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ABSTRACT: Stable water-borne polyurethane dispersions (PUDs) were prepared from bifunctional aliphatic polycarbonate-based mac-

rodiol, 2,2-bis(hydroxymethyl)propionic acid (DMPA), 1,6-diisocyanatohexane, 1,4-butanediol (BD), and triethylamine. Water-borne

dispersion particles are thus solely formed from self-assembled linear PU chains. Both PUDs and PUD-based films were characterized

with regards to the concentration of DMPA (ionic species content) and BD (hard-segment content). Average particle size of PUDs

decreased and their long-term stability increased with increasing DMPA and decreasing BD concentration. Functional properties of

cast films made from PUDs are substantially influenced by the character of the original colloidal particle dispersions. The swelling

behavior of the films, their surface morphology, and mechanical properties are more influenced by DMPA than BD contents. At

DMPA concentrations higher than 0.2 mmol g21 of the solid mass of polyurethane, distinct self-organization of individual nanopar-

ticles into fibril-like structures was detected by atomic force microscopy and scanning electron microscopy. PU films made from PUD

containing high BD as well as high DMPA concentrations have the best utility properties namely sufficient tensile properties and a

very low swelling ability. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42672.
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INTRODUCTION

Organic solvent-borne polymer dispersion systems used for sur-

face coatings were widely produced and used in the past.1,2

However, the evaporation of volatile organic compounds

(VOCs) is the main problem for this type of applications. To

reduce coating costs and eliminate VOCs to the atmosphere,

organic solvents were replaced by water, the most environmen-

tally friendly and cheapest medium.3–5 Currently, aqueous poly-

urethanes have successfully filled up the applications areas

previously reserved for organic solvent-borne polyurethanes.

Because of the excellent adhesion to the substrate surface, high

abrasion, and fouling resistance, the water-borne PUDs are now

frequently used as flexible coatings for textile, wood, leather,

and metal applications.6–8 The size of the particles is a very

important parameter because it controls the range of practical

applications. Small particles are desired when a thorough and

deep penetration of the dispersion into porous material is nec-

essary. However, when a rapid drying is essential, relatively large

particles are preferred.9

Water-borne PUDs are relatively complex systems, the behavior

of which differ significantly from that of polyurethane elasto-

mers (PUE), even though the basic components (i.e., macrodiol,

chain extender, and diisocyanate) are very similar or in some

cases the same as for PUE formulations. Unlike the solid PUEs,

the water-borne PUDs are typical aqueous colloidal systems.

Although all polyurethanes possess a number of highly polar

urethane groups, they are basically hydrophobic and therefore

they precipitate in water. There are two methods how to

improve dispersibility of these materials in aqueous media: (i)

using an external emulsifier or (ii) incorporating hydrophilic

ionic groups into the polyurethane backbone. The main advant-

age of ionic group introduction into the polyurethane backbone

is better stability of the charged polyurethane dispersions than

that of systems containing the external emulsifiers.

The size of PU nanoparticles can be controlled by different fac-

tors. It strongly depends on temperature, rate of mixing, soft

segment molecular weight, ionic group concentration, and the

degree of neutralization.4,9,10 It has been found that the chain

hydrophilicity, which depends mainly on the number of ionic

species (either cationic or anionic) in the molecular chain, deci-

sively influences the particle size.9 The hydrophobicity of the

soft segment component5,11 plays also a role, but its effect is

much less pronounced.

Polyurethanes prepared from bifunctional diisocyanates, macro-

diols (MD), and chain extenders (low-molecular weight diols)

are linear block copolymers composed of soft (SS) and hard

VC 2015 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4267242672 (1 of 14)

http://www.materialsviews.com/


(HS) segments. These products exhibit the thermoplastic behav-

ior and have been used for a long time as elastomeric construc-

tion materials and soft coatings.12 Their pronounced

thermoplastic nature allows for easy processing, shaping, and

forming by industrial processes like injection molding or extru-

sion. Also the simplicity of recycling and re-processing (com-

pared to chemically cross-linked PU thermosets, more robust to

recycling) belongs to their great benefits. Polyether-, polyester-,

or polybutadiene-based macrodiols of MW 1000–5000 are fre-

quently used as the components of soft segment which secure

the flexibility of PU chains.11–14 The hard segments acting as

physical cross-linking sites reinforcing the PU chain are formed

by the reaction of diisocyanates and low-molecular weight diols.

It has been found that PUDs obtained from hydroxyl-based

chain extenders are more flexible than those based on the corre-

sponding amine based extender.15

Polycarbonate-based (PC) polyols which constitute the soft seg-

ments are a relatively new class of materials in the field of poly-

urethanes.6,12,13,16–19 They are known to provide good

weathering, fungi, and hydrolysis resistance and are at the same

time highly biocompatible materials.16 Until now, just a few

studies of polycarbonates used as the soft segment components

for the PUD preparation have been published.6,16–19 However,

in all these studies, the multifunctional chain extenders such as

ethylenediamine, diethylenetriamine, or hydrazine were used

which gave rise to branched or chemically cross-linked polymer

structures.8,17–21

To our knowledge, no research has been performed on the prep-

aration of thermoplastic water-borne PUDs based on PC mac-

rodiol and bifunctional butane-1,4-diol as chain extender

despite the fact that this type of PUs represents very attractive

materials. To obtain the linear system, bifunctional butane-1,4-

diol (BD), previously commonly applied in preparation of elas-

tomers, was used as a chain extender. For the same reason 1,6-

diisocyanatohexane (HDI) was used as a linear, aliphatic isocya-

nate compound. This choice of reactants secures the synthesis

of recyclable PU materials*.

This article deals with the preparation and characterization of

thermoplastic water-borne PUDs and cast films made from

water-borne PUDs. The effect of polymer composition on the

characteristics of the dispersions, mainly on the average particle

size and long-term stability, is presented. The relationship

between the properties of dispersions and resulting PU films,

such as morphology, water absorption resistivity, and mechani-

cal properties, is discussed and based the best candidates for

practical use are subsequently selected.

EXPERIMENTAL

Materials

Commercially available, aliphatic polycarbonate macrodiol (PC,

trademark T4672) with the average molar mass around Mn �
2770 g mol21 (detected by SEC/GPC) was kindly provided by

Asahi Kasei Chemical Corporation, Tokyo, Japan. T4672 consists

of butylene, C4 and hexylene, C6 units (C6/C4 molar ratio is

7 : 3) connected by carbonate groups and it is end-capped by

hydroxyl groups. For the structure, see Figure 1. 1,6-HDI,

butane-1,4-diol (BD), 2,2-bis(hydroxymethyl)propionic acid

(DMPA), and triethylamine (TEA) were obtained from Sigma–

Aldrich. Dried acetone (max. 0.0075% H2O) was supplied by

Merck KGaA, Darmstadt, Germany. Dibutyltin dilaurate

(DBTDL, purchased from Sigma–Aldrich) in the form of the 10

wt % solution in Marcol oil (mixture of liquid saturated hydro-

carbons) was used as a catalyst.

Dispersion Synthesis

Because of high viscosity of polycarbonate diol, which was used

as the soft segment component, all reaction steps (including

pre-polymerization) were performed in acetone solutions. The

main difference between our polymerization process and the

common procedure based on diamines consists in the fact that

the chain extension is performed before the dispersion step.

This modification prevents the reaction between unreacted

NCO groups and water.11 In the standard procedure of prepara-

tion PUDs based on polycarbonate macrodiols with diamines as

chain extenders, the neutralization step is performed prior to

chain extension.18,21 Because we used diol, which is less reactive

than diamine, we could perform the reaction with 1,4-butane-

diol before the neutralization. This type of synthesis was used

by Nanda and Wicks,11 who reported the preparation of PUDs

based on polyesters diols and 1,4-butanediol as a chain

extender. To minimize the reaction of diisocyanates with water

which competes with the reaction of hydroxyl groups from diols

and could cause a considerable decrease of PU molecular

weight,9,22 a very dry acetone with water content lower than

0.0075 wt % was used. In addition, the organo-tin catalyst

(dibutyltin dilaurate) was used to accelerate the urethane-

forming reaction with aliphatic diisocyanates and suppress the

side reactions with water even more.23 The main advantage of

acetone is that a relatively low content of DMPA is necessary to

produce stable dispersion.11 The synthesis of PUD consisted of

four subsequent steps; pre-polymerization, chain extension,

neutralization, and dispersion formation by phase inversion

process. A simplified preparation procedure is given in Figure 1.

Polycarbonate macrodiol, DMPA, and acetone were placed into

a round bottom 100 cm3 flask equipped with a magnetic stirrer,

condenser, and temperature controller, and thoroughly mixed at

room temperature to obtain a homogenous solution and a uni-

form mixture of monomers. The amount of acetone was in all

cases 45 wt % of the total mass of the reaction mixture. Subse-

quently, HDI and the catalyst (0.05 mol % per mol of NCO

groups) were added and mixed at the rate of 700 rpm. Then

the reaction proceeded at 608C for 6 h, until a constant NCO

content was achieved (checked by FTIR analysis). To avoid the

competitive reaction between hydroxyl groups of BD and water,

*Unlike PU films made from “classical” thermoplastic PU elastomers, all PU

films made from water-borne PUDs are fully soluble in polar solvents (ace-

tone, tetrahydrofuran) at laboratory temperature. Acetone used for recycling

of PUDs may be a technical solvent, which reduces the costs of re-processing.

Moreover, after water addition into these PU solutions and after organic-

solvent removal, PU dispersions in water are re-formed. They can be thus re-

used in the same manner as original water-borne PUDs.
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the chain extension reaction preceded the dispersion formation

step. The amount of the chain extender (BD in this case) was

set to maintain a constant value of the isocyanate index

(r 5 [NCO]/[OH]total 5 1.05; [OH]total 5 [OH]PC 1 [OH]DMPA

1[OH]BD). The chain extension reaction proceeded for 2 h at

608C, followed by neutralization of the carboxylic groups by an

addition a tertiary amine (TEA) to the polymer solution for 30

min at 558C, both under constant rate of mixing of 700 rpm.

The polymer solution was cooled to room temperature where

after water was gradually added with a constant rate of 1 ml

min21 using a medical syringe. After acetone removal using

rotavap under reduced pressure at room temperature, organic,

solvent-free PU water dispersions were obtained. The solid con-

tent of polymer in the water dispersion was kept constant in all

systems and was equal to 35 wt %.

Film Preparation

All films were prepared by casting the PU dispersions onto Tef-

lon plates followed by slow water evaporation at room tempera-

ture for 5 days†. To remove residual water, the films were dried

at 508C for 20 h and subsequently for 1 h at 508C under vac-

uum. The final film thickness was controlled by the volume of

dispersion used for unit area of the Teflon plate; the final film

thickness was in all cases 500 mm 6 25 mm. Obtained films were

transparent, they became slightly opaque at increased BD/PC

and decreased DMPA/PC ratios.

Methods of Characterization

Gel Permeation Chromatography. The molecular masses, Mn,

Mw and polydispersity index, Mw/Mn were determined by gel

permeation chromatography (GPC) (Deltachrom pump, Watrex

Comp., autosampler Midas, Spark Instruments, two columns

with PL gel MIXED-B LS [10 mm]). The eluent was tetrahydro-

furan (THF) at flow-rate 0.5 ml min21. The injection-loop vol-

ume was 0.1 ml. Measurements were performed with triple

viscosity/concentration/light-scattering detection. The set was

connected with a light-scattering photometer DAWN DSP-F

(Wyatt Technology) measuring at 18 angles of observation, a

modified differential viscometer Viscotek model TDA 301

(without internal light scattering and concentration detectors)

and a differential refractometer Shodex RI 71. The data were

processed by the Astra and triSEC softwares.

Figure 1. Simplified preparation procedure of the aqueous PU dispersions.

†A modified procedure, that is, film preparation at 508C immediately after

dispersion casting led to deteriorated surface characteristics. For details, see

Figure 6 in Surface Analysis of PU Films Prepared by PUD Casting section.
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Dynamic Light Scattering. Dynamic light scattering (DLS)

measurements were performed using an ALV CGE laser goni-

ometer consisting of a 22 mW HeNe linear polarized laser oper-

ating at a wavelength of 632.8 nm, an ALV 6010 correlator, and

a pair of avalanche photodiodes operating in pseudo cross-

correlation mode. The samples were loaded into 10 mm diame-

ter glass cells and maintained at 25 6 18C. Data were collected

using ALV Correlator Control software and the counting time

of 30 s. To avoid multiple light scattering, all samples were

diluted 100 times before measurement.24 The measured inten-

sity correlation functions g2(t) were analyzed using REPES algo-

rithm (incorporated in the GENDIST program)25 giving the

distributions of relaxation times shown in equal area representa-

tion as sA(s). The mean relaxation time or relaxation frequency

(C 5 s21) is related to the diffusion coefficient (D) of the nano-

particles as D 5 D5 C
q2 where q5

4pn sinðh=2Þ
k is the scattering

vector, n is the refractive index of the solvent, and H is the scat-

tering angle. The hydrodynamic diameter (DH) or the distribu-

tions of DH were calculated26 using the well-known Stokes–

Einstein relation:

DH 5
kBT

3pg D

where kB is the Boltzmann constant, T is the absolute tempera-

ture, and g is the viscosity of the solvent.

Electrophoretic Light Scattering. Electrophoretic light scatter-

ing (ELS) measurements were used to determine the average

zeta potentials (f) of the nanoparticles using the Zetasizer

NanoZS instrument (Malvern Instruments, UK). The equipment

measures electrophoretic mobility (UE) and converts each value

to f-potential (mV) using Henry’s equation:

f5
3g UE

2 � f ðkaÞ

where e is the dielectric constant of the medium. The parameter

f(ka) is the Henry’s function which has been calculated through

Smoluchowski approximation f(ka) 5 1.5. The measurements

were performed at 25 6 18C and each reported f-potential value

is the average of 10 subsequent measurements.

Differential Scanning Calorimetry. Thermal behavior was

measured by Pekin-Elmer DSC 8500 calorimeter with nitrogen

purge gas (20 cm3 min21). Indium was used as a standard to

calibrate the instrument for temperature and heat flow. About

10 mg of each sample was encapsulated in hermetic aluminum

pan. Differential scanning calorimetry (DSC) was performed in

a cycle heating–cooling–heating from 2808C to 2008C at 108C

min21. Before and after each of the ramps two minutes of

isothermal plateaux were inserted.

Swelling. Swelling experiments were performed at room tem-

perature by immersing the specimens of dry cast films (�0.3 g)

into deionized water for the overall time of 16 weeks. The swel-

ling degree was expressed in percentage of the mass increase

and calculated according to the equation:

% swelling5
w2w0

w
3100 %

where w0 is the initial weight of the dry film and w is the

weight of film in the swollen state.

The percentage weight loss Dw is the weight difference between

the weights of dry films before and after swelling, original w0

and final wf calculated according to the equation:

Dw5
w02wf

w0

3100 %

Atomic Force Microscopy. Investigation of the topography and

heterogeneity relief of PU films was conducted by atomic force

microscopy (Dimension Icon, Bruker), equipped with an SSS-

NCL probe (Super Sharp SiliconTM—SPM-Sensor from Nano-

SensorsTM Switzerland with spring constant 35 N m21 and reso-

nant frequency �170 kHz). To investigate PU nanoparticles a

freshly peeled out mica (flogopite, KMg3(Si3Al)O10(OH)2) sur-

face was covered by dilute water PUD solution (c 5�1 mg

ml21). After water evaporation, the samples were dried in a vac-

uum oven at ambient temperature for 12 h. The measurements

were performed under ambient conditions using tapping mode

atomic force microscopy (AFM) technique. The scans covered

the sizes from 1 3 1 to 50 3 50 mm2.

Scanning Electron Microscopy. The microstructure of the films

was measured by scanning electron microscopy (SEM) using

Vega Plus TS 5135 from Tescan, Czech Republic. Before SEM

analysis, the films were sputtered with 4 nm Pt layer using vac-

uum sputter coater SCD 050 (Balzers, Czech Republic).

Tensile Tests. Tensile properties of the cast films were measured

using an Instron model 5800 (Instron Limited, UK) according

to test method ISO 527 at room temperature with a cross-head

speed of 10 mm min21. The specimens were prepared according

to given standard procedure ISO 527-2/5B. The used dimen-

sions of each specimen were: length 35 mm, length and width

of the narrowed part: 12 and 2 mm, and thickness 0.5 mm.

Mechanical characteristics such as Young modulus E, stress-at-

break rb and elongation-at-break eb were obtained from the ten-

sile curves. Toughness was expressed as the energy to break the

sample per volume unit. Reported values were the averages of

at least five measurements. Presented tensile curves were taken

from the measurements closest to each calculated average value.

RESULTS AND DISCUSSION

Stable water-borne PU dispersions composed exclusively of lin-

ear aliphatic chains have been prepared and characterized. The

effect of composition (DMPA and BD contents) on the average

particle size and f-potential, that is, on characteristics that

reflect and pre-determine the long-term stability of PUDs, and

on their functional properties such as water-absorption resistiv-

ity, surface morphology, and tensile properties of the cast PU

films made from PUDs have been investigated and discussed.

For a smooth discussion, all samples are marked by codes. The

code consists of three letters: either PUD (which stands for pol-

yurethane dispersion), or PUF (which means polyurethane film

cast from the relevant PUD). The letter code is followed by two

numbers. The first gives the BD-to-PC molar ratio and the
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second indicates the DMPA-to-PC molar ratio. As mentioned

above, two parameters controlling PU compositions were varied

and therefore two series of samples with either constant ionic

group content (DMPA) or short diol (BD) content were pre-

pared. Sample codes and compositions are given in Table I, in

first to sixth column. Because the BD and HDI products con-

tain groups which can form hydrogen bonds, the variation of

BD content allow for the regulation of the number of physical

crosslinks.13 Conversely, polymer hydrophilicity of PUDs is con-

trolled by the number of ionic species derived from the DMPA

component. From this point of view, the series of PUDs and

PUFs with constant ratio DMPA-to-PC (second number) shows

the dependence of PU samples on the hard-segment contents

while the series with constant BD-to-PC (first number) depicts

the dependence of PUD or PUF samples on the contents of

ionic groups.

Molecular Weights of Synthesized PUs

The molecular weights were determined by GPC. Dry samples

were dissolved in THF in concentration 1 mg cm23. The results,

based on the polystyrene calibration, are listed in Table II. The

Mn values of samples containing various BD concentrations

(PUD A-1 series) are similar. It is obvious that different

amounts of DMPA influence Mn. Decreasing DMPA concentra-

tion leads to higher Mn.

Average Particle Size and Long-Term Stability of PUD

Particle size of PU dispersions is a result of the complex proc-

esses influenced by reaction conditions such as temperature,

rate of mixing, type and concentration of ionic group and chain

extender, type of macrodiol and diisocyanate, and the degree of

neutralization of the ionic groups. The dispersions are formed

by step-wise PU chain polymerization followed by a self-

assembly of individual PU chains into the nanometer-size for-

mations in the dispersion step. The complex chemistry of the

preparation process requires that the reaction conditions suita-

ble for the reproducible preparation of PUDs with desired func-

tional properties have to be found and optimized. To tune the

reaction conditions, FTIR was used to determine the minimum

time necessary for the total isocyanate group conversion in the

pre-polymerization and chain-extension reaction steps.

After the study and validation of all individual steps, the process

of the reproducible PUD preparation was set as follows: (i) pre-

polymerization for 4 h at 608C, (ii) chain-extension for 2 h at

608C, (iii) neutralization for 0.5 h at 558C, and (iv) finally a 30

min dispersion process at 558C. All consecutive steps were con-

ducted under stirring at the constant speed of 700 rpm.

The study of the influence of PUD composition on the average

size of the nanoparticles was performed for samples with fully

neutralized carboxylic groups with triethylamine to suppress

complicating polyelectrolyte effects at low ionic strength.5 As

the conditions of preparation were identical for all PUD sam-

ples, the differences in average particle size and f-potential

detected by the dynamic and ELS analyses are due to differences

in PUD compositions. The effect of BD concentration (the

series PUD A-1, with constant DMPA-to PC ratio) and the

DMPA concentration (the series PUD 0.5-B, with constant BD-

to-PC ratio) on the z-average particle size and on f-potential of

the samples is presented in Figure 2.

The results are in accordance with literature data27 and show

that the average particle size decreases considerably with

increasing DMPA content. The main reason consists in

increased solubility of considerably charged polyelectrolyte

chains rich in DMPA, that shifts the self-assembly towards dis-

sociation and formation of smaller associates. Two general

effects control the solubility of polyelectrolyte chains. The first

one is entropic and reflects the increase in translational entropy

of counterions, which are released in bulk aqueous medium.28

The second effect is caused by changes in the solvation and in

water structure after the dissociation and ion pairs and separa-

tion of individual ions. Both ACOO2 and NH1(C2H5)3 are

large, so called “water structure-breaking” ionic groups and

hence the changes in their solvation lead to the decrease of the

Table I. Sample Codes and Composition of PU Dispersions

Code PUDa A–B BD (mmol g21)b DMPA (mmol g21)b PC (mmol g21)b HDI (mmol g21)b TEA (mmol g21)b

PUD 2.5–1 0.74 0.31 0.29 1.40 0.31

PUD 2–1 0.61 0.32 0.31 1.31 0.31

PUD 1–1 0.34 0.34 0.33 1.08 0.35

PUD 0.8–1 0.27 0.35 0.34 1.04 0.36

PUD 0.5–1 0.17 0.36 0.35 0.94 0.36

PUD 0.5–0.4 0.19 0.16 0.38 0.79 0.15

PUD 0.5–0.2 0.20 0.08 0.40 0.72 0.09

a PUF A–B: identification of film prepared from PUD of given composition A 5 BD/PC; B 5 DMPA/PC.
b Concentration expressed per gram of the solid mass of polymer.

