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Introduction

SANS quantification of bound water in
water-soluble polymers across multiple
concentration regimesy

Helen Yao 2 and Bradley D. Olsen (= *

Contrast-variation small-angle neutron scattering (CV-SANS) is a widely used technique for quantifying
hydration water in soft matter systems, but it is predominantly applied in the dilute regime or for
systems with a well-defined structure factor. Here, CV-SANS was used to quantify the number of
hydration water molecules associating with three water-soluble polymers with different critical solution
temperatures and types of water—solute interactions in dilute, semidilute, and concentrated solution
through the exploration of novel methods of data fitting and analysis. Multiple SANS fitting workflows
with varying levels of model assumptions were evaluated and compared to give insight into SANS model
selection. These fitting pathways ranged from general, model-free algorithms to more standard form
and structure factor fitting. In addition, Monte Carlo bootstrapping was evaluated as a method to
estimate parameter uncertainty through simulation of technical replicates. The most robust fitting
workflow for dilute solutions was found to be form factor fitting without CV-SANS (i.e. polymer in 100%
D,0). For semidilute and concentrated solutions, while the model-free approach can be mathematically
defined for CV-SANS data, the addition of a structure factor imposes physical constraints on the
optimization problem, suggesting that the optimal fitting pathway should include appropriate form and
structure factor models. The measured hydration numbers were consistent with the number of tightly
bound water molecules associated with each monomer unit, and the concentration dependence of the
hydration number was largely governed by the chemistry-specific interactions between water and
polymer. Polymers with weaker water—polymer interactions (ie. those with fewer hydration water
molecules) were found to have more bound water at higher concentrations than those with stronger
water—polymer interactions due to the increase in the number of forced water—polymer contacts in the
concentrated system. This SANS-based method to count hydration water molecules can be applied to
polymers in any concentration regime, which will lead to improved understanding of water—polymer
interactions and their impact on materials design.

without attracting unwanted adsorbents that can lead to adverse
effects.® As a result, water interactions can impact the design

Water plays a central role in the design and application of
polymer-based materials in areas such as therapeutics,” anti-
biofouling,** enzyme catalysis,” and separations.® For example,
in anti-biofouling coatings made of zwitterionic polymers, the
hydration layer is believed to enhance the repulsion between
contaminant proteins and the surface of interest.” The existence
of hydration water layers is also relevant to biocompatible
polymer materials that must be placed into the human body
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of medical materials such as hemocompatible polymers,’
dialyzers,'® and hydrogel tissue scaffolds.">" In drug delivery
applications, tuning the thermoresponsive properties of
polymers such as poly(N-isopropylacrylamide) (PNIPAM)" or
elastin-like polypeptides (ELPs)'* requires understanding of
polymer-water interactions. Water can also change the phase
behavior of protein—polymer bioconjugates which self-assemble
into nanostructures similar to those observed in synthetic block
copolymers."®

In a system of water and polymer, there are often multiple
populations of solvent. Water is typically divided into three
populations: bound water, intermediate water, and bulk
water.>*'® These three populations have been identified by
numerous groups based on mobility,"” ™ freezing point,*°>*
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1624 Bound water consists of water

and thermal expansion.
molecules that are directly and strongly associated to the
polymer via hydrogen bonds or electrostatic interactions.>*’
These molecules can often stay bound to the polymer even
through state changes, such as freezing®' or macrophase
separation.”® Intermediate water is characterized by weaker
interactions, such as dipole-dipole interactions or hydrophobic
interactions.?® This population often contributes to desirable
properties such as anti-biofouling and protein repulsion.®
The remainder of the water in the system is bulk water,
whose molecules can diffuse around freely like molecules in
pure water.

The differences in the types of interactions and the
dynamics present in each of the three water populations allow
for the characterization of water using a multitude of techniques,
including dielectric relaxation spectroscopy,”*~** nuclear magnetic
resonance (NMR),'***° attenuated total reflection Fourier
transform infrared (ATR-FTIR) and Raman spectroscopy,>*>%%
and neutron scattering.**** In particular, small-angle neutron
scattering (SANS) is widely known to have utility in quantifying
hydration water populations, as the contrast can be directly
manipulated via water and deuterium oxide blends to provide
information on water partitioning. However, a challenge that
arises in these studies is making measurements in the poorly
understood but highly relevant concentrated solution regime, a
challenge which persists for different types of macromolecules,
including proteins*>** and polymers.*’ In many SANS studies,
the experiments are often done in the dilute regime, or at best, in
the semidilute regime.*®*” In other cases, assumptions that
parameters such as the size of the hydration layer, hydration
number, or scattering length density are not dependent on
concentration must be made to fit experimental data to various
form and structure factor models.*>*® The existence of a struc-
ture factor that describes the system is also important when
there are interparticle interactions in non-dilute regimes.**" In
some cases, the choice of structure factor does not allow for the
direct quantification of hydration number and only provides an
indirect indication of hydration level through structural
information, necessitating the use of supplementary techniques
to obtain hydration number.**>?

Here, the contrast variation SANS (CV-SANS) method used by
Nickels et al.>® is adapted to quantify the hydration number of
three polymers for concentration regimes ranging from dilute
to concentrated with minimal model-related assumptions.
Three industrially relevant polymers that span different polymer
chemistries (PNIPAM, poly(hydroxypropyl acrylate) (PHPA), and
poly(3{N-(2-methacroyloyethyl)-N,N-dimethylammonio|propane
sulfonate) (PDMAPS)) are studied. PNIPAM and PHPA are non-
ionic hydrogen bond acceptors and donors, and PDMAPS is a
zwitterionic polymer. Different fitting methods are applied and
compared for each concentration and for each polymer in
solution. The results of this study provide insight into SANS
model selection, performance, and generalizability for different
water-soluble polymers over a wide range of concentration
regimes. SANS is shown to measure a very specific population
of hydration water and is used to illustrate the effect of
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polymer chemistry on the
hydration water.

concentration dependence of

Experimental
Polymer synthesis

The three polymers used in the study (Scheme 1) were synthesized
by reversible addition-fragmentation chain-transfer (RAFT) poly-
merization, as described previously.'>****> Poly(N-isopropyl-
acrylamide) (PNIPAM) and poly(hydroxypropyl acrylate) (PHPA)
were synthesized using 2-(ethylsulfanylthiocarbonylsulfanyl)-2-
methylpropionic acid (EMP) as a chain transfer agent (CTA),
whereas poly(3-[N-(2-methacroyloyethyl)-N,N-dimethylammonio]
propane sulfonate) (PDMAPS) was synthesized using 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CPP) as a CTA. Molecular
properties of all polymers can be found in Table 1. Molar mass
and purity were assessed by gel permeation chromatography
(GPC, Fig. S1-S3, ESIT) and proton nuclear magnetic resonance
spectroscopy (NMR), respectively (Fig. S4-S6, ESIT).

Contrast-variation small-angle neutron scattering (CV-SANS)

For dilute (13.75 mg mL™') and semidilute (50 mg mL ™)
conditions, polymers were dissolved in stock solutions of water
and deuterium oxide. Stock solutions of PDMAPS at 50 mg mL
and PHPA and PNIPAM at both 13.75 and 50 mg mL™" were
blended at D,0O:H,0O ratios of 10:90, 25:75, 40:60, 60:40,
70:30, 80:20, 90:10, and 100:0 by volume. Stock solutions of
PDMAPS at 13.75 mg mL™* were blended at D,0:H,O ratios
of 10:90, 25:75, 40:60, 70:30, 80:20, and 100:0 by volume.
For concentrated polymers (250 and 300 mg mL ™), blends were
prepared at D,O:H,O ratios of 0:100, 15:85, 30:70, 45:55;
60:40, 80:20, 90:10, and 100:0. Due to the high viscosity of
these solutions, D,0 and H,O were added to pre-weighed
polymer instead of blending stock solutions. Solvent back-
grounds at the same blend ratios were prepared for all SANS
configurations.

