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We study the aggregation of charged plate-like colloids, Na-montmorillonite clays, in
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the presence of ionenes, oppositely charged polymer chains. The choice of the charged
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polymer allows tuning its linear charge density to match/mismatch the average charge
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separation on the clay surfaces. We assess the nanoscale structure of the aggregates
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formed by small angle X-ray and neutron scattering (SAXS, SANS). The nanoscale
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features of the formed clay aggregates are dominated by the presence of a stacking

o
oo

peak, giving clear evidence for the formation of clay tactoids, i.e. a face-to-face aggre-
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gation geometry of the clay platelets. The chain charge density of ionenes influences
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the stacking repeat distance within the clay tactoids, but also the extent of stacking
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and abundance of the tactoids. We may distinguish two regimes as a function of clay
and ionene polymer charge densities (p. and p, respectively). The first regime applies
to pp > p. and p, ~ p., i.e. for highly and "matching" charged chains. Under these
conditions the intercalated chains lie in a flat conformation within the tactoids, irre-
spective of the ionic strength (within the range studied, i.e. up to 0.05M NaBr). For
weakly charged chains, p, < p., undulation of the ionene chains within the tactoid is
seen. The degree of undulation increases with ionic strength, due to the decreasing per-
sistence length of the ionene chains. The extent of stacking (5-10 platelets per tactoid)
is a general feature of all the systems and its origin remains unknown. The system
corresponding to the closest match in charge separations on the clay surface and on the
polymer chain (p, ~ p.) features the highest abundance of tactoids. This coincides with
the highest macroscopic density as deduced from simple visual inspection of sediment
volumes. This leads to the open question regarding the link between the density at the

nanoscale and the macroscopic density and sedimentation behaviour of the aggregate.

Introduction

Numerous environmental and industrial technologies, such as the purification of waste water,
paper making and civil engineering have to handle large amounts of colloidal dispersions and
ultimately reach a separation of the solid and liquid component. Aggregation or flocculation
of the colloidal particles, followed by their sedimentation, is the major pathway to achieve
this. Clay minerals, the subject of the present study, occupy an important place among the
colloids to process. As constituents of soil, clay aggregation is particularly relevant in the
treatment of slurries from civil engineering and mineral processing.!

From a fundamental point of view, the particularity of clay colloids is their highly
anisotropic, plate-like shape. While aggregation is mostly studied on spherical colloids,
anisotropy leads to a much richer set of possible aggregation geometries.? For clay suspen-

sions flocculated by simple electrolytes (inorganic salts), some experimental studies highlight
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the house-of-cards model (face-to-edge geometry),® while others give strong evidence for the
plate stacking (face-to-face geometry).? The latter geometry has been reported for other
plate-like colloids, such as boehmite nano platelets.® Needless to say, the prevailing geome-
try influences drastically the local aggregate density.

The key to the flocculation process is the nature of the destabilising agent, which needs
to be efficient and meet several requirements, which are both economic and environmental.
The current emphasis on green technologies sees an increasing number studies on eco-friendly
flocculants, in form of bio-inspired polymers, such as chitosan, starch derivatives and other
glycopolymers, e.g.% For the frequent case of charged colloids, such as certain types of clays,
the use of charged polymers (polyelectrolytes) turns out to be significantly more efficient
than the addition of simple electrolytes (inorganic salts).”® Beyond electrostatic screening,
the conformation of the charged polymer chains on the colloidal surface dictates the aggre-
gation mechanism, of which we distinguish three main pathways 1) polymer chain bridging,
2) polymer chain patching, and 3) depletion aggregation involving the free, desorbed poly-
mer chains in the suspension.”™'? In most cases, several of these mechanisms takes place
simultaneously.

In polyelectrolyte-induced aggregation, a set of key parameters influences the amount
and conformation of the adsorbed polymer on the colloidal surface, as well as the overall
charge and structure of the aggregate. These parameters include the salt concentration,
polyelectrolyte chain flexibility, linear charge density and surface curvature of the colloid or
macroion. 111214 They have been investigated mainly for spherical colloids,*®2° though pla-
nar colloidal geometries, of particular relevance to clays, have also been explored. 21?2 The
conformation of charged chains confined between oppositely charged plates has been investi-
gated by Monte Carlo simulations and field theory including ion-ion correlations, highlighting
the effect of chain stiffness on the polymer bridging between the two surfaces.?3?* Moving
from flexible polymers to rigid rods, the bridging capacity of the polymers is at first extended

to larger distances but then is lost in favour of a thin adsorbed layer of the rigid rods on the
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surfaces, yielding very short range attractions. This limit of a thin adsorbed layer shall be
particularly relevant to the data discussed here.

