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Abstract: Due to the great demand of pullulan in macromolecular characterization area and its
attractive capabilities for chemical engineering towards bio-, farmo-, medical composite materials
in DMF solutions we have conducted the classical molecular hydrodynamic study with pullulan
standards in dilute DMF solutions. The hydrodynamic characteristics were acquired through
viscometry, velocity sedimentation, isothermal diffusion and DLS. The self-consistency check of the
obtained values was performed within the concept of hydrodynamic invariant and then the absolute
values of molar masses were determined by Svedberg equation. The canonical Kuhn-Mark-
Houwink-Sakurada scaling relationships were determined: [n],cm3/g = 0.058M%¢°, 5,103, s =
0.020M°*8 and D;107,cm?/s = 1300M~%5% for intrinsic viscosity, sedimentation and diffusion
coefficients, correspondingly, within broad molar mass range 7.2 < Msp1073, g/mol < 640. The
most sophisticated Gray-Bloomfield-Hearst theory based on implementation of wormlike necklace
model resulted in equilibrium rigidity A = (2.4 £ 0.2) nm and transversal polymer chain diameter
d = (0.5 + 0.3) nm. The conformational parameters were also assesed with computer simulations
within modern Multi-HYDFIT suite and leaded to close enough data: Ayyur = (3.7 & 0.3) nm and
dyvpr = (2.2 £0.2) nm, showing great convergence of classical hydrodynamic theory with
computer simulations. The inhere obtained data for pullulan in DMF solutions were also compared
with earlier reported results obtained in water revealing nearly identical conformational
parameters. Within metrology aspect the acqusiotion of the hydrodynamic characteristics with
differenr experimental techniques and their interrelation is discussed in detail.

Keywords: water soluble polysaccharides; pullulan; hydrodynamic methods; scaling relationships;
Multi-HYDFIT; conformational parameters; metrology

1. Introduction

Polysaccharides playing crucial role in living nature are very commonly used in different
technological processes, manufacturing and electronics industries, food and pharmaceutical
applications. The diversity of polysaccharide applications and their unique properties are determined
by all possible variety of their macromolecular architectures, range of equilibrium rigidities of the
linear polysaccharide chains, charged/uncharged and/or hydrophilic/hydrophobic interactions
within a system, functional end-groups etc. Thus, by studying only polysaccharides the “cornerstone”
of polymer science can be established viz. the programing of new material properties based on
designing composition at the molecular level.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Pullulan is a linear neutral water-soluble polysaccharide, which consists of a-(1—6) connected
maltotriose [1-3]. It is mainly obtained from secrets of the fungus Aureobasidium pullulans strains. This
was first accomplished by R. Bauer in 1938 [4] and then isolated by B. Bernier in 1958 [5]. Pullulan
attracts researchers close attention for a long time by now due to its appealing properties, such as
bio-compatibility, bio-reproducibility, being eco-friendly and having endless possibilities for either
end-group modifications or synthesizing co-polymers on its basis [6-9]. Biocompatibility along with
the great film-forming ability of pullulan has great potential for the science, medical, food and
cosmetic industries [8-11]. Linear conformation and neutrality makes it a good model example for
studying the structure-property relationships in computer simulations and laboratory experiments
[12,13]. The possibility of pullulan modification by end-groups of various physicochemical nature
opens up wide specter of opportunities for practical applications based on the functions of added
groups. The wide range of possible pullulan applications requires for an in-depth study of the
conformational behavior and analysis of the relationship between the hydrodynamic and molecular
mass parameters of both pullulan itself and its various derivatives in possible solvents [2,14]. The
earlier conducted comprehensive studies of pullulan in water accomplished by classical molecular
hydrodynamic methods (viscometry, analytical ultracentrifugation, dynamic and static light
scattering) revealed the interesting features of this polymer [14-20]. Further the earlier obtained data
were collected and thoroughly analyzed as the whole for determining the conformational parameters
of pullulan macromolecules in water in frames of current consistent theoretical models [21]. The
determined equilibrium rigidity of a flexible chain polymer and the dependence of scaling indexes of
Kuhn-Mark-Houwink-Sacurada equations on molar mass are the factors that are not only
fundamental in polymer science, but are also of great practical importance.

One of the popular and beneficial strategies of modern research is designing of the necessary
properties of pullulan based systems by its various modifications [6-8,22,23]. The final result of
modification (the very possibility of modification by certain groups and the degree of substitution) is
determined both by the molecular mass characteristics of the polymer and by the environment in
which the synthesis is carried out. It has been shown that the use of either DMF or DMF-based binary
mixtures improves the parameters of the resulting synthesized macromolecules [10,24].

Thus, the analysis of pullulan hydrodynamic behavior in DMF is the necessary and important
task. Nevertheless, there is no systematic comprehensive analysis on pullulan in DMF accomplished
up to date which is known to the authors. Taking this into account and considering pullulan
standards as well-defined role model with pronouncedly narrow polydispersity the two major goals
have been set for the current study. First, the determination of the canonical Kuhn-Mark-Houwink-
Sacurada equations for pullulan samples within the large range of molar masses. Second, the
metrological aspects have also been tested: the inter correlation of viscometry data obtained with
classical Ostwald viscometer and a viscometer working on the Hoppler principle, the self-consistency
check of the velocity sedimentation data resolved with manual approaches and with that
implemented in Sedfit models for acquiring distributions on sedimentation coefficients and molar
masses, the convergence test of diffusion coefficients resolved from dynamic light scattering, classical
isothermal diffusion and analytical ultracentrifugation data. Finally, the comparison of
conformational parameters estimations using both wormlike necklace model within the framework
of Gray-Bloomfield-Hearst theory and computer simulations with Multi-HYDFIT suite are
considered.

2. Materials and Methods

2.1. Materials

For accomplishing the aims of the current study 11 samples were extensively studied. First 10
standards (the polysaccharide kit, designed for SEC calibration) were purchased from Polymer
Laboratories Inc. (Amherst, MA, USA). This kit consists of simple sugars covering oligomer molar
mass range (0180, O730) together with relatively narrow polydispersity linear pullulan
macromolecules P-1 to P-8. Another pullulan sample (PS) was purchased from Sigma-Aldrich (St.
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Louis, MO, USA). Unlike pullulan sample standards, this sample exhibited higher polydispersity.
The major supplier information on the sample properties (such as batch numbers, weight average
molar mass M, and polydispersity index = M,,/M,,, where M,, isthe number average molar mass)
is presented in the Table 1. The shipped samples represented a form of a white to a light yellow
powder and they were used as is from the plastically sealed glass vials. The solutions studied in the
majority of methods were prepared from the stock solution with reliably determined concentration.
The dimethylformamide (DMF) was purchased from Vekton (St. Petersburg, Russia) and it was
distilled over calcium hydride under reduced pressure before the experiments. The dynamic
viscosity, density and refractive index of purified DMF were determined experimentally at 25 °C and
constituted to 7y = 0.805 cP, py = 0.9441 g/cm?®and np = 1.42822, correspondingly.

Table 1. Supplier information on the sample properties (batch number, weight average molar mass
(M,,), polydispersity (D)) and the absolute molar mass Mgp obtained with sedimentation-diffusion
analysis further in the study.

Sample Batch No. M 1075, b Mp10°5,
g/mol g/mol

P8 20908-3 788 1.23 640
pP7 20907-2 404 1.13 420
P6 20906-2 212 1.13 200
P5 20905-2 112 1.12 110
ps* P4516 100 - 94
P4 20904-2 47.3 1.06 49
P3 20903-2 22.8 1.07 23
P2 20902-2 11.8 1.1 12
P1 20901-2 5.9 1.09 7.2

0730 20910-1 0.738 1 0.73

0180 20909-1 0.180 1 0.21

* - The sample was purchased from Sigma-Aldrich.