Table II. Molecular Weights of Prepared PUDs

Code Mn (kg mol21) Mw (kg mol21) Mw/Mn

PUD 2.5–1 15.3 29.8 1.95

PUD 2–1 12.5 28.4 2.27

PUD 1–1 11.9 27.3 2.30

PUD 0.8–1 12. 2 28.5 2.34

PUD 0.5–1 12.9 30.5 2.36

PUD 0.5–0.4 22.7 48.2 2.12

PUD 0.5–0.2 28.9 58.1 2.01
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Gibbs function of the system.29 One more effect contributes to

the dissociation of particles with increasing DPMA content. The

number of ionized ACOO2 groups in associates formed by

DMPA-rich samples is high and the electric charges are rela-

tively close to each other. Therefore, the electrostatic repulsion

is strong, which promotes the dissociation of associates. How-

ever, the effect is more complex. The charge of multiply ionized

and relatively small nanoparticles (i.e., small for the total bare

charge) is in a large extent compensated by counterions which

“condense” on charged nanoparticles and lose their translational

entropy. In summary, the dissociation of charged polyelectrolyte

associates is due in main part to complex entropy reasons.28

One more (quite trivial) factor contributes to the dependence

of sizes of self-assembled nanoparticles on the DPMA content.

Data in Table II show that molecular weights of single chains

that in aqueous media self-assemble in nanoparticles depend on

chemical composition and appreciably increase with decreasing

DPMA content. The data further show that the average particle

size increases with higher chain stiffness5 which grows with

increasing BD concentrations. This understandable effect is, of

course less pronounced (45–60 nm; series PUD A-1) than that

of DMPA (48–105 nm; the series PUD 0.5-B). In summary, the

number of ionic species affects the self-assembly more signifi-

cantly than the content of hard segments [for details see Figure

2(a) and Table III].

The values of f-potential reflect the efficiency the electrostatic

stabilization of dispersed particles in polar liquids (particularly

in aqueous media) and control the long-term stability of pre-

pared dispersions‡. It is generally accepted that particle suspen-

sions are stable if the absolute value of f-potential exceeds 30

mV (i.e., more positive than 130 mV or more negative than

230 mV).30,31 All prepared PUDs which contain pendant ani-

onic groups in DMPA units exhibit negative f-potentials. The

influence of the content of ionic groups (DMPA) and hard seg-

ments (BD) on the f-potential is shown in Figure 2(b).

As expected, the content of DMPA strongly influences absolute

values of f-potential, which increases with increasing DMPA

content. It is noteworthy, that the f-potential decreases consid-

erably with BD content. This is caused mainly by the fact that

the size of self-assembled particles increases with increasing con-

tent of BD (as explained above) and hence the charge spreads

on a larger surface and the surface charge density is lower as

compared with compact particles formed by PUs, which are

poor in BD.

As almost all absolute values of f-potential are higher than 30

mV, the dispersion can be considered as long-term stable, which

was proven experimentally by the stability tests, that is, by stor-

ing them at laboratory temperature (23 6 28C) for more than 1

year. All dispersions, with the only exception, which was the

sample PUD 2.5–1 containing the highest amount of BD, with

the value—(29 6 1) mV, remained stable for more than 1 year.

The stability of PUD 2.5–1 was limited and the particles sponta-

neously coagulated in 5 months.

To summarize this part, the stable water-borne dispersions

(formed exclusively by linear PU chains) with z-average particle

size between 45 and 105 nm were prepared using butane-1,4-

diol as the chain extender and 2,2-bis(hydroxymethyl)propionic

acid as the anionic species. Increasing DMPA concentration

Figure 2. The influence of BD and DMPA concentrations on the z-average particle size (left) and f-potential (right). BD and DMPA concentration values

are given in Table I, second and third column.

Table III. Sample Codes, z-Average Particle Size, Size-Dispersity Index

(PDI), and f-Potential of PU Dispersions

Code PUD A–B
z-Average particle
size, Dz (nm) PDIa

f-Potential
(mV)

PUD 2.5–1 60.2 6 0.5 0.20 2 (29 6 1)

PUD 2–1 54.7 6 1.3 0.29 2 (44 6 3)

PUD 1–1 47.6 6 0.4 0.13 2 (54 6 4)

PUD 0.8–1 46.0 6 0.5 0.07 2 (60 6 3)

PUD 0.5–1 48.4 6 0.2 0.09 2 (65 6 2)

PUD 0.5–0.4 87.6 6 0.7 0.06 2 (50 6 3)

PUD 0.5–0.2 105.2 6 10 0.26 2 (36 6 3)

a Size-dispersity index was estimated using the cumulant analysis of the
autocorrelation functions.

‡The system is stable when the repulsive forces between the particles are suffi-

cient enough to overcome their attraction and thus prevent their aggregation.

Insufficient number of the ionic species will results in particle aggregation

and subsequent sedimentation.
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results in smaller and more stable water dispersions while

increasing BD concentration leads to slightly larger and less sta-

ble dispersions. The synthesized PU dispersions exhibit suitable

functional properties and can be used for preparation of free-

standing films, coatings, or adhesives. In this study, the first

possibility, that is, the use of stable water PUDs as starting

materials for the preparation of cast free-standing PU films was

addressed. The chapters of the article that follow focus on

results obtained by the characterization and analyses of PU

films. At the end of this paragraph, we would like to emphasize

that while the behavior of charged PU chains and associates in

aqueous media corresponds to the polyelectrolyte regime, in

next parts of the study, the thermo-mechanical behavior of bulk

films reflects the properties of materials in the ionomer

regime.28 It is why we use the term polyelectrolyte in the begin-

ning of the article and ionomer in the later parts.

Differential Scanning Calorimetry

To investigate the thermal behavior of PUDs, such as melting

and organization of crystalline domains, DSC measurements were

performed. Row data and the effects of the soft and hard seg-

ment content are shown in Figure 3, the thermodynamic charac-

teristics evaluated from DSC curves are listed in Table IV. The

DSC thermograms generally show one glass transition tempera-

ture (I) at around 2348C and four endothermic peaks (II–V).

The second (II) and third (III) peaks at temperatures between 51

and 738C reflect the thermal behavior of soft segments. The sec-

ond endothermic region (II) is related to relaxation of the soft

segments in the interphase, whereas the third peak (III) is attrib-

uted to the melting of highly organized (crystalline) parts formed

by the soft phase. The positions of both peaks do not change at

relatively high BD content [Figure 3(a)]. It means that the physi-

cal cross-links do not significantly affect the motion of soft seg-

ments. The intensities of the endotherm peaks are the highest for

the BD and DMPA ratios close to 1 (PUD 0.8–1 and PUD 1–1).

The difference is visible for the sample with the lowest BD and

simultaneously the highest DMPA amount (PUD 0.5–1), where

the peak II disappears and intensity of the peak III is the weakest.

This is probably due to the fact that BD content approaches the

low limit, below which the interaction of ionic groups from

DMPA dominates over the effect of hydrogen bonds formed by

BD units. It suggests that presence of ionic groups hinders the

motion chains32 and crystallization of PC§. The same trend is

observed in Figure 3(b) presenting samples from series PUF 0.5-

B. The melting enthalpy values of soft segments (DH)m in region

Figure 3. The DSC curves of PUDs-based films containing: (a) various amount of BD, (b) various amount of DMPA. Temperature regions I–V are

drawn by the dotted lines.

Table IV. Thermal Properties of PUDs Based Films

Code HSCBD
a (wt %) HSCDMPA

b (wt %) Tg
c (8C) Tr

d (8C) (Tm)se (8C) (DHm)sf (J g21)

PUD 2–1 16.9 10.0 234 61 71 11

PUD 1–1 9.6 11.0 234 60 71 8

PUD 0.8–1 7.6 11.3 234 60 73 8

PUD 0.5–1 5.2 11.6 235 – 73 1

PUD 0.5–0.4 5.9 4.9 234 – 71 4

PUD 0.5–0.2 5.6 2.5 236 51 67 7

a HSCBD—hard segment content derived from BD 5 (mHDI used for BD 1 mBD)/(mHDI 1 mBD 1 mPC 1 mDMPA) 3 100.
b HSCDMPA—hard segment content derived from DMPA 5 (mHDI used for DMPA 1 mBD)/(mHDI 1 mBD 1 mPC 1 mDMPA) 3 100.
c Tg—glass transition temperature of the soft segments.
d Tr—relaxation temperature of the soft segments.
e (Tm)s—melting temperature of the soft segments.
f (DHm)s—melting enthalpy of the soft segment.

§Auxiliary DSC experiments of model PUs prepared without any BD revealed

that endothermic peak III systematically diminished (or even disappeared) if

DMPA content gradually increased.
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III increase with decreasing DMPA content and indicate better

arrangement of chains poor in DMPA.

Multiple melting peaks IV and V at temperatures higher than

858C occur only for the sample containing the highest HSCBD

value (PUD 2–1). They can be attributed either to the presence

of highly organized hard-segment domains present in the differ-

ent crystalline forms13 or they can be associated with the mixing

transition of the soft and hard segments.33

Swelling Behavior

The sensitivity and resistivity of cast PU films against water is a

paramount criterion for most coating or adhesive applications.1

The swellability of cast PU films increases with increasing hydro-

philicity of polymer chains,5,9 that is, in the studied samples,

with growing DMPA content. Other factors such as the soft-

segment type, molecular weight or the chain extender type and

functionality also affect the water resistivity of coating materi-

als.27,34 The effects of BD [PUF A-1 series, Figure 4(a,b)] and

DMPA contents [PUF 0.5-B, Figure 4(c)] on the degree of swel-

ling (DS) were investigated on the timescale of hundreds of days.

Figure 4 shows that the initial rate of swelling (up to 5 h) almost

does not depend on the sample composition. The mass increase

(�3 wt %) at this stage is more likely the result of physical bind-

ing of water molecules onto the film surface than the diffusion

inside the film. This type of polyurethane–water interaction is

highly probable because the hydrophilic ionic groups are regu-

larly distributed within the polyurethane chain and therefore also

on the film surface. After 5 h, the rates of swelling of individual

samples start to differentiate from each other and depend on the

film composition. After 60 h, the maximum differences in the

swelling degree reach 10 wt % of water [see Figure 4(a)], which

represents almost 100% of the relative swelling. As the ratio of

DMPA to PC is kept constant in the PUF A-1 series (see Table I

for the compositions), the comparison of curves in Figure 4(a,b)

shows that water resistivity of cast films increases with the hard-

segment content. As already mentioned, the influence of DMPA

content on the water resistivity is antagonistic to that of BD: the

resistivity to swelling increases with decreasing DMPA content

[Figure 4(c)] which is in accordance with literature data.35 At

low DMPA contents, up to 0.16 mmol g21 (PUF 0.5–0.2 and

PUF 0.5–0.4), DS did not exceed 12 wt % within the 16 weeks of

conducted measurements. However, for the sample with a high

DMPA content (PUF 0.5–1), large DS of 115 wt % was obtained

after 16 weeks. It can therefore be concluded that DMPA content

of about 0.2 mmol g21 represents a threshold value below which

the PU films behave as hydrophobic and highly water resistant

materials. Below this the PU films are characterized by relatively

high swelling resistivity in comparison to PUDs-based films pre-

pared from isophorone diisocyanates and poly(tetra-methylene

adipate glycol), where the percentage swelling in water is in a

range from 48 to 92 wt %.36

With respect to long time (quasi-equilibrium) swelling proper-

ties, the prepared PU films can be divided into three categories:

little swelling films (PUF 2–1, PUF 0.5–0.2, and PUF 0.5–0.4)

which attain only a low quasi-equilibrium DS of about 10 wt

%, medium swelling films (PUF 0.8–1 and PUF 1–1) with inter-

mediate DS about 55 wt % and highly swelling films (PUF

0.5–1) which attain high DS of about 115 wt %. The weight

Figure 4. The effect of BD (PUF A-1 series: a, b) and DMPA concentrations (PUF 0.5-B series, c) on swelling properties. Time dependence of the swel-

ling (a) for time up to 50 h, and (b,c) for time up to 16 weeks.

Table V. Swelling Properties of PU Films

Code PUF A–B

Swelling
maximum
(wt %)

Swelling after
16 weeks (wt %)

Time for maximum
swelling* or
quasi-equilibrium

Weight loss by
swelling Dw (wt %)

PUF 2–1 8.5 2.2 7 days* 3.9

PUF 1–1 53.7 52.5 12 weeks* 3.4

PUF 0.8–1 58.5 56.5 12 weeks* 4.3

PUF 0.5–1 115.1 115.1 13 weeks 4.1

PUF 0.5–0.4 11.7 11.7 13 weeks 1.2

PUF 0.5–0.2 7.01 7.0 12 weeks 1.2
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differences of dry samples before and after swelling were also

measured. It was found that they are always fairly low. Lower

values (ca. 1 wt %) were obtained for films made from bigger

particles while films made from smaller particle lose about 3–4

wt % of the mass, not depending on the attained DS; see Table

V, the fifth column.

In the following chapter, the swelling experiments will be fur-

ther correlated to results of surface analyses (SEM and AFM).

Surface Analysis of PU Films Prepared by PUD Casting

Surface structure belongs to the most important features of

films and coatings. Therefore, surface morphology of the PU

films was analyzed by two microscopy techniques: atomic force

microscopy (AFM) and scanning electron microscopy (SEM).

However, before studying the films that are formed by a com-

plex process, during which individual polymer chains from dif-

ferent nanoparticles reorganize and mutually interpenetrate, we

studied the deposition of individual nanoparticles on the sur-

face from very diluted solutions.

For the study of the deposition of PU particles on the surface

by AFM, we have selected the hydrophilic atomically smooth

freshly peeled-out mica surface. The dip-coating technique, con-

sisting in a fast immersion of small mica sheet in a dilute solu-

tion followed by fast drying, was used to deposit individual

particles. Figure 5 shows one isolated polymer nanoparticle

deposited from the diluted aqueous PUD 0.5–0.4 solution. The

section analysis of the spherical particle revealed its diameter of

about 170 nm. When compared with DLS measurements (parti-

cle size 87.6 nm), the size of the deposited particle seems to be

larger. This is caused by the pancake deformation of the flexible

PU particle upon its deposition on the hydrophilic surface.

Because different forces act on the PU nanoparticle in the aque-

ous dispersion and on the mica surface, it is usually impossible

to compare particle sizes obtained from DLS directly. However,

it has been shown that AFM is a useful technique for

Figure 6. AFM 2D 10 mm 3 10 mm (a–c) height, (d–f) phase images of PUF 0.5–0.4 sample prepared by: (a, d) drying at ambient temperature, (b, e)

fast water evaporation, (c, d) slow water evaporation and following heating.

Figure 5. AFM 1 mm 3 1 mm images: (a) 3D height, (b) 2D phase of one separated PU nanoparticle from PUD 0.5–0.4.
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investigation of shapes and size distributions of various nano-

particles, including PU nanoparticles.37,38

AFM is a powerful tool for checking film surface regularity on

the nanometer scale. Three PU samples (PUF 0.5–0.4) of identi-

cal composition, but prepared at different rates of water

removal during the dispersion thickening and film formation,

were analyzed by this method. Figure 6(a,d) shows the height

and phase images of films prepared by drying at ambient tem-

perature for 5 days. The slow procedure resulted in randomly

oriented rod-like hard domains, which appear at the images as

the brightest regions. The results of the second procedure, when

the sample was directly heated at 508C (well above Tg) for 24 h,

are presented in Figure 6(b,e). This modification of the prepara-

tion procedure, which does not provide enough time for the

organization of hard segments within soft phase due to too fast

water evaporation, leads to highly disordered morphology of

the film surface. To optimize the preparation of films, PUD

0.5–0.4 was dried first at ambient temperature for 5 days and

then heated at 508C (Tg 5 2348C). Casting the films well above

the glass transition temperature at which the polymer chains are

highly mobile, results in more regular organization of hard

segments. Figure 6(c,f) shows the morphology of the sample

prepared by the third method. In this case highly organized and

regularly arranged rod-like patterns connected with each other

were observed in the AFM image. This indicates that the orga-

nization of hard segments depends not only on the rate of water

evaporation but also on the casting temperature.

AFM was further used for studies of the effect of different

groups content (particularly ionic groups and those that allow

the formation of H-bonds) on surface morphology. We found

that in all cases, the crystallization of soft segments, described

in Differential Scanning Calorimetry section, influences signifi-

cantly the microphase separation and consequently the surface

morphology. Figure 7 compares several selected cast films. Very

similar morphology was observed for samples containing differ-

ent BD contents (series PUF A-1), which suggests that BD did

not display significant H-bonding influence on the film mor-

phology. This finding is consistent with DSC data which indi-

cate (e.g., PUF 0.8–1) that hard segments are separated from

soft phase depending on the HSCBD concentration (see Table

VI). The packing behavior could be caused by the high level of

the superstructured organization of hard segments,39 made

Figure 7. 2D phase AFM images of the cast PUDs films. Scan size 10 mm 3 10 mm left, 2 mm 3 2 mm right.
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from symmetric diisocyanate (HDI) and symmetric BD,

together with the high tendency to ordering of carbonate units

in soft segments. The study also shows that the content of ionic

groups has significant effect on the morphology and microphase

separation (observed by AFM). When HSCDMPA content

decreases (series 0.5-B), the microphase separation also

decreases, which is demonstrated by more homogenous struc-

ture of PUD 0.5–1. These observations are consistent with con-

clusions drawn from DSC results [Figure 3(a)] and support the

correctness of the interpretation. Because the charged groups

mutually repel, their effect on the compactness of the structure

is opposite than that of hydrogen bonds. This may explain

more tightly ordered structure of sample containing the lowest

HSCDMPA concentration (PUD 0.5–0.2). Similar results were

obtained by Sami et al.40 in system without DMPA, where the

effect of hydrogen bonds resulted in formation of tightly

ordered structure.

2D AFM height images and SEM top images of the surface relief

of the PUF 0.5–0.4 cast film are compared in Figure 8. Almost

identical magnifications of the images were used in both meth-

ods. Both microscopic techniques show similar microstructures

where the aforementioned fibril-like structures on the film sur-

face can be easily identified. In both cases, the width of the

fibrils is in the range of 80–120 nm. Hollow dips, which retain

continuous film surface [Figure 8(c)], can be detected by both

techniques. Their presence is presumably the result of water

exclusion from the polymer mass during film formation. Swel-

ling experiments (Swelling Behavior section) revealed that this

particular sample is very hydrophobic. Gradual water separation

results in the formation of stable micrometer-size droplets

included in the arising polymer film subsequently evaporated

leaving the dip structures on the film surface.

SEM analysis was further used for determination of the effect of

the hard-segment concentration on surface film morphology.

Microscopic images of cast film surfaces at different BD concen-

trations (PUF A-1 series)¶ are shown in Figure 9. Although PUF

0.5–1 [Figure 9(a)] with the lowest BD content exhibits the

most homogenous structure, PUF 2–1 with the highest BD con-

tent [Figure 9(c)] contains numerous, randomly distributed hol-

low dips of different sizes. The diameter and average depth of

several of the hollow structures were estimated by AFM section

analysis and divided into small (1/0.1 mm), medium (2/0.3 mm),

and large (5/1 mm) sized features. Number and size of the hol-

lows clearly increase proportionally with increasing BD concen-

tration and therefore the hard-segment content. This can be

explained by the fact that samples with higher BD contents eas-

ier nucleate in solution. When water is evaporating, particles

collide with each other, causing a creation of the porous struc-

ture. Conversely, swelling experiments revealed that the hydro-

philicity or hydrophobicity of the films has crucial influence on

the surface homogeneity of the cast films. The most hydrophilic

PUF 0.5–1 has the most homogeneous surface relief while the

very hydrophobic PUF 2–1 is distinguished by the highest num-

ber of micrometer-size hollow dips. Therefore, formation of

the pores may be also caused by more complicated water exclu-

sion process from the hydrophobic polymer mass during film

formation. Despite the enlarged porous surface area of PUD 2–

1 sample [Figure 9(c)] compared to the other films of the PUF

A-1 series, this sample shows the lowest swelling tendency

(Table V).

