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Synthesis of star-shaped poly(lactide)s,
poly(valerolactone)s and poly(caprolactone)s via

ROP catalyzed by N-donor tin(i) cations and
comparison of their wetting properties with linear
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In this study, we report the use of N-coordinated tin(i) cations [L*— Sn(H,O)I[OTfl,- THF (1) and [L'— SnCl]
[SNCls] (2) (L = 1,2-(CsH4N-2-CH = N),CH,CH,) as efficient ROP catalysts, which, in combination with
benzyl alcohol, afford well-defined linear poly(e-caprolactone) (PCL) and poly(3-valerolactones) (PVL) via
an activated monomer mechanism (AMM). Thanks to the versatility of complexes 1 and 2 as catalysts,
star-shaped PCL, PVL and PLA were also prepared using three-, four-, five- and six-functional alcohols.

The number of arms was determined by SEC-MALS-Visco analysis. Spin-coated thin layers of linear and
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selected six-armed polymers were further studied in terms of their wettability to water. Attention was

focused on the influence of the composition and structure of the polymers. Finally, to increase the
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Introduction

In past decades, linear aliphatic polyesters, such as poly(lactide)
(PLA) or poly(e-caprolactone) (PCL), have received great atten-
tion due to their biodegradable and biocompatible properties.*
For this reason, they are nowadays a very suitable alternative to
classic petroleum-based plastics and, in particular, poly(-
lactides) have found application in many areas such as building
and packaging materials, electronic components, pharmacy
and medicine.” Besides these applications, biodegradable
polyesters are considered as relatively hydrophobic materials
and for this reason they have found an attractive application in
the preparation of non-fluorinated hydrophobic materials, i.e.
water-repellent, self-cleaning materials or membranes in oil-
water separation, etc.> The classification of the hydrophobic
properties of materials is based on the measurement of the
contact angle of water (WCA, 6), for example by the sessile drop
method. The final wetting properties depend not only on the
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hydrophobic properties of the studied polymers, stannaboroxines L%(Ph)Sn[(OB-(CgH4-4-CF3)),0O] and
L2(Ph)SNn[(OB-(CgH4-3,5-CF3)»),0] (L2 = CgH3-2,6-(Me,NCH,),) were applied.

type of polymer and thus their surface energy, but also on the
topography of the studied substrate, which is associated with
the fabrication method. In the case of PCL, the most hydro-
phobic materials were prepared by electrospinning, when
a series of nanofibers, meshes, scaffold, sheets and tissues was
obtained.**" These materials showed WCAs in the range of 113-
136°.*** The electrospinning method has also become an
excellent way to manufacture hydrophobic and super-
hydrophobic PLA-based materials. It has been reported that PLA
nanofibers prepared in this way show WCA = 152° and the
application of these fibers on a cellulosic cotton substrate
provides a very effective membrane for water-oil separation with
an efficiency of 99.16%.*" A similar results on hydrophobic
electrospun-made PLA membranes and fibers was demon-
strated by Zhang and Opaprakasit, who reported materials with
WCAs of 133° and 110°, respectively.*”* On the other hand, the
electrospinning process is more complex and not all PLA-based
materials show a hydrophobic character. Recently, PLA fibers
with a flat and smooth surface have been produced, resulting in
a WCA of 86.7°.% Besides the electrospinning process, a simple
approach based on the solvent casting method of dioxane
solution of PLA were implemented to obtain superhydrophobic
PLA surfaces.* While the film obtained only from dioxane
solution exhibited WCA = 66.6°, the precipitation of PLA from
dioxane-water or dioxane-ethanol solutions in the combination
with the gelation in air led to a WCA higher than 150°.*
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Scheme 1 ROP of L-lactide catalysed by complexes 1 and 2.

The hydrophobic properties of biodegradable polymers
could be influenced not only by their surface energy and
topography, but also by the structure of the polymer. In
particular, star-shaped polymers have become the object of
great interest due to their unique structure and topological
properties, which cannot be achieved in the case of linear
polymers.* These polymers are composed of several linear arms
radiating from central core, which causes a high proportion of
chain ends and a higher concentration of functional groups
than in their linear analogues of the same molar mass.

Two possible polymerization techniques are applicable to
produce star-shaped polyesters. The first one is based on poly-
condensation of dicarboxylic acids with polyalcohols, which,
however, yield polymers with M,, < 4700 g mol . On the other,
an incorporation of catalysts based on p-toluenesulfonic acid®
or triphenylphosphonium trifluoromethanesulfonate” led to
the isolation PLAs with M,, up to 67 000 g mol ™~ ". The second and
more widespread method is the ring-opening polymerization
(ROP) of cyclic esters operating by the coordination insertion or
activated monomer mechanism.* This method is popular
mainly due to the excellent control, robustness, versatility, and
simple reaction setup. Besides the monomer, the key compo-
nents of the ROP are initiator and catalyst.
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Almost all reports used Sn(Oct), to catalysed the formation
star-shaped polyesters.® Sn(Oct),, operating via coordination-
insertion mechanism, is a very efficient catalyst and it has low
toxicity as reported by the Food and Drug Administration (FDA,
USA) for biomedical applications.’ For the synthesis of star-
shaped polymer, the polymerization of L-LA in the bulk with
Sn(Oct), as catalyst was usually carried out at 130 °C."* Further,
other tin compounds as spirocyclic tin initiators based on tin-
substituted polyethylene ethoxylate,** cyclic stannoxane," tin
acetylacetonate,'* tetraphenyltin'® were have also been used
with success. Besides tin compounds, other catalysts such as
calcium hydride,' potassium hexamethyldisilazide'” and bis-
muth(m) acetate'® were also employed. Further, more biologi-
cally friendly aluminium salen and salan,***” zinc amino-, thio-
phenolate or zinc amido-oxazolinate®* and diiminate complex*
extended the range of metal mediators for the synthesis of star-
shaped polyesters. In addition, Lewis acid catalysts based on tin
and aluminum allowed control of polymerization and provided
polymer stars with variable tactics.*

Recently, we reported the utilization of N-coordinated tin(u)
cations [L' — Sn(H,0)][OTf],- THF (1) and [L' — SnCI][SnCl;] (2)
(L' = 1,2-(CsH4N-2-CH = N),CH,CHy,) as the examples of Lewis
acidic tin(i) catalysts in the ROP of L-LA (see Scheme 1).>* It has

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 ROP of 3-VL and ¢-CL catalysed by 1 and 2 using BzOH as
initiator.
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been demonstrated that polymerization operates via activated
monomer mechanism and the kinetic studies indicated
a pseudo-first order reaction, and thus a good control over the
polymerization.