In the current manuscript we concentrate on the parameter of polyelectrolyte chain charge
density relative to the surface charge density of the colloid. We call upon a well-defined
model experimental system: clay colloids of specific size fractions resulting from purification

25.26 and ionene charged polymer

and size fractionation of natural Wyoming montmorillonite
chains.?” % Tonenes can be considered as model cationic polymer chains due to their simple
chemical structure, which is free of bulky side groups, and their regular (not statistical) and
tuneable charge density along the chains: quaternary ammonium centers as part of the main
hydrocarbon chain, separated by a pre-defined number of methylene (CH,) spacer units. "2
As a consequence, and contrary to the majority of polyelectrolyte chains, the linear charge
density of ionenes can indeed be tuned to match/mismatch the average charge separation
on the clay surfaces. For the structure and nomenclature of ionenes, see Figure 1. Ionenes
have already been studied in connection with several applications, including ion-exchange
resins, ** humidity detectors,®' organic templates in the synthesis of mesoporous silica,3? and

33,34 Besides the process of aggregation in clay suspensions, studying

as antimicrobial agents.
the interaction of model organic chains with clay mineral surfaces is of direct relevance for

the understanding of the retention /release of organic contaminants in soil.

CHs CH3 _

JF} o \%CHQ

Figure 1: Structure of an x,y-ionene polymer: charged ammonium quaternary centers on the
main backbone are separated by x or y methylene groups in an alternating manner. Charge
is compensated by Br~ ions.

We have recently investigated the aggregation of clay platelets in the presence of ionene

polymers, using a combination of light absorbance (turbidity) and (-potential measure-
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ments. 3¢ We defined the onset of efficient aggregation and sedimentation as the lowest ionene
content, for which a 10-fold decrease in the turbidity of the initial clay suspension is observed.
We refer to this onset as the point of optimal aggregation and found that it occurs for a
very low ionene content. More precisely, expressed as a ratio of positive and negative charge
(positive charge on the polymer chains and negative charge on the colloidal platelets), ¢t /¢,
the onset occurred consistently at ratios significantly below 1 (as low as 0.3-0.4). This early
onset is reminiscent of clay aggregation by multivalent inorganic salts and contrasts with
that of monovalent inorganic salts, for which a large excess of ions is necessary to achieve ag-
gregation (¢t /c™ of the order of 100).* Differences in the aggregation behaviour were visible
as a function of the relative charge density on the polymer chains and the clay surface. We
saw evidence of a patch aggregation mechanism for highly charged chains: onset of efficient
aggregation taking place at ¢t /¢~ values significantly below a charge neutralisation point,
as seen by (-potential measurements. 3738

If polyions such as ionenes resemble multivalent salts in triggering off an early onset of
clay aggregation, do the resulting structures bear any resemblance and do they contrast
with aggregates formed by monovalent salts?” How does the polymer chain charge density
influence the structure of the aggregates formed? These were the questions motivating the
present study. The clay-ionene aggregate structure is studied here at the nanoscale by means

of small angle X-ray and neutron scattering, with emphasis on the relative charge densities

of the two components and the stoichiometry of the aggregate.

Experimental Section

Materials

Ionenes and theirs precursors were synthesized using a procedure adapted from those de-

scribed previously. 2%:39

Preparation of dimethylamine (DMA) aqueous solution. Dimethylamine hydrochloride (86.0 g,

5
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1.05 mol) was transferred in to a two-necked, 500mL round-bottom flask equipped with a
magnetic stirrer. One neck was connected to a dropping funnel containing NaOH aqueous
solution at 23 M (50 mL, , 1.15 mol) and the other one to the tube immersed in ice-cold water
(18 mL). NaOH solution was added dropwise to dimethylamine hydrochloride (DMA.HCI)
while stirring at 10 °C. The mixture was warmed to its initial boiling point (55 °C) and
then slowly further on up to 90 °C. Vapours of DMA were condensed/dissolved while pass-
ing through the ice-cold water. The procedure yielded an aqueous solution (57%, 51.7 g,
0.63 mol) of DMA.

Synthesis of N,N,N’,N’-tetramethyl-1,12-dodecanediamine. 1,12-Dibromododecane (8.35 g,
25 mmol) was dissolved in tetrahydrofuran (70 mL) into a 250 mL round-bottom flask. The
solution was cooled to -78 °C and an aqueous solution of DMA (57%, 39.5 g, 0.5 mol) was
added. After being stirred for 30 min at the same temperature, the reaction mixture was
allowed to warm to room temperature and stirred for 24h. Volatile components were removed
under reduced pressure, and the resulting white residue was dissolved in 2 M NaOH aqueous
solution (200 mL). Thereafter the liquid phase was extracted with diethyl ether several times.
The combined organic layers were collected and concentrated to obtain a yellow oil. The
crude product was puri?ed via vacuum distillation (100 °C and 1 mbar) from CaH, to provide
a clear colourless liquid product (4.5 g, 90% yield).

Synthesis of 12,12-Ionene Bromide. N,N,N’ N’-tetramethyl-1,12-dodecanediamine (4.5 g,
22.5 mmol) was added to a solution of 1,12-Dibromododecane (5.77 g, 22.5 mmol) in methanol
(55 mL). The reaction mixture was stirred for 3 days at 45 °C. The solution was then con-
centrated and the residue was precipitated with diethylether. After the decantation, the
supernatant was eliminated. The solid was dissolved in water and washed with diethylether.
After elimination of water by freeze-drying, the 12,12-ionene was obtained as white solid
(12,49 g, 95%).

