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Abstract The diffusion kinetics of a molecular pro-
be—rhodamine B—in ternary aqueous solutions contain-
ing poly(vinyl alcohol), glycerol, and surfactants was
investigated using fluorescence correlation spectroscopy
and dynamic light scattering. We show that the diffusion
characteristics of thodamine B in such complex systems is
determined by a synergistic effect of molecular crowding
and intermolecular interactions between chemical species.
The presence of glycerol has no noticeable impact on
rhodamine B diffusion at low concentration, but signifi-
cantly slows down the diffusion of rhodamine B above
3.9% (w/v) due to a dominating steric inhibition effect.
Furthermore, introducing surfactants (cationic/nonionic/
anionic) to the system results in a decreased diffusion
coefficient of the molecular probe. In solutions containing
nonionic surfactant, this can be explained by an increased
crowding effect. For ternary poly(vinyl alcohol) solutions
containing cationic or anionic surfactant, surfactant—
polymer and surfactant-rhodamine B interactions along-
side the crowding effect of the molecules slow down the
overall diffusivity of rhodamine B. The results advance our
insight of molecular migration in a broad range of
industrial complex formulations that incorporate multiple
compounds, and highlight the importance of selecting the
appropriate additives and surfactants in formulated pro-
ducts.

Keywords fluorescence correlation spectroscopy, poly
(vinyl alcohol), anomalous diffusion, crowding effects,
dynamic light scattering, binding effects, rhodamine B

1 Introduction

Poly(vinyl alcohol) (PVA) is widely used in consumer
products due to its high degree of water solubility,
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exceptional film forming capability [1,2], low toxicity
[2], approved biodegradability [3,4], and excellent barrier
properties [S]. As a packaging material [6—8], PVA is
exposed to additives and surfactants through the life cycle
of a formulated product. Migration of additive molecules
in such complex matrices has a significant impact on the
manufacturing process, as well as product shelf-life and
performance, therefore is determined by the molecular
interactions between PVA and the small molecules, often
in an aqueous environment.

Building upon a well-established theoretical framework
[9,10], diffusion is commonly considered as the mean-
square displacement of the moving entity, which changes
proportionally with its diffusion time [11]. However,
molecular diffusion in polymer solutions that contain
multiple components [12,13] should be considered by
more specific models, such as obstruction effect models
[14,15], free volume theory-based models [16,17], and
hydrodynamic models [18,19]. Despite the advancements,
these mechanisms do not adequately describe diffusion in
complex mixtures of polymers and surfactants [20,21],
proving the need for further investigations. The size, shape,
and flexibility of the molecules were proven to significantly
influence the magnitude of the rotational dynamics [22] and
translational diffusion coefficient [23—26] due to temporary
confinement [25], molecular crowding [27], and reversible
binding to ‘traps’ in the system [28]. Furthermore,
intermolecular interactions between solutes and solvent
are often complex, substantially influencing the anomalous
character of diffusion in polymer solutions.

Investigations into the mechanisms that determine the
molecular diffusion in PVA solutions are further compli-
cated by the formation of complexes in the presence of
charged molecules (e.g., surfactants) [29,30]. For example,
surfactants were shown to influence the viscosity of PVA
solutions because of the changes in intermolecular interac-
tions [31,32] and formation of molecular aggregates [33].

For polymer solutions, extensive studies had been
carried out to investigate the magnitude of the intermole-
cular interactions and the formation mechanisms of
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complexes [29,31,32,34-36], with less attention paid on
the effect of the additives on the molecular diffusion
characteristics. Furthermore, the majority considers only a
binary system that contains the polymer and a particular
guest molecule. To understand the molecular interactions
in a complex, multi-component polymer solution that is
relevant to industrial applications, four components are
essential: solvent, polymer, plasticiser, and another
additive (i.e., a surfactant of various head group chemistry).

Molecular diffusion in a polymer solution can be
measured by a range of techniques, including fluorescence
methods such as fluorescence correlation spectroscopy
(FCS) [37], dynamic light scattering (DLS) [38,39], pulsed-
field gradient spin-echo nuclear magnetic resonance [40],
and centrifugation (sedimentation) [41,42]. They can be
further divided into techniques measuring self-diffusion
coefficient (describing the motion of the molecule due to
the thermal motion that is relative to the surrounding
molecules) and cooperative diffusion coefficient (transport
of a number of molecules due to density gradient), both of
which offer critical information about migration behavior
of molecules in a controlled environment [43].

Among the techniques measuring self-diffusion coeffi-
cient, FCS enables investigation at the single-molecule
level, with minimal disruption to the system being
investigated. It has been used to characterize the self-
diffusion of both polymer [44—47] and probe of various
sizes, chemistry and concentration in both dilute and semi-
dilute solutions [12,48-53], revealing the binding [43],
reaction kinetics [54], and crowding effects [55], and
offering the capability to explore an unknown micro-
structure [56]. FCS also enables investigations into
diffusion mechanisms [57], differentiating anomalous
[11,28,58,59], walking-confinement [60], and time-depen-
dent diffusion behaviors [61]. DLS, on the other hand, is
used widely to measure the cooperative diffusion coeffi-
cient, but is incapable of examining multicomponent
systems as all solutes contribute to the scattering signal
[12].