Therefore, we set out the study to prove that 1 and 2 are the
universal catalysts for ROP of other monomers, 3-valerolactone
(3-VL) and e-caprolactone (e-CL), to prepare linear biodegrad-
able polyesters.

In addition, the formation of activated monomer also opens
the possibility to use different polyalcohols instead of benzy-
lalcohol for the synthesis of star-shaped polymers. Thus, the
application of 1 and 2 in the synthesis of star-shaped polyesters
poly(i-lactide)s, poly(d-valerolactone)s and poly(e-caprolactone)
s using glycerol, trimethylolpropane, triethanolamine, pen-
taerythritol, xylitol, myo-inositol, p-sorbitol and dipentaery-
thritol as different polyalcohols is another goal of this study.
These experiments provided three-, four-, five- and six-armed
stars. The linear and star-shaped polyesters were character-
ized by SEC-MALS-Visco analysis.

Further, since the linear PLA showed good water-repellent
properties, we tested selected linear and star-shaped poly-
esters as hydrophobic materials. Due to the good solubility and
film-forming properties, we prepared thin layers of selected
linear and star-shaped polyesters by spin-coating method. The
spin-coating method led to the preparation of uniform thin-
layers, in which it was possible to study the hydrophobic
properties only based on their composition and structure.
Finally, the effect of stannaboroxines L*(Ph)Sn[(OB-(CeH4-4-
CF3)),0] and L*(Ph)Sn[(OB-(C¢H4-3,5-CF3),),0] (L*> = C¢H3-2,6-
(Me,NCH,),)*** on the hydrophobic properties of thin layers of
polyesters is also discussed. Both compounds with six-
membered SnB,O; central core were selected as properly
soluble and good film-forming compounds,** that structurally
resemble polymer N-Boroxine-PDMS with six-membered B;0;
central core. This polymer in the combination with SiO, nano-
particles was recently published as hydrophobic material with
WCA = 160.8°.%°

Results and discussion

Synthesis and characterization of linear polyesters PVL and
PCL

Recently, compounds 1 and 2 proved to be effective catalysts in
ROP of L-LA. The computational study confirmed that ROP
operates via activated monomer mechanism. The kinetic
studies indicated a pseudo-first order reaction with a similar

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polymerization rate (k = 5.44 x 10~ > min " for 1 and k = 4.93 x
107> min~" for 2), and thus a good control over the polymeri-
zation. Complexes 1 and 2 are also universal in the ROP of other
cyclic esters, which was demonstrated by the preparation of
linear PVL and PCL (see Scheme 2).

All polymerization tests were performed in bulk at 145 °C. 3-
VL and &-CL was purified by the distillation over CaH, to avoid
data fluctuations due to the variation of impurities in the
technical grade monomers. The polymerization reactions were
carried out at molar ratios of [catalyst] : [monomer] = 1:50, 1:
100, 1:200 and 1:500. In all reactions, benzyl alcohol (BzOH)
was added as an initiator in a molar ratio of 1:1 compared to
the catalyst. The conversion a kinetics of the polymerization
experiments was monitored by the "H NMR spectroscopy and
showed a similar process as in the case of PLA. The data thus
demonstrated not only the same process, but also the same
activated monomer mechanism. All isolated polymers were
further characterized by the combined SEC-MALS-Visco analysis
with the aim to determine the number-average molar mass (M,,)
and dispersity (P). Results on polymerization tests are
summarized in Table 1.

As in the case of polymerization of L-LA,* the different
charge of the tin atom in 1 and 2 does not have significant
influence on the polymerization rate of 3-VL a &-CL, since both
catalysts 1 and 2 are very active and almost complete conversion
of monomers (for molar ratio [catalyst] : [monomer] =1:50,1:
100 and 1 : 200) was occurred after 1 hour. However, for a molar
ratio of 1:500, the catalytic activity of 1 and 2 decreases, when
after 1 hour the conversion was in the range of 65-78%.
Furthermore, the isolated PVLs showed macromolecular
parameters with only small deviations independently of the
catalyst used. The determined M, spc should correspond to
M, within the controlled living ROP, which is given by the
equation M, = [monomer]:[cat] X M(monomer) x conver-
sion + M(alcohol). In our case, this condition is met, for both
catalysts 1 and 2, especially by the molar ratio [cat] : [monomer]
=1:50 (and for PCL also 1:100 and 1 : 200). The prepared PVLs
and PCL (in the molar ratio of 1:100, 1:200 and 1 : 500 for PVL
and 1: 500 for PCL) show lower M,, sgc than the theoretical ones,
which can be caused by the traces of water in monomer and
deactivation of catalyst (especially in a higher loading of
monomer) resulting in the inhibition of the polymerization. So,
1 and 2 produces PVLs with M, in the range of 4000-11 600 g
mol " for 1 and 4100-16 500 g mol " for 2 and 5700-24 700 g
mol " for 1 and 5900-16 500 g mol ™" for 2 in the case of PCL.
The dispersity D (1.46-1.60 for PVLs and 1.42-1.58 for PCLs)
demonstrates a relatively uniform nature of polymers.