Synthesis of 6,6-, and 3,3-Ionene Bromides. These ionenes were prepared as described for

12,12-ionene bromide, with the appropriate dibromoalkanes and diaminoalkanes.2%2%40 In the
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case of 3,3-ionene bromide, small amounts of water were repeatedly added into the reaction
mixture, when it became white and very viscous, to ensure the solubility of all components.

Molecular weight of ionenes were determined by size exclusion chromatography (SEC)
as described in ref.?® The analysis yielded Mn=39 500 g/mol and Mw= 48 500 g/mol, thus
a polydispersity index of 1.23. Expressed in terms of Mn + /- one standard deviation, this
leads to a range of molecular weights of 20 000 - 60 000 g/mol. This in turn corresponds
to 100-300 nm in terms of chain length. SEC measurements on cationic polyelectrolytes are

t4! and, for us, were successful only for 6,9-ionenes. In the following we consider

very difficul
that the above range of molecular weights applies also to ionenes of other charge densities,
which were synthesized under identical conditions. We have indeed confirmation that the
molecular weights of different ionenes are of the same order of magnitude, from the NMR
signal of amine end groups, which allow estimation of the degree of ionene polymerisation.4?

The aluminosilicate clay colloid used was Na-montmorillonite from Wyoming with a
cation exchange capacity (CEC) of 96 mmol/100 g. Wyoming montmorillonite was pur-
chased from the Source Clays Repository at Purdue University, Indiana. Clay suspension
was purified and separated in size by centrifugation under different gravitational fields to
obtain fractions with narrow platelet size distributions.??2536 Here we used two size frac-
tions of montmorillonite platelets: average lateral dimension of 490 nm and 240 nm (size

fractions denoted T1 and T2 respectively). The size and charge density characteristics of

ionene polymers and clays used are summarized in Table 1.

Methods

Preparation of flocculated clay-ionene aggregates. Flocculated clay-ionene aggregates were
prepared in 15 mL conical tubes. Starting with a clay suspension in deionized water
(< 10mL), a small varying volume of aqueous ionene solution (20 g/L, 5-100 L) was added.
In this manner we achieved varying the ratio of ¢* /¢~ in the final mixture (the ratio be-
tween positive charges on the polymer chains and negative charges on the clay particles),

7
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while keeping to a constant clay concentration across the series. Different series were pre-
pared, corresponding to 2, 5, 8 and 27 g/L in final clay concentration. Note that the ¢ /¢~
ratio can be calculated from the ionene monomer concentration, clay concentration and the
corresponding CEC of the clay (here 96 mmol/100 g). In view of the significant basal charge
on the clay used, the edge (lateral) charges were neglected in the calculation. After the
addition of ionene solution into the clay suspension, the mixture was stirred manually for
20 seconds and then left to settle for 30 minutes. The clay-ionene aggregates in the bottom
part of the tube were later used in scattering experiments.

Small angle X-ray scattering experiments (SAXS). SAXS experiments were performed at the
Dutch Belgian beamline BM26B (Dubble) of the ESRF (Grenoble, France) using an incident
energy of 12 keV (i.e. wavelength of 1 A), with a sample-to-detector distance of 1 m and 3
m. The q range thus available was 8 x 1072 nm~! < q < 5.6 nm™!, where q is the wave
vector (q = @, with 20 being the scattering angle and A the wavelength). Flocculated
clay-ionene aggregates were conditioned in cylindrical cells of 0.8 mm in thickness, with
thin mica windows. Two-dimensional images were obtained on a Pilatus detector. Radial
integration of the data provided I(q) curves that were corrected for the signal of the solvent
and the empty cell. The final curves are plotted in absolute intensity (cm™!) after calibration
using a glassy carbon standard.

Small angle neutron scattering (SANS). SANS experiments were performed at Laboratoire
Léon Brillouin (LLB), CEA Saclay (France) on the PACE spectrometer, using a neutron
beam with a wavelength of 4.6 A and a sample-to-detector distance of 1 m and 3 m. The
available q range was thus 1.43 x 107! to 4.81 nm~!. SANS measurements were carried out
on clay-ionene aggregates formed from an initial clay concentration of 27 g/L. Lower initial
clay content yielded insufficient SANS intensity. The measurements were performed under
the contrast matching condition for the clay particles, which is achieved with a HyO and

D20 (35%/65%) solvent mixture.*3
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Summary of size and charge-density characteristics for ionene polymers and clay

Polymer Molecular Weight | Chain Length | Number of N+ | charge separation
(g/mol) (nm) centres per chain (A)
3,3-1onene 200-600 5.00
6,6-ionene 20000-60000 100-300 110-340 8.75
12,12—-ionene 60-190 16.25

| Montmorillonite | Lateral size (nm) | CEC (mmol/100g) | charge separation (A) |

T1 490
T2 240 96

~8

Results and Discussion

Let us consider at first a reference, the SAXS signal from a pristine (unflocculated) suspension
of clay platelets, represented by the full black curve in Figure 2, where radially integrated
scattered intensity I(q) is plotted versus the wave-vector ¢q. This reference curve features a
decay of the scattered signal very close to a q~2 law (dashed straight line in Figure 2) across
the entire ¢ range studied, which is typical for the scattering from flat surfaces.** Considering
the size of the scattering objects, here colloidal platelets with a thickness of 1 nm and an
average lateral dimension of 490 nm (T'1 montmorillonite clay), we would indeed expect the
q~2 law for wave-vectors above 2m/490 = 0.013 nm™!, i.e. in the entire g-range studied and
shown in Figure 2. Any variations in the scattered signal in the g-range of Figure 2 inform
us on structural features within distances smaller than the lateral dimensions of the colloidal
platelets. It shall give access to the local organisation of the platelets. An alternative,
q*I(q), representation of the same data is given in Figure 3, where the reference curve now

becomes a constant (black curve) and additional features due to local structuring shall be

easily discernable.