SANS experiments were conducted at the NIST Center for
Neutron Research (NCNR) NG-B 30 m instrument and the Oak
Ridge National Laboratory High Flux Isotope Reactor (ORNL
HFIR) Bio-SANS CG3 instrument. Preliminary experiments were
conducted at the EQ-SANS instrument at ORNL Spallation
Neutron Source (SNS). At NIST, the 9CB sample environment,
a standard sample holder with Peltier temperature control

Scheme 1 Chemical structures of (a) poly(N-isopropylacrylamide) (PNI-
PAM), (b) poly(hydroxypropyl acrylate) (PHPA), and (c) poly(3-[N-(2-
methacroyloyethyl)-N,N-dimethylammoniolpropane sulfonate) (PDMAPS).

This journal is © The Royal Society of Chemistry 2021
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Table 1 Polymer molecular properties
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Molar mass, Dispersity, Pure NSLD“ Volume of monomer Density” Overlap concentration®,
Polymer M, [g mol '] b [x 107* nm?] unit [nm?] [g em™?] P*
PNIPAM 28050 1.03 0.8140 0.1790 1.05 0.038
PHPA 27960 1.07 1.0689 0.1863 1.16 0.030
PDMAPS 32500 1.18 1.2020 0.3386 1.37 0.034

“ From NIST scattering calculator.”® ” Densities taken from Thomas et al.>* (PNIPAM), Chang et al.'® (PHPA), and Chang and Olsen®® (PDMAPS).

¢ See method of calculation in ESI.

available for NG-B 30 m, was used for dilute PDMAPS solutions.
PDMAPS solutions were loaded into demountable titanium
cells with quartz windows spaced 1 mm apart. After loading,
samples were allowed to equilibrate at 60 °C (> UCST, see cloud
point curves in Fig. S7, ESIf) in an oven for 12 hours. After
transferring samples to the 9CB holder, they were incubated for
an additional 20 min at 60 °C prior to collecting data. SANS
intensities were recorded at three configurations using detector
distances of 11 m (3 guides), 4 m (5 guides), and 1 m (7 guides),
spanning a g-range of 0.045-4.5 nm™ . The neutron wavelength, 2,
was 6 A, with a spread (A2/2) of 13.8%. Data from the three
configurations were reduced and stitched together using the
NCNR reduction package in the Igor platform.

HFIR scattering patterns for PHPA, PNIPAM, and semidilute
and concentrated PDMAPS solutions were measured using a
neutron wavelength of 6.0 & 0.8 A. A g-range of 0.03-8 nm™* was
achieved using a single configuration with two simultaneous
detectors at 1.1 m (offset wing) and 15.5 m. The beam aperture
was restricted to 14 mm for all samples. PHPA and PNIPAM
solutions were loaded into quartz Suprasil banjo cells with a
1 mm path length (Hellma, 120-QS). These solutions were
equilibrated at 5 °C (<LCST, Fig. S7, ESIY) for at least 12 hours
prior to data collection at 5.5 £+ 0.5 °C. PDMAPS solutions were
loaded into demountable titanium cells with quartz windows
spaced 1 mm apart. These were equilibrated at 60 °C in an oven
for at least 12 hours prior to data collection at 60 °C £ 0.5 °C.
The sample cell holder was fitted with a quartz chamber with dry
air flow to prevent condensation. All solvent backgrounds
were measured using banjo cells. Conversion between titanium
cell and banjo cell backgrounds was done by normalizing the
signal from the 100% H,O solvent sample. 2D scattering
patterns were reduced using the Mantid reduction package®’
and corrected for the quartz background from an empty sample
cell and dark field scattering. Absolute scaling was obtained
using a scattering standard. To eliminate instrument-related
artifacts, only data collected at ¢ > 0.1 nm ™" were included
for fitting.

Results and discussion
Model fitting and error estimation

The hydration number is defined as the number of bound water
molecules associated with a monomer repeat unit. For a polymer
dissolved in a solvent blend of water and deuterium oxide, it is
related to the neutron scattering length density (SLD) by
eqn (1).*°

This journal is © The Royal Society of Chemistry 2021

_ by +fiubp,o + (1 = f)nubnyo
P vy + fitmvp,o + (1 = f)nave,o

(1a)

by — ppvp
pp[frp20 = (f = Do) = fbpo + (f = Dbmyo

(1b)

nyg =

Here, pp, is the SLD per polymer repeat unit in a solvent blend of
water and D,0, with a volume fraction of f being D,O, ny is the
hydration number, ; is the scattering length of species i, and v;
is the molecular volume of species i. Eqn (1a) reduces to
bp + ngDZO
Vp —+ ny VD,0O
D,0, as is typically done for maximal contrast. In general, the
scattering lengths can be obtained from tabulated values. The
molecular volume of H,O is calculated as 0.0299 nm?®, and the
molecular volume of D,O is taken to be 0.0304 nm?® (from
experiment’®). The molecular volume of a polymeric repeat unit
can either be calculated from molar mass and density (as
shown in Table 1) or measured from the contrast matching
SANS experiment.*® The SLD of polymer is likewise obtained
from SANS, though the method of calculation depends on the
concentration regime of the polymer solution, as illustrated in
Fig. 1.

The basis for obtaining SLD from contrast matching is
described by Nickels et al. for phytoglycogen.>® Here, the
analysis is extended to account for effects of polymer solution
concentration. As shown in Fig. 1, dilute solution polymers can
be analyzed through a SANS experiment in 100% D,O paired
with a form factor fit, yielding SLD and radius of gyration; once
SLD is obtained, ny can be calculated through eqn (1b). For
polymer solutions with a concentration above that of overlap,
contrast variation and matching can be leveraged to perform a
generalized fit with or without a structure factor. Within this
analysis workflow, the fit can be performed for SLD or directly
for ny. The data analysis pathways shown in Fig. 1 are
summarized in Table 2 and described in detail in subsequent
sections.

Parameter uncertainty for all fitting pathways illustrated in
Fig. 1 was quantified using Monte Carlo bootstrapping.”® In
this technique, which is well-suited for high-cost, low-replicate
experiments, experimental (technical) replicates, termed replicas,
of the scattering intensity were simulated by drawing samples
from a normal distribution centered around the measured
scattering intensity at each g with a variance defined by the
squared error in the scattering intensity measured at each ¢
(FePliea ~ (1™, (dI™e*%)?)). The normality of the scattering

Pp.100% D20 = when the polymer is dissolved in pure
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Fig. 1 Process flow diagram for calculating hydration number (ny) from (a) dilute and (b) semidilute and concentrated solutions of polymers. For the
generalized fit used in semidilute and concentrated solutions, there are two pathways to obtaining the hydration number: (i) fitting Ap(f) and solving for ny
through eqn (1) or (i) fitting for ny directly. In both cases, Ap(f) is needed for the contrast matching procedure (egn (7)) to obtain the volume v,

Table 2 Summary of fitting methods

Concentration Fig. 1

Name of method Identifier regime G(q) functional form Input parameters Fitting parameters pathway
Dilute SANS Debye/SLD D-FF-SLD Dilute Debye form factor N, ¢, ps, Vp, pp (f=1), Ry a
CV-SANS Model-free/SLD? CV-MF-SLD All None N, ¢, ps, vp pp” bi
CV-SANS Debye/SLD CV-FF-SLD Dilute Debye form factor N, ¢, ps, vp Pps” Ry bi
CV-SANS Debye/ny CV-FF-ny Dilute Debye form factor N, ¢, ps, vp ny, Ry bii
CV-SANS Zimm/SLD CV-SF-SLD All Zimm structure factor N, ¢, ps, vp, Ry Ppr” Vex!V bi
CV-SANS Zimm/ny CV-SF-ny All Zimm structure factor N, ¢, ps, Vp," Ry Nexy VexlV bii

Note: the methods are named as [SANS experiment]-[G(g)]-[main fitting parameter], where the choices are D (dilute solution SANS), CV (CV-SANS),

FF (form factor), SF (structure factor), SLD (scatterlng length density, pp), and ny (hydration number)

pp is a vector, where each element

represents SLD at a certain D,O volume fraction, f. > Does not converge when fitting for ny directly. © Requires initial input but changes upon

iteration.

intensities was verified using Q-Q plots (Fig. S8-S19, ESIY). For
each polymer, concentration, and solvent blend studied, 99
replicas were generated and input into the fitting scheme
shown in Fig. 1b for a total of 100 replicas, with the first replica
being the original measured data. All parameters obtained
through fit or calculation were averaged, and the standard
deviation in the 100 samples was taken as the parameter
uncertainty. For the hydration number, the standard error of
the mean is reported as well.

