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Abstract

We investigate the effects of polymer molecular weight on the structure and dynamics of a
model colloid-polymer bridging system using confocal microscopy. Polymer-induced bridging
interactions between trifluoroethyl methacrylate-co-tert-butyl methacrylate (TtMA) copolymer
particles and poly(acrylic acid) (PAA) polymers of molecular weight M, 130, 450, 3000, or
4000 kDa and normalized concentrations c¢/c* ranging from 0.05 — 2 are driven by hydro-
gen bonding of PAA to one of the particle stabilizers. At a constant particle volume fraction
¢ = 0.05, the particles form clusters or networks of maximal size at an intermediate polymer
concentration and become more dispersed upon further addition of polymer. Increasing the
polymer M, at a fixed normalized concentration c¢/c* increases the cluster size: suspensions
with 130 kDa polymer contain small clusters that remain diffusive and those with 4000 kDa
polymer form larger, dynamically arrested clusters. Biphasic suspensions with distinct popu-
lations of disperse and arrested particles form at low ¢/c*, where there is insufficient polymer

to bridge all particles, or high ¢/c*, where some particles are sterically stabilized by the added



polymer. Thus, the microstructure and dynamics in these mixtures can be tuned through the

size and concentration of the bridging polymer.

Introduction

Suspensions composed of micron-sized colloidal particles and polymers are widely used in per-
sonal care and food products, ! 3-D printing processes,>> and pharmaceutical manufacturing.* The
microscopic structure and hence macroscopic properties of these suspensions can be tuned by con-
trolling the suspension composition, via the particle and polymer concentrations, and through the
interactions between the particles and polymers. Non-adsorbing polymers induce interparticle de-
pletion attractions.>® Adsorbing polymers, however, can generate steric repulsions when the poly-
mers are short, or bridging attractions if the polymers are long enough to overcome electrostatic re-
pulsions’ and form bridges between two particles.® Further, when the surfaces of particles become
fully saturated with adsorbed polymer, addition of polymer can also lead to depletion attractions. %1
Thus, particulate suspensions containing adsorbing polymers exhibit a rich phase behavior, includ-
ing flocs and networks. Flocculation processes driven by polymers or macromolecules adsorbed to

the particle surface appear in filtration applications, 112 beer fermentation, 314

and rapid diagnos-
tics for infectious diseases. !>!® Bridging interactions are also observed in suspensions of grafted
nanoparticles or nanoemulsions, for which the solvent condition for chains,!” grafting density, '3
bridging mechanism, ' and polymer molecular weight?° affect the gelation and rheological behav-
ior of the suspensions. Control over flocculation in these settings requires understanding how the
interactions induced by the bridging polymers affect the microscopic properties of the suspension.

The structure of suspensions containing bridging polymers undergoes a transition from dis-
perse particles to clusters and networks that depends on the particle and polymer concentrations
as well as their relative size. Previous studies have examined the effects of polymer molecular

weight on bridging suspensions on the strength of adsorption, interparticle forces, cluster size (via

sedimentation or scattering measurements), and bulk rheology. In suspensions of silica particles



and poly(ethylene oxide) polymers, the strength and range of bridging interactions depended on
the surface coverage (which determines the conformation of adsorbed polymer), such that the state
behavior depended on the relative size of particles and polymers as well as polymer concentration
and molecular weight.® In kaolin-polyethyleneimine suspensions, increasing the polymer concen-
tration reduced the density and increased the fractal dimension of clusters; increasing the poly-
mer molecular weight promoted bridging interactions between particles and polymers but did not
strongly affect the yield stress.?! In kaolin-polyacrylamide suspensions, an increase in the polymer
molecular weight slightly increased the cluster size and reduced the fractal dimension of flocs.?? In
polystrene-polydiallyldimethyl ammonium suspensions, increasing the polymer molecular weight
led to greater surface coverage by the bridging polymers.2? In suspensions of silica particles and
poly(ethyleneimine) polymers, the yield stress was greatest for the highest polymer molecular
weight.?* Suspensions of silica particles and poly(acrylic acid) polymers exhibited shear thickening
when the polymer molecular weight was sufficiently high to allow particles to be bridged by flexi-
ble coils; intriguingly, the suspensions with the highest polymer molecular weight (M, = 7.5x 10°
g mol~!) did not shear-thicken, because the long adsorbed polymers desorb before they are fully
extended by the flow.? In suspensions of silica particles and poly(ethyleneimine) polymers, the
greatest yield stress was observed for the largest polymer (M, = 70,000 g mol~!).?* Most exper-
iments, therefore, have focused on the effects of the particle-polymer size ratio on macroscopic
(flow) properties. How the polymer size affects the microscopic structure and dynamics remains
incompletely understood.