Tensile Properties

The influence of DMPA and BD content on the Young’s modu-

lus E, stress-at-break (tensile strength) rb, and elongation-at-

break eb of the cast films were evaluated. The results are sum-

marized in Table VI. As the components used for the PU sam-

ples preparation were bifunctional, the resulting cast films were

thermoplastic in nature. This is a great advantage because it

provides for the reuse and recycling of synthesized samples by

various easy available methods, like the injection molding or

extrusion. Nevertheless, the absence of chemical cross-lings has

a detrimental effect on mechanical properties, which are worse

than those of similar chemically cross-linked PU compounds,

for example, of those cross-linked by tetrafunctional amines.35,41

Two aspects influencing the mechanical properties were investi-

gated: (i) BD concentration (PUF A-1 series) and (ii) the effect

of DMPA content (PUF 0.5-B series). Tensile curves of the two

series of samples are shown in Figure 10.

The results can be summarized as follows: increasing amount of

BD leads to gradual increase of E (Table VI, the second col-

umn). This behavior, which has been found in many PU sys-

tems,13,42 is directly related to the hard-segment-promoted

increase of sample compactness. Simultaneous increase in tensile

strength, elongation at break, and toughness is observed for the

Table VI. Tensile Properties of Cast PU Films Prepared from PUDs of Different Composition: BD—Dependence (PUF A-1 Series) and DMPA—Depend-

ence (PUF 0.5-B Series)

Sample
Young’s
modulus E (MPa)

Tensile
strength rb (MPa)

Elongation-at-break
eb (%)

Energy-to-break
(mJ mm23)

PUF 2–1 26.7 6 0.7 3.7 6 0.2 288 6 11 11.2 6 0.7

PUF 1–1 8.3 6 0.2 1.4 6 0.1 208 6 19 3.5 6 0.4

PUF 0.8–1 5.9 6 0.1 1.0 6 0.1 190 6 10 2.4 6 0.2

PUF 0.5–1 3.5 6 0.1 0.7 6 0.1 172 6 7 1.5 6 0.1

PUF 0.5–0.4 5.5 6 0.2 1.3 6 0.1 132 6 8 1.7 6 0.1

PUF 0.5–0.2 13.9 6 0.8 1.8 6 0.1 128 6 13 2.4 6 0.3

¶The unstable dispersion PU 2.5–1 was not used for the film formation.
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whole series: PUF A – 1, with the best mechanical properties

found for PUF 2 – 1.

The effect of DMPA concentration (PUF 0.5-B series) on the

tensile properties is shown in Figure 10(b). Simultaneous

increase of E, rb, and the energy-to-break and at the same time

decrease of eb can be seen with the decreasing concentration of

the anionic groups (DMPA) [Tables I and III and Figure 10(b)].

The two tensile characteristics, namely rb and eb, show opposite

trends which contradicts the results for films based on both (a)

PU dispersions of chemically cross-linked systems (where the

Figure 9. SEM images of PUDs-based films with different BD content (PUF A-1 series): (a) PUF 0.5–1, (b) PUF 1–1, and (c) PUF 2–1 at magnification

35000.

Figure 10. Tensile curves of cast PU films (a) at different BD concentrations (PUF A-1 series), and (b) at different DMPA concentrations (PUF 0.5-B

series).

Figure 8. The microstructure of PUF 0.5–0.4: (a) 2D height AFM image (30 mm 3 30 mm), (b) SEM image (magnification 37000), and (c) SEM image

(magnification 330,000).
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increase of DMPA content resulted in rb increase and eb

decrease9) and (b) related starting materials such as PC macro-

diol, HDI, and BD prepared by bulk polymerization.13,43

The most important factor influencing the PUD composition

and average particle size in the PUD 0.5-B series is clearly the

DMPA content. It can be assumed that the increase of the ani-

onic group number and also the decrease of average particle

size of the dispersions lead to somewhat looser structures, with

Coulombic forces overwhelming the hydrogen bonding interac-

tions in the hard segments. All charged nanoparticles are self-

assembled entirely from linear PU chains. The packing of the

particles and resulting compactness of the films are dependent

on the average particle size and their anionic strength. Although

smaller, highly charged particles give less tight and less compact

materials, bigger and less charged particles form stronger films

at low hard-segment contents.

The highest energy-to-break is observed for PUF 2–1 in PUF A-

1 and for PUF 0.5–0.2 in the PUF 0.5-B series. Both films are

also distinguished by sufficient water resistance (see Swelling

Behavior section for details) but they differ in the average size

of the dispersion particles (Table III). Both formulations (PUF

2–1 and PUF 0.5–0.2) are excellent candidates for top coating

materials which can be applied in both internal and external

conditions.

CONCLUSIONS

Stable novel water-borne dispersions based on linear PU chains

containing only the aliphatic components such as

polycarbonate-based macrodiol, DMPA, HDI, and BD were pre-

pared and characterized. The average particle size (between 45

and 105 nm) decreases with increasing DMPA content, but is

only slightly influenced by the amount of chain extender (BD)

in the polymer. The absolute values of f-potential (between

229 and 265 mV) decrease with ascending DMPA and

descending BD contents. The long-term stability tests confirmed

that all these dispersions are stable for the minimum period of

1 year. The only exception is the dispersion of the sample with

the highest BD content (with the lowest absolute value of f-

potential 229 mV), the stability of which was found to be lim-

ited to 5 months only.

Surface morphology, swelling degree, and tensile properties of

the cast films made from polyurethane dispersions were found

to depend strongly on the dispersion composition, mainly on

the content of the anionic groups as given by DMPA concentra-

tion. Three swelling categories were detected: low degree of

swelling of about 10 wt %, intermediate with about 55 wt %,

and finally high degree of approximately 115 wt %. The surface

of films with relatively high (>0.1 mmol g21) DMPA content

shows the self-assembly of particles on the nanometer and

micrometer scale arranged into irregular interlined fibril-like

structures as detected by AFM. Although the length of fibril-like

structure is on the micron unit level, its width is in tens of

nanometers. The surface structures and morphologies of indi-

vidual samples also differ on both the micrometer and milli-

meter scale depending of the composition, as detected by SEM.

The micrometer-size pores are detectable on the surface of

hydrophobic PU films, giving a rough design to the material on

the micrometer scale. However, on the millimeter level the sur-

face appears relatively regular. Mechanical properties are sub-

stantially influenced by the composition of the given

dispersions. Tensile strength, elongation-at-break, and energy-

to-break increase with increasing BD contents, but increasing

DMPA contents leads to higher elongation-at-break but lower

tensile strength and energy-to-break. Summarizing the conclu-

sions concerning the functional properties from the practical

point of view, samples PUF 0.5–0.2 and especially PUF 2–1

seem the best candidates for the use as internal or external top-

coat materials.

ACKNOWLEDGMENTS

The authors wish to thank the financial support of the Grant

Agency of the Czech Republic (Czech Science Foundation, project

No. 13–06700S).

REFERENCES

1. Brock, T.; Groteklaes, M.; Mischke, P. European Coatings

Handbook, Vincentz Verlag: Hannover, 2000, p 67.

2. Chattopadhyay, D. K.; Raju, K. V. S. N. Prog. Polym. Sci.

2000, 32, 352.
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1. Introduction

Polyurethanes (PU) containing polycarbonate polyols (PCDs) as a soft phase become more 
and more common.[1,2] In comparison with polyether- or polyester-based polyurethanes 
they have better mechanical properties and they are more resistant to UV–light, hydrolysis, 
heat, and oxidative processes. PCDs are produced by the reaction of alkane diol and dialkyl 
carbonates and there are used as biocompatible materials with suitable flexibility at low 
temperature.[3,4] They are mainly used as elastomers, but, due to excellent hydrolytic and 
oxidative stability, they are also more and more popular in a form of colloidal nanoparticles 
(PU dispersions and PUDs), being utilized as coatings, films, and adhesives.[5,6] The main 
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2  M. SeRKiS eT AL.

problem for solvent-borne polyurethane coatings is emission of organic solvents to the 
atmosphere, which was a motivation for development of polyurethane water dispersions. 
Waterborne polyurethanes are polymer chains dispersed in water, due to incorporation of 
internal emulsifiers (ionic, e.g. involving carboxylic groups) into polyurethane backbone.
[7–10] A disadvantage of carboxylic groups present in a polymer chain is a possibility of 
hydrolysis and a deterioration of thermal and mechanical properties.[11] One of the com-
mon method to improve PU systems (being in the form of elastomers, plastics, foams, or 
dispersions) is using them in organic–inorganic (O–I) nanocomposite synthesis.[12,13]

O–I nanocomposites became very popular, especially in the last two decades.[14–16] 
Their popularity is caused mainly from the simplicity in tuning of functional properties by 
the choice of organic and inorganic raw materials, their concentration, shape, preparation 
procedure, etc. Four main ways of O–I nanocomposite preparation are possible: (i) the 
addition of inorganic precursor into the organic polymer (e.g. use of the sol–gel process 
for the reinforcement of given polymer),[17] (ii) the addition of inorganic particles into 
the polymerizable mixture of monomers,[18] (iii) the use of the mixture of monomers 
and inorganic precursor – both matrices are formed subsequently in situ,[19] and (iv) the 
mixing of final organic polymer with inorganic nanoparticles.[20] All routes are used in 
practice, and their either benefits or limits depend on intended use.

Silica nanoparticles belong to very common and popular nanofiller in O–I nanocom-
posites due to excellent stability, high hardness, and low price.[15,21] It can be further 
modified on the surface that spreads their utility possibilities. Silica nanoparticles exist 
as a powder obtained from fumed silica or precipitated silica. However, colloidal silica is 
more popular than powder one due to perfectly round shape of particles, homogenously 
dispersed in water or alcohol.[22–24]

In principle, polyurethane/silica nanocomposites can be prepared by all four above-men-
tioned ways, but sometimes with specific conditions of the preparation depending on the 
intended practical use. According to which type of interaction is desirable, different methods 
of preparation PU/nanosilica composites exist. Most of them utilize chemical interactions 
between the nanofiller and polyurethane, obtained, for example, in sol–gel process. This 
method is a two-step network forming technique, firstly the hydrolysis and secondary 
polycondensation reaction of alkoxides. In sol–gel process silica precursor (e.g. TEOS) 
reacts with monomers or polymer and as a result a cross-linked polymer is obtained.[21,24]

In situ, polymerization process involves three steps: (i) pre-treatment of nano-additives 
with modifiers, (ii) dispersing of modified additives into monomers, and (iii) forming of 
nanocomposites in situ during the polymerization. This method is often used during prepa-
ration of PU/nanosilica composites, but the main problem accompanying the process is 
necessity of water removal from aqueous silica sol or transfer the silica into organic solvent 
during forming the nanocomposites.[23,24]

The simplest way of incorporating silica particles into polymer is direct mixing of the 
both components. There are two types of this method: (i) melt blending and (ii) solution 
blending.[24] Due to this way of preparation only hydrogen bonds and van der Waals forces 
are present between nanosilica particles and polyurethane matrix (nanoparticles formed 
from linear charged PU chains), that means the 3D-network structure is formed due to 
temporary physical bonds between both types of the nanoparticles. The main advantage 
of nanocomposites based on solely physical bonding is the simplicity of the reusing or 
recycling.
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According to our knowledge there are only few publications, which consider the prepa-
ration and characterization of PUDs derived from PCDs [4,5,7–10,25] and all of them are 
cross-linked systems based on ethylenediamine or monohydrated hydrazine. In one study 
dedicated to PUDs [26] the sol–gel process with the participation of 3-aminopropyltrieth-
oxysilane (APTES) has been used, which allowed to obtain the cross-linked-salinized PU.

Our previous study have presented linear system of PUDs based on polycarbonate mac-
rodiol, diisocyanate-1,6-hexane, 2,2-bis (hydroxymethyl) propionic acid, and butane-1,4-
diol.[27] Despite the fact that the dispersions were stable, mechanical properties of obtained 
films were limited. In order to study the impact of nanosilica content on the final (especially 
surface, mechanical, and thermal) functional properties, series of PU/silica nanocomposites 
differing on the silica content were prepared. The solution blending followed by slow and 
gradual water evaporation enabled the preparation of PU/silica nanocomposites being joint 
together just by physical bonds. To our knowledge, nanocomposites made from PUDs based 
on solely linear aliphatic PU chains and colloidal silica nanoparticles were not described yet.

2. Experimental

2.1. Materials

Aliphatic polycarbonate macrodiol (PC, trademark T4672) with molecular weight ca. 
2770 g mol−1 was kindly provided by Asahi Kasei Chemical Corporation, Tokyo, Japan. 
Hexamethylene diisocyanate (HDI), 2,2-bis (hydroxymethyl) propionic acid (DMPA), 
1,4-butanediol and triethylamine (TEA) were received from Sigma-Aldrich Co. Dried 
acetone (max. 0.0075 wt% H2O) was supplied by Merck KGaA, Darmstadt, Germany. The 
catalyst constituted 10 wt% solution of dibutyltin dilaurate (DBTDL) (Sigma-Aldrich, Co.) 
in Marcol oil. Aqueous silica sol LUDOX TMA1 was obtained from Aldrich Chemical 
Company, Inc., USA, as a 34 wt% suspension in deionized water. The characteristic val-
ues of the silica were as follow: molecular weight of 60.08 g mol−1, specific surface area of 
140 m2 g−1, pH of 7, and density of silica particles 2.37 g cm−3.

2.2. Preparation of PU/silica nanocomposites

The detailed preparation of waterborne PU is described in our previous work.[27] In this 
paper, colloidal silica was added to PUD made from PC, HDI, DMPA, BD, and TEA. PUD 
containing BD-to-PC molar ratio equal to 0.5 and DMPA-to-PC equal to 0.4 was used as 
the organic matrix. This PUD was chosen because of the narrowest size dispersity index, 
PDI = 0.06, in comparison to other PUDs prepared and very good long-term stability, ca. 
1 year. Other characteristics of the PUD were as follow: particle size of 88 nm, ζ-potential 
of –50 mV, Mn = 22.7 kg mol−1, Mw = 48.2 kg mol−1. For other details see [27].

PU/silica nanocomposites were prepared by solution blending method, as given in  
Figure 1. For this purpose PUD containing 32 wt% of PU in water was mixed with the 
aqueous silica sol using magnetic stirrer at the rate of 700 rpm for 1.5 h at room tempera-
ture. Samples containing from 5 to 60 wt% of the nanofiller were prepared, calculated on 
the dry weights of silica and polyurethane. The sample codes and compositions are given in 
Table 1. Neat polyurethane contained two types of hydrogen bonding: hard–soft segments  
(Figure 1(a)) and hard–hard segments (Figure 1(b)). As a result of mixing linear polymer 
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4  M. SeRKiS eT AL.

with silica particles, new physical cross-links were created (Figure 1(c)). PU/silica dis-
persions in water were cast on Teflon plates. After drying the samples for 5 days at room 
temperature and then at 50 °C for 20 h, continuous films were obtained. Film thickness 
(~500  μm) was controlled by the amount of nanoparticle–water mixture used for unit 
area of the Teflon mold. The ease of use of this system was the same environment-friendly 
medium (water) and a good chance of homogeneous mixing for both types of particles. 
The greatest advantage of these materials was possibility of recycling. Due to solubility of 
obtained films in acetone, they can be easily suspended in water and used again for films 
formation. In our previous study,[27] we have observed the same thing, however here we 
concluded that addition of colloidal silica did not deteriorate the materials recyclability.

Figure 1.  Scheme of preparation PU/nanosilica composites: (I) solution blending of PU and colloidal 
silica (Si) dispersed in water, (II) incorporation of Si particles between polymer chains, (III) obtaining of 
continuous film (different types depending on PU and Si concentration). Possibilities of hydrogen bonding 
in PU/nanosilica composites: (a) urethane–carbonate groups (hard–soft segments), (b) urethane groups 
(hard–hard segments), and (c) silica–urethane groups.

Table 1. Sample codes, code abbreviations (used solely in figures), and silica content in PU/silica nano-
composites.

ma – mass of dry silica and dry polyurethane.

Code Code abbreviation m
a

TMA
 (g) m

a

PU
 (g) Silica content (wt%)

TMA-0 0 0 5.99 0
TMA-5 5 0.29 5.50 5
TMA-10 10 0.56 5.50 9.3
TMA-25 25 1.83 5.47 25
TMA-32 32 1.92 4.08 32
TMA-50 50 5.48 5.48 50
TMA-60 60 3.61 2.40 60
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2.3. Methods of characterization

2.3.1. Tensile characterization
Static and mechanical properties were measured on Instron model 6025/5800R (Instron 
Limited, UK) equipped with 100 N load cell, at room temperature with a cross-head speed 
of 10 mm min−1. Dumbbell-shaped specimens corresponded to the ISO 527-2/5B type: total 
specimen length 35 mm, length, and width of the narrowed part: 12 and 2 mm, thickness 
0.5 mm. Selected tensile characteristics were determined: Young’s modulus E (modulus of 
elasticity, given in MPa), tensile strength σb (maximum stress before braking the material, 
given in MPa), elongation-at-break εb (percentage increase in length before the sample 
break), and toughness (energy-to-break the sample per volume unit, given in mJ mm−3). 
Reported values were the averages of at least five measurements. Presented tensile curves 
were taken from the measurements the closest to each calculated average value.

2.3.2. Dynamic mechanical thermal analysis
Dynamic mechanical thermal analysis (DMTA) was measured by ARES-G2 from TA instru-
ments. An oscillation frequency of 1 Hz, deformation in a range from 0.01 to 3.5%, the 
heating rate of 3 °C min−1 from –100 to +180 °C were applied. The geometry of standard 
specimens was: 25 × 6 × 0.5 mm3. Storage modulus (G′), loss modulus (G″), and loss factor 
(tan δ = G″/G′) were measured.

2.3.3. Thermogravimetric analysis
Thermogravimetric analyses (TGA) of the samples (10–15 mg) were performed on Pekin-
Elmer Pyris 1 TGA. The analyses were carried out in temperature from 30 to 700 °C under 
nitrogen flow of 30 ml/min at 10 °C min–1. TGA curves were determined. Tonset, DTGAmax, 
and WR600 °C were investigated as well.

2.3.4. Optical microscopy
Films appearance and transparency were investigated by surface analysis of the material 
using stereo microscope at magnification 1×. Dried samples were measured at the same 
field by NIKON SMZ18 equipped with objective P2-SHR Plan Apo 0.5×. There was not 
needed any additional sample preparation before the measurement.

2.3.5. Scanning electron microscopy
Scanning electron microscopy (SEM) was used for general determination of samples mor-
phology, both the surface and the cross section in magnification range from 500× to 15,000×. 
Dried films were broken in liquid nitrogen. Measurements were carried out by Vega Plus 
TS 5135 (Tescan, Czech Republic). Before SEM analysis samples were sputtered with 4 nm 
Pt layer using vacuum sputter coater SCD 050 (Balzers, Czech Republic).

2.3.6. Atomic force microscopy
Analysis of the surface morphology of PU/silica films and colloidal silica dispersity in the 
polymer matrix were performed by atomic force microscopy (AFM) (Dimension Icon, 
Bruker), equipped with the SSS-NCL probe (Super Sharp SiliconTM – SPM-Sensor from 
NanoSensors™ Switzerland; spring constant 35 N m−1, resonant frequency ≈ 170 kHz), using 
tapping mode AFM technique. The scans covered sizes from 1 × 1 μm to 10 × 10 μm. The 
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6  M. SeRKiS eT AL.

AFM images of film surfaces and the fractured areas after previous freeze – fracturing in 
liquid nitrogen conditions were measured. The evaluation of the roughness surface param-
eters Rq, Ra, and Rmax were based on areas 5 × 5 μm.

2.3.7. Swelling and solubility in water
Water swell was measured by immersing the films in water at room temperature for 20 weeks. 
After the residual water was wiped from the sample surfaces with filter paper, the weight of 
swollen films was measured immediately. The water swelling of the samples was calculated 
by measuring its mass increase as a function of time, by the following equation:

where w0 is mass of the dry film, w is mass of the film after being measured in water over 
a certain period of time.

After the immersion in water by 20 weeks, the samples were dried in 50 °C for 20 h. The 
percentage weight loss, ∆w, was calculated according to the equation:

where wf is the weight of dried film after immersing in water.

3. Results and discussion

Series of thermoplastic PU/nanosilica films differing in the content of inorganic nanofiller 
(from 5 to 60 wt%) were prepared by mixing of the polymer matrix with colloidal silica. 
Depending on the composition they differed in appearance and consistence. Due to variety 
of the materials, tensile properties were tested at first.

3.1. Tensile properties

Tensile properties of PU/nanosilica films depend significantly on the silica amount. Table 
2 summarizes the Young’s modulus (E), stress-at-break (σb), elongation-at-break (εb), and 
energy-to-break (toughness). As the samples are distinguished by the complex elastic–
plastic character, elongation at maximal stress value (marked as elongation-at-maxload 
and stress-at-maxload) are the part of Table 2. Figure 2(a) shows tensile characteristics of 

(1)% Swelling =
w − w0

w0

× 100%

(2)Δw =

w0 − wf

w0

× 100%

Table 2. Tensile properties of PU/nanosilica films.