9
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Effect of polymer chain charge density on local aggregate structure

SAXS signals of clay-ionene aggregates are featured in Figure 2 and 3, alongside the reference
curve, for a series of aggregates with varying chain charge density of the ionene polymer. For
each chain charge density, the system was prepared at the condition of optimal aggregation,
as defined previously. This optimum corresponds to ¢ /¢~ between 0.3 and 0.5 (the optimum
occurs at slightly higher ¢t /¢~ ratios, as the chain charge density decreases). Two important
changes with respect to the reference curve are evident: (a) a broad correlation peak is very
prominent in the scattered signal from all three flocculated systems and its position, width
and intensity varies with the polymer chain charge density, (b) the scattered signal from the
flocculated suspensions looses the q =2 decay across the q range probed, the decay exponent
is now between -2.5 to -2.7 (determined between 0.08 and 0.5 nm™1), so higher in absolute
value than for the pristine clay suspension.

Let us concentrate now on the broad correlation peak in the SAXS spectra, conveniently
visible in the ¢*I(q) representation of Figure 3. Its position, its width as well as its intensity
contain information on the local structure of the clay-ionene aggregates. The peak appears
due to the formation of clay tactoids, in which the clay platelets stack in a face-to-face
manner. Tactoids are known to be formed in clay suspensions in the presence of multivalent
inorganic ions,** here we show them clearly in the presence of charged polymer chains. The
position of the peak maximum reflects the repeat or interlamellar distance within the tactoid
according to d = 27 /@mae- The significant width of the correlation peak indicates that the
regular stacking does not extend over many platelets. In other words, clay tactoids are only
the building blocks of the overall aggregate, which is disordered on larger scales. No further
correlation peaks are visible in the spectra at lower wave-vectors and the overall aggregate
can only be characterised by the decay exponent of the scattered intensity (-2.5 to -2.7),
which reflects in broad terms its density.

The Full-Width at Half-Maximum (FWHM) of the broad correlation peak at high ¢ can
be used to estimate the number of the platelets within the tactoid (V). The Scherrer formula
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Figure 2: Small angle X-ray scattering (SAXS) intensity versus the wave-vector q for a
pristine clay suspension (black) and a series of clay-ionene aggregates (T1 montmorillonite
clay platelets, lateral dimension of 490 nm, initial clay concentration of 5 g/L) for x,y-ionene
polymers of the type : x,y = 3,3; 6,6 and 12,12 (ordered from highest to lowest chain charge
density, see insert for x,y-ionene structure), at the point of optimal aggregation. A guide to
the eye corresponding to a q~2 dependence (typical signal from flat surfaces) is shown as a

dashed line.
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Figure 3: The same data sets as in Figure 2, now in the ¢*I(q) representation, to highlight
any correlation peaks in the high ¢ region. The insert features a zoom on the correlation
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peaks and the associated Lorentzian fits.
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is used at first to estimate the "coherent scattering domain" (CSD) in nm, i.e. the spatial

extent of the regular stacking 46

0.89A

CSD = S WHMcosd

(1)

where A is the X-ray wavelength in nm, FWHM of the peak is in radians, € is the Bragg
angle at the peak maximum in degrees and the shape factor of 0.89 taken here is typical
of clay particles.?™*® N then follows from CSD/d, where d is the stacking repeat distance
mentioned earlier. Table 2 summarizes the characteristics of the correlation peaks, as well

as the estimate of N for the three clay-ionene systems, shown in Figure 3.

Table 2: Characteristics of the three systems presented in Figure 3 and of the correlation
peaks observed in their SAXS spectra: ¢ /¢~ is the ratio of positive and negative charges
from ionene chains and clay particles, q,,q, is the position of the peak maximum, d is the
repeat distance within the tactoid, FWHM is the full-width half-maximum of the correlation
peak and N the estimated number of platelets within a single tactoid.

| System | ¢"/¢ || dimae (nm™) | d (nm) [ FWHM x 10~* (rad) | N |
T1 + 3,3-ionene 0.3 4.30 1.43 2.37 11
T1 + 6,6-ionene 0.4 4.26 1.46 2.97 8
T1 + 12,12-ionene | 0.5 3.41 1.84 3.87 )