Confocal microscopy experiments allow particles to be visualized at the microscopic scale and
thus provide an intriguing option for investigating the microscopic structure and dynamics of bridg-
ing suspensions. Only a few studies, however, have applied this method to investigate the behavior
of suspensions with polymer-mediated bridging interactions. Confocal imaging on suspensions of
clay, bitumen, and an anionic polymer flocculant revealed qualitative changes in the density and
packing of flocs with increasing polymer concentration.?® Single-particle tracking experiments on

silica-polyethylene suspensions showed that the microstructure and dynamics of these suspensions



varied strongly with particle and polymer concentration: below a critical polymer concentration at
which the maximum storage modulus was observed, suspensions contained both mobile (disperse)
and arrested (aggregated) particles.?” How polymer molecular weight affects the microscopic prop-
erties of bridging suspensions has not been explored, to our knowledge, and is the focus of this
study.

Using fluorescence confocal microscopy, we show that the polymer molecular weight affects
the microscopic structure and dynamics of colloid-polymer bridging systems. We synthesized core-
shell copolymer particles that were sterically and electrostatically stabilized through grafted poly-
mers on the particle surface and that could be refractive index- and density-matched to 80(w/w)%
glycerol-water. 282 Bridging interactions are induced by the addition of poly(acrylic acid) (PAA),
which forms hydrogen bonds with the steric and electrostatic polymer brush stabilizers. In our
previous study, we showed that the structure and dynamics of these suspensions could be tuned
through the pH-dependent bridging interactions.3C In this study, we characterized the microscopic
structure and dynamics of suspensions at a constant particle volume fraction ¢ = 0.05 containing
PAA of various molecular weights (130, 450, 3000, and 4000 kDa) at normalized polymer con-
centrations c¢/c* (where ¢* is the polymer overlap concentration) ranging from 0.05 to 2. For all
four M, metrics for particle structure and dynamics exhibit non-monotonic trends as a function
of ¢/c*, consistent with a growing fraction of sterically-stabilized polymers above a threshold con-
centration. Increasing the molecular weight of PAA at a fixed ¢ /c* generally leads to the formation
of larger clusters, likely due to the larger polymer radius of gyration. Finally, distinct populations
of free and aggregated particles are obtained at ¢/c* = 0.05 for all four polymers and at high ¢/c*
for the two highest molecular weight polymers. Thus, the polymer M|, provides additional control

over the structure and dynamics of polymer-bridged colloidal suspensions.



Materials and Methods

Copolymer particle synthesis

All chemicals for particle synthesis were purchased from Sigma Aldrich unless specified otherwise.
Poly(2,2,2-trifluoroethyl methacrylate-co-fert-butyl methacrylate) (TtMA) particles were synthe-
sized using previously reported procedures.?®2° Briefly, we first synthesized fluorescent particle
cores, then grew a non-fluorescent shell, and finally grew charged stabilizer polymers on the particle
surface using atom transfer radical polymerization (ATRP). A volumetric ratio of 45:55 of 2,2,2-
trifluoroethyl methacrylate (TFEMA; SynQuest Lab) to tert-butyl methacrylate (tBMA) was used
to obtain TtMA copolymer particles of diameter 1.63 + 0.03 pm that were density- and refractive
index-matched to 80 (w/w)% glycerol-water. Rhodamine B methacrylate was incorporated during
core synthesis for confocal imaging. 2-(2-bromoisobutyryloxy)ethyl acrylate (initator monomer)
was added during core and shell synthesis as a growth initiator for addition of charged polymer on
the copolymer particle surface. In that final synthesis step, a negatively charged copolymer com-
posed of 2-acrylamido-methyl-1-propanesulfonic acid and dimethylacrylamide was grown on the
copolymer particle surface via ATRP3! using a 1:1 input ratio of methanol:water. The charged
copolymer particles were collected and washed using Millipore water and centrifuged five times at
2000 rpm for 5 minutes to remove any unreacted reagents. After the final centrifugation, glycerol
was added to the particle pellet to obtain a stock of ¢ ~ 0.46 in 60 (w/w)% glycerol-water. The
particle stock was centrifuged for 2.5 hours, after which glycerol was added to obtain a particle
volume fraction of ¢ ~ 0.49 in 80 (w/w)% glycerol-water. The stock was mixed once more then
centrifuged at 2000 g for 3 minutes to remove bubbles that appeared during mixing. The glass vial

containing the particle stock was sealed with Parafilm and stored in an explosive-proof refrigerator.