Based on these data, it can be concluded that the ROP of 3-VL
and &-CL catalysed by complexes 1 and 2 is relatively well
controlled and the character of polymerization is very similar to
L-LA polymerization catalysed by same complexes.**

Synthesis and characterization of star-shaped polyesters PLA,
PVL and PCL

Compounds 1 and 2 showed the ability to polymerize L-LA, 3-VL
and &-CL via activated monomer mechanism providing linear

RSC Adv, 2024, 14, 23273-23285 | 23275
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Table1 ROP of 3-VL and e-CL catalysed by 1 and 2 using BzOH as initiator

Entry Catalyst [cat]:[BzOH]:[3-VL] Conv” [%] M, 4 [g mol '] My sec” [g mol '] b

1 1 1:1:50 99 5100 4000 1.55
2 1 1:1:100 99 10000 5900 1.55
3 1 1:1:200 98 19700 13100 1.60
4 1 1:1:500 65 32600 11 600 1.46
5 2 1:1:50 98 5000 4100 1.51
6 2 1:1:100 99 10000 7200 1.53
7 2 1:1:200 96 19300 15 800 1.59
8 2 1:1:500 68 34100 16 500 1.48
Entry Catalyst [cat]:[BzOH]:[¢-CL] Conv” [%)] My " [g mol™] M, sec’ [g mol™] p

9 1 1:1:50 97 5600 5700 1.45
10 1 1:1:100 98 11200 8000 1.55
11 1 1:1:200 99 22700 15100 1.58
12 1 1:1:500 78 44 600 24700 1.46
13 2 1:1:50 98 5700 5900 1.42
14 2 1:1:100 98 11200 9700 1.47
15 2 1:1:200 99 22700 20400 1.53
16 2 1:1:500 69 39500 16 500 1.46

“ Measured by the "H NMR spectroscopy. ? Calculated M, of PVL (g mol~

CL]:[cat]-conv-M(e-CL) + M(BzOH). ¢

biodegradable polyesters PLA, PVL and PCL. This mechanism
opens the possibility of exchanging BzOH for polyalcohols, such
as glycerol, trimethylolpropane, triethanolamine, pentaery-
thritol, xylitol, myo-inositol, p-sorbitol and dipentaerythritol as
initiators. Therefore, 1 and 2 were tested in ROP of L-LA, 3-VL
and &-CL with these polyalcohols serving as the core in well-
defined star-shaped polyesters (see Scheme 3).

FREv 9?

: [3-VL]:[cat]- conv-M(8-VL) + M(BzOH); calculated Mn of PCL (g mol ): [e-
Experimental M,, values were determined by SEC-MALS-VISCO analysis in THF solution.

The experimental set up was the same as in the case of the
synthesis of linear polyesters. The polymerization reactions
were carried out in a molar ratio of [catalyst]:[initiator]:
[monomer] =1:1/n:100 (wWhere n = number of hydroxyl groups
in the initiator). The conversion of the polymerization experi-
ments was monitored by the "H NMR spectroscopy. All isolated
polymers were further characterized by the combined SEC-
MALS-Visco analysis with the aim to determine the number-
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Scheme 3 Synthesis of star-shaped PLAs, PCLs and PVLs using 1 and
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Table 2 ROP of L-LA using catalysts 1 and 2 with a series of polyalcohols

Entry Catalyst Initiator Conv” [%] M,.m” [g mol ™ M, sec” [g mol '] b 7

1 1 Glycerol 96 13900 6000 1.27 2.3 (3)
2 1 Trimethylolpropane 85 12 300 5700 1.16 2.5 (3)
3 1 Triethanolamine 96 13 900 6300 1.19 2.6 (3)
4 1 Pentaerythritol 96 13900 9000 1.70 3.1(4)
5 1 Xylitol 97 14000 7700 1.91 3.7 (5)
6 1 myo-Inositol 88 12700 10100 1.51 2.7 (6)
7 1 p-Sorbitol 9% 13 900 8200 1.80 4.1 (6)
8 (ref. 24) 1 Dipentaerythritol 95 13950 8500 1.53 6.1 (6)
9 2 Glycerol 95 13700 6800 1.09 2.6 (3)
10 2 Trimethylolpropane 89 12 800 9600 1.22 2.7 (3)
11 2 Triethanolamine 94 13 600 12 200 1.14 3.8 (3)
12 2 Pentaerythritol 97 14 000 11900 1.45 3.6 (4)
13 2 Xylitol 97 14000 13200 1.32 4.4 (5)
14 2 myo-Inositol 85 12 300 8500 1.22 4.1 (6)
15 2 p-Sorbitol 94 13 600 12700 1.57 5.2 (6)
16 (ref. 24) 2 Dipentaerythritol 9% 14100 13200 1.15 7.2 (6)
17 Sn(Oct), Dipentaerythritol 99 14500 19 200 1.54 3.9 (6)

@ Measured by the "H NMR spectroscopy. ? Calculated M, of PLA (g mol~"): [L-LAJ:[cat]- conv-M(L-LA) + M(initiator). ¢ Experimental M, values were
determined by SEC-MALS-VISCO analysis in THF solution. ¢ Numbers in parentheses indicate the theoretical number of arms.

average molar mass (M,sgc) and dispersity (D). These two
macromolecular parameters further served as criteria for the
classification of complexes 1 and 2 as suitable catalysts for well-
controlled ROP. Thus, a promising catalyst should produce
polymers with D close to 1, indicating a uniform character of
polymer. Furthermore, as already mentioned, M, spc should
ideally be equal to the theoretical value of M,, (M,, 1) within well-
controlled ROP. Results of the polymerization tests are
summarized in Tables 2-4.

For L-LA, the polymerization tests did not show any signifi-
cant effect of the used catalyst on the dispersity D, since it is
statistical across the obtained PLAs (range of 1.09-1.91) but
shows a relatively uniform nature of polymers. The lowest

dispersity D was achieved using catalytic system of 2 and glyc-
erol (1.09, Table 2, entry 9). On the other, the complex 1 in the
combination with xylitol produced polymer with the highest b
(1.91, Table 2, entry 5). A certain influence of the catalyst is
evident in the case of number-average molar mass, when the
experimental M,, values (M,,,sgc) for PLAs produced using cata-
lyst 1 generally reach approximately half of the theoretical ones
(Myyen)- On the other hand, when catalyst 2 is used, the agree-
ment of these two parameters is observed, especially when
triethanolamine, xylitol and p-sorbitol are used as initiators
(Table 2, entries 11, 13 and 15). These results thus suggest better
control by using of 2 as catalyst producing well defined uniform
star-shaped polyesters of PLAs.