For dilute solutions, form factor fitting was used to obtain
the scattering length density of the polymer and the hydration
number. This is similar to the approach taken by Nickels et al.*
For all polymer solutions at 13.75 mg mL ™', SANS intensity
curves taken in 100% D,O were fit using the Debye form factor
for Gaussian chains, shown in eqn (2), where g is the scattering
vector, and R, is the radius of gyration of the polymer.

2((3*‘12'%2 + PR — 1)

(qugz)z

P(q) = (2)

5306 | Soft Matter, 2021,17, 5303-5318

The overall scattering intensity, I(g), was fit to the functional
form shown in eqn (3), where Ap = p,, — p; is the difference in
SLD between polymer (p) and solvent (s), N is the degree of
polymerization, v, is the volume of a monomer unit, ¢ is the
volume fraction of polymer in solution, G(q) is the structure
factor, which can be a function of P(g), the form factor, and B is
the incoherent scattering background.

1"(q) = NvppAp*G(q) + B ®)

Prior to any fitting, the solvent background was accounted for
by subtracting volume fraction-scaled scattering intensities
measured for the solvent. Incoherent scattering (B) was
estimated by averaging the intensity in the high-q region where
I(q) flattens out (g > 4.5 nm™'); this was also subtracted from
the overall intensity before fitting. For dilute solution measurements,
G(g) was assumed to be the form factor alone, since intermolecular
interactions are negligible in this concentration regime. The
molecular volume v, was calculated by molar mass and
density (Table 1). The volume fraction was calculated from the

This journal is © The Royal Society of Chemistry 2021
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concentration of the polymers in solution. These calculations of
volume implicitly assume an ideal partial molar volume of
mixing. With these known quantities, the only remaining
parameters to fit for in eqn (3) are the SLD of the polymer (pp)
and the radius of gyration of the polymer (R,). Fitting was
performed by minimizing the error-weighted matrix-formatted
objective function shown in eqn (4) using finincon in MATLAB.

m ngpt - Iﬁt 2
Pps Rg = arg minz B T o ! (4)
i=1 I;

Here, the intensities (experimental 1P, fit I"¥) and errors in the
intensities (6"") are vectors of dimension 1 x m, where m is the
total number of g-values. To estimate parameter uncertainty,
bootstrapped replicates were fit in the same way as the experi-
mental scattering intensities; reported parameters are averages
over 100 bootstrapped replicates, and errors are either standard
deviation or standard error of the mean. Once the SLD of the
polymer is obtained, eqn (1) was used to calculate the hydration
number. Debye form factor fits on SANS intensity data taken for
dilute solution polymers in 100% D,O (D-FF-SLD method) are
shown in Fig. 2. The radii of gyration obtained for PNIPAM and
PHPA correspond well to those measured from previous SANS
studies via Guinier analysis.®°

For polymers in semidilute (50 mg mL~") and concentrated
solution (250, 300 mg mL™"), intermolecular interactions are
no longer negligible, necessitating an alternate approach to
obtain p, and ny shown in Fig. 1b. The semidilute and
concentrated solution approach is more general and can in
theory be applied to the dilute solution regime as well. There
are two main components to this approach, as shown in
Fig. 1—a contrast variation SANS (CV-SANS) experiment and a
generalized fit. By changing the blend ratio of D,O to H,O in
the solvent, contrast variation (CV) allows the measurement of a
family of SANS intensity curves without significantly changing
the structure of the polymers or the interactions that are
present in the system. In a CV-SANS experiment, for a single
polymer at a single concentration, there are n solvent blends,

View Article Online
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each with an associated pp, which is a function of f, the volume
fraction of D,O in the solvent. The hydration number can be
obtained through a fit using eqn (1). This fit assumes that N, v,
¢, and G(q) are the same across all n blends at the same
concentration. Thus, CV-SANS leads to the following matrix
representation of eqn (3), where I € R™", Ap e R",

G € R™", B € R™, and m is the number of g-values.
_ o2
I=Nv,p(Ap)¥“OG +B (5)

The © symbol denotes a Hadamard (element-wise) operation,
here either a power (i.e. for Ap) or a product; the element-wise
product of row vector (Ap)®? and column vector G results in a
matrix with the dimensions m x n. The background B is
constant across all g-values but different for each blend; this
can be taken into account using the procedure for subtracting
solvent scattering and incoherent scattering described in the
dilute solution section. Prior to fitting, the SANS intensities from CV-
SANS were rescaled to remove known scalar coefficients (Nvyo)
and to ensure that the optimizer works with quantities that are
reasonable orders of magnitude. The scaled intensities are 1™ =
10 *(Nv,$) (I — B) in units of em™*. Thus, the model function
used by the fitting algorithm in units of cm™* is eqn (6), where I"* €
R™" and © denotes a Hadamard (element-wise) operation.

I = 10 2°(W,) (Ap)°° 06 (6)

As shown in Fig. 1b, the volume of the polymer scattering unit
v, is needed to rescale the scattering intensities. This can be
calculated from the density and molar mass, as in the dilute
solution approach. However, the contrast variation experiment
itself allows the volume v, to be obtained without knowing
the density of the polymers beforehand via contrast matching.*
At the match point, the SLD of the solvent matches that of the
polymer (i.e. Ap = 0), which allows for the determination of

by mp .
=2 where by, vp is the
v
P

scattering length of the polymer at the match point, taking into
consideration exchangeable hydrogens, and pj, mp is the SLD of

the volume by the relation p, yp =

1 T T T rrrrn T T T 11T 1 T

R, =4.28 + 0.03 nm
ny=575+0.04 |

o
)

&
~

I(q) [cm™]

0.2
0
107 10° 107
-1
q[hm™]

T LELELIL) III T
R, =4.48 +0.02 nm s
n,=080+002 - o8

T T 11T 1 T T rrrrm T

R, =4.270 + 0.009 nm
n,=021+002

10°
q[nm™]

107

10°
q[nm™]

Fig. 2 Debye form factor fits (light green lines) to SANS intensity data (dark blue squares) taken for (a) PNIPAM, (b) PHPA, and (c) PDMAPS in 100% D,0O at
13.75 mg mL~%. The fits (light green line) were done using D-FF-SLD. The data shown in turquoise circles represent 99 bootstrapped replicas of the
original experiment. Error bars on inset parameters represent +1¢ from 100 replicas (where the first replica is the original data).

This journal is © The Royal Society of Chemistry 2021
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the polymer at the match point. Typically, the match point can
be obtained by plotting I(g) at one g as a function of fto identify
the point at which I(q) equals zero®® or by fitting the
total scattering invariant Q* to a quadratic function of f*°
Here, the contrast match point was obtained directly
through Ap? (shorthand for (Ap)©?), as the scattering invariant
could not be reliably obtained at high ¢ due to noise. The
vector of Ap” can be fit directly to a quadratic function of fusing
linear least-squares regression, and the point where Ap® is
minimized can be found via the first derivative of this quadratic
function.

Ap?(f) = Af* + Bf + C (7)

To ensure self-consistency of the method, a validation step
was added to the algorithm to compare the input scaling
volume to the volume calculated from the match point.
As shown in Fig. 1b, if the input volume does not match the
output volume within a selected tolerance, the algorithm
iterates to rescale by the output volume until convergence is
reached. This enables analysis without assuming an ideal
volume of mixing.