In the present study, we investigated the effects of
crowding and intermolecular interactions on the molecular
diffusion in ternary mixtures that replicate PVA based

chemical products dissolved in water. Rhodamine B
(RhB), a well-characterized [62], industrially applied
fluorophore [63—65] was selected. Initially, diffusion of
RhB in PVA solutions of different polymer concentrations
was measured by FCS, and analyzed by a hydrodynamic
stretched exponential model, to examine the effects of
molecular crowding [66]. Glycerol, a plasticiser commonly
used for PVA formulations [67], was subsequently
introduced to observe its effect on the diffusion of RhB.
Finally, surfactants of various head groups (cationic/
nonionic/anionic) were introduced to investigate the effect
of detergent on molecular diffusion. By introducing
complexity in a stepwise fashion, the contribution of
each newly added component was examined indepen-
dently. The specific interactions between each component
could be characterized, revealing three primary effects: the
behavior of the polymer itself, the overall molecular
crowding in the system, and specific (charged) interactions
between individual species, which could enable a predic-
tion of molecular behavior in complex systems.

2 Experimental

2.1 Materials

PVA (Sigma-Aldrich P8136, molecular weight (M,,) = 30—
70 kg-mol™', degree of hydrolysis (DH) = 87%—90%),
glycerol (Sigma-Aldrich G9012,299.5%), sodium dode-
cyl sulfate (SDS, Fisher Scientific S/5200/53), decaethy-
lene glycol monododecyl ether (C;,E;y, Sigma-Aldrich
P9769), cetyltrimethylammonium bromide (CTAB,
Sigma-Aldrich H5882,2>98%), RhB (Sigma-Aldrich
R6626,2=95%, HPLC), and HPLC water (HPLC Plus,
Sigma Aldrich 34877-M) were purchased and used as
received. Chemical structures of the components used in
this study are shown in Fig. 1.

2.2 Sample preparation

PVA stock solution (4% (w/v)) was prepared by adding
pure PVA to HPLC water and heating up to 75 °C with
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Fig. 1 Chemical structures of the compounds used.
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Scheme 1 Preparation method for test solutions of various compositions: (a) PVA solutions of various concentrations, (b) PVA/glycerol
solutions of various ratio of components (with changes in PVA concentration), (c) PVA/glycerol solutions of various ratio of components
(with almost constant PVA concentration), (d) PVA/surfactant solutions, () PVA/glycerol/surfactant solutions, and (f) concentrated PVA/

glycerol/surfactant solutions.

continuous stirring for ca. 2 h. Solutions of glycerol,
anionic surfactant (SDS), and cationic surfactant (CTAB)
were prepared by dissolving required amount of substance
and stirring at room temperature for ca. 4 h to prepare
solutions of 4% (w/v), 1% (w/v), and 1% (w/v),
respectively. When SDS or CTAB solutions were visibly
cloudy, they were heated up to 50 °C for 15 min to remove
surfactant mesophases [68]. Stock solutions of 1% (w/v)
nonionic surfactant (C,,E ;o) were prepared by dissolving
the compound at 30 °C with continuous mixing for ca. 2 h
and stirring at room temperature. All stock solutions
prepared were below their solubility limits.

Multiple sets of solutions were prepared by mixing PVA/
glycerol/surfactant stock solutions at various volumetric
ratios, as presented in Scheme 1, to examine: 1) Effect of
PVA concentration in the absence of other additives
(Scheme 1(a)); 2) effect of glycerol addition at various
concentrations (Schemes 1(b) and 1(c)); 3) effect of
surfactant in the absence of glycerol (Scheme 1(d)); 4)
synergistic effect of both surfactant and glycerol ata 12:4:1
PVA/glycerol/surfactant mass ratio (Schemes 1(e) and 1
(f)). Molecular probe, RhB was introduced to the
corresponding test solutions using a 2.5 mmol-L™ stock
solution to obtain a final concentration of 50 nmol-L'. A
piranha solution cleaned coverslip [69] with 50 puL of each
as prepared solution was used for FCS analysis.

2.3 Fluorescence correlation spectroscopy

FCS measurements were performed on a ZEISS LSM 710
confocal microscope under a 40 x water immersion
objective. RhB was excited using the 488 nm line of the Ar
laser at 5% of its maximum power, with the 505-610 nm
band-pass filter used to collect the fluorescence emission.

Diffusion coefficient of the RhB in water is well
documented in the literature (3.6 x 107'° m?:s™' at
21.5 °C) [37], which was used to calibrate the width of
the confocal volume, using Einstein’s equation [37]:

W2

_ M

b= 4TD’ (1)

where wy,, is the width of the confocal volume, 7y, is the

average diffusion time of RhB through the confocal

volume, and D is the diffusion coefficient of RhB in

given solution. Equation (2) was used to correct the effect
of temperature on the diffusion coefficient of RhB:

_ Dy 5T 5
Tne
where Dy and D, 5 are diffusion coefficients of RhB in

water at the temperature of experiment (7) and 21.5 °C
(T5,.5), respectively, while 7, and 7,15 represent the
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corresponding solution viscosity. Using the ZEN 2010
software, the autocorrelation data acquired was analyzed
using the free diffusion model that takes into account the
possibility of triplet state during measurement, with
diffusion coefficient of RhB in given solution calculated
using Eq. (1).