Sample code

Young’s 
modulus, E, 

(MPa)

Stress-at- 
maxload, 

(MPa)

elongation- 
at- maxload 

(%)

Stress-at- 
break, σb, 

(MPa)

elongation- 
at-break, εb, 

(%)

energy-to 
-break (mJ/

mm3)
TMA-0 8 2.0 84 1.4 94 1.5
TMA-5 12 2.0 87 1.4 108 1.8
TMA-10 15 1.9 83 1.3 110 1.9
TMA-25 41 1.8 36 1.0 107 1.8
TMA-32 62 1.4 22 0.6 84 1.1
TMA-50 552 7.6 2.8 2.3 33 1.3

D
ow

nl
oa

de
d 

by
 [

C
ze

ch
 A

ca
de

m
y 

of
 S

ci
en

ce
s]

 a
t 0

1:
37

 1
2 

Ja
nu

ar
y 

20
16

 



COMPOSiTe iNTeRFACeS  7

films containing up to 32 wt% of silica. Tensile curves of pure PU matrix, TMA-0, and the 
sample with the silica loading of 50 wt%, TMA-50 are given in Figure 2(b).

Three groups featuring different tensile characteristics can be observed. (i) The neat 
matrix and films with 5 and 10 wt% of the nanofiller have elastomeric-like behavior. In sam-
ples TMA-5 and TMA-10 continuous polyurethane matrix is filled with ceramic-type nano-
material, which causes slight improvement of mechanical properties. This can be explained 
by the effective stress transfer from the polymer matrix to the silica particles. (ii) Samples 
TMA-25 and TMA-32 represent bicontinuous system, where the material becomes tough 
plastic with elastic limit given by the yield strength at very low elongation (up to 10%). There 
is an increasing in number of places where no polymer between silica particles is available 
for energy dissipation, compared to the first group. The nanofiller in this case impairs elas-
ticity referring to the polyurethane matrix. (iii) In case of TMA-50, the continuous phase 
is silica, filled with dispersed polyurethane. As a result, obtained material is hard, visible 
at the first part of curve, and typical for ceramic. After crossing the yield strength, plastic 
behavior derived from the organic polyurethane part is visible. Sample TMA-60 was too 
brittle for tensile measurements.

3.2. Dynamic mechanical thermal analysis

The temperature dependences of the storage modulus (G′) and loss factor (tan δ) for PU/
nanosilica films containing different amount of the nanofiller are shown in Figure 3. The 
storage modulus G′ of the films (Figure 3(a)) increases as silica content is increasing due 
to reinforcing of the organic matrix by the inorganic filler and blocking relaxation of pol-
yurethane chains by silica particles. Moreover, it is visible that melting temperature of the 
nanocomposite materials increases with the increasing filler concentration, which can be 
explained by higher amount of hydrogen bonds between PU matrix and silica nanoparticles.

The maxima on tan δ curves (tan δ)max, show the glass transition temperature, Tg (α-re-
laxation peak) identical for all samples, around –31 °C (Figure 3(b)). The glass transition 
temperature depends on many factors, such as loading, size, and concentration of a filler 
and dispersion condition.[24] No significant changes in Tg for neat PU matrix and PU/silica 

Figure 2.  Stress–strain curves of cast PUD/nanosilica films: (a) colloidal silica concentration up to 32 
wt% and (b) pure matrix and sample containing 50 wt% of silica amount (code abbreviations are given 
in Table 1).
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8  M. SeRKiS eT AL.

nanocomposites occurred as a result of weak, physical interactions between the filler and 
polymer matrix. The presence of nanosilica thus changes only the packing of polyurethane 
chains, but does not change their stiffness.

Increase in silica amount causes blocking of PU chains mobility and as a result, the chains 
are released at higher temperatures. In case of sample containing 32 wt% of silica (TMA-32) 
different trend in tan δ vs. temperature is visible, caused by the increase in the amount of 
silica/silica interface in comparison to silica/matrix. The difference in the bicontinous film 
behavior was also confirmed by tensile tests (see Chapter 3.1). Sample TMA-10 showing 
similar behavior to TMA-5 was deleted from Figure 3(a) and (b) due to clarity of the plots. 
Films containing 50 and 60 wt% of silica were too brittle for DMTA measurements.

3.3. Thermogravimetric analysis

TGA was used to study the effect of colloidal silica content on the PU/silica nanocom-
posites. TGA curves are shown in Figure 4. Obtained data are summarized in Table 3. In 

Figure 3. The temperature dependences of: (a) storage modulus, G′, (left) and (b) loss factor, tan Δ, (right) 
of PU/nanosilica composites. Code abbreviations are given in Table 1.

Figure 4. TGA curves of PU-based films containing different silica content. Code abbreviations are given 
in Table 1.
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COMPOSiTe iNTeRFACeS  9

general, the TGA curve of neat polyurethane has two thermal decomposition stages. There 
are attributed to removal of residual water and decomposition of hard and soft segments in 
polyurethane.[28] The films modified by colloidal silica have the same trend and there is no 
additional stage in comparison with the matrix. However, the decomposition of PU/nano-
silica stage is shifted to higher temperatures. It is caused by shielding effect of the filler,[29] 
which reduce mass transport rate. Moreover, incorporation of silica particles into polymer 
matrix decreases mobility of PU chains. The nanofiller acts as a mass transport barrier for 
the volatile products, which are generalized during thermal stability of PUD-based films. 
The TGA thermograms (Figure 4) and Table 3 (4th column) show silica residues, which 
amount is precisely equal to the nanofiller concentration in PU/nanosilica films. It provides 
that organic polyurethane parts were completely oxidized, whereas WR600 °C is the inorganic 
filler residue.

3.4. Optical microscopy characterization

Transparency is one of very important property of coating materials, which gives infor-
mation about possibility of the light transmission trough a sample. However, addition of 
silica particles often increases the nanocomposite opaqueness because of light scattering 
caused by silica particles.[26]

Figure 5 shows optical microscopy images of selected samples containing various con-
centrations of the nanofiller. The materials transparency was tested by measuring of the 
films located on the same background. It is clearly visible that samples are transparent till 
32 wt% of silica loading, which suggest that in these cases nanofiller is well dispersed in the 
matrix (see Figure 8). This result shows a real possibility of using PU/silica nanocomposites 
as transparent materials.

Table 3. Parameters obtained from TGA measurements for the PU/nanosilica films.

Tonset – thermal degradation onset temperature, DTGAmax – maximum of derivative TGA, WR600 °C – residue at 600 °C in nitro-
gen atmosphere.

Code Tonset (°C) DTGAmax (°C) WR600 °C (%)
TMA-0 274 335 0.5
TMA-5 276 350 5.4
TMA-10 278 344 9.8
TMA-25 281 353 24.9
TMA-32 279 346 31.7
TMA-50 270 325 48.9
TMA-60 273 319 58.6

Figure 5. Optical microscopy images (magnification 1×) of films containing 5, 32, 50, and 60 wt% of 
silica, respectively.
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10  M. SeRKiS eT AL.

The films became more opaque with increasing of silica amount, till completely white 
sample containing 60 wt% of the nanofiller. This phenomenon is caused not only by creation 
of silica agglomerates, but also by increasing samples porosity, which will be discussed in 
the SEM section (Chapter 3.5).

3.5. Scanning electron microscopy

It was found that mechanical and thermal properties of PU/silica nanocomposites depend 
significantly on nanosilica content. In order to correlate their microstructure with the other 
functional properties, both film surfaces and surfaces of cross sections for broken samples 
were measured by SEM. Representative micrographs of PU/nanosilica films are shown in 
Figure 6.

In accordance to mechanical analysis (Chapters 3.1 and 3.2) the samples can be divided 
into three groups.

The first group contains neat matrix (TMA-0) and samples with inorganic core sur-
rounded by organic polymer shell (TMA-5 and TMA-10). This part of films is represented 
in Figure 6 on the top. At the surface there are visible rod-like structures, simultaneously 
all fibrils are connected with each other. The cross-section analysis of these films, which 
offers the view into the bulk characteristics, presents homogenous structure.

The samples containing higher silica amount (TMA-25 and TMA-32) belong to the 
second group, named bicontinous materials. The surface micrographs show that rods are 
separated, which is a result of blocking and disordering of PU chains by silica particles, 

Figure 6. Surface (left) and cross-section (right) SEM images of PU/nanosilica films (magnification 10,000 
×).
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COMPOSiTe iNTeRFACeS  11

but polymer-like morphology is still visible in these cases. However, freeze-fractured areas 
present porous structure. This behavior may be explained by increasing the number or 
intensity of hydrogen bonding between PU molecules and nanosilica particles. The porosity 
accumulates internal stress and makes the material weaker (see tensile test measurements 
in Chapter 3.1).

To the third group belong samples with the highest nanofiller concentration (TMA-50 
and TMA-60), representing silica filled with PU. Both surface and cross-section analysis 
show high number of pores in the structure, typical for ceramic materials. The porosity 
causes deformation of the brittle films and makes materials appear white (see Figure 5). 
Due to low magnification, no individual silica nanoparticles are visible, however.

3.6. Atomic force microscopy

AFM was used in order to study the size and shape of silica particles and influence of the 
nanofiller content on changes in microstructure of obtained films. Height images show 
surface morphology, whereas phase images reflect a contrast between different sample 
components, that is heterogeneity.

The particle size of LUDOX TMA colloidal silica was reported by the manufacturer as 
22 nm, however DLS measurements yield a value of approximately 39 nm. The particles 
were well dispersed in deionized water (zeta potential of –37 mV). The surface of pure TMA 
previously dried at 50 °C for 20 h is presented in Figure 7. Rounded particles are closely 
packed next to each other. High distribution of particle size, in a range from 35 to 70 nm 
was measured by NanoScope Analysis software, via section analysis. Dried colloidal silica 
is tough, brittle, and highly cracked material.

More detailed morphology of PU/nanosilica films previously characterized by SEM (see 
Chapter 3.5) was obtained by AFM. The same samples measured by the both microscopic 
techniques are shown in Figure 8. The microstructure of samples containing the lowest 
silica amount (TMA-0, TMA-5 and TMA-10) is represented by TMA-0 and shown on the 
top, confirming the SEM results (cf. with Figure 6, top). The surface analysis of the second 
group (TMA-25 and TMA-32) shows structure of separated roads, which corresponds to 
the SEM image (Figure 6, middle). In this case the concentration of the filler is so low that 
silica particles are not visible on the films surfaces because they are covered by PU layer. 

Figure 7. 3D AFM height image of dry TMA, scan size 1 × 1 μm.
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12  M. SeRKiS eT AL.

The freeze fractured cross sections show the lighter spots reflect to the harder silica parti-
cles, whereas the softer polymer phase appears darker. As observed, even with quite high 
nanofiller loading (TMA-32), the particles are evenly distributed though the sample. The 
micrographs of the films containing the highest silica concentration (TMA-50 and TMA-
60, third group, Figure 8, bottom) present visible silica agglomerates, both at surfaces and 
cross sections. In these cases separated parts of PU are surrounded by the nanofiller, which 
means that silica shell is located around the polymer core. This material is hard ceramic 
I-O system (see Chapters 3.1 and 3.2). In summary, AFM, SEM, and optical microscopy 
images demonstrate the influence of the nanofiller in the PU/silica films on their surface 
and bulk morphologies and can also explain the differences in sample properties measured 
by other techniques.

The roughness values of PU/nanosilica film surfaces were determined. All data, based 
on areas 5 × 5 μm are reported in Table 4. Low nanofiller amount (TMA-5 and TMA-10) 
makes the films smoother. The reduction in surface roughness could be understood on the 
basic of incorporation of small silica particles between bigger polymer molecules, which 
complements cavities on the materials surfaces. The roughness parameters become higher 

Figure 8. 2D AFM images (5 × 5 μm) of PU/nanosilica films: height images of film surfaces (left) and 
phase images of cross sections (right). Sample TMA-0 (top) represents the first group, TMA-32 (middle) 
the second group and TMA-50 (bottom) the third group of PU/nanosilica films.
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COMPOSiTe iNTeRFACeS  13

with the increase in silica amount, which proves that the nanocomposite structure starts 
to change. The highest roughness parameters are obtained for films containing the highest 
nanofiller concentration (TMA-50 and TMA-60). These samples are the most porous (see 
Figure 6) and silica particles protrude from the film surfaces (see Figure 8). As a result of 
deep depressions that characterize pores and high hills caused by the nanofiller, the mate-
rials become rougher.

3.7. Swelling behavior

Water interactions with polymers may cause some undesirable effects, such as plasticization, 
deterioration of mechanical properties, microcrack, and craze formation and degradation 
of the matrix/filler interfaces. These changes depend on the level of interactions between 
polymer and water molecules. Because of small molecular size of water, it can spread into 
nanometer size-free volume between polymer chains, forcing them apart.[30] Therefore, 
water sorption and solubility of polymers should be as low as possible.

The swelling in water was determined as the mass increasing over a period of time; the 
results are shown in Figure 9 and summarized in Table 5. Water sorption of neat PU-based 
film (TMA-0) is caused by hydrophilicity corresponding to DMPA content, built into the 
polyurethane chain. The amount of sorbed water decreases with increasing colloidal silica 
content in case of films containing up to 10 wt% of the nanofiller (sample TMA-10 is not 
presented at the plot because of almost identical swelling behavior-like TMA-5). In these 
compact samples as a result of creation hydrogen bonds between silica and PU, lower 
swellability is observed. It can be explained by less vacants possible for water molecules 
accommodation, which are already occupied by silica particles, as compared to pure PU 
film (TMA-0). Samples TMA-5 and TMA-10 are characterized by fast swelling over a short 
time of immersion in water. After one day (Table 5, 4th column) the weight decreased, how-
ever. The swelling maximum in PU/silica nanocomposites is lower only for sample TMA-5, 
compared to pure PU (Table 5, 2nd column) but after 20 weeks, two samples (TMA-5 and 
TMA-10) have lower swelling values than neat matrix (TMA-0).

Increasing of silica amount causes increasing of films porosity, shown in the cross-sec-
tion SEM images (Figure 6), which enhances water transport. There are only slight changes 
between neat PUD-based film (TMA-0) and TMA-25, probably because the blocking silica 
effect, which reduces swellability, is in equilibrium with hydrophilic influence of colloidal 

Table 4. Surface roughness of neat and silica-filled PUs.

aSurface area: the total area of experimental sample surface.
bRq: the root-mean square roughness – standard deviation of the Z values within the given area.
cRa: the mean roughness – arithmetic average of the absolute values of the surface height deviations measured from the 

mean plane.
dRmax: the max height – maximum vertical distance between the highest and lowest data points in the image following the 

planefit.

Code Surface area (μm2)a Rq (nm)b Ra (nm)c Rmax (nm)d

TMA-0 25.4 22 18 142
TMA-5 25.2 14 11 80
TMA-10 25.1 15 12 97
TMA-25 25.3 26 21 143
TMA-32 25.8 24 19 169
TMA-50 26.5 25 19 193
TMA-60 27.1 36 29 245
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14  M. SeRKiS eT AL.

silica. The swelling in water significantly increases in case of samples TMA-32, TMA-50, 
and TMA-60, which is a result of greater porous sample morphology.

The water solubility was determined according to weight loss after swelling, ∆w. The 
results are summarized in Table 5. The weight loss slightly increased with increasing col-
loidal of silica amount, but the differences in weight loss are not significant, not exceeding 
5 wt% in the maximum (Table 5, 5th column).

4. Conclusion

Novel PU/silica nanocomposites were studied on the basic of mechanical, thermal, surface, 
and swelling properties. The nanocomposite films were successfully prepared by solution 
blending of two types of nanoparticles dispersed in water followed by slow water evapora-
tion. The organic part was formed from long-term stable polyurethane dispersion composed 
of colloidal PU particles of average diameter 88 nm being formed from linear all aliphatic 
polycarbonate-based PU chains. The inorganic part was commercial product, colloidal silica 
LUDOX TMA of average particle size 39 nm. The absence of chemical bonds between the 
nanoparticles enabled recycling of the films by dissolving in acetone and then dispersing in 
water. Physical type of PU/nanosilica interface improved the material properties. The set of 
analytical methods revealed substantially different character and diverse end-use properties 
of O–I nanocomposites depending on silica content.

Table 5. Swelling properties of PU/silica nanocomposite films.

Sample
Swelling maximum 

(%)
Swelling after 
20 weeks (%)

Time for quasi 
equilibrium (days)

Weight loss after 
swelling, ∆w (%)

TMA-0 6.4 5.6 35 2.6
TMA-5 5.2 1.0 1 3.1
TMA-10 6.3 1.6 1 3.2
TMA-25 6.7 5.8 63 4.5
TMA-32 16.3 15.8 63 4.7
TMA-50 16.6 16.4 126 4.9
TMA-60 28.7 27.9 126 4.3

Figure 9. Influence of colloidal silica content on swelling properties of PU/silica nanocomposites. Code 
abbreviations are given in Table 1.
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COMPOSiTe iNTeRFACeS  15

The nanocomposite samples were divided into three groups. The first group contained 
O–I materials, where the organic polymer was reinforced by small amount of inorganic 
nanofiller (up to 10 wt% of silica). These samples were nonporous materials with poly-
mer-like morphology. Comparing this group to the neat matrix, they had better mechanical 
properties, smoother surfaces, and lower swellability in water. The second group (silica 
content 25 and 32 wt%) was called bicontinous systems, where both polymeric-like and 
ceramic-like features were simultaneously observed. Mechanical and swelling properties 
were slightly deteriorated in comparison to the first group, but all nanocomposites con-
taining up to 32 wt% of silica were transparent films with well-dispersed filler into the PU 
matrix. The third group covered the O–I films filled with the highest nanofiller amount 
(50 and 60 wt%). These materials were hard, but brittle polymer-mixed ceramic films. In 
all cases of prepared films improvement of thermal properties caused by shielding effect 
of silica was observed.

From the potential practical use, the best combination of functional (mechanical, ther-
mal, swelling, and surface) properties have O–I nanocomposite films containing up to 10 
wt% of silica. These systems could be used as smooth and transparent coatings for sub-
strates of different origin (e.g. polymer, wood, metal, and glass). Moreover, because of water 
medium in the dispersions and films recyclability, obtained PU/silica nanocomposites are 
environment-friendly materials.

Note

1  LUDOX TMA is deionized to remove sodium present in alkali-stabilized colloidal silica, 
without addition of ammonia to stabilize TMA.
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a  b  s  t  r  a  c  t

Novel  waterborne  polyurethane/silica  nanocomposites  were  prepared  via  blending  of two  aqueous
dispersions.  Polyurethane  water  dispersion  (PUD)  was synthesized  from  polycarbonate  diol  (PC),  1,6-
diisocyanatohexane  (HDI)  and butane-1,4-diol  (BD) in  order  to  provide  solely  linear  character  of  PU
chain.  Two  types  of  commercial  colloidal  silica,  Ludox  AS  and  Ludox  TMA,  differing  in  the size,  shape
and  type  of  counter  ions  were  used.  The  nanocomposites  were  made  from  negatively  charged  PUD and
aqueous  nanofiller  sol  at concentrations  5, 32 and  50 wt%  of  nanosilica.  The  films  were  obtained  after
slow  drying  of the  water  mixtures  and  characterized  by AFM,  SEM,  tensile  testing,  DMTA,  TG  and  water
uptake  measurements.  It  was  found  that  all films  are  thermoplastics  materials,  reinforced  by  hydrogen
bonds  between  silica  particles  and  the polymer  matrix,  soluble  in  organic  solvents  and  possible  to  re-
production  of PUD.  Ludox  AS  was  smaller  than  TMA  and  revealed  better  improvement  of  PUD-based
films  due  to  higher  physical  cross-linking  density.  It  was  observed  that film  containing  32  wt%  of  silica
Ludox  AS  showed  ten-times  increasing  Young’s  modulus  with  slight  improvement  of  elongation  at  break
and  two-times  higher  melting  temperature  in comparison  to the  neat  PU matrix.  Moreover  sample  with
5  wt%  of  AS nanofiller  loading  revealed  excellent  water  resistance  (swelling  0.8%).  The  obtained  PU/silica
nanocomposites  have  promising  applications  in recyclable  environment-friendly  waterborne  coatings.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Thermoplastic polyurethanes (TPUs) are linear segmented block
copolymers with mechanical performance of rubber, but upon
heating can be melt-processed. A combination of high elasticity,
high tensile strength and excellent abrasion has allowed TPUs to
be used in footwear, tubing, films, sheets and many other applica-
tions [1–3]. However, thermoplastics unlike thermoset elastomers
do not create chemical networks. The possibility of strengthening
TPUs is creation of hydrogen-bonded networks which are much
weaker than chemical cross-links. In order to obtain superior prop-
erties of TPUs various types of fillers, such as organoclay, carbon
nanofiber, silicon carbide, carbon black and ZnO nanoparticles have
been used in PU nanocomposites [4–6].
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Different types of silica fillers, such as silica sol [7] and nanosilica
particles [8] have found use in preparation of nanocomposites with
TPUs due to improvement of their physical and chemical properties.
The low cost and possible surface modifications of colloidal silica
make it an interesting candidate for various applications; Ludox
silica spheres have been widely used in clay suspensions [9,10],
bioapplications [11] and composites with polymers, for example
polyamides [12,13], poly(vinyl alcohol) [14], poly(vinyl acetate)
[15], poly(ethylene oxide) [16], polysiloxane epoxides [17,18] and
polyurethanes [19,20].