CV-SANS intensities collected for semidilute and concentrated
polymers were fit to eqn (6). This fitting problem can be described
mathematically as eqn (8), where the output polymer SLD p, is a
vector of length n:

. m n ([P i) 2
X . i, i,
Pps % = argmin Z . <7“’ e -/ ) (8a)

i=1 j=1 I;

" m n I?’{Dl 7Iﬁl. 2
-y 3 () @

ny,— = argmin
=1 j=1 I

All terms in the objective function in eqn (8) were rescaled prior to
fitting. An exception to eqn (8b) is that the parameter v.,/V is not a
fitting parameter in the model-free approach. As shown in Fig. 1b,
there are two parameter-dependent pathways to obtaining the
hydration number. In the (i) pathway, the data are fit for py, the
vector of polymer SLD using eqn (8a). Once the SLD is obtained,
the hydration number can be calculated via eqn (1). In pathway
(ii), the fit is performed directly with ny; as the fitting parameter.
In addition to these two parameter-dependent pathways, two
functional forms for G(q) were used in eqn (6). In the first,
model-free approach, only the vector of SLDs, p,, is a fitting
parameter. The structure and form factors encompassed in G(g)
are calculated by computing the derivative of the objective func-
tion (F) with respect to G(g) and setting it equal to 0 (eqn (9) in
matrix format):*!

OF < 1
=0= 2| —= | [Lij — G(q; Ap?|[-Apf 9
3G(q,) JZ:I: <6§:;pt2> [ J ( ) J ] [ J } ( )
forj=1,2,..nblends and i = 1, 2,..., m g-values.

Once the derivative is computed and set equal to 0, it is

possible to solve for G(q) at each g-value as eqn (10) in matrix
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format (all operations are element-wise):

n 1

(10)

forj =1, 2,..,nblends and i = 1, 2,...,m g-values.

After fitting for polymer SLD, 7y can be calculated via
eqn (1). The optimization problem was solved in MATLAB using
an interior point method implemented in finincon. The model-free
approach is potentially very powerful, as it can be generalized to
many systems beyond polymers and the dilute solution regime.

In the second approach, the Zimm solution structure factor
(eqn (11)) was used as G(g), adding the interaction term v.,/V as
a fitting parameter.*® The form factor was taken to be the Debye
form factor (eqn (2)), with the radius of gyration constrained to
be that found from dilute solution SANS. The assumption that
the radius of gyration can be taken from the dilute solution
Debye form factor fit was adopted to simplify the fitting
process.

Glg) = —t D) (11)
1+ 7va(pP(q)
This structure factor was imposed as an additional constraint
to restrict the optimizer to search for a minimum in a physical
search space. The random phase approximation structure
factor**®* was also considered for this approach, but it failed
to converge for most polymers and CV-SANS blends outside the
dilute solution regime. Both the model-free and structure factor
methods were applied to data for all concentration regimes.
All the fitting methods discussed in this section are summarized
in Table 2, along with the abbreviated names of each fitting
method. Parameter uncertainty was quantified via Monte Carlo
bootstrapping, as described earlier for dilute solution fitting.
Example fits using the methods listed in Table 2 for PNIPAM
in dilute solution are shown in Fig. 3. Fits for other polymers
and concentrations can be found in the ESI,{ where Fig. S20-
S33 depict intensity as a function of g, Fig. S34-S47 depict SLD
as a function of D,0 volume fraction, and Fig. S48-S59 depict
form and structure factors for each polymer at each concen-
tration obtained from each method in Table 2. For CV-SANS
methods, there are a panel of SANS intensities, each corres-
ponding to a different H,O/D,O blend; for clarity, only a
single replica (i.e. the original experimental intensity) is
shown in Fig. 3. Relevant fitting parameters are summarized
in subsequent sections in Tables 3 and 5 for all polymers and
concentration regimes, with statistics summarized for dilute
solutions in Table 4, in the context of model performance.
Reported hydration numbers obtained through SLD (CV-MF-
SLD, CV-FF-SLD, and CV-SF-SLD methods) are calculated from
eqn (1) using the SLD of polymer in 100% D,O, as is done in
other literature.®* However, the dependence of ny on the
fraction of D,O in the blend is also analyzed for all
SLD-based fits in subsequent sections.

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sm01962c

Open Access Article. Published on 20 May 2021. Downloaded on 10/18/2025 5:01:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

View Article Online

Paper

(a) (b)
10 —— T 10 ——rrr————
10% O 70%
5 s T s 25% 0 80% Ll —
£ £ 0 40% O 90% £
o A 0 60% O )
=] e i =
x4 x 4 X
S S S
z Z S
o R e 2.0
2 29 -2 ol L1
1 107 10° 107 10°
-1 -1 &1
q[nm’] q[nm’] q[nm]
f
10() e
10% O 70%
— — ols 25% O 80% |l
Yg ?E & 0 40% O 90%
] o 0 60% O
& Y
o o
- -~
X X
< <
> >
z Z
T G
_2 L L L IIlIII L L L L Ll _2 L L L IIIIII L L L L Ll _2 L L IIIIIl
107! 10° 107" 10° 107" 10°
- -1 A
q[nm™] q[nm™] q[nm]

Fig. 3 Scaled SANS intensity curves taken for dilute solution PNIPAM (13.75 mg mL™? fit using the methods described in Table 2: (a) D-FF-SLD,
(b) CV-MF-SLD, (c) CV-FF-SLD, (d) CV-FF-ny, (e) CV-SF-SLD and (f) CV-SF-ny. The subplot for the D-FF-SLD method includes all 100 replicas
of the SANS intensity curve taken in 100% D,O (dark blue squares), with the solid line representing the Debye fit. For clarity, methods
(b)—(f) include only replica 1 (the original experiment, squares), with solid lines representing the fits. Error bars are standard deviation from the instrument.

Hypothesis testing and effect sizes

Statistical comparisons of hydration numbers obtained from
the various fitting methods applied to bootstrapped datasets
were performed using hypothesis testing and effect sizes.
Bootstrapping gives access to simulated technical replicates. It
allows for comparison within a single polymer and concentration
group, assuming that the SANS instrument performs consis-
tently given a desired number of total counts (typically 500 000
above background for this set of experiments). Here, the null
hypothesis is that all the fitting methods described in Table 2
yield the same hydration number. To select an appropriate test,
the distribution of the hydration numbers obtained from each
fit (per polymer, per concentration) was verified to be Gaussian
using Q-Q plots (Fig. S8-S19, ESIt). However, a Bartlett test
showed that each set of hydration numbers obtained from
different fitting methods had unequal variances. Thus, a Wel-
ch’s one-way ANOVA test followed by a post-hoc Games-Howell
test was chosen to evaluate the differences between fitting
methods. The Games-Howell test was implemented in R from
the userfriendlyscience package. This analysis is valid for nor-
mally distributed data with unequal variances. Since bootstrap-
ping enables the use of large sample sizes (here, 99 replicas
were simulated from the original experimental dataset for a
total of 100 datasets), statistical significance may be achieved
even with small effect sizes. Thus, effect size between pairs of

This journal is © The Royal Society of Chemistry 2021

fitting methods was calculated using Cohen’s d, shown in
eqn (12),°* which is more representative of the meaningful
variation between measurements. Here, for dataset i, X; is the
sample mean, N; is the sample size, and o¢; is the sample
standard deviation.

X -X

(N] — 1)0’12 + (N2 — 1)0’22
Ni+ N, =2

d=

(12)

In addition to these statistical measures, hydration numbers
were also analyzed in the context of practical differences.
For example, a difference of <1 water molecule per polymer
repeat unit may appear to be statistically significant but is not
necessarily a physical difference, as water molecules can be
shared between monomer units, and non-covalent interactions
are dynamic.