Table 3 ROP of 8-VL using catalysts 1 and 2 with a series of polyalcohol

Entry Catalyst Initiator Conv” [%] My ” [g mol™] M, sec” [g mol '] b Vi

1 1 Glycerol 93 9300 11 800 1.13 3.3(3)
2 1 Trimethylolpropane 90 9000 9300 1.15 3.1(3)
3 1 Triethanolamine 92 9200 9800 1.12 3.2 (3)
4 1 Pentaerythritol 97 9700 12100 1.14 3.4 (4)
5 1 Xylitol 94 9400 9000 1.17 3.2 (5)
6 1 myo-Inositol 90 9000 3800 1.15 2.9 (6)
7 1 p-Sorbitol 91 9100 7600 1.17 3.4 (6)
8 1 Dipentaerythritol 92 9200 11700 1.19 4.2 (6)
9 2 Glycerol 93 9300 14 600 1.96 7.3 (3)
10 2 Trimethylolpropane 90 9000 18900 1.77 8.0 (3)
11 2 Triethanolamine 91 9100 14900 1.87 7.2 (3)
12 2 Pentaerythritol 96 9600 19 000 1.72 7.8 (4)
13 2 Xylitol 95 9500 16 800 2.00 7.4 (5)
14 2 myo-Inositol 87 8700 14 400 1.89 8.4 (6)
15 2 p-Sorbitol 95 9500 15800 2.13 8.1 (6)
16 2 Dipentaerythritol 90 9000 21000 2.26 12 (6)
17 Sn(Oct), Dipentaerythritol 93 9600 15 700 1.78 3.5 (6)

@ Measured by the "H NMR spectroscopy. ? Calculated M, of PVL (g mol™): [3-VL]:[cat] conv-M(3-VL) + M(initiator). ¢ Experimental M, values were
determined by SEC-MALS-VISCO analysis in THF solution. ¢ Numbers in parentheses indicate the theoretical number of arms.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 ROP of e-CL using catalysts 1 and 2 with a series of polyalcohol

Entry Catalyst Initiator Conv* [%] M0 [g mol ] M, sec’ [g mol ™) b Vi

1 1 Glycerol 99 11 300 10200 1.43 2.5 (3)
2 1 Trimethylolpropane 99 11300 11 400 1.68 2.8 (3)
3 1 Triethanolamine 99 11300 8800 1.34 2.4 (3)
4 1 Pentaerythritol 99 11 300 9500 1.73 2.7 (4)
5 1 Xylitol 99 11300 8600 1.57 2.8 (5)
6 1 myo-Inositol 99 11 300 12 000 1.52 2.3 (6)
7 1 p-Sorbitol 99 11300 10 000 1.70 3.2 (6)
8 1 Dipentaerythritol 99 11300 6200 1.90 3.2 (6)
9 2 Glycerol 99 13 400 8300 1.63 7.1 (3)
10 2 Trimethylolpropane 65 13 000 10 200 1.38 4.5 (3)
11 2 Triethanolamine 95 13100 8900 1.36 2.5 (3)
12 2 Pentaerythritol 99 13 900 9900 1.72 9.5 (4)
13 2 Xylitol 97 13 700 9700 3.18 14 (5)
14 2 myo-Inositol 67 12 600 12 000 1.53 2.3 (6)
15 2 p-Sorbitol 98 13 700 10100 2.72 13 (6)
16 2 Dipentaerythritol 97 13 000 12 800 1.45 9.8 (6)
17 Sn(Oct), Dipentaerythritol 99 11500 16 400 1.68 3.7 (6)

@ Measured by the "H NMR spectroscopy.  Calculated M, of PCL (g mol~"): [¢-CL]:[cat]- conv- M(e-CL) + M(initiator). ¢ Experimental M, values were
determined by SEC-MALS-VISCO analysis in THF solution. ¢ Numbers in parentheses indicate the theoretical number of arms.

In contrast, the polymerization experiments of 3-VL indi-
cated strong influence of catalyst on dispersity D of isolated star-
shaped PVLs. It is evident, that complex 1 produce polymers
with very low dispersity b, which is in a very narrow range of
1.12-1.19 (Table 3, entries 1-8). Moreover, M, sgc values corre-
late very well with M, 4, except for the case involving myo-
inositol (Table 3, entry 6). In contrast, poor control over poly-
merization was achieved when complex 2 was used as catalyst.
The isolated star-shaped PVLs revealed dispersity b of range
1.72-2.26 (Table 3, entries 9-16) and M, sgc values are almost
twice as large as M, 1. These results thus suggest better control
by using of 1 as catalyst producing well defined uniform star-
shaped of PVLs.

Similar results were also obtained in the polymerization
experiments of &-CL. In comparison to the ROP of L-LA and d-
VL, the polymerization of &-CL is less controlled, but complex 1
produce star-shaped polyesters with narrower dispersity D
ranging from 1.34 to 1.90 (Table 4, entries 1-8) and M, sgc
values correlate with M, 4, except for the dipentaerythritol
(Table 4, entry 8). Poor control over polymerization was ach-
ieved when complex 2 was used as catalyst (dispersity D ranging
from 1.36 to 3.18, Table 4, entries 9-16). These results thus
again suggest better control by using of 1 as catalyst producing
well defined uniform star-shaped polyesters of PCLs.

The different ability of complexes 1 and 2 to control the
polymerization of L-LA, 3-VL and &-CL, and thus the dispersity
b, can be explained based on the strength of the interaction
between the catalyst (as Lewis acid) and the monomer (as Lewis
base) in the activated monomer. This is a prerequisite to
produce well-defined polymers. In the previous work, we used
theoretical calculations to determine the NPA atomic charge g
of tin(u) atom in 1 and 2, which are 1.42¢ (for 1) and 1.21 (for 2)
indicating 1 as more Lewis acidic.”* Unfortunately, to the best of
our knowledge, there is no study in the literature comparing the
basicity of L-LA, d-VL and e-CL. Information about this is only
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for 3-VL and &-CL, which exhibit similar pKj, (14.3 for 8-VL and
14.7 for e-CL).>” However, it can be assumed that the presence of
a Me group with a +I effect in the L-LA structure increases the
nucleophilic character of the carbonyl oxygen, and thus the
Lewis basicity. The Lewis basicity of the studied monomers can
thus be estimated in order L-LA > 3-VL = &-CL. From this point
of view, 3-VL and &-CL can form a strong interaction only with
more Lewis acidic complex 1, leading to well-defined star-
shaped PVLs and PCLs. In contrast, L-LA can also interact
strongly with complex 2, which, despite the assumption of
a weaker interaction than in the case of complex 1, produces
PLAs with a lower distribution.

