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Abstract—The possibilities of X-ray reflectometry for studying the structure of planar liquid-phase mem-
branes are demonstrated by the example of polyester films formed on the surface of deionized water from
solutions of polylactoglycolide (PLG) in chloroform and tetraglycol (TG). It is found that the use of solutions
with PLG concentrations ranging from 1 to 4 wt % or above 6 wt % leads to a proportional increase in the
density of these films with preservation of their structure and thickness up to 25 Å. At a PLG concentration
close to 5 wt % the PLG/TG system transits to an unstable state, characterized by intense penetration of PLG
aliphatic chains into the water substrate bulk to a depth up to 100 Å.
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INTRODUCTION
Biocompatible polymers, which can undergo con-

trolled biodegradation or bioresorption when contact-
ing with living organism tissues, are widely used to
develop and design diverse products for medicine and
biology, as well as to solve various problems of tissue
engineering and regenerative medicine [1]. One of
these problems is the creation, study, and application
of personalized tissue-engineered constructs (TECs)
based on bioresorbable matrices of a certain architec-
tonics, which play the role of a three-dimensional
scaffold for colonization, differentiation, and prolifer-
ation of donor or autologous cells of certain types [2].
A fundamental requirement for matrices is the pres-
ence of a system of communicating pores of certain
sizes (generally from 100 to 700 μm) in their structure,
which should provide the delivery of nutrients and
oxygen to living cells and remove toxic products of
their metabolism [3].

There are many different methods and technolo-
gies used to produce bioresorbable polymer matrices
(mainly based on polymers of the homologous series
of aliphatic polyesters: polylactides, polyglycolides,
and their copolymers [4, 5]) for TECs of desired shape
and structure [6]. Primarily, these are leaching [7],
phase separation at cryoprocessing [8, 9], supercritical
f luid foaming [10], and electrospinning [9, 11]. One of
widespread methods of forming polymer membranes
[12] and films is the phase separation at the contact

boundary between the polymer solution and precipi-
tant [13, 14]. Depending on the physicochemical
properties of a particular system and the conditions for
forming a polymer phase in it, one can obtain a variety
of different macrostructures of final material: from an
isotropic monolith to microstructures of gradient
porosity or a combination of them. The isotropy of
bulk phases is violated in these heterogeneous systems,
which may lead, for example, to directed two-dimen-
sional crystallization [15, 16] or formation of finger-
like pores [17].

Apparently, one of the most promising approaches
to the development and fabrication of bioresorbable
matrices for TECs of specified and, most importantly,
reproducible architectonics is the use of additive man-
ufacturing technologies (AMTs) or 3D printing [18].
Among the numerous processes AMTs are based on,
in the context of this study, we should highlight the
proposed and previously developed method of antisol-
vent 3D printing [17], based on the formation of
a polyester matrix at the phase separation of a polymer
solution in an organic solvent during extraction of the
latter in the surrounding water medium. In this case,
the microstructure of the manufactured matrix will be
determined by the kinetics of the phase separation and
mass transfer processes, and its macrostructure and
shape will be set by the preselected three-dimensional
digital model.
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One of the systems that were used and investigated
previously for antisolvent printing of matrices for
TECs is the solution of the biologically compatible
copolymer of lactic and glycolic acids—polylactogly-
colide (PLG) [19]—in tetraglycol (TG) [20], which
forms a highly porous solid structure upon contact
with aqueous media (antisolvents). Tetraglycol is
a nontoxic solvent for a number of different hydro-
phobic polyethers, and is indefinitely miscible with
water. Due to this, TG can be efficiently extracted
from polymer solutions with controlled solidification
of materials dissolved in them. A significant advantage
of the PLG/TG/water system is that it has low toxicity
and does not require elevated temperatures in the pro-
cesses under study, which is highly important for bio-
medicine. According to [19], antisolvent PLG precip-
itation makes it possible to obtain structures of differ-
ent types on the scale from 1 to 100 μm, depending on
the phase-separation conditions. At the same time,
the formation of a primary subnanometer polymer
layer on the contact boundary between the polymer
solution and precipitant (water), which affects to
a great extent subsequent mass transfer processes;
concentration distribution dynamics; and, as a conse-
quence, the type and properties of the microstructure
formed, was not considered.