Model performance in dilute solution

Since all proposed fitting pathways apply generally to the dilute
solution regime, dilute solution SANS intensities were fit using
all methods listed in Table 2. In this concentration regime, the
Zimm interaction parameter is relatively small, indicating that the
data can simply be described with the Debye form factor, as
expected (Table 3 and Fig. $48-S50, ESIt). The resulting hydration
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Table 3 Fitting parameters: dilute solution
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Polymer Method Ry [nm] N, (Vex/V) v, [nm?] Ny

PNIPAM D-FF-SLD 4.28 + 0.03 0.17896° 5.75 + 0.04
CV-MF-SLD 0.168 + 0.008 3.2+ 0.4
CV-FF-SLD 4.36 4+ 0.02 0.168 =+ 0.007 3.7+£0.5
CV-FF-ny 4.58 + 0.03 0.17706 + 2 x 107° 4.58 + 0.03
CV-SF-SLD 4.28% —0.036 + 0.009 0.161 + 0.007 3.4+ 0.4
CV-SF-ny 4.28° —0.0367 + 0.01 0.1750 + 6 x 10* 4.64 4+ 0.04

PHPA D-FF-SLD 4.48 + 0.02 0.1863° 0.8 + 0.02
CV-MF-SLD 0.187 + 0.005 0.35 + 0.06
CV-FF-SLD 4.336 + 0.01 0.183 + 0.004 0.8 £ 0.2
CV-FF-ny 4.35 £ 0.02 0.186325 +£ 1 x 10°° 0.903 + 0.01
CV-SF-SLD 4.48° 0.063 0.008 0.188 + 0.005 0.7 £0.2
CV-SF-ny 4.48% 0.000115 0.00001 0.186331 + <0.001 0.7 £ 0.02

PDMAPS D-FF-SLD 4.270 + 0.009 0.3386° 0.2 + 0.02
CV-MF-SLD 0.297 + 0.004 —0.4 + 0.05
CV-FF-SLD 4.269 =+ 0.009 0.320 + 0.008 —0.7 £ 0.2
CV-FF-ny 4.209 + 0.004 0.338623 + <1 x 10°° 2x10*+3x107°
CV-SF-SLD 4.27° —0.014 + 0.004 0.317 + 0.008 —0.7 £ 0.2
CV-SF-ny 4.27° —0.025 + 0.002 0.338623 + <1 x 10°° 2x10*+2x%x10°

Error bars represent 410 over 100 bootstrapped replicates. “ Fixed from D-FF-SLD fit (for computational efficiency in linked, bootstrapped fits). ? Ideal volume.
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Fig. 4 Bar charts comparing the hydration number obtained through different fitting methods for (a) PNIPAM, (b) PHPA, and (c) PDMAPS in dilute
solution (13.75 mg mL™Y). The light blue bars represent hydration numbers averaged across high D,O blends. For PDMAPS, the ny direct fits yield a
hydration number of O with very small error bars. Error bars represent standard error of the mean from 100 replicas.

numbers are compared across methods for each polymer in Fig. 4
(see Fig. S60 for the same data on different scales, ESIt). For those
methods that fit p,(f) instead of ny; directly, hydration number
was also calculated by averaging across all replicas from high D,O
blends (>60%), as represented by the light blue bars in Fig. 4.
The dilute solution SANS Debye fit (D-FF-SLD), which only
uses the SANS intensity taken in 100% D,O, results in hydration
numbers with very small standard deviations, shown in Table 3.
For PNIPAM and PDMAPS, this hydration number is higher
than those calculated from other methods, whereas for PHPA,
the hydration number is similar to those obtained from other
methods. This method, however, overestimates the data in the
low-q region for PHPA and PDMAPS (Fig. 2b and c). This
deviation in the fit may be due to PHPA and PDMAPS being

5310 | Soft Matter, 2021,17, 5303-5318

slightly non-Gaussian in dilute solution. The model-free
approach (CV-MF-SLD) produces a hydration number that is
slightly lower than the hydration numbers obtained from
other SLD-based fits for PNIPAM and PHPA; for PDMAPS, the
model-free approach gives a hydration number closer to those
predicted by the ny-based methods.

In general, the SLD-based fits paired with a form or structure
factor (CV-FF-SLD, CV-SF-SLD) yielded hydration numbers that
were within a standard deviation (Table 3) of each other.
For PHPA, the SLD-based Zimm fits also yielded hydration
numbers that were within error of results from ny-based
fits (CV-SF-SLD, CV-SF-ny). For PDMAPS, SLD-based fits
yielded negative hydration numbers, which are not physical.
The observation of both small (<|1|) positive and negative

This journal is © The Royal Society of Chemistry 2021
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Table 4 Statistics comparing ny from different fitting methods (dilute solution)
Comparison PNIPAM PHPA PDMAPS
Pair 1 Pair 2 p-Value Cohen’s d p-Value Cohen’s d p-Value Cohen’s d
D-FF-SLD CV-MF-SLD <0.001 9.15 <0.001 9.74 <0.001 15.90
D-FF-SLD CV-FF-SLD <0.001 6.35 1 0.01 <0.001 6.33
D-FF-SLD CV-FF-ny <0.001 30.03 <0.001 —7.01 <0.001 20.00
D-FF-SLD CV-SF-SLD <0.001 7.41 <0.001 0.84 <0.001 6.49
D-FF-SLD CV-SF-ny <0.001 26.71 <0.001 6.40 <0.001 20.00
CV-MF-SLD CV-FF-SLD <0.001 —1.08 <0.001 -3.79 <0.001 1.88
CV-MF-SLD CV-FF-ny <0.001 —5.01 <0.001 —12.03 <0.001 —10.82
CV-MF-SLD CV-SF-SLD 0.001 —-0.57 <0.001 —2.92 <0.001 2.06
CV-MF-SLD CV-SF-ny <0.001 —-5.21 <0.001 —7.66 <0.001 —10.82
CV-FF-SLD CV-FF-ny <0.001 —2.83 <0.001 —0.93 <0.001 —4.83
CV-FF-SLD CV-SF-SLD 0.006 0.51 0.001 0.60 0.922 0.14
CV-FF-SLD CV-SF-ny <0.001 —-3.01 <0.001 0.87 <0.001 —4.83
CV-FF-ny CV-SF-SLD <0.001 3.71 <0.001 1.73 <0.001 4.99
CV-FF-ny CV-SF-ny <0.001 —1.68 <0.001 14.12 0.132 —0.35
CV-SF-SLD CV-SF-ny <0.001 —-3.90 1 0.02 <0.001 —4.99
6
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Fig. 5 Box-and-whisker plots for hydration number of PNIPAM in dilute solution (13.75 mg mL™%) from the six different fitting methods.

hydration numbers in PDMAPS suggests that it likely has a
hydration number close to 0, as indicated by the ny-based fits,
and that the negative values are fluctuations around 0.

For all polymers, the hydration numbers obtained from SLD-
based fits after averaging across high D,0 blends are similar to
those obtained from only the SLD in 100% D,O, indicating that
the optimizer has converged to the same hydration number, as
dictated by eqn (1), despite the high number of degrees of
freedom when fitting for the SLD vector p,,. One consequence of
this relatively unconstrained fitting method was that the hydration
numbers obtained through SLD-based fits had a larger spread
(Fig. 5 and Fig. S61, ESIt). The low D,O blends could not be used
for this analysis due to a low signal-to-noise ratio from H,O
incoherent scattering. For CV-SANS experiments, all SLD-based
methods did in fact yield a lower value for the objective function,
and the model-free approach had the lowest objective functions.
This is largely due to the relatively unconstrained nature of these
fits compared to a direct fit for the hydration number. While these
methods allow for the fluctuation of the hydration number across

This journal is © The Royal Society of Chemistry 2021

different H,O/D,O blends, this freedom can also lead to issues
when SANS intensity curves are flat in low D,O blends.

The Welch’s one-way ANOVA test showed that for all
polymers in dilute solution, the hydration numbers obtained
from different methods were statistically not equivalent (p <
0.01), but statistical significance was dominated by large sample
size. For PNIPAM, the Welch’s ANOVA and Games-Howell tests
indicate that the null hypothesis that there is no difference
between fitting methods should be rejected in all pairwise
comparisons (p < 0.01 in all cases) (Table 4). However, Fig. 5
shows that several of the methods have overlapping distributions
(i.e. CV-MF-SLD/CV-SF-SLD and CV-FF-SLD/CV-SF-SLD). This is
because statistical significance does not necessarily imply a large
effect size, as shown in Table 4. Though the pairs of CV-MF-SLD/
CV-SF-SLD and CV-FF-SLD/CV-SF-SLD appear to yield hydration
numbers that are significantly different from each other (p <
0.01), these differences have only a medium effect size (~|0.5]).%
For PHPA, methods D-FF-SLD and CV-FF-SLD yielded statistically
the same hydration number (p = 1, d = 0.01), as did methods

Soft Matter, 2021,17, 5303-5318 | 5311
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CV-SF-SLD and CV-SF-ny (p = 1, d = 0.02). In addition, the
difference between hydration numbers obtained from CV-FF-
SLD and CV-SF-SLD are statistically significant, but the effect size
is moderate (p = 0.001, d = 0.60). For PDMAPS, the pairs CV-FF-
SLD/CV-SF-SLD (p = 0.922, d = 0.14) and CV-FF-n;;/CV-SF-ny (p =
0.132, d = —0.35) yielded the same hydration number statistically.
Though most of the methods yielded statistically distinct
hydration numbers, on a practical level, many of these quantities
are very similar and fall within 1 water molecule per repeat unit of
each other.