Particle characterization

The hydrodynamic diameter d;, of the TtMA copolymer particles in water was measured using

dynamic light scattering (DLS) on a 3-D LS Spectrometer (LS Instruments; Switzerland). Five



correlation functions per angle were collected for 60 seconds at scattering angles of 30, 60, 90, 120,
and 150 degrees. The internal temperature was held constant at 25°C. The correlation functions

were fitted using a single exponential decay cumulant,

g@(z,q)— 1 = fexp(=2T'7) (1 + %12) )

where f = 1 is a correction factor that depends on the instrumental scattering geometry, I'(g) is the
average decay rate, 7(q) is the exponential decay time, y, is the second moment of the distribution,
and q is the scattering vector (g = 4% sin(0/2)). For g, n =1.333 is the refractive index of water, A is
the laser wavelength (660 nm), and 0 is the scattering angle. We calculated the diffusion coefficient
D viaT" = Dg? and subsequently calculated the hydrodynamic diameter using the Stokes-Einstein
equation, d; = kgT /3Dnn, where kp is the Boltzmann constant, 7" is temperature, and # is the
solution viscosity. We report d;; with a 95% confidence interval.

The zeta potential ¢ of the charged copolymer particles was measured using a Nicomp 380 ZLS
zeta sizer. For a suspension of TtMA particles at ¢ = 0.001 in a 10 mM Trizma buffer solution at

pH 7.5, { = =76 +2 mV, consistent with literature values, 28-30

PAA stock preparation

Poly(acrylic acid) (PAA) powders of four molecular weights (130, 450, 3000, and 4000 kDa) were
purchased from Sigma Aldrich. Glass dram vials were cleaned three times with toluene and left to
dry overnight in a fume hood. Dried vials were washed five times with Millipore water then placed
into an oven at 100°C for 3 hours. To create a PAA stock solution at a given molecular weight,
PAA powder was weighed and poured into the clean glass vials. Millipore water was added to vials,
which were sealed with Parafilm and then placed onto a horizontal mixer. (We add extra glycerol
during suspension preparation to obtain a final solution concentration of 80(w/w)% glycerol-water.)
The polymer stock solutions were mixed for at least a week for low molecular weights (130 and 400

kDa) and up to two weeks for high molecular weights (3000 and 4000 kDa). After polymer stock



solutions were completely homogenized, vials were taken off the roller and stored in a desiccator.

PAA contour length

The contour length of PAA was calculated for both a fully extended linear chain (L, ;) and tetra-
hedral configuration (L, ,). Contour length is based on polymer chain geometry, which does not
depend on solvent. The linear contour length is defined as L,,; = N, L, and the tetrahedral config-
uration contour length is defined as L, = N, Lsin(0/2) where N, is the viscosity-average degree
of polymerization, L is the length of one carbon-carbon bond, and 6 = 109.5° is the carbon-carbon
bond angle. Values of L, and L, are reported in Table 1 for all PAA molecular weights. PAA is
not expected to be in the fully extended configuration as it may absorb at multiple points along its

backbone. 2

Sample preparation

Stock suspensions of TtMA copolymer particles in glycerol-water and aqueous solutions of PAA
were combined to produce colloidal-polymer suspensions at volume fractions ¢ = 0.01 and 0.15 at
normalized polymer concentrations of ¢/c¢* = 0.05, 0.1, 0.3, 0.5, 0.7, 1, and 2. To account for the
missing glycerol in the PAA stock, additional glycerol was added to ensure that the solvent com-
position was 80(w/w)% glycerol-water. Suspensions were tumbled for three to five days to ensure
that they were homogenized. Once completely mixed, vials were centrifuged for three minutes at
200 g to remove any bubbles before imaging.

We constructed glass chambers for imaging experiments using glass cover slides and UV-
curable epoxy (Norland Optical). A microscope glass slide (VWR) was cut into two roughly 20
mm X 15 mm pieces. These pieces were glued onto a 48 mm X 65 mm X 0.15 mm glass cover
slip (VWR). To create a chamber, we added a third cover slip (VWR) of dimensions roughly 25
mm X 25 mm X 0.2 to the top of the glass slide pieces. Approximately 100 u L of suspension was
pipetted into the glass chamber, which was sealed using UV-curable epoxy. We imaged enclosed

suspensions roughly 30 minutes after removal from the horizontal roller.
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Confocal imaging and tracking analysis

A Leica DMi8 fluorescence microscope with confocal headseries Leica SP8 equipped with a 63x
oil-immersion objective was used to image the suspensions. To characterize the 3-D structure of the
particles, series of 3-D images were captured at vertical positions from 25 to 65 um at a step size of
0.1 um. Ten of these image series were acquired at 13.8 frames per second (fps) at different spatial
locations within the chamber. To characterize the particle dynamics, 2-D images were collected
as a function of time at a fixed position of 30 um above the bottom of the coverslip and a frame
rate of 9.4 fps for 1000 frames. Ten of these 2-D image series were collected at different locations
within the suspension. For 2-D images, a tracking algorithm was used to link the particle centroids
into trajectories over time.3?> We report a static 2-D tracking error of + 39 nm determined from a
dilute particle suspension in the absence of polymer to ensure particles are fully diffusive. For 3-D
images, the z-positions of the particle centroids were located to submicron accuracy.