In this paper, we report the results of experimental
study and simulation of the structure of polymer layers
formed during phase separation of PLG solutions in
chloroform and TG at their contact boundary with
distilled water. Data on the distribution of the compo-
nents of the PLG/TG/water ternary system at the
interface were obtained with the use of X-ray reflec-
tometry [21], which is based on the phenomenon of
total external reflection of X-rays from the interface
in the grazing incidence geometry. Since this method
is nondestructive, it is widely applied to study the
structure of thin-film planar objects (including mem-
brane layers) on the molecular scale, both during their
synthesis and modification [22]. The model-indepen-
dent algorithm of structure reconstruction, applied in
this study, makes it possible to reconstruct the distri-
bution of density in the direction perpendicular to the
surface, with a nanoscale resolution, requiring no
additional information about the crystalline structure
of the object studied [23]. For this reason this method
is well suited, in particular, to investigations of liquid
layers on the liquid substrate surface.

Note that, in view of the low contrast of liquid-
phase media in the X-ray range, as well as the influ-
ence of temperature and vibrations on the roughness
of the interface between fluid media, these reflecto-
metric experiments are usually performed on synchro-
tron sources. However, as was shown in this study,
a combination of measurements on specialized labo-
ratory sources with application of model-independent
reconstruction algorithms makes it possible to extract
structural information of comparable quality.
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MATERIALS AND METHODS
To study the structure of aliphatic polyester films,

PLGA 7502 (Purasorb Biochem BV) with a character-
istic viscosity of 0.2 dL/g and a lactide : glycolide ratio
of 75 : 25 was used as a model compound. Two series
of PLG solutions in chloroform and/or TG with PLG
mass concentrations of 1, 2, 3, 4, 5, 6, 7, and 10 wt %
were prepared initially. The solutions of the first series
were obtained by the method of successive dilutions of
the initial 10% solution. In the samples of the second
series the PLG amount was measured separately for
each solution.

Solutions were prepared using weights of initial
components on an analytical laboratory balance. Stir-
ring was performed with a magnetic agitator at 40°С in
a glass vessel equipped with a ground-in lid to exclude
penetration of atmospheric moisture.

The experimental samples were formed on the
water surface in a Teflon dish 100 mm in diameter,
mounted in a sealed one-step thermostat [24]. A fixed
volume (10 and 20 mL) of PLG solution in TG was
deposited on the substrate surface by the drop method
using a calibrated Hamilton syringe, with subsequent
spreading over the meniscus surface for 15 min. The
prepared samples were kept in a thermostat at a fixed
temperature: T = 295 K.

Measurements were performed on a general-pur-
pose laboratory diffractometer with a mobile source–
detector system (Federal Scientific Research Centre
“Crystallography and Photonics” of the Russian
Academy of Sciences). The diffractometer design was
described in detail in [25]. A wide-focus (12 × 2 mm2)
X-ray copper-anode tube was used as a radiation
source. Probe radiation was formed using a single-
reflection monochromator crystal Si(111), tuned to
the copper Kα1 line (photon energy E ≈ 8048 eV, wave-
length λ = 1.5405 ± 0.0001 Å), and an evacuated
three-slit collimation system, which provided a linear
beam width (intensity distribution in the mirror-
reflection plane) d ≈ 0.55 mm and a divergence of
~1.5′ at a total intensity of 3 × 106 counts/s. Signal
detection was performed using a Radicon SCSD-4
scintillation detector (noise level 0.1 counts/s). Thus,
the measurement range relative to decrease in signal
intensity Imax/Imin was 7 to 8 orders of magnitude,
which is comparable with measurements on second-
generation synchrotron sources [26].