2.2. Methods

Viscosity measurements (capillary Ostwald and rolling ball Hoppler viscometers). The
viscous flow of pullulan solutions was studied with two different types of viscometers: first, the
classical one capillary Ostwald viscometer (OV) and, second, the commercially available
microviscometer Lovis 2000 M (Anton Paar GmbH, Graz, Austria), which implements Hoppler
principle of rolling ball in a capillary. From here and further the latter viscometer is referred to as
rolling ball or Hoppler viscometer (HV). The standard dilution procedures were used. The
measurements were performed at 25 °C in DMF solutions, which were thermo-stabilized for at least
5 minutes before the measurements. The elution(OV)/rolling ball time(HV) (t,) of DMF and times (t.)
of pullulan solutions of various concentration ¢ were successively measured during the
experiments.

The major differences between the viscometers are as follows: in an OV liquid flows in a
vertically positioned capillary with a cross section represented by a circle with a diameter dgy
(ranging from 0.227 mm [25]) and up to 1.0 mm commercially available nowadays), on the other hand
in a HV a ball rolls in a capillary filled with a liquid while the capillary is positioned at an angle to
the horizon pushing a liquid through the gap formed in a shape of “new moon” between the ball and
the inner capillary wall (usually, the upper limit in linear gap size dyy < 0.1 mm for low viscous
fluids). The comparison of typical values of doy and dyy makes it clear that a rolling ball viscometer
will be much more sensitive for any undesirable impurities (gas bubbles, air dust efc.) capable of
entering a liquid, which may lead to distortion of measured time and result in incorrect viscosity
values. Thus, the diameter (gap), inner shape of a capillary, the magnitude of its length | determine
the time t, of solvent flow, the criteria of flow laminarity and the shear rate g of a system under
study. The expression for averaged shear rate for capillary OV is presented as follows [26]: goy =
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4V /(mREyt), where V —the volume of flowed liquid, Roy = doy/2 - the capillary radius and ¢ - the
UDpv

(Drv—dpan)?’

n —flow behavior index, U — the velocity of the ball, Dyy — the capillary

elution time. The average shear rate of rolling ball HV is calculated as [27]: ggy = F(n)

_ 2(1+n)(1+2n)?
where F(n) = n(2+n)(2+3n)”’

diameter of HV, dy,; — the ball diameter used in HV.

The OV at our disposal has following parameters: loy =110 mm, Rgy =0.34 mm and the elution
time of 1 mL of DMF is 50.9 s, which results in ggy = 640 s

In the rolling ball HV the capillary has length lyy =100.02 mm and diameter dyy = 1.59 mm.
The capillary is equipped with a steal ball coated by gold and the ball diameter dy,,; =1.5 mm. The
angles of the capillary inclination were chosen in the middle of available range and constituted 40
and 50° to the horizon. The lower limit for inclination angles was disregarded due to high sensibility
of HV to impurities discussed above and the upper limit may lead to unacceptable turbulence
disrupting laminar flow. The time of rolling ball at 40° constituted to (22.83+0.06) s and at 50°:

(19.15+0.06) s. Thus, according to Sestak and Ambros [27] the flow behavior index (n = W,
1/Y2

where f;, 5, are the consequent inclination angles and U;, U, are the corresponding ball speeds) is
estimated as n = 1.0, giving function value F(n) = 2.4, which in turn resulting in average shear rate
guv =2100s'at40° and gyy = 2500 s at 50°, correspondingly. It should be noted, that Lovis 2000 M
software installed on HV underestimates the shear rate (490 and 580 s, correspondingly at 40 and
50° of inclination) for about 4.5 times in contrast to the calculations above based on the results of [27],
which bring much more physically sounded shear rate values especially in comparison with ones
obtained on OV, where time of flow and capillary diameter are bigger for the same solvent, but the
shear rate value is 640 s

In general, the results of viscosity measurements independently of connotations (either in terms
of Huggins [28] or Kraemer equation [29] efc.) the intrinsic viscosity is determined as

[] = lim (%2) = lim (%), ()
g-0 g-0

where the specific viscosity 75, = 7. — 1 and relative viscosity 1, = t./t,.

So, both condition for extrapolation of concentration and shear rate to zero values should be

satisfied. However, the viscosity dependence on the shear rate value in the accessible range of the
current study for the flexible chain macromolecules with molar mass M < 10¢ g/mol is considered
negligible according to [26,30,31]. Accordingly, the difference of viscosity data obtained with OV and
HYV is associated mostly with difference in viscometers geometry and experimental principles, rather
than with difference of shear rate values of OV and HV. However, for rigid chain macromolecules
and for samples with molar mass higher than 10¢ g/mol shear rate extrapolation to zero value must
be taken into account for acquiring the true intrinsic viscosity values.
Densitometry. The successive density measurements of pullulan solutions in DMF are necessary for
establishing the partial specific volume ¥ attributed to the system under study. It allows
interpretation of velocity sedimentation data with further determination of absolute molar mass
value based on sedimentation-diffusion analysis. The density measurements were performed at T =
25 °C, using the density meter DMA 5000 M (Anton Paar GmbH, Graz, Austria). The approach
described in Kratky et al. was implemented for data acquisition [32].

Analytical ultracentrifugation (AUC). The velocity sedimentation experiments were
accomplished with a ProteomeLab XLI Protein Characterization System analytical ultracentrifuge
(Beckman Coulter, Brea, CA). The conventional aluminum double-sector centerpieces with [ = 12
mm optical path length were assembled with sapphire windows into analytical cells and the sectors
were filled with 0.42 mL of DMF and 0.41 mL of studied solute, correspondingly. Since a four-hole
analytical rotor (An-60Ti) was used it allowed simultaneous studying of three different concentration
of a sample at a run. The rotor speeds were 42 000 to 55000 rpm, depending on the sample. Before
the run, the rotor with installed centerpieces was thermostated for approximately 2 hours at 25 °C in
the centrifuge vacuumed chamber. Sedimentation profiles were collected during a run at the same
temperature using Rayleigh interference optical system equipped with a laser (A5yc =660 nm).
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The result of velocity sedimentation experiment is a set of concentration distributions within an
analytical cell recorded with Rayleigh interference system (/(r), where ] is the interference fringe
displacement in relation to the reference sector usually filled with the solvent and r is the radius
coordinate from the axis of rotation) or optical absorption system (optical density OD(r)) at the
certain rotor speed and time t passed since an experiment start. The concentration distribution c(r)
within the cell in the first case is attributed to the difference in refractive indexes of solute vs. solvent
and in the latter one requires the solute to possess optically active compounds within an available
wavelength range of the ultracentrifuge monochromator (190 < 4, nm < 800).

The sedimentation coefficient value might be calculated manually with its definition s = d;éit =
dh;rz/ a (w is the angular rotor velocity) by finding the radial position r =1, of sedimentation

boundary (considering a sample is presented with a single species) [33]. The procedures for finding
1, have been developed based on differentiations of sedimentation profiles either on radius dc/dr
[33-37] or time dc/dt [38] resulting in apparent g*(s) coefficient distribution [39-43]. On the other
hand there is very powerful Sedfit suite capable of finding sedimentation coefficient distributions
[44]. One of the latest Sedfit version (May 2023, v. 16.50) was used. It has lots of built-in models
capable to resolve both velocity and equilibrium sedimentation data. It should be mentioned that
each model has its advantages and disadvantages in application to resolving velocity sedimentation
data of macromolecules (especially in thermodynamically good solvents and/or the solutes with
pronounced polydispersity), as the major object of Sedfit preprogramed calculations are biological
objects (for example, globular proteins possessing very compact conformation with very distinct size
viz. molar mass). The most common ones suited for finding the sedimentation coefficient and molar
mass distributions of macromolecules will be discussed and the obtained results will be tested for
self-consistency.

