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ABSTRACT

Polymer-grafted nanoparticles (PGNPs) exhibit prominent performance in
applications, such as tough thin films,'® optics and electrics,*’ ultrafiltration
membranes, biomolecular and drug delivery vehicles,®*? colorimetric sensors,***° and
lubrication,*®-*8 partly due to uniform dispersion and/or morphology of polymer brushes
with varying chain conformation. Polymer brush properties, such as grafting density o
and degree of polymerization N, can drastically affect conformation of neutral and pH-
responsive PGNPs and further influence their efficacy in applications. Surprisingly,
how dispersity D (related to the breadth of the polymer molecular weight distribution)

affects the brush conformation is still underexplored.

First, we examined the brush length [, of neutral poly(tert-butyl acrylate)
(PtBA) brushes in dilute solutions. [, bifurcated as a function of weight-average degree
of polymerization N,,: [, increased with b at low N,, in the concentrated polymer
brush (CPB) regime but was less dependent on b at high N, in the semidilute polymer
brush (SDPB) regime. We proposed that the variation of [, with b in the CPB regime
was due to the presence of a stretched conformation of the stem near the particle surface

in high-b brushes.

SANS data obtained from low- and high-b PtBA brushes in the CPB and SDPB
regimes were analyzed using a core-chain model and demonstrated the differences in
[, obtained from SANS and DLS increased with b in the SDPB regime due to the long
chain effect. The monomer density p profiles at the periphery decayed in a linear and
power-law for brushes in the CPB at low and high D, respectively. In the SDPB regime,

p decayed in a power-law at the periphery regardless of b.



Next, we explored the conformation of pH-responsive poly(acrylic acid) (PAA)
brushes, in which the extent of pH-response of [, was enhanced with increased N,, or
b (when N,, is low). We hypothesized the low-N,, and low-b brush adopted a highly
extended conformation at all pH values, whereas the other brushes with higher N,,

and/or b transitioned from a collapsed to extended conformations with increasing pH.

Together, these results suggest P is a tunable parameter to control chain

conformation of PGNPs depending on brush molecular weight.
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Chapter 1. Introduction

1.1.Polymer-Grafted Nanoparticles

Polymer-grafted nanoparticles (PGNPs) have been widely applied as tough thin
films,' optical and electrical devices,*” ultrafiltration membranes,® biomolecular and
drug delivery vehicles,®*? colorimetric sensors,***® and lubrication.’®*® The grafted
polymers can be used to tune interactions between nanoparticles and polymer matrices
or solvents, leading to different performance metrics and morphologies.®2?* In the case
of grafting polyelectrolyte on nanoparticles, polyelectrolyte chains can bear charges,
inducing interparticle electrostatic repulsions and allowing control over nanoparticle
dispersion.?? In addition, grafted polyelectrolyte chains can be used to attract or repel

molecules through electrostatic interactions by tuning pH and/or salt concentration C;.>

12

The functional properties of PGNPs are determined, in part, through
conformation of the grafted polymer chains, which can be modified through control
over brush parameters. In particular, polymer grafting density o plays an important role
in tuning chain conformation.?® 2* Increasing o leads to increase in interchain
interactions and extension of polymer chains.?* In addition, the volume that polymer
chains can occupy increases radially with the distance from grafting surfaces r.
Therefore, polymer chains adopt a more extended conformation (the stem) near the
surface due to interchain steric hindrance, but collapsed conformation (the crown) at
the periphery.? 2 However, when chain length is above a critical radius, polymer
chains adopt an entropically favorable conformation (the coil) at the periphery.? 24

Accordingly, the average chain length [, of a polymer brush increases with the degree
1



of polymerization N of grafted chains, and, therefore, N is also a tunable parameter to
control chain conformation.?® 2* Chain confirmation has been directly examined
through small-angle X-ray and neutron scattering,?’-*? and is indirectly probed through

analysis of [,,, often through dynamic light scattering (DLS).%3: 24 33-37

While the chain conformation of polyelectrolyte brushes is influenced by ¢ and
N, the brushes adopt different conformations as a function of pH and C,.3* %3 Two
types of polyelectrolyte brushes with distinct pH-responses of conformation and
dissociation behaviors have been observed. Quenched polyelectrolyte brushes are
highly extended by electrostatic interactions because the brushes are strongly
dissociated and bear charges at all pH values.** ** By contrast, for annealed brushes,
degree of dissociation « varies with pH, leading to pH-responsive interchain and
intrachain electrostatic interactions and brush conformations.# 33 3% 36.42-44 gimjlar to
neutral brushes, the chain conformation and [, of polyelectrolyte brushes have been

examined previously with scattering techniques.?® 4

1.2.Conformation of Neutral Spherical Polymer Brushes: Scaling Theories
and Experimental Validation

The modified Daoud-Cotton (DC) model quantitively examines conformation
of grafted neutral polymer chains in good solvent conditions using a scaling theory in
which 1, scales differently with o and N in differing regimes (Figure 1-1).2 24 At low
o, the distance between grafted sites is less than the size of grafted chains, and polymer

chains adopt a mushroom-like conformation. As such, I, is predicted to scale as®*

I, ~ N3/5, (1-1)



At intermediate o, above a threshold value, interactions between monomers are
treated as pairwise and the brush is assumed to be in the SDPB regime. In the SDPB

regime, the scaling behavior of 1, is?3 24

1.3/5

I~ (No3) . (1-2)

At sufficiently high o, polymer chains experience higher-order segmental
interactions and excluded-volume effects are screened. For brushes in this CPB regime,

the scaling transitions to% 24

1N X
Iy ~ (No2) (1-3)
where 3/5<x<1. To account for radial distribution of free volume, the
conformation of spherical brushes is assumed to be transitioned from CPB to SDPB at

a critical radius 7,.2% 24

Figure 1-1. Conformation of polymer chains on spherical nanoparticle with a
core radius ry in the (a) CPB and (b) SDPB regimes separated by 7.

The modified DC model has been successfully applied to understand

experimental measurements of brush conformation. [, of PGNPs was measured using



DLS in dilute good solvent conditions.? 24 3% 37 The scaling exponent of [, with N
and o increased from 0.6 to 0.8 with increasing o, indicating brush conformation
transitioned from SDPB to CPB regimes.?® 2 However, the intermediate-o brushes
exhibited both scaling behaviors of CPB and SDPB regimes.?* The theoretical
calculation of 7, was then applied to quantitively define the {;, boundary between CPB
and SDPB regimes.?> 2* Although the scaling theories and 7, were used to understand
spherical brush conformation, this approach requires controllable syntheses of several

brushes with different molecular weights to construct scaling curves.

The conformation of spherical polyelectrolyte brushes has been described using
a model for star polyelectrolytes accounting for a variety of interactions in the brush
layer.*6-*® This model has been successfully applied to experimental studies on spherical
polyelectrolyte brushes when 1,/r, > 1, where 1y is the core radius.**° The planar
polyelectrolyte brush model, however, better predicts experimental results on spherical
polyelectrolyte brushes when 1,/r, < 1.5 The star polyelectrolyte model, which
predicts conformation of salt-added (quenched or high- a annealed) star polyelectrolyte
as a function of the number of chains f and C,,*® > is adapted to spherical
polyelectrolyte brushes using o = f/4mr,? (Figure 1-2). In the Pincus regime (low o),
1, is affected primarily by intrachain and/or interchain electrostatic interactions.*® 5% ¢
In the osmotic brush (OsB) regime (intermediate o), counterions from the bulk solution
are strongly condensed in the brush layer and the osmotic pressure of counterions
controls brush conformation.33 46:50.56.57 | the quasi-neutral brush (g-NB) regime (high
0), polyelectrolyte brushes are more strongly affected by excluded volume interactions

than electrostatic interactions.*® ¢ In the salted brush (SB) regime, which occurs at high
4



C,, electrostatic interactions are screened by added salts.*®*° In this regime, [,, increases
with o due to electrostatic excluded volume interactions, whereas it decreases with

increasing C, because of charge screening as*
I, ~aN3/5a?/5(Csa®)~Y551/5, (1-4)

where a is the monomer length. Identical scaling behavior was observed for annealed

spherical polyelectrolyte brushes in the presence of added salt regardless of a.64°

quasi-neutral brush regime

1,~N"%5"C * o-solvent  1,~N*s"°C_” good solvent
s

osmotic brush regime
lb~N1c°C o
s

salted brush regime

35 115~ -15
lb"'N s Cs

Pincus regime
1 183~ 0
L~Nc C,

C

s

Figure 1-2. State diagram for high curvature (I,/r, > 1) spherical polymer
brushes derived from a model for salt-added quenched and high-a
annealed star polyelectrolytes with ¢ as a function of Cs. Adapted
from ref.4®

1.3.Measurement of Brush Conformation Using Small-Angle Neutron
Scattering

Small-angle neutron scattering (SANS) is an important technique utilized to
measure the conformation of PGNPs in dilute solutions.?® 3% 3258 Neutron scattering
occurs due to interactions between incident neutrons and atomic nuclei, and, therefore,
neutrons are sensitive to different isotopes of a sample.>® Different isotopes (e.g.

hydrogen and deuterium) exhibit different scattering lengths, and therefore the contrast



between materials can be easily tuned through selective deuteration.>® The contrast is
quantified through the square of the scattering length density (SLD) difference of
distinct domains present in the sample (such as the nanoparticle core, polymer brush,
and solvent in the case of PGNPs), in which each SLD is calculated from the individual
scattering lengths of the atoms comprising the molecules. The measured intensity of
scattered neutrons is a function of scattering angle 6,, and wavelength 1,,.%° The

scattering intensity I is reported as a function of scattering vector g, in which g =

%(9”/2).59 The size of domains probed in the experiment typically scales as g~1, in

which larger structures are measured at low g and smaller structures at high q.

The core-shell model was developed to predict 1(q) of a spherical core
surrounded by a polymer shell, in which the SLD of the solvent matched that of the
core but differed from that of the shell to enhance I(q) from the polymer chains (Figure
1-3).50-52 However, the core-shell model is not applicable to PGNP systems, because
interchain excluded volume interactions and chain conformation are excluded from the
core-shell model and the SLD of the shell is a constant. Because SLD is a function of

p, the core-shell model assumes p in the shell is constant.

The core-chain-chain (CCC) model, adapted from the core-shell model,
describes a core nanoparticle grafted by a block copolymer with two excluded volume
parameters v for each block..3> © To validate the applicability of this model and probe
conformation in the CPB regime, diblock copolymer chains with fully hydrogenated
and partially-deuterated blocks were grafted from silica nanoparticles (with the fully

hydrogenated block next to the silica nanoparticle surface), and the solvent was contrast



matched (i.e. same SLD) to the partially-deuterated block and core.®? The molecular
weight of the fully hydrogenated block was fixed such that the distance from the core
center to the periphery of the fully hydrogenated block was 7...3? To probe conformation
in the SDPB regime, the diblock polymer was grafted to the particle such that the
partially-deuterated block was nearest to the particle surface.® The predicted v (0.8 in
CPB regime and 0.6 in SDPB regime) and 7, were consistent with the scaling theories.®?
However, the CCC model assumes a constant SLD and p for each block similar to the
core-shell model (Figure 1-3a).%? The constant p is inconsistent with the prediction
from the DC model which predicts a decay in p as a function of r, arising from

penetration of solvent into polymer layer.%

To address this gap, a core-chain model was derived from the DC model,
consisting of a core nanoparticle grafted by polymer chains with varying SLDs.3!: 64 65
For polymer chains nearest to the surface, the interchain crowding effect prevents
penetration of solvent, and, therefore, SLD is constant (Figure 1-3b).3! 545 Above the
constant region, polymer chains are swollen by solvent, leading to linear variation in
SLD as a function of r (Figure 1-3b).3: 4 65 \With further increase in r, polymer chains
experience strong solvent swelling, and SLD scales as r~*/3 (Figure 1-3b). 36465 This
model was successfully applied to predict 1(q) of PGNPs in dilute solutions in which
the core and solvent had the same SLDs.3" ®® The SLD of polymer chains varied from
a constant region (nearest to the surface) to a power-law decay region (farther from the

surface).3: 6
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Figure 1-3. The SLD profiles of a PGNP as a function of r predicted using (a)
the core-shell and the CCC models and (b) the core-chain model. r,
and R,, are the core size and the size of the PGNP, respectively.