Under specular reflection conditions the X-ray
scattering vector has a single component, directed
normally to the interface:  = ,
where α is the grazing angle and kin and ksc are, respec-
tively, the wave vectors of the incident beam and the
beam scattered towards the observation point.
The critical angle of total external reflection from the
surface,  (where r0 = 2.814 × 10–5 Å is
the classical electron radius) is determined by the vol-
ume electron density ρw in the sample bulk. Note that

= −in sczq k k (4π/λ)sin α

= ρc 0 wα λ /πr
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Fig. 1. (a–c) Evolution of the macrostructure in the ternary system polylactoglycolide–tetraglycol–water and (d) the newly
formed structure of polymer phase. 

(b) (c) (d)(а)

PLG + TG PLG + TG
PLG

Water Water + TG Water + TG
ρw = 0.333 Å–1 for deionized water under normal con-
ditions, which corresponds to the critical angle αс ≈
0.153° in the experiment.

In turn, the angular dependence of specular reflec-
tance has the form , where RF is
the reflectance from the ideal air–material interface

and  is the structure factor

of distribution of electron density ρ inwards along the
normal to the surface, averaged over the area of expo-
sure.

To analyze the experimental curves of specular
reflection R(qz) and reconstruct the distribution of
electron density ρ(z) from these curves, we applied the
model-independent approach developed in [23, 27],
which is based on extrapolation of the asymptotic
component of reflectance R to large angles (qz > qmax).
In contrast to the classical approaches, which imply
parameter optimization of a theoretical model of the
desired object, the model-independent approach
implements direct calculation of the distribution of
volume electron density ρ(z), without any a priori
assumptions about the sample structure. The specific
features of the approach, the problem of solution
uniqueness, and the calculation algorithm were
described in detail and discussed in [27].

RESULTS AND DISCUSSION

The formation of developed polymer structures
during phase separation of PLG solutions in TG at
their contact boundary with distilled water occurs in
clearly pronounced stages. The first is the formation of
a surface semipermeable layer from the saturated poly-
mer solution: a gel layer. Figure 1 shows the schematic
evolution of the polymer film (membrane) structure at
the interface. On the whole, the structure is visualized
well by the methods of optical and scanning electron
microscopy [17]; an exception is the surface film of
subnanometer thickness, which determines to a great

= 2( ) ( ) Φ( )z F z zR q R q q

+∞

−∞
= 

ρ( )1Φ( )
ρ

iqz

w

d zq e dz
dz
CR
extent the rate of mass-exchange processes between
phases.

In contrast to the case of solutions in TG, the for-
mation of the polymer phase from PLG solutions in
chloroform occurs when the solvent is extracted into
atmosphere (evaporates) without participation of
aqueous phase in this process. Thus, there is barely any
mass transfer through the interface between the poly-
mer hydrophobic solution and water.

The results of studying the film of PLG solution in
chloroform (20 μL) are presented in Fig. 2a. To con-
trol the film stability, additional measurements were
performed 3 and 24 h after the sample preparation.
The reflection curves contain periodic oscillations,
which indicate the presence of a pronounced interface
between the substrate and surface layer. The corre-
sponding calculated density profiles are shown in
Fig. 2b. One can see that PLG forms a surface film
~50 Å thick, which contains two pronounced sublay-
ers of the same thickness (~25 Å) and density
(~1.22ρw). The estimated value of the characteristic
transition-layer thickness (roughness) σ at the poly-
mer–substrate and polymer–air interfaces turned out
to be 2.5 Å, which is also in agreement with the well-
known roughness value of capillary waves on the water
surface [28]. Thus, the film is presumably formed by a
double folded layer of PLG molecules, oriented
mainly in the surface plane, without penetration of
polymer fragments into the substrate bulk.

The results of studying the films of PLG dissolved
in the TG are shown in Fig. 3a for diluted solutions
(20 μL) and in Fig. 3b for individual solutions (10 μL).
The data obtained by measuring the surface of pure
TG layer on deionized water (circles in Fig. 3a) served
as reference ones. For both series of solutions the
asymptotic falloff of the curves from the samples with
concentrations of 5 and 10 wt % differs significantly
from the others, which indicates a qualitative differ-
ence in their structures.

