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ABSTRACT 

 
Novel amphiphilic polyesters with both hydrophilic and 

hydrophobic functionalities being alternately distributed 
along polymer backbones have been synthesized and 
characterized. The polyesters are soluble in organic and 
aqueous media and reveal the formation of inverse 
architectures whose behavior could be correlated to their 
chemical structure. This work offers a new approach to 
building up self-adjustable invertible polymer coatings at 
solid surfaces. The approach is based on a two-step process. 
In the first step, the surface of dispersed titania or silicon 
wafers has been functionalized with the aid of a reactive 
copolymer, viz., poly(styrene-alt-maleic anhydride) (PSM), 
to which, in the second step, the chains of amphiphilic 
polyester have been tethered. The modified titania can form 
stable suspensions in both polar and nonpolar media. An 
environmentally induced switching of the surface properties 
has been observed via the AFM of silicon wafers with 
tethered polyester chains. 
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1 INTRODUCTION 
 
Responses and conformation to local changes in pH, 

temperature, and solvent quality are well known for flexible 
polymer chains [1]. Surface modification with polymers 
that provides possibilities for controlling and changing 
surface compositions, thus allowing for properties that are 
in demand, is significant for practical applications such as 
sensing and biocompatibility [2]. 

We offer a new class of amphiphilic polyesters forming 
stimuli-responsive architectures. They possess adaptive 
properties, do not require a complex multistep synthesis, 
and are accessible on a larger scale. Polymers with such 
properties can find use in applications such as development 
of self-adjustable invertible polymer coatings or stimuli-
responsive release. 

In the present work, we develop a new approach to the 
fabrication of invertible polymer coatings, at the interface 
of the dispersed solid phase as well as at flat surfaces, that 
is self-adjustable to the environment because of the 
surfaces’ ability to switch their hydrophilic/hydrophobic 
properties in response to changes in the surroundings, 
which can be of great interest, particularly for the 
improvement of dispersion stability. 

We believe that this approach opens up the possibility to 
define new ways to obtain the universal polymeric 

stabilizers. Invertible polymer layers have potential 
applications in areas as diverse as adhesive bonding, 
bioengineering, friction, and wear. 

 
2 RESULTS AND DISCUSSION 

 
Novel amphiphilic polyesters (Figure 1) have been 

synthesized by the polycondensation of aliphatic 
dicarboxylic acids with poly(ethylene glycols).  
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Figure 1: Polycondensation reaction of the synthesis of 
amphiphilic polyesters. 

The polyesters are soluble both in water and organic 
solvents. The value of hydrodynamic radius of polyester 
architectures in a nonpolar solvent was systematically 
higher than those in polar one (Table 1). It could be 
explained that according to the solubility parameters 
toluene is a better solvent for hydrocarbon blocks as 
compared to acetone. 

 
Rh of the macromolecule, nm polyester 

sample Mw, kg/mol in toluene in acetone 
5 
6 
7 

22.6 
21.1 
9.2 

9.0 ± 0.6 
6.9 ± 0.7 
7.4 ± 0.6 

2.8 ± 0.2 
3.3 ± 0.1 
2.0 ± 0.1 

Table 1: Properties and characteristics of synthesized 
polyesters. 

To investigate host-guest properties of polyesters 5-7, 
two dyes – sudan red B and malachite green – were selected 
for extraction studies in water and toluene polymer 
solutions, respectively. It is well known that sudan red B 
remains insoluble in water and also that malachite green is 
insoluble in toluene. In the presence of polyesters 5-7, the 
dyes were immediately extracted into the solvent phase, 
which was clearly visible from changes in the solutions’ 
colors to red and green, respectively. 

The macromolecules of the amphiphilic polyester 
contain alternately distributed lipophilic and hydrophilic 
units. It is known that concentrated block copolymer 
solutions form domain structures with a certain size and 
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shape [3]. This process depends on the sizes of hydrophilic 
(here, poly(ethylene glycol) (PEG)) and hydrophobic (here, 
polymethylene) fragments. X-ray diffraction patterns 
recorded from various concentrations of the polyester 
solution reasonably confirmed the presence of ordered 
domains made from the amphiphilic macromolecules 
(Figure 2). The ordering of polyester domains is obviously 
related to the polymer concentration in the solution. 

 

 

Figure 2: X-ray diffraction patterns for solutions of various 
polyester concentrations in benzene. 

The wide-angle X-ray scattering diffractogram of 
polyester in the condensed state revealed short-range 
ordering of macrochains that is typical for an amorphous 
polymer (Figure 2). Two diffraction maxima at 2θ 21 and 
43.8° indicate that hydrophobic and hydrophilic 
constituents of the polyester in the condensed state are 
situated perpendicular to one another. We assume that the 
maximum with a higher intensity (main peak) at 2θ 21° 
contributes to the short-range ordering of methylene 
fragments of polyester and the secondary maximum at 2θ 
43.8° corresponds to the low ordering of ethylene oxide 
groups. 