From the 3-D particle trajectories, we calculate the radial distribution function g(r), contact

(N?)—(N)?
N)
ticles in a defined cubic box of length L. From the 2-D particle trajectories, we calculate the

number (CN), and number density fluctuation NDF = , where N is the number of par-
ensemble-averaged mean-square displacement MSD = ((x(t + 7) — X(t))2>, self part of the van Hove
correlation function G(x,t) = % Z;":I o(x = [x;(t) —x;(0)]), and radius of gyration R, of particle tra-

jectories.

Results and Discussion

Particle aggregation depends on polymer size

We previously investigated the effects of pH and PAA polymer concentration on the polymer-
bridging-driven aggregation of TtMA particles using confocal microscopy.>? The attractive bridg-
ing interaction between the particles is driven by hydrogen bonding between PAA and one or both

grafted polymers on the surface of the TtMA particles.>*3> In this study, we fixed the concen-



tration of the particles (¢ = 0.05) and examined the effects of molecular weight M, on the sus-
pension structure and dynamics. The polymer radius of gyration R{g’, linear configuration contour

length L, and tetrahedral configuration contour length L, , of PAA increase with increasing M,

L
(Table 1). Polymer radius of gyration was calculated from intrinsic viscosity using the two-term
virial expansion of viscosity, # = ny(1+[#]Cp 4 4), where [5] is the intrinsic viscosity, 7 is the sol-
vent viscosity, and Cp 4 4 is the polymer concentration, for all PAA molecular weights in 80(w/w)%
glycerol-water. 3¢ Prior work showed that the conformation of the adsorbed polymer depends on the
surface coverage and molecular weight, which in turn affects the strength and range of the bridging
interactions.® Because longer polymers are more likely to be able to extend beyond the range of
electrostatic repulsion of the particles, we expect that changing the polymer molecular weight will
affect the structure and dynamics of the TtMA suspensions. Based on prior studies,® we expect
that larger flocs will form as the molecular weight of the polymer is increased. The increase in floc
size manifested in both the volume and number of particles in a floc (illustrated schematically in

Figure 1(a) - (d)).

Table 1: PAA properties: viscosity average molecular weight M,,, polymer radius of gyration R%,
size ratio Rg /a (using particle radius @ = 815 nm), overlap concentration ¢*, linear configuration
contour length L, ;, and tetrahedral configuration contour length L, ;.

vl
M, (kDa) | Ry (nm) RY/a (x10™%) | ¢* (mgmL™") | L,; (nm) L,, (nm)
130 26.3 3.23 2.3 278 227
450 30.4 3.73 5.7 962 785
3000 56.7 6.95 6.5 6411 5236
4000 67.4 8.27 5.2 8548 6981

At a constant normalized polymer concentration of ¢/c* = 0.3, the polymer molecular weight
indeed alters the structure of aggregates. Particles bridged by the largest polymers (4000 kDa,
Figure 1(h)) form larger flocs than those bridged by the smallest polymers (130 kDa, Figure 1(e)).
The polymer size also affects the number of free particles. Suspensions containing M,, = 130
kDa polymers contain free particles as well as small clusters, whereas nearly all particles belong to

clusters in suspensions containing M, = 4000 kDa polymers. This observation is also consistent



with the idea that larger polymers can more readily overcome the electrostatic repulsions between
particles. Representative confocal micrographs for the other normalized polymer concentrations

are shown in Supplementary Information (Figure S1).
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Figure 1: (a-d) Schematic representation (not to scale) of bridging of TtMA particles (pink) by
PAA polymers of molecular weight 130 (a; orange), 450 (b; green), 3000 (c; blue), and 4000 kDa
(d; purple). (e-h) Static confocal micrographs of bridging suspensions ¢ = 0.05 containing PAA
of molecular weight 130 (e), 450 (f), 3000 (g), 4000 kDa (h) at a constant normalized polymer
concentration ¢ /c* = 0.3. The brightness and contrast of each micrograph have been adjusted for
clarity. The scale bars indicate 10 ym.

Structure of suspensions with 130 and 4000 kDa PAA

We first examined the effects of PAA M, on the structure of TtMA bridging suspensions for nor-
malized polymer concentrations ¢ /c* ranging from 0.05 to 2. We present the characterizations of
the lowest (130 kDa) and highest (4000 kDa) molecular weights; data for the intermediate M|,
values are presented in the SI (Figure S2)). For suspensions containing a low-M, polymer (130
kDa), the radial distribution function g(r) exhibits a sharp local maximum at interparticle contact