The incorporation of polyalcohols into the polymer chain
was confirmed by 'H NMR spectroscopy. A representative
sample was chosen for this study, namely PCL containing tri-
methylolpropane as the core (Table 4, entry 2). In the "H NMR
spectrum of this polymer, the major signals with ¢ = 1.28, 1.55,
2.21 and 3.96 ppm corresponding to CH, protons of the main
chain of e-caprolactone unit were found. Besides these signals,
the "H NMR spectrum revealed small peaks with 6 = 0.80 and
3.89 ppm, which were assigned to the trimetholpropane core. In
addition, the presence of trimethylolpropane in the prepared
PCL was also detected by TG-GCMS, when the chromatogram of
the studied PCL showed a peak with a retention time of ¢tz =
3.6 min and M,, = 134.

Although these studies confirm the incorporation of poly-
alcohols into the structure of the prepared polymers, the
branching of the polymer chain cannot be clearly determined
from these data. The combined SEC-MALS-viscosity method
allows not only the determination of absolute molar mass
distribution, but also the estimation of the degree of branching.
The detection and quantification of branching is based on the
fact that a branched macromolecule has smaller size than cor-
responding linear molecule of identical chemical composition
and molar mass.”® For small macromolecules the branching
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cannot be characterized on the basis of root mean square radius
(radius of gyration) as this quantity cannot be determined for
molecules with radii below about 10 nm, which roughly corre-
sponds to molar mass of 10> g mol~". This limit applies to
majority of molecules in the prepared samples. Instead,
branching characterization based on the intrinsic viscosity can

be used:*
g= (%)M 1)

Here [7] is the intrinsic viscosity of branched (br) and linear (lin)
macromolecule, subscript M refers to the same molar mass. The
parameter g’ can be related with the number of arms. The
equation derived by Douglas et al.>** was used in this work:

(3 —2\"*0.724 - 0.015(f — 1)
§= ( 7 ) 0.724 2)

Here fis the number of arms per branched macromolecule. To
obtain the branching ratio g/, one needs constants of Mark-
Houwink equation for linear polymer. The constants were ob-
tained by plotting the Mark-Houwink plots obtained by the
SEC-MALS-viscosity analysis of linear PLA, PCL and PVL
samples. To cover the molar mass range as broad as possible,
Mark-Houwink plots of four different samples of different
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Fig.1 Mark—Houwink plots of linear PLA (top), PCL (center), and PVL
(bottom).
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molar mass distribution were gathered together. The plots of
linear polymers obtained by ROP catalysed by 2 (PLA) and 1
(PVL and PCL) that showed better control over the polymeriza-
tion are depicted in Fig. 1 and the Mark-Houwink constants
obtained from these plots are as follows:

PLA [n] = 0.025 x M%7
PCL [7] = 0.042 x M%592
PVL [5] = 0.051 x M%6%

The constants are valid for THF and 25 °C. Using the above
equations, one can calculate the intrinsic viscosity of a hypo-
thetical linear polymer that would have the same weight-average
molar mass (M,,) as that of branched polymer (see Fig. 2). The
branching ratio g’ is obtained by simple division of the experi-
mental weight-average intrinsic viscosity ([7]s) divided by the
value calculated for the linear polymer (see Fig. 2). The esti-
mation of an average number of arms per molecules is per-
formed using the eqn (2). As eqn (2) does not allow the explicit
expression for f, one can simply calculate g’ for various f(with an
increment 0.1) in Excel, and then to match the g’ calculated for
a given sample with f. The obtained values of f are listed in
Tables 2-4.

In the case of star-shaped PLAs, the factor f ranges from 2.3
to 5.2 and thus the experimental number of arms is always
slightly lower than the theoretical ones. As discussed, complex 2
showed better control over the polymerization of the star sha-
ped polymers. This is also demonstrated by the values of the
factor franging from 2.6 to 5.2. Therefore, the values correlate
well with the theoretical ones, except the star shaped polymer
based on myo-inositol as a core (Table 2, entry 14). As already
mentioned, polymerization tests of 3-VL producing star-shaped
PVLs showed better control when using catalyst 1. This fact is
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Fig. 2 Example of Mark—Houwink plots of linear and star shaped
polymers. Top left: PVL, linear vs. star shaped with theoretically four
arms (pentaerythritol as core, Table 3, entry 4) catalysed by 1; left
bottom: g’-versus—M plot for the star shaped PVL; top right: PLA,
linear vs. star shaped with theoretically four arms (pentaerythritol as
core, Table 2, entry 12) catalysed by 2; left bottom: g’'—versus—M plot
for the star shaped PLA.
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also reflected in factor franging from 2.9 to 4.2. The values thus
fit well especially in the case of 3- and 4-armed star-shaped PVLs
(Table 3, entries 1-4), while 5- and 6-armed PVLs revealed lower
branching. The biggest discrepancy can be found again for myo-
inositol as a core (Table 3, entry 6). Similar results can be found
for star-shaped PCLs, where better control was achieved by
catalyst 1. The factor franges from 2.3 to 3.2. The values again fit
well for 3- and 4-armed star-shaped PCLs (Table 4, entries 1-4),
while 5- and 6-armed PCLs revealed lower branching. The
biggest discrepancy can be found again for myo-inositol as
a core (Table 4, entry 6).

Finally, the catalytic activity of complexes 1 and 2 was
compared with commercial Sn(Oct),. Dipentaerythritol was
selected as representative initiator. The experimental set up was
the same as in the case of complexes 1 and 2. The macromolec-
ular parameters M, sgc, P and fare summarized in Tables 2-4 (for
PLA, see Table 2 entry 17; for PVL, see Table 3, entry 17 and for
PCL, see Table 4, entry 17). For all polymers M, sk is higher than
M, , the deviation is more pronounced than for their analogues
prepared using 2 (for PLA and PCL) and 1 (for PVL). The dis-
persity D is also higher (1.54 vs. 1.15 for PLA, 1.78 vs. 1.19 for PVL
and 1.68 vs. 1.45). Additionally, Sn(Oct), does not provide poly-
mers with such a degree of branching compared to 2 and 1 (3.9
vs. 7.2 for PLA, 3.5 vs. 4.2 for PVL and 3.7 vs. 9.8 for PCL). By
comparing these factors, it can be clearly stated that complex 2
(for PLA and PCL) and complex 1 (for PVL) control ROP much
more effectively than commercial Sn(Oct),.