1.4.Conformation of Broad Dispersity Spherical Polymer Brushes

The polymer molecular weight distribution is described by number- and weight-
average molecular weights (M,, and M,,, respectively), as well as the dispersity b,
defined as M,,/M,, and related to the breadth of the molecular weight distribution (D =
(s/M,)? + 1), where s is the standard deviation). While the impact of varying
molecular weight has been previously explored in PGNPs,? 24 32 it is not immediately
evident how to incorporate changes in brush conformation arising in a brush of even
modest dispersity B. To address this gap, the conformation of high b neutral brushes
was examined using theory and simulations.?® 2% In a high D neutral brush, short chains
were collapsed toward the surface, whereas long chains adopted a stretched stem
conformation near the surface when surrounded by smaller chains, but collapsed at the
periphery in the crown region.?® 2¢ Simulations on neutral brushes also showed change

in p from parabolic to linear with increasing D.%

Synthetic techniques are now available to controllably vary b in PGNPs, such

as surface-initiated controlled radical polymerization or ring-opening polymerization,
8



enabling exploration of the conformation of broad dispersity brushes.®” ¢ Although
many experimental studies report brush b, relatively few have examined its effect on
brush conformation. A recent experimental study examining the conformation of
polycaprolactone (PCL) brushes with B = 1.42 — 2.39 showed that average brush
thickness increased with increasing D and ¢.3” The scaling exponents of 1, with N,
however, were markedly greater than unity, the upper limit of the scaling theory in the
CPB regime.? Differences in I, in brushes of varying D, and therefore the scaling
exponents, were hypothesized to arise from differences in hydrodynamic interactions
and brush conformation. Nonetheless, how these observations connect to predictions of

scaling theory is not clear.

A recent experimental study examined the extent of pH-response of
conformation and the scaling of [, of annealed polyelectrolyte poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) brushes across a range of N, g, and
pas a function of a at C, of 1 mM.* This study found that I, (normalized by the
maximum value for each brush) collapsed onto a single curve as a function of pH,
indicating that the extent of pH-response of brush conformation was independent of
these properties. Further, I, of all brushes scaled as a®26 %002 suggesting that the
electrostatic interactions among the brush layers were not sensitive to N, o, and D.*°
By contrast, in another study, the extent of pH-response of the conformation of
spherical poly(acrylic acid) PAA polyelectrolyte brushes varied with both weight-
average degree of polymerization N,, and ¢.%” Therefore, it remains unclear how these
brush properties affect the pH-response of the brush conformation and the driving

forces for extension of the polymer chains.



1.5.0bjective of Dissertation

The objective of this dissertation is to understand the effect of b on neutral and
pH-responsive spherical brush conformations in dilute solutions. The findings of this
thesis provide evidence that neutral and the pH-responsive brushes are affected
differently by b, which can be leveraged to improve nanoparticle dispersion in complex
media. In Chapter 2, experimental methods of this dissertation are described, including
syntheses and hydrolysis of poly(tert-butyl acrylate) PtBA brushes and instrumental

characterizations.

In Chapter 3, neutral (PtBA) brushes were synthesized, using surface-initiated
atom-transfer radical polymerization (SI-ATRP), in which both b and N,, varied. The
conformation of PtBA brushes was assessed from scaling of [;, using DLS. [;, of PtBA
and various polymers (from literature studies) various D could be collapsed onto a
master curve as a function of N,,a/3 in the SDPB regime, but fell on a bifurcated curve
as a function of N,,6'/? in the CPB regime. Therefore, we propose that the coiled
conformation at the periphery was independent of b in the SDPB regime. In the CPB
regime, the conformation of the high-b brushes was more extended than the low-b
brushes when N,,a'/? < 470 + 30. However, the difference in conformation at the

periphery between the low- and the high-D brushes was negligible at higher N,, /2.

In Chapter 4, SANS experiments were performed on a pair of low-N,, PtBA
brushes (CPB regime) and two pairs of high-N,, PtBA brushes (SDPB regime), and b
was distinct in each pair. The SLD of solvent (3.45 x 10~°A2) matched that of the core

(3.47 x 107°A?) but was different from the SLD of PtBA (0.55 x 107°A2). SANS
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data were fit with the core-chain model, showing the variation of [, and p profiles. [,
of the high-b brushes characterized from SANS was lower that that from DLS, and the
difference in [, was enhanced with increasing N,,.. This suggested the presence of great
among of long chains in the high-N,,, high-b brushes. At low N,, (CPB regime), the p
profiles were different between low- (linear decay) and high-b (power-law decay)
brushes nearly throughout the whole brush layer, indicating b had strong influence on
the brush conformation. At higher N,, (SDPB regime), Although, the p profiles were
different at the intermediate r, p scaled with /3 at the periphery. We hypothesized

this b showed influence on the brush conformation, leading to different p profiles.

In Chapter 5, PAA brushes hydrolyzed from low-N,, PtBA brushes in the CPB
regime exhibited different extents of pH-response of [, when b was varied. For the
high-b brush, [, was greater than that of the low-b brush. However, in PAA brushes
hydrolyzed from high-N,, PtBA brushes in the SDPB regime, [, increased similarly
with pH regardless of B. The extent of pH-response of 1, /1, max, Where [, 1,5 Was the
[, measured at pH 10, weakly dependent on pH for the low-N,,, low-b brush, and it
increased with increasing b and collapsed with the brushes with higher N,,. In addition,
the scaling of 1}, /1, max With « increased with N, but not b, indicating the low- and the
high-N,, brushes were in the g-NB and the SB regime, respectively. The difference
between the pH- and the a-responses of the low-N,,, brushes arose from subtle variation
in dissociation behavior. We suggest the low-N,,, low-D brush adopted a pH-
independent extended conformation due to strong interchain excluded volume

interactions, whereas the conformation of the other brushes with higher N,, and/or b

11



varied from collapsed to extended with increasing pH arisen from electrostatic

interactions.

In Chapter 6, key points of three studies in the chapter 3, 4, and 5 are
summarized. For future work, the fitting results in the chapter 4 can be examined with
addition of structure factor in the model, and the methods to probe brush conformation
can be applied to study conformation of spherical brushes with different b dispersed in
polymer matrices. In addition, the results in the chapter 5 can be extended to brush

conformation in the presence of added salt probed by DLS and SANS.
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Chapter 2. Experimental Details

2.1.Materials

All chemicals were purchased from Sigma-Aldrich and used without further
purification unless otherwise noted. N,N,N’,N’,N"-pentamethyldiethylenetriamine
(PMDETA, 99%) was degassed with three freeze-pump-thaw cycles before use. The
inhibitor in tert-butyl acrylate (tBA, 98%) was removed using a silica gel column (60
A pore size), then dried with calcium hydride (reagent grade, 95%), and distilled under
reduced pressure. Dichloromethane (DCM, JT Baker, HPLC grade, > 99.8%), toluene
(JT Baker, HPLC grade, > 99.7%), and tetrahydrofuran (THF, JT Baker, low water
HPLC grade, > 99.8%) were dried with a Pure Process Technology solvent purification
system. Copper (I) bromide (Cu'Br) was purified before use (described in the next
section).%8 Colloidal silica (MEK-ST, 30-31 wt% SiO2 in methyl ethyl ketone, supplier
reported diameter of 10 — 15 nm) was kindly provided by Nissan Chemicals Co. and

used as received.

2.2.Polymer Syntheses
2.2.1. Purification of Cu'Br

1 g of Cu'Br and copper (I1) bromide (Cu'"Br,) mixture was stirred with 30 mL
acetic acid (> 99.7%) overnight. The supernatant was decanted, and the precipitate was
twice washed by fresh 30 mL acetic acid under 10 min stirring in a 100 mL round
bottom flask. After the supernatant was removed, excess ethanol (> 99.5%) was used
to wash the precipitate under 10 min stirring until it became white powder. 20 mL of
ether (> 99.7%) was used to wash the resulting white precipitate for 3 times under 10

min stirring. Precipitate was then collected and dried in a vacuum oven at 80 °C
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overnight. The pure Cu'Br was directly transferred into a glove box from the vacuum

oven.%

2.2.2. Synthesis of ATRP Initiator

The ATRP initiator was synthesized by a hydrosilation reaction in the presence
of platinum on carbon. (Scheme 2-1).5% 7 In a 500 mL round bottom flask wrapped
with foil, platinum on carbon (110 mg) and dimethylchlorosilane (98%, 50 g, 0.528
mol) were mixed in the dark to avoid deactivating the catalyst. The flask was capped
with a rubber septum, purged with nitrogen for 5 min, and placed in a 40°C oil bath.
Allyl 2-bromo-2-methylpropionate (98%, 5 g, 0.024 mol) was subsequently transferred
into the flask via a syringe under nitrogen purge. The solution was stirred at 40°C for 1
h and then at room temperature for 2 days. The catalyst in the solution was filtered
through 0.2 um PTFE syringe filters. After removing excess dimethylchlorosilane
under reduced pressure, a colorless oil-like product was obtained and used directly in

the next step. The residual product was stored in a refrigerator.

Scheme 2-1 ATRP initiator synthesis

40°C (1 h) 0
i (,ji Room temp. (2 days) ‘
O/\/ + - C,Si:(l;lH . o ~""gi—ql
Br * S e Br |
allyl-2-bromo-2-methylpropianate dimethycholoro- ATRP initiator

silanc
2.2.3. Synthesis of ATRP Initiator-Grafted Silica Nanoparticles

To immobilize the ATRP initiator on silica nanoparticles with 1, =5.7 £ 0.2 nm
measured with DLS, MEK-ST (30 g) was transferred into a 100 mL round bottom flask.
While stirring, the ATRP initiator (1.2 g, 3.98 mmol) was added dropwise. The solution

was placed in a 90°C oil bath and refluxed for 20 h.®® Then, hexamethyldisilazane
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(HMDS, 99.9%, 1.77 mL, 8.55 mmol) was added at room temperature and subsequently
heated to 40°C for 20 h.”t 72 HMDS terminated the remaining hydroxyl groups on the
silica nanoparticles. The reaction mixture was precipitated into a methanol/deionized
water solution (64 mL/16 mL). The initiator-grafted nanoparticles were isolated by
centrifugation, precipitated in 200 mL hexane 3 times, and dried in a vacuum oven at

room temperature overnight.

Scheme 2-2 ATRP initiator immobilization on silica nanoparticles
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Si ]
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Si
Hexamethyldisilazane s
ATRP initiator silica initiator-grafled nanoparticles

nanoparticles
2.2.4. Synthesis of PtBA Brushes Grafted from Silica Nanoparticles

Low-b PtBA brushes were synthesized through surface-initiated atom transfer
radical polymerization (SI-ATRP).23 34 70. 73, 74 The as-synthesized initiator-grafted
silica nanoparticles (100 mg, 0.011 mmol), tBA, Cu'Br (0.23 mmol) and Cu''Br; (99%,
0.023 mmol, 10 mol% relative to Cu'Br), and PMDETA (0.253 mmol) were mixed in
a round bottom flask under nitrogen atmosphere inside the glove box with [initiator] :
[Cu'Br] : [Cu'Br;] : [PMDETA] = 0.05 : 1.00 : 0.10 : 1.10. Anhydrous
dimethylformamide (DMF, 99.8%) was used to dilute the mixture with volume ratio
1.75: 1 (vol. DMF : vol. tBA). The ratio of [initiator] to [tBA] and reaction time were
varied to obtain polymer brushes with different molecular weights. The flask was
capped with a rubber septum and transferred to a 50°C oil bath. Polymerization was

performed between 1 to 5 h depending on targeted molecular weight. After
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polymerization, the septum was removed, and the reaction was quenched by the
addition of 200 mL THF. The catalyst was then removed using an aluminum oxide
column (80 g). The transparent solution was concentrated, precipitated in
methanol/deionized water (50/50 by volume), and dried in a vacuum oven at room

temperature overnight.

