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Abstract

A series of linear and star poly(acrylic acids) (LPAA and star PAAs) were synthesized to explore
the effect of molecular architecture on the stratification and polymer dynamics of electrostatic
layer-by-layer (LbL) films. Studies of LbL deposition of LPAA and star PAAs with poly[2-
(dimethyl amino)ethyl methacrylate] (PDMAEMA) at acidic pH revealed an ~30 % increase in
film dry thickness with increased polymer branching. Consistent with a greater mass of star
polymer deposited within the films, in situ ellipsometric measurements of PAA uptake from
solution revealed ~ 3.5-fold greater diffusion coefficients for 8-arm PAA in comparison to linear
PAA. For comparison, the dynamics of the linear PDMAEMA partner was explored via neutron
reflectometry (NR) studies of stacked multilayers containing hydrogenated and deuterated

polycations, IPDMAEMA and dPDMAEMA. The stacked multilayers deposited from low-ionic-



strength solutions were stratified, exhibiting interfacial widths between hydrogenated and
deuterated stacks of ~15 and 10 nm for films constructed with star and linear PAAs, respectively,
suggesting relatively low mobility of the polycation in both assemblies. Further exposure of these
films to 0.5 M sodium chloride solutions enhanced the mobility of PDMAEMA, revealing an order
magnitude faster diffusion of PDMAEMA in films of 8-arm PAA relative to linear PAA. The
faster diffusion of polymers within films of star polyacids was correlated not only with the
compactness of star polymers, but also with an ~2-fold lower ionization of assembled 8-arm PAA
as determined by Fourier transform infrared spectroscopy, and thus a lower number of polycation-
polyacid ionic contacts in the case of star polymers as compared to their linear counterparts. The
significant influence of molecular architecture on the number of polymer-polymer contacts was
further confirmed by isothermal titration calorimetry studies of polyelectrolyte complexes in

solution.
Introduction

Among polymers featuring a branched molecular architecture, star polymers are known for
their simple structures consisting of only one branching point or core and polymer chains or arms
attached to this core.! The resulting compact molecular architecture differentiates the behavior of
star polymers from that of their linear counterparts. For example, polymer branching results in a
lowering of intrinsic viscosity, which is desirable in developing novel additives for lubricants.? 3
In addition, the prevalence of internal interactions and molecular rearrangements in star polymers
compared to their linear counterparts contributes to enhanced energy dissipation of solvent-free
thin films composed of star polymers during ballistic impact.* > Moreover, star polymer

architecture is also advantageous for the development of novel drug and gene delivery systems.®



19 In particular, star polymers have been demonstrated to have higher dye/drug trapping

11,12

efficiency and lower cytotoxicity!* !4 than linear polymers.

The advantages of star polymers as drug delivery containers have also been explored using
layer-by-layer (LbL) films, such as those assembled using a star polycation (poly[2-(dimethyl
amino)ethyl methacrylate], PDMAEMA) with insulin and glucose oxidase. Star PDMAEMA films
released insulin upon exposure to glucose with no leakage into a control phosphate buffer saline
solution. In contrast, films constructed with linear PDMAEMA continuously released insulin in
the absence of glucose.!” In another example, a temperature responsive 32-arm star polypeptide
was assembled with tannic acid, and the resultant films showed sharp swelling transitions and

temperature-triggered release of pyrene.!® !

Despite these findings, the binding modes of star polymers within LbL films and the
relationships between polymer topology, dynamics and internal film structure are not well
understood. Previous reports on electrostatic assemblies of star polymers within LbL films yielded

18-22 with some studies suggesting slower'® !° and others faster diffusion®"?? of

conflicting resuts,
assembled star polymers relative to their linear counterparts, or no showing dependence on
polymer branching at all.2° In one study, LbL assemblies of core-crosslinked crosslinked star PAA
with linear poly(allylamine hydrochloride) (PAH) manifested higher polymer mass per deposition
cycle in comparison with linear PAA/PAH systems'® which was explained by the higher diffusivity
of PAH within these films. Another study reported linear deposition of all-star PAA-PDMAEMA
films which was explained by inhibited interdiffusion of high polymer molecular weight
components.'? Interestingly, assembly of these all-star films in acidic conditions formed highly

porous films which were useful as high-surface-area substrates for enhanced protein binding.>* At

the same time, in a different system composed of cyclodextrin-based star PDMAEMAs and



poly(styrene sulfonate) (PSS), a non-monotonous dependence was revealed between the degree of
PDMAEMA branching and film growth and the observed differences in film growth were
attributed to changes in the charge density of PDMAEMA.?° An interesting observation was made
by Choi et.al. who showed that star PDMAEMA/star PAA multilayer films can grow either
similarly to or faster than linear PDMAEMA/PAA films depending on the pH of the assembly
solutions.?! Contrary to other interpretations of binding between star and linear polymers, they
suggested that star polymers can only bind through functional groups at the periphery of the
molecules, leading to a large ionic pairing mismatch, lower effective ionic pairing and a possible

increase in diffusivity of star polyelectrolytes.?!