The further development of g*(s) into I1s-g*(s) model became possible as systematic noise
decomposition algorithm was proposed [45]. The appearance of ‘Is’ in the name of the model
indicates the least-squares bases of the analysis providing direct fit of sedimentation boundary. This
model results in sedimentation coefficient distributions of non-diffusing solutes, so it can be applied
to the results of the velocity sedimentation experiments with rather big samples or high rotor speeds
where diffusion of the solutes could be omitted otherwise it will show broadening of the obtained
distribution due to unaccounted diffusion.

The more advanced model accounting for the diffusion of solutes is continuous ¢(s) distribution
(including continuous c(s) distribution with prior knowledge, viz. c(s) with general scaling law,
which is more suitable for resolving sedimentation data of macromolecules) [44]. Both of these
models allow to obtain differential distribution on sedimentation coefficient s and a mathematically
fitted parameter determining the averaged diffusion coefficient of sedimenting species at measured
solution concentration. In case of continuous c(s) model this parameter is frictional ratio (f/fspn),
which is the ratio of translational friction of studied sedimenting species f to translational friction
of equivalent sphere f;,,. In the latter model the fitted parameter K is entering one of the Kuhn-
Mark-Houwink-Sakurada (KMHS) scaling equations relating the sedimentation coefficient and
molar mass: s = K;MPs. It is worth noticing, that parameters of KMHS equation K and by can be
determined by studying polymer-homologous series of samples of certain polymer also in certain
solvent, temperature, molar mass range etc. [46]. So the differential distribution on sedimentation
coefficients and parameters characterizing diffusion coefficient are resolved in Sedfit by numerically
solving partial differential Lamm equation [47]:

dc 1d dc
— === (TD —— swzrzc), )
dat rdr r

where t is the time of applying the centrifugal field at the radius r from the axis of rotation with a
rotor rotating with an angular speed w. First term of the equation describes the diffusion process at
the created solution-solvent boundary, which is formed due to the centrifugal field and sedimenting
species (second term). Thus, the Sedfit numerically solves Eq. (2) within the given parameters and
searches for the least residual values between experimental data and resolved solution, with further
implementation of Tikhonov-Phillips regularization procedure [48].
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The further advance of velocity sedimentation data treatment was introduced into Sedfit some
time ago with implementation of extended Fujita approach [36,49]. This analysis model name is ‘f (M)
vs. M with scaling law’ ( fg(M) ). It allows transformation of differential distribution on

. . .. dc . . . . . dc
sedimentation coefficient = into differential distribution on molar mass PIvE
dc ds dc
dM ~ dM ds’ ©)

which becomes possible with prior established KMHS equation s = K;MPs for the system under
study:

dc —1) dc
d_M= sbsM(bS DE/ (4)

or

dc
M

dc
ds’

1/bg _
(bSKs/ sbs=1)/bs) )

with M = (Ki)l/ bs. As a result weight average M, and z-average M, molar masses may be
S
determined. In previous work [49] authors preliminary suggested estimation of differential

distribution on molar mass j at lowest possible concentration detectable with AUC optical

. . d .
systems, but in current study the concentration dependence of s, ﬁ, M,, and M, will be closely

considered. The task was accomplished for the majority of the samples with studying at least 3
solution concentrations within about 3-fold of its range. Also the auxiliary parameters (i.e. (f/fspn)
and K;) were determined in this manner.

Diffusion coefficient data. The diffusion coefficients were determined with 3 independent
experimental methods. The first estimation of the diffusion coefficient value is possible from velocity
sedimentation data processed with continuous c(s) distribution model based on sedimentation
coefficient and frictional ratio values:

kpT 1-7, 1z
= kBT (__170Po 6
Dost = 5273 (ng(f/fsph)zsﬁ) ’ ©

where kg is the Boltzmann constant and T - the absolute temperature on the Kelvin scale. The Dyg¢
valued should be treated as estimate since they are calculated with a fitted parameter (f/fspn)o in
the direct experiment on determination of sedimentation coefficient. It was demonstrated earlier, that
for various polymer systems the diffusion coefficients evaluated by this approach are indeed
reasonable, making the sedimentation velocity analysis completely independent and self-sufficient
tool for the molar mass/size determination [50-52].At the same time this approach may fall short in
its accuracy and suitability for a number of more complex macromolecular systems with more
pronounced non-ideal hydrodynamic behavior as well as for rigid chain polymers [50].

Isothermal diffusion (ID). The translational diffusion was studied with Tsvetkov polarizing
diffusometer by the classical method of an artificial solution/solvent boundary formation with further
observation of diffusion boundary dispersion evolution with Lebedev’s interference scheme [26]. The
diffusion boundary is formed in the diffusion cell with a Teflon centerpiece fixed within optical glass
plates with an optical path h = 30 mm along the polarized beam, at average solution concentration
of ¢ = 0.6 mg/ml. The diffusion data were recorded a digital matrix and further processed with the
semiautomatic algorithm [53] for determination of the height H and area Q under the diffusion
curve in Gaussian approximation: o2 = ag,/(8inverf?(as,H/Q)), where o2 is the dispersion of the
diffusion boundary, ag, — the spar twining (a5, = 1.1 mm) and inverf() — the inverse error function.
All experiments were performed at T = 25 °C. The translational diffusion coefficients were further
calculated by the following equation:
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where o is the dispersion at the beginning of the experiment characterizing the quality of the
boundary formation, and t is the time since the start of a diffusion experiment. The evaluated values
of the diffusion coefficients Dy, were assumed to be the values extrapolated to zero concentration.

Dynamic Light Scattering (DLS). Another independent experiment on the determination of a
diffusion coefficient of pullulan samples in DMF was carried out using “PhotoCor Complex”
spectrometer (Photocor Instruments Inc., Moscow, Russia). The experimental setup consists of digital
correlator (288 channels, 10 ns), a standard goniometer (10°-150°), and a thermostat with temperature
stabilization of 0.05 °C. All experiments were carried out at T =25 °C. The single-mode linear
polarized laser (wavelength Ap; s = 654 nm)was used as an excitation source; the experiments were
carried out within the following range of scattering angles: 30 < ¥,° < 130. Autocorrelation
functions of scattered light intensity were processed using the inverse Laplace transform
regularization procedure incorporated in DynaLS software (Photocor Instruments Inc.,, Moscow,
Russia), which provides distributions of scattered light intensities by relaxation times p(z). The
dependence of 1/7 (where 7 is the position of a maximum of the p(r) distribution) on the
scattering vector squared was calculated as q% = ((4mn/Ap.s) sin(9/2))?, here n is a refractive
index of a solvent. For all studied samples, this was a straight line passing through the origin,
indicating the translation diffusional character of the observed processes (1/7 = Dp1sq?) [54]. The
concentration dependence of diffusion coefficient was studied for obtaining undisturbed value of
diffusion coefficient Dypyg at the limit of infinite dilution.