While the clay aggregates flocculated by 3,3— and 6,6-ionene feature a very similar inter-
lammellar distance of 1.43-1.46 nm (14.3-14.6 A), in the case of 12,12-ionene this distance
increases by 0.4 nm (4 A). These distances can be put into the context by considering the
thickness of a single clay layer and the cross-section of an ionene chain. The former is
6.54 A 251950 while the cross-section of an ionene chain can be estimated as 5 A. This is the
diameter of a tetramethylammonium ion, very close in structure to the charged centres on the
ionene chains.®! Let us start by considering a single layer of ionene chains intercalating the
clay platelets and laying flat between the adjacent clay surfaces, which would yield a spacing
of 11.5 A. The flat configuration is indeed to be expected for the 3,3— and 6,6—ionenes, due
to the charge separation on the chains being smaller or indeed matching, for 6,6-ionene, the

average charge separation on the clay surfaces. The observed interlammellar spacing of the
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clay aggregates formed by 3,3— and 6,6-ionenes (14.3-14.6 A) is greater than this theoretical
value but only by 3 A. This is not sufficient to evoke a double layer of intercalated ionene
chains. For all aggregates we bear in mind that they are ionene-deficient, i.e. ¢*/c¢™ is less
than 1 (refer to Table 2 for details). Thus the intercalated ionene chains do not compensate
all the charge of the clay particles and additional Na*t ions must be part of the aggregate,
almost certainly in a hydrated form. Even hydration of the charges on the ionene chains
cannot be excluded. For the aggregates formed by 12,12—-ionenes the vertical space available
for the chains between adjacent clay platelets almost 12 A, thus approximately double the
ionene chain cross-section. However, rather than a double layer of ionene chains, we expect a
degree of undulation of the 12,12-ionene chains, as would be expected for a situation where
the charge separation on the chains is larger than the average charge separation on the clay
surface (refer back to Table 1). A double layer of 12,12-ionene chains in the tactoid is also
incompatible with the ionene content, as reflected by the ¢* /¢~ parameter, which is only
slightly higher for 12,12— in comparison to 3,3— and 6,6—ionenes (refer back to Table 2).
The width and the intensity of the correlation peak in Figure 3 inform us, respectively,
on the extent of stacking within individual tactoids and on the tactoid abundance within the
overall aggregates. Table 2 shows that the high and medium charged ionenes (3,3— and 6,6-)
lead to a somewhat larger value of platelets (V) within the tactoid, in comparison to the
weakly charged chains (12,12-ionenes). In view of the above-mentioned undulation of the
intercalated weakly charged chains, this is not surprising, as the stacking is likely to be of a
lower quality in such a case. Further, we note a significantly higher intensity of the stacking
peak for the aggregates containing 6,6-ionenes. These chains are particular (refer back to
Table 1) in that their charge separation matches the closest that of the clay surface. We
suggest that this match favours the formation of tactoids and thus leads to a more prominent
correlation peak. At the same time, the stacking does not persist across a larger domain,

the width of the peak is comparable to the case of 3,3—ionenes.
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Tactoid structure as a function of clay and ionene concentrations

We have investigated the effect of scaling up both the clay and the ionene concentrations
in the flocculating system on the structure of the tactoids formed. This is done at a con-
stant ¢t /¢” ratio, corresponding to the optimum of flocculation. The SAXS results for clay
mixtures with 3,3—; 6,6— and 12,12-ionenes are shown in Figure 4. Firstly, the results reveal
tactoid formation for all concentrations, with the average number of platelets within tactoids
increasing with initial clay concentration (reflected in the FWHM of the stacking peak). Sec-
ondly, the stacking repeat distance within the tactoids is independent of clay concentration
for 3,3— and 6,6-ionenes. On the contrary, for the case of 12,12—-ionenes we see a gradual
shift of the stacking peak towards lower wave-vectors, thus higher distances: stacking repeat
distance changes from 1.69 nm at 2 g/L to 1.89 nm at 27 g/L. In light of the previously
mentioned undulation of the 12,12-ionene chains within the tactoids, these data suggest
increasing undulation as we concentrate the clay-ionene system (and thus increase the ionic
strength). We shall return to this point in a later section, our interpretation is related to

the decreasing persistence length of the 12,12—ionene chains, as the system is concentrated.

SANS signal from polymer chains within tactoids

Having proposed that ionene chain density governs the means of intercalation inside the clay
tactoids, we turned towards small angle neutron scattering (SANS) measurements under
the contrast matching condition,** to provide information on the conformation of ionenes
directly inside the clay ionene tactoids. An exploitable SANS signal was only obtained for
initial clay concentration of 27 g/L (or 1 % in volume fraction), thus approximately 5 times
more concentrated than the majority of the SAXS measurements presented here (5 g/L or
0.19 % in volume fraction). The results in the previous section, concerned with tactoid
structure as a function of clay and ionene concentrations at a constant ¢ /¢~ ratio, was thus
a necessary pre-requisite.