Comparison of wettability of linear and star-shaped polyesters

As it has been stated linear PLA and PCL based materials are
considered as hydrophobic materials.® Thus, the comparison of
the wettability of linear and star-shaped PLA, PCL and PVL
prepared in this study was another goal. Since the literature
clearly demonstrates dependence of the WCAs on the fabrica-
tion method, we took advantage of the good solubility of the
synthesized polymers and we prepared thin layers of above
mentioned polymers by an spin-coating method to avoid any
influence on the method of fabrication. This method may
provide thin layers with uniform surfaces and allow us to study
the hydrophobicity of the polymers in terms of composition,
structure, and concentration.

To investigate the influence of WCA on the polymer
composition, linear polyesters with similar M,, prepared by ROP
catalysed by 1 or 2 were selected. Thus the linear PLA (PLA-L)
with M,, = 7800 g mol~" and P = 1.25,* linear PVL (PVL-L) with
M, = 7200 g mol~ " and P = 1.53 (see Table 1, entry 6) and linear
PCL (PCL-L) with M,, = 8000 g mol ', b = 1.55 (see Table 1, entry
10) were studied further. To see the effect of the polymer
structure on WCA, star-shaped polyesters with similar M,
derived from dipentaerythritol as polymers with the highest
number of arms prepared by ROP catalysed by 1 or 2 were
selected. Thus the star-shaped PLA (PLA-DPE) with M, = 13
200 g mol™*, B = 1.15 and f = 7.2 (see Table 2, entry 16),>* star-
shaped PVL (PVL-DPE) with M,, = 11 700 g mol ™, P = 1.19 and f
= 4.2 (see Table 3, entry 8) and star-shaped PCL (PCL-DPE) with
M, = 12800 g mol ', = 1.45 and f = 9.8 (Table 4, entry 16)
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Fig. 3 (A) A graphical representation of WCAs of tested linear and star-
shaped polymers. (B) Screens of water droplet.

were studied further. We tested THF solutions of selected
polymers at concentrations 0.5, 1.0 and 2.0% (w/w) for the
fabrication of the thin layers. A silicon wafer was used as
a substrate to may analysed these thin layers based on atomic
force microscopy (AFM), scanning electron microscopy (SEM)
and variable angle spectroscopic ellipsometry (VASE) data. The
thin layers were fabricated by the coating on the silicon wafer
with approximately 0.3 ml of the THF solutions of polymers
followed by the spinning at 4000 rpm. Then, the thin layers were
dried under vacuum. The substrates modified in this way were
subsequently used for the measurement of WCA by the sessile
drop method. The obtained results of these measurements are
summarized in Fig. 3 and Table S1 in ESL{

The measured data show that WCA depends on polymer
composition, polymer structure and concentration. In general,
the most hydrophobic materials were obtained from 2% (w/w)
solutions. The highest WCA values were found for 2% (w/w)
PLA-L (97.2°), 2% (w/w) PCL-L (101.4°) and 2% (w/w) PCL-DPE
(103.5°) and fall in the region of hydrophobic behaviour.
Therefore, the influence of the polymer composition on WCA is
evident, since hydrophobic properties are mainly exhibited by
both PCLs, while both polymers based on PVLs are hydrophilic
(PVL-L 74.6°, PVL-DPE 76.0°). The influence of the polymer
structure on WCA can be also discussed. While the WCAs of
polymers based on PVL and PCL are almost the same for both
linear and star-shaped analogues, pronounced effect is
observed for PLA polymers. The star-shaped PLA-DPE (2% (w/
w)) has a hydrophilic character with WCA not exceeding 79.9°,
while linear PLA-L (2% (w/w)) revealed hydrophobic behaviour
with WCA at 97.2°. These results again proved that the values of
WCA of polymer materials strongly depend on the method of
the preparation and the WCA of spin-coated thin layers of PLA,
PCL or PVL cannot compete with PLA nanofibers prepared by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 SEM image and AFM scan of PLA-L (a, d), PCL-L (b, e) and PCL-

DPE (c, f).

Table 5 Characteristics of prepared thin layers: thickness films
(determined by VASE) — error in determination of thickness is 2 nm,
RMS (determined by AFM) — error in determination of thickness is

+£2 nm

Thin layer

Sample name WCA [°] Thickness [nm] RMS [nm]

2% (W/w) PLA-L 97 (+1) 155 20.36

2% (w/w) PCL-L 101 (+1) 222 16.59

0.5% (w/w) PVL-L 75 (£2) 52 Macro defects
2% (w/w) PLA-DPE 80 (£1) 154 Macro defects
2% (w/w) PCL-DPE 104 (£3) 242 14.42

2% (w/w) PVL-DPE 76 (£3) 44 6.31

the electrospinning method, where WCA exceeding 150° were
obtained.*”

As mentioned, the uniformity of thin layers was also studied.
Surfaces were characterized based on atomic force microscopy
(AFM), scanning electron microscopy (SEM) and variable angle
spectroscopic ellipsometry (VASE) data. The SEM and AFM data
showed that thin layers of hydrophobic materials have the
surface with small cracks and corrugations (Fig. 4) with root
mean square (RMS) roughness values (determined by AFM) in
the narrow range of 14.42-20.36 nm. The thicknesses of these
thin layers (determined by VASE) showed also narrow values of
155-242 nm (Table 5).

In contrast, the VASE data revealed that thin layers of
hydrophilic materials have smaller thicknesses ranging from 44

2
?/ ? O/Sn.o
| |
/©/B\O/B\©\ F3C B\O/B CF3
F3C CF :; :|:
8 SnBO-1 8
CF CF
8 SnBO-2 8
NMe,
2=
NMe,

Fig. 5 Structure of stannaboroxines SnBO-1 and SnBO-2.
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Fig. 6 (A) A graphical representation of the WCA of tested formula-
tions containing SNnBO-1 and SnBO-2. (B) Screens of water droplet.

to 154 nm (Table 5), and the SEM and AFM data suggested that
the surfaces of two samples contain macro defects and there-
fore AFM scans could not be measured (see Table 5).