Note that prior studies made assumptions about star polymer diffusion based on the mode
of film growth without the use of direct methods of measuring polymer dynamics such as neutron
reflectometry (NR), fluorescence recovery after photobleaching bleaching or in sifu ellipsometry.
Here, to the best of our knowledge for the first time, we quantitatively explore the diffusion of star
polyacids within LbL films using NR and in situ ellipsometry techniques. Additionally, we identify
the relative contributions of two factors to the mobility of assembled polymers, namely the

compactness of star polymers and the strength of their binding with linear polymer partners.
Materials and methods

Materials. Pentaerythritol (PTOL, synthesis grade) and dipentaerythritol (DPTOL,
synthesis grade) used for synthesis of tetra and hexa-functional initiators were received from
Merck. Tripentaerythritol (TPTOL, technical grade) used for synthesis of an octa-functional
initiator was purchased from Sigma-Aldrich. Branched poly(ethylene imine) (BPEI), ethyl a-
bromoisobutyrate (EtBiB) (98%), a-bromo isobutyril bromide (BIBB) (98%), tert-butyl acrylate,

sodium hydroxide, isopropanol (ACS grade), dimethylformamide (DMF, ACS grade) copper (I)
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bromide (99%), N,N,N',N",N”-pentamethyldiethylenetriamine (PMDETA), CDCl;, and ds-
DMSO were purchased from Sigma-Aldrich. Aluminum oxide acidic (50-200 uM, 60 A) and
aluminum oxide basic (40-300 pM, 60 A) of chromatography grade were obtained from Acros
Organics. Hydrogenated poly[2-(dimethylamino)ethyl methacrylate] (:}PDMAEMA, M, 91 kDa,
b=1.09) and deuterated poly[2-(dimethylamino)ethyl methacrylate] ((PDMAEMA, M, 100 kDa,
b=1.8) were purchased from Polymer Source. Chloroform (ACS grade), ethanol (ACS grade),
hydrochloric acid (36.5%, ACS grade), sodium bicarbonate (ACS grade), and dichloromethane
(ACS grade) were purchased from VWR. Trifluoroacetic acid (99%), and pyridine (99%)
purchased from Alfa Aesar. All chemicals were used as received. Dialysis tubing (cutoff 3.5 kDa)
was purchased from Thermo Scientific. Water used in this study was purified using a Millipore

Milli-Q system.

Synthesis of pentaerythritol tetrakis(2-bromoisobutyrate) (4f-BiB), dipentaerythritol
hexakis(2-bromoisobutyrate) (6f-BiB) and tripentaerythritol octakis(2-bromoisobutyrate)
(8f-BiB). Synthesis of , 4f-BiB, 6f-BiB and 8f-BiB was performed as described elsewhere.!? 25
ml of dry dichloromethane, 10 ml (0.129 mol) of dry pyridine and 1 gram (0.029 mol of OH
groups) of pentaerythritol were mixed in a flask containing a magnetic bar. The solution was
cooled to 0 °C in an iced bath, and a solution of 7.3 ml (0.06 mol) of BIBB in 25 ml of
dichloromethane was added dropwise through a syringe within 30 minutes under vigorous stirring.
The reaction mixture was incubated for 24 hours at room temperature, and chloroform was added
while the solution was stirred for additional 30 minutes. The resulting solution was triple washed
with each of 10% HCI, 5% solution of NaHCOs3 and distilled water until pH of the distilled water
remained neutral. The resulting solution was sequentially passed through basic and acidic SiO»

columns and dried over sodium sulfate overnight. This was followed by a removal of



dichloromethane and chloroform by rotary evaporation and recrystallization of the residual liquid

containing 4f-BiB in isopropanol. Fig. S1 shows 'H NMR spectra of 4f-BiB, 6f-BiB and 8f-BiB.

Synthesis of linear and star poly(tert-butyl acrylates). Linear and star poly(tert-butyl
acrylates) (PTBA) were synthesized using atom transfer radical polymerization (ATRP) as
described previously.?* Initiators for linear, 4-, 6- and 8-arm polymers were EtBiB, 4f-BiB, 6{-BiB
and 8f-BiB, respectively. The initiators, copper (I) bromide, PMDETA and tert-butyl acrylate were
mixed in the molar ratio of 1:x:x:1000 where x is 1, 4, 6 and 8 for EtBiB, 4f-BiB, 6f-BiB and 8f-
BiB (30 mg, 22 mg, 27 mg and 2500 mg for 8f-BIB, CuBr, PMDETA and tert-butyl acrylate,
respectively, for synthesis of 8-arm PTBA) in a Schlenk flask containing 10 ml of acetone and
freeze-thawed 3 times before starting the polymerization. The flask was then filled with argon and
placed into an oil bath heated to 50 °C and stirred for 12 hours. Polymerization was then stopped
by cooling the mixture in liquid nitrogen. The mixture was diluted with acetone and passed through
the basic SiO2 column to remove residual copper. The polymers were precipitated in 1:1 (by
volume) water/ethanol mixture and dried under vacuum overnight at 25°C. All polymers were then
dissolved in DMF and characterized using gel permeation chromatography (GPC) equipped with
multi-angle laser light scattering (MALLS) and viscometry detectors which were pre-calibrated
using a 30 kDa polystyrene standard. The specific refractive index increments, dn/dc, were
determined for all polymers using a refractive index (RI) detector as described elsewhere.!? The
determined number-average (M), weight-average (Myw) molecular weights, dispersity (P) and
degree of branching are shown in Table 1, while the GPC traces and the raw data on determination

of branching degrees are presented in Fig. S2.



Table 1. The number-average, weight-average molecular weights and dispersity for linear and star
poly(tert-butyl acrylates) (precursors of polyacrylic acids) determined by multiangle light

scattering and viscometry detectors.