The possibility to match the scattering length density of clay particles in an aqueous
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Figure 4: Small angle X-ray scattering (SAXS) intensity versus the wave-vector q for a series
of suspensions of montmorillonite T1 clay particles, of varying initial clay concentration,
aggregated by 3,3-ionene (top), 6,6-ionene {genter) and 12,12-ionene (bottom). All data
sets are presented at the point ofAéptiardoadgvegarionmAruide to the eye corresponding to
a q~2 dependence is shown as a dashed line.
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Figure 5: SANS intensity versus the wave-vector q for a series of montmorillonite clay
37 suspensions (initial clay concentration of 27 g/L, clay discs of 490 nm in lateral dimension
38 on average) aggregated by ionene chains of the type : 3,3— 6,6— and 12,12— (ordered from
39 highest to lowest chain charge density). The solvent composition is 35%/65% H,O/Dy0O
40 and its scattering length density matches that of the montmorillonite colloids, thus only the
signal from the ionene chains in the aggregates is measured. Insert: Normalised integrated
43 coherent SANS intensity (integrated over the accessible  range) versus solvent composition
44 (percentage of D20 in a mix of HyO/D,0O) for a pristine suspension of Na-montmorillonite
45 at 27 g/L, corresponding to 1 % in volume fraction.
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suspension, by a combination of HoO and D,O has been demonstrated on a suspension of
laponite (a synthetic clay), using a solvent with a 35%/65% Hy0/D,O composition.*? Our
measurements have shown that the same composition can be used to match the signal of
Na-montmorillonite, as is shown in the insert of Figure 5. The SANS intensity presented in
the main graph of Figure 5 has been corrected for a constant incoherent background, arising
from hydrogen atoms in the solvent but also from the ionene chains. In the case of ionene-
clay aggregates, this subtraction can only be done approximatively, as we do not possess the
exact value for the density of the aggregates and the ionene chains therein. Also, the contrast
conditions of our systems lead to measuring both the intra-chain and inter-chain correlations,
thus conclusions on the individual chain conformations are necessarily based on neglecting
the inter-chain contribution to the scattered signal, in the ¢ region considered. Therefore
we restrict ourselves here to commenting only in general terms on the trends observed. The
corrected SANS data are characterised by a power-law decrease below q=0.1 A=, followed by
a constant background. The decay exponent for the first part of the SANS curves increases
as we move from strongly to weakly charged chains forming the aggregate. This indicates an
increasing flexibility of the polymer chains inside the tactoids, in line with the interpretation

of the SAXS spectra.

Effect of polymer - clay stoichiometry, the ¢* /¢~ ratio

We have shown previously that the ionene-clay system allows us to trace the formation of
aggregates at precise ratios of ¢t /c™.36 As mentioned above, the point of optimal aggregation
(¢t /¢ )opt 1s dependent on the ionene chain charge density and tends to occur for higher
¢ /c™ as the chain charge density decreases. For a given system, SAXS data as a function
¢ /¢ allows to trace the emerging structure of the aggregates, as we approach the point of
optimal aggregation and further on. Figures 6 and 7 present such sequences for the most
highly and weakly charged ionene chains. Clearly, in both cases, a stacking peak is present
at the point of optimal aggregation and for all higher values of ¢t/c™. Beyond (¢/c™)opt,
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45 Figure 6: SAXS intensity versus the wave-vector q for a series of suspensions of montmoril-
46 lonite T'1 clay particles (initial clay concentration of 5 g/L) aggregated by 3,3-ionene chains,
at different ratios of ¢*/c¢~. The point of optimal aggregation (¢ /¢~ = 0.3) is denoted by an
49 asterisk. (top) I(q) representation, where a guide to the eye corresponding to a q~2 depen-
50 dence is shown as a dashed line and (bottom) ¢?I(q) representation, where the consecutive
51 curves have been shifted along the y-scale for clarity. Lorentzian fits of the correlation peak
52 at high q are shown for the last three curves in the series.
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Figure 7: SAXS intensity versus the wave-vector q for a series of suspensions of montmo-
rillonite T1 clay particles (initial clay concentration of 5 g/L) aggregated by 12,12—ionene
chains, at different ratios of ¢*/c¢™. The point of optimal aggregation (¢*/¢™ = 0.5) is de-
noted by an asterisk. (top) I(q) representation, where a guide to the eye corresponding
to a q~2 dependence is shown as a dashed line and (bottom) ¢*I(q) representation, where
the consecutive curves have been shifted along the y-scale for clarity. Lorentzian fits of the
correlation peak at high q are shown for the last three curves in the series.
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the peak position and its FWHM do not change, however its intensity still grows and then
remains constant (case of 12,12-ionenes) or indeed decreases again (case of 3,3-ionenes).
Thus, as the chain content increases beyond (¢*/c¢™)opt, more abundant stacks are formed at
first and then their number stagnates or even decreases. Note that beyond (¢ /c™)opt, this
variation in tactoid abundance has apparently no consequence on the aggregation efficiency,
as assessed by turbidity measurements. At their level of sensitivity the aggregation efficiency
remains constant beyond (¢/c¢7)y,.%% A notable feature of Figures 6 and 7 is the gradual
decrease of scattered intensity in the Q-region preceding the stacking peak (best visible in
the I(q) representation, region between 0.5 and 3 nm™!). We are currently exploring its
origin, which may be linked to the lateral disorder of individual platelets within the formed

stacks.