To increase the hydrophobic properties of the studied poly-
mers, we further focused our attention on their combination
with another component. In the past decade, we have been
concerned with the synthesis of N — M coordinated galla- or
stannaboroxines with the general formula L*Ga(OB-Ar),0 and
L*(Ph)Sn(OB-Ar),0 containing MB,O; central ring (L> = C¢Hj-
2,6-(Me,NCH,),, Ar = substituted aryl).> The great advantage of
this type of compounds is easy preparation, solubility in organic
solvents and great variability of differently substituted aryls
bound to the boron atoms. In addition, it has recently been
found that gallaboroxine LGa(OB-Ar),0, where Ar is C¢H,-4-CH
= O, exhibits very good film-forming properties, which allowed
the fabrication of transparent thin films with properties
comparable to amorphous oxide glasses containing B,0; and
Ga,0; (ref. 31) (for example refractive index n = 1.44 or optical
band gap E, = 3.95 eV).** This fact evoked us to use hetero-
boroxines as additives to the studied polymers to improve the

Fig.7 SEM image and AFM scan of PVL-L:SnBO-2 =1:1 (w/w) (a, c),
PLA-DPE : SnBO-2 =1:1 (w/w) (b, €) and PVL-DPE : SnBO-2 =1:1 (w/
w) (c, f).
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Table 6 Characteristics of prepared thin layers: thickness films (determined by VASE) — error in determination of thickness is £2 nm, RMS
(determined by AFM) — error in determination of thickness is 0.2 nm for SnBO-2 based thin layers

Thin layer

Sample name WCA [°] The increase of WCA [°] Thickness [nm] RMS [nm]
0.5% (w/w) PVL-L:SnBO-2 1:1 100 (+1) 25.7 465 0.94

2% (w/w) PLA-DPE: SnBO-2 1: 1 97 (+2) 15.7 522 1.18

2% (w/w) PVL-DPE : SnBO-2 1:1 95.0 (+1) 19 89 0.66

uniformity of surfaces and increase the WCAs of these hydro-
philic materials. Two stannaboroxines L*(Ph)Sn[(OB-(C¢H,-4-
CF;)),0] (SnBO-1) and L*(Ph)Sn[(OB-(C¢H,4-3,5-CF3),),0] (SnBO-
2) (Fig. 5),%*> were selected due to their solubility. The presence
of fluorine atoms in the structures of SnBO-1 and SnBO-2 could
have been a promising aspect to increase the WCA. In addition,
both compounds contain six-membered SnB,0O; central core
and they structurally resemble polymer N-Boroxine-PDMS with
six-membered B;0O; central core.?®

Therefore, THF solutions of PVL-L (0.5% w/w), PLA-DPE (2%
w/w), and PVL-DPE (2% w/w) were enriched by SnBO-1 and
SnBO-2 to get two ratios of polymer/SnBO at 1:0.5 and 1:1,
respectively. Thus, new formulations were obtained for the
study of hydrophobic properties.

The thin layers from these THF solutions of new SnBO based
formulations were fabricated by similar way (spin coating on the
silicon wafer) and dried under vacuum. The substrates modified
in this way were subsequently used for the measurement of WCA
by the sessile drop method. The obtained results of these
measurements are summarized in Fig. 6 and Table S2 in ESLt

Based on these data, it was found that the addition of SnBO-2
with the ratio of polymer/SnBO-2 at 1:1 significantly increased
the WCAs of thin layers of PVL-L, PLA-DPE and PVL-DPE. Their
hydrophilic character was changed to the hydrophobic one with
the WCAs 100.3° (PVL-L), 96.5° (PLA-DPE) and 95.0° (PVL-DPE).
Especially for PVL-L, the increase of WCA (25.7°) is the most
striking. Of course, SnBO-1 and SnBO-2 were also added to PLA-
L, PCL-L and PCL-DPE and new formulations were fabricated in
the same way. However, such a significant improvement in
hydrophobic properties was not observed in these cases (Table S2
and Fig. S1, ESIT).

The uniformity of these thin layers with highest WCAs
(Polymer:SnBO-2 = 1:1 (w/w)) was again studied. Surfaces
were characterized based on AFM, SEM and VASE. The SEM and
AFM data showed smooth surface without cracks and corruga-
tions (see Fig. 7). Root mean square (RMS) roughness values
determined by AFM were typically found to be lower than
~2.35 nm (see Table 6). The thicknesses of all samples were
determined by VASE showing values of 89-522 nm (Table 6).
From these data, it is evident that the hydrophobicity is not
influenced by the thickness of layers, which varies between 89
and 522 nm with almost the same WCAs (95-100°). In addition,
the presence of oxygen, boron, fluorine and tin atoms in the
spin coated thin films was confirmed by SEM EDX.

Therefore, it is evident, that the stannaboroxines improved
the uniformity of surfaces of thin layers of polymers and

23282 | RSC Adv, 2024, 14, 23273-23285

increased the WCAs of these hydrophilic materials and formed
the hydrophobic materials.

Conclusions

Following the catalytic activity of N-coordinated tin(u) cations
[L'— Sn(H,0)][OTf],-THF (1) and [L'—SnCl][SnCl;] (2) in
ROP producing well-defined linear PLAs via activated mono-
mer mechanism, here, we determined these complexes as
effective and universal also for the polymerization of e-CL and
8-VL. The polymerization of these monomers yielded well-
defined linear PCL and PVL. Moreover, the formation of acti-
vated monomer opened the possibility to use different poly-
alcohols for the synthesis of well-defined star-shaped
analogues. Thus, the application of 1 and 2 in the synthesis of
star-shaped polyesters PLAs, PVLs and PCLs led to the prep-
aration of a series of polymers with different arm numbers.
While well-defined star-shaped PLAs were obtained using
complex 2, complex 1 provided well-defined star-shaped PVLs
and PCLs.