In addition to hydration number, the volume of the
monomer unit, v,, presents another metric by which to gauge
the performance of the six fitting methods. The volume vp as
obtained from contrast-matching SLD-based fits deviated the
most from the ideal volumes shown in Table 1. For dilute
solution PNIPAM, SLD-based methods gave volumes that
deviated from the ideal volume by at most 10%. For PDMAPS,
the greatest deviation from the ideal volume was from the
model-free approach, at 12% difference. However, PHPA did
not have any large deviations from the ideal volume in any
fitting method (the largest was <2%, from CV-FF-SLD). This
agreement is likely dependent on the ideal volume assumption
and the quality of the data in the low D,O blends, since the
match point occurs in this region; of the three polymers, PHPA
had the highest signal-to-noise ratio in low-D,O blends,
whereas the other polymers had largely flat intensity curves
in blends with less than 40% D,O (Fig. S20, ESIt). For the other
polymers, there may also be a true deviation in the actual
volume compared to the ideal volume.

In assessing which fitting method performs the best in
dilute solution, it appears that either single-solution dilute
SANS form factor fitting (D-FF-SLD) or CV-SANS paired with a
Debye form factor fitting for ny (CV-FF-ny) yields the most
consistent hydration numbers. The benefit of using the latter is
that the Debye form factor is essentially fit to multiple
replicates (i.e. the different blends). However, the assumption
that the form factor is constant across all H,O/D,O blends must
hold. If the polymer interacts differently with water compared
to heavy water, this assumption breaks down. If the restriction
on the functional form of p, is relaxed (i.e. fitting for SLD
instead of ny), reasonable hydration numbers can still be
obtained for certain cases, as long as there is a functional form
for the form factor. Additionally, the Zimm structure factor
generally reduces to the Debye form factor in dilute solution, as
expected (small interaction parameters in Table 3). Finally,
while the model-free approach is theoretically powerful,
it produced inconsistent results across the three polymers. It
performs fairly well in the case of PNIPAM but underestimates
hydration numbers for the other two polymers, indicating the
need for constraints to restrict the optimizer to a physical
search space. This is mainly caused by the inverse correlation
between the SLD and the form/structure factor, G(g), as shown
in eqn (3). When G(g) has no functional form, its value can vary
freely as a function of g. With only the vector of SLDs as the
fitting parameters, the optimizer can compensate for a smaller
SLD by increasing the magnitude of G(q). For PHPA and
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PDMAPS, the model-free approach gives a G(q) that deviates
from the Debye form factor from D-FF-SLD in the same direction
as the imposed Zimm structure factor in the CV-SF-SLD and
CV-SF-ny methods but to a greater degree (see Fig. S49 and S50,
ESIT). Despite these limitations, in all cases, the model-free
approach does yield hydration numbers within 1 water molecule
of other approaches.

Model performance in the semidilute and concentrated
regimes

In contrast to polymer hydration number in the dilute regime, the
hydration numbers of polymers in the semidilute and concen-
trated regimes are not well characterized. The determination of
the hydration number requires a structure factor that does not
have any scaling constants apart from NvpAp®. Here, three fitting
methods are applied to data in the non-dilute regime: CV-MF-SLD,
CV-SF-SLD, and CV-SF-ny, corresponding to model-free CV-SANS
fitting SLD, CV-SANS with Zimm structure factor fitting SLD, and
CV-SANS with Zimm structure factor fitting ny, respectively. The
resulting hydration numbers are plotted in bar graphs in Fig. 6,
with box-and-whisker plots in Fig. S62-S64 (ESIt). In the
semidilute regime, Zimm interaction parameters are slightly
negative for PHPA and PDMAPS but positive for PNIPAM,
suggesting that PNIPAM molecules are repulsive to each other.
In this regime, the Welch’s ANOVA test shows that the differences
in the hydration numbers obtained from each method are
statistically significant for all three polymers. However, some of
these differences are less than 1 water molecule per repeat unit. In
PNIPAM, both SLD-based methods produce hydration numbers
that were within 1 standard deviation of each other, yielding a
Cohen’s d value of —0.56 (medium effect size), but the ny-based
method yielded a much lower hydration number (Table S1, ESIT).
The structure factors predicted by the SLD-based methods are also
similar for PNIPAM (Fig. S51, ESIf), and they led to larger
monomer volumes from contrast matching. For PHPA, the
SLD-based Zimm fit did not converge, but the model-free fit gave
a result that was less than 1 water molecule from the hydration
number obtained through the ny-based Zimm fit, though this
difference had a large effect size (d = —13.57) since the spread of
the hydration number from each method was very narrow
(Table S1, ESIT).

For PDMAPS, the results vary across all the models,
though the SLD-based models generally predict a hydration
number closer to 0. The PDMAPS structure factors are mostly
consistent across the three models, but the contrast matched
volumes deviate from the ideal volume by as much as 13%, in
contrast to the ny-based method, which matches with the ideal
volume. Perturbations in the volume can propagate to the
SLD in two ways, causing it to deviate from the functional form
of eqn (1). Changes in the volume affect both the rescaling of
the scattering intensities and the calculation of the SLD itself

b TS oo .
from pyp = “MP The deviation in SLD is evident in the aver-
Vp

aged ny across the high-D,O blends in Fig. 6¢, which diverges
from the hydration number calculated from the 100% D,O SLD.
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Fig. 6 Bar charts comparing the hydration number obtained through different fitting methods in the semi-dilute and concentrated regimes. Top row:
(a) PNIPAM, (b) PHPA, and (c) PDMAPS in semidilute solution (50 mg mL™). Bottom row: (d) PNIPAM, (e) PHPA, and (f) PDMAPS in concentrated solution
(250 mg mL™Y). Hydration numbers for 300 mg mL™* solutions can be found in Fig. S65 (ESIT). The hydration numbers obtained from SLD (dark and light
blue bars) are from the CV-SANS approach (i), and directly fit hydration numbers are from approach (ii). The light blue bars represent hydration numbers

averaged across high D,O blends. Error bars represent standard error of the mean from 100 replicas.

In the concentrated regime (250, 300 mg mL™"'), PHPA and
PDMAPS begin to experience repulsive intermolecular inter-
actions, as evidenced by the positive Zimm interaction parameter

Table 5 Fitting parameters: semidilute and concentrated regimes

(Table 5). Here, the model-free approach consistently underesti-
mates the hydration number compared to the models that
include a Zimm structure factor (Fig. 6d-f and Fig. S63-S65, ESIT).

Polymer Method Ry [nm] NV (Vex!V) vp [nm?] Ny

Semidilute regime: 50 mg mL ™"

PNIPAM CV-MF-SLD 0.205 £ 0.008 5.2+ 0.3
CV-SF-SLD 4.28¢ 1.86 + 0.02 0.205 £ 0.01 5.5+ 0.8
CV-SF-ny 4.28¢ 1.83 + 0.02 0.1776 + 0.0002 3.72 £ 0.02

PHPA CV-MF-SLD 0.158 £+ 0.007 1.35 £ 0.02
CV-SF-SLD 4.48¢ No convergence, likely due to shape of low-g region
CV-SF-ny 4.48° —0.396 £ 0.002 0.186283 £ 1 x 10 ° 1.532 +£ 0.008

PDMAPS CV-MF-SLD 0.320 £+ 0.002 0.28 £ 0.02
CV-SF-SLD 4.27¢ —0.393 £ 0.002 0.293 £ 0.003 0.03 + 0.09
CV-SF-ny 4.27¢ —0.369 £ 0.002 338.652 + <1 x 10°° 1.75 £ 0.01

Concentrated regime: 250 mg mL ™"

PNIPAM CV-MF-SLD 0.151 £ 0.003 1.47 £+ 0.07
CV-SF-SLD 4.28" Not Zimm structure factor
CV-SF-ny 4.28°

PHPA CV-MF-SLD 0.1786 + 0.0007 1.19 + 0.02
CV-SF-SLD 4.48° 0.261 + 0.01 0.181 £ 0.008 2.78 £ 0.04
CV-SF-ny 4.48° 0.245 £ 0.004 0.186512 £ 1 x 10°° 2.98 + 0.01

PDMAPS CV-MF-SLD 0.3602 + 0.001 2.85 £ 0.02
CV-SF-SLD 4.27¢ 0.173 + 0.005 0.348 £ 0.002 5.72 £ 0.1
CV-SF-ny 4.27¢ 0.179 £ 0.004 0.339004 £ 1 x 10°° 5.31 + 0.02

Error bars represent + 1¢ over 100 bootstrapped replicates. “ Fixed from D-FF-SLD fit (for computational efficiency in linked, bootstrapped fits).