2.4 Rheology

A HR-1 Discovery Hybrid Rheometer with double wall
geometry was used to quantify the viscosity of the PVA
solutions (without RhB) at a constant temperature (25 °C)
as a function of shear rate. Prior to each measurement,
solutions were sonicated for 20 min at ca. 25 °C, and then
allowed to cool to ambient temperature. The rheological
data were fit to the Herschel-Bulkley model [70] by the
TRIOS software to estimate the viscosity at zero shear rate.

2.5 Dynamic light scattering

DLS measurements were performed using a Zetasizer
(Nano-ZS, Malvern Instruments, UK) with a measurement
angle of 178° and beam wavelength 632.8 nm at 25 °C.
Due to the presence of multiple species in some of the
sample solutions, hydrodynamic diameter (dy) distribution
was measured as a function of intensity [71] over three
repeats. Hydrodynamic diameter was estimated using the
Malvern software.

3 Results and discussion

3.1 Determining the appropriate model for PVA diffusion in
solution

Dynamics of polymers in solution is determined by their
concentration, with three distinguishable regimes: in the
dilute regime, each polymer chain can be treated
individually; in the intermediate semi-dilute regime,
polymer coils overlap and their diffusion is dominated by
a reptation process, with chains moving primarily parallel
to their own backbones; while in the concentrated regime,
chains are in close proximity to the others, with consequent
interactions [45,72]. A polymer solution is in the semi-
dilute regime when its concentration is greater than the
overlap concentration (c*) that can be calculated according
to Eq. (3) [45]:

. 3M,

= S 3
¢ T aN,RY ©)

where N, is Avogadro’s number, and R, is the radius of
gyration. R, of the PVA molecules used in the present work
is in the region of 6.7-10.3 nm, calculated with Eq. (4) [73]:

R, = 0.0388M,°. )

Minimum value of ¢* (1.1 wt-%) suggests that most of
the investigated solutions in the present work are in the
semi-dilute regime, wherein the thermodynamic behavior
is governed by a specific correlation length (£)—the
average distance between the points of entanglement of
different chains.

The difference between £ and the size of the molecular
probe introduces three sub-regimes of semi-dilute regime:
for probes whose size is either far greater or smaller than &,
viscosity of the solution or pure solvent, respectively,
determine their diffusion rates [12,58]. However, for
molecular size that is of the same order of magnitude as
& (ca. 1.14 nm for RhB) [75], further investigation into
dominating factors controlling the diffusion processes is
required [12]. To assess &, Eq. (5) was used [75]:

R 0.75
() ®

where c is concentration of polymer solution. The average
values of ¢ (Table 1) and its minimum in the currently
investigated system (2.6 nm) are either lower or of the
same magnitude as R, of PVA, confirming the finding that
all samples investigated can be treated as belonging to
semi-dilute regime [76]. Moreover, since the value of ¢ is
in general of the same order of magnitude as dy of the
tracer used, it is appropriate to use the third subregime.
Therein, a semi-empirical stretched exponential function
(such as in Eq. (6)) [66] has been developed to describe its
diffusion behavior:

D n

By = exp(~ ") ©)
where D, is the diffusion coefficient of RhB in pure
solvent; n is a scaling parameter related to the polymer
chain excluded volume, which reflects the solubility of the
polymer (n = 1 for theta solvent and n» = 0.75 for good
solvent); and £ is a pre-factor related to the probe size that
can be described by Eq. (7) [12]:

R

*, 9
rc’”

p= (7
where R is the radius of the probe, and r is the average
polymer chain size, signifying that £ scales linearly with
the size of the probe particle, which was confirmed
experimentally [12]. Equation (6) provided a satisfactory
fit for changes of diffusion coefficient of particles in semi-
dilute PVA solutions [12], and was used in the present
work to interpret diffusivity measurements as a function of
PVA concentration with or without the addition of glycerol
to estimate £ and n.

3.2 Molecular diffusion in PVA solutions

Diffusion of the molecular probe, RhB, in PVA solutions
was quantified using FCS with three sets of independent
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experiments on different days. Figure 2 shows the
relationship between the measured diffusion coefficients
(D), upon satisfactory fit of the autocorrelation function
(Fig. S1, cf. Electronic Supplementary Material, ESM),
and the concentrations of PVA (0—49% (w/v)), using Eq. (6).
It was found that there is a decrease in RhB diffusion
coefficient (from 432.4 pm?-s™ to 188.4 pm?-s™ for
solutions 1 and 6, respectively) with an increased PVA
concentration. Using the least squares method, values of
=0.270 + 0.019 and n = 0.767 £ 0.046 were obtained,
which are consistent with the values reported in literature
for tracer molecules of similar chemistry and/or size [12],
and confirming that water is a good solvent for PVA (n =
0.75).