Environmental friendly polyurethane water dispersions (PUDs)
have been increasingly used due to their nontoxicity and non-
flammability. Referring to properties which may be obtained for
PUDs, some of their defects can be reduced by preparation of
PUD/silica nanocomposites. Although films prepared from cross-
linked PUD/silica composites comprise a large group of materials,
they cannot be melt-processed or dissolved in organic solvents.
According to our knowledge there are a few publications describing
composites of linear waterborne polyurethanes with silica [21–23].
One of these uses polycarbonate diols [21], but all those PUDs
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Table  1
Properties of Ludox AS and TMA  colloidal silica and PUD.

Counter ion Silica [wt%] pH Particle size [nm] Zeta potential [mV] 5

1 2 1 3 4

AS NH4
+ 40 9.1 9.02 22 22–25 34 −41

TMA Na+ 34 4–7 7.32 22 22–54 39 −37
PUD NH4

+(Et)3 – – 8.25 – – 88 −50

Given by: 1 the manufacturer, 2 pH meter, 3 AFM, 4 DLS, 5 ELS.

are based on 5-isocyanato-1-(isocyanatomethyl)-1,3,3-trimethyl-
cyclohexane (IPDI); HDI is used in these systems for the first time.

Our previous research was focused on the preparation and
detailed characterization of waterborne TPUs, prepared from PC,
BD and HDI [22]. In the preliminary study [20] we reported on ther-
mal, mechanical and swelling profile upon addition of hydrophilic
colloidal silica Ludox TMA. In the both cases we obtained re-cycling
PU films soluble in organic solvents, which became again PUDs after
water addition. In this paper differences between PUD nanocom-
posites with two types of hydrophilic anionic colloidal silica: Ludox
AS and TMA  were investigated. These two nanofillers differ in pH
of the sol and used counterions for stabilization. More information
can be found in Table 1 and in the chart with product description
[25]. The differences between compatibility of silica spheres AS and
TMA  with PU matrix in various nanofiller concentrations were pre-
sented in this study. Further, we investigated the influence of the
silica type and amount on morphology, mechanical, thermal and
water resistance of obtained nanocomposite films.

2.  Experimental

2.1. Materials

Aliphatic PC1, trademark T4672 with molecular weight ca.
2770 g mol−1 was kindly provided by Asahi Kasei Chemical Cor-
poration, Tokyo, Japan. HDI, BD, N,N-diethylethanamine (TEA) and
2,2-bis (hydroxymethyl) propionic acid (DMPA), were obtained
from Sigma-Aldrich Co. Dried acetone (max. 0.0075 wt% H2O) was
recived from Merck KGaA, Darmstadt, Germany. The catalyst was
prepared as 10 wt% solution of dibutyltin dilaurate (DBTDL) (Sigma-
Aldrich, Co.) in Marcol oil. Two types of aqueous silica sol Ludox:
AS and TMA  were obtained from Aldrich Chemical Company, Inc.,
USA. In Ludox AS the used counter ion was ammonium, in the case of
Ludox TMA  sodium was the counter ion [25,26]. The characteristic
values are presented in Table 1.

2.2. Preparation procedure

The PUD was prepared according to our previously published
procedure [24] from: PC, HDI and DMPA. The components were
dissolved in acetone and reacted to obtain NCO-terminated pre-
polymer. Then, after chain extension by BD, TEA was  used to
neutralize the carboxylic groups in DMPA. In the last step water
was gradually added and acetone was removed from PUD. In this
paper PUD containing DMPA-to-PC molar ratio equal to 0.4 and BD-
to-PC equal to 0.5 was used as the organic matrix. The features of
the PUD are presented in Table 1 and [24].

1 The formula of PC: , where n = 4 or 6, molar
ratio C6:C4 copolymer = 7:3

PU nanocomposites with two  types of colloidal silica were pre-
pared by blending of two  aqueous dispersions2, as shown in Fig. 1.
In prepared nanocomposites new physical crosslinks were created
by hydrogen bonds between PU and the nanofiller. Two types of
physical interactions were possible: between silanol groups of sil-
ica and (i) urethane groups in hard and soft segments (see Fig. 1) or
(ii) the carbonyl groups of the polycarbonate diol-based soft seg-
ments (for simplification not shown here). Samples containing 5,
32 and 50 wt% of AS or TMA  and the neat matrix were prepared.
The last step was  casting the mixtures on Teflon plates and dying
at first at room temperature for 5 days and next at 50 ◦C for 20 h.
The nanocomposite codes describe type and content of colloidal
silica, for example the sample containing 5 wt% of TMA  is marked
with the code TMA-5.

2.3.  Methods of characterization

2.3.1. Dispersion characterization
Starting  materials for films preparation (neat PUD and silica

dispersions) given in Table 1 were characterized as follows: the
pH was determined using Hanna Instrument pH 213 Microproce-
sor pH Meter, dynamic light scattering (DLS) measurements were
performed by ALV CGE laser goniometer, electrophoretic light scat-
tering (ELS) measurements were carried out by Zetasizer NanoZS
instrument (Malvern Instruments, UK).

2.3.2. Film characterization
The  morphology was investigated by Scanning electron

microscopy (SEM) TS 5153 (Tescan, Czech Republic). Before the
measuring the samples were sputtered with 4 nm Pt layer
using vacuum sputter coater SCD 050 (Balzers, Czech Repub-
lic). Dispersity of silica particles into PU matrix and analysis of
the nanocomposite microstructures were carried out by Atomic
force microscopy (AFM) (Dimension Icon, Bruker), equipped with
the SSS-NCL probe, Super Sharp SiliconTM–SPM-Sencor from
NanoSensorsTM Switzerland with spring constant 35 Nm−1 and res-
onant frequency of 170 kHz. The measurements were performed by
tapping mode AFM technique. The roughness parameters Ra, and
Rmax were evaluated from areas 10 �m × 10 �m.  Static mechanical
properties were measured by Instron model 6025/5800R (Instron
Limited, UK) according to test method ISO 527-2/5 B at room
temperature. Dumbbell shaped specimens (total specimen length
of 35 mm,  length and the width of the narrowed part: 12 and
2 mm,  thickness 0.5 mm),  and cross-head speed of 10 mm min−1

were used for the analysis. Dynamic mechanical thermal analysis
(DMTA) was carried out by ARES-G2 from TA instruments at oscil-
lation frequency 1 Hz, the heating rate of 3 ◦C min−1 from −100
to +180 ◦C and deformation in a range between 0.01–3.5%. The
geometry of standard specimens: 25 mm × 6 mm  × 0.5 mm.  Ther-
mograwimmetric analysis (TG) of obtained materials was measured
by Pekin-Elmer Pyris 1 TGA. A sample mass of 10–15 mg  was heated
from 30 to 700 ◦C, under nitrogen flow of 30 ml  min−1 at constant
heating rate 10 ◦C min−1. Water uptake was carried out by immers-

2 For more details about preparation of the nanocomposites see [23].
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Fig. 1. Nanocomposite PUD/silica preparation process.

ing the dry films into deionized water for 20 weeks and immediate
weighting of swollen samples after removal of the residual water
by filter paper. The swelling degree was calculated by the following
equation:

%swelling = w − w0

w0
× 100%

where w0 is the initial weight of the dry film and w is the weight of
film in the swollen state. After the immersion in water by 20 weeks,
the samples were dried in 50 ◦C for 20 h. The percentage weight loss
was calculated according to the equation:

�w = w0 − wf
w0

× 100%

where wf is the weight of dried film after immersing in water.

3.  Results and discussion

3.1.  Morphology characterization

A  combination of two microscopic techniques, AFM and SEM
was used to determine microstructure of film surfaces and their
cross-sections. According to these methods, size, shape, dispersity
of silica particles and porosity of the films were investigated.

3.1.1.  Characterization of silica nanoparticles
AFM images of neat silica and the nanofiller particles in PU

matrix were shown in Fig. 2. The phase contrast, which describes
interaction between measured material and the tip and provides
information about variations in sample properties and adhesion
between the probe and surface [27,28] was applied. Using the same
experimental parameters and sharpness of the tip allowed us to
compare Fig. 2a)–c) and Fig. 2d)–i) in the same color contrasts. In
order to determine the size and shape of Ludox AS and TMA, they
were dried before the measuring. Both types of the nanofiller parti-
cles differ in shape and size (see Fig. 2a) and b). AS nanoparticles are
hexagonal and create honeycomb structure, whereas TMA  are oval-
shaped. Distribution of particle size was measured by NanoScope
Analysis software via particle analysis for AS in a range from 22 to
25 nm and TMA  between 22 and 54 nm.

Investigation of silica particles dispersity in PU matrix was car-
ried out by AFM analysis of previously freeze-fractured films. Phase
images of broken nanocomposite samples at the same color scale
are shown in Fig. 2d)–i). Polymer matrix appears dark, while the
nanofiller particles are bright spots. From the same color contrast
it is visible that softer material appears lighter, which may  suggest
that TMA  is harder than AS.

In nanocomposites containing 5 or 32 wt% of silica loading, quite
well filler dispersity was  observed. However some places with
aggregates of the nanofiller particles are caused by better affinity
between silica particles than silica and matrix. Significant differ-
ences in nanocomposites containing 50 wt% of silica were observed.
Sample AS-50 demonstrated highly packed nanofiller particles with
very small amount of dark field, corresponding to PU,  in size up to
50 nm and depth 25 nm.  In the structure of TMA-50 high number
of pits in size of 150 nm and depth 60 nm was  observed. It sug-
gests that in this sample PU matrix is blocked by TMA in lower
degree than AS. This makes TMA-50 preserving some of the matrix
properties.

3.1.2. Comparison of AFM and SEM surface analysis
In order to investigate surface morphology, results obtained

from the both microscopic techniques were compared. SEM images
with AFM pictures on the left upper corner are shown in Fig. 3.
AFM height images, which reflect samples topography, were used
as pictures providing information similar to SEM. Used scale bar is
referring to both images, which facilitates the comparison.

In  the case of PU matrix-based film (Fig. 3 upper left corner)
fibril-like structure was  observed by the both methods. Addition of
5 wt% colloidal silica smoothed the sample surfaces. This effect was
more evident in TMA-5, both in the macroscopic images, as well
as in the roughness parameters (Table 2). The microscopic results
prove that in the cases of low nanofiller concentrations (5 wt%)
silica particle size does not have the main influence on the film
roughness.

Higher filler loading (32 wt%) in the both cases caused more
rough surface, but silica particles were still covered by the poly-
mer. Sample AS-32 featured matrix-like structure due to better
compatibility of AS with the polymer because of smaller Ludox AS
nanoparticles in comparison to Ludox TMA, which provides higher
physical cross-linking density between the nanofiller and PU.  How-
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Fig. 2. Cross section Phase AFM images of: a) AS b) TMA pure silica and c) neat PU matrix (1 �m × 1 �m) and d)–i) PU/silica nanocomposite films (2 �m × 2 �m).

Table 2
Roughness values and tensile properties of PU/silica nanocomposite films.

Sample code Ra [nm]a Rmax [nm]b Young’s Modulus, E, [MPa] Stress at break, ıb , [MPa] Elongation at break, εb, [%] Energy to break [mJ/mm3]

Matrix 23 255 8 ± 0.5 1.4 ± 0.2 94 ± 9.7 1.5 ± 0.2
AS-5 18.3 273 13 ± 0.7 1.4 ± 0.1 112 ± 6.2 1.9 ± 0.2
AS-32 59.3 744 85 ± 8.4 1.3 ± 0.1 116 ± 10.0 2.3 ± 0.2
AS-50 56.3 489 435 ± 43.2 5.8 ± 0.5 15 ± 1.4 0.3 ± 0.1
TMA-5  14.5 140 10 ± 0.9 1.4 ± 0.2 108 ± 10.4 1.8 ± 0.2
TMA-32 28.0 207 62 ± 6.1 0.6 ± 0.1 84 ± 8.5 1.1 ± 0.1
TMA-50 33.5 270 552 ± 55.4 2.3 ± 0.4 33 ± 6.1 1.3 ± 0.20

a Ra – the mean roughness (arithmetic average of the surface height deviations).
b Rmax – the max  height (maximal vertical distance between the highest and the lowest points).

ever fibrils were very sharp, clearly protruding from the surface. It
was visible in the roughness values and as the highest color con-
trast in the AFM picture, where brightest parts are the highest and
the darkest are the lowest. Nanocomposite film containing the sec-

ond filler type (TMA-32) presented separated fibrils on the surface,
but general smoothness was  better than in the case of AS-32. When
the highest filler concentration was used (50 wt%), silica protruded
above the film surfaces. For AS-50 highly rough morphology, with-
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Fig. 3. Surface SEM (magnification 7000×) and 10 �m × 10 �m Height AFM (upper left corner) micrographs of PU/silica nanocomposite films.

out visible pores was observed. Sample TMA-50 was  characterized
by high porosity (size ∼200 nm), but the depth pores was  around
60 nm,  which resulted in lower roughness values compared to AS-
50.

3.2. Static mechanical properties

Fig. 4 shows tensile test curves of the nanocomposite films con-
taining different types and concentrations of silica particles. The
corresponding mechanical properties are summarized in Table 2.
Samples containing up to 5 wt% of silica behaved as elastomers,
without a yield point. In the nanocomposites AS-5 and TMA-5
Young’s modulus increased from 8 MPa  to 13 and 10 MPa, respec-
tively. Surprisingly increasing of elongation at break was  observed
after addition of the nanofillers. This improvement of mechani-
cal properties may  be explained by better stress transfer from soft
matrix to rigid silica due to creation of hydrogen bonding between
the nanofiller and PU [29]. Also slight difference between frac-
ture strain of AS-5 and TMA-5 can be caused by larger contact
area between smaller AS particles, which enables higher density
of hydrogen bonds.

Films  with 32 wt% of silica loading behaved as plastic polymers.
Significant enhancement was observed in sample AS-32 as ten-
times increasing of Young’s Modulus (85 MPa) compared to the neat
matrix. Moreover in this case elongation at break was  improved,
as a result of increasing hydrogen bonding density between the
nanofiller and PU. Also the energy to break was calculated from
Fig. 4 by integrating the area below stress-strain curves. The highest
value had AS-32 as the most resistant to fracture sample. It can be
understood as better compatibility between PU matrix and Ludox
AS in comparison to PU with Ludox TMA. Stress-strain properties
of AS-32 reflect its morphology, where fibril-like structure of the
polymer was unperturbed (Fig. 3) and the nanofiller particles were
well dispersed in the matrix (Fig. 2). In contrast, deterioration of
tensile strength (ıb) and elongation at break (εb) were observed for
TMA-32. The sample was more rigid than the neat matrix, but over-
all toughness decreased. The reduction of its mechanical resistance
may be caused by improved phase separation between soft poly-

mer  and harder silica type. Stress-strain properties are confirmed
by microstructure images of TMA-32 (Fig. 3), in which deterioration
of PU morphology was clearly visible as separated rods.

For  better visualization, static mechanical properties of pure
matrix and nanocomposites with the highest silica loading were
shown in separate image (Fig. 4b). It can be seen that samples con-
taining 50 wt% of the nanofiller concentration are brittle polymers.
In the both cases significant deterioration of elongation at break and
toughness were observed. This behavior is related to aggregation
of silica particles, visible in the AFM images (Fig. 2). In these cases
aggregates act as defects and interactions between filler particles
predominate over the silica-PU. Comparing stress-strain curves of
the nanocomposites prepared from different silica types, AS-50 fea-
tures more ceramic-like properties, with minimal matrix influence.
This behavior may  be caused by strong blocking of PU by high num-
ber of silica particles. However TMA-50 showed more plastic nature
and elongation at break (33%) two-times more than AS-50. The
stronger effect of PU may  be explained by the sample morphology.
In this film TMA  particles create bigger agglomerates and thereby
PU matrix occupies larger area, sufficient to affect the film prop-
erties. Moreover TMA-50 featured higher Young’s modulus than
AS-50, which may  confirm that TMA  particles are harder than AS.

3.3.  Dynamic mechanical properties

The viscoelastic properties of PU/silica nanocomposite films
were evaluated by dynamic mechanical thermal analysis (DMTA)
to obtain the information of the glass transition temperature (Tg)
and the storage modulus (G’)3. Fig. 5a) shows DMTA storage mod-
ulus values as a function of temperature. Sharp range of Tg for AS-5
and TMA-5 can be understood as good compatibility of PU and sil-
ica. In the rubbery plateau region, at temperature exceeding 8 ◦C,
increasing of G’ for the nanocomposites was  observed. Therefore
silica acts as physical cross-linker. Melting of all samples confirmed

3 Films with 50 wt% of the nanofiller were not measured because of too high
fragility.
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Fig. 4. Stress-strain curves of PU/silica films containing: a) up to 32 wt%  of the nanofiller, b) neat matrix and the nanocomposites with 50 wt%  of silica loading.

Fig. 5. The temperature dependence of: a) storage modulus, G’ and b) loss factor, tan ı of PU/silica nanocomposite films.

their thermoplastic character. Nanocomposite films showed higher
melting temperature (Tm) than the matrix due to increasing of
hydrogen bonds density, which also demonstrates improvement
of its thermal resistance. It was more visible for AS-32 (Tm = 192 ◦C)
in comparison to TMA-32 (Tm = 174 ◦C)4, which confirmed better
compatibility of AS to PU.

Fig. 5b) displays the DMTA loss tangent (tan ı) as a function
of temperature. The same Tg (around −31 ◦C)5 for all films were
detected from the maxima of tan ı. Generally, changes of Tg upon
addition of nanofillers are caused by strong interactions between
nanoparticles and polymer [30]. In our samples constant Tg con-
firms weak, physical bonding between silica and PU matrix. The
second peak of tan ı is related to releasing of residual PU chains.
Decreasing of Tg peak intensity and simultaneously increasing and
shifting to higher temperatures of the second peak for samples
AS-5 and TMA-5 were observed. It can be explained by block-
ing of polyurethane chains mobility by the nanofiller particles.
Nanocomposite AS-32 showed the same behavior as AS-5, but more
visible. It proves strong blocking of PU chains and releasing them
in higher temperatures. Sample TMA-32 showed small additional
peak before Tg , which suggests releasing of silica agglomerates and
friction between the nanofiller particles and PU. This behavior con-

4 Tm obtained from DCS measurements were 171 ◦C for AS-32 and 162 ◦C for TMA-
32.

5 According to DSC curves all samples had Tg between −37 and −40 ◦C.

firms lower compatibility of TMA  to the polymer, which was also
observed by the microscopic methods and tensile test.

3.4.  Thermogravimetric analysis

In order to examine the effect of colloidal silica on thermal stabil-
ity of the nanocomposites, TG measurements were carried out. The
DTG curves are shown in Fig. 6 and thermal properties of the sam-
ples are summed in Table 3. Two steps of mass loss, attributed to
degradation of hard (I) and soft (II) segments in PU, were detected.

The beginning of thermal degradation is represented by T5% and
starts between 285 and 294 ◦C. The addition of colloidal silica shifts
T5% and T10% to higher temperatures due to shielding effect of the
nanofiller. According to Table 3, the first degradation step (I) takes
place between 325 and 365 ◦C, whereas the second one (II) is in a
range from 366 to 393 ◦C. The most significant shifting of I and II
to higher temperatures was  observed for nanocomposites contain-
ing silica AS. It was a result of increasing hydrogen bonds density
between PU and the nanofiller. These physical cross-links need
higher temperature to decompose. Even sample with the highest AS
loading (AS-50) had better thermal stability than pure PU. It may
be explained by AS-50 morphology (see Fig. 2), where small sil-
ica particles are separated from each other by thin polymer layer.
In case of the second nanofiller type, TMA-50 showed deteriora-
tion of thermal properties in comparison to the neat matrix. This
was caused by creation of big silica agglomerates visible in Fig. 2.
The residual masses of the samples after complete degradation at
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Fig. 6. DTG curves of PU with: a) Ludox AS, b) Ludox TMA  silica nanocomposites as a function of the nanofiller concentration. Arrows indicate two stages of mass loss.

Table 3
Thermal and water uptake properties of PU/silica nanocomposites.

Sample code T5% [◦C]a T10% [◦C]a DTG max [◦C]b Residue [wt%] at
600 ◦C

Swelling
maximum [%]

Swelling after 20
weeks  [%]

Mass loss after
swelling,  �w [%]

Matrix 285 294 335/368 0.5 6.4 5.6 2.6
AS-5 289 304 344/374 6.9 3.7 0.8 3.3
AS-32 294 314 365/393 31.8 10.7 9.5 3.8
AS-50 285 311 357/388 49.2 14.6 14.6 3.9
TMA-5 293 307 350/366 5.4 5.2 1.0 3.1
TMA-32 292 307 346/380 31.7 16.3 15.8 4.7
TMA-50 285 303 325/- 48.9 16.6 16.4 4.9

a T5%, T10% – the temperature at which the loss of 5 and 10% of the total sample mass was occurred, respectively.
b Maximum of derivative TG.

Fig. 7. Water uptake of the nanocomposites containing two types of colloidal silica
at various concentrations.

600 ◦C are listed in Table 3. These data confirm the nanofiller mass
percentage of PU/silica nanocomposites.