To vary D of PtBA brushes, phenylhydrazine (PH, 97%) was added to select Sl-
ATRP syntheses. PH was added to the mixture prepared in the glove box containing
initiator, Cu'Br, Cu''Br,, and PMDETA, and the ratios of reagents were [initiator] :
[Cu'Br] : [Cu"Br;] : [PMDETA] : [PH] = 0.05 : 1.00 : 0.10 : 1.10 : 0.38. DMF was
added as the solvent to dilute the mixture with the volume ratio 1.75 : 1 (vol. DMF :
vol. tBA). The ratio of [initiator] to [tBA] and reaction time were varied to obtain
polymer brushes with different molecular weights. The flask was capped with a rubber
septum and transferred to a 50°C oil bath. Polymerization was performed between 1 to
5 h depending on targeted molecular weight. After polymerization, the products were
quenched by 200 mL THF, purified with an 80 g aluminum oxide column, precipitated
in methanol/deionized water (50/50 by volume), and then dried in a vacuum oven at

room temperature overnight.®
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Scheme 2-3 Synthesis of PtBA brushes via “grafting from” surface initiated-ATRP
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2.2.5. Cleavage of PtBA Brushes from Silica Nanoparticles

To determine molecular weight and its distribution, aliquots of PtBA-grafted
silica nanoparticles (110 mg) were dissolved with 20 mL of THF in Teflon jars followed
by the addition of hydrofluoric acid HF aqueous solution (49 wt%, 1.2 mL).%® " The
reaction was held at room temperature for 5 h without stirring. Then, the HF was
neutralized by addition of KOH aqueous solution (4 M, 13 mL). The quenched solution
was dried using a rotary evaporator, followed by drying in a vacuum oven at room
temperature overnight. The cleaved samples were dissolved in 50 mL toluene and
extracted with 100 mL deionized water three times. The organic layer was collected
and stirred with excess anhydrous magnesium sulfate for 1 h. After removal of
magnesium sulfate and toluene, the cleaved PtBA was dissolved by a minimal amount
of THF, precipitated in methanol/deionized water (60 mL/40 mL), and dried in a

vacuum oven at room temperature overnight.

2.2.6. Hydrolysis of PtBA to PAA

The PtBA-grafted nanoparticles (110 mg) were transferred to a 100 mL round

bottom flask and dissolved in 11 mL DCM under 375 rpm stirring at room temperature.
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3 mL of trifluoroacetic acid was subsequently added into the solutions for hydrolysis.
The flasks were covered with aluminum foil and wrapped with Parafilm, and the
reaction was allowed to proceed for 14 h at room temperature (Scheme 2-4). The
solutions were dried under nitrogen purge and then dried in a vacuum oven at room
temperature overnight. The remaining solid was dispersed in a minimum quantity of
methanol (typical 1 ml), precipitated into 100 mL DCM, and collected by
centrifugation. The purification procedure was repeated three times and removal of

unreacted monomer was confirmed by proton nuclear magnetic resonance (H-NMR).

Scheme 2-4 Hydrolysis of PtBA brushes
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2.3.Characterizations of PtBA brushes
2.3.1. Dynamic light scattering (DLS)

Hydrodynamic radius R, was measured using a DLS apparatus, which
consisted of an ALV goniometer equipped with a He-Ne laser (wavelength 632.8 nm)
and an ALV-5000/EPP multiple tau digital correlator (ALV-GmbH, Langen,
Germany). Ten intensity correlation functions g (q,t) were collected for 60 s at
scattering angle 90° and temperature 20°C, where t is time and q is the magnitude of

the wave vector (defined in egn. 2-2). Samples were diluted in THF at 1 mg/mL and
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filtered through a 0.2 um PTFE syringe filter. The intensity correlation function was fit

over the time range of 2.5 x 10™* ms to 103 ms to™

g@(qt)—1= lAe(%))(“%)l (2-1)
4ntn sin
andg = T (2-2)

where 7! and u are the relaxation rate and the variance of the distribution,
respectively. The diffusion coefficient D was calculated from the relaxation rate, and

R;, was calculated from D using the Stokes-Einstein equation as

D=—="&T (2-3)

7q? 6mnRy’

where n is the refractive index of THF at 20°C, 7 is the viscosity of THF at 20°C, kg is
Boltzmann’s constant, and T is the temperature in Kelvin.”” " [, was then obtained by

subtracting ry from Ry,.

2.3.2. Thermogravimetric analysis (TGA)
TGA was performed on a TA Instruments Model Q500 TGA. The polymer

nanoparticles (10 mg to 30 mg) were placed on a platinum pan and first equilibrated at
25°C, followed by ramping to 800°C at a rate of 10°C/min under a 40 mL/min air flow.
The bare silica nanoparticles and initiator-grafted nanoparticles showed slight weight
loss due to the residual silanol and grafted initiator, respectively.” The significant
weight loss of the PtBA-grafted nanoparticles arose from the degradation of tert-butyl
groups, forming carboxylic acid groups and alkene at 250°C. At the elevated
temperature, the carboxylic acid groups were further dehydrated to the six-member

cyclic anhydride structure and water (Figure 2-1).8°
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Figure 2-1. Weight percent as a function of temperature, obtained from TGA, of
the bare silica nanoparticles (black curve), initiator-grafted silica
nanoparticles (red curve), and PtBA-grafted silica nanoparticles
sample L16 (Table Al) (blue curve).

2.3.3. Elemental analysis (EA)

Elemental analysis was performed using an Exeter CE440 instrument at the
Midwest Microlab Co. for characterizing bromine composition in nanocomposite

materials.

2.3.4. Gel permeation chromatography (GPC)

M,, M,,, and D of the cleaved PtBA were characterized with a Viscotek GPC
equipped with two Agilent ResiPore columns, using a mobile phase of stabilized THF
(OmniSolv, HPLC grade, > 99 %) at 30°C. Refractometer data obtained from cleaved
PtBA are shown in Figure 2-2 and Figure 2-3 (with sample characteristics summarized
in Table Al and A2). The flow rate was 1.0 mL/min for all data, except for Figure 2-
3a, which was collected at 0.7 mL/min. The injection volume was 100 pL and the
sample concentration was 1 mg/mL. A triple detection system, including a differential

refractometer, light scattering, and viscometer, was employed to characterize the
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absolute molecular weight. The dn/dc value of PtBA was measured to be 0.048 +

0.001.8!
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Figure 2-2. GPC refractometer chromatographs of cleaved PtBA brushes (Table
Al): (a) L1-L5; (b) L6-L10; (c) L11-L15; (d) L16-L20; (e) L21-L15;
(f) L26-L30; (g) L31-L34.
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Figure 2-3. GPC refractometer chromatographs of cleaved PtBA brushes (Table
A2): (a) H1-H3; (b) H4-H8; (c) H9-H13; (d) H14-H18; (e) H19-H23.

2.3.5. Proton nuclear magnetic resonance (*H-NMR)

The chemical structure of PtBA was characterized using a JEOL ECA-400
NMR spectrometer. Samples were dissolved in deuterated chloroform containing
0.03% v/v tetramethylsilane as an internal standard. Chemical shifts were referenced to
the solvent proton resonance (7.26 ppm). A representative spectrum is shown in Figure

2-4.
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Figure 2-4. (a) *H-NMR spectrum obtained from sample L10 cleaved from
nanoparticles (Table Al). (b) and (c) show a closer view of selected
regions of the data in (a).

2.3.6. Small-Angle Neutron Scattering (SANS)

SANS measurements were performed on the NGB 30 m beamline at the
National Institute Standards and Technology Center for Neutron Research with a
neutron source with 6 A wavelength and 1 mm sample thickness. The PtBA brushes
were dispersed in a mixed hydrogenated and deuterium THF (47/53 v/v) with
concentration 0.3 wt%. The magnitude of g ranged from 0.001 to 0.310 A - by varying
sample-to-detector distances at 13, 4, 1 m and addition of focusing refractive lenses at
13 m sample-to-detector distance. The g-dependent total scattering intensity I;y¢q; (q)
was obtained by reduction of scattering neutron signal using Igor Pro 8 (WaveMetrics)
to account for contributions from background, empty cell, sample transmission, and

sample thickness.

2.4.Characterizations of PAA brushes

The PAA-grafted silica nanoparticles were dispersed at concentrations of 0.5

and 2 mg mL™ for DLS/zeta potential and pH titration measurements, respectively, by

24



stirring in Milli-Q water with varying pH for 3 h. The samples were then filtered

through a 0.2 or 0.45 um Nylon syringe filter depending on the size of the nanoparticles.

2.4.1. 'H-NMR
The chemical structure of PAA ($&:R! IRAFIZHEZKIE - ) was characterized

with *H-NMR from a JEOL ECA-400 NMR spectrometer. PAA was dissolved in
deuterated deuterated dimethyl sulfoxide (DMSO, 99.0%). Chemical shifts were

referenced to the solvent proton resonance (2.50 ppm for DMSO).2

CH,CI,

H,0

DMSO | 4 ,

L 1 1 | |
1413121110 9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)

Figure 2-5 *H-NMR spectrum of the PAA-grafted silica nanoparticles: N,, = 840
+ 10, P = 1.76, o = 0.70 chains nm™2. The ratio of (peak a + peak b)
/ peak c was 2.6 (theoretical value = 3.0). tH-NMR peaks assignment
(C2DeSO, 6, ppm): 1.2-1.8 (br, methine CH of the polymer
backbone), 2.0-2.3 (s, meso methylene CH: of the polymer
backbone), 12.0-12.4 (s, hydroxyl OH from the polymer).

2.4.2. DLS
The same DLS instrument and the fitting eqns. for PtBA brushes were utilized

to characterize [, of PAA-grafted silica nanoparticles solutions, where n and n become

the refractive index and the viscosity of water at 20°C, respectively. Three aqueous
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solutions were prepared from each brush on different days to determine the standard
error on [, . Measurements of [, were repeated consecutively ten times for each

solution.

The intensity-intensity correlation functions g2(q,t) — 1 of the PAA brushes
hydrolyzed from the PtBA brushes in Table 5-1 in aqueous solutions of pH 3, 7, and 10

are shown in Figure 2-6, Figure 2-7, and Figure 2-8, respectively.

N =837, P=1.76 -
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Figure 2-6. Intensity-intensity correlation functions g2(q,t) — 1 as a function of
delay time for the PAA brushes with N, and varying D dispersed in
the aqueous solution with pH 3. Solid lines represent method of
cumulant fits.”® (a) N,, = 45, B = 1.09 (yellow closed triangles), N,,
=45, b = 1.69 (green closed squares); (b) N,, =782, b = 1.23 (red
open triangles), N,, = 837, b = 1.76 (blue open squares).
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Figure 2-7. Intensity-intensity correlation functions g2(q,t) — 1 as a function of
delay time for the PAA brushes with N,, and varying b dispersed in
the aqueous solution with pH 7. Solid lines represent method of
cumulant fits.”® (a) N,, = 45, B = 1.09 (yellow closed triangles), N,,
=45, b = 1.69 (green closed squares); (b) N,, = 782, b = 1.23 (red
open triangles), N,, = 837, b = 1.76 (blue open squares).
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Figure 2-8. Intensity-intensity correlation functions g2(q,t) — 1 as a function of
delay time for the PAA brushes with N,, and varying b dispersed in
the aqueous solution with pH 10. Solid lines represent method of
cumulant fits.”® (a) N,, = 45, B = 1.09 (yellow closed triangles), N,,
=45, b = 1.69 (green closed squares); (b) N,, =782, b = 1.23 (red
open triangles), N,, = 837, b = 1.76 (blue open squares).

2.4.3. Zeta potential ({)




The ¢ of PAA-grafted silica nanoparticles was measured using a NanoBrook
ZetaPALs (Brookhaven Instruments) analyzer. Measurement of zeta potential was

repeated 5 times on one solution for each brush to determine the standard deviation.

2.4.4. pH titration

pH values were measured by using a pH electrode InLab Micro Pro-ISM connected to
a SevenCompact pH meter S220 (Mettler Toledo). To titrate the PAA brushes, pH was
adjusted to 12 by adding a 0.5M NaOH(aq) with a micropipette. The solution was then
titrated with 0.5M HCIl(aq). The volume of the titrant was recorded from the
micropipette, and the pH values were averaged from 3 measurements after each

addition of the titrant.
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Chapter 3. Effect of D on the Conformation of Spherical Polymer

Brushes

In this chapter, we show that the effect of polymer P on the conformation of
spherical polymer brushes depends strikingly on brush molecular weight. We
synthesized PtBA brushes of b = 1.03 — 1.98 grafted to nanoparticles using SI-ATRP
and determined [, using DLS in a good solvent. The average lengths of brushes
exceeded the number-average contour length L ,, predicted from the number-average
degree of polymerization N,,, indicating that long chains contributed significantly to the
measured [,,. In the SDPB regime, [;, of brushes of various b could be collapsed onto a
master curve as a function of the scaling variable N,,a*/3. In the CPB regime, however,
I, collapsed onto a bifurcated curve as a function of the scaling variable N,,0%/2,
revealing that B more strongly affects the average lengths of brushes of low N,,o%/2.
Polymer brushes of various D from the literature also collapsed onto these curves.? 2
37.83 To explain the bifurcation in the CPB regime, we propose that stretching of the
stem region in disperse brushes leads to an increase in average [, only when N,,o'/? is

low.