The observed reduction in the diffusivity of RhB is
likely attributed to the increased crowding density (itself a
function of the polymer concentration), which can be
directly correlated with the reduced hydrodynamic dia-
meter of PVA (dy) determined by DLS (Fig. 3(a)) and the
corresponding ¢ (Table 1). For all of the investigated
solutions, a polymodal size distribution was observed,
which is inconsistent with a previous report for PVA of
similar DH [77], but agrees with the behavior of an almost
completely hydrolysed PVA [78]. According to the
calculated Ry, peak I in Fig. 3 is assigned to the individual
PVA chains, of which the maximum is shifted to lower dy
when there is less room available as the result of an
increased number of molecules. This in turn leads to a
significantly increased crowding density, impeding the
migration of the probe. It is likely that peak II found in the
size distribution profiles in Fig. 3 corresponds to polymer
aggregates [78], while peak III is a sign of large clusters
[79] in the solution. Considering that the scattered light
intensity is proportional to diameter of given particle to the
sixth power, the signal scattered from aggregates in
intensity plot is amplified [80]. Majority of the scattered
signal detected contributes to peak I, suggesting that the
quantity of polymer aggregates and clusters is rather
insignificant in the present work.

Hydrodynamic radius of PVA was estimated to be in the
range of 10.3—15.9 nm, following Eq. (8) [81]:

Mo, (8)

The value calculated from Eq. (8) is greater than the
average dyy acquired from samples 2—6 (Table 1), which is
likely due to the presence of steric obstructions in
discussed system. Since water is a good solvent for PVA,
only weak excluded-volume interactions are present, with
changes in viscosity directly correlated with the over-
lapping of the polymer chains [82]. The increased solution
viscosity with increasing polymer concentration (Table 1)
alongside the crowding density effects proven by DLS
measurements confirms the effect of polymer—polymer
interactions on molecular migration in the semi-dilute
regime.

3.3 Molecular diffusion in PVA/glycerol binary solutions

Glycerol, commonly used as a plasticiser for PVA based
products such as water soluble films [83], competes with
PVA molecules to form PVA—glycerol hydrogen bonds at
the expense of PVA-PVA hydrogen bonds. However, both
types of interaction could be hampered when glycerol and
PVA molecules are well solvated by an excessive amount
of water. Addition of glycerol led to an increased viscosity
(Table 2), reducing the diffusivity of the molecular probe
due to the additional crowding effects.

To distinguish the effects of the overall solute
concentration and the interactions between PVA and
glycerol, two additional sets of samples (1a—5a and 2b—
5b) were prepared, keeping either the total (PVA +
glycerol) or PVA concentration constant, for which the
molar ratio between PVA and glycerol was equivalent (i.e.,
the PVA/glycerol molar ratio in sample 2a is the same as in
sample 2b). Compositions of the binary PVA/glycerol
solutions investigated are presented in Table 2. As new
species are introduced, it is expected that the D of RhB will
decrease, either due to PVA—glycerol interactions (leading
to increased polymer—plasticiser aggregate size and
consequent increase in RhB mean free path) or overall
molecular crowding (leading to macroscale increase in
viscosity).

3.3.1 Synergistic effect of water and glycerol

The diffusion coefficients of RhB in PVA/glycerol binary
mixtures were found to decrease nonlinearly with an

Table 1 Compositions used to investigate the dependence of RhB diffusion coefficient on PVA concentration ®

Sample PVA concentration/wt-% Average £/nm Average n/(mPa-s) Average dy/nm
1 0.0 0.0 0.890 [74] -

2 1.0 19.9 1.184 £ 0.016 12.6 £ 0.2

3 2.0 11.9 1.813 £ 0.032 82 +0.1

4 3.0 8.8 2.669 + 0.024 6.1 £0.1

5 33 8.0 2.975 £ 0.024 6.0 £ 0.1

6 4.0 7.1 4.052 £ 0.081 3.8 £0.1

a) Average number of repeating units in PVA molecule used in the calculation is 581.
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Fig. 2 Normalized diffusion coefficient of RhB as a function of
PVA concentration without (samples 2—-6) and with glycerol
(samples 1a—5a). Solid lines represent fitting based on Eq. (6), with
diffusion coefficient calculated using Eq. (1). Closed symbols
correspond to PVA solution diluted with water, while open
symbols are for PVA solution diluted with glycerol solution. Color
code for each PVA concentration corresponds to DLS data (Fig. 3).
Standard errors are based on 10 measurements.

increasing PVA concentration (Fig. 2), in a similar trend to
that observed for PVA solution without glycerol (samples
2-5). Both sets of FCS experiments (solutions with or
without glycerol) were investigated on the same day to
minimise the experimental errors due to any potential
variations in environmental conditions, laser output, or
calibration.

Overall, addition of glycerol solution instead of water
led to an increased diffusion time for solutions of the same
PVA concentration. Following a stretched exponential fit
(Eq. (6)), p and n were estimated as 0.304 £+ 0.016 and
0.666 + 0.036 for samples 2a—5a, accordingly. In here,
glycerol stock solution was treated as a new solvent, hence
diffusion coefficient of RhB in this solution was used as D,
(Eq. (6)). Different fitted values both of £ and n may arise
due to the composition of the solvent, i.e., normalization
against D,. Statistical ¢-test result (a = 0.05) confirms that
there was no significant difference in the measured
diffusion coefficients of RhB in PVA solutions with (2a—
5a) or without glycerol (2-5), as presented in Table S1 (cf.
ESM). It can be concluded that concentration of PVA in the
solvent plays a dominant role in determining the diffusivity
of PVA at low glycerol concentration (up to 4% (w/v)).