The polyesters have been grafted to disperse as well as 
flat solid substrates using a reactive copolymer 
poly(styrene-alt-maleic anhydride) (PSM) adsorbed on the 
substrate surfaces [4]. The grafted polyesters have been 
found to reveal invertible behavior on the solid surface. It 
has been shown that an environmentally induced switching 
of the surface properties of the coatings from hydrophilic to 
lipophilic and vice versa is conditioned by the 
conformational changes in the polyester macromolecules. 
In the present article, we suggest a new approach to the 
development of stabilizing coatings for both polar and 
nonpolar media consisting of covalent binding of the 
invertible polyester chains to a solid disperse surface. 

A schematic representation of the two-step procedure 
for attaching invertible brushes to a surface is given in 
Figure 3. In the first step, the anchor copolymer PSM is 
adsorbed on the solid surface from a dilute solution in a 
polar organic solvent, e.g. 1,4-dioxane. It can be assumed 

that in this case adsorption is due to van der Waals forces as 
well as the formation of hydrogen bonds between the 
oxygen atoms of anhydride moieties in PSM macrochains 
and hydroxyl groups usually presented on the titanium 
dioxide surface. It could be supposed that only a part of the 
total number of anhydride functionalities present in the 
PSM macromolecules are involved in the formation of the 
hydrogen bonds causing the adsorption. In this case, one 
could expect that the PSM anhydride groups not involved in 
the formation of the adsorption bonds are capable of 
reacting with the terminated hydroxyl functionalities of the 
invertible polyester what will lead to their tethering. In the 
fact an interaction of the polyester, which would lead to 
their tethering. In fact, the interaction of the polyester –OH 
groups with the PSM anhydride groups is a typical 
acylation reaction that is usually catalyzed by tertiary 
amines, resulting in the formation of ester bonds. At the 
same time, because anhydride groups are immobilized at 
the solid surface, such interaction proceeds as a "grafting 
to" process. 
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Figure 3: Reaction scheme of grafting polyester onto a TiO2 
surface via poly(styrene-alt-maleic anhydride) coupling. 

Both FTIR spectroscopy and thermogravimetric 
analysis have been employed to prove the mechanism 
described above leading to the invertible coating formation 
at the solid surface. There is an appreciable difference 
among the spectra of bare titania, the PSM-modified titania, 
and the titania with grafted polyester. As compared to the 
spectrum of bare titania, the following new characteristic 
absorption bands appear in the PSM-modified titania 
spectrum: bands at 1858, 1781, and 1717 cm-1 attributed to 
the valence oscillation of the C=O bonds in anhydride 
groups; bands in the range of 1625-1440 cm-1 resulting 
from oscillations of the benzene ring; bands at 1459 and 
2965 cm-1 attributed to the deformation and the valence 
oscillations of CH2 groups, respectively; and bands at 3069 
and 3034 cm-1, which may be ascribed to the valence 
oscillations of the C–H bonds in a benzene ring. 

As compared to the PSM-modified titania, in the 
spectrum of titania with grafted the polyester, an increase in 
the intensities of the aforementioned bands is clearly seen, 
and  the  absorption  peak  at  2987  cm-1  also  arises.   This 
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PSM composition, 
[MA]/[MAc]/[S]a

PSM 
Mw, 

kg/mol 

PSM 
adsorption, 

mmol/gb

polyester 
Mw, 

kg/mol 

polyester 
grafting, 
mmol/gb

quantityb of AGa 
immobilized, 

mmol/g 

AGa 
efficiency, 

% 

no. of polyester 
branches per 
PSM macro-

molecule 
33.2 : 5.7 : 61.1 mol % 
31.7 : 6.4 : 61.9 wt. % 20.8 2.4 · 10-4 9.2 7.28 · 10-4 1.62 · 10-2 4.5 3.0 

a MA – maleic anhydride, MAc – maleic acid, S – styrene, AG – anhydride groups. b Values are expressed in mmol/g of TiO2. 

Table 2: Parameters characterizing the structure of the invertible polymer coating on TiO2. 

indicates an increase in the number of CH2 groups 
(corresponding peaks in the region of 2950 cm-1) and C=O 
bonds (adsorption band at 1720 cm-1) resulting from 
successful grafting of the polyester onto titania via its 
coupling with adsorbed PSM macromolecules. It should be 
mentioned that both CH2 and C=O groups are present in the 
structures of the PSM anchor copolymer as well as the 
polyester. The peak at 2987 cm-1 is presumably attributed to 
the CH2 moieties in ethylene oxide fragments of PEG 
blocks contained in the polyester. 