The calculated density profiles are presented in
Fig. 4. The density of pure TG layer on water (Fig. 4a,
lower curve) is close to that of the water substrate,
YSTALLOGRAPHY REPORTS  Vol. 68  No. 1  2023
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Fig. 2. (a) Moduli of the structure factor R/RF and (b) the
depth profiles of electron density ρ, normalized to the tab-
ular water density ρw = 0.333 Å–3, obtained for polylacto-
glycolide solutions in chloroform: (symbols) experimental
data and (solid lines) calculation results.
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Fig. 3. Moduli of the structure factor R/RF, obtained for
polylactoglycolide solutions in tetraglycol, prepared (a) by
the method of successive dilutions and (b) based on the
weight ratio: (symbols) experimental data and (solid lines)
calculation results.
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which indicates mixing of components and absence of
a pronounced interface. In turn, the PLG solution in
TG forms a stable film 20–25 Å thick on the surface.
With an increase in the PLG concentration in the
solution to 7 wt % one can observe a proportional
increase in density, with the film structure and thick-
ness preserved. Note that the film parameters are in
agreement with the characteristic values of thickness,
density, and roughness of a single sublayer, observed
when depositing a solution in chloroform. The rela-
tively low interface roughness also indicates the pre-
CRYSTALLOGRAPHY REPORTS  Vol. 68  No. 1  202
ferred orientation of PLG molecules being in the sur-
face plane.

At concentrations of 5 and 10% the layer density is
redistributed over depth to 50–100 Å, with preserva-
tion of the total amount of material. This fact indicates
that the PLG film transits to an unstable state, in
which some polymer chains “sink” into the substrate
bulk. Note that this effect is reproduced at the afore-
mentioned concentrations independently of the
preparation technique and the amount of deposited
solution. In addition, the estimated total roughness
3
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Fig. 4. Depth profiles of electron density ρ, normalized to
the tabular water density ρw = 0.333 Å–3, calculated for
polylactoglycolide solutions in tetraglycol, prepared (a) by
the method of successive dilutions and (b) based on the
weight ratio.
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height for the external film interface at the aforemen-
tioned concentrations increases from ~2.7 to ~4.5 Å,
which indicates the existence of an additional rough-
ness component, related presumably to the violation
of packing homogeneity of polymer chains in the sur-
face plane.

Thus, it was found that, in the entire concentration
range under study, PLG solutions in chloroform and
TG form a stable two-layer film on the water surface,
in which polymer chains are packed relatively homo-
geneously along the substrate surface. The density
CR
profiles indicate the presence of a pronounced inter-
face between the polymer phase and water, which
is in agreement with the hydrophobic nature of PLG.
A more thorough analysis of the structure and nature
of the “folded” sublayer is an object of a separate
study.

The PLG/TG/water ternary system exhibits a sin-
gularity near the concentration value of 5 wt % PLG,
in which the film exists in an unstable state, changing
from a planar structure with a single-layer packing of
polymer chains to a diffuse layer with a partial pene-
tration of polymer into the water substrate bulk. This
can be explained by the formation of a relatively stable
solvate shell from the solvent (thermodynamically
compatible with water) around hydrophobic PLG
macromolecules; this shell provides transport of
hydrophobic macromolecules to water. The threshold
type of the concentration dependence of the distribu-
tion of macromolecules in the surface layer may be
related to the critical ratio of macromolecule–solvent
interactions in comparison with the macromolecule–
macromolecule interactions in the initial solution,
below which the transport of an individual macromol-
ecule jointly with the TG diffusing into water becomes
unlikely. At the same time it was found that during the
formation of a solid structure further mass exchange
between the polymer solution and antisolvent occurs
through a continuous hydrophobic layer up to 25 Å
thick, which impedes the antisolvent diffusion into the
solution. At the same time, according to the results
obtained and the data of [17], this diffusion cannot be
excluded completely.
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