(r/2a ~ 1) and a second local maximum at r/2a ~ 1.8 (Figure 2(a)). The presence of first- and
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second-neighbor shells are consistent with previous structural measurements on arrested colloidal
depletion gels.3” The height of the first maximum increases concomitant with PAA concentration
up until ¢/c¢* = 0.3. At higher polymer concentrations, the height of the first maximum decreases
with addition of PAA, consistent with the decrease in clustering observed in our previous study
at high concentrations of PAA.3? At the highest concentrations of PAA examined(c/c* = 1 —2),
g(r) approximates a step function with only a weak local maximum. This result is consistent with
saturation of the particle surfaces with the polymer, such that the polymer acts as a steric stabilizer

to generate repulsive interactions. 3839
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Figure 2: (a,d) Radial distribution function g(r) as a function of normalized distance from the par-
ticle r/2a for PAA molecular weight of (a) 130 and (d) 4000 kDa. (b,e) Probability distribution of
contact number for PAA molecular weight of (b) 130 and (e) 4000 kDa. (c,f) Number density fluc-
tuation (NDF) as a function of normalized polymer concentration ¢ /c* for PAA molecular weight
of (c) 130 and (f) 4000 kDa. The particle volume fraction is ¢p = 0.05 in all suspensions. Symbols
indicate the normalized polymer concentration: ¢/c* = 0.05 (»), 0.1 (), 0.3 (4), 0.5 (v), 0.5 (@),

1 (@), and 2 (@).

As a second measure for short-range structure, we calculated the contact number (CN) distri-
bution, using a distance cutoff of »/2a = 1.6 that was determined from the first minimum in g(r)
of the most flocculated suspension (i.e., the suspension that contains the largest clusters) (c/c* =

0.3).37 Increasing c/c* leads to pronounced changes in the distributions of CN. For suspensions
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containing 130 kDa polymer with ¢ /c* of 0.05 to 0.3, the CN distribution exhibits a maximum at &
4, indicating that the most likely number of nearest neighbors is 4 (Figure 2(b)). The probability of
CN > 4 increases as ¢ /c¢* approaches 0.3. As normalized polymer concentration is increased further
(c/c* > 0.3), the peak in the CN distributions shifts to lower CN = 2. At ¢/c* = 2, the maximum
is located at CN = 2, consistent with a suspension that contains both dispersed particles and small
clusters. The evolution in the CN distribution with increasing c¢/c* for low normalized polymer
concentrations is consistent with measurements on a silica-PEI (¢ = 0.30, M, = 1200) bridging
gel, for which the increase in CN was attributed to the increasing number of particles belonging
to the arrested network.?’ At the higher volume fraction, Ref. 27 did not observe non-monotonic
changes in the microscopic properties with polymer concentration, although the mechanical prop-
erties (i.e., elastic modulus) exhibited a local maximum at an intermediate concentration. In our
system, however, the non-monotonic dependence of the CN maximum on ¢/c* likely reflects the
steric stabilization (i.e., increasing dispersion) of the particles. Full steric stabilization occurs at
c/c* = 1.7 for this M, (Figure S10(a)); thus, we posit that the decrease in CN above c/c* = 0.5
reflects the stabilization of an increasing fraction of particles.

To quantify the cluster structure on longer length scales, we calculate the number density fluc-
tuations (NDF) at a normalized length scale of a/ L = 0.16, in which L = 5um is the binsize (Figure
2(c)). We select the length scale a/ L as the location of the maximum in NDF(L) of the strongest
gel (c/c* = 0.3) at this M, following established protocols.?*3” The NDF ~ 5 at ¢/c* = 0.05
and increases to =~ 7 for ¢/c¢* = 0.3, consistent with the formation of clusters of particles (i.e., in-
creasing spatial heterogeneity). As ¢/c* is increased beyond 0.3, however, the NDF decreases and
approaches =~ 1 at the highest normalized polymer concentration (c/c* = 2), indicating that the
particle structure becomes more uniform on this length scale. In this system, the decreases in the
most-probable CN combined with the decrease in the NDF suggests that the particles are increas-
ingly dispersed at higher ¢/c*. This result is in contrast to the decrease in NDF with increasing
polymer concentration observed for the higher-¢ gels in Ref. 27, which reflected the increasingly

uniform structure of an arrested, elastic gel network.
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Increasing the molecular weight of the polymer to 4000 kDa alters the trends in the evolution of
structure with increasing polymer concentration. All suspensions containing the 4000 kDa polymer
exhibit a pronounced first local maximum in g(r) (Figure 2(d)). The height of the first maximum
increases with polymer concentration up to ¢ /c* = 0.7, a higher concentration than for the 130 kDa
polymers, and subsequently decreases. At a given c¢/c*, the height of this first local maximum is
greater than that of the corresponding 130 kDa sample, indicating that the particles exhibit stronger
local structural correlations in the presence of the higher- M, polymer. The g(r) for the 4000 kDa
samples exhibit both second- and third-local maxima at all concentrations, suggesting that larger
clusters37 form in the presence of a higher- M, bridging polymer. As normalized polymer concen-
tration is increased above ¢/c* = 0.7, the heights of all three maxima decrease, indicating that the
nearest-neighbor correlations weaken at high normalized polymer concentrations.