Effect of clay platelet size

Figure 8 features a comparison of SAXS spectra for clay particles of two sizes (T1=490 nm
and T2=240 nm), flocculated by 3,3- and 6,6-ionenes, at (¢ /¢ )y. As a reminder, the
length of the extended ionene chains was estimated to vary between 100 and 300 nm. Note
that (¢ /c™) o was independent of clay size in case of 3,3-ionenes, but clay size dependent for
other ionenes, leading to higher (¢*/c™).y as the clay size decreased. Figure 8 shows clearly
that regular clay stacking in the aggregates formed is less probable as the clay size decreases
and this for any chain charge density. The difference is particularly marked for 6,6-ionenes:
optimal aggregation occurs for a significantly higher ionene content in the case of T2 clay
particles, (¢t/c™)ope = 0.7, yet the extent of regular stacking is very small in comparison to
T1 aggregates for which (¢*/c¢™ )y = 0.4. It is known that stacking is more frequent for

larger clay platelets, as seen through residual clay stacking in pristine clay suspensions. 2752
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Figure 8: SAXS intensity versus the wave-vector q for suspensions of clay particles of two
different sizes (T1=490 nm and T2=240 nm), aggregated by: (top) 3,3—ionene chains and

(bottom) 6,6-ionene chains. In each case, the data is shown at (¢t /c™)op.
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Tactoid structure and polyelectrolyte chain conformation

The conformation of ionene polyelectrolyte chains in the systems studied is an important
departure point for a general picture of ionene-clay tactoids, their formation and structure.
Here, the most pertinent quantity reflecting the conformation is the polyelectrolyte persis-

53-55 The latter contribution

tence length, with its intrinsic and electrostatic contributions.
reflects the repulsion of charges on the chain backbone. It is subject to electrostatic screening
and thus varies as a function of the ionic strength, usually expressed in terms of the Debye
length, rp.5356

The majority of our systems, as measured by SAXS, corresponds to clay concentrations of
5 g/L (enqa+=0.005 M). Considering for simplicity the point of ¢ /¢™=1 (cyq+ =cpr-=0.005 M),
this leads to a Debye length of ~ 4 nm. For the most concentrated systems analysed (27 g/L,
SANS samples), the Debye length decreases to ~ 2 nm. Table 3 summarises the persistence
lengths for the three types of ionenes used, at the above two concentrations. The electrostatic
contribution to the persistence length is calculated on the basis of the Odijk-Skolnick-Fixman
(OSF) theory.?*5® The OSF theory is known to be valid mainly at low ionic strengths (the
case here), though a relatively recent study, on polyelectrolyte with precisely located charges
as in ionenes, has reported a wide range of validity.®” For completeness, the intrinsic contribu-
tion to the persistence length for ionenes can be estimated from the stiffness of an uncharged
hydrocarbon chain, which extends to approximately 4 methylene units, thus 0.5 nm.5%%®

To begin with, Table 3 allows us to conclude that the persistence length of 12,12-ionenes
is closely comparable to the charge spacing on the 12,12-ionene chain at the 5 g/L clay
concentration (1 nm). Some degree of undulation of the 12,12-ionene chains within the
tactoid is thus indeed possible at this concentration and is consistent with the increased
tactoid stacking distance as observed by SAXS. As we concentrate the clay system, the
persistence length of any given type of ionene will decrease, thus potentially allowing more
undulation within the tactoid. This is indeed observed for the 12,12-ionene case, as shown
by the displacement of the stacking peak in Figure 4 (bottom). No undulation is however
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seen for tactoids with 3,3— and 6,6—ionenes. This is in part due to the significant persistence
length of the highly charged 3,3-ionene chains: 6 times larger than the charge separation on
the chain even at 27 g/L. Further, even if persistence length would allow undulation, i.e. 1,/a
approaching 1 in Table 3 as is the case of 6,6-ionene at 27 g/L, the relative charge separations
on the ionene chain and the clay surface have to be favourable. As the charge separation on
the 6,6-ionene chain is comparable to that on the clay surface, a small persistence length
of the chain does not lead to undulation. This is seen from the constant stacking distance
within the tactoids, as we concentrate the system - refer back to Figure 4 (center). This is an
important observation, highlighting the crucial role of the charge separation match /mismatch

between the polyelectrolyte chain and the clay surface for the structure of the tactoid.

Table 3: Overview of the persistence lengths of ionene polymers at the experimental con-
ditions used. a is the charge separation on the ionene backbone, [95F is the electrostatic
contribution to the persistance length calculated according to the Odijk-Skolnick-Fixman
(OSF) theory as 195F = Ipr? /4a®, where Ip is the Bjerrum length and 7p is the Debye
length.? [, /a is the ratio of the total persistence length (including an intrinsic persistence
length contribution of 0.5 nm) and the charge separation on the ionene backbone.