This journal is © The Royal Society of Chemistry 2021
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For PHPA and PDMAPS, the difference in the hydration num-
bers obtained from a SLD- versus ny-based Zimm fit is statis-
tically significant (p < 0.01), with very large effect sizes (d > 1)
(Tables S2 and S3, ESIt). However, these numbers are physically
similar, since they are within 1 water molecule per repeat unit
of each other. Furthermore, the structure factors obtained from
both Zimm methods are similar, indicating that these fits are
consistent with each other. This suggests that the model-free
approach breaks down in this regime for PDMAPS and PHPA.
Unfortunately, in this regime, PNIPAM takes on a different
structure factor with a mid-g shoulder and thus, a reliable
hydration number cannot be extracted from the CV-SF-SLD and
CV-SF-ny methods. The hydration number obtained from the
Zimm methods was used as an initial guess for the model-free
method, which assumes that while the Zimm structure factor is
the wrong functional form, the asymptotic behavior of the
Zimm structure factor at low g provides a reasonable estimate
for the asymptotic behavior of the true structure factor, but the
optimizer converged to a much lower hydration number, as
shown in Fig. 6d and Fig. S65a (ESIt). The hydration numbers
obtained from the Zimm methods are very close to the upper
limit on the hydration number, which is calculated by assum-
ing all water molecules in the solution are bound water.

In the semidilute regime, the most consistent method to
obtain hydration number is through the CV-SF-n;; method,
which is the Zimm method paired with a direct ny fit, though
for the most part, CV-MF-SLD and CV-SF-SLD provide similar
hydration numbers, except for PDMAPS. At 50 mg mL ™", the
signal-to-noise ratio in the scattering intensities taken in low
D,O blends remains an issue, which affects the contrast
matching and the SLD fits to a greater extent than direct ny
fits. In the concentrated regime, the CV-SF-SLD and CV-SF-ny
methods both provide consistent hydration numbers, as well as
contrast matched volumes. This is likely due to the improved
signal in SANS intensities taken in low D,O blends. However,
the Zimm structure factor does not apply to PNIPAM in this
regime.

View Article Online

Soft Matter

The analysis of the concentration dependence of the
hydration number in the next section is done with hydration
numbers taken from CV-FF-ny (dilute) and CV-SF-ny (non-
dilute), with the exception of hydration numbers of PNIPAM
in concentrated solution, which were extracted from the
CV-MF-SLD method.

SANS detects and quantifies the strongly bound hydration
water

The behavior of the hydration number as a function of concen-
tration varies across polymer chemistries (Fig. 7). In dilute
solution, PNIPAM has the highest hydration number, followed
by PHPA, with PDMAPS having a hydration number of 0. In
semidilute solution, PNIPAM still has the highest hydration
number, but PDMAPS and PHPA now have similar hydration
numbers that are higher than in dilute solution (Fig. 7a).
For PHPA, this change may not be significant, as the hydration
number increased by less than 1 water molecule. Since
PDMAPS has a much larger monomer compared to the other
polymers, the hydration number was also scaled by the
monomer volume (Fig. 7b). When scaled, the hydration number
for PDMAPS drops below that of PHPA. In concentrated solution,
the raw hydration number continues to increase for PDMAPS
and PHPA; when scaled, the hydration numbers for PDMAPS
and PHPA collapse to between 15-20 water molecules per cubic
nm. For PNIPAM, the hydration number decreases to ~ 1.5 water
molecules, which amounts to ~10 water molecules per cubic
nm. For all polymers, the change in hydration number
within the concentrated regime from 250 to 300 mg mL ™" is
almost negligible and less than 1 water molecule per monomer
unit, but in the transition from semidilute to concentrated, the
hydration number changes by more than 1 water molecule per
monomer.

Comparison of the hydration numbers measured here using
CV-SANS to those available in the literature suggests that the
CV-SANS method captures not all of the water molecules in
the first hydration shell but the most strongly bound water

6 T T m'g30 T T
<
5 4 @©25F .
o
@ e [0 PNIPAM
T4F 41 S20f -
3 E O PHPA
= z
53 4 Z15F 4 | A\ PDMAPS
T 2
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] = =
1+ 4 = 5K -
2
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Concentration [mg/mL]

Fig. 7

Concentration [mg/mL]

(a) Hydration number and (b) scaled hydration number as a function of polymer concentration in solution. The colors are chosen to match those

in Fig. 4 and 6, where green represents ny-based fitting methods (here, CV-FF-ny and CV-SF-ny), and blue represents SLD-based methods (here,
CV-MEF-SLD). Open symbols are hydration numbers obtained from CV-FF-ny, and closed symbols are hydration numbers obtained from the CV-MF-SLD
or CV-SF-ny fits. Error bars (standard error of the mean over 100 replicas) are smaller than the symbols.
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molecules. Though many hydration measurement techniques
do not leverage the same physics to probe interactions with
water, comparison among them can both provide a check for
hydration numbers obtained through scattering fits and give
insight into the interactions that are detected by neutron
scattering. Using dielectric relaxation spectroscopy, Ono and
Shikata showed that linear PNIPAM has a hydration number of
11, with little concentration and molar mass dependence.* The
same technique revealed that the bare monomer NIPAM has a
hydration number of 5-6,°* cyclic PNIPAM has a hydration
number of 12, and linear PNIPAM with azido and alkyne end
groups has a hydration number of 13.>° All-atom simulations of
isotactic-rich PNIPAM 30-mers show that in the first hydration
shell (defined based on the radial distribution function
between relevant interacting groups), the hydrophobic group
interacts with 5.9 + 0.2 water molecules, and the hydrophilic
group interacts with 1.9 & 0.08 water molecules at 278 K.°®
In contrast, all-atom simulations of atactic PNIPAM 30-mers
suggest that the first hydration shell contains 14 + 1 water
molecules.®® These measurements of the number of water
molecules in the first hydration shell are larger than those
found in this study at any concentration (maximum 4.5 in
dilute solution). However, the hydration number measured in
these experiments does align with the number of water
molecules that are bound to molecules of NIPAM® in aqueous
solution via direct hydrogen bonding to the amide group
(3 water molecules) and via H-bonding to these directly bound
waters (~ 2 water molecules). Ono and Shikata hypothesize that
the much higher hydration number measured by dielectric
relaxation spectroscopy for PNIPAM compared to NIPAM could
be from bridging of water molecules between monomers.**
Since the scattering length density defined in the SANS experi-
ments is calculated per monomer (eqn (1)), it is not surprising
that the hydration number matches more closely with the
NIPAM monomer result. The SANS experiments thus detect
the strongly bonded subset of the first hydration water shell
that surrounds PNIPAM.

There is evidence for different populations of hydration
water surrounding PNIPAM in both experiment and simulation,
with different population sizes. In a quasielastic neutron
scattering (QENS) study of PNIPAM in 250 mg mL ™" of H,0,
the total hydration number under the transition temperature
was measured to be 8; when PNIPAM undergoes a phase
transition, some of these water molecules become very strongly
bound (~ 2 water molecules, attributed to those H-bonded to the
amide group).*! In simulation, each monomer is found to have
2.6 H-bonds with water at 5 °C, with 1.4-1.5 water-water
H-bonds per water molecule in the first hydration shell.
Furthermore, clusters of 2-3 water molecules are most com-
monly found around the hydrophilic groups of PNIPAM within
the first hydration shell.®® Hydration numbers from dielectric
relaxation spectroscopy can also be decomposed into three
populations, with the strongly bound group of “frozen” water
molecules having the smallest population size (~1, with fairly
large spread at low concentrations).®” The numbers measured by
SANS for dilute and semidilute concentration fall within the

This journal is © The Royal Society of Chemistry 2021
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error bars of this measurement. They are also consistent with the
expected number of H-bonded water molecules measured from
simulation.