The preparation of well-defined linear and star-shaped PLAs,
PCLs and PVLs allowed us to compare their wettability in terms
of composition and polymer structure. For this study, thin
layers of the linear and six-armed polymers derived from
dipentaerythritol were fabricated by spin-coating method to
avoid any influence on the method of fabrication. Results based
on WCA measurements showed that the wetting properties of
PCLs and PVLs depend only on the composition, when PCLs
showed hydrophobic character (~102°), while PVLs hydrophilic
(~75°). For PLAs, the hydrophobicity was found for linear
polymer (~97°), while star-shaped analogue (~80°) showed the
hydrophilicity. To improve the uniformity of surfaces and
increase the WCAs, two stannaboroxines L*(Ph)Sn[(OB-(C¢H 4-4-
CF3)),0] and L*(Ph)Sn[(OB-(C¢H,-3,5-CF;),),0] were applied.
The addition of stannaboroxines improved the uniformity of
thin films and moreover transferred hydrophilic polyesters to
hydrophobic, which was the most striking for linear PVL (AWCA
~26°). This fact suggested the use of stannaboroxines and other
heteroboroxines can be promising approach for the creating of
hydrophobic materials.

Experimental part
General consideration

All moisture and air sensitive reactions were carried out under
an argon atmosphere using standard Schlenk tube techniques.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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All solvents were dried using Pure Solv-Innovative Technology
equipment. r-lactide, d-valerolactone and e-caprolactone were
purchased from Sigma-Aldrich and were purified by the
recrystallization from toluene or distillation over CaH, before
use. Compounds 1, 2, SnBO-1 and SnBO-2 were prepared
according to the literature.?**” The 'H NMR spectra were
recorded on a Bruker 500 NMR spectrometer at 298 K. The 'H
NMR spectra were referenced internally to the residual protio-
solvent. The molar mass distributions and Mark-Houwink
plots were determined by size exclusion chromatography (SEC)
coupled with a multi-angle light scattering (MALS) detector
DAWN NEON, an RI detector Optilab NEON and an online
viscometer ViscoStar NEON (all detectors from Wyatt Tech-
nology). The SEC system consisted of a 1200 Series isocratic
pump and an autosampler with two Mixed-C 300 x 7.5 mm 5
pm columns (all Agilent Technologies) using tetrahydrofuran
(THF) as the mobile phase at a flow rate of 1 ml min~*. Samples
of linear and star-branched polymers were prepared as solu-
tions in THF at the concentrations of = 6 mg ml™', left to
dissolve for at least 12 h, filtered with 0.45 pm filters and
injected in the amount of 100 pL. The specific refractive index
increment (dn/dc) was determined from the RI detector
response and injected mass assuming 100% mass recovery.
The average values obtained from four or five measurements of
different linear samples are as follows:

PLA dnldc = 0.046 + 0.001 ml g™
PCL dn/dc = 0.072 + 0.001 ml g~

PVL dn/dc = 0.070 + 0.001 ml g

The values are valid for THF, the wavelength 690 nm and
temperature 25 °C.

Ring-opening polymerization of r-lactide using 1 and 2 as
catalysts. Typical polymerization procedures are as follows. A
catalyst, benzylalcohol or polyalcohol and monomer in a molar
ratio 1:1/n:100 (where n = number of hydroxyl groups in the
initiator) were weighted into a Schlenk tube and homogenized.
The polymerization mixture was then placed into an oven pre-
heated to 145 °C. After a desired time, the reaction mixture was
cooled to room temperature and subjected to the 'H NMR
analysis. The monomer conversion was determined by the
calculation of the integration of the monomer vs. polymer
characteristic resonances in the "H NMR (CDCl;, 500 MHz)
spectrum. The polymer was purified by dissolving the crude
samples in CHCl; and precipitating into cold methanol
(100 ml). The obtained polymers were dried to a constant
weight, and the dry polymer samples were analyzed by the
SEC-MALS-Visco.

Preparation of thin layers of linear and star-shaped polymers
by spin-coating. The polymer samples were dissolved in THF at
concentrations of 0.5, 1 and 2% (w/w). For example, for 2% (w/
w) solution: 0.2 g of polymer was dissolved in 9.80 g of THF.

The prepared solutions were deposited on silicon wafer
substrates of 15 x 15 x 0.3 mm and the substrates were rotated

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

using a Spin-Master spin coater at 4000 rpm for 60 s. After that,
thin layers were dried under vacuum at 80 °C. The formulations
containing the stannaboroxines SnBO-1 and SnBO-2 were
prepared by adding these compounds to appropriate THF
polymer solution in weight ratios of polymer:SnBO-1(-2) at 1:
0.5 and 1: 1. For example, for formulation of 2% (w/w) solution
of polymer with SnBO-2 in ratio 1: 1 (w/w): 0.2 g of polymer and
0.2 g of SnBO-2 was dissolved in 9.80 g of THF. The thin films
were prepared in the same manner as the polymer samples
themselves.

Water contact angles (WCAs) measurements. The WCAs by
the sessile drop method were measured using an OCA 50EC
goniometer (DataPhysics Instruments). Data were collected
with OCA20 software. The volume of dispensed water was set to
3.5 pl. 10 images were taken from one drop and the determi-
nations were made on 3 different locations for each condition.
The resulting WCAs were averaged.

Characterization of thin layers prepared by spin-coating. The
surface of the prepared films and their chemical composition
were studied using scanning electron microscopy (SEM,
TESCAN, VEGA 3, EasyProbe, Brno, Czech Republic) linked
with energy-dispersive X-ray analyzer. The EDX measurements
were performed at 3 spots per sample. Atomic force micros-
copy (Solver NEXT, NT-MDT) was used to study topography of
thin films within typical scanned area of 5 ym x 5 pm and
10 pm x 10 pm. Measured data were edited by means of rows
alignment using polynomial function of the fourth order. The
AFM scans were performed in the semi-contact mode
(amplitude modulated atomic force microscopy - AM-AFM)
using double-sided cantilever with the resonant frequency of
235 and 140 kHz (+£10%) respectively. The data were pro-
ceeded using Gwyddion software. Optical functions of
prepared layers as well as their thicknesses were obtained
from the analysis of spectroscopic ellipsometry data
measured using an ellipsometer with automatic rotating
analyzer (VASE, J. A. Woollam Co., Inc.). Experimental data
were analyzed using a three layer model of optical functions:
(i) the substrate (silicon substates), (ii) thin film, and (iii) the
surface layer. For the analysis of VASE data in broad measured
spectral region (300 nm-2300 nm, with wavelengths steps of
20 nm and angles of incidence 65°, 70° and 75°.), we used
Cauchy model.

Data availability

All data generated or analyzed during this study are included in
this published article and its ESI files. For more details, please
contact authors.
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