The decreased value of n indicates a reduced solvent
quality, while the increased pre-factor £ suggests migration
of molecule of larger size. These are attributed to the
interactions between glycerol and the other species present.
RhB-glycerol interactions will slow the tracer diffusion
directly due to entrainment of larger molecules in the
solvation shell, whereas in the case of PVA, larger
glycerol-PVA aggregates will increase the solution mole-
cular crowding hence indirectly slowing tracer diffusion.

The latter is responsible for the changes observed in

PVA size distribution with samples 2a—5a (Fig. 3(b)).
Similar to samples 2—5, shift of the size distribution toward
larger dy; with increasing dilution of the system is
observed. However, increased viscosity and higher number
of solute molecules present in samples 2a—5a, in
comparison to samples 2—5, lead to the decrease in dy of
the PVA molecules (Tables 1, 2), resulting in a decreased
diffusion coefficient of the probe. Upon dilution by either
pure water or glycerol solution, changes in the average dy
of PVA show an almost linear dependence on the viscosity
of the solution, while the corresponding DLS autocorrela-
tion functions show almost no change in its characteristics
(Fig. S2, cf. ESM).
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Fig. 3 Distribution of hydrodynamic diameter for solutions of
various PVA concentration with the addition of (a) water,
(b) glycerol stock solution, and (c) pure glycerol. The percentage
of polymer in the graph is given in %(w/v).

Although it is not possible to exclude the likelihood that
the solvation shells of RhB molecules are expanded in
glycerol solution, the DLS results acquired strongly imply
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that the additional crowding effects are responsible for the
increased f values. PVA concentration, however, showed a
dominating influence. To clarify conclusions about
observed mechanisms, further experiments using higher
concentrations of glycerol were carried out.

3.3.2 Effect of glycerol addition

A set of PVA/glycerol binary mixtures (samples 2b—5b,
Table 2) were prepared by introducing pure glycerol to
PVA solutions to distinguish the effects of glycerol and
water on RhB diffusivity. The average diffusion coeffi-
cients (Fig. 4) show that glycerol has no notable impact on
the RhB diffusion coefficient at low concentrations (0%—
3.9% (w/v)), but causes it to decrease at high concentra-
tions (> 3.9% (W/v)).

DLS results of this set of samples (Fig. 3(c)) indicate that
increasing glycerol concentration causes a barely notice-
able increase in dy (the minimal shift of peak I that
corresponds to the individual PVA molecules), as well an
increased intensity of peak II. This suggests a formation of
glycerol-PVA complexes (leading to the slight increase in
dy of peak 1) and a greater number of polymer—polymer
clusters (peak II). In contrast, for samples 2a—5a where the
solute concentration was constant, the trend with increas-
ing PVA concentration is similar to that of samples 2—5
(containing only PVA). It appears that chains become more
compact (accelerated by the presence of other solutes) as
PVA concentration increases to 4% (w/v). Conversely,
when PVA concentration is constant but overall solute
concentration increases, glycerol-PVA complexes form,
leading to the slight increase in measured dy.

Another factor that determines molecular diffusion is the
solution viscosity, of which a constant value was observed
up to 1:1 polymer to glycerol mass ratio (Table 2). Glycerol
is therefore likely to disrupt polymer—polymer entangle-
ments, which results in no viscosity changes. For sample 2b
(containing 10.9 wt-% glycerol), however, an increased
solution viscosity was observed. It might be attributed to

the high viscosity of glycerol itself (ca. 0.945 Pa-s for pure
glycerol [84] cf. 0.890 mPa-s for water [74] at 25 °C),
which becomes important once 1:1 ratio of components is
reached.

It is worth noting that the increased glycerol content in
samples 2b and 3b resulted in a broad range of diffusion
times and consequent diffusion coefficient (as can be seen
by relatively large error bars in Fig. 4 as glycerol
concentration increases), with measurements of much
slower diffusion time compared to samples 4b and 5b
noted, and an overall decrease of RhB diffusivity. It is
probable that samples 4b and 5b have a more homo-
geneous composition, where crowding effects is less
important than for samples 2b and 3b. Samples of low
glycerol content show smaller changes in dy; (Table 2)
compared against solution 6 (4.0 wt-% PVA only), which,
together with the described viscosity behavior, leads to a
similar diffusion coefficient of the tracer to that in PVA
stock solution. As for sample 3b, increased amount of
solute molecules is likely the more pronounced effect than
viscosity values similar to that of PVA stock solution,
despite the minor increase in the average dy. PVA—glycerol
clusters therefore influence the migration of the molecular
probe: the higher glycerol concentration, the more visible
change in tracer’s diffusion coefficient.

Generally, adding glycerol to PVA solutions at low
concentrations without adjusting the overall water con-
centration has a minimal effect on the diffusion character-
istics of RhB or the aggregation behavior of PVA
compared to the results acquired in pure water. Addition
of large quantity of pure glycerol, however, caused a
reduction in the diffusivity of RhB. It is worth noting that
the size of PVA was very similar in these solutions,
indicating that the hydrodynamic diameter of PVA is
primarily dependent on its concentration, while the
addition of glycerol appeared to promote the formation
of PVA—glycerol complex. With this characterization of the
effects of adding glycerol on the solution behavior,
understanding the effect of introducing our model
additives to the discussed system is now possible.