3.1.D differently affects I, of PtBA brushes at low and high N,

PtBA brushes were grown from silica nanoparticles with an average r, of 5.7 +
0.2 nm as measured by DLS via SI-ATRP, and brush b was tuned between 1.03 and
1.98 with addition of phenylhydrazine to selected syntheses.!® Grafted polymer was
cleaved from nanoparticles using aqueous HF for molecular weight and b

characterization via GPC. o = 0.5 + 0.2 chains/nm? was calculated from the weight
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percentage of grafted polymer, determined using TGA and EA (o of individual samples
are listed in the Appendix Table Al and A2). From R,, of the PGNPs, characterized via

the method of cumulants applied to DLS data, we calculated [, = R, — 15.”

Increasing the brush b had different consequences for [;,, depending on N,,.. At
N,, = 43, the characteristic time scale extracted from the intensity-intensity correlation
functions increased with D (Figure 3-1a), indicating that R;, of the PGNP and hence [,
were greater. At higher N,, = 833, however, the intensity-intensity correlation functions
obtained for brushes of two different b were identical (Figure 3-1b), indicating that R},
did not change with increase in D. This surprising result suggests that b markedly alters

[, only in a range of N,,,.
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Figure 3-1. Intensity-intensity correlation functions g2(q,t) — 1 as a function of
delay time for PGNPs with similar N,, and varying b were collected
in a good solvent, THF, with concentration 1mg mL-1 at 20°C. Solid
lines represent method of cumulant fits.”®.

3.2.1, of PtBA Brushes with Varying P Bifurcates as a Function of N,,

Prior studies on brush conformation examined [, scaling behavior with both
N, 1 2:34.31.8385 gng N, 3232486 without clear consensus as to which molecular weight
average governs brush behavior. To assess the effects of D on [;,, we first examined [,
as a function of N,,. When b was increased from low (1.03 —1.29) to high (1.49 — 1.98),
[, increased at constant N,,, reflecting contributions from long chains in the broad

molecular weight distribution (Figure 3-2a). At lower values of N,,, [, of high-b
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brushes was greater than the number-average contour length determined as the full
length of a PtBA chain adopting a linear conformation (L., = N,l,) and the number-

average fully-extended length determined as the length of the all-trans conformation
(Lfn = Nyplpsin %), where [, = 0.30 nm (the length of two carbon-carbon bonds) and 6

= 109.5° were the monomer length and carbon-carbon bond angle, respectively.”-8
This intriguing result confirms that long chains contribute substantially to {,, when the
molecular weight distribution is broad. All [, were greater than the radius of gyration
(R, =1.18x 1072M°>°, obtained from free PtBA in THF,® where M was the

number-average and weight-average molecular weight in Figure 3-2a and Figure 3-2b,

respectively), consistent with prior literature, demonstrating R, of grafted chains was

greater than that of free chains at high ¢.%*

To account for long chains in a broad molecular weight distribution, we
compared the dependence of [, on N,, with the weight-average contour length (L., =
Nylo) and the weight-average fully-extended length (Ls,, = Nl sin g).87'89 The 1,
values of the high-D series were commensurate with L., and L¢ ,, when N,, <100, and
the [, of the other brushes were between L., and R, regardless of b and N,, (Figure

3-2b). To locate the crossover from CPB to SDPB brush regimes, 7, was calculated as*

37,83

,rc — TOO_*O.SU*—I, (3_1)

where o* = ob? was the reduced grafting density, v was the excluded volume

parameter, and v* = v/(4m)/2. Eqn. 3-1 was previously applied to brushes grafted
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from nanoparticles with r, varying from 5 — 65 nm.?% 2432.:37.92 For PtBA brushes, 7
=32 = 5 nm using eqn. 3-6 (b = 0.7 nm,*** and v = 0.23 + 0.06, calculated using the
MWC-WZ model below).?* Thus, brushes with [,, < 26 nm were in the CPB regime,
where [;, of high-b brushes was greater than that of low- D brushes. Brushes with [;, >

26 nm were in the SDPB regime, and [;, collapsed onto a master curve regardless of b.
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Figure 3-2. [, as a function of (a) N,, and (b) N,,. The dashed-dotted lines
indicate L., in (a) and L., in (b). The dotted lines indicate L, in
(@) and Ly, in (b). The dashed lines indicate R,. The symbol’s color
shading indicates brush D.

To obtain v of the spherical PtBA brushes, the MWC-WZ model, which only
accounts for pairwise interactions, predicts the effective height (H,) of a brush on a flat

surface from 1, and r, of a brush on a spherical surface:*

1/3

Ho =13 +2(2) +1(B)] = (i)§ DN, vic"s, (3-2)

4\ 1y 5 \rp2 2
v was calculated for selected low-b spherical brushes in the SDPB regime, as
determined by r. from the scaling crossover (l;, > 24 nm), using eqgn. 3-3, with N,,,, the

Kuhn length b = 0.7 nm, and o (Table Al):
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T[2H03
V= ——F"3".
8b5Ny, o

(3-3)

A representative calculation of v for sample L31 (Table A1) with N, =780, b

=1.23, 1, =57 nm, and o = 0.32 chains/nm?is:

_ 3, 3(57.0* 1(57.0° 1/3 _ )
Ho=[57.0% +3(25) +1(ZF)] " =1743nm (3-4)
2x174.33
andv = — = 0.26. (3-5)
8x0.75x7823%0.31

The value v =0.23 + 0.06 reported in this chapter was determined as the average

of v of the individual samples in Table Al

A representative calculation of r, for sample L31 (Table Al) with N,, = 780, b

=1.23,1, =57 nm, and ¢ = 0.32 chains/nm? is:

0.26

-1
m) = 30.81 nm. (3-6)

r. = 5.65 x (0.32 X 0.702)0-5(

The value r. =32 + 5 nm reported in this chapter was determined as the average
of r, of the individual samples in Table Al. Finally, the critical brush length was

calculated as

l,=1.—71y=(32 + 5)— (5.7 + 0.2) = 26 +5nm. (3-7)

3.3.D Shows Different Influences on [, for Brushes in the SDPB and the CPB
Regimes

Next, we examined [, of brushes in the SDPB and CPB regimes as a function
of N,,a'/3 and N,,a'/?, respectively.?* The use of scaling theory allows us to compare
multiple brush systems at different .2% In the SDPB regime, [, of PtBA brushes (P =
1.03 — 1.96), as well as brushes composed of polystyrene (PS, P = 1.05-1.13)** and a

poly(ethylene oxide-block-propylene oxide-block-ethylene oxide) triblock copolymer
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(PEO-b-PPO-b-PEO, P = 1.10 — 1.20)% collapsed cleanly onto a master curve as a
function of N,,o'/3 (Figure 3-3a), independent of . Thus, b does not markedly alter

[, in the SDPB regime.

In the CPB regime, however, short brushes of low-b (PS, PMMA, PCL, and
PtBA) and high-b (PCL and PtBA) scaled onto a bifurcated curve as a function of
N,,a'/? (Figure 3-2b). I,, of brushes of varying composition and dispersity fell on two
distinct curves that intersected at N,, 0%/ = 470 = 30 (Figure 3-4). High-P PtBA
brushes (b = 1.49 — 1.98) collapsed onto the high-b branch along with the high-b PCL
brushes (P = 1.69 — 2.39).%” Low-b PtBA brushes (b = 1.03 — 1.29) collapsed onto the
low-b branch with PS (b = 1.06 and 1.08)?* and PMMA brushes (b = 1.19 — 1.28).%
Interestingly, PCL brushes with moderate b (b = 1.42 — 2.06) also collapsed on this
branch (Figure 3-3b).3” This result suggests that the c-dependence of the scaling of
higher-b brushes may not follow that of uniform brushes. This idea, to be discussed
later, is consistent with earlier Monte Carlo (MC) simulations, which revealed that [,
of brushes with B = 1.5 — 2.5 scaled as [, ~ g*113£0009 26 Nonpetheless, for each
polymer composition, [, in the high-b branch was greater than that in the low-b branch
for N,,0/2 < 470 + 30; by contrast, I, collapsed onto one curve at higher N,,o/?

independent of b (Figure 3-3b).
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Figure 3-3. I, as a function of (a) N,,a'/3 in the SDPB regime and (b) N,,c'/? in
the CPB regime, in which the color shading indicates D.

10— r——————

102 : ~N cr1/2)0.72 :
€ | _
£ m This study (6= 0.5+ 0.2) |
e, PMMA (o = 0.67 + 0.06)2%

10'F ). A PS (o = 0.55)24 3

g I> PS (o = 0.39)24 ]

2100 < PCL (g = 0.61)%"

[ ~(ch ) O PCL (0 = 0.43)%7)

. v PCL (0 =0.21)5
10 N v 3 oaoa gl N L0l " P A

10’ 10? 10° 10°*
N 6‘14'2
b

|| |E

1.0 12 14 16 1.8 20 22 24

Figure 3-4. I,, as a function of N,,a'/? with color shading as an indicator for D.
Solid lines are fits for the upper and bottom branches, respectively,

as I, = 1.29(N,,0/2)*"* and 1, = 0.23(N,,61/2)"*".
Through a linear fit to PtBA brush data (Figure 3-5), we extracted the scaling

exponents (egns. 1-2 and 1-3). These exponents were 0.55 + 0.03 in the SDPB regime

and 0.90 £+ 0.07 and 0.82 + 0.07 for low-b and high-b branches, respectively, in the
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CPB regime, consistent with scaling theory. PCL brushes exhibited a similar trend in
scaling exponent to PtBA brushes in the CPB regime: the exponent of the low-b branch
was higher than that of the high-b branch, though the exponent of the low-b branch
exceeded 1.3” Though the scaling theory was developed for low-D brushes, literature
studies on high-b planar brushes confirmed their scaling exponents for N and o were

consistent with that of low-D brushes.?®
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Figure 3-5. [, of PtBA-grafted silica nanoparticles (b =1.03 — 1.98, 0 = 0.5 %
0.2 chains/nm?) as a function of (a) N,,a'/3 in the SDPB regime and
(b) N,,a*/2 in the CPB regime, in which the color shading indicates
b. Solid lines represent linear fits to the data.

3.4.Polymer Conformation Varies Differently with N, and P in the SDPB
and CPB Regimes

The independence of [, with varying b in the SDPB regime suggests that all
brushes adopt a similar coiled conformation. In the CPB regime, however, at low
N,,c'/2, higher-b brushes adopt a more extended conformation than lower-b brushes,
whereas the brush conformation at the periphery is independent of b at higher N,,a/2.

To explain these contrasting effects of b, we propose physical pictures for brushes in
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the two regimes. The hypothesized conformation of brushes in the SDPB regime with
varying b is depicted in Figure 3-6a. At high [, the brush transitions from the CPB
regime to the SDPB regime when [;, exceeds 7., such that polymer chains adopt a coiled
conformation at the periphery.?® 2* We propose that the coiled morphology at the
periphery is not strongly influenced by b (Figure 3-6a). Thus, the average [, is

relatively insensitive to b in the SDPB regime.

The proposed conformation of brushes in the CPB regime with varying N,,o*/2
and b is depicted in Figure 3-6b. In the CPB regime, polymer chains in close proximity
experience higher-order interactions.? 2* For high-B brushes, based on earlier theories
and simulations, we suggest that steric hindrance due to compressed short chains near
the surface drives the extension of longer chains.?> 2 The long chains extend near the
particle surface (the “stem”) in the vicinity of shorter chains, but are less stretched at
their free ends (the “crown”).?> 28 It is this highly extended stem that leads to the
experimental observation of greater [, for the high-b brushes compared to the low-b
brushes at low N,,o/2. At higher N,,a/?, however, we suggest that the conformation
at the periphery is not strongly affected by b, and, hence, the difference in [, between

high-b and low-b brushes is negligible.
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Figure 3-6. Schematic representation of conformation of PGNPs with core radius
1o In different regimes. (a) Low-b and high-b brushes above r, are
in the SDPB regime at the periphery with similar [, and coiled
conformation. (b) Brushes below 7, are in the CPB regime with
varying b and N,,0/2.

This picture is consistent with earlier MC simulations, which found that the
effect of P on p varied with ¢.2° At constant N,,, when o = 0.65 and 0.25 chains/b?, the
p at intermediate r decreased with increasing P, indicating that the chains were
extended near the surface.?® When o decreased from 0.25 to 0.1 chains/b?, however,
this p became less dependent on D.%6 The nearly identical p profiles of brushes of
various b at the lowest o suggests that these brushes do not adopt a stem configuration
near the surface. This comparison suggests that the demarcation between high- and low-
D regimes is affected by o. To test this idea, we compare o (chains/b?) of the PCL
brushes in Figure 3-3b (for which moderate-b brushes collapsed onto the low-b
branch) with that of the MC simulations (Table 3-1). For PCL brushes, a grafting
density of o = 0.21 chains/nm? corresponded to o = 0.08 chains/b? (b = 0.6 nm),3" %
% at which the effect of B on PCL brush conformation was negligible in simulations.?®
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Indeed, PCL brushes with o = 0.21 chains/nm? adopted a similar conformation as that
for low-b brushes, explaining the collapse of [, for these brushes onto the low-b
branch (Figure 3-3b). Likewise, the grafting density of moderate-b PCL brushes, o =
0.43 chains/nm? (o = 0.15 chains/b?), was less than the ¢ = 0.25 chains/b? at which
stems were observed in simulations. We conclude that [, of high-b brushes is

controlled by the extended stem region, which is not present at low o.