The contact number distributions for suspensions containing 4000 kDa polymers exhibit local
maxima at higher CN values (at comparable ¢ /c*) than those at corresponding ¢/c* values for the
130 kDa polymers (Figure 2(e)). The value of CN at the maximum is, again, a non-monotonic
function of the normalized polymer concentration, increasing from ~ 4 at ¢/c* =0.05to~ 6 — 7
at ¢/c* = 0.7, and then decreasing to & 5 — 6 at ¢/c* = 2. The greater CN at the local maximum
is consistent with the strong interparticle correlations inferred from g(r), and with the order-of-
magnitude greater number of binding sites on this polymer compared to the 130 kDa polymer (SI
Table S1). Likewise, the decrease in CN at higher normalized polymer concentrations is consistent
with the decrease in the maxima of g(r). The steric stabilization concentration for this sample is
c/c* =4.8 (Figure S10(b)), and we posit that the decrease in CN above ¢/c* = 0.7 again reflects
an increasing fraction of disperse, sterically-stabilized particles.

Finally, we examined the NDF for the 4000 kDa polymer using a/ L = 0.13 (corresponding to
L = 6 um, the location of the maximum in NDF(L) for the strongest gel; Figure 2(f)). The NDF
increased from ~ 5 at ¢ /¢* =0.05 to alocal maximum of ~ 12 at ¢ /c* = 0.7, then decreased to ~ 6 as
c¢/c* approached 2. Suspensions containing 4000 kDa polymers exhibited stronger number density

fluctuations (i.e., greater NDF at equal ¢/c*) compared to those containing 130 kDa polymers,
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consistent with the formation of larger clusters. This result is qualitatively consistent with the

observation of larger flocs in the kaolin-polyacrylamide bridging suspensions of Ref. 22.

Dynamics of suspensions with 130 and 4000 kDa PAA

We first characterize the mean-square displacements (MSDs) of TtMA particles in bridging sus-
pensions containing 130 and 4000 kDa PAA (data for the other two molecular weights are shown
in Figure S3 in the SI.) We report the MSDs in absolute time, noting that the viscosities of charged
polymer solutions of various M, at the same ¢/c* are equal;*® MSDs corrected for the change
in the background viscosity due to the presence of the polymer are shown in SI (Figure S8). For
suspensions containing 130 kDa polymers, the MSDs are subdiffusive (i.e., exhibit a logarithmic
slope of less than 1) on short time scales and exhibit approximately diffusive scaling (i.e., exhibit
a logarithmic slope close to 1) on long time scales (Figure 3(a)). The magnitudes of the MSDs
on long time scales exhibit weak re-entrance as a function of normalized polymer concentration,
first decreasing as ¢/c* is increased up to 0.05 and then increasing at higher normalized polymer
concentrations such that the fastest diffusion (i.e., greatest MSD) occurs at ¢ /c¢* = 2. This trend is
consistent with the re-entrant changes in structure as a function of ¢/c* (Figure 3) and thus likely
reflect the formation of larger and then smaller clusters with increasing normalized polymer con-
centration as the surfaces of the particles become saturated by the polymers. 1

On short time scales (7 = 0.5 s), the shape of the self part of the van Hove correlation func-
tion G(Ax,7) depends on the polymer concentration. For suspensions with ¢/c¢* = 0.05, G(Ax, 1)
is non-Gaussian and exhibits pronounced extended tails (Figure 3(b)). The width of G(Ax, ) in-
creases with normalized polymer concentration up to ¢/c* = 0.5, but the distributions are less
non-Gaussian. Upon further increasing the polymer concentration, the width of the distribution
decreases and G(Ax,7) becomes approximately Gaussian at ¢/c* = 2. Qualitatively similar non-
monotonic dependence of G(Ax,7) on c¢/c* is observed at a longer lag time 7 =5 s (Figure 3(c)).
For this 7, however, the width of the distribution is greatest at ¢ /¢* = 0.3 and decreases with increas-

ing normalized polymer concentration thereafter, with the distribution at ¢ /c* = 2 again approxi-
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mating a Gaussian. Given that these samples are not dynamically arrested, the strikingly extended
tails in the low ¢/c* samples likely exhibit distinct populations of mobile and arrested particles.?’