Branching
Polymer M, kDa My, kDa b
per molecule
LPTBA 90.7 106.3 1.16 -
4-arm star PTBA 92.8 100.2 <1.1 4+0.05
6-arm star PTBA 102.3 107.5 <1.1 6.1+0.1
8-arm star PTBA 94.6 98.4 <1.1 8.1+0.1

Synthesis of linear and star poly(acrylic acids) (PAAs). 0.5 g (0.004 mol of polymer
units) of linear or star PTBA was dissolved in dichloromethane in a 20-ml glass vial and 1 ml
(0.013 mol) of trifluoroacetic acid was added to the vial under vigorous stirring and stirred
overnight. The precipitated polymers were filtered and dissolved in water. Aqueous solutions of
polymers were placed in dialysis tubes (cut off Mw = 3.5 kDa) and dialyzed against 0.001M
aqueous HCI which was replaced every 12 hours for a total of 2 days. The solutions were then
freeze-dried to yield powders of linear and star PAAs, whose 'H NMR analysis in de-DMSO

confirmed complete disappearance of the tert-butyl groups (Fig. S3).

Multilayer build-up. Multilayers of linear and star PAAs and PDMAEMA were deposited
on silicon substrates using the LbL dip deposition technique. The silicon wafers were cleaned as
described elsewhere®® and primed by adsorption of a BPEI monolayer by immersing in 0.2 mg/ml
BPEI solution at pH 6 for 15 minutes. LbL films were then constructed via alternating adsorption
of 0.2 mg/mL linear or star PAA and PDMAEMA from solution in 0.01 M phosphate buffer at pH

2.5, using two rinsing solutions between deposition of the polyacids and the polycation.



Atomic Force Microscopy (AFM). Morphology of the films containing linear and star
PAAs was probed using a Bruker-Dimension Icon AFM instrument. The specimens were prepared
as a monolayer of PAA, or as a 3.5-bilayer film (PAA/PDMAEMA)3;/PAA deposited on a BPEI-
primed silicon wafer at pH 2.5. Imaging was performed using a silicon cantilever with a normal

stiffness of Kn = 7.4 N/m and a resonance frequency of ~150 kHz.

Neutron reflectometry (NR). For NR studies, LbL films were deposited on BPEI-primed
Si substrates in the following sequence: (PAA/APDMAEMA)x(PAA/dPDMAEMA)y at pH 2.5,
where x and y represent the different number of layers of hydrogenated and deuterated (H and D)
stacks, respectively. NR measurements were performed at the Spallation Neutron Source Liquids
Reflectometer (SNS-LR) at the Oak Ridge National Laboratory (ORNL). The reflectivity data
were collected using a sequence of 3.4-A-wide continuous wavelength bands (selected from
2.63 A <1 <16.63 A) and incident angles (ranging over 0.6° < 0 < 2.34°). The momentum transfer,
Q = 4m sin 0/, was varied over a range of 0.008 A™! < Q < 0.20 A!. Reflectivity curves were
assembled by combining seven different independently normalized wavelength and angle data sets
together, maintaining a constant footprint and relative instrumental resolution of Q/Q = 0.023 by

varying the incident-beam apertures.

Scattering densities within hydrogenated and deuterated stacks were averaged, with each
block exhibiting its characteristic thickness, scattering density, and interlayer roughness. Those

characteristic parameters were adjusted until the reflectivity curve was best fitted (minimize y?).

Ellipsometric measurements. Thickness of deposited films in dry state was characterized
by a variable angle spectroscopic ellipsometer (M-2000 UV—visible—NIR (370—1000 nm) J. A.
Woollam Co., Inc., Lincoln, NE, USA) at four angles of incidence: 45°, 55°, 65° and 75°. The

adsorption of linear and star PAA on pre-deposited LbL films was measured in situ using liquid
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cell equipped with a temperature controller on the same ellipsometer. All data was fitted using

Cauchy model as described in our previous publication.?®

Determination of pKas of linear and star PAAs. The pKas of PAAs of different molecular
architecture were determined by potentiometric titration using 0.576 mg/ml solutions of linear and
star PAAs (8mM) and 1.6 mg/ml of NaOH (10 mM). The pH-meter Oakton pH5+ (ThermoFischer
Scientific) was calibrated with buffer solutions prior to the measurements. During the
measurements, a pH-electrode was immersed into a 10-ml solution of PAA under constant stirring
and an NaOH solution was added (at 0.1, 0.2- or 0.5-ml volumes) using a 25-ml burette (Eisco
Lab, class A, 0.1 ml £ 0.05). The pKas were determined as the pH at which 50% neutralization of

linear or star polyacids occurred.

Fourier Transform Infrared (FTIR) Spectroscopy. 30-bilayer PDMAEMA/PAA LbL
films were deposited onto undoped silicon wafers as described in the multilayer build-up section
and were used in transmission FTIR measurements. All samples were analyzed with a Tensor 11
spectrophotometer (Bruker Optics GmbH, Germany). The FTIR band in the 1500-1800 cm™!
region was deconvoluted to three Gaussian peaks centered at 1560 cm™ (asymmetric >COO"
stretching vibrations), 1710 cm™ (carbonyl vibration of non-ionized >COOH) and 1735 cm™' (ester
group of the polycation) using the Origin Lab 2017 program. To quantify the ionization degree,
the absorbance of the band corresponding to asymmetric >COQO" stretching vibrations at 1560 cm”

! was compared with that of the carbonyl vibration of non-ionized >COOH group at 1710 cm™.