3.5. Water uptake and solubility

Water uptake of PU/silica nanocomposite films was  tested and
shown in Fig. 7 and Table 3. Significant enhancement of water
resistance for films containing 5 wt% of the nanofiller loading was
observed. Although silica is hydrophilic material, this behavior was
caused by increasing of cross-linking density created by hydro-
gen bonding. The cross-links provides barrier to the migration of
water molecules into the bulk by decreasing of the polymer chain

free  volume. Similar results were obtained for other PUD/silica
nanocomposites [31,32]. The best improvement of water resistance
showed AS-5, with minimal swelling value of 0.8%. This sample
indicated the best balance between AS hydrophilicity and cross-
linking density of the nanocomposite.

After  swelling experiments the samples were dried to the con-
stant mass. In the all cases small mass losses of the dried films
were observed. Because pure PU matrix has segmented structure
consisting of more hydrophobic and more hydrophilic fragments
[24], a part of the polymer may  be soluble in water. According
to Table 3, 6th to 8th columns, the mass uptake increases with
increasing nanosilica concentration due to hydrophilic nanofiller
nature and increasing of porosity. On the other hand the mass loss
practically does not depend on the silica content.

4. Conclusions

Series of nanocomposites based on water-borne PUD and Ludox
AS or Ludox TMA  were successfully prepared by solution blend-
ing method. The proper concentration of colloidal silica improves
selected functional properties of the nanocomposites. Increasing of
water resistance for 5 wt%  nanofiller loading, improvement of func-
tional properties for 32 wt%  and improvement of thermal stability
for 50 wt% silica were observed. Silica AS revealed better enhance-
ment than TMA  due to stronger physical cross-linking effect. It
was found that samples containing 5 wt%  of the nanofiller are
elastomers, 32 wt%  show plastic behavior and 50 wt% are brittle
materials. However all films are thermoplastic, which makes them
possible to re-processing by dissolution in organic solvents or injec-
tion molding method.
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a  b  s  t  r  a  c  t

For  the first  time,  stable  water-borne  polyurethane  dispersions  (PUDs)  leading  to  mechanically  strong
polyurethane  (PU)  coatings  were prepared  without  any  chain  extender.  Elimination  of  this  step  and
using  of water-crosslinking  gives  promising  applications  of  PUDs  as  biomaterials  and  production  on  an
industrial  scale.  The  PU  system  consists  of  polycarbonate  macrodiol  (PCD),  (2,2-bis(hydroxymethyl))  pro-
pionic  acid  (DMPA),  1,6-diisocyanatohexane  (HDI)  and  N,N-diethylethanamine  (TEA).  Fourier  transform
infrared  spectroscopy  (FTIR),  dynamic  mechanical  thermal  analysis  (DMTA),  static  light  scattering  (SLS),
dynamic  light  scattering  (DLS)  and  atomic  force  microscopy  (AFM)  enabled  the  study  of  the assembly  of
the  PU  chains/nanoparticles  into supramolecular  structures  in  acetone  and  in  water.  In acetone,  the self-
assembly  of  isocyanate-terminated  pre-polymer  chains  occurs  in the  form  of  either  PU  solutions  (linear
PUs)  or  PU  dispersions  (crosslinked  PUs).  Due  to a  phase  inversion,  spherical  linear  or  water-crosslinked
PU  dispersions  are  formed  after  water  addition.  The  isocyanate-to-total  hydroxyl  ratio  is  very important;
a  slight  isocyanate  (NCO)  excess  of 1.05  leads  to linear  rod-like  nanoparticles  in acetone  followed  by  a
core-shell  structure  after  water  addition.  An isocyanate  excess  of 1.5  leads  to  compact  sphere  or  micro-
gel  particles  initially  crosslinked  by  moisture  in acetone,  and  the  final  crosslinking  and  phase  inversion
occurs  after  water  addition.  The  chain  lengths  of  the  linear  PUs  and  the  mesh  sizes  in  PU  networks  increase
with  the  PCD:DMPA  ratio.  Thus,  the  design  of PU nanoparticles  with  desired  sizes,  shapes  and  crosslink
densities  is  possible.  Unlike  the substantially  different  shapes,  sizes  and  compactness  of  PUs  in  acetone,
all  PUDs  in  water  are  spherical  nanoparticles  with  an  average  diameter  from  21  to  72  nm,  a  zeta  potential
from  −40 to  −65  mV  and  a size-dispersity  index  from  0.05  to 0.22.

©  2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

In recent years, polyurethane water dispersions (PUDs) have
been extensively used to replace conventional polyurethanes (PUs)
to eliminate the emission of organic solvents to the atmosphere.
PUDs have found application as environmentally friendly coatings
and adhesives in industrial and biomedical applications due to their
excellent mechanical and chemical properties and good biocom-
patibility [1–4].

Different  polyols can be used to prepare PUDs. Among them,
polycarbonate diols (PCDs) represent a relatively new class. In
comparison to polyester- or polyether-based PUDs, they are
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E-mail addresses: serkis@imc.cas.cz (M.  Serkis-Rodzeń), spirkova@imc.cas.cz

(M. Špírková).

biocompatible biomaterials with better hydrolytic, thermal and
mechanical resistance [1,5,6].

In addition to PCDs, which build so-called soft segments, other
components are used in the synthesis of PUDs. The so-called hard
segments are composed of isocyanate and low-molecular-weight
chain extenders and enhances mechanical properties of the final
PUs. Moreover, the incorporation of dihydroxylic acids provides
dispersity of PU chains in water due to the presence of ionic groups.
The most widely used is 2,2-bis(hydroxymethyl)propionic acid
(DMPA), which acts not only as an internal emulsifier but also as a
chain extender[6–8].

Among PUDs based on PCDs, mostly diamines and diols are used
as chain extenders. García-Pacios et al. applied diethyleneglycol
as a short diol and monohydrated hydrazine as a chain exten-
der [1,2,5,7], while Cakić et al. [3,6], Liu et al. [9] and Lee et al.
[10,11] used ethylene diamine. The disadvantages of amines are
their unpleasant odors and toxicity. To minimize the toxic influ-
ence of the chain extenders, butane-1,4-diol (BD) was used in our
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previous work [12–14] and by Fang et al. [15] Even though BD is
safer than amines, it has a pronounced effect on the central nervous
system [16].

To  expand the application of PUDs as medical biomaterials, such
as scaffolds for skin regrowth [17], in this work, we fully eliminated
the chain extension step (see, e.g., Fig. 1, line 3, in Ref. [12]). This
approach enabled the acquisition of materials with reduced toxi-
city, manufacturing cost and energy consumption. To the best of
our knowledge, this is the first study describing novel stable PUDs
based on PCDs without using any chain extender based on a short
diamine or diol.

Due  to incompatibility between the hard and soft segments in
PUs, phase separation occurs and leads to various morphologies
[18,19]. Therefore, PUDs can self-assemble and create different
microstructures. Understanding the process of nanoparticle for-
mation would be helpful for modification of the dispersions and
improvement of their properties [20,21]. Although several studies
describe the assembly of PUDs, they are mostly focused on already-
reacted particles dispersed in water [20,22] or PU film formations
[23]. There is only one publication that reports the self-organization
of PU nanoparticles in the pre-polymerization stage [21]. However,
despite the PUs being prepared without a chain extender, the paper
reports an SCF simulation study describing nanoparticles already
dispersed in water.

This  article describes experimental research focused on the for-
mation of PU nanoparticles in the initial pre-polymerization stage
in acetone followed by the dispersion step (phase inversion) in
water. The course of the two-step polymerization was  monitored
by infrared spectroscopy. We  report on the self-assembly behavior
of PU nanoparticles using AFM and light scattering methods. Here,
we also compare the effect of water-crosslinking and the molar
ratio of the reagents on the particle morphology and properties.

2.  Experimental section

2.1.  Materials

Commercial aliphatic PCD, trademark T4672, with a molecular
weight Mw ∼2770 g mol−1 (detected by GPC) was kindly provided
by Asahi Kasei Chemical Corporation, Tokyo, Japan. DMPA, 1,6-
diisocyanatohexane (HDI) and N,N-diethylethanamine (TEA) were
received from Sigma-Aldrich. Dried acetone (max. 0.0075 wt%  H2O)
was obtained from Merck KGaA, Darmstadt, Germany. Dibutyltin
dilaurate (DBTDL, Sigma-Aldrich), 10 wt% solution in Marcol oil,
was used as the catalyst.

2.2.  Preparation procedure

PUDs  were prepared via an acetone process without the chain
extension step using varying PCD:DMPA molar ratios to control the
amount of the soft and hard segments. The ratio [NCO]:[OH]total
([OH]total = [OH]PCD + [OH]DMPA) was set either at 1.05 to obtain lin-
ear PUs or at 1.5 for water crosslinked PUs. The sample codes
describe the type and molar ratio of the used components and are
marked as PUx/y:z for nanoparticles dissolved/dispersed in ace-
tone and PUDx/y:z for the polyurethane water dispersions. In these
names, x indicates the ratio [NCO]:[OH]total, whereas y:z is the
PCD:DMPA molar ratio. For example, the sample PU1.5/1:2 is the
acetone dispersion of nanoparticles containing a 1.5-fold excess of
NCO groups with a PCD:DMPA ratio equal to 1:2, and PUD1.5/1:2
is the sample of identical composition dispersed in water. The
preparation procedure of the PUDs and the possibility of water-
crosslinking are given in Fig. 1, and the wt% of the components
used for all samples is summarized in Table S1.
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Fig. 1. Synthesis scheme of PUDs and possible reaction of PU with H2O.

PCD, DMPA, HDI, the catalyst (0.05 mol  of DBTDL per mol of
NCO groups) and acetone were placed into a round bottom flask
and mixed at a rate of 700 rpm at 60 ◦C for 4 h until a constant
NCO content was reached. Then, TEA was added to fully neutralize
the carboxylic groups and mixed for 30 min  at 55 ◦C followed by
the gradual addition of water. The latter step involves not only the
phase inversion but also the reaction of water with unreacted NCO
groups, if present. Organic solvent-free PUDs were obtained after
acetone removal using a rotavap under reduced pressure.

2.3.  Characterization techniques

Fourier transform infrared spectroscopy (FTIR) was  used to
monitor the isocyanate, urethane, urea and biuret bond formations
in the PU nanoparticles. The FTIR spectra were obtained using a
PerkinElmer Spectrum 100 spectrometer equipped with a universal
ATR accessory with a diamond crystal.

Light scattering measurements of acetone solutions at the reac-
tion step before water addition were carried out using an ALV
instrument (ALV, Langen, Germany) consisting of a 633 nm He-
Ne laser source, an ALV CGS/8F goniometer, an ALV High QE APD
detector and an ALV 5000/EPP multibit, multitau autocorrelator.
The refractive index increments, d n/d c, were measured using an
Optilab T-rEX refractive index detector (Wyatt Technology Cor-
poration) connected to a Cole-Parmer syringe pump at 0.123 for
PU dispersions in acetone. Static light scattering (SLS) results were
treated by the Berry method. Dynamic light scattering (DLS) data
were evaluated by fitting the obtained normalized autocorrelation
functions of the scattered light intensity to the second-order cumu-
lant expansion and treated as dynamic Zimm plots. Details of the
LS data analysis are given in the Supplementary results (equation
S1).

Electrophoretic light scattering (ELS) measurements were used
to determine the �-potentials of water PUDs from their elec-
trophoretic mobilities using the Smoluchowski approximation. For
this purpose, a Nano-ZS zetasizer (Malvern Instruments, UK)  was
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Fig. 2. Deconvoluted carbonyl region of the FTIR spectra of PU nanoparticles in acetone: a) PU1.05/1:1, b) PU1.5/1:1 and dried PUDs: c) PUD1.05/1:1, d) PUD1.5/1:1.

used. The obtained values were the average of three subsequent
measurements; each measurement consisted of 15–100 runs.

An  atomic force microscope (AFM, Dimension Icon, Bruker)
equipped with an SSS-NCRL-20 probe (Super Sharp SiliconTM

− SPM − Sensor with resonance frequency 146–236 kHz and
force constant 21–98 N m−1) was used to investigate the PU
nanoparticle microstructures. The size and shape of particles were
studied after deposition of PUs dissolved/dispersed in acetone
or in water (∼2 g L−1) on freshly peeled mica surfaces (flogopite,
KMg3AlSi3O10(OH)2). After acetone or water evaporation, the sam-
ples were dried in a vacuum oven at ambient temperature for 12 h.

3. Results and discussion

Stable  PCD-based waterborne dispersions were successfully
prepared without any chain extension step, resulting in mechan-
ically strong PU films. This fact is very important for potential
practical applications. To confirm the macrodiol uniqueness, PCD
was replaced by other types of polyols of similar molar masses dur-
ing the synthesis of the PUD1.05/1:1 sample. The results revealed
that while the use of hydroxyl-terminated polybutadiene leads to
the separation of the aqueous and organic phases, the application of
polypropylene glycol leads to unstable dispersions and sticky films.
Finally, polycaprolactone diol provides stable dispersions, but the
obtained films are highly fragile.

The final PUDs are amphiphilic block copolymers consisting of
alternating hydrophilic hard segments (HS) and hydrophobic soft
segments (SS). The soft domains are formed by PCD to grant an elas-
tomeric character to the PU chain. The hard segments, which act as
reinforcing fillers, are composed of short DMPA chains and ure-
thane groups originating from HDI and urea groups [24,25]. Series
of PUDs differing in their component molar ratios were measured
after two reaction steps: i) PU nanoparticles dissolved/dispersed in
acetone after neutralization (PUx/y:z) and ii) final PUDs in water

Table 1
FTIR  spectra of PUs and PUDs in the carbonyl region.

Band number �, cm−1 Assignment

I 1623–1626 Strongly bonded urea
II 1663–1664 Weakly bonded urea
III 1687–1694 Biuret + H-bonded carbonate
IV  1698–1699 Free urea
V  1702–1708 Free carbonate
VI  1711–1717 H-bonded urethane
VII  1738–1741 Free urethane

after acetone removal (PUDx/y:z). PUDs containing PCD:DMPA
molar ratios of 1:2, 1:1 and 2:1 were prepared with NCO excesses
equal to 1.05 and 1.5.

3.1.  Fourier transform infrared spectroscopy (FTIR)

The molecular structure of each sample was analyzed by FTIR.
To examine the formation of urethane, urea and biuret, the region
between 1600 and 1800 cm−1 was examined. Several vibration
bands overlap in the area of carbonyl stretching, which makes the
spectra difficult to interpret. To recognize the main carbonyl peaks,
i.e., the free and hydrogen-bonded C O of urethane, urea, carbon-
ate, carboxylic acid and biuret, deconvolution of this region was
performed and is shown in Fig. 2, Fig. S2 and Table 1.

Samples containing the same molar ratio of DMPA to PCD and
different NCO excesses were chosen as representatives for the
investigation of the PU chemical structures at two  steps of the
reaction. Similar spectra for all PUs dispersed/dissolved in acetone
(Fig. 2 a and b) were observed before water addition. In both cases,
the deconvolution of the C O region revealed peaks at approx-
imately 1740 cm−1 (band VII) attributed to free C O urethane
groups, 1715 cm−1 (band VI) assigned to hydrogen-bonded ure-
thane and 1699 cm−1 representing free urea [26–28]. These results
demonstrate that in this step, urea as well as urethane is form-
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ing as a product of the reaction between HDI and residual water
present in the components, solvent and air. Moreover, comparison
of PU1.05/x:y and PU1.5/x:y revealed that the peak at approxi-
mately 2270 cm−1 attributed to free isocyanate groups [26] was
visible only in the samples containing 1.5 NCO excess (see Fig.
S1a) and b)). However, weak intensity of the peak at 2270 cm−1

in PU1.5/x:y suggests the reaction between NCO groups and ure-
thanes, leading to formation of allophanates, resulted in the partial
crosslinking.1 On the other hand, samples with a 1.05-fold NCO
excess are fully reacted, linear and chain-extended by urea forma-
tion before the phase inversion step.

After water addition,2 as a result of the shifting band VI [29]
in the PUD1.5/x:y series (Fig. 2c), an additional peak assigned
to non-bonded carbonyl groups of PCD at 1705 cm−1 (band V)
appeared [30], but it was not deconvoluted separately due to over-
lap with band IV. In samples containing a 1.5-fold NCO excess,
water-crosslinking was also observed in this step by the forma-
tion of new band (III) at 1687–1694 cm−1, attributed to H-bonded
carbonate [31] and biuret [30]. Moreover, strongly (band I) and
weakly (band II) urea-bonded peaks were observed at 1625 cm−1

and 1664 cm−1, respectively. [28] The highest intensity of the band I
for PUD1.5/2:1 suggests the highest amount of urea formation com-
pared to other PUD/x:y. The lack of the NCO peak at 2270 cm−1 in
PUD1.5/x:y (see Fig. S1d)) confirms the full isocyanate conversion
to urea and biuret after water addition.

Crosslinked samples containing different PCD:DMPA molar
ratios have also been compared (Fig. S2). No differences in peaks
V, VI and VII were observed. However, band III, corresponding to
H-bonded carbonate and biuret formation, was most visible for
PUD1.5/1:2 (Fig. S2 a), suggesting the greatest crosslinking density
for this sample. For comparison, in PUD1.5/2:1, band III is weak
and overlapped with band II. This result may  be explained by the
lowest HDI wt% used in the reaction (see Table S1), which gives
the smallest amount of possible biuret junction points. Moreover,
since PUD1.5/2:1 is characterized by the strongest urea peak and
the weakest biuret peak in PUD1.5/x:y series, it suggests domina-
tion of the chain extension by urea formation over the crosslinking
via biuret formation, as a result of the lowest mobility of PU chains
in the sample containing the highest amount of PCD. Thus, the main
crosslinking of this sample occurs in acetone. Changes in peaks I and
II were also observed. Band I represents “ordered” urea, where one
urea C O is H-bonded with both N H groups of a nearby urea (ure-
thane), whereas band II, corresponding to a “disordered” fashion, is
assigned to urea C O groups bonded to only one N H of urethane
or urea. [28] An increase in the ratio of the absorbances of peaks I
and II was observed when the PCD amount increases, most visibly
for PUD1.5/2:1 (Fig. S2 b). This result may  suggest that the most
hard-soft segment separation28 exists for this sample.

3.2. Dynamic mechanical thermal analysis (DMTA)

Monitoring of the crosslink formation in the two reaction
steps was carried out by DMTA analysis for samples with a 1.5
NCO excess. For this purpose, pre-polymer suspensions in ace-
tone (PU1.5/x:y) and water dispersions (PUD1.5/x:y) were dried
to obtain films measurable by DMTA.

The crosslinking density, �, was determined from the storage
modulus, G‘, at a temperature well above Tg , using Eq. (1), according
to the theory of rubber elasticity:

� = G‘/RT (1)

1 It follows from the kinetics of model reactions Ref. [41], that the formation of
allophanate is less significant and slower than biuret.

2 To avoid negative peaks from H2O, PUDs were dried before FTIR analysis.

Table 2
The  crosslinking density of samples with a 1.5 NCO excess before (PU) and after
water  addition (PUD).

Sample G‘, MPa, T = 50 ◦C Crosslink density, �, mol  dm−3

PU1.5/2:1 24.3 9.0
PU1.5/1:1  14.6 5.4
PU1.5/1:2  4.2 1.6
PUD1.5/2:1  23.2 8.6
PUD1.5/1:1  21.0 7.8
PUD1.5/1:2  31.8 11.8

Table 3
Parameters obtained from the light scattering analysis of PU particles dis-
solved/dispersed  in acetone.

Sample <S2>z
1/2, nma <RH

−1>z
−1, nmb �c Mw, g/mol

PU1.05/2:1 240 120 2.0 4.9 × 106

PU1.05/1:1 N/A 3 N/A 15 × 103

PU1.05/1:2 N/A 7 N/A 53 × 103

PU1.5/2:1 180 210 0.86 25 × 106

PU1.5/1:1 290 430 0.67 121 × 106

PU1.5/1:2 280 750 0.4 64 × 106

a gyration radius.
b hydrodynamic radius.
c ratio of gyration radius to the hydrodynamic radius.

where � is the crosslinking density, G‘ is the shear storage modulus
above the glass transition temperature, R = 8.314 J K−1 mol−1 is the
gas constant, and T is the temperature at which G‘ was  determined
[32]. The obtained data are presented in Table 2.

Before water addition, the highest crosslinking density was
found for the sample with the highest PCD content (PU1.5/2:1).
This result may  be explained by the largest amount of long chains
and hydrogen bonds being created between urethane groups of the
pre-polymer and the carbonyl groups of the PCD. Thus, in this case
the particles are close enough to each other to create the polymer
network easily. In contrast, the short chains of PU1.5/1:2 are more
separated, which prevents their junction.

In the step of water addition, the crosslinking reaction as well as
the phase inversion occurs, after which the hydrophobic core cre-
ated by PCD is surrounded by the hydrophilic shell of DMPA [20].
From the comparison of the sample with the highest PCD amount
before (PU1.5/2:1) and after dispersion (PUD1.5/2:1), no difference
after the two  steps was  observed. This result may  be caused by the
weak water penetration of the PU nanoparticles due to the forma-
tion of the most hydrophilic PUD. This finding also suggests that
the phase inversion is faster than water crosslinking.