Refractometry. The refractive indexes of DMF and refractive index increments % were

determined with ABBEMAT WR/MW (Anton Paar GmbH, Graz, Austria). Few concentrations of
pullulan and oligomer solutions in DMF were studied at Ag = 589.3 nm and T = 25 °C. Standard
dilution procedures were implemented. It should be noted that refractive index increment may also
be assessed through velocity sedimentation and translation diffusion experimental setups equipped
with interferometer optical schemes. It was accomplished based on determined jitter displacement at

well-defined concentrations: Z—: = (ahﬁ) Q/c, where A;p = 536 nm is the light wavelength, b = 1.5
sp
mm is the distance between the interference bands determined by the compensator for Tsvetkov
Aauck
!
factor for XLI AUC. The comparison of obtained values with different experimental techniques

allows to check the consistency of obtained data.

polarizing interferometer and % = ( ) J/c, where K =7.752 um/pixel is the magnification

3. Results and Discussion

3.1. Viscometry

The viscosity experimental data was obtained according to the conditions and using viscometers

(OV and HV) described in detail in the experimental section. It was treated both with Huggins 77% =

[n] + kulnl?c + -+ [28] and Kraemer In7e [n] + kx[n]?c + -+ [29] equations, where ky and kg are

c
Huggins and Kraemer parameters, which are mathematically interrelated as ky = ki + 0.5 [55,56].

All the data was obtained within the range of relative viscosity: 1.1 <7, < 2.5, where they were
approximated with linear dependences (Figures S1 and 1). The relative viscosity values obtained
with HV at 40 and 50° inclination angles showed practically identical results (Figure 1), so the values
were averaged to assess the intrinsic viscosity values. The complete table of determined values of
intrinsic viscosities, Huggins and Kraemer parameters with corresponding linear correlation
coefficients is presented in Supporting information (Table S1). The determined practically 18-fold
range of intrinsic viscosity is in good correlation with assessed molar mass range specified by
pullulan sample supplier. The Huggins and Kraemer parameters were averaged for entire range of
pullulan samples (oligomers were not included in calculations) and constituted: ky = (0.38 + 0.02)
and kg = —(0.13 + 0.02), correspondingly (Figure S2). These values satisfy the above interrelation
of Huggins and Kraemer parameters within experimental error range. The increase of absolute values
of ky and kx parameters within studied oligomers molar mass range is most likely caused by



https://doi.org/10.20944/preprints202412.0668.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 December 2024 d0i:10.20944/preprints202412.0668.v1

imprecision of the slope value evaluation in Huggins and Kraemer plots due to low intrinsic viscosity
instead of typical for polymer samples 1.1 <7, < 2.5). According to the Table S1 the intrinsic
viscosity values determined with Huggins and Kraemer equations were found well correlated and
coincided with each other within experimental error. This fact indicates that DMF as a solvent
represents thermodynamically good conditions for pullulan macromolecules [57]. So, intrinsic
viscosity values [n]y and [nlx were further averaged to consider the difference of applied
experimental techniques, i.e. Ostwald and Hoppler viscometers (Table 2). The average discrepancy
between intrinsic viscosities determined with Ostwald and Hoppler viscometers was determined and
turned out to be equal to 3.8 %. The biggest difference of the intrinsic viscosities was found for
samples P1, P3 and P4 with up to 5.4 % dissimilarity in absolute values (Figure S3) and on the other
hand the obtained data showed the identical values for sample P6. For example, based on earlier
published result on intrinsic viscosity values obtained with only capillary viscometers for well-
defined samples with close molar mass under the same condition in water solutions the discrepancy
of the intrinsic viscosity values varied up to 9.6% (sample P-400 [16] vs. PF806 [15]) or 22% (sample
PF308 [15]vs. P-100 [21]). Thus, the coherence of the two data sets obtained with different viscometry
experimental techniques may be confirmed. Again, it should be noted that the major difference of
these two techniques is mainly associated with extreme sensitivity of HV to any unwanted impurities
present in the studied solution due to much lower gap of solution elution in comparison with OV.
Consequently, both of the considered inhere viscometers provide reliable results with minor
discrepancies associated with regular experimental error. Onward in the current study the intrinsic
viscosities (OV and HV) are averaged and used in this manner for further analysis.

values and, consequently, insufficient range of measured relative viscosities (1.12 <7, < 1.37

nylc; Innle, cm’/g

- P8
- P7

300 A

vAo4dron
vAOQ PD>ODO

hspC

Figure 1. Huggins (solid lines, filled symbols) and Kraemer (dashed lines, open symbols)
dependences plotted for pullulan solutions studied in DMF at 25 °C. The viscometry data are obtained
with Hoppler viscometer using 40°(sharp symbols, gyysee =2100 s) and 50°(blurry symbols, gyysge
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= 2500 s7) inclination angles. The sample number is presented next to the data points at the figure
legend.

Table 2. The comparison of viscosity data obtained with Ostwald and Hoppler viscometers. The
intrinsic viscosity values are pre-averaged by results of Huggins and Kraemer approximation,
Huggins (ky) and Kraemer (kg) parameters, correspondingly.

Ostwald viscometer Hoppler viscometer av
Sample , i [nlov

P Cr[;’;l/g ky —kg Cr[;’;l/g ky —kyg %
P8 213 0.36 0.14 219 0.37 0.14 2.8
P7 133 04 0.13 135 0.40 0.13 1.5

P6 84 047 0.11 84 0.50 0.10 0
P5 59.2 0.28 0.18 60.2 0.24 0.21 1.7
ps 55 0.45 0.11 54 0.55 0.08 -1.8
P4 36.9 0.13 0.26 34.9 0.31 0.17 -5.4
P3 214 0.46 0.09 22.1 0.51 0.08 3.3
P2 15.8 0.40 0.13 16.3 0.42 0.12 3.2

P1 11.9 0.30 0.18 12.5 0.31 0.17 5

3.2. Densitometry

The density of pullulan and oligomer solutions in DMF was measured on the densitometer
(Figure S4). Based on the determined slope values dp/dc = (1 — Upy), the partial specific volume was
determined. It turned out to be equal v = (0.65 & 0.02) ¢cm3/g for pullulan samples and © = (0.60 +
0.01) cm3/g for the oligomers. The presented slope values were averaged over P2, P7, P8, P9 pullulan
samples and separately for both oligomers 0180, O730. According to the literature data the partial
specific volume was reported earlier for pullulan solutions in water: 0.602 cm3/g [16], (0.61+0.02)
cm3/g [20] and 0.65 cm3/g [23]. Therefore, the inhere found values of partial specific volume are in
good correlation with previously reported. It is necessary for interpretation of velocity sedimentation
data in the following paragraph.

3.3. AUC

The velocity sedimentation data was resolved using two manual techniques (dc/dr and dc/dt)
and four models incorporated in Sedfit: continuous c(s) distribution, direct fit of sedimentation
boundary based on the least-squares analysis Is — g*(s), cg(s) with ‘general scaling law” and
fesi(M) with extended Fujita approach (Figure 2). All of the models are discussed in detail in
experimental section. Also the concentration dependence of the sedimentation coefficients, frictional
ratios and pre-exponential coefficients were obtained and undisturbed values (So, (f/fspn)o and Kj)
at zero concentration were determined (Figures S5, S6 and S7). All of the s(c) and (f/fspn)(c)
dependences were linear and approximated by the following expressions s™1 = s5 (1 + kgc + +++)
and (f/fspn) = (f/fspn)o(1 + kgc +--+), where kg is Gralen coefficient and k; has the same
meaning in concertation series of frictional ratio [58]. The sedimentation coefficients resolved in this
manner are presented in Table S2. Based on the calculated sedimentation coefficient s, in infinite
dilution limit and Gralen coefficient kg the Pavlov-Frenkel scaling relationship can be formulated:
ks = KgsSo27305)/bs = (5 4 2)s5,(15¥%2) (Figure S8) [59]. According to the relationship the first
estimate of the sedimentation scaling index is made bs = (0.44 + 0.03), which will be précised
further in the study. Besides, another dimensionless parameter can be calculated for convergence
check of the velocity sedimentation and viscometry data k;/[n] (Figure S9). It results in k;/[n] =
(1.2 £ 0.2) and the upper limit of its value is virtually close to the specific range of 1.6 to 1.7, thatis
usually found for the flexible macromolecules [60].