Isothermal titration calorimetry (ITC). 0.5 mg/ml solutions of linear and star PAA (7
mM unit concentration) and 0.63 mg/ml solutions of PDMAEMA (4 mM unit concentration) were
first prepared in 0.01 M phosphate buffer and equilibrated overnight. Prior the experiments, pH in

these solutions was adjusted to pH 2.5 using 1M HCI. ITC measurements were performed using
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Nano-ITC instruments (TA Instruments, Inc.) at 25 °C at a stirring rate of 350 rpm. A 170-ul cell
was filled with 0.5 mg/ml PAA solution and treated with thirty-three 1.5-ul injections of 0.63
mg/ml PDMAEMA at 180-second waiting intervals between injection. After completion of each
titration, the cell was rinsed with 1 M NaOH to remove adsorbed hydrogen-bonded complexes
from the cell walls, and repeatedly rinsed with deionized water and the 0.01 M phosphate buffer
at pH 2.5. All titrations were repeated three times, and the results averaged. Fitting of the titration
curves to obtain enthalpy, molar ratio, entropy and dissociation constant was performed using the

NanoAnalyze Software.
Results and discussion

To explore the effect of polymer branching on polymer dynamics within LbL films, we
synthesized a series of polyacrylic acids (PAAs), i.e. linear and 4-, 6- and 8-arm star polymers,
abbreviated as LPAA, 4PAA, 6PAA and 8PAA, respectively, using a core-first ATRP approach
(Scheme 1). First, 4-, 6- and 8-arm ATRP initiators (4{-BiB, 6f-BiB and 8f-BiB) were synthesized
through modification of pentaerythritol, dipentaerythritol and tirpentaerythritol with 2-
bromoisobutyryl bromide. These initiators were used to perform polymerization using an
established ATRP procedure* to yield linear, 4-, 6- and 8-arm poly(tert-butyl acrylates) (PTBA)
polymers with matched molecular weights. The polymers were characterized using GPC equipped
with MALLS and viscometry detectors that enable determination of absolute molecular weights
and number of arms in star polymers (Fig. S2). This analysis confirmed that PTBAs with matched
molecular weights of ~100 kDa and low dispersity (< 1.1 for star polymers) exhibited varied
molecular architecture determined by the choice of ATRP initiator (Table 1). Deprotection of
PTBA polymers using trifluoroacetic acid resulted in a family of star PAA polymers with different

numbers of arms. 'H NMR analysis shown in Fig. 83 confirmed full deprotection of PTBA.
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Scheme 1. Schematic path for synthesis of linear and star PAAs.

Fig. 1A shows ellipsometric thicknesses of dry multilayer films, illustrating construction
of LbL assemblies using linear or star PAAs and PDMAEMA from solutions at pH 2.5. At such a
low pH, individual linear and star PAAs are expected to be fully protonated (pKa 6.45 and 6.7 for
LPAA and 8PAA, respectively, as shown in Fig. S4) and form intramolecular hydrogen bonds.?’
However, the presence of a polycation can induce PAA ionization via ionic pairing, enabling
electrostatic assembly of PAA in these conditions.”® For LbL films, the degree of ionization is
dependent on polycation charge density and the chemical nature of the cationic units.?*! As shown
in Fig. 1A, all the films demonstrated non-linear growth up to 6™ bilayer and linear growth at
higher bilayer numbers — a phenomenon previously observed for several types of polyelectrolyte
LbL films.?!3* Note that higher-branched PAAs formed thicker layers, indicated by the ~30%
greater thickness of 10-bilayer films of 8PAA/PDMAEMA compared to LPAA/PDMAEMA.

Non-linear growth 1is often interpreted as a sign of weak binding within LbL
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Fig. 1. (A) Ellipsometric thickness of dry LPAA/PDMAEMA (open squares),
4PAA/PDMAEMA  (open circles)), 6PAA/PDMAEMA  (open triangles) and
8PAA/PDMAEMA (open diamonds) films constructed from 0.2 mg/mL aqueous polymer
solutions at pH 2.5. (B) RMS roughness of the BPEI-primed silicon substrate and single PAA
layers or 3.5-bilayer PAA/PDMAEMA films with increasing PAA branching deposited on top
of the priming layer, as well as the corresponding AFM images of (C) 500 nm x 500 nm dry
BPEI/LPAA, (D) 500 nm x 500 nm BPEI/SPAA, (E) I pm x 1 pm
BPEI/(LPAA/PDMAEMA)3/LPAA and (F) 1 um x 1 um BPEI/(SPAA/PDMAEMA)3/8PAA
films. AFM images for films constructed with 4PAA and 6PAA are shown in Fig. S5. The
AFM experiments were performed with dry films exposed to ambient air with a relative

humidity of 40%.
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films,* and larger mass deposited per deposition cycle — indirect evidence of higher molecular
diffusivity. Following this line of argument, one can infer faster interdiffusion of more highly

branched PAAs.