The amounts of the polymer coatings deposited on the 
TiO2 particle surface have been estimated from the TGA 
analysis data. The calculated values of the mentioned 
parameters are summarized in Table 2. The surface 
coverage of PSM has been calculated from the adsorbed 
amount of PSM (TGA measurements) and the titania 
specific surface evaluated in BET measurements. Taking 
into account the molecular weight of PMS (20.800 g/mol), 
it was found that a macromolecule of PSM occupies 60 nm2 
(1 unit = 0.3 nm2, or 3.4 monomer/nm2) of titania. Similar 
calculations were performed for the grafted polyester 
macromolecules. One polyester macromolecule occupies 20 
nm2. The anchoring density of the polyester is therefore 
0.052 nm-2. We believe that three macromolecules of the 
polyester are attached to each adsorbed PMS macro-
molecule. 

Atom force microscopy (AFM) measurements were 
applied to investigate the surface morphology of the 
polyester layers grafted to the silicon wafers via adsorbed 
PSM after their sequential immersion into hexane and water 
(Figure 4). All of the presented images are 500 × 500 nm2. 
In general, such images reveal a rugged surface with a 
roughness of 4-8 nm as shown in Figure 4A and B. 
However, there is an appreciable difference between the 
phase contrast images recorded after the exposure of the 
wafers to solvents of differing polarities (Figure 4C and D). 
The exposure to hexane brings about an essential 
enhancement of the top layer’s roughness. The phase 
contrast increases after hexane immersion as compared to 
the sample being immersed in water. The latter 
demonstrates the formation of two different constituents in 
the top layer that are only slightly visible but significantly 
exposed. These constituents obviously correspond to 
poly(ethylene glycol) and aliphatic blocks in the polymer 
chain. The changes in the coating properties taking place 
mainly after immersing the samples in hexane can be 

explained by the special chemical structure of the polyester. 
As mentioned above, the polyester contains in its structure 
quite large hydrophobic as well as hydrophilic blocks; 
however, it demonstrates rather hydrophilic behavior 
because of the high value of its hydrophilic-lipophilic 
balance, being about 21. The AFM analysis indicates an 
environmentally induced surface rearrangement and 
invertible properties of the polyester layers grafted onto 
silicon wafers after their immersion into media of differing 
polarity. 

 
after hexane after water

film soaked in water

film soaked in hexane

A B

C D

E

F

 

Figure 4: AFM images of polyester-grafted silicon 
wafers. (A, B) Grafted top polymer film morphology and 
(C, D) phase contrast after the soaking of the film in (A, C) 
water and (B, D) hexane. Cross section of the polymer film 
after the soaking in water (E) and hexane (F). The brown 
scale of the morphology images is 5 nm. 
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Figure 5: Redispersion cycles of samples modified with 
polyester titanium dioxide: toluene-water-toluene (A) and 
water-toluene-water (B). 

We have verified the ability of titanium dioxide 
nanoparticles modified with the grafted the polyester to 
redisperse in a medium with diverse polarities. It has been 
found that powders made of the modified colloidal particles 
can be redispersed in water as well as in toluene without 
any loss of their colloidal stability. Figure 5 shows the 
change in the size distribution with intensity during the 
redispersion of a dried powder both in a polar medium 
(water) and in a nonpolar medium (toluene). The Figure 
shows that the minimum value of the particle size is 
observed after the redispersion of the modified titania in 
water. Its ability to redisperse has been demonstrated in 
experiments with the modified titania even in toluene. The 
presence of the invertible coating at the titania surface 
allows us to obtain its dispersions with the particle sizes 
being essentially smaller than those of the bare powder. It is 
noteworthy that the modified titania can be effectively 
redispersed in nonpolar media (e.g. in toluene), which is 
impossible to do with virgin titania samples. 

 
3 CONCLUSIONS 

 
This work suggests a simple method for fabricating self-

adjustable invertible polymer coatings made of a graft 
polyester with the anchor poly(styrene-alt-maleic 
anhydride) (PSM); the main chain is adsorbed at the surface 
to which the chains of the amphiphilic polyester are 
tethered. The latter contains both hydrophilic poly(ethylene 
glycol) and hydrophobic aliphatic dibasic acid moieties 
being alternately distributed along the macromolecules. The 
invertible properties of the polymer coatings were 
successfully confirmed on disperse (titanium dioxide 

colloidal particles) as well as flat (silicon wafers) solid 
substrates. The surface properties of the polyester coatings 
can be switched depending upon the environment. For the 
modified titanium dioxide particles, we observed an 
essential increase in colloidal stability after the 
modification with the invertible polymer tails. 

Multiple drying/redispersion cycles demonstrate the 
ability of the modified titania particles after their removal 
from one type of dispersion and consequent drying to be 
redispersed in dispersing media strongly differing in 
polarity from the previous medium. Environmentally 
induced switching of the surface properties has been 
observed via the AFM measurements of silicon wafers 
covered by PSM with the tethered polyester chains. 

These experiments strongly support the capability of 
such polymer coatings to switch their environmental 
appearance (i.e., to behave as a self-adjustable invertible 
interface as a result of the ability of the tethered 
amphiphilic polyester chains to change their conformations 
in response to environmental changes). The elaborated 
process may be utilized for the creation of smart fillers, for 
example, for paint coatings or highly filled polymer 
composites. 
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