Table 3-1. Calculating o of PCL brushes in chains/b?

PCL o (chains/nm?) from ref.%’ o (chains/b?)
0.61 0.22
0.43 0.15
0.21 0.08

3.5.Conclusions

We investigated the dependence of [, of polymer brushes grafted to
nanoparticles on . The transition from the CPB to the SDPB regimes was independent
of brush b, and [, of PtBA brushes collapsed in the SDPB regime but fell on a
bifurcated curve in the CPB regime. Significantly, [, of brushes of various polymers
(from literature studies) also collapsed onto the same master curve in the SDPB regime,
and onto the same bifurcated curve in the CPB regime. We therefore propose that the
coiled conformation is independent of D in the SDPB regime. In the CPB regime, the
high-b brushes adopted a more extended conformation than the low-b brushes when

N,,01/? < 470 + 30, yet brushes of differing P adopted a similar conformation at the
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periphery at higher N,,a/2. The more extended polymer brush conformation attained

via increase in b can be leveraged to control nanoparticle dispersion in complex media.
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Chapter 4. D Distinctly Affects p profiles in the CPB and SDPB

Regimes

In this chapter, the p profiles of selected PtBA brushes from chapter 3 (Table 4-
1) are assessed through SANS. We fit SANS data using a core-chain model derived
from a scaling theory for star polymers established by Daoud and Cotton,®* which was
successfully applied to PGNP systems.3% %97 This model assumes the p profile in the
polymer layer varies from a constant region (inner layer) to a linear region (intermediate

layer) and finally to a power-law region (outer layer) with increasing r (Figure 4-1).3"

65

Figure 4-1. p profile of polymer chains grafted on nanoparticles consisting of a
constant p region p ~ r° in the inner layer (pink curve), a linear-
decay p region p ~ r~1 in the intermediate layer (blue curve), and a
power-law-decay region p ~ r=*/3 in the outer layer (cyan curve).®
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Table 4-1. PtBA-grafted silica nanoparticles selected for SANS measurements

PtBA brushes N2 N2 pa2 I, (nm)® o (chains nm-
2)0
Low N,,, Low 67.2+0.3 58.2+0.2 1.15 9.620.2 0.44
b
Low N,,, High 59+3 377 1.59 18.9+0.3 0.51
b
Intermediate 390+30 330+20 1.19 33.5+0.2 0.28
N, Low D
Intermediate 360+20 220+20 1.60 36.4+0.3 0.56
Ny, High
High N,,, Low 810+20 680+20 1.19 62.6+0.4 0.37
b
High N,,, High 854 439 1.94 58.30x0.2 0.68
b

aCharacterized with GPC: N,, and N,, were calculated using M,,/M, and M,,/M,, respectively, where M,
=128 g mol* is the molecular weight of tBA,; D = N,,/N,,. Standard deviations were calculated from
3 measurements.

b Characterized with DLS: I, was calculated from the method of cumulants (egns. 2-1 and 2-3) and
subtraction of R;,. Standard deviations were calculated from 10 measurements on the same sample.

¢ Characterized with TGA and EA.%8
4.1.SANS Fitting Model

SANS data are fit to a core-chain model (using Sasview 4.2.2), which describes
scattering from a spherical core and grafted polymers, and, in the polymer layer, the p
varies with r. In addition, the SLD profile of the polymer layer is also dependent on r,

because SLD is a function of p as®

P(r)XMmono

] X Csolvent X bcoh,solvent: (4'1)
NaXPpmono

SLD = p(r) X beohmono + |1 —
where beoh mono aNd beoh solvent are the coherent scattering length of monomer and
solvent, respectively; myono @Nd Pmono are the molar mass and density of monomer,
respectively; and cgqovent 1S the number density of solvent molecules. I, (q) has
contributions of g -dependent coherent scattering and g -independent incoherent

(background) scattering B. The coherent scattering is a function of the structure factor
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S(q), representing inter-particle correlations, and form factors, describing intraparticle
scattering and dependent on the shapes of the core, brush region, and individual
polymer chains.>® Under dilute conditions, the interparticle positions are not correlated

and S(q) = 1.%° The form factor from the spherical core P.,.(q) is*t

Peore(@) = (SLDcore = SLDsowent) J 72 X ==L dr, (4-2)
where SLD e @nd SLDgvent are the SLD of core and solvent, respectively. The form
factor of polymer chains Ppoiymer(q), however, depends on r due to variation of SLD,
and, therefore, Ppoiymer(q) is separated into three regions. The form factor of the inner

region (i.e. constant region) nearest to core surface Ppoiymer,inner(q) is3t

Ppolymer,inner(Q) = (SLDpolymer - S]-'Dsolverlt) f,;z r? X SIZ% dr, (4'3)
where SLDpg1ymer @aNd SLDgjyent are the SLD of polymer and solvent, respectively.
When the whole particle size R, > r, the form factor from polymer in the intermediate

region (i.e. linear region) Pyolymer,inter (4, 7) becomes®!

Ppolymer,inter(Q: T)

singr

1-(r—rp)
= (SLDpolymer = SLDsowvent) [, ——2 X 12 X == dr. (4-4)

mn Rp—ro
When R,, >y, the form factor from polymer in the outer region (i.e. power-law region)

Ppolymer,outer(q' T) is

Ppolymer,outer(CI: T‘)

R -4/3 ,
= (SLDpolymer - SLDsolvent) frlp (:_1) X 12 X Sl:;% dr. (4'5)
From the combination of these form factors (from eqn.4-2 to eqn. 4-5), the Ia1(q) iS

Itotal(CI) =
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2
(p % [4”X(Pcore(CI)+Ppolymer,inner(CI)+Ppolymer,inter(q'r)+Ppolymer,outer(q'r))]

Vparticle

+ B, (4-6)

where ¢ and Vp,rice are volume fraction and volume of the whole nanoparticles,

respectively.

4.2 Variation in 1, Between Low- and High-D Depends on N,

To enhance Iy, (q) from grafted polymer, the SLD of the solvent (3.45 %
10~¢ A~2), a mixture of hydrogenated and deuterated THF (47%/53% v/v), is contrast
matched to that of the silica core (3.47 x 107° A=2), whereas the SLD of PtBA is
different from both (3.47 x 107 A~2). I,,.a1(q) of the high-b brushes is lower than
that of the low-b brushes at low g region, showing the impact of D on structural
features in SANS data (Figure 4-2). We hypothesize that the upturn in I, (q) of the
low- and intermediate- N, , high- B brush at low- g arises from nanoparticle
aggregation, leading to deviation of the fitted curve from the data (Figure 4-2a and b).
In addition, deviations from the model and data can also arise from lack of structure

factor in the fitting model.
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Figure 4-2. I,,1a1(q) for PtBA brushes with (a) N, = 67, b = 1.15 (black open
squares) and N,, =59, b = 1.59 (blue open triangles), (b) N,, = 389,
b = 1.19 (black open squares) and N,, = 357, b = 1.60 (blue open
triangles), and (c) N,, = 807, b = 1.19 (black open squares) and N,,
=854, b = 1.94 (blue open triangles). Black and blue solid lines are
fitted curves of low and high-b PtBA brushes, respectively, using
the core-chain model.
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The SANS data are fit with the core-chain model by assuming S(q) = 1 due to
the low concentration of PtBA brushes (0.3 wt%) (egn. 4-6). During fitting, r, of the
core is set to 5.7£0.2 nm (measured by DLS) and the SLDs of the core, solvent, and
PtBA are set to the values mentioned above. ¢ is fixed and calculated from the known
weight percentage of PtBA brushes in the solution, and B is fixed to the I, (q) at the
high-q plateau (Table 4-2). The other parameters, r,, r;, and R, are allowed to float
(Table 4-2). Optimized fitting results are obtained by reducing the goodness-of-fit y?
using the DiffeRential Evolution Adaptive Metropolis (DREAM) algorithm in SasView

with the constraint ry <7, <1 < R,,.

Table 4-2 Fitting results of SANS data of PtBA brushes

PtBA brushes ) B (cm1) 5 (NmM) 7y (nm) R, (nm)
Low N, Low b 0.00235 0.630 6.53+0.06 19.8+0.06 20.15+0.06
Low N, High 0.00235 0.616 6.73+0.09 6.73+0.01 20.30+0.06
b
Intermediate 0.002839 0.593 8.49+0.08 11.78+0.02 39.67+0.07
N,,, Low b
Intermediate 0.00247 0.532 8.86+0.06 8.86+0.02 34.2+0.1
N,,, High
High N, Low 0.00305 0.648 6.2£0.3 16.25+0.04 63.8+0.2
b
High N,,, High 0.00258 0.606 6.2£0.3 16.2510.04 62.620.4
b

The 1, of PtBA brushes is calculated by subtracting the core radius r, from the
particle radius R,, (obtained from fitting the SANS data with the core-chain model). 1,
of the high-b brushes obtained from SANS fitting is lower than that measured by DLS,
and the difference between them increases with increasing N,, (Figure 4-3). However,

for the low-b brushes, differences in [, from SANS and DLS are less than the
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differences for the high-b brushes (Figure 4-3). Differences in [, characterized by

SANS and DLS is attributed to variation of p as a function of . SANS is most sensitive

to the layer with dense polymer chains, whereas DLS can also probe [, of the dilute

peripheral layer.”® Therefore, we anticipate differences in [, characterized by SANS

and DLS are more pronounced with increasing b and N,, as is observed in Figure 4-3,

because of the presence of more long chains in the high-b brushes.

100
90
80
70
60
50
40
30
20
10

0

1, (nm)

b

1.0

T

- |

DLS
SANS

0

1.2

200

400

600 800 1000
N

w

1.4

1.6

18 20 22 24

Figure 4-3. [, of the PtBA brushes with N, = 67, b= 1.15and N, =59, b =
1.59and N,, =389, b =1.19; N, =357, b = 1.60 and N,, = 807, b
= 1.19 and N,, = 854, b = 1.94 characterized using DLS (closed
square) and SANS (open triangle). The symbol’s color shading
indicates brush b.

4.3. D Differently Affects p Profiles of Low-N,, (CPB Regime) and High-N,,
(SDPB Regime) Brushes

The p profiles of the PtBA brushes with different N,, and/or D are calculated

from the fitting parameters (r, r;, and R,) of SANS data as a function of r (Figure 4-

4).

At low-N,, (CPB regime), the regions with constant p are narrow for low-b (r

=0.0-0.8 nm) and high-b (r =0.0— 1.0 nm) brushes (Figure 4-4a). Above the constant
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p region, p of the low-b brush decays linearly as a function of r throughout nearly the
whole brush layer (r = 0.8 — 14.1 nm), followed by a narrow power-law region (r =
14.1—-14.5 nm) (Figure 4-4a). However, above the constant region, the p profile of the
high-b brush is composed of a power-law region (r = 1.0 — 14.6 nm) in the absence of
the linear region, and the p of the high-b brush is lower than that of the low-b brush
(Figure 4-4a). In addition, p of the high-b brush reaches a plateau at high r and this is

not observed in the low-D brush.

At intermediate-N,, (SDPB regime), the regions with constant p extend up to
2.8 nm and 3.2 nm for the low- and high-b brushes, respectively (Figure 4-4b).
However, above the constant region, the p profile of the low-b brush is composed of a
narrow linear region (r = 2.8 — 6.1 nm) and a broad power-law region (r = 6.1 — 34.0
nm) (Figure 4-4b). The p of the high-b brush above the constant region decays with

the power-law only (r = 3.2 — 28.5 nm) (Figure 4-4b).

At high N, (SDPB regime), the p profiles remain consistent with the
intermediate-N,, brushes. For the low-D brush, p is constant (» = 0.0 — 0.5 nm) and
follows a linear (r =0.5—10.6 nm) and a power-law (r = 10.6 —58.1 nm) decay. (Figure
4-4c¢). For the high-b brush, the p profile is constant (r = 0.0 — 6.8 nm) and then decays

as a power-law (r = 6.8 — 44.2 nm).