Note that surface morphology can vary with the strength of polymer-polymer interactions,
type of LbL building blocks and/or the growth mode of multilayer assemblies.*¢-*® While linearly-
grown electrostatic films tend to have smooth featureless morphologies, nonlinear films can
exhibit grainy morphology.*® At the same time, further exposure of electrostatic LbL films to salt
solutions can trigger surface smothering that was attributed to enhanced polymer diffusivity.>*4°
Fig. 1 B-F and Fig. S5 show AFM images of single layers of linear and star PAA assembled on
top of BPEI-primed silicon wafers at pH 2.5. A gradual increase in surface roughness from 0.5 nm
to 2 nm for LPAA and 8PAA adsorbed layers suggests that deposition of star polymers enhances
surface roughness. Computational studies of the adsorption of polymers on solid surfaces have
revealed the significant influence of polymer branching, solvent quality, and the strength of
polymer-surface interactions on the conformation of adsorbed molecules. Specifically, flattening
of star molecules has been predicted for low polymer branching and strong polymer-surface
interactions, while preservation of particle-like morphology is expected for high polymer
branching and weak polymer-surface interactions.*! Similarly, in this study LPAA can form a
higher number of ionic contacts with the underlying BPEI layers and flatten during adsorption,
leading to relatively smooth surfaces. By contrast, we suggest that star PAAs ionically pair with
BPEI only via their peripheral units leading to a grainy morphology. For thicker 3.5-bilayer films,
the trend of greater roughness for star-containing films persisted, though significant roughness also

developed on LPAA/PDMAEMA films, probably due to the presence of a significant fraction of

protonated hydrogen bonded polyacid units not participating in ionic pairing with the polycation.
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Note that the increased roughness of star-PAA-containing films did not affect the overall quality
of the film and the deposition could proceed at least to 30 bilayers i.e., thicknesses exceeding 450
nm.

To quantitatively explore polymer interdiffusion in the films constructed using linear and
star polymers, we employed neutron reflectometry (NR) — a non-invasive technique previously
used to study the internal structure of LbL films and determine diffusion coefficients of linear
polymers within multilayer assemblies.?® “>** We have used a previously described approach that
involves decomposing the scattering length density (SLD or 2) of the layer into molar fractions of
PAA, hydrogenated PDMAEMA (hWPDMAEMA), deuterated PDMAEMA (dPDMAEMA), and
45-47

water to fit the data and taking into account the fact that the mass density of the film can vary.

The SLD (2) of a compound is calculated as follows:

=pS

N M

(D),
where p is the mass density (g/cm?), N, is Avogadro’s number, Y. j bj is the sum of the scattering

lengths of the nuclei in the polymer or water unit, M is the atomic mass of that unit, and S is a
normalized scattering length density. In this way, we can separate the mass density from S for each
of the components of the film (PAA, iPDMAEMA, dAPDMAEMA and H>0) and treat mass density

as a fitted parameter for the film (ps). Hence, the SLD of the H-stack (Zy.gack) 18 calculated as

follows:

— M ppMAEMA 2
L stack=Pf X {WHzostO + (1-wy,0)X [fPDMAEMAX (WdPDMAEMA Y — S appmamat{1- ),

WdPDMAEMA}S]zPDMAEMA) + (1'fPDMAEMA)SPAA]}
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Fig. 2. Neutron reflectivity data (plotted as RQO* to enhance small features) and the
corresponding fitted scattering length density profiles for
(LPAA/hPDMAEMA)s/LPAA/dPDMAEMA )3 (A,C) and
(83PAA/hPDMAEMA)4/8PAA/dPDMAEMA); (B,D) dry films before and after exposure to
0.5 M NaCl. (E) [C(0)/C(t)]* vs. time plot for LPAA/PDMAEMA (squares),
4PAA/PDMAEMA (circles), 6PAA/PDMAEMA (up triangles), SPAA/PDMAEMA (down
triangles) films. (F) Diffusion coefficients of PDMAEMA within LbL films containing linear
and star PAA. The SLD profiles in Figs. 2B and 2D do not show the Si, SiO> and BPEI layers
used in the fitting procedure. The full SLD profiles are shown in Fig. S10.
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where WHZO is the molar fraction of water in the ﬁlm, and SHzO’ SdPDMAEMA’ S/IPDMAEMA’ and SPAA

are normalized scattering length densities of water, I(PDMAEMA, "/PDMAEMA and linear or star
PAA respectively (shown in Table S2) (A2 g! cm?). fpppagma is the molar fraction of PDMAEMA
in the polymer portion (PAA/PDMAEMA) of the film which is consistent with the ellipsometry
measurements of sequential film thicknesses during the deposition. W ppmagpma 1S the molar
fraction of IPDMAEMA of the total PDMAEMA content of the H-stack, and M ppymapma and
M ppmaEma are molecular weights of the units of deuterated and hydrogenated PDMAEMAs,
respectively. The Myppyaema/Mnppmagma ratio accounts for the increase in mass density with
increasing fraction of deuterated material in the H-stack. The SLD of the D-stack (Zp_gtack) Was
calculated in a similar manner (described in the Supporting Information). Fig. 2 and Figs. S6-9
show the specular neutron reflectivity of films as deposited and after exposure to 0.5 M NaCl
solution at pH 2.5. Interestingly, the as-deposited films were well stratified for PAA of all
molecular architectures (Tables S2-3, S7, S11, S15, internal roughnesses (Gint) 9.8, 11.8, 14.0 and
15.2 nm for LPAA-, 4PAA-, 6PAA- and 8PAA-containing films, respectively), suggesting low
mobility of PDMAEMA within the multilayers. Good stratification of films is also supported by
the absence of deuterated PDMAEMA in the nominal H-stacks for all films (Tables S3, S7, S11,
S15). Yet, a higher cin¢ between H and D-stacks was observed for the film containing SPAA
(~15 nm) which was ~1.5 fold higher than for LPAA/PDMAEMA films (~10 nm) (Table S2).
This effect can be related to less uniformity in films containing star polymers whose air/film
roughness obtained from NR was higher than that for films of linear polymers (6.4 nm for
S8PAA/PDMAEMA vs. 4.8 nm for LPAA/PDMAEMA films), in good agreement with the AFM