By contrast, the particle dynamics in suspensions containing a higher molecular weight PAA,
M,, = 4000 kDa, are nearly arrested at all polymer concentrations. For all ¢/c*, the slope of
the MSD is nearly zero, consistent with dynamic arrest and hence gel-like behavior on accessible
time scales (Figure 3(d)). The observed near-arrest is consistent with the large flocs observed for
suspensions with M, = 4000 kDa (Figure 2(d-f)), whose formation is driven by the larger Rg of
this polymer. On longer time scales, the MSDs for all samples increase slightly, and exhibit a non-
monotonic dependence on polymer concentration (as also observed for the 130 kDa samples). The
magnitude of the MSD first decreases as ¢/c* is increased to 0.7, and subsequently increases upon
further addition of polymer up to ¢/c* = 2. The weakly non-monotonic dependence of the MSD
is consistent with the trend in changes in structure with increasing polymer concentration (Figure
2(d-f)).

For suspensions containing 4000 kDa PAA, the evolution of the van Hove correlation function
G(Ax,7) with polymer concentration exhibits qualitatively different trends than for the smaller
polymer. As for the smaller 130 kDa PAA, G(Ax,7) has extended tails at ¢/c¢* = 0.05 for both
7 = 0.05 s (Figure 3(e)) and 5 s (Figure 3(f)). The width of the distribution, however, decreases
monotonically (save for ¢/c* = 0.5 at =5 s) as ¢/c* is increased. Similarly extended tails have
been observed in bridging?’ as well as depletion3’ gels, and in dynamically arrested systems are
typically attributed to heterogeneous dynamics. Confocal micrographs of this sample (Figure S1),
however, show disperse as well as flocculated particles, suggesting that these extended tails may

have a different origin than in fully-aggregated suspensions.

Biphasic behavior at low ¢/c*

The differences in the width and shape of the van Hove distributions with concentration (Figure 3)
and the sample micrographs (Figure S1) suggest that the dynamics may include contributions from

distinct populations of particles?’ at selected values of ¢/c* and M,,. To identify such biphasic
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dynamics in our suspensions, we applied a criterion from Ref. 27 and examined the dependence of
the trajectory radius of gyration R, on the number of points in the trajectory N. We observe three
different types of sample dynamics across the range of polymer M, and c¢/c* examined. First, sus-
pensions with 4000 kDa PAA at a concentration of ¢ /c* = 0.05 contain two populations of particles:
a diffusive population, for which Rg increases with N, and an arrested population, for which Rg 18
approximately independent of N (Figure 4(a)). The diffusive and arrested populations respectively
fall above and below the straight line in Figure 4(a). We do not observe exchange of particles be-
tween clusters and the dispersed phase, likely due to the strength of the multivalent hydrogen bonds
between the polymer and the particle stabilizer. The observation of biphasic dynamics in this sam-
ple is consistent with the confocal micrographs, which reveal both free and flocculated particles (SI
Figure S1). Suspensions with 4000 kDa PAA at a concentration of ¢/c* = 0.5, however, contain
only one population of arrested particles (Figure 4(b)), whereas suspensions with 130 kDa PAA at a
concentration of ¢/c* = 2 contain only one population of diffusive particles (for which R, increases
with N, Figure 4(c)). Notably, biphasic behavior occurs where distinct populations of disperse and
arrested particles form at low c¢/c* (for all M), where there is insufficient polymer to bridge all
particles, or high c¢/c* (for 4000 kDa), where the suspensions contain some sterically stabilized
particles alongside particles in clusters. Both observations are consistent with expectations based

on confocal microscopy (SI Figure S1).
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Figure 4: (a-c) Radius of gyration of particle trajectories R, as a function of the number of points
in the trajectory N for suspensions containing PAA of M, (a) 4000 kDa at ¢/c* = 0.05, (b) 4000
kDaatc/c*=0.5, and (c) 130 kDa at ¢ /c* = 2. The black line in (a) separates the diffusive (above)
and arrested (below) populations.

Using the dependence of R, on N to identify and distinguish diffusive and arrested particles, we
examine the connection between the dynamics and structure of the 130 and 4000 kDa suspensions as
a function of ¢ /c* (Figure 5). Two types of trajectories are observed for suspensions with 130 kDa
and c¢/c* = 0.05 and 0.5: diffusive (Figure 5(a,d)) and arrested (Figure 5(b,e)). 3-D renderings of
these samples, meanwhile, also reveal distinct populations of particles with high (clustered) and low
(disperse) CN values (Figure 5(c,f)). These samples thus exhibit biphasic behavior, with distinct
populations of disperse and flocculated particles. Increasing the normalized polymer concentration
from ¢ /c* = 0.05 to 0.5 drives a decrease in the population of disperse particles and a concomitant
increase in flocculation (i.e., in particles with higher CN). At ¢/c* = 2, however, the trajectories
are approximately diffusive and particles are largely disperse (Figure 5(i)). These results suggest
that the particles are fully stabilized by 130 kDa polymer at high concentrations.