The determined sedimentation coefficient range demonstrates 9-fold difference for the studied
pullulan samples. One may be immediately convinced that the rotational friction (viscometry)

d0i:10.20944/preprints202412.0668.v1
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processes in comparison with the translation friction (sedimentation and diffusion) are much more
sensible for the size of the studied macromolecular coils, as almost 18-fold difference was determined
in intrinsic viscosity values. Also, it is worth noticing, that the sedimentation coefficient s = 0.2 S for
the lowest molar mass oligomer O180 was found at the bottom range of resolution of the analytical
centrifuge. The previously reported findings within the bottom limit of the velocity sedimentation
technique were determined for the cyclodextrins [61]. This fact of resolution of such small size species
is most likely explained by the narrowest polydispersity of the studied oligomer.

The results obtained by manual processing of sedimentation data (Figure S10) with dc/dr and
dc/dt techniques are of a control nature. It is mostly due to the fact, that only the main fraction
creating the sedimentation boundary may be reliably resolved. Unlike a solution obtained in Sedfit
where the distribution on sedimentation coefficients is determined. Yet, the sedimentation
coefficients calculated with dc/dr and dc/dt technique are in satisfactory agreement with ones
obtained with Sedfit distributions (Table 52), as most of the samples have very narrow molar mass
distributions (Table 1).

Both continuous c(s) and cgq(s) with ‘general scaling law’ models result in practically
identical distributions and average sedimentation coefficients (Table S2). This fact is established in
identical initial parameters used in the models such as: the range of sedimentation coefficient search,
number of test species, confidence level, meniscus and bottom position, solution parameters and
boundary conditions for Lamm equation solutions. The only difference of these models is in the
resulting fitted parameter: (f/fspn)o in c(s) and K in cgq(s) model correspondingly. The cgq(s)
model, however, requires the exponential index b;, which is determined further in the study (Eq. 11).
It is also worth noticing that under close inspection of c(s) and cgq(s) distributions the negligible
low molar mass fractions are detected for almost all studied pullulan samples in the determined
sedimentation coefficient range of the studied oligomers (0 < s,S < 1).

The last distributions on sedimentation coefficient resolved with the direct fit of sedimentation
boundary based on the least-squares analysis Is — g*(s) model results in identical results with c(s)
and cgg(s) models down to pullulan sample P2 (Table S2), where 13% difference in sedimentation
coefficient is established. Further comparison of sedimentation coefficients for sample P1 results in
30% difference. It means, that the Is — g*(s) model applicability limit is reached at about 2 S. In the
determined size range the diffusion process can no longer be unaccounted and results in not only in
distribution broadening, but also affects the value of the sedimentation coefficient. The similar
observations were made earlier for other macromolecular systems [58,62].

Finally, the velocity sedimentation data was treated with implementation of fy(M) model
with extended Fujita approach (Table S2). It is also as cgg(s) model requires the knowledge of
exponential index bg for the system under study. According to the resolved data (Table S2) for
successful determination of true weight average M,,, z-average M, molar masses and corresponding
dc/dM distribution the following criteria can be formulated. First, the calculated sedimentation
coefficient s of the corresponding studied solution concentration must be in immediate vicinity of
the determined sedimentation coefficient s, in the limit of infinite dilution. Second, the K, value
fitted with both cgg(s) and fz(M) models for the solution concentration under consideration is in
the experimental error range determined independently in KMHS equations. Third, the velocity
sedimentation data should be collected at the lowest concentration, which allows reliable data
resolution within the frame of cgq(s) and fg(M) Sedfit models. In that case the satisfactory
correlation of M,,, M, and the absolute molar mass M, (determined further in the study, Table 3)
obtained with sedimentation-diffusion analysis can be established. Indeed, for the pullulan samples
from P1 to P7 the comparison of M, with the absolute molar mass My, values obtained by
sedimentation diffusion analysis is within the 5% difference, which can be considered as
experimental error range. On the other hand, the difference of M,, with Mp for pullulan sample P8
is almost about 70%. This is definitely explained by strongly expressed concentration dependence of
the hydrodynamic parameters, viz. the sedimentation coefficient and more important the K, value
(Figures S5 and S7). Although both s and K, value of P8 sample are assessed in condition of very
diluted solution, where dilution parameter c[n] =~ 0.1 (Figure S7), the K value fitted with cgq(s)
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and independently in f,5(M) models was found to be equal to 1.33 - 1072, which is quite different
with the K¢ = (1.72 + 0.06)1072. Due to this difference and according to the equation M = (Ki)l/ bs
S

the weight average molar mass resolved with fy;(M) model gives strongly overestimated value. It
means, that for high molar mass samples with strongly expressed concentration dependence the
velocity sedimentation experiments must be performed at c[n] « 0.1. This may be achieved by
performing the experiments at extremely low concentrations with one of the following techniques:
the engaging of absorbance optical system for the certain samples capable to absorb at the available
range of XLI monochromator, modifying the system under study with fluorescent labels and using
fluorescent detector [63] or using commercially available 20 mm centerpieces for AUC cells [64]. None
of the above listed is in our possession at the moment, so the resolution of high molar mass pullulan
samples with fzq(M) model is a matter of further studies. Nevertheless, the earlier formulated
criteria and current state of our experimental apparatus allowed trustworthy well-correlated solution
with fg (M) model for a flexible chain macromolecule (pullulan) in the thermodynamically good
solvent for up to 420000 g/mol in molar mass. For example, Figure S11 demonstrates the comparison
of pullulan sample P5 with PS, which have close molar mass values, but polydispersity of the samples
is quite different. It would seem, that the difference of the determined 1.05 and 1.31 in polydispersity
index is not high in value, but it shows crucial change in both distribution on sedimentation
coefficient and molar mass, correspondingly. It should be noted, that polydispersity index for PS was
not provided by supplier and it was determined in this study. It also might be a little underestimated,
as it is found with ratio of third average moment (M,) of molar mass to the second one (M,,) and due
to the fact that the distribution was not resolved properly in oligomer range, so these low molar mass
species are excluded from the analysis. The slight underestimation of the polydispersity index is
confirmed for pullulan sample P5. The supplier data for the sample is 1.12 in comparison with 1.05
determined inhere with fyq(M) model. The similar trend is established for other pullulan samples
(Table S3).

c(s)
o738
0180], 12

0.4
0 5 10 15 s, S 15 5, S
) ) fuMD d)

124 [5 6 7 8 1 2 4 (’5 {(\) 7
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Figure 2. The normalized distributions on sedimentation coefficient (a, b, c) and molar mass (d), which
are resolved with implemented in Sedfit models: continuous c(s) distribution (a), direct fit of
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sedimentation boundary based on the least-squares analysis Is — g*(s) (b), continuous cgg(s) with
general scaling law (c) and fg (M) with extended Fujita approach (d). The exponent value b, used
in cgg1(s) and fg1(M) models is determined in Eq. (11). The presented distributions were resolved
for the lowest measured concentrations (c~0.5 g/dL) of pullulan solutions in DMF at 25°C. The
notations next to the curves correspond to the sample notations in Table 1.

Thus, for the first time to the best of the authors” knowledge the concentration effect on molar
mass distribution f, (M) is obtained, studied and the criteria for reasonable resolution of velocity
sedimentation data with the Sedfit model are formulated.

