like struc-
ture (equilibration temperature of 30 �C), the conformation on
surface is that of a tightly packed globule, sausage-like structure
or a dumbbell. Although the substrate-sample interactions are
not very clearly understood,27,28,42-44 they seem to play an
important role in our case. The present results, generated for
polyacrylates with Ca2+ cations, add information to systems
with weak adsorption forces and mark a departure from similar
studies17,45 made earlier when adsorption forces were rather
strong.

This temperature induced collapse of the PA-Ca2+ systemwas
also imaged using mica surface chemically modified with
APDMES. Parts a-d of Figure 13 show exemplary AFM scans
for SASE (15 �C), SASE (30 �C), SASH (15 �C) and SASH
(30 �C), respectively, as adsorbed on chemically modified mica.
Again, partially collapsed NaPA-Ca2+ chains further collapse
with increase of equilibration temperature. However, shear fields
created during drying procedures have a profound impact on the
molecules adsorbed on modified mica surfaces after being equili-
brated at 15 �C. At the equilibration temperature of 30 �C, the
results on chemically modified mica surfaces are similar to ones
on LaCl3 treated substrates with the difference that no large
clusters are seen, indicating that chemical modification inhibits
clustering.

It is relevant here tomention that the structure of the adsorbed
coils visualized by AFMdoes not exactly reproduce the structure
in solution. Yet, AFM experiments clearly reproduce the Ca2+

Figure 12. Adsorption of sample SASH equilibrated at 30 �C onto
freshly cleaved mica, treated with a solution of 0.01 g/L LaCl3. The
shrinking effect caused by Ca2+ ions is much more pronounced
compared to the effect observed after equilibration at 15 �C (Figure 11).
Key: (a) AFM topography image; (b) zoom of the image a showing a
well resolved collapsed single molecule; (c) height profile taken across
the collapsed structure as shown by the line in the zoom image b;
(d) volume histogram (for original scan, not deconvoluted to account
for geometry of the tip) showing a mean volume of 2556 nm3; (e) the
mean squared radius of gyration histogram, showing a mean of Rg

2 =
523.0 nm2.

Table 3. Number Averaged Volumes and Radii of GyrationRg(AFM)
Calculated from AFM (Eq 7) and Rg(SLS) from Light Scattering

(Eq 1) at the Equilibration Temperature of 30 �C

sample
[PA]/

(mmol/L)
[Ca2+]/
(mmol/L) volume/nm3 Rg(AFM)/nm Rg(SLS)/nm

SASE-
30 �C

2.50 1.00 2216 22.60 25.6( 1.0

SASH-
30 �C

1.38 0.65 2556 22.87 32.8( 1.6

Figure 13. Adsorption of Ca-PA onto mica surface chemically mod-
ified using APDMES: (a) SASE equilibrated at 15 �C; (b) SASE
equilibrated at 30 �C; (c) SASH equilibrated at 15 �C; (d) SASH
equilibrated at 30 �C. Samples equilibrated at 30 �C are considerably
more collapsed than the samples equilibrated at 15 �C.
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and temperature induced collapse observed by scattering experi-
ments in solution at least qualitatively. AFM thus provides
interesting information on adsorbed Na-PA-Ca2+ chains
supplementary to the scattering data on the respective dilute
solution behavior.

Summary

Addition of alkaline earth cations to dilute solutions of
long chain NaPA in 0.01 M NaCl induces a coil collapse of
the extended polyelectrolyte chains. The presence of such
specifically interacting cations also introduces a new sensiti-
vity of chain morphology toward temperature which is not
detectable if the NaPA coils are just dissolved in aqueous
0.01 M NaCl.

This characteristic response of anionic NaPA coils was suc-
cessfully used in the present contribution to induce a coil-to-
globule collapse with a cascade of intermediates. The main goal
was to investigate the shape of these intermediates. Such inter-
mediates were investigated for the first time by applying LS,
SANS andAFM to the same samples. SANS experiments on two
different samples with similar concentrations of the components
provided clear evidence that an increase of the temperature from
15 to 30 �C transformed a partially collapsed coil into a necklace-
like shape. The pearl necklace feature was identified by two
characteristic shoulders in the low q-regime of the scattering
curve and a successive q-4 decay. Whereas the first aspect
indicates a nearest neighbor correlation of pearls separated by
a characteristic distanceA, the second aspect proves the existence
of smooth phase boundaries between the scattering objects and
the medium which supports the existence of compact pearl-like
subdomains.

The scattering data of the two intermediates captured at 30 �C
could be described by either a dumbbell or a mixture of a
dumbbell and a sphere. The resulting numbers of pearls per
polymer are considered to be only average values of the actual
distributions of the numberN of beads per polymer. The resulting
average values of N = 2 and 1 < N < 2 observed for the two
samples indicate a distribution of a very low number of beads per
polymer for the present systemat 30 �C.A larger number of beads
per polymer led to unacceptably large overall dimensions because
the bead-bead distance had to be fixed to 80 nm. The impact
of this large bead-bead separation on polymer size is even larger
in the case of a stretched necklace than in the case of a freely
jointed necklace. Thus, the latter shape is more likely to occur
with the species with N g 2 for the present system. This is
even more so as the shape has already adopted a random
coil-like structur at 15 �C due to electrostatic screening by the
added NaCl.

AFM experiments performed with the same samples also
showed reproducible differences between the NaPA coils with
and without Ca2+ cations and between the state of the coils
equilibrated at 15 and 30 �C respectively. These differences run
parallel with the coil transformations observed with scattering
results. The drastic increase of the degree of collapse on increasing
the temperature could be recovered with AFM experiments by
simply equilibrating the solutions prior to adsorption on equili-
brated substrates. However, as the adsorption process preceding
AFM imaging enhances the tendency of the coils to collapse, the
structures revealed by AFM are not identical to the correspond-
ing shapes observed by scattering in solution in the present
system.

Joint scattering and AFM experiments revealed reproducible
changes of polyelectrolyte structure induced by subtle changes of
Ca2+ concentrations and temperature. These findings are ex-
pected to be of special relevance for the development of materials
responsive to different solvent conditions.
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