@ —— N, =67,D=115 (b) — N, =383;p=119 | |(© ——N,=807,D=1.19
----N,=59,D=158 | [} ----N,=357,D=160 | [~} ----N, =854;D=1.94 |

\ ~p3

A

0 10 2I(] SIU 4I0 SIO 600 1b 2b 50 4‘0 50 60 0 1IO 2IO 3I0 40 50 60
r (nm) r (nm) r(nm)
Figure 4-4. p of the PtBA brushes as a function of r with (a) N, =67, P = 1.15
(solid curves) and N,, =59, b = 1.59 (dashed curves); (b) N,, = 389,
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b =1.19 (solid curves); N,, =357, b = 1.60 (dashed curves); (c) N,,
= 807, b = 1.19 (solid curves) and N,, = 854, b = 1.94 (dashed
curves).

4.4.Conclusions

We examined the p profiles as a function of D at low, intermediate, and high
N,, by analyzing the fitting results of SANS data using the core-chain model. The
difference in [, of the high-b brush characterized from SANS and from DLS increased
with increasing N,, due to the long chain effect. At low N,, (CPB regime), the p
profiles were mostly composed of a linear region and a power-law region for the low-
and high-b brushes, respectively. At intermediate and high N,, (SDPB regime), the p
profiles were composed of a power-law region at periphery of the low- and high-b
brushes. The variation of the p profiles could arise from the different conformations of

low- and high-b brushes.

49



Chapter 5. Molecular Weight and Dispersity Affect Chain
Conformation and pH-Response in Weak Polyelectrolyte

Brushes

To understand the effect of chain  on polyelectrolyte brush conformation, we
measured [, as a function of pH for two pairs of PAA brushes grafted on silica

nanoparticles of similar N, but different b (Table 5-1).

Table 5-1. PtBA-grafted silica nanoparticles selected for hydrolysis

PtBA brushes N2 N2 p? I, (nm)° o (chains nm?)°
LowN,,, Lowb 45+3 41+4 1.09 6.6+0.2 0.38
Low N, High b 45.3+0.7 2613 1.69 14.0£0.2 0.53
High N, Low b 780+50 630+40 1.23 57.2+0.3 0.31
High N,,, High b 840+10 48030 1.76 58.0+£0.5 0.70

@Characterized with GPC: N, and N,, were calculated using M,,/M, and M,,/M, respectively, where M,
is the number-average molecular weight, M,, is the weight-average molecular weight, and M, = 128 g
mol? is the molecular weight of tBA,; P = N,,/N, . Standard deviations were calculated from 3
measurements.

® Characterized with DLS: I, was calculated using the method of cumulants (egns. 2-1 and 2-3) to
quantify the polymer-grafted nanoparticle R,,, followed by subtraction of the silica nanoparticle radius
0. Standard deviations were calculated from 10 measurements on the same sample.

¢ Characterized with TGA and EA.%
5.1.The Extent of pH-Response of I, Depends on N,, and P

For the low-N,, series (N,, = 45), [, of the low-b PAA brush was independent
of pH and was equal to L.,, = N,ly, where [, = 0.3 nm (Figure 5.1a). In sharp
contrast, 1, of the high-b PAA brush increased upon increasing pH and was markedly
greater than both [, of the low-b PAA brush and L.,,. The greater value of [, of the

high-b PAA brush relative to that of the corresponding low-b PAA brush and to L,
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can be attributed to long chain effects.*® For the high-N,, series (N,, =~ 813), I,, of both
PAA brushes increased with pH and gradually approached their L ,,. At high N,,,
differences in [, between the low and high-b brushes were less pronounced than for
the low-N,, brushes and were statistically insignificant at some pH values (Figure 5-
1b). Thus, b differently affected [, of brushes at low and high N,,. This result is
consistent with the behavior of neutral brushes observed in the Chapter 3, in which [,
increased with P at low N, but was independent of P for high N,,.°® To examine the
extent of pH-response, I, was normalized by [lj, ,ax. At low N, the high-D brush
exhibited a greater change in I}, /1}, ,..x than the low- D brush as a function of pH. At
high N,,, however, I}, /1}, ..x Of both low- and high- D brushes collapsed with that of the
low-N,, and high-b brush (Figure 5-1c). This comparison reveals that the extent of pH-

response in [, can be enhanced by increasing either N, or b (when N,, is low).
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Figure 5-1. [, as a function of pH of the (a) low-N,, PAA brush pair with N, =
45, b = 1.09 (light blue open triangle) and N,, = 45, b = 1.69 (dark
blue open square) and (b) high-N,, PAA brush pair with N,, = 782,
b = 1.23 (light blue closed triangle) and N,, = 837, b = 1.76 (dark
blue closed square). (c) [, was normalized by [, ... as a function of
pH for four PAA brushes. Dashed and dotted lines indicate L, of
the low-N,, and high-N,, PAA brush pairs, respectively. Light blue
and dark blue lines represent L., of the low-b and high-b PAA
brushes, respectively.

Prior studies report the pH-responsive lj/l}, n.x in polybasic PDMAEMA
brushes (N,, = 392 — 2541)*° and polyacid PAA brushes (N,, = 250 — 1111)%7. I, /1, .oy
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of PDMAEMA or PAA brushes as a function of pH collapsed onto a single curve for
brushes of differing N,,,* which is consistent with the behavior we observed in the
high-N,, PAA brushes (N,, =782 and 837) (Figure 5-2a). We suggest the high-N,,, PAA
brushes were in a high-N,, regime where [, /1, ..., was dependent on pH. However,
Ly /lymax OF the PAA brush with the lowest N, probed in ref. ¢ (N,, = 153) was
independent of pH, consistent with the behavior of our low-N,,, low-b brush (N,, = 45)
(Figure 5-2b). We suggest the low-N,, PAA brushes in our study were in a low-N,,
regime, where 1, /1, n.x Was independent of pH and increased with increasing b. To
explain the differences in the extent of pH response among the PAA brushes, we posit
that the dominant parameter controlling the brush conformation, a, was sensitive to D

at low but not high N,,,.
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Figure 5-2. 1, /lp max, Where [ nax IS the maximum [, for each brush, as a
function of pH for (a) high-N,, PAA brush pair with N,, = 782 and
b = 1.23 (light blue closed triangles), N,, = 837 and b = 1.76 (dark
blue closed squares), and PAA brushes from ref. 8" with N,, = 250
(black open diamonds) and N,, = 1111 (black open left-pointing
triangles); (b) low-N,, PAA brush pair with N, = 45 and b = 1.09
(light blue open triangles), N,, = 45 and b 1.69 (dark blue open
squares), and PAA brushes from ref. 67 with N,, = 153 (black closed
diamonds).
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5.2.PAA Brushes Dissociate Differently as a Function of N,, and b

To test this idea, we determined o of the PAA brushes as a function of pH
(Figure 5-3) as assessed via titration curves upon decreasing pH (Figure Al; procedures
described in the Appendix).1® a monotonically increased with pH, in agreement with
the previously reported behavior of annealed polyacid brushes.%1% The titration
curves of the PAA brushes were qualitatively similar for brushes of different b but
similar N, indicating they were similarly dissociated and associated at high and low
pH, respectively. To quantitatively examine the dissociation behavior, the data were fit
with sigmoidal curves, and the average acid dissociation constant pK, was obtained as
the pH at o = 0.5 for each of the brushes.'® At low N,,, pK, = 6.14+0.06 and 6.28+0.06
for low- and high- b brushes, respectively; at high N, pK, =5.68+0.03 and 5.96+0.01
for low- and high- D brushes, respectively. These results indicate that the PAA brushes
behave as annealed polyacids and bear an increasing number of negative charges as pH
is increased. Further, increasing D slightly increased pK, whereas increasing N,,
decreased pK,. The weak dependence of pK, on b is consistent with an earlier study
on planar PAA brushes, when pK, was measured upon decreasing pH (as it was
measured in the present study).®® By contrast, pK, of the planar PAA brushes

drastically increased with B when measured upon increasing pH.8
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Figure 5-3. a as a function of pH of the (a) low-N,, PAA brush pair with N,, =

45, b = 1.09 (light blue open triangle) and N,, = 45, b = 1.69 (dark
blue open square) and (b) high-N,, PAA brush pair with N,, = 782,
b = 1.23 (light blue closed triangle) and N,, = 837, b = 1.76 (dark
blue closed square). Light and dark blue solid lines are sigmoidal fits
shown in Appendix (egn. A19) of the low-b and the high-b PAA
brushes, respectively.

We characterized ¢ as a function of pH (Figure 5-4) to provide further insight

into the dissociation behavior of PAA brushes. The PAA brushes were negatively

charged at all pH values tested and ¢ monotonically decreased with increasing pH. The

decrease in ¢ with increasing N,, arises from greater number of dissociated repeat

units.1®® These results suggest that the counterions (i.e. positive charges) in the bulk

solution could condense in the brush layer due to electrostatic interactions with negative

charges on polyelectrolyte chains, but could not completely neutralize the negative

charges.®* 1% In addition, we calculated the concentration of condensed counterions C;

at pH 10 (a = 1); C; was the largest for the low N,,, low D brush (due to differences in

lp) (Figure 5-5, egns. are shown in the Appendix).
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Figure 5-4. ¢ as a function of pH of the (a) low-N,, PAA brush pair with N,, =

45, b = 1.09 (light blue open triangle) and N, = 45, b = 1.69 (dark
blue open square) and (b) high-N,, PAA brush pair with N,, = 782,
b = 1.23 (light blue closed triangle) and N, = 837, b = 1.76 (dark
blue closed square).
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Figure 5-5. The concentration of condensed counterions C; as a function of
concentration of added ions I, of low-N,, PAA brushes pair with N,
=45 and b = 1.09 (light blue open triangle) and N,, = 45 and b =
1.69 (dark blue open square) and high-N,, PAA brush pair with N,,,

=782 and b = 1.23 (light blue closed triangle) and N,, = 837 and b
=1.76 (dark blue closed square).

5.3.Polyelectrolyte Brush Regime Varies with N,

To probe PAA brush swelling, 1, /1}, m.x Was examined as a function of a, using
the pH-dependencies of both 1, /1, ...« (in Figure 5-1c) and a (in Figure 5-3, along with
sigmoidal fits to the data). l;, /1j nax Of the low-N,, PAA brushes scaled weakly with o:
Ly /Uy max ~ %027%0-005 for the low-D brush and 1y, /1, e, ~ a®25%00% for the high- b
brush (Figure 5-6). Although b did not affect the scaling exponent for low-N,, brushes,
brushes with lower b had a greater degree of chain extension (e.g., greater /1, ..x) at
a given value of a (Figure 5-6). These scaling exponents indicate that the PAA brushes
with N,, =45 were in the g-NB regime and were more affected by short-range excluded
volume interactions than long-range electrostatic interactions.*® °¢ By contrast,
lp/1p max Tor high-N,, brushes at both low- and high-b collapsed onto a single curve
with that of PDMAEMA brushes (Figure 5-7),* which had a larger scaling exponent:

Ly /Ly max ~ a®23%09-02 (Figure 5-6), consistent with the scaling of the SB regime from
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prior studies.*” 4° The transition from the g-NB to SB regimes upon increasing N,, is
consistent with expectations from the star polyelectrolyte model.*® Overall, 1, /1 max
collapsed as a function of « for the brushes with high but not low N,, (Figure 5-6), and
lp /1y max for the high-N,, brushes and the low-N,,, high-b brush collapsed as a function

of pH (Figure 5-1c).