3.4. Diffusion Experiments and the Concept of Hydrodynamic Invariant

The diffusion coefficients were assessed independently with three different experimental
techniques: isothermal diffusion (Djp) studied with polarizing Tsvetkov diffusometer (Figure 3), the
diffusion coefficients obtained by continuous c(s) distribution model implemented in Sedfit
calculated with sedimentation coefficients and frictional ratio values (Eq. 6) (Figures S5 and S6) at
infinite dilution limit (Dgf) and Dpps — dynamic light scattering (Figure S12). This is another raised
question addressed towards methodology area in regard to explore the convergence of results and
exploring limits of engaged experimental approaches. The obtained data are presented in Table S4.
It can be seen that the diffusion coefficients obtained by the three independent experiments for every
sample are in satisfactory agreement with each other and for the most samples are found practically
within experimental error range.

At this point of study, the intrinsic viscosities and velocity sedimentation coefficients of pullulan
samples in DMF are reliably determined, so the concept of hydrodynamic invariant 4, [65] may be
implemented to ensure, that the determined diffusion coefficients are well correlated with earlier
discussed data. Besides, it is very convenient moment for hydrodynamic characteristic self-
consistency check, as diffusion coefficient influence hydrodynamic invariant in higher power, than
intrinsic viscosity and sedimentation coefficient:

Ao = (RIDP*[s][nD*?, ®)

where R is universal gas constant, [D] = Dyno/T and [s] = syno/(1 —Upy) are characteristic
diffusion and sedimentation coefficients, correspondingly. The hydrodynamic invariant values were
calculated for all obtained diffusion coefficients. It was found, that practically all of A, values are
physically sounded and belong to the range of the theoretical value known for hard spheres 4, =
2.914-107'° and to 3.84 -107!° cm?g/(s?’K mol'®) for Gaussian chains in the absence of volume
effects and in the limit of preaveraging of the hydrodynamic Oseen’s tensor [65], except for two
diffusion coefficients evaluated for oligomers with DLS. Indeed, the oligomer sizes are over the
resolution limit of the experimental set up. Thus, all other diffusion coefficients were averaged and
used further in the study in this manner. This allows to combine all obtained hydrodynamic
characteristics in general table (Table 3). The Table 3 contains the absolute molar masses, which were
calculated with Svedberg equation:

My = R[s]/[D], ©)

the hydrodynamic invariant values determined with Eq. (9) and the sedimentation parameter [
that has the same properties as A4, [60]:

Bs = Na(R72[D]*[s]ks)"/?, (10)

where N, is the Avogadro constant. ). For the studied pullulan sample series, the following average
values of hydrodynamic invariants were obtained: 4, = (3.40 + 0.07)107*° cm?2g/(s?’K mol'?) and
Bs = (1.19 £ 0.06)10”7 mol'5. It well correlates with earlier published data [21,58,60,66-69]. After
making sure that the hydrodynamic characteristics are consistent, one can proceed to further
interpretation of the obtained matrix of experimental hydrodynamic values and molar masses of
polymer homologues.
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Figure 3. The dispersion ¢? of the diffusion boundary with time ¢ elapsed since the begining of the
isothermal diffusion experiment for pullulan samples in DMF solutions at 25°C obtained with
Tsvetkov polarizing diffusometer (a). Each succesive 02(f) dataset is shifted along the Y-axis by 2.5-10-
3 cm? except for the initial one for sample P8. The notations next to the lines correspond to the sample
notations in Table 1. The inset (b) demonstrates diffusogramms for samples P1 and P8 taken at times
t, hours: 1.0(b1), 8.0(b2), 20(b3), 0.8 (b4) 2.0 (b5) and 3.8 (b6) elapsed since the experiments start. Arrows
at inset (a) indicate datapoints resolved with corresponding diffusogramms presented at (b).

Table 3. Hydrodynamic parameters, hydrodynamic invariants, molar masses and the number of
statistic segments entering a polymer chain of pullulan samples in DMF at 25 °C.

Ay10%0,
Sample [n], Dy107, 50103, ks, Bs1077, cmzg/ M,1073, L/
cmd/g cm?/s s cmd/g mol13 (K mol1”) g/mol
P8 216 1.26 12.6 230 14 3.78 640 760
pP7 134 1.59 10.3 198 1.3 3.53 420 490
P6 84 2.31 7.3 93 1.2 3.46 200 240
P5 60 3.17 53 47 1.1 3.43 110 130
Ps 55 347 5.1 60 1.2 3.49 94 110
P4 36 473 3.6 25 1.0 3.32 49 58
P3 22.2 6.86 2.5 27 1.1 3.20 23 28
P2 16.1 9.37 1.8 3.18 12 15
P1 122 12.27 1.38 3.17 7.2 9
0730 59 34 0.39 3.22 0.73 0.9
0180 5.5 62 0.2 3.77 0.21 0.3

3.5. Refractive Index Increment

Since the major experimental results have been obtained at this point of study, it is possible to
summarize and compare data on refractive index increment obtained with optical interferometer
detection schemes (Rayleigh’s in AUC [70] and Lebedev’s in isothermal diffusion [26]) and
refractometer (Figure S13). The data are presented in Table S5. It can be seen, that obtained values
are in satisfactory agreement within each technique, so the average values can be discussed:
(0.08+0.01), (0.096+0.002) and (0.101+0.001) cm?/g, which are related to isothermal diffusion, AUC and
refractometer, correspondingly. There was not observed noticeable difference in refractive index
increment of pullulan samples and its oligomers. It should be noticed, that (dn/dc);r and
(dn/dc)ayc are in average lower than (dn/dc)g. This might be explained by presence of negligible
presence of oligomeric fraction also resolved with AUC distributions. The slight difference between
(dn/dc)ir and (dn/dc)ayc most probably obtained by both the difference in light wavelength value
and construction features of interferometers build in experimental set ups.
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3.6. Hydrodynamic Scaling Relationships

The interrelation of hydrodynamic characteristics of macromolecules with each other and with
molar mass allows to obtain two types of scaling relationships. One is well known type of scaling
relationships between hydrodynamic characteristics and molar masses or Kuhn-Mark-Houwink-
Sakurada (KMHS) equations (Figure 4). Other type is interrelationships among hydrodynamic
characteristics. The whole set of relationships, may be parameterized and given as follows:

by
P = KyP", (11)

where P; is one of the hydrodynamic characteristics [n], Dy, So, ks, and P; is another
corresponding hydrodynamic characteristic or molar mass. It should be noted, that either type of
scaling relationships is describing polymer homologous series at certain conditions (solvent,
temperature, the ion strength of a solution etc.) within determined molar mass range. Cross plots
(hydrodynamic characteristics vs. other hydrodynamic characteristics) make it possible to verify how
much the pair of initial characteristics obtained by various hydrodynamic methods correlate with
each other (Figure S14). The case of a noticeable deviation of some pair of them indicates the need to
verify the experimental results. The plots of such cross-correlations are shown in Figure S14. Table
S$6 summarizes the parameters of the entire set of derived scaling relationships, which demonstrate
satisfactory cross-correlations between various experimental characteristics. Table 4 and figure
KMHS contain data on canonical KMHS scaling relationships. Taking into account the well-known
interrelation of scaling indexes (|bp| = (1+b,)/3 and |bp|+ bs =1) the final view of KMHS
relationships reads as
[n],cm3®/g = (0.058 4 0.002)M-60£0-04,
51013, s = (0.020 + 0.001)M0-48+0.02

and Do107, % = (1300 + 20)M 0524002
for pullulan macromolecules within the molar mass range 7.2 < Myp1073,g/mol < 640 in DMF
solutions at 25 °C for intrinsic viscosity, velocity sedimentation and diffusion coefficients,
correspondingly.