data.
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To induce PDMAEMA diffusivity, we then exposed the as-assembled films to a 0.5 M
NaCl solution for 30, 45 and 60 min (Fig. 2B, D, Figs. S6-S9, and Tables S4-S6, S8-S10, S12-
S14, S16-S18). Exposure to salt solution led to significant changes in all films, ranging from
moderate mixing for linear PAA to nearly complete intermixing for the films containing 8PAA
(Fig. 2B, D). Rapid diffusion of PDMAEMA under these conditions does not allow one to assume
the existence of a semi-infinite reservoir (by tracking the linear dependence of the square root of
oint With time). Instead, we have used a “limited source diffusion” model assuming Fickian
diffusion of PDMAEMA in the direction vertical to the substrate*® * and quantifying the relative
concentration of iPDMAEMA (C(t)/C(0)) in the D-Stack as ratio of Wyppmagma at time ¢ to

WJIPDMAEMA at time O:

c) 0o (3),
C(0) (2Dt + a2)1/2,

where C(t) and C(0) are the concentrations of deuterated material in the D-stack at time ¢ after
exposure, and time 0 (i.e., in the as-assembled film), respectively, o is the initial root-mean-square
interfacial width between H and D-stacks determined as d;,,; /2.35,* Dis the diffusion coefficient
of PDMAEMA within the film. The detailed determination of C(t)/C(0) is described in the
Supporting Information. Simple mathematical transformation of equation (3) leads to a linear

dependence of the inverted relative concentration of IPDMAEMA squared as a function of time:

2
0o

c()\> 2D 4),
<m> =—t+ 1

Fig. 2E plots [C(0)/C(t)]? vs. time. For all films, the time dependence was linear, and its

slope increased with branching degree. Fitting these slopes allowed us to estimate diffusion

coefficients for PDMAEMA of 1.0x107'%, 3.7x10'°, 8.2x107' and 1.4x107"5 cm?/s for
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LPAA/PDMAEMA, 4PAA/PDMAEMA, 6PAA/PDMAEMA and S8PAA/PDMAEMA films,
respectively (Fig. S11). These values are at least an order magnitude higher than the diffusion
coefficient of PSS within PSS/poly(dimethyldiallyll ammonium chloride) (PDADMAC) LbL
films consistent with the known tendency of PSS to form strong ionic pairs with polycations.*>
At the same time, the reported diffusion coefficients are at least an order magnitude lower than the
diffusion coefficient of quaternized PDMAEMA (QPC) in PMAA/QPC films,* whose larger

diffusion coefficients can be related to weaker ionic pairing in this system due to steric effects of

the alkyl substituents on the amino group of QPC.

While NR studies revealed differences in diffusion of a PDMAEMA partner assembled
with PAA of different molecular architectures, those experiments were not sensitive to the
molecular mobility of the polyacid. To determine mobility of PAA, we have performed in situ
ellipsometry experiments in which we adsorbed linear and star polymers onto preassembled LbL
films and monitored wet film thickness as a function of time (Fig. 3A). Fig. 3B shows
normalization of the polymer uptake (q) using the following equation: q=(H:— Ho)/(H» — Ho),
where Hp is initial thickness of the wet films, and H; and H. the effective (at time 7) and
equilibrated thicknesses of the wet films, respectively. While for with star PAAs the saturation
plateau was reached relatively quickly (within ~1.6 min for 90% saturation), LPAA required more
time to saturate (~5.5 min for 90% saturation), suggesting lower mobility of linear polyacid chains

26,50-52 ywe can estimate

within LbL films. Assuming that polymer diffusion within LbL is Fickian,
the diffusion coefficients by plotting (qH)?/4 versus ¢ (Fig. 3C) and fitting the initial linear region

to the following equation:

Dt = (qH,)? (5),
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Fig. 3. (A) In situ ellipsometry thicknesses of PAA/PDMAEMA films when deposited PAA
amounts were allowed to saturate. (B) Uptake kinetics of LPAA (squares), 4PAA (circles),
6PAA (triangles) and 8PAA (diamonds) by LbL films (40-45 nm dry thickness) containing
PDMAEMA as the top layer. (C) (qH)*/4 versus ¢ dependence plotted for adsorption of LPAA
(squares) and 8PAA (diamonds). The dashed lines represent fits to the linear region of polymer
adsorption (R?>>0.99). (D) Diffusion coefficients versus number of PAA arms as calculated

from the experiments on polyacid uptake kinetics by the swollen films.