Increasing D led to distinct behaviors for low-N,, brushes in the - and pH-
responses of [, /1, ... Whereas the pH-dependence of 1, /1}, ...x Showed a significant
change as b increased (Figure 5-1c), the scaling of 1,,/1}, ...x With a was unaffected by
b (Figure 5-6). At high-N,,, the pH- and a-responses of [, /1, ... €ach collapsed to a
single curve as b was varied (Figures. 5-1c and 5-6). These differences in relationships
of 1, /1p max With o and pH likely arise from subtle differences in dissociation behaviors
among these brushes, quantified by the pK, (Figure 5-3). We can identify different
regimes of behavior in low- and high-N,, brushes using our data and that of a prior
study. At high-N,,, the pH- and a-respsonses of [, /1, ... €ach collapsed onto a single
curve for PDMAEMA brushes (N,, = 392 — 2541; b = 1.31 — 2.10).*® This behavior is
consistent with our data on high-N,, PAA brushes (N,, = 782 and 837; b = 1.23 and
1.76). Therefore, we suggest that these brushes were in the high-N,, regime, where the
pH- and o -responses of 1, /1j ..« €ach collapsed to a curve independent of N,, and b.
By contrast, 1}, /1), max Varied differently as a function of pH and « for the low-N,,, PAA
brushes in our study (N,, = 45; b = 1.09 and 1.16). We hypothesize the low-N,, PAA
brushes were in a low-N,, regime, where the relationships of pH- and a-responses of
Iy /1y max Were affected by subtle differences in pK, (low-b : pK, = 6.14+0.06 and

high-D : 6.28+0.06) (Figure 5-3).
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Figure 5-6. /1, ... as a function of « of the low-N,, PAA brush pair with N, =
45, b = 1.09 (light blue open triangles) and N,, = 45, b = 1.69 (dark
blue open squares) and the high-N,, PAA brush pair with N,, = 782,
b = 1.23 (light blue closed triangles) and N,, = 837, b = 1.76 (dark
blue closed squares). Solid lines indicate the fits for low-N,,, brushes
and the dashed line indicates the fit for the high-N,, brushes.
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5.4.The Extent of pH-Response of Conformation Varies with N,, and b

We propose schematic representations for low-b (Figure 5-8a) and high-b
(Figure 5-8b) annealed polyacid-grafted nanoparticles. Because [, of the low-N,,,, low-

b PAA brush was approximately equal to L.,,, we suggest that the brush adopted a
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near-fully extended conformation at low pH due to strong excluded volume interactions
(the g-NB regime). Although increase in pH induced electrostatic interactions, the brush
could not further extend (Figure 5-8a).°” The gradual increase of [, to L, as pH
increased for the high- N, , low-b PAA brush indicates that the conformation
transitioned from a relatively collapsed state to a near-fully extended state with
increasing pH (Figure 5-8a). In the collapsed state, the brush was stretched near the
particle surface arising from the proximity of neighboring chains. Further from the
surface, the greater inter-chain distance allowed the brush to adopt an entropically
favorable coiled conformation. In the extended state, the chain extension was induced

by electrostatic excluded volume interactions.*®

The gradual increase of [, to L., with increasing pH was also observed for the
high-b PAA brushes, in which the conformation varied from collapsed to stretched with
increasing pH (Figure 5-8b). In the collapsed state, the shorter chains of the high-b
brush adopted a “crown and stem" conformation at short distances from the surface,
although the conformation at the periphery remained coiled.?® We propose that the
conformation of the high-b brushes in the extended state was similar to that of the high-
N,,, low-b brush (Figure 5-8b), evidenced by the collapse of I}, /1}, ;,.x On asingle curve

as a function of pH for these three brushes (Figure 5-1c)
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Figure 5-8. Schematic representation of the conformation of annealed polyacid-
grafted nanoparticles: (a) low b and (b) high b with variation of N,
and pH. The negative charges (black) are attributed to dissociated
polyelectrolyte chains. The positive charges (blue) are attributed to
counterions condensed from the bulk.

5.5.Conclusions

We investigated the dependence of [, of annealed polyacid brushes and its pH-
response on N,, and b. [, increased with D for the low- but not high-N,,, PAA brushes.
Increasing N,, or D (in the case of low N,, brushes) enhanced the extent of pH-response
of 1, /1p max, Whereas the extent of a-response of 1, /1, ,..x increased with N, but not b.
The scaling exponents of 1, /1}, ,..x With a indicated the brush regime changed from g-
NB to SB upon increasing N,,. Differences in pH- and a-responses of 1, /1}, ,..x at low
N,, were attributed to differences in the dissociation behaviors, quantified by pK,. We
propose that the low-N,,,, low-b brush adopted a near-fully extended conformation at
low pH arising from strong excluded volume interactions. Although increase in pH
induced greater electrostatic interactions, the brush conformation did not change
because the brushes were almost fully extended. By contrast, 1;, of brushes with higher
N,, and/or b greatly increased with pH. We hypothesize that the brush conformation
transitioned from collapsed to extended with increasing pH. The pH-dependence of

59



conformation of annealed polyelectrolyte brushes can therefore be tuned by varying N,,
or b (when N,, is low). This understanding of the effects of brush properties on the
extent of pH-responsiveness of the brush conformation can be leveraged for

applications of annealed polyelectrolyte brushes.
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Chapter 6. Summary and Future Work

6.1.Summary

We show that D is a tunable parameter to control conformation of neutral

polymers and polyelectrolytes grafted on nanoparticles.

1. We studied chain conformation by examining [, of PtBA brushes with distinct b
using DLS. [, of the high-N,, PtBA brushes (in the SDPB regime) was independent
of b, but that of the low-N,, PtBA brushes (in the CPB regime) increased with D.
In the SDPB regime, [, of different polymers from literature also collapsed onto the
master curve with that of the PtBA brushes. In the CPB regime, [;, of these brushes
collapsed onto a bifurcated curve. We hypothesized the coiled conformation at the
periphery of polymer brushes in the SDPB regime was independent of b. In the
CPB regime, the effects of b on conformation depended on the scaling variable,
N,,a'/2. The, high-b brushes adopted a more extended conformation than the low-
b brushes when N,,c/2 < 470 + 30, but the difference in conformation between
low- and high-B brushes at periphery was less significant at higher N,, /2.

2. We show the p profiles and [, of the PtBA brushes with different N,, and b
characterized from SANS. A core-chain model which accounts for a binary system
with a core and a polymer layer with different p profiles was selected to fit SANS
data. The [, of the high-b brushes characterized from SANS was lower than that
from DLS, indicating the long chains in disperse brushes was characterized by DLS
but not SANS. The difference in [, of the high-b brushes was enhanced with
increasing N,,. By contrast, variation of the p profiles among the low- and high-b
brushes were reduced with increasing N,,. At low N,,, p followed a linear and a

power-law decay nearly throughout the whole polymer layer of low- and high-b
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3.

brushes, respectively. At higher N,,, the p profiles were in the power-law region at
the periphery regardless of b, while at intermediate r, the p profile varied from
power-law to linear with increasing . We proposed that these were related to
variation in brush conformation as a function of b.

We investigated the chain conformation of annealed PAA brushes as a function of
pH, through quantifying [, through DLS. We hydrolyzed two pairs of PtBA brushes
to PAA brushes with the same N,, yet differing b: a low-N,,, pair (N,, =45and b =
1.09 and 1.69) and a high-N,, pair (N,, ~813 and b = 1.23 and 1.76). The extent of
pH-response on 1, /1, .« Was enhanced with increasing N,, or B (when N, is low).
The scaling exponent of I, /1}, ..x With a, however, increased with N, but not b.
We suggested the difference between pH-response and a-response of the low-N,,
PAA brushes arouse from the subtle difference in dissociation behaviors. We
hypothesized the low-N,, and low-b PAA brush adopted a pH-independent and
near-fully extended conformation due to the strong excluded volume interactions.
By contrast, the PAA brushes with higher N, or b adopted a collapse and an

extended conformation at low and high pH, respectively.

We believe the emerging conformational behaviors obtained by increasing

can be leveraged to tune morphologies of polymer brushes dispersed in complex fluids

and polymer matrices and utilized to guide future studies on control of brush

conformation and improve efficacies of spherical polymer brushes in applications.

6.2.Future Work

Although we showed b affected conformation of neutral and pH-responsive

polymer chains grafted on nanoparticles in dilute solutions, there are still questions

62



needed to be answered to further understand how chain conformation varies with D and

N,,.

1. The deviation between fitted curves and SANS data of PtBA brushes can arise from
the absence of structure factor in the fitting model. We hypothesize that the increase
in molecular weight could induce interparticle attraction, leading to contributions
of structure factor. The addition of structure factor to the model will be tested. In
addition, the morphology and the average interparticle distance of PtBA brushes
can be examined by using electron microscopies.

2. Chain conformation of spherical PAA brushes was examined by [, of brushes with
different N,, and D as a function of pH in the absence of added salts. However, the
increase in Cg can greatly affect brush conformation by screening charges on
polyelectrolyte chains. Therefore, the variation of pH-response on brush
conformation with N,, and D in the presence of added salt will be an important topic
to investigate.

3. We provided information that the extent of pH-response on conformation of the
low-N,, and low-b PAA brushes was lower than that of the other brushes with
higher N,, or B. However, we were not able to show the p profile of the PAA
brushes to understand the brush conformation. Although studies from literature
reported the p profiles of spherical PAA brushes from characterization of SANS,
the effects of N,, and P on the monomer distribution were underexplored.?® 4°
According to the results assessed from [, of PAA brushes, PAA brushes at desire
ranges of N,, and D can be select for SANS experiments.

4. We systematically studied spherical brush conformation in diluted solutions, which

can be extended to brush conformation in polymer matrices due to great interests in
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control of morphology of nanoparticles in polymer matrices. The parameters (e.g.
o of grafted polymer and difference in N between grafted polymer and polymer
matrix) can affect morphology shown in experiments and simulations,*® 20 30 108
and the effects of b on morphology of nanoparticles in polymer matrix were
assessed by simulations in detail.1® However, the effects of D on conformation of
spherical polymer brushes dispersed in polymer matrix remains unclear by
experiments. From prior studies, we suggest the effects of b on conformation and
morphology of polymer brushes dispersed in polymer matrix can be reconciled by

using SANS and electron microscopies.?®: 110112
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Appendices

Supporting Information for Chapter 3

Grafting Density of PtBA-Grafted Silica Nanoparticles as Assessed by EA
and TGA

Weight percent of the capping agent. The bare silica nanoparticles were first
functionalized with grafted initiator and then the capping agent prior to polymerization.
Using bromine EA, the concentration of bromine (with atomic mass 79.9 g/mol) was
quantified to be 0.85% in the initiator-functionalized nanoparticles, and bromine is
found only in the grafted initiator (each grafted initiator molecule has one bromine). In
100 g of initiator-grafted silica nanoparticles (containing 0.85 g Br), the weight of the

grafted initiator is calculated as:

0.85 g Br

= 0.011 mol Br = 0.011 mol initiator (AL)
79.9 g/mol

and (0.011 mol initiator) X (238 g/mol) = 2.53 g initiator. (A2)

The weight loss of bare silica nanoparticles (MEK-ST) measured by TGA was
3.48%, attributed to the weight of silanols, indicating that the concentration of silica in
the sample was 96.52% (Figure 2-1). The weight loss of initiator-grafted silica
nanoparticles was 6.23%, representing the weights of the grafted initiator, the capping
agent, and silanols (with the remaining 93.77% as silica) (Figure 2-1). Because the ratio
of silanols to silica is constant (e.g. is the same in initiator-grafted nanoparticles as in
the bare nanoparticles), the weight of silanols in 100 g of initiator-grafted nanoparticles

is:

(3.48 g silanols / 96.52 g silica) x 93.77 g silica = 3.38 gsilanols.  (A3)
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In 100 g of the initiator-grafted silica nanoparticles, the weight of the capping
agent is calculated by subtracting the weight of the grafted initiator (2.53 g) and that of
the silanols (3.38 g) from the total weight of grafted initiator + silanols + capping agent

(6.239), i.e.
6.23g—2.53—3.38g=10.32g. (A4)

Initiator grafting density. The total surface area of the silica nanoparticles was
calculated from the known specific surface area, which is 218 m?/g for MEK-ST.!" As
determined previously, in 100 g of initiator-grafted silica nanoparticles, the weights of
the grafted initiator and the capping agent are 2.53 g and 0.32 g, respectively. Note that
silanols remain in the silica nanoparticles during measurements of specific surface area

at low temperatures. Thus, the surface area of 100 g of silica nanoparticles is
(100 — 2.53 — 0.32)g X 218m?/g = 2.12 X 10*m?. (A5)

The grafting density of the initiator (with molecular weight 238 g/mol) is

2.53 g initiatorx6.02x 1023 molecule/mol

_ ] 2
238 gmolx2 12X 107 X 10T® m?/ m? 0.30 initiator molecules/nm®.  (A6)

Polymer grafting density. The weight loss of a representative sample of PtBA-
grafted silica nanoparticles (L16) with polymer M,, = 26.1 kg/mol was measured to be
63.25% (Figure 2-1). This represents the sum of weight losses of grafted PtBA, grafted
initiator, capping agent, and silanols, and the remaining 36.75% represents the weight
of silica. In initiator-grafted silica nanoparticles, the mass ratios of grafted initiator :
capping agent : silanols : silica were determined to be 0.027 : 0.0034: 0.036 : 1 (using
the calculations described above). In 100 g of PtBA-grafted silica nanoparticles,

containing 36.75 g of silica, the weights of the grafted initiator, the capping agent, and
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silanols are calculated to be 0.99 g, 0.13 g, and 1.32 g, respectively. The PtBA mass in
100 g of PtBA-grafted silica nanoparticles is therefore calculated by subtracting from
the total weight (100 g) the weights of silica (36.75 g), grafted initiator (0.99 g), capping

agent (0.13 g), and silanols (1.32 g)
100 g —36.75g— 0.99g— 0.13g— 1.32 g = 60.81 g PtBA. (A7)

In 100 g PtBA-grafted silica nanoparticles, the number of the grafted PtBA

chains in sample L16 (with M,, = 26.1 kg/mol) is

60.81 g P/BA

Teixior gma < 6102 % 1023 chains/mol = 1.40 x 10%! chains. (A8)

The total weight of silica nanoparticles in 100 g of PGNPs is calculated by
subtracting the weight of PtBA (60.81 g), grafted initiator (0.99 g), and the capping
agent (0.13 g) from the total sample weight. The total surface area of silica

nanoparticles is therefore
(100 — 60.81 — 0.99 — 0.13) g x 218 m2/g = 8.38 x 103 m?2. (A9)

Therefore, the PtBA grafting density is

1.40x10%Xchains
8.38x103%x1018nm?