Considering the intrinsic viscosity values (most sensible characteristic to size of the species) of
oligomer molar mass range, the tendency towards decreasing of b, may be noticed, which in turn
means the lower effect of oligomer size on the hydrodynamic parameters. The scaling indexes are not
calculated within the oligomer range due to the scarce of available data points. The situation with the
number of available data points was radically different in the study of pullulan homologous series in
H20 [15-18,20], where besides the determined within the study hydrodynamic characteristics, those
were also summarized with previously reported data [21] resulting in overall analysis of
independently acquired hydrodynamic characteristics on 81 independent samples within the record
molar mass range 2.8 < M;,1073, g/mol < 2360. This in turn allowed the resolution of two reliably
determined sets of scaling indexes within following molar mass ranges. First set of scaling indexes
was resolved for the molar mass range 2.8 < M1073,g/mol < 30 and resulted in b, =055, by =
0.45, where b is a scaling indexes relating translation friction coefficients f (f =kT/D, or
equivalently f = M(1—10py)/(NsSe)) vs. molar mass M in log-log scale. The second one (30 <
M1073,g/mol < 2360) leaded to b, = 0.67, b; = 0.54. The comparison of scaling indexes obtained
in this study with ones, obtained earlier for pullulan study in water solutions results in following
conclusions: the similar decrease in b, value was observed for oligomer range in water solutions,
which proves the earlier made point on the lower effect of the oligomer size on the hydrodynamic
parameters. While the larger value of b, in the second molar mass range may indicate higher
demonstration of excluded volume effects in water solutions, the structural parameter responsible
for draining affects viz. the diameter of a pullulan chain is the same in both environments (DMF and
H:0).
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Table 4. Parameters of scaling KMHS relationships for pullulan samples in DMF at 25 °C.

P — P; b;; K; Tyl
[7],cm3/g — My 0.62+0.02 0.0440.009 0.9970
5p1013,s — Mg 0.49+0.01 0.017+0.001 0.9999
Dy107,cm?/s — Mgy -0.510.01 111050 -0.9998

! The linear correlation coefficients of corresponding double logarithmic dependences (Figure 4).
. 13, 7
[7]; 5,0'%; D, 10
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Figure 4. The double logarithmic plot of KMHS scaling relationships for intrinsic viscosity (1),
sedimentation coefficients (2) and diffusion coefficients (3) obtained for pullulan samples in DMF
solutions at 25 °C. The red data points refer to oligomer hydrodynamic characteristics and were not
included into analysis.

3.7. Determination of Conformational Parameters

The equilibrium rigidity A and transversal diameter d of a pullulan chain will be determined
with the most sophisticated Gray-Bloomfield-Hearst theory [71], which is taking into account both
excluded volume effects and draining effects. Then the conformational characteristics will also be
assessed through the Monte Carlo simulations using a worm-like general model when processing the
entire array of hydrodynamic data, which was relatively recently [72-74]. In this method, a common
solution is sought that best fits the experimental data obtained by several independent methods, in
our case, data on the translational friction of macromolecules in solutions (velocity sedimentation
and translational diffusion), as well as the results of their viscous friction in dilute solutions (intrinsic
viscosity).

The Gray-Bloomfield-Hearst theory describes the dependence of the sedimentation coefficient
of a wormlike necklace and in the region L/A > 2.3 (L is the contour length of a chain) the model
expression reads as follows [71]:

(1+e)/
5 M, (1+9)/2 M-e/2 4 PoMi [InA/d —d/34 — p(e)], (12)

[sINaPo = (1-€)(3-¢) A(1-9)/2 3

where P;=5.11 is the translational friction Flory coefficient, M; — the molar mass per unit chain
length, ¢ — the parameter characterizing thermodynamic quality of the solvent and ¢(¢) is the
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parametrized function @(e) = 1.431+ 2.635 € + 4.709¢% . Besides using the substitute [s]P,N, =
(M?®,/[n])Y/3, where @, is rotational friction Flory coefficient, in Eq. (12) [75] both translational
(velocity sedimentation and diffusion) and rotational (viscometry) friction data can be processed. It
allows the determination of equilibrium rigidity A,, As and effective transversal diameter d,, d, of
a polymer chain depending on the extrapolated data type (indexes 1 — rotational friction data and s
— translational one). To acquire the conformation parameters the molar mass per unit chain length
M, = M,y/2 must be determined. Here M, is the molar mass of a monomer unit of pullulan and 2 is
the projection of a monomer unit to the direction of fully extended polymer chain. M, is known with
the polymer unit structure and equals to 162 g/mol and 1 = 4.79 - 1078 cm [16] per glucopyranose
ring, resulting in M, = 3.38-10° g/(mol cm).

It should be noted that M; value may be assessed based on the hydrodynamic experimental
data using a weakly bended cylinder model. The model is relevant for the following range of the
relative polymer chain contour length: 0.1 < L/A < 2 and reads as [76]:

M?  45M,°
[n] 27N,

(nM — In(M,d) — 0.697). (13)

Due to the fact that pullulan is a flexible chain polymer to satisfy the condition on the relative
polymer chain contour length only two data points acquired in this study (O180 and O738) may be
considered for the Eq. (13) model plot. Despite of the fact the experimental M, value is calculated
with almost 100% experimental error it results in close to the theoretical calculation 3.38-10° g/(mol
cm) on the upper error limit M, = (1.7 £ 1.6) - 10° g/(mol cm) (Figure S15).

Also, besides the M, the & parameter characterizing thermodynamic quality of the solvent
must be determined. This was accomplished by implementing the following expressions & = (2b, —
1)/3 = (2]|bp| — 1), which resulted in the average value < &, >= (0.05 %+ 0.02). Thus, according to
Eq. (12) and corresponding plots of the in here obtained experimental data at the Figure S16 the
following values of equilibrium rigidity 4, =(2.61+0.15) nm, A;=(2.66+ 0.05) nm and
transversal diameter d,, = (0.2 £ 0.1) nm, d; = (0.8 £ 0.1) nm are obtained, which result in average
values <A4,,>=(2.6+01) nm and <d,; >=(0.510.3) nm characterising the pullulan
macromolecules in DMF solution extensively studied in current project. On the other hand the
average values for conformational parameters characterizing pullulan in water medium read as
follows: < A,s > (H,0) = (2.2+0.6) nm and <d,s > (H;0) = (0.4 £ 0.3) nm. Thereby due to
practically identical results the consistency of hydrodynamic data obtained in water and DMF
environment is established, as well both the excluded volume effects and draining effects within the
frames of Gray-Bloomfield-Hearst theory may be considered greatly handled. The last column of
Table 3 gives the number of statistical segments in the pullulan chains, which demonstrates its range
for the studied pullulan samples.

3.8. Multi-HYDFIT Suite

Hydrodynamic coefficients, solution properties and ultimately conformational parameters of
the macromolecules can be calculated using Multi-HYDFIT [72-74]. Engaging Monte Carlo
simulation the program Multi-HYDFIT allows processing of hydrodynamic data for practically any
sort of macromolecules, covering the full range of the worm-like model, from short cyllinders to very
long, fully flexible chains. The main block of hydrodynamic data ([n], D, s, ¥ and Mjp) is entered
into the program, as well as the parameters characterizing solution 14, py, and T, which are
necessary for the transition to the characteristic values [D] and [s].