Fig. 3D shows that the diffusion coefficients of PAA evaluated using this equation
systematically increased with number of arms. This increase is consistent with a one-order-of-
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magnitude decrease in the polycation-polyanion dissociation constant between LPAA and 8PAA.
Two arguments can be suggested to rationalize faster diffusion of star polymers within LbL films.
First, star polymers have a more compact structure and consequently a smaller hydrodynamic size.
Consistent with this argument, diffusion of star polymers was experimentally found to be faster
than that of linear polymers of equivalent molecular weight in experiments with individual
polymers in solution.>® Polymer chain compactness can be estimated using the contraction factor
g defined as g = (Rgz)s/(Rgz)l, where (Rgz)s and (Rgz)l are the mean square radii of star and
linear polymers of the same molecular weight.’* In a good solvent, the contraction factor for a
monodisperse polymer can be calculated via the following equation: g=(3f-2)/f> where f is the
number of arms in a star.>> % This equation yields contraction factors 0.63, 0.44 and 0.34 for
4PAA, 6PAA and 8PAA, respectively. To further relate the radii of gyration and hydrodynamic
radii, consider computational studies of star polymers with differing numbers of arms. These
studies demonstrated that the R;-to-R, ratio increases with the number of arms from 0.9 for a linear
to 1.15 for an 8-arm star polymer.®’ Hence, we can correlate the hydrodynamic radii of polymers
of different molecular architecture with the radius of gyration of their linear counterpart of the
same molecular weight as 0.9 (Rg);, 0.77 (Ry);, 0.71 (Ry); and 0.67 (R,), for linear, 4-, 6- and 8-
arm polymers, respectively. Based on the scaling between diffusion coefficients and hydrodynamic
radii D ~ Ry, one can make a prediction that D should be ~1.35-fold higher for 8PAA in
comparison to LPAA using these arguments. These estimates are consistent with light scattering
studies of star polymer diffusion in solutions that reported an ~1.3-fold difference in diffusion
coefficients for 3- and 12-arm polystyrene of matched molecular weight.’® However, this predicted

difference is much smaller than the 3.6-fold increase in D of 8PAA in comparison to LPAA
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observed in our experiments. Thus, compactness does not fully explain the higher diffusivity of

star polymers within LbL films.

A second factor potentially contributing to the increase in star polymer mobility is the
effect of PAA molecular topology on the strength of binding with the polycation. Because
assembly of PAA within LbL films is stabilized by electrostatic pairing of ionized units of PAA
with PDMAEMA, we should first consider the effect of molecular architecture on the ionization
of individual PAA molecules in solution. Previous studies showed that the degree of ionization of
weak polyelectrolytes in aqueous solution is strongly dependent on their molecular architecture,'®
%9 reporting that star PAA had a higher pK, compared to its linear counterparts due to higher
osmotic pressure within the star polymers.>® The potentiometric titration study performed herein
confirmed that an increase in polymer branching resulted in a gradual increase of pK, from 6.45
for LPAA to 6.75 for SPAA (Fig. S4). While at the deposition pH 2.5, PAA of all molecular
architectures is fully protonated prior to assembly with PDMAEMA, ionization can be induced
after its inclusion within LbL films. We hypothesize that the differences in ionization of linear and
star PAA correlate with the strength of binding of these polymers within LbL films and to the
observed difference in polymer dynamics. Our aim was to correlate the ionization degree of
assembled PAA (and thus the strength of PAA/PDMAEMA binding) with PAA dynamics.
Specifically, we expected that the more highly ionized linear PAA formed more ionic pairs with
PDMAEMA and slowed PAA mobility, while the fewer ionic contacts formed by less ionized

compact star PAAs favors higher PAA mobility.

To test the above hypothesis, we explored ionization of linear and star PAAs within LbLL

assemblies using FTIR spectroscopy. The peaks associated with stretching vibrations of ionized
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Fig. 4. (A) The carbonyl stretching region in FTIR spectra of 30-bilayer (LPAA/PDMAEMA )30
(black), (4PAA/PDMAEMA )30 (red), (6PAA/PDMAEMA )30 (blue) and
(SPAA/PDMAEMA )30 (green) LbL films deposited at pH 2.5, also showing vibrational bands
of the carboxylate ion (vcoo-) of PAA and deconvolution of absorbances of carboxylic groups
(Vcoon) of PAA and the ester group of PDMAEMA (vc-g) for the LPAA/PDMAEMA film.
Inset shows the enlarged 1510-1590 cm! region associated with carboxylate group vibrations.
(B) Degree of ionization of linear and star PAA within 30-bilayer PAA/PDMAEMA films

deposited at pH 2.5 calculated as (AVCOO'/ [A AVCOOH])*IOO%, where A are the

+
vVcoo~

absorbances of the corresponding bands. (C) Schematic representation of multilayer assembly

of LPAA/PDMAEMA (left) and SPAA/PDMAEMA (right).
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(Vcoo-) and non-ionized (Veoop ) carboxylic groups of PAA are distinct (1560 cm™ and 1710 cm”
! respectively) and can be used to estimate the ionization of polyacids within LbL films, assuming
that the extinction coefficients of these bands are equal.>’ Fig. 4A shows that the peak at 1560 cm’
!associated with stretching vibrations of the ionized carboxylic groups decreased with the number
of arms in PAA, indicating lower ionization of star polymers within LbL films. To quantify these
changes, the carbonyl region of the spectra was deconvoluted to account for the contribution of
stretching vibrations of the ester groups of PDMAEMA, vi—q at ~1735 cm™! (the deconvolution
procedure is described in the experimental section), and ionization of assembled PAAs was
calculated as the ratio of vcoo- absorbances to the sum of vcgo- and vegoy absorbances. Fig. 4B
shows that ionization of PAA decreased ~2-fold with the increase in polymer branching, indicating
a reduction in the number of ionic pairs within star PAA/PDMAEMA relative to
LPAA/PDMAEMA films as illustrated in Fig. 4C. Note that the ionization degree of LPAA
reported here (~14 %) falls between values previously found with LbL films of PAA, ~25% for
PAA/PAH?® and ~4% for PAA/PDADMAC?! films deposited at the same pH 2.5. This result
reflects the competing effects of the strength of ionic pairing and steric hindrance at the amino
group of a polycationic partner on the ionization of the assembled polyacids. Consistent with these
findings is the linear deposition character of PAA/PAH films % versus exponential growth in