In contrast, a significant increase in the crosslinking density for
the sample containing the highest DMPA content (PUD1.5/1:2) was
observed. This result may  be explained by the creation of a high
number of short NCO-terminated pre-polymer chains in acetone by
PU1.5/1:2 and the highest HDI wt%  used in the reaction. In the dis-
persion step, water can easily penetrate through the particles due
to the high amount of hydrophilic DMPA to react with isocyanate
groups to create biuret crosslinks (see Fig. 1).

3.3. Light scattering measurements of PU nanoparticles in acetone

To investigate PU nanoparticle self-assemblies in acetone and
water, the solutions were studied by static and dynamic light scat-
tering, SLS and DLS. SLS measurements were evaluated by the Berry
method, while DLS measurements of apparent diffusion coeffi-
cients were treated as dynamic Zimm plots. The representative
Berry and dynamic Zimm plots for the PU1.5/1:1 sample are shown
in Fig. 3. The parameters obtained by fitting the SLS and DLS data
of all studied samples are summarized in Table 3.
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Fig. 3. Comparison of a) dynamic Zimm plot and b) Berry plot of PU1.5/1:1 in acetone solutions.

While the low molar masses of PU1.05/1:1 and PU1.05/1:2 cor-
respond to molecularly solubilized polymers with a low degree of
crosslinking, the molar masses of the other polymers indicate the
formation of more compact nanoparticles with a large degree of
crosslinking. It is noteworthy that the molar mass (see Table 3)
scales with the hydrodynamic radius as Mw ∼ RH[1,7], which means
that the mass fractal dimension of the formed particles is close
to that of aggregates formed by diffusion-limited cluster aggrega-
tion. The ratio of the gyration radius to the hydrodynamic radius,
�, has been used as an indicator of the PU nanoparticle shape in
acetone dispersions. In the case of PU1.05/2:1, the � parameter of
approximately 2 suggests a rod-like morphology of the particles.
This observation is confirmed by the presence of a q2-independent
relaxation mode in DLS corresponding to rotational diffusion of
cylindrical particles. On the other hand, PU1.5/2:1, PU1.5/1:1 and
PU1.5/1:2 exhibit � values below 1, which are typical for compact
spherical objects. � values lower than 0.6 (observed for sample
PU1.5/1:2) were reported for microgel particles in which loose
peripheral chains strongly affect their hydrodynamic behavior and
thus the value of RH, but the chains contribute only negligibly to the
mass distribution of the particle and thus to the value of Rg [33,34].

Moreover, PU1.5/1:2 was the most swellable in acetone, as indi-
cated by the lowest observed density (obtained from Mw and RH as
d = 3 Mw/4�NARH

3), which confirms the lowest crosslinking density
among the samples containing a 1.5-fold NCO excess. Increasing the
PCD amount resulted in changes of PU chain architectures toward
compact spheres. These changes may  be caused by differences in
PU chains lengths, which confirms the results obtained from DMTA
analysis.

Samples with 1.5 isocyanate excess were further characterized
by SALS. The comparison of the SALS experiment and fitted data are
given in Supplementary results (Fig. S3).

3.4. Dynamic light scattering (DLS) analysis of particles dispersed
in  water

DLS measurements of aqueous dispersions were carried out for
investigation of PU self-assemblies at a 173◦ (back angle) scatter-
ing angle after water addition and acetone removal. Since PUs are
composed of hydrophilic and hydrophobic segments, addition of
H2O causes the phase inversion. As a result, the core-shell struc-
ture is formed, where PCD-based soft segments are surrounded by
DMPA-based hard segments, providing hydrophilic ionic groups.

The DLS results are summarized in Table 4. The biggest particles
in the PUD1.05/x:y series were observed for the sample containing
the highest PCD amount (PUD1.05/2:1), due to the highest number
of long PU chains. On the other hand, this sample had the lowest
value of � because of having the lowest DMPA content and thereby
the lowest number of COO− groups. The narrowest size distribution

Table 4
DLS  results of final PUDs.

Sample <RH−1>z
−1, nm �-potential, mV PDIa

PUD1.05/2:1 53.9 ± 0.1 −47.5 ± 2.9 0.05
PUD1.05/1:1  28.8 ± 0.1 −64.9 ± 0.6 0.05
PUD1.05/1:2  21.0 ± 0.3 −60.5 ± 1.6 0.22
PUD1.5/2:1  72.1 ± 0.2 −40.5 ± 1.8 0.09
PUD1.5/1:1  34.0 ± 0.3 −44.0 ± 3.1 0.14
PUD1.5/1:2  29 ± 0.5 and 147.5 ± 9.5 −44.6 ± 2.3 0.48

a size-dispersity index.

(PDI) of PU nanoparticles in water was calculated for PUD1.05/2:1
and PUD1.05/1:1, indicating the most homogenous samples. The
highest PDI value was calculated for PUD1.05/1:2, which suggests
that short-chained PUs can easily create aggregates.

When a 1.5-fold NCO excess is used, the situation becomes more
complex. Phase inversion and water-crosslinking occur simultane-
ously. In all cases of crosslinked PUs, higher values of RH and PDI and
lower values of � in comparison to linear samples were observed.
Thus, formation of polymer networks contributes to the expansion
of PU nanoparticles.

The  similarity in � values for PUD1.05/2:1 and PUD1.5/2:1 sug-
gests that in both samples, the ionic groups of DMPA are not trapped
in the PU network; rather, they surround the polymer core, pro-
viding stability in water. This result is an explanation for the low
crosslinking density of PUD1.5/2:1, calculated from G‘ (see DMPA
section). The comparison of PUD1.05/1:1 with PUD1.5/1:1 and
PUD1.05/1:2 with PUD1.5/1:2 revealed a significant increase in �.
These differences may  indicate that COO− groups are trapped in the
polymer network, which confirms the high crosslinking density of
PUD1.5/1:1 and PUD1.5/1:2 obtained from DMTA measurements.
Particles containing a high amount of PCD were the largest in both
the crosslinked and linear forms due to possessing the highest
amount of PCD long chains. An inhomogeneity of nanoparticles con-
taining the highest content of DMPA was observed for the 1.5 NCO
excess (PUD1.5/1:2). In this case, two  domains of particles, 30% with
RH = 29 nm and 70% with RH = 147.5 nm,  were evident. This obser-
vation confirmed the tendency to form agglomerates when short
PU chains are present in high quantities.

3.5. Model of PU chain lengths and evolution of nanoparticle
microstructures

Information about PU chain lengths and the results obtained
from FTIR, DMPA, SLS and DLS allow us to propose a structural
model of the self-assembly of the PU nanoparticles. The Avogadro
software was used for estimation of the chain lengths including
consideration of the bond angles between the molecules.
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Fig. 4. Model of the PU nanoparticle self-assemblies.

The main components used for synthesis of the PUDs were
DMPA, HDI and PCD. Since the structural formulas of DMPA and HDI
are well known, the chain lengths were estimated by the Avogadro
software as 7 Å for DMPA and 15 Å for HDI. The PCD used for prepa-
ration of PUDs was commercial T4672. The first two numbers refer
to methylene units in the copolymer (C4 and C6); the third number
is the amount of C4 units. Thus, the name T4672 refers to 70 mol%
C4 units and thereby a molar ratio C4:C6 = 7:3. The last number
describes the molecular weight of the PCD [26]. Since the MW of
T4672 has been detected by GPC as 2770 g mol−1 (see experimen-
tal section), the number of methylene units was calculated as 14
C4:6 C6. Based on this information, the chain length of PCD T4672
was estimated as 194 Å. To confirm the results obtained from Avo-
gadro, the chain lengths of all components were calculated from
bond lengths given in the literature [35,36] to be 15 Å for HDI, 8 Å
for DMPA and 205 Å for PCD T4672. The similarity of the obtained
values allowed us to use the estimations given by Avogadro for
further analyses.

As  mentioned in the experimental section, the prepared
PUDs contained different NCO excesses and the following
PCD:DMPA:HDI molar ratios: 1:1:2, 1:2:3 and 2:1:3. When consid-
ering a linear system with an equal molar ratio of PCD and DMPA,
we can accept that one repeating unit is composed of one molecule
of PCD, one molecule of DMPA and 2 molecules of HDI, with the
NCO excess neglected in this assumption. Taking this into account,
the chain length of PUD1.05/1:1 was estimated as 231 Å. The two
remaining samples containing the 1.05 NCO excess were charac-

terized  in the same fashion. The chain length of PUD1.05/1:2 was
calculated to be 169 Å and that of PUD1.05/2:1 to be 293 Å. These
estimations are in a good agreement with the previous sections,
where samples with the highest PCD amount have the longest PU
chains.

Based on the obtained results, we  can propose a model of the
self-assembly of linear and crosslinked PU nanoparticles in ace-
tone and water. The model of PU evolution during the reaction is
shown in Fig. 4. All samples containing a 1.05-fold NCO excess in
the form of pre-polymer are well dissolved in acetone. The reason
for this behavior is that the organic solvent easily penetrates the PU
chains due to the possibility of the dissolution of both hydrophilic
and hydrophobic PU parts. Thus, hard and soft segments are ran-
domly located while dissolved in acetone (Fig. 4a). When water
is added, the phase inversion occurs. As a result, PU nanoparticles
self-assemble into a core-shell structure, where hydrophobic soft
segments are surrounded by hydrophilic hard segments (Fig. 4b).
This structure provides the aqueous stability of PU nanoparticles.

The  presence of water in the used components and the ingress
or admission of moisture to the reaction mixture during synthe-
sis needs to be considered to use the proper amount of HDI. Thus,
the 1.05-fold NCO excess resulted in linear PUs. In these samples,
the hydroxyl groups of DMPA and PCD were fully converted to
polyurethane groups, while a small amount of urea was a product of
the reaction between moisture and the rest of the NCO groups (see
FTIR section). Therefore, the PU1.05/x:y samples were fully reacted
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Fig. 5. Height AFM micrographs of polyurethane nanoparticles deposited on mica surfaces prepared from acetone solutions/dispersions: a) PU1.05/2:1, d) PU1.5/2:1
(5 �m × 5 �m)  and water dispersions: b) PUD1.05/2:1, e) PUD1.5/2:1 (2 �m × 2 �m)  and surface profiles of c) PUD1.05/2:1, f) PUD1.5/2:1.

while in acetone, and no free NCO groups were present before water
addition.

When a 1.5-fold NCO excess is used (PU1.5/x:y), the PU nanopar-
ticles are initially crosslinked in acetone. In these cases, the
pre-polymer chains are NCO-terminated, and free NCO groups are
present in acetone as well. The differences in these samples (Fig. 4c)
depending on the component molar ratios are evident. PU1.5/2:1,
containing the highest amount of PCD and thereby long chains,
turned out to form a compact sphere. This result may  be explained
by a sufficiently short distance between the long PU chains while
dispersed in acetone, which results in the facile creation of the poly-
mer  network. Decreasing the PCD:DMPA molar ratio causes the
formation of shorter PU chains and increases their mutual distance.
Thus, in the PU1.5/x:y series, PU1.5/1:2 contains the shortest PU
chains, which are the most separated from each other in the organic
solvent. As a result, the pre-polymer with the lowest crosslinking
density forms as a swollen microgel in acetone.

The water addition to samples containing a 1.5-fold NCO
excess causes both the phase inversion and crosslinking. Thus, the
nanoparticle self-assembly into core-shell structures and the final
crosslinking occur simultaneously. Since water reacts with NCO
groups present at the ends of the pre-polymer chains to give biuret
junction points, the chain lengths of specific PUs play a key role in
the crosslinking density. From the calculated chain lengths of linear
PUs, we can estimate the mesh sizes of crosslinked PUs. Based on
these calculations, we can assume that PUD1.5/2:1 has the largest
mesh sizes (Fig. 4 d) in the PUD1.5/x:y group and therefore the
lowest crosslinking density. Moreover, this sample contains the
highest amount of hydrophobic PCD, which blocks water penetra-
tion and crosslinking. As a result, no changes in crosslinking density
between the pre-polymer PU1.5/2:1 and dispersion PUD1.5/2:1
were present, which suggests that the final crosslinking occurs in
acetone. Increasing the DMPA content causes easier water pene-

tration  and crosslinking due to increasing the hydrophilic segment
fraction. Moreover, because the pre-polymer chains of PU1.5/1:1
and PU1.5/1:2 are shorter than those of PU1.5/2:1, they form a
higher number of terminal NCO groups and therefore a higher num-
ber of biuret junction points after water addition. Thus, the sample
containing the most DMPA (PUD1.5/1:2) has the smallest mesh
sizes and the highest crosslinking density.

3.6. Atomic force microscopy (AFM)

The self-assembly of PU nanoparticles was observed by AFM
through visualization of the separated molecules. Samples con-
taining the highest PCD amount were chosen for these analyses
due to possessing the highest particle sizes and therefore the best
conditions for measurements. Highly diluted (∼2 g L−1) acetone
(PUx/2:1) and water dispersions (PUDx/2:1) were deposited on
freshly cleaved mica by the droplet-evaporation method.

Fig.  5 shows height images of the particles, both linear and
crosslinked, and typical surface profiles of the nanoparticles
obtained from water dispersions. It was  observed that particles
obtained from the PU1.05/2:1 solution (Fig. 5a) were elongated and
disc-shaped, while drying the PU1.5/2:1 yielded more spherical but
less separated particles (Fig. 5d). This result may be explained by
the linear character of PU1.05/2:1, because of which PU chains are
well dissolved in acetone. After evaporation of the organic solvent,
the nanoparticles collapse, giving elongated structures. In compar-
ison, PU1.5/2:1 self-assembles into more compact but aggregated
structures. This behavior is a result of the crosslinked character of
these nanoparticles.

All  particles formed after water evaporation are spherical
(Fig. 5b, e) due to the phase inversion resulting in the core-shell
structure. The particles from each sample were manually selected.
They first flattened, and then their width and height were detected
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Table  5
Average sizes of the PU nanoparticles containing the highest PCD amount, detected
from AFM images.

Sample Height, nm Diameter, nm Diameter/Height ratio

PU1.05/2:1 6.9 345.0 50.0
PU1.5/2:1 10.3 268.2 26.0
PUD1.05/2:1 4.0 126.2 31.5
PUD1.5/2:1 13.4 57.4 4.3

by the automatic particle analysis option of the NanoScope Analysis
software. The average values and diameter/height ratios are sum-
marized in Table 5. These results are in good agreement with values
obtained from previous analyses. The differences between particle
sizes detected by light scattering and AFM could be explained by the
fact that DLS measurements were performed on acetone/water dis-
persions, while AFM samples were dried before the analyses. Other
reasons for possible inaccuracy in the AFM measurements are the
tip-broadening effect, giving overestimated dimensions, and pan-
cake deformation caused by attractive interactions between the PU
particles and mica surface [37,38]. However, the softness/hardness
of the nanoparticles seems to be the main parameter influencing
their size and shape as measured by this method. Calculation of the
diameter/height ratio gives the possibility to estimate both these
features. Since height reduction of nanoparticles measured by AFM
is a result of the soft matter compression caused by the tip [39],
hard particles should be unlikely to be deformed.3

It is well known that the diameter/height ratio <4 for solid
nanostructures [40]. Based on this information, we  can conclude
that all measured nanoparticles except PUD1.5/2:1 are soft. Exam-
ination of the particles dried from acetone dispersions revealed
that the sample containing 1.5 NCO excess (PU1.5/2:1) had harder
particles than the linear one (PU1.05/2:1) due to higher crosslink-
ing density. An obvious decrease in the diameter/height ratio and
therefore an increase in the nanoparticle hardness were observed
after water addition. This observation can be explained by cre-
ation of the specific structure where soft segments form the core
of the particles surrounded by shell composed of hard segments.
This core-shell structure not only provides dispersity in water but
also significantly increases the hardness of nanoparticles. More-
over, from the comparison of PU1.5/2:1 and PUD1.5/2:1, which
have the same crosslinking density (see DMTA section), we can con-
clude that the hardness of the nanoparticles depends more on the
core-shell structure than on the density of crosslinking.

4. Conclusions

Stable PUDs containing 1:1, 2:1 and 1:2 PCD:DMPA molar ratios
were prepared without any chain extender via modified acetone
method. The PU nanoparticles are starting form for PU coatings. It
was found that using a 1.05-fold NCO excess compared to OHtotal
groups gives linear PUs, while a 1.5-fold NCO excess leads to water-
crosslinked nanoparticles. Self-assembly of the PU nanoparticles
was investigated in acetone before the water addition (step I) and
after water dispersion (step II). It was concluded that linear PUs
are well dissolved rod-like particles in acetone, and after water
addition they create spherical core-shell structures due to phase
inversion. In the cases of samples with a 1.5-fold NCO excess, the
initial crosslinking occurs in step I, where PU particles are in the
form of a microgel or a compact sphere. However, in step II, the
simultaneous phase inversion and final water-crosslinking leads
to formation of spherical particles with different mesh sizes and

3 Comparison of the nanoparticle hardness/softness is possible while using the
same measurement parameters and type of AFM tip.

crosslinking densities. All prepared PUDs can be potentially used as
mechanically strong coatings/films in biomedicine or as packaging
materials.
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Supplementary results: 

The LS data were fitted to the equation: 
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where K is the contrast factor given by K = 4π
2
nD

2
(dn/dcp)

2
/(λ

4
NA) (dn/dcp is the refractive 

index increment of the polymer with respect to the solvent and λ is the wavelength of the 

incident light), ΔRθ(q, cp) is the corrected Rayleigh ratio depending on the polymer 

concentration cp and the magnitude of the scattering vector q = (4πn0/λ)sin(θ/2) (θ is the 

scattering angle and n0 is the refractive index of the solvent), MW is the weight-averaged 

molar mass, Rg
2
 is the z-averaged squared radius of gyration, and A2 is the “light-scattering-

averaged” osmotic second virial coefficient of the polymer in solution.  

 

Table S1. Composition of the PU/PUD samples. 

Sample HDI, wt% PCD, wt% DMPA, wt% 

PU1.05/2:1 11.4  85.8 1.6 

PU1.05/1:1 14.1 80.6 5.3 

PU1.05/1:2 18.9 71.6 9.5 

PU1.5/2:1 15.4 81.9 2.7 

PU1.5/1:1 19.0 76.0 5.0 

PU1.5/1:2 24.0 66.3 8.7 

 



 

 

Figure S1. FTIR spectra of PU nanoparticles in acetone: a) PU1.05/x:y, b) PU1.5/x:y and 

dried PUDs: c) PUD1.05/x:y, d) PUD1.5/x:y. The marked region is attributed to the 

occurrence of isocyanate groups. 

 



Figure S2. Deconvoluted carbonyl region of the FTIR spectra: a) PUD1.5/1:2, b) PUD1.5/2:1. 

 

 SALS measurements were performed to confirm the size and structure of the PU 

nanoparticles in acetone. Since this method is appropriate for the investigation of large length-

scale structures, samples containing a 1.5 NCO excess were chosen for this purpose. To 

obtain information about the nanoparticle structures, model fitting of the experimental data 

was conducted. Due to the obtained rod-like shape of the dry particles deposited on mica after 

acetone evaporation during AFM analysis, we adopted a cylindrical shape model for the 

SALS analysis. 

The representative scattering curve of PU1.5/1:1 (Fig. S3) confirmed that the intensity 

profile of this sample is consistent with a worm-like structure. A fit to a cylindrical model 

showed that the nanoparticles are thin rods. 

 

 

 

Figure S3. SALS scattering intensity data for PU1.5/1:1. The red line is a fit to a cylinder 

form factor.  
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a b s t r a c t

The hydrolytic stability of all-aliphatic polyurethane (PU) films made from polycarbonate-based aliphatic
macrodiols (MD), diisocyanate-1,6-hexane and butane-1,4-diol (BD) were tested at 37 �C in phosphate
buffer for a period up to 12 months. Two macrodiols, differing in composition and chain regularity and
two MD-to-BD ratios were chosen for PU synthesis. The isocyanate-to-total hydroxyl ratio was kept
constant and equal to 1.05. The functional properties of the original polyurethane films and films being
immersed for 1, 3, 6 and 12 months in model physiological environment (37 �C at pH ¼ 7.4) were studied
on segmental up to macroscopic levels. The combination of SEM, AFM, FTIR, DSC, tensile and swelling
analyses were used. It was found that prepared PU films are very good elastomeric materials with
outstanding mechanical and suitable thermal properties keeping these properties practically unchanged
for a period of up to 12 months. They can be practically used for example as strong and durable topcoats.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Novel thermoplastic polyurethanes (TPUs) and their nano-
composites belong to a family of thermoplastic elastomers (TPEs)
which have been synthesized and studied for a longer timewith the
goal of their practical applications, such as tissue engineering, im-
plants, scaffolds, drug delivery [1e8], electronics [9e11] or as
coatings and packaging materials [12e17]. The TPU popularity
arises from the relatively easy targeting of desired end-use prop-
erties by optimizing the polymer composition and preparation
procedure. PUEs are distinguished by their long-term dynamic
performance, low dynamic stiffening, high wear, low abrasion, fat
and oil resistance and suitable noise- and vibration-damping
properties [18]. TPUs combine the mechanical properties of con-
ventional thermoplastics (elasticity and flexibility) with the char-
acteristics of chemically cross-linked elastomers (high strength and
modulus). The relative simplicity and versatility of TPU
manufacturing (e.g. casting, spraying, injection, extruding), the
possibility of using bio-based or renewable resources [19e23]

together with the possibility of their recycling or reuse, as con-
trary to chemically cross-linked thermosets, further increase their
popularity and practical impact.