Table 2 Composition of PVA-based solutions with the addition of glycerol ®

Sample PVA concentration Glycerol concentration PVA/glycerol Average 7 Average dy
/wt-% /wt-% molar ratio /(mPa-s) /nm

Addition of glycerol solution  1la 0.0 4.0 0:1 0.971 £ 0.011 -
2a 1.0 3.0 1:1629 1.437 £ 0.051 10.4 £ 0.1
3a 2.0 2.0 1:543 2.136 + 0.026 7.5+ 0.1
4a 3.0 1.0 1:181 3.065 + 0.060 52+0.1
Sa 33 0.7 1:109 3.383 + 0.004 47+0.1

Addition of pure glycerol 2b 3.6 10.9 1:1629 4.574 £ 0.020 52+£02
3b 3.9 3.9 1:543 4.020 £ 0.044 49+0.1
4b 4.0 1.3 1:181 4.009 £ 0.049 44 +0.1
5b 4.0 0.8 1:109 4.024 £ 0.097 44 +0.1

a) Samples of composition 1a did not provide reliable dy results.
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Fig. 4 Diffusion coefficient of RhB in PVA solution with the
addition of pure glycerol. Error bars are one standard error around
the mean, number of measurements equal to 10.

3.4 Molecular diffusion in PVA/glycerol/surfactant ternary
solutions

Diffusion of RhB in ternary aqueous solutions of PVA,
glycerol, and surfactant, were studied to quantitatively
establish the effects of crowding and binding on the
mobility of the probe, as a function of the surfactant
chemistry (cationic/nonionic/anionic). Specifically, the
samples were prepared from polymer-surfactant mixtures
(samples 4c—4e, Table 3), glycerol and surfactant solutions
added to PVA solution (samples 4c—4h, Table 3), as well as
from polymer solutions with the addition of pure glycerol
and surfactant (samples 4i—4k, Table 3). Instead of the
effect of an increased molecular crowding, it is expected
that strong directional (i.e., charge-matching) interactions
between the ionic surfactants and the tracer will lead to the
reduced diffusivity in the system. The nonionic surfactant,
however, is expected to act similarly to glycerol.

3.4.1 Addition of glycerol and/or surfactant stock solutions

Average diffusion coefficients of RhB in PVA/glycerol/
surfactants ternary mixtures are presented in Fig. 5. It

appears that the addition of surfactant led to a decreased
diffusion coefficient of RhB: SDS has the most significant
reduction (by 86%), followed by CTAB (by 70%), while
C12E o shows the least impact (by 31%), compared with
the control solution that had no surfactants. Surfactant
seemed to change the nature of the molecular interactions
via the formation of charge-matching complexes with
RhB. Although this behavior would likely cause the
ternary mixtures to become less homogeneous [73,83],
diffusion coefficients measured here show a monomodal
distribution with low standard error, confirming that the
average values reported are representative.

No notable difference in RhB diffusivity was found for
system composed of PVA/surfactant solutions with the
addition of glycerol stock solution (samples 4f—4h, green
bars in Fig. 5), in comparison to the ones diluted by water
(samples 4c—4e, blue bars in Fig. 5). Indeed, experiments
performed on the same day resulted in the average
diffusion times and distributions of very similar range
with no statistically significant difference (o= 0.05). It is
clear that the addition of glycerol at low concentration does
not influence the diffusion coefficient of RhB in the
polymer solutions with the presence of surfactant and
therefore that the surfactants are primarily responsible for
such a significant change in probe diffusivity. This is
consistent with the findings acquired from the PVA/
glycerol binary mixtures (solutions 2a—2e, Table 2), where
addition of glycerol solution has minimal effects on RhB
diffusivity and PVA particle size.

Strong interactions between RhB and charged surfac-
tants have been identified elsewhere as controlling their
behavior both below and above the critical micelle
concentration (CMC) due surfactant—dye aggregation or
entrapment within micelles [85]. In this study, surfactants
were above their respective CMC for all formulations
studied with the exception of samples 4c and 4f [86]. The
aggregation between RhB and surfactants (in its zwitter-
ionic form following dissociation) [87] hinders its
diffusion rate. The findings presented here agree with a
previous study which showed that the diffusion coefficient
of RhB was significantly reduced due to the SDS-RhB

Table 3 Viscosity and average hydrodynamic diameter of PVA solutions with the addition of glycerol and surfactant of various head group

chemistry
Sample Surfactant PVA/glycerol/surfactant Average n/(mPa-s) Average dy/nm
molar ratio

Addition of water 4c SDS (-) 1:0:14.5 2.462 + 0.200 5.6 +0.2
4d C12E10 (0) 1:0:6.7 2.122 £ 0.034 6.9 £0.1
4e CTAB (+) 1:0:11.4 2.877 £ 0.022 5.1£0.1

Addition of glycerol solution 4f SDS (-) 1:181:14.5 2.939 £+ 0.043 4.1 +£0.1
4g C12E 0 (0) 1:181:6.7 2.313 £ 0.040 6.0 £0.1
4h CTAB (+) 1:181:11.4 3.060 £ 0.222 4.5+0.1