= 0.17 chains/nm?. (A10)

Initiator efficiency. The PtBA grafting density was divided by the initiator

grafting density to calculate the initiator efficiency as

0.17 chains/nm?

0.30 molecules/nm?2

X 100% = 57%. (Al1)

Characteristics of PtBA-Grafted Silica Nanoparticles

Table Al. Low-b PtBA-grafted silica nanoparticles

82



ID N2 N2 pa2 R (nm)e 1, (nm)P o v 7. (Nnm)®
(chains/n
mZ)c

L1 30£1 32.5+0.3 1.09 10.7£0.2 5.0£0.3 0.42 - -
L2 4313 4414 1.05 12.23+0.0 6.6+0.2 0.39 - -

4
L3 58+3 67.2+0.3 1.15 15.2+0.1 9.6+0.2 0.44 - -
L4 82+4 105.9+0.8 1.29 19.54+0.0 13.9+0.2 0.35 - -

8
L5 85+4 90+2 1.06 16.62+0.0 11.0+0.2 0.38 - -

3
L6 935 100£5 1.08 19.5+0.1 13.9+0.2 0.38 - -
L7 9315 1096 1.16 21.3t0.1 157402  0.45+0.03 - -
L8 110+6 14149 124 27.3+0.2 21.7+0.2 0.39 - -
L9 124+6 1436 1.15 22.17+0.0  16.5+0.2 0.34 - -

9
L10 12716 160£10 1.28 26.7+0.1 21.1+0.2 0.38 - -
L11 129+6 170+30 1.11 24.14+0.0  18.5+0.2 0.26 - -

8
L12 140+30 16030 1.19 29.0£¢0.1  23.440.2 0.35 - -
L13 1377 141+7 1.03 23.3+0.1 17.6x0.2 0.30 - -
L14 143+9 160+10 1.09 23.79+0.0  18.1+0.2 0.33 - -

7
L15 17719 190+30 1.06 32.0£0.2  26.4+0.3 0.27 - -
L16 200+10 224+3 111 24.0£0.2 18.7x0.3 0.17 - -
L17 210£10 25010 1.16 30.4+0.2 24.8+0.3 0.27 - -
L18 290+40 340450 1.16 39.3:0.2  33.7#0.3 0.32 0.29+0.05 30£10
L19 290+20 350+30 1.21 39.7¢0.3  34.0+0.3 0.37 0.22+0.05 3919
L20 310£20 310+20 1.03 36.6£0.1  30.9+0.2 0.29 0.26£0.04 2915
L21 330+20 390+30 1.19 39.2¢0.1  33.5#0.3 0.28 0.21+0.04 3617
L22 330£20 400£10 1.19 40.2+0.2  34.6+0.3 0.43 0.15+0.02 6217
L23 350+£20 39418 113 42.1+0.2 36.4+0.3 0.16 0.50+0.04 11+1
L24 350£20  394.6%0.9 1.13 40.0£0.1  34.3%0.2 0.48 0.128+0.0 7745

06

L25 360+30 470+30 1.30 42.8+0.2 37.1+0.2 0.32 0.17+0.04 50+10
L26 37020 4305 117 44.5+0.3 38.8+0.3 0.19 0.43+0.03 14+1
L27 37020 464+4 124 44.0£0.2 38.3+0.3 0.30 0.20£0.01 38+3
L28 470+20 560+50 1.18 50.28+0.0 44.6x0.2 0.23+0.02 0.31+0.08 22+6

7
L29 57030 680+20 1.19 57.1+0.4 51.5+0.4 0.17 0.44+0.04 13+1
L30 62030 75020 1.20 62.8+0.4 57.2+0.5 0.40 0.24+0.02 3814
L31 65030 780£50 1.23 62.8+0.2 57.2+0.3 0.32 0.26+0.05 3146
L32 680+30 810420 1.19 68.3t0.4  62.6+¢04 0.37£0.01 0.31%0.03 28+3
L33 830+40 1020+30 122 76.0+£0.5 70.3+0.5 0.38 0.26+0.03 34+4
L34 840x40 1050£70 1.25 78.4+0.4 72.7£0.5 0.40 0.26+0.06 3418

2 Characterized with GPC: N,, and N,,, were calculated using % and % respectively, where M, = 128
0 0

g/mol is the molecular weight of tBA, and b = II\\]I—‘” Errors were calculated from 3 measurements.

® Characterized with DLS: R;, was calculated from the cumulant fit (egns. 2-1 and 2-3), [, = R, —

n

and errors were calculated from 10 measurements.

To,

¢ Characterized with TGA and EA: error was analyzed on selected samples from 3 TGA measurements.

d Calculated from the MWC-Z model: error was propagated from errors of I, N, 5, and o.

0.5 x«—1.

¢ Calculated from r, = ry0™ v

Table A2. High-b PtBA-grafted silica nanoparticles

error was propagated from errors of r,, v, and a.

1D

N2

N2

Ry, (nm)P

I, (nm)®

o (chains/nm?)°
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H1
H2
H3
H4
H5
H6
H7
H8
HO

H10

H11

H12

H13

H14

H15

H16

H17

H18

H19

H20

H21

H22

H23

16+1
35+1
5046
26+2
27+4
34+2
362
377
49+2
60+10
166+8
21010
22010
22040
370£20
440+20
510+30
560+30
60030
67030
75040
1080+50
1090+50

27+2
69+2
90+10
42+2
40+5
5243
57+2
59+3
744
98+6
300+10
29020
36020
44030
610+30
720+40
860+40
104050
1120+60
1140+60
1400+70
2000+100
2000+100

1.58
1.98
1.58
1.58
1.50
1.49
1.54
1.59
1.50
1.63
1.79
151
1.60
1.96
1.65
1.63
1.69
1.85
1.87
1.70
1.85
1.82
1.81

a Characterized with GPC: N,, and N,,, were calculated using % and % respectively, where M, = 128
0 0

15.3+0.7
29.6+0.1
33.3+0.6
20.3+0.1
19.6+0.1
21.21+0.06
20.70+0.08
24.6+0.2
23.6+0.1
33.4+0.2
39.8+0.4
46.9+0.2
42.1+0.2
55.5+0.4
58.8+0.4
63.0+0.4
68.1+0.5
90.0+0.5
70.4£0.7
73.7£0.6
86.9+0.8
123.2+0.8
115.0+0.6

9.7+0.8
24.0+0.2
27.6+0.6
14.6+0.2
14.0+0.2
15.6+0.2
15.1+0.2
18.9+0.3
17.9+0.2
27.8+0.3
34.1+0.5
41.3+0.3
36.4+0.3
49.8+0.4
53.2+0.4
57.3x0.4
62.5+0.5
84.3+0.6
64.7+0.7
68.0+0.6
81.3+0.8
117.5£0.8
109.4+0.6

0.54
0.77
0.62
0.66
0.55
0.54
0.39
0.51
0.39
0.72
0.46
0.34
0.56+0.07
1.35
0.39+0.03
0.35
0.56
0.74+0.03
0.67
0.60
1.15
0.58
0.47

g/mol is the molecular weight of tBA,and b = x—‘” Errors were calculated from 3 measurements.

b Characterized with DLS: R;, was calculated from the cumulant fit (egns. 2.1 and 2.3), [, = R, —

n

and errors were calculated from 10 measurements.

Tb,

¢ Characterized with TGA and EA: error was analyzed on selected samples from 3 TGA measurements.

by 0.5 M HClq) from pH 12 until the curves reached plateaus (Figure Al).

pH

Supporting Information for Chapter 5

Potentiometric titration.

Four PAA brushes as hydrolyzed from 4 PtBA brushes in Table 5-1 were titrated

14 T T T T T
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Figure Al. Titration curves of low-N,, PAA brush pair with (a) N, =45 and b
= 1.09 (light blue open triangle) and 1.69 (dark blue open square)
and high-N,, PAA brush pair with (b) N,, =782 and b = 1.23 (light
blue closed triangle) and N,, = 837 and b = 1.76 (dark blue closed
square).

During the titration, the titrant HCI can react in 3 different ways:!

1. Acid-base neutralization reaction: HCI reacted with the excess of the strong base
sodium hydroxide, happening mainly at the beginning of the titration:

HCI + NaOH — H20 + NaCl. (A12)

2. Association of acrylic acid AA: HCI reacted with as-dissociated acrylic:
HCIl + AA" — AAH + CI- (A13)
3. HCI dissociation: when the base and acrylic acid were consumed by HCI, HCI

started to dissociate by itself:
HCl — H* + CI. (A14)
The mole number of NaCl ny,¢; was calculated as:
Nnact = Vstare X 107 1#FPHsare — (Vo 4 Vi) 107 14+PH, (A15)
The mole number of dissociated HCI was calculated as:
Ny dissociated = VstaretViaer) X 107PH — Vo, 107 PHstart, (A16)

Because HCl is a strong acid and fully reacted through the three mechanisms,

the mole number of the associated acrylic acid ny,y Was calculated as:

Naan = 0.5 M X Vel — Ninacl — Ml dissociated - (A17)
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The degree of dissociation of PAA a was calculated as:

(A18)

where V..« and pH,., are the starting volume and pH of the solutions, respectively,

Vha and pH are the added volume of HClaq and pH after addition of HClqyg),

respectively, and naay max 1S the maximum value of nppy.

From egn. A15 to A17, mole numbers of individual substance formed due to

consumption of HCI during titration of 4 PAA brushes are shown as a function of

volume of added HClag (Figure A2). Nonmonotonic behavior for ny,y indicates

degradation of PAA at pH lower than 2.
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brushes with (a) N,, = 45 and b = 1.09, (b) N,, = 45 and b = 1.69,
()N, =782and b =1.23,and (d) N,, =837 and b = 1.76.

The titration curves of « as a function of pH (Figure 5-2) were fit by

(A1-47)
- (PHZ—xo)’ (Alg)

1+exp dx

a=A2+

where A4, A,, are initial and final values of a and fixed to 0 and 1, respectively; x,,

and d,, are fitting parameters. Results of the PAA brushes are shown in Table A3.

Table A3. The fitting parameters for the titration curves of the PAA brushes

PtBA brushes Xo dy
Low N, Low b 6.14+0.04 0.88+0.04
Low N,,, High 6.28+0.04 0.83+0.04
High N,,, Low D 5.68+0.02 0.85+0.02
High N,,, High P 5.96+0.01 0.82+0.01

Calculation of C;

C; of the PAA brushes was calculated at ionic strengths I, 10* M (pH 10). The

average charge density p; in the brush layer is** 1%/

3ery?ol,
1g[(ro+1p)3-103]’

pr = (A20)

where e is the electron charge (1.6 x 107*° C), r,, is the core radius, L, = N, [, is the
contour length (I, = 0.3 nm is the length of two carbon-carbon bonds), and I is the
distance between two charged groups along the polyelectrolyte chain, chosen as the
Bjerrum length for PAA at pH 10, at which it is a strongly charged polyelectrolyte. C;
is then calculated as33 107

C, = I [1+ (ﬂ)zr/ 2, (A21)

2eNy I
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where z is the valence of the ions and N, is Avogadro’s number.
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Scaling of 1, with a
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Figure A3. [, as a function of « for low-N,, PAA brush pair with N, =45 and b
= 1.09 (light blue open triangles) and N,, = 45 and b = 1.69 (dark
blue open squares) and the high-N,, PAA brush pair with N,,, = 782
and b = 1.23 (light blue closed triangles), and N,, = 837 and b =
1.76 (dark blue closed squares). Solid lines indicate the fits for low-
N,, brushes, and the dashed line indicates the fit for high-N,,, brushes.
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