Ionene Celay = D g/L, rp=4.3 nm | cyey = 27 g/L, rp=1.9 nm
a (nm) | 1,99 (nm) 1,/a 1.9F (nm) 1,/a
3,3-ionene 0.500 13 27 2.5 6
6,6-ionene 0.870 4 6 0.8 1.5
12,12-ionene 1.625 1 1 0.2 0.5
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Conclusion

We have investigated the nanoscale structure of clay aggregates formed in the presence of
ionene polymers, focusing on the effects of clay/ionene relative charge densities and the
polymer conformation. The nanoscale features of the formed clay aggregates are dominated
by the presence of a stacking peak, giving clear evidence for the formation of clay tactoids,
i.e. a face-to-face aggregation geometry of the clay platelets. The chain charge density of
ionenes influences the stacking repeat distance within the clay tactoids, but also the extent
of stacking and abundance of the tactoids, as reflected in the width of the stacking peak
and its intensity, respectively. We may distinguish two regimes as a function of clay and
ionene polymer charge densities, p. and p, respectively. The first regime applies to p, > p.
and p, ~ p., i.e. for highly and "matching" charged chains. Under these conditions the
intercalated chains lie in a flat conformation within the tactoids, irrespective of the ionic
strength (within the range studied, i.e. up to 0.05M NaBr). For weakly charged chains,
Pp < pe, undulation of the ionene chains within the tactoid is seen. The degree of undulation
increases with ionic strength, due to the decreasing persistence length of the ionene chains. It
would be possible to extend these studies to higher ionic strengths, using a monovalent salt,
to trace the influence of the amount of adsorbed polymer chains on the tactoid formation.
For example, a maximum in the polymer adsorption on an oppositely charged surface has
been reported as a function of the ionic strength.'* Overall however, the effect of monovalent
salt has a complicated response in these systems.!! Finally, the system corresponding to the
closest match in charge separations on the clay surface and on the polymer chain (6,6-ionene,
pp ~ pc) features here the highest abundance of tactoids. It equally coincides with the highest
macroscopic density as deduced from simple visual inspection of sediment volumes. However
the extent of stacking within tactoids for this "optimal" system is not any higher than for
the other systems.

More generally, we have observed tactoid formation in the aggregation of clays by inor-

ganic salts? as well as by ionene polymer chains, as is summarised in Figure 9. The extent
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of stacking seems more significant for tactoids formed in the presence of inorganic salts (nar-
rower peaks), but remains of the order of 10 layers per tactoid. The origin of this stacking
limit remains unclear and subject to further study.®® While clay tactoids formed in the pres-
ence of inorganic salts feature a salt-independent stacking distance of approximately 1.9nm,
equivalent of three water layers in-between adjacent clay surfaces, the ionene-clay tactoids
on the other hand feature a variable stacking distance, tuneable via the polymer chain charge
density (as well as the ionic strength). However, tactoid formation is not a universal feature
of aggregation for a given clay system. As we have seen on the example of other charged
polymer chains (PDADMAC) (see SI File), both a bulkier polymer chain structure and/or
a higher chain length, favouring chain wrapping and inter-particle bridging, can be at the
origin of the loss of tactoid formation. Seen from a different angle, the interest behind ionene
polymers can be both their simple structure but also their short length, which leads to a
faster approach to equilibrium structures. This is a significant advantage, as non-equilibrium
effects are in general extremely difficult to evaluate.!!

Based on the experimental evidence presented here, regarding the structure of the clay-
ionene tactoids, it is not possible to determine whether the tactoid formation is driven by
enthalpic or entropic changes. While a widely accepted view is that an aggregation process
of oppositely charged components in solution is driven by the enthalpic changes associated
with the electrostatic attraction, in the recent years we see the emergence of a view focusing
on the entropic changes arising from the release of the counterions of the two components

60,61 Both components, clay colloids and polyelectrolyte chains

as the possible driving force.
in our case, bring into the final system a population of charge-compensating counterions.
While calorimetric techniques could inform us most directly on the enthalpic changes of
the aggregation process, experimental probes for the counterion release are less obvious.
We consider NMR-based techniques to be the most promising in this respect. Should the

nature of the counter ion influence the aggregation process, it may be particularly relevant

to investigate the aggregation behaviour of clays exchanged initially with multivalent, as
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40 Figure 9: Comparison of SAXS signal of montmorillonite clay aggregates (T1 size) formed in
41 the presence of inorganic salts (initial clay concentration of 2 g/L, Na counter ion)? and by
a series of ionenes (initial clay concentration of 5 g/L, Na counter ion, replotted data from
44 Figure 2). Peak marked by asterisk (at 4.3 nm™~! in the upper data sets) is a parasitic peak
45 from Kapton windows of the sample cell.
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opposed to monovalent, compensating cations. The release of multivalent ions from the clay
component upon addition of charged polymer chains is likely to be significantly different,
especially as pre-formation of tactoids in the initial clay suspension will take place. 4%

In conclusion, the interest behind the clay-ionene system, which features clay stacking,
is the possibility to tune and assess, via the stacking peak characteristics, the aggregate
density at the nanoscale. While tactoids are the most dense clay aggregates at this scale, the
ultimate question is how and whether their presence influences the density of the aggregate
at larger scales. We note that the ionene content for which the stacking peak is the most
intense does not coincide with the point of optimal aggregation as deduced from turbidity
measurements, it is located systematically at higher ¢*/c¢™. Therefore understanding the
macroscopic sedimentation behaviour of the aggregates cannot rely only on nanoscale features
and a multi-scale characterisation of the aggregate is indispensable. Our overall approach
is thus to link the existing scattering results to those of X-ray imaging techniques, which
extend the structural characterisation across several decades in spatial scale, as recently

shown. 462

This multi-scale approach could also be applied to analyse aggregate dynamics
under controlled conditions of applied shear, in order to isolate the scale at which the shear-

induced reorganisation of the aggregates takes place.
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