Addition of 4i SDS (-) 1:181:14.5 5.550 £ 0.230 24 +0.1

pure glycerol and surfactant 4 C15E 10 (0) 1:181:6.7 4315 £ 0.057 3.940.1
4k CTAB (+) 1:181:11.4 5.658 + 0.456 2.6+ 0.1
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Fig. 5 Average diffusion coefficient of RhB in PVA solutions
with the addition of surfactant and water (samples 4c—4e) or
glycerol solution (samples 4f—4h), compared against control
samples with no surfactants (4, 4a). Error bars are standard error
based on 10 repeats.

interactions that is dependent on the pH of the solution
[88]. In addition, there is a possible polymer-surfactant
attraction, whose magnitude is determined by the counter-
ion effect of surfactant on water [89] and the chemical
characteristics of the compounds involved [90].

Similarly to SDS, CTAB is likely to form charged
aggregates with RhB, leading to a substantial change in the
diffusion coefficient of RhB, with a similar magnitude for
SDS and CTAB [85]. Even though the number of possible
interaction sites for cationic and anionic surfactant is the
same, accessibility is probably sterically hindered to the
anionic moiety of RhB, which explains the differences of
RhB diffusivity in ternary PVA solutions with cationic and
anionic surfactant (Fig. 6).

3.4.1.1
CTAB)

Specific effects of ionic surfactants (SDS and

Upon the introduction of charged surfactants, DLS shows a
reduction in average dy of the PVA molecules (Fig. 7,
Tables 2 and 3). This effect is consistent in both PVA-

surfactant mixtures diluted by water (Fig. 7(a)) and by
glycerol (Fig. 7(b)).

The polymer-surfactant interactions via their hydropho-
bic parts are believed to be a major driving force in the
system (Fig. 6) [91,92]. SDS was shown to disrupt
polymer aggregates in aqueous solution [31]. Such effect
was more pronounced for PVA of low DH (i.e., 70%) due
to an increased fraction of acetate groups in the polymer
chains [77]. Moreover, SDS is capable of shifting PVA-
glycerol interaction to glycerol-SDS interactions in PVA
films [83]. Even though presented measurements are in
liquid state, those interactions are also plausible. The
combined effect of increased molecular crowding due to
the presence of surfactant micelles as well as polymer-
surfactant interactions led to more compact molecular
packing, hence decreasing dy of the PVA.

In addition to the polymer-surfactant interaction, it is
likely that the dilution itself could play an important role in
the ternary PVA solutions by reducing solution viscosity.
In PVA-SDS mixtures, hydrophobic interactions between
species result in a preferential adsorption of the surfactants
on polymer chains [93], and change viscosity depending
on the DH of PVA [92] and amount of surfactant added
[93]. Accordingly, both decreased [92,93] and increased
[94] viscosity values of PVA solutions containing SDS
have been reported. In this study the viscosity decreased,
primarily due to the reduced PVA concentration in all
solutions discussed in this section after the introduction of
surfactant solutions.

Previous studies suggest that CTAB would interact with
PVA chain in a similar fashion to SDS, and form a
polymer-surfactant complex [92,94,95]. Even though the
PVA solution was diluted by the surfactant stock solution
in the present work, the average dy; of PVA decreased
(Tables 2 and 3), while viscosity either increased or
remained unchanged compared to samples 4 and 4a
(without addition of surfactant). It is therefore likely that
CTAB interacts with PVA via hydrophobic interactions,
disrupting the PVA-PVA interactions.

To conclude, two main factors hinder the diffusion of the
molecular probe in the PVA-based ternary solutions: first,
crowding effect that is caused by the increased polymer

(b)

Q\, ,Oe

0~ \\C)

]
) Hydrophobic interactions
OH | OAc OAc|OH OH OH

sl A A A e

Fig. 6 Possible interactions between (a) RhB and both cationic and anionic surfactants; (b) PVA—surfactant tail group interactions, using

SDS molecule as an example.
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Fig. 7 Particle size distribution for (a) PVA/water/surfactant
(compositions 4c—4e), (b) PVA/glycerol/surfactant solutions
(compositions 4f—4h), and (c) PVA/pure glycerol/pure surfactant
solutions (compositions 4i—4k). The percentages of polymer and
glycerol in the graphs are given in %(w/v).

size and the presence of surfactants; secondly, interactions
between RhB and surfactants that slow down the diffusion
of the probe [85] (Fig. 6(a)).

3.4.1.2 Effects of nonionic surfactant solutions

Although adding surfactant solutions resulted in only a
slight dilution of PVA—glycerol mixture compared to
sample 4a, the presence of nonionic surfactants appeared to
have a noticeable effect on the diffusion of the fluorescent
probe (Fig. 5). While charge-matching aggregation
between C,E ;o and RhB cannot occur due to its nonionic
nature, it remains possible for C;,E, to interact with PVA
via hydrophobic interactions between surfactant tail and
acetate groups on the polymer. However, such effect

appears to be less pronounced in comparison to CTAB and
SDS addition as the ionic strength of the solution remains
constant.