Biphasic behavior is less pronounced upon increasing the polymer M|, to 4000 kDa, consistent
with the enhanced flocculation observed in these samples. Suspensions with ¢/c* = 0.05 exhibit
biphasic behavior, as indicated by two types of trajectories and by the observation of flocculated
and disperse particles in 3-D renderings reconstructed from z-stack particle positions (Figure 5(-
1)). Increasing the normalized polymer concentration to ¢/c* = 0.5 drives the formation of large

clusters in which all particles have many nearest neighbors, and particles primarily exhibit arrested
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Figure 5: Representative particle trajectories of (a,d,gh,j) a freely diffusing particle and
(b,e,k,m,n,p,q) an arrested particle for PAA molecular weight of (a,b,d,e,g,h) 130 and (j,k,m,n,p,q)
4000 kDa at ¢ /c* = 0.05 (a,b,j,k), 0.5 (d,e,m,n), and 2 (g,h,p,q). (c.f,i,l,0,r) 3-D renderings (thick-
ness Az =~ 13 um) of suspensions with ¢ = 0.05 and c¢/c* = 0.05 (c,1), 0.5 (f,0), and 2 (i,r) for PAA
M., 130 (c.f,1) and 4000 kDa (1,0,r). Particle color indicates its contact number (CN).

trajectories (Figure 5(m-0)). Finally, suspensions with ¢ /c* =2 form looser clusters, as indicated by
the slightly lower CN values compared to ¢ /c* = 0.5, and the particle trajectories are mostly arrested
(Figure 5(p-r)). Thus, the polymer size affects the propensity of suspensions to form biphasic

mixtures.

State diagram for bridging suspensions

We summarize the data on bridging suspensions formulated with polymers of different M,, and
c/c* onastate diagram. As a metric, we examine the NDF as a function of the ¢ /c* and M|, (Figure
6). For each polymer M, the NDF first increases and then decreases as a function of normalized
polymer concentration. The range of NDF values and the value of ¢/c* at which the NDF attains
its maximum are distinct for the low (130, 450 kDa) and high (3000, 4000 kDa) M, polymers. For
suspensions containing 130 and 450 kDa polymers, the NDF values range from ~ 1 to & 9, and the

maximum NDF occurs at ¢/c¢* ~ 0.3. For suspensions containing 3000 and 4000 kDa polymers,
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the NDF values range from ~ 5 to &~ 12, indicating that larger polymers lead to suspensions with
greater structural heterogeneity. Further, the maximum NDF for these suspensions occurs at a
slightly higher value, c¢/c* ~ 0.5. At a constant ¢/c* (i.e., approximately constant background

viscosity), the structures become more heterogeneous (larger NDF) as the M|, is increased.
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Figure 6: State diagram for bridging suspensions as a function of the PAA molecular weight and
concentration. Points are colored by the value of the NDF (determined for a given molecular weight
at the length scale maximizing the NDF for the suspension with largest clusters or strongest gel),
as indicated by the color bar.

Conclusion

We show that polymer molecular weight M, markedly alters the structure and dynamics of a bridg-
ing system consisting of TtMA copolymer particles and adsorbing PAA of molecular weights 130,
450, 3000, and 4000 kDa. Suspensions containing 130 kDa PAA remain fluid-like across the range
of normalized polymer concentrations investigated (c/c* = 0.05 to 2) and exhibit local maxima in
structural metrics (i.e., contact number and local structure) and slowest dynamics at a normalized
concentration ¢ /c* ~ 0.5. The fluidization of these samples upon further increase in polymer con-

centration is due to steric stabilization of a growing fraction of the particles as the particle surfaces
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become saturated with polymer. Suspensions containing 4000 kDa PAA exhibit arrested dynamics
and larger clusters than at 130 kDa, with similar non-monotonic dependence of properties occur-
ring at normalized concentrations c/c* > 0.7. For both M, the onset of non-monotonic behavior
occurs at ¢/c* values below those required for full steric stabilization of the particles, indicating
that some particles become sterically stabilized even at modest ¢ /c*. Biphasic behavior, reflecting
distinct populations of freely diffusing and flocculated arrested particles, is observed at ¢ /c* = 0.5
for both M.

Our results confirm that the polymer M, alters the size of flocs, as found in earlier stud-

ies, 21232 and the microscopic dynamics. The methods employed here may prove useful to eluci-

10,41

date size effects of other types of bridging agents, such as microgel particles, and other types

of particles, such as emulsions, 20:42:43

on particle structure and dynamics. Further, the biphasic
behavior occurring at selected M, and c¢/c* may offer an alternate route to obtaining favorable
combinations of rheological properties for extrusion-based processes such as 3-D printing.** We
anticipate that studies in this system of the bulk rheological properties will provide guidance to-
wards formulating flowable, low-clogging particulate suspensions for these applications. Finally,
we anticipate that similar studies in suspensions with variable particle size will enable a zoo of

45,46

rheological behaviors, including shake gels, rheopectic,*”*8 and thixotropic fluids,**° to be

connected to microscopic interactions.
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