PAA/PDMAMAC,*! which further illustrates the important role of the polycationic partner on the

intermolecular binding and growth modes of multilayers of weak polyelectrolytes.*

Deposition of LbL films can be correlated with the formation of interpolymer complexes
(IPC) in solution.®'"®* Thus, differences in ionic paring within LPAA/PDMAEMA and star
PAA/PDMAEMA systems were further explored using ITC. This technique was previously used

to study correlations between the enthalpy of intermolecular binding and the growth mode of
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Fig. 5. (A) Representative ITC titration curve of a 0.5 mg/ml LPAA (7 mM of polymer units)
solution with a 0.63 mg/ml PDMAEMA (4 mM of polymer units) solution at pH 2.5. (B) A
plot of enthalpy vs PDMAEMA-to-PAA unit molar ratio for LPAA/PDMAEMA (squares),
4PAA/PDMAEMA (circles), 6PAA/PDMAEMA (triangles), SPAA/PDMAEMA (diamonds)
systems. (C) The impact of polymer branching on PDMAEMA-to-PAA ratio of units (squares)
and dissociation constant (Kp) (circles). All titrations were performed at 25 °C. The error bars
show the 95% confidence intervals determined from three repeated independent measurements.
(D) Schematic representation of interpolymer complexes of LPAA or 8PAA with PDMAEMA
at pH 2.5.

electrostatic LbL films, as well as the role of a hydrogen-bonding competitor, polymer branching

and a binding partner on interpolymer hydrogen-bonding.%*-" Figs. SA and S12 show raw ITC
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data for the titration of linear and star PAAs, respectively, with PDMAEMA at pH 2.5.
Interestingly, in all cases, the enthalpies of polymer-polymer interactions (AHin) after saturation
of PAA with PDMAEMA were similar (~ -5.5 kJ per mole of PDMAEMA units) (Fig. 5B).
Previous studies correlated AHiye with the growth regime of electrostatic LbL films, suggesting
that the exponential growth mode is observed for polymer pairs whose formation is endothermic.®
In this work, however, we observed that the exponentially grown PAA/PDMAEMA film has
negative AHin¢ suggesting strong entropic contributions, such as those associated with release of
water molecules and counterions, on the film growth mode. Interestingly, the limiting composition
of PAA/PDMAEMA IPCs achieved after saturation of PAA with PDMAEMA was dependent on
the degree of PAA branching, with more branched PAAs containing less PDMAEMA (Fig. 5B,
C). This result can be rationalized as more compact star PAA forming ionic pairs with PDMAEMA
and likely preferentially interacting with the peripheral units of the star polymers. Note that this
result is different from what was observed in hydrogen-bonded complexes of linear
poly(methacrylic acid) (PMAA) with star poly(ethylene oxide) (PEO), where star PEO provided a
higher density of hydrogen-bonded sites leading to higher enthalpy and higher content of PMAA
within its complexes with star PEO.® In the system described here and in the selected conditions
of our experiments of pH 2.5, IPCs were stabilized by electrostatic rather than hydrogen bonding
interactions, while protonation of PAA units competed with PDMAEMA-induced ionization, and
possibly supported dimerization of carboxylic groups in the higher density environment of the star
polymers. In agreement with a smaller number of ionic contacts being formed by star PAAs with
PDMAEMA, the dissociation constant (Kp) calculated from the ITC results was up to one order

of magnitude higher for star PAAs. The weaker binding of star PAAs with PDMAEMA in solution

correlates with enhanced diffusion of star polymers within LbL films and demonstrates the
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insufficiency of only invoking star polymer compactness to explain the greater mobility in LbL
assemblies. We believe that in addition to star polymer compactness, a lower number of ionic
contacts formed by star PAAs within LbL films contributes collectively to the significantly higher

mobility of star PAAs observed in this work.

In summary, we have explored the effect of molecular architecture on diffusion and
quantitively determined the diffusion coefficients for both star polyacid and polycation within LbL
films. Our findings of faster diffusion of star polyacids are qualitatively similar to previous reports

of faster diffusion for star polymers in solution in comparison to their linear counterparts,>* 3

as
well as higher mobility of star polymers within LbL films.?! However, here we quantitatively
explore the origins of such enhanced mobility and show that in addition to the standard argument
of polymer compactness, the number of contacts with linear partners plays an even more important
role in determining the dynamics of assembled polymers of different molecular architecture. We
have established experimental pathways for quantifying the number of binding sites for assembled
weak polyacids using FTIR and ITC techniques and correlated these results with molecular
diffusion coefficients obtained by NR and in situ ellipsometry. The fundamental insights on the

behavior of assembled star polymers established in this work can serve as a framework for rational

engineering of ultrathin films for applications such as controlled drug delivery.
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