Unlike that of SDS and CTAB, stock solution of C,E
showed a monomodal size distribution (Fig. S3, cf. ESM),
with a dy very similar to peak I of the PVA particle-size
distribution. Indeed, overall dy of solutions 4d and 4g
increased compared their corresponding surfactant-free
solutions (4 and 4a, Tables 1-3). The increased intensity of
peak I in sample 4d (Figs. 7(a) and 7(b)) can be related to
both individual PVA molecules and micelles of C;,E;.
Therefore, the nonionic surfactant acts in a similar way to
glycerol in the system, however with a larger effect due to
the much larger molecular weight of C,E.

Building upon the findings of surfactant-PVA and
surfactant—RhB interactions at low concentrations, systems
with the addition of pure glycerol and surfactant to PVA
stock solution were investigated to study their influence in
the absence of dilution (additional water being introduced)
in the system.

3.4.2 Crowding and binding effects

Adding pure surfactant and glycerol to PVA solutions
showed the same trend to that observed with adding their
stock solutions. Their effects on the diffusion of RhB were
pronounced in PVA solutions with the addition of anionic
surfactant, which decreased by 67% for composition 4i
compared to composition 4c (90% compared to 4b). For
cationic and nonionic surfactants, the diffusion coefficients
decreased by 44% and 46% respectively compared to
compositions 4d and 4e (Fig. 8), and by 75% and 41%,
respectively compared to composition 4b. It is likely that
the increased concentration of surfactants led to an
additional crowding effect (as seen in the decrease in
hydrodynamic diameter in Fig. 7(c)). This is amplified due
to the strong interactions between the RhB and surfactant
in the now more concentrated solutions. The variation with
different head group chemistry provides further evidence
for preferential probe-surfactant interactions for charged
surfactants, while the relatively weak response of C,E,
compared to solution 4b again demonstrates its similar
behavior to glycerol.

Addition of surfactant to PVA solutions therefore has a
significant retarding effect on the diffusivity of RhB, with
the driving force for these changes being largely dependent
on head group chemistry: 1) For nonionic surfactant
(C12E1p), a minimal interactions with the fluorescence
probe is suspected, with the diffusivity of RhB being
determined by the enhanced crowding effects the surfac-
tant places on the PVA molecules. 2) For anionic surfactant
(SDS), there are strong interactions between surfactant—
PVA and surfactant-probe, leading to a significantly
reduced diffusivity compared to the nonionic surfactant.
3) For cationic surfactant (CTAB), although the same type



Katarzyna Majerczak et al. Molecular diffusion in ternary poly(vinyl alcohol) solutions 11

300 T T T
I Constant PVA concentration
Diluted PVA solution

T
o 250 .
El 1
5 200t .
2
=
Q
S 150 = 1
=1
S
£ 100 .
=
g—’n ==
5 50t .
% 3 .
oIl
SDS CpE CTAB Control

Fig. 8 Average diffusion coefficients of RhB in PVA solutions
with the addition of pure glycerol and surfactant (samples 4i—4k,
blue columns), compared against equivalent samples with the
addition of glycerol and surfactant solutions (4f—4h, green
columns) and corresponding control solutions containing no
surfactant (4b and 4a). Error bars are standard error based on 10
repeats.

of interactions is present as in the system with SDS (i.e.,
hydrophobic interactions between tail group and PVA, and
charge-matching interactions between head group and
RhB), steric barriers reducing the surfactant—tracer inter-
action strength cause a slightly lower change in tracer
diffusivity.

The explanations above are supported by the viscosity
data presented in Table 3. The changes in the viscosity of
PVA ternary solutions were negligible when nonionic
surfactant was used, but significant when ionic surfactants
were interacting with the PVA molecules, in agreement
with previous findings [94]. For all investigated solutions,
no phase separation was observed (which is in line with
results published for PVA—water—SDS system) [83].

4 Conclusions

Diffusion behaviour of a molecular probe (RhB) in a series
of aqueous PVA solutions, representing complex formula-
tions involved in industrial processes, was examined in the
present work as a function of polymer and plasticiser
concentration, as well as the presence of surfactants of
various head group chemistry. For the PVA solutions, our
results demonstrate a good agreement with the scaling
theory of anomalous diffusion in semi-dilute polymer
systems, showing a nonlinear increase of diffusion
coefficient of the probe with decreasing polymer concen-
tration. PVA solutions diluted by glycerol solutions do not
exhibit significant changes in the mobility of RhB, proving
the vital role of PVA concentration. For PVA solutions
with an increased glycerol concentration, crowding effects
play an important role in the system, leading to a decreased

diffusivity of the probe due to the increased diffusion path
length.

Crowding effects also provided a plausible explanation
for the diffusion kinetics in the PVA solutions with the
addition of nonionic surfactant. However, for solutions
with the addition of cationic and anionic surfactant,
surfactant-PVA and surfactant-RhB interactions play a
dominant role, slowing down the migration of the tracer.
These interactions are strengthened in the more concen-
trated PVA solutions with an additional pure glycerol and
surfactant (rather than their respective solutions), indicat-
ing that the concentration of each individual chemical
compound (polymer and additives) present in the PVA
ternary solutions has a profound influence on the
diffusivity of the molecular probe.
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