The hydration numbers measured for PHPA (~1-3) also
support the idea that the CV-SANS method counts the most
strongly bound water. While the hydration of PHPA is not
commonly studied, polymers with similar structures such as
poly(hydroxyethyl methacrylate) (PHEMA), poly(hydroxyethyl
acrylate) (PHEA), and poly(methoxyethyl acrylate) (PMEA, with
caveat that this is not a hydrogen bond donor) are widely
studied as hydrogel materials.'®*®*>°%7! As stated in the
introduction, water may be grouped into three populations.
In this framework, the bound population of hydration water is
said to share dynamic and thermodynamic properties with the
polymer chain.®® For PMEA, ATR-FTIR shows that the most
common type of non-freezing water is one water molecule
shared by the carbonyl oxygen between two consecutive
monomers.””> Thermogravimetric analysis (TGA) of PHEMA
films after soaking in liquid water showed that 3.2
water molecules/monomer were sorbed into the film at
equilibrium.” Simulations of PHEA hydrogels indicate that
depending on the concentration of water in the system, water
can form 0-3 hydrogen bonds per monomer, mostly between
water and the hydroxyl group.” Thus, like for PNIPAM, SANS
appears to measure the population of strongly bound water
directly hydrogen-bonded to donors and acceptors on PHPA
monomer units.

For PDMAPS, the hydration number varies from ~0-6
depending on the concentration, which is surprising in light
of other studies on this polymer. By NMR, the hydration
number for PDMAPS is measured to be 6.67-8.”° This aligns
with the high concentration hydration number measured
by SANS. The hydration number measured by NMR most
likely corresponds to the water molecules that associate with
the negatively charged group of PDMAPS, which has been
shown by simulation to have 7.08 + 0.01 hydration water
molecules in the first hydration shell.”® In contrast, the posi-
tively charged group associates with 18.64 + 0.01 hydration
water molecules in the first hydration shell. However, water
molecules that associate with the negative group are more
structured and have a longer residence time.”® Although
zwitterionic polymers with sulfobetaine (such as PDMAPS)
and carboxybetaine monomers are generally considered to have
a stronger interaction with water molecules than non-ionic
polymers, such as poly(ethylene glycol) (PEG), the SANS study
shows that at least in dilute solution, PDMAPS does not appear
to associate as strongly with water compared to PNIPAM and
PHPA. Unlike PEG, PNIPAM and PHPA both have hydrogen
bond donors. These groups may enhance water—polymer
interactions in these non-ionic polymers relative to PDMAPS.
There may also be small differences in interactions with D,O
compared to H,O.

Concentration dependence of hydration number

As shown in Fig. 7, as concentration increases, the hydration
number of PNIPAM decreases, and the hydration numbers of
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PHPA and PDMAPS increase. This discrepancy can be attributed
to chemistry-specific water-polymer interactions. PNIPAM has
an especially high affinity for water, with a cooperative hydration
process, where water molecules tend to hydrogen bond to those
monomers that already have existing associations with water.””
This cooperative hydration mechanism leads to a flat phase
diagram also shown here using cloud point measurements
(Fig. S7, ESIt). Thus, even in dilute solution, PNIPAM has a high
hydration number. The presence of an extensive hydration
network surrounding each PNIPAM molecule contributes to
the repulsive intermolecular interactions measured in the Zimm
structure factor in semidilute solution (Table 5). However, as
concentration increases, the polymer chains are forced more
closely together, disrupting the hydration network and lowering
the hydration number.*' In fact, the hydration number as
measured by the model-free approach for the concentrated
solutions is very close to the theoretical value if the only bound
waters are those H-bonded to the amide group.*’ These hydra-
tion water molecules have been shown to be bound to PNIPAM
even above the coil-to-globule transition.?® In addition, PNIPAM
takes on a very different structure factor compared to the other
polymers at high concentration, where a shoulder appears in the
mid-q region (Fig. S66, ESIT). This second characteristic length
scale has been attributed to the formation of PNIPAM micro-
globules at high concentration, which are also observable by
small and wide-angle X-ray scattering (SWAXS).”® Fitting the
PNIPAM scattering intensities taken at 250 and 300 mg mL ™"
to a sum of the Ornstein-Zernike and pseudo-Voight Lorentzian
functions (eqn (S3) and (S4), ESIT) allows for the estimation of
both blob correlation length and microglobule correlation
length (Tables S5 and S6, ESIT).°””® These microglobules are
dispersed in the matrix of polymer chains and have been
hypothesized to weaken the structure of the hydration water
network when the PNIPAM undergoes its thermally driven phase
transition.”®”® The appearance of these microglobules at high
concentration even below the PNIPAM LCST may explain the
trend in hydration number. As the solution transitions from
semidilute to concentrated, microglobules begin to form, with
the distance between microglobules decreasing as concentration
increases (Table S6, ESIt), crowding out the hydration water
network and leaving only the amide H-bonded water molecules
bound to the monomer units.

In contrast to PNIPAM, PHPA and PDMAPS experience an
increase in the hydration number as concentration increases.
This is likely a consequence of the inherently weaker inter-
action between water and polymer in these systems compared
to the PNIPAM/water system. As shown in Fig. 7, PHPA and
PDMAPS have a similarly low hydration number in dilute
solution. However, as concentration increases, water molecules
and polymer chains are forced to interact more closely. This
behavior has been shown to occur for water and PHEA
hydrogels in simulation, where at high water content, water
molecules preferred to H-bond with each other in clusters, but
at low water content, water molecules interacted instead with
H-bonding groups on the HEA monomer.”* The trend in the
hydration number correlates with the increase in the Zimm
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interaction parameter, suggesting that as the number of bound
water molecules increases, the polymers become more repul-
sive to each other. Thus, the concentration dependence of
bound water is strongly governed by the polymer chemistry
and specific interactions with water molecules.

Conclusion

Contrast-variation small-angle neutron scattering (CV-SANS) was
used to investigate the hydration of three water-soluble polymers in
dilute, semidilute, and concentrated solution. Multiple fitting path-
ways were presented, and model performance was compared using
a combination of hypothesis testing, effect sizes, physical insight,
and literature-based validation. Appropriate model fitting pathways
can be selected based on several criteria including data quality,
concentration regime, and the need for physical constraints. In the
dilute regime, if all polymer blends have the same form factor, a
form factor fit paired with direct fitting of the hydration
number gives the most consistent results. In the semidilute and
concentrated regimes, if a structure factor is available, the most
reliable analysis is a structure factor fit with the hydration number
as a fitting parameter. If a structure factor is not available, and all
CV-SANS data have a high signal-to-noise ratio, the model-free
algorithm can provide a good estimate of the hydration number. In
all cases, Monte Carlo bootstrapping can be implemented to
quantify uncertainty in these types of high-cost, low-replicate
neutron scattering experiments.

The CV-SANS method is shown to detect and measure only
strongly bound water molecules and not all the water inside the
first hydration shell. This indicates that neutron scattering can
be used to study direct interactions between solvent and solute.
The concentration dependence of the hydration number was
highly correlated with polymer chemistry. As polymer concen-
tration increased, polymers with a weaker interaction with
water (PHPA, PDMAPS) gained bound water molecules, while
PNIPAM, which interacts more strongly with water, lost bound
water molecules. Thus, the CV-SANS method has great utility
for measuring reliable and consistent hydration numbers
(or generally, solvent numbers) for polymers across multiple
concentration regimes. Furthermore, concentration was
shown to have a major impact on the strength of interactions
between water and polymer, which has implications for the
design of polymeric materials that interface with water and
indicates that dilute solution measurements of hydration may
not be reflective of the relevant properties in higher concen-
tration systems.
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