The persistence length a (which is related to equilibrium rigidity as A = 2a), transversal
diameter (d) of a chain and mass per unit length (M, ) can be evaluated using Multi-HYDFIT program;
this program performs a minimization procedure aimed at finding the best values of a, d and M,
satisfying the conditions of the chosen theoretical model. The Multi-HYDFIT program then “floats”
the variable parameters in order to find a minimum of the target function A?, which is calculated
through equivalent radii [73]:
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2
(Z )1 Z wy (ay(cal) aY(eXp)> ’ (14)
Y Y aY(exp)

where ay is the equivalent radius (defined as a radius of an equivalent sphere having the same value

1S

AZ = (a,ML,d) = -
9 ’
i=

as the determined characteristic Y (translation diffusion D, velocity sedimentation coefficients s,
and intrinsic viscosity [n])), N; is the overall number of samples, wy is the weights for the various
hydrodynamic properties, the indexes ‘cal’ and 'exp’ indicate calculated and experimental values,
correspondingly. The error function A is a dimensionless estimate of the agreement between the
experimentally measured characteristic and the theoretical values of a, d and M, calculated for the
selected hydrodynamic characteristic and for a particular molar mass. Thus, 100A can be regarded
as a typical difference between the calculated and experimental values for the whole set of properties
of the series of samples. Multi-HYDFIT allows to fit any of the parameters (a, d and M;) or fix the
value of either one of them to calculate the other two.

The final results of Multi-HYDFIT program are presented as the color gradient maps of
conformation-structural parameters like a topographic map (Figure 5). The color gradient is set by
the value of the error function, consequently the solution is presented by the region with the lowest
value of A. This is illustrated in Figure 5, which demonstrates the result of Multi-HYDFIT handling
hydrodynamic data obtained for pullulan samples in DMF and water dilute solutions. The Multi-
HYDFIT simulations were launched for the obtained hydrodynamic parameters obtained inhere
(0.21 < M103, g/mol < 640) and independently with summarized pullulan data (2.8 < M103,
g/mol < 2360) in water solutions [21].

Table 4. The structural parameters of pullulan chains resolved independently from hydrodynamic
characteristics obtained in DMF and H20 environment with Multi-HYDFIT program: persistence
length (a), transversal diameter of a chain (d), molar mass per unit length of a chain (M) and target

delta function (4).
Variables Fixed a, d, M;107°, A,
Solvent

values nm nm g/(mol cm) %
DMEF a, d, M 19+0.1 2.0+0.2 3.6+1.2 12.7
DMF a, d M, 2.0+0.1 22+0.2 3.38 7.6
H20 a, d, M; 1.8+0.1 1.8+0.1 41+03 14.8
H0 a, d M, 1.7+0.1 1.8+0.1 3.38 15.0

a, nm a, nm b) 8, %

2.14
24

1.8+
2.1
@000 (1.7+0.1)
L8 131
1.6 2.0 24 d,nm . . 1 d,nm
(2.210.2) (1.840.1)

Figure 5. The contour plot obtained by Monte Carlo calculations for wormlike chains with excluded-
volume effects in dependence of A function values (error function A is represented as color gradient).
The inset (a) presents the results for inhere studied pullulan in DMF at 25 °C and (b) demonstrates
the results for summarized data on pullulan in H20 at 25 °C [21]. The data were treated with the latest


https://doi.org/10.20944/preprints202412.0668.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 December 2024 d0i:10.20944/preprints202412.0668.v1

18

Multi-HYDFIT version 3.0. The molar mass per unit chain length parameter is fixed at M; = 3.38-
10° g/(mol cm).

The main results of Multi-HYDFIT solutions for two separate sets of hydrodynamic data on
pullulan in DMF and H:O at 25 °C are presented in Figure 5 and Table 4. It can be seen, that
independently of the computer data simulation the program returns very consistent data on
persistent length and the transversal diameter of a pullulan chain. The average values in notations of
equilibrium rigidity and transversal diameter are A = 2a = (3.7 £ 0.3) nm and d = (2.0 + 0.1) nm,
correspondingly, for the Multi-HYDFIT runs with the fixed theoretically calculated molar mass per
unit length of a chain value M, = 3.38-10° g/(mol cm). Again, as it was noticed earlier [77] the M,
value search by the Multi-HYDFIT results in closer to theoretical calculation value, as the oligomer
molar mass range is filled with hydrdyanmic data within the range of relative contour length L/A <
2. The equilibrium rigidity resolved with Multi-HYDFIT is close to averaged one determined with
Gray-Bloomfield-Hearst theory allowing to refer to pullulan as flexible chain polymer. The data
resolved with the two independent approaches may be considered in satisfactory agreement. The
transversal diameter of a polymer chain is often calculated with large error due to the difficulty of its
determination. Based on Multi-HYDEFIT solution and calculations of Gray-Bloomfield-Hearst theory
its range of possible values is determined as follows: 0.5 < d,nm < 2.0. Additionally, its value may
be assessed through the following equation, which interrelates the partial specific volume to d under
purely geometrical assumption by representing the molar mass per unit chain length as a cylinder

with uniformly distributed material [78]:
’4M017
= 15
d AN, (15

The Eq. (15) leads to the following transversal diameter value d = (0.67 + 0.01) nm. It indeed
belongs to previously determined range and its value is closer to calculations with Gray-Bloomfield-
Hearst theory.

4. Conclusion

According to the main raised goals in the beginning of the study we have completed the self-
consistent study of pullulan standards in DMF solutions within record 3 order of magnitude range
of molar mases with the set of molecular hydrodynamic methods. Then the self-consistency check
was performed within the concept of the hydrodynamic invariant and the absolute molar masses
have been determined. It allowed the determination of the canonical Kuhn-Mark-Houwink-Sakurada
relationships for pullulan samples in DMF solutions at 25 °C. The comparison of viscometry data on
the studying the same solution with classical Ostwald viscometer and a viscometer working on the
Hoppler principle revealed up to ~5% difference in intrinsic viscosities values, which can be
considered as experimental error and thereby obtained data are treated as indistinguishable from
experimental point of view. The major determining factor for the observed difference in viscometry
data is the greater sensitivity the Hoppler viscometer to any solution impurities in comparison with
Ostwald one. The velocity sedimentation data obtained with manual approach and with Sedfit
models resulted in practically identical sedimentation coefficient values. The overestimation of
sedimentation coefficients with Is-g*(s) model was observed for low molecular samples (s < 2 S). For
the first time the concentration dependence of distribution obtained with fgs1(M) was considered and
necessary criteria was formulated for determination of true molar mass distributions and the
averaged molar mass values. The diffusion coefficient obtained with three independent experimental
approaches resulted in close values, which convergence was established within the concept of
hydrodynamic invariant. The experimental limits of DLS technique were determined for pullulan
oligomers of low sizes. Finally, the satisfactory correlation of the determined conformational
parameters for independent studies on pullulan in dilute DMF (obtained in here) and water (reported
earlier) solution, resolved with Gray-Bloomfield-Hearst theory and Multi-HYDFIT suite was
established. The obtained range of equilibrium rigidity 2.4 < A,nm < 3.7 determines the pullulan in


https://doi.org/10.20944/preprints202412.0668.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 December 2024 d0i:10.20944/preprints202412.0668.v1

19

DMF as flexible chain polymer in thermodynamically good solvent. The importance of samples
within the oligomer molar mass range (L/A < 2 region) for correct resolution of M; parameter with
Multi-HYDFIT suite has been demonstrated.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1-53 and Table S1 present viscometry data and its interpretation; Figure
54 — densitometry; Figure S5-511 and Table S2 - velocity sedimentation data analysis; Figure S12 and Table S4 —
DLS and diffusion data; Figure S13 and Table S5 — refractive index increment data; Figure 5S14-S16 and Table S6
— KMHS scaling relationships and theoretical models.
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