Polyurethanes have been used in medical applications for
several decades. The first PUs were long-term biomaterials utilized
for vascular implants and grafts, catheters and biomedical devices
[1,24e27] although high demands for new materials require the
more suitable biodegradable or bioresorbable products, i.e. the
materials with short or limited live-time [7,28]. The use of novel
materials for this purpose requires not only detailed description of
mechanical, surface, thermal and other end-use properties but also
information on their stability/degradability. The functional prop-
erties of PU elastomers depend on a number of factors, such as
chemical nature of starting components (macrodiol, diisocyanate,
chain extender), overall reaction conditions during PU preparation,
the contents and lengths of the soft and hard segments, the degree
of the phase separation/mixing, the strength of hydrogen bonds
and dipoleedipole interactions, the mobility and orientation
(packing) of building units within the hard segments, temperature
profile, etc. Furthermore, if the material is designed to be subject to
aggressive environment and its stability/degradation resistance has
to be tested, various additional factors, such as temperature, time
and conditions of the exposure have to be taken into account.
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Because the causes of degradation processes differ depending on
the intended application, it is impossible to propose general con-
ditions or protocol for PU degradation/stability tests.

The degradation process must be meticulously studied espe-
cially in the case of potential medical, biomedical or food applica-
tions. Different reaction conditions for stability/degradation tests
have been carefully specified and testing conditions have been
thoroughly chosen with regard to the intended use. Short tests of
thermal stability are the most common analyses of PU stabilities
[19e22,29e33]. However, the material-stability tests must also be
conducted in substantially different environments. Information on
long-term mechanisms such as hydrolytic stability (testing the
samples immersed either in chemical or oxidative environment
[13,23,24,34e38] or in water or saline buffer [23,39,40]), flame-
[29], bio- [2,37,41] or irradiation stabilities [42,43] are indispens-
able before the new material can be used in practice. Simulta-
neously, stability tests have to be conducted at several different
temperatures (e.g. at 37 �C [2,32,36e40], 50 �C [34], 55 �C [39],
60 �C [13], 70 �C [35,39,44], 80 �C [23] and 85 �C [39] and for
different time periods, measured in days or weeks [23,34,36,38],
months [2,24,37,44] or years [40].

All-aliphatic polyurethanes based on polycarbonate macrodiols
belong to a relatively novel class of PU elastomeric systems.
Polycarbonate-based PUs were initially prepared from aromatic
isocyanates [31,35,37,45]. The aliphatic [36,14e17,30] and cycloali-
phatic isocyanates [43,44] were increasingly used later, especially
for coatings and biomedical PU applications. The advantage of all-
aliphatic polycarbonate-based PUEs is their higher stability to ox-
ygen as compared to aromatic-based PUs. The other benefit is the
fact that aliphatic compounds formed during the degradation
process are less toxic than those from aromatic-based PUs [7,45].
While the first advantage is important for general coating appli-
cations, the second is significant in medical or biomedical PU ap-
plications. Even though the good hydrolytic stability of
polycarbonate-based macrodiols is relatively well known, e.g.,
from the producer leaflets, systematic detailed studies devoted to
the preparation and testing the stability of all-aliphatic poly-
carbonate-based PUs (which would disseminate the pieces of in-
formation for a broad community of polymer scientists) are
relatively scarce [36].

A series of aliphatic PUs prepared from polycarbonate-based
macrodiols (MD), hexamethylene-1,6-diisocyanate and butane-
1,4-diol (BD) with relatively broad hard-to-soft segment ratio
[14,15,46] was characterized by a set of analytical methods. Best
utility properties were found for PU systems having [OH]MD/[OH]BD
ratio equal to 1 or 2. Conditions of preparation and multi-scale
characteristics of the complex four-component PU films (contain-
ing also a degradable D,L-lactide-based linker in the PU backbone)
were recently published [16,17]. Though the end-use properties of
three- and four-component PUs were studied in detail on
segmental to macroscopic levels, no degradation tests under
physiologically simulated conditions were performed on these
systems. This paper is the continuation and extension of the three-
component polycarbonate-based PU study [14,15,30] and it de-
scribes a part of our purely academic long-term research. The ul-
timate goal is the preparation of controllably degradable materials
which can find potential use in biomedical applications. All
aliphatic PUs were used because the products of their hydrolysis
are relatively low toxic compounds. The first step of the long-term
research is the topic of this manuscript and it consists in the study
of suitable materials (without biodegradable units) with appro-
priate properties that are stable enough and can be destabilized by
incorporation of units with hydrolytically cleavable bonds. The
system can also be used as a referencematerial for determination of
the efficiency of the D,L-lactide based linker on the hydrolytic

degradation process of more complex four-component PUs or the
influence of controlled elongation on the hydroltytic stability of
three- and four-component PUs.1

2. Experimental

2.1. Materials

Two commercially available polycarbonate-based macrodiols,
T4672 (marked as “T4”, number-average molar mass Mn ¼
2770 g mol�1, dispersity ƉM ¼ 3.20) and T5652 (marked as
“T5”,number-average molar mass Mn ¼ 2874 g mol�1, dispersity
ƉM ¼ 3.23), kindly provided by Asahi Casei Co., Japan; butane-1,4-
diol (BD), dubutyltin dilaurate (DBTDL) and 1,6-diisocyanatohexane
(HDI, all Fluka) were used. The idealized schematic representation
of structures of polycarbonate-based diols T4 and T5 is shown
in Fig. 1.

T4672 polycarbonate-based macrodiol is characterized by
higher regularity and higher rigidity (only even methylene eCH2e

units), T5652 higher irregularity and higher flexibility (even and
odd methylene eCH2e units at equal molar ratio) [15]. However,
both macrodiols contain on average 23 carbonate groups per one
macrodiol chain.

2.1.1. Preparation procedure
Prior to the reaction, all components were thoroughly mixed in

a dried acetone in order to obtain the homogenous solutions. After
the solvent evaporation at the room temperature, the reaction
mixtures were poured into the Teflon molds and placed in an oven
under the nitrogen atmosphere. The changes in composition were
achieved by varying the molar ratios of hydroxyl group compo-
nents, i.e., of polycarbonate macrodiol (either T4672, marked as
“T4” or T5652, marked as “T5”) and the chain extender. All the
reactions proceeded in bulk at 90 �C for 24 h in the presence of
organotin catalyst DBTDL (50 ppm mol�1 of urethane groups) at
constant r ratio (r ¼ [NCO]/[OH]total ¼ 1.05; where
[OH]total ¼ [OH]MD þ [OH]BD), while R ¼ [OH]MD/[OH]BD was either
1 or 2. Individual sample codes and composition are summarized in
Table 1, 1st and 2nd columns. The hard segment content (HSC,
Table 1, 3rd column) was calculated as the weight percentage of BD
and HDI components with respect to the total mass of all reagents
used for the particular sample preparation. The final thickness of
films was 250 ± 25 mm.

For example, the code T5-2/6 means PU sample prepared from
macrodiol T5652 at (OH)T5652/(OH)BD ratio equal to 2, immersed to
PBS buffer at 37 �C for 6 months.

The properties of prepared PU films were measured by a com-
bination of several analytical methods (“raw” samples). Major parts
of films were cut into diverse shaped pieces and placed into glass
degradation flask. The degradation process proceeded in
phosphate-buffered saline solution (PBS)2 with additional 0.02 wt%
of sodium azide NaN3, at 37 �C for 1, 3, 6 and 12 months, respec-
tively. While the buffer environment and temperature were the
same, the specimen shape differed according to the method of
analysis: (a) dumbbell-shaped samples for tensile properties were
cut from the PU film and fixed to the PE frames, prepared for this
purpose in IMC or (b) pieces of PU films were fixed on the inert
thread. Both kinds of immersion enabled uniform and free access of

1 Degradation studied of four-component PU systems and three- and four-
component PUs hydrolyzed under given strain will be published in the
forthcoming papers.

2 PBS e Phosphate-Buffered Saline contain monobasic potassium phosphate,
sodium chloride, and dibasic sodium phosphate.
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PBS solution to the surface of the specimen being furthermeasured.
After the appropriate time (1, 3, 6 and 12months), PU samples were
pulled out from the buffer, washed, quickly dried and immediately
measured by the set of experimental methods.

2.2. Methods of characterization

2.2.1. Scanning electron microscopy (SEM)
Surface microstructure of PU films was measured by Scanning

Electron Microscope (SEM) on the instrument Vega Plus TS 5135
(Tescan, Czech Republic). Before SEM analysis, upper sides of the PU
films (or their cross sections; after previous freeze-fracture at the
temperature of liquid nitrogen) were sputtered with 4 nm Pt layer
using vacuum sputter coater SCD 050 (Balzers, Czech Republic).

2.2.2. Atomic force microscopy (AFM)
The investigation of the topography and heterogeneity relief

from the nano-to micrometer levels was done by AFM. PU films
were measured either on the upper film side, “top images” or after
previous freeze-fracture at the temperature of liquid nitrogen
“cross-section images”. Atomic force microscope (Dimension Icon,
Bruker), equipped with the SSS-NCL probe, Super Sharp SiliconTM -
SPM-Sensor (NanoSensors™ Switzerland; spring constant
35 Nm�1, resonant frequencyz 170 kHz) was used for the analysis.
Measurements were performed under ambient conditions using
the tapping mode AFM technique. AFM scans covered the areas
from 500 � 500 nm2 to 50 � 50 mm2.

2.2.3. Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) analyses were carried

out on a Perkin Elmer DSC 8500 calorimeter with nitrogen purge
gas (20 cm3 min�1). The instrument was calibrated for temperature
and heat flow using indium as a standard. Samples of about 10 mg
were encapsulated into hermetic aluminum pans. The analyses
were performed in cycle heating e cooling e heating from �80 �C

to 200 �C at 10 C min�1. Two-minute isothermal plateaux were
inserted before and between the ramps.

All presented results were recorded on the first heating cycle
which assesses the material's properties in the as-prepared con-
dition. Glass transition temperature (Tg) was defined as a midpoint
between the glassy and rubbery branches of the DSC trace. Melting
temperature of soft segments ((Tm)s) and hard segments ((Tm)h)
and temperature of relaxation (Tr) as maxima of the endotherm
peaks were evaluated. For all endotherm peaks corresponding
transitions enthalpies (DHx, i.e. DHr, (DHm)s, (DHm1)h and (DHm2)h)
in jouls per gramwere also evaluated The difference between the Tg
of pure macrodiol and PU film (DTg) was used for the estimation of
the degree of the hard/soft phase separation in PU systems.

2.2.4. Tensile characterization
Static mechanical properties were measured on an Instron

model 6025/5800R (Instron Limited, UK) equipped with a 100 N
load cell, according to test method ISO 527 at room temperature
with a cross-head speed of 10 mm min�1. Dumbbell shaped spec-
imens corresponded to the ISO 527-2/5B type: total specimen
length 35 mm, length and width of the narrowed part: 12 and
2 mm, thickness 0.25 mm. Selected tensile characteristics were
determined: Young's modulus E (modulus of elasticity, given in
MPa), tensile strength sb (maximum stress before braking the
material, given in MPa), elongation-at-break εb (percentage in-
crease in length before the sample break) and toughness (energy to
break the sample per volume unit, given in mJ mm�3). Reported
values were the averages of at least five measurements. Presented
tensile curves were taken from the measurements closest to each
calculated average value.

2.2.5. Swelling experiments and mass loss determination
Each swelling and mass loss experiment consisted of 5 different

measurements of 30e50 mg pieces of the given PU film. The per-
centage of swelling was determined as the mass increase after the
swelling experiment and percentage mass loss is given as the mass
decrease of the fully dried sample after swelling experiment, both
compared to the sample mass before experiment. Resulting
swelling and mass loss values are the mean values of five experi-
ments made on different pieces of given PU film.

2.2.6. FTIR spectroscopy
The FT-IR spectra were recorded on a PerkineElmer Paragon

1000 PC FT-IR spectrometer using the reflective ATR (Attenuated
total reflection) technique Specac MKII Golden Gate Single Reflec-
tion ATR Systemwith a diamond crystal with the angle of incidence
45�. The samples were directly put on the diamond crystal and
measured. All spectra were measured at wavenumber range

Fig. 1. Schematic representation of macrodiol chains of T4672 (T4, top) and T5652 T5, bottom).

Table 1
Code, composition and hard-segment content of PU films.

Codea Molar ratio (OH)MD : (OH)BD HSCb

(wt%)

T4-1/X 1 1 18.5
T4-2/X 2 1 14.1
T5-1/X 1 1 18.1
T5-2/X 2 1 13.5

X ¼ 0, 1, 3, 6 or 12 (time in months of the sample immersion in PBS at 37 �C).
a T4: macrodiol T4672; T5: macrodiol T5652.
b HSC ¼ (mBD þ mHDI)/(mMD þ mBD þ mHDI).
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4400e450 cm�1 with resolution 4 cm�1 and with 16 scans. Soft-
ware Spectrum v2.00 was used for processing the spectra.

3. Results and discussion

The composition of the films prepared and further analyzed in
the stability tests is based on the knowledge of previously tested PU
elastomers made from MD, HDI and BD. They were characterized
mainly on thicker sheets (thickness 2 mm) or films (thickness
500 mm) [14,15,46]. The detailed multidisciplinary analysis of
functional properties of all films was performed. The set of
analytical methods covers the scales spanning from segmental
levels (NMR and FTIR spectroscopy), through nanometer-to-
micrometer-scale characteristics (SAXS, WAXD, AFM, TEM, SEM)
up to macroscopic-scale characteristics (DMTA, DSC, TGA, tensile
and gas transport property measurements). Very good end-use
(especially mechanical) properties were achieved if [OH]MD/
[OH]BD was 1 or 2 [15]. No long-term degradation/stability tests on
these systems were realized so far, however. The hydrolytic sta-
bilities in the model physiological environment were preliminary
tested by most of abovementioned multiscale characteristic. In the
stability/degradation tests, the fixed thickness (250 ± 25 mm) was
set. After the evaluation of all results, the set of surface, mechanical,
swelling and thermal analyses in the period up to 12 months was
chosen as the representative output.

The hydrolytic stability of PU systems has been studied from
several aspects. In this paper, we concentrated mainly on the
changes of functional properties with time. As the stability tests
were realized at 37 �C, which corresponds to the human body
temperature (i.e., at the temperature higher by ca 15 �C than is the
storage temperature), the samples are in fact exposed not only to
the PBS environment, but also to the long-time thermal condi-
tioning. This fact will be discussed in relevant chapters, mainly in
Chapter SEM and DSC.

3.1. Surface morphology

Surface characteristics are very important pieces of information
on material properties, especially for coating and film applications.
So that, all PU samples were studied by SEM and AFM analyses into
details. While SEM detected surface morphology on micrometer-
to-millimeter scales, AFM evaluated nanometer-to micrometer
surface features, heterogeneity and roughness mapping included.

3.1.1. Scanning electron microscopy e SEM
Surface morphology changes for raw PU samples and PU sam-

ples subjected to hydrolytic testing were analyzed by SEM first.
Surface morphology differences are visible at all magnifications
(from 200 to 7000), but are more pronounced at higher magnifi-
cations. In this paper, the magnification 1500 was chosen for
visualization of the surface relief and surface changes (if any) in
detail.

Microscopy analysis of PU films revealed that PUs before the
immersion to PBS (raw PUs) mutually differ, as visible in Fig. 2, left.
The T4-based PUs have more regular surface compared to T5-based
analogs. Films prepared at ratio R ¼ 1 (T4-1/0 and T5-1/0) contain
numerous surface heterogeneities: needle-like formations on T5-1/
0 and scaly formations on T4-1/0. The PUs prepared at ratio R ¼ 2
(T4-2/0 and T5-2/0) are distinguish by spherical formations of
diameter ca 10 mm, being more pronounced on T5-1/0. Detailed
analysis of sample surface T4-1/0 will be given in the part AFM.

SEM analysis of PU films after 12 month-stability tests revealed
that the surface reliefs undergo some changes on the surface, but
no substantial destruction of the surface was found. The softer
sample T5-2/12 further features irregular surface cracking,

however. Needle-like structures of T5-1/0 were re-organized into
cubic formations on the sample T5-1/12. Spherical formations are
more regular and ‘scaly’ formations are more frequent on T5-1/12
compared to T5-1/0. Sample T4-1/X was chosen as the represen-
tative sample of detailed surface analysis by SEM (followed by AFM
analysis for the comparison and completion of SEM results).

Detailed SEM analysis of T4-1/X: After the immersion to PBS,
film surface relief becomes more heterogeneous and rougher,
especially after 1 month of the immersion (Fig. 3, left). This effect is
probably caused by the long-time conditioning at 37 �C leading to
the re-organization and re-packing of flexible linear chains forming
PU film (this effect will be discussed in the part DSC). No substantial
changes on cross sections are visible; just the fracture area is
smoother in T4-1/1 and especially T4-1/6 compared to T4-1/0. No
visible destructions of the film surface, the area close to the surface
and the inside were found, which gives evidence about very good
hydrolytic stability and reliability of materials prepared.

3.1.2. Atomic force microscopy
Atomic force microscopy was used for the visualization of sur-

face morphology and mainly heterogeneity changes on the nano-
to-micrometer scale. AFM analyzes were realized either on upper
PU film side (“top”) or on the surface of freeze-fractured samples
(“cross-section”). As the height images did not show substantial
and significant topography differences on the nano- and

Fig. 2. Surface reliefs of PU samples T4-1/0, T4-2/0, T5-1/0 and T5-2/0 before (left) and
after 12 month-stability tests (T4-1/12, T4-2/12, T5-1/12 and T5-2/12; right). Magni-
fication 1500�.
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micrometer levels, we put the main attention on phase images,
illustrating changes in tipesample interactions, and thence in
material heterogeneity.

Selected AFM images are given in Figs. 4e6. Fig. 4 shows the
topography and heterogeneity relief on area 50 � 50 um2 compa-
rable with areas detectable by SEM at higher magnificence.
Comparing Fig. 3 (top, left) with Fig. 4 (left), no substantial topog-
raphy differences of PU film analyzed by SEM and AFM were
detected.

Fig. 5 summarizes phase images of top and cross sections of T4-
1/0, T4-1/1 and T4-1/6, i.e. of the same samples shown in Fig. 3
(SEM analysis). Area 10 � 10 um2 enables to visualize nm-to mm-
size heterogeneity reliefs.

Similar to SEM results, (Fig. 3), AFM images of top and cross-
sections of individual films differ for given sample (T4-1/X). All
(top and cross section) surfaces feature the heterogeneous char-
acter on the nano-to-micrometer scales. The heterogeneous char-
acter of PU films can be explained by the segmental character of
each PU chain, being formed by soft segments (macrodiol) and hard
segments (HDI þ BD product). So that, softer (soft-segment rich)
and more rigid (hard-segment rich) localities can be found not only

inside but also on the PU surface. Cross-section images of samples
T4-1/0, T4-1/1 and T4-1/6 detected mm-size spherulite structures
indicating the high level of self-organization of the hard segments
into regular supramolecular structures. However, spherulite for-
mations in T4-1/6 sample are already not so regular compared to
T4-1/0 and T4-1/1. Top images of selected PU films differ,
depending on time of immersion. Heterogeneities of top samples
T4-1/0 and T4/1-6 are more or less randomly distributed on the
surface without any significant ordering. On the other hand, highly
assembled spherulite structures were found on the surface of T4-1/
1. Bigger ordered structures (size 10�e102 mm) were on this sample
also detected by SEM (Fig. 3, left, middle).

AFM was also used to detect the origin of the spherical forma-
tions found on the top of T5-2/0 sample. The height and phase
images of the sample are given in Fig. 6. It is evident, that these
spherical structures are of the same constitution as the surround-
ing, unlike nano-to-micrometer “scaly” formation. They are
different (harder) than the rest of the PU material. Two regions

Fig. 3. The comparison of the surface (left) and cross section-surface (right) reliefs of
T4-1/0 (top), T4-1/1 (middle) and T4-1/6 (bottom). Magnification 1500�.

Fig. 4. Height (left) and phase (right) images of the T4-1/0 surface.

Fig. 5. Phase images of sample T4/1-0 (a, d, top), T4-1/1 (b,e, middle) and T4-1/6 (c,f,
bottom). Surface images (aec, left) and cross-section images (dee, right).

Fig. 6. Height (left) and phase (right) 10 � 10 mm2 images of the spherical formation of
sample T5-2/0. (Homogeneous area of different morphology and heterogeneous area of
identical height are highlighted by broken and full rectangles, respectively).
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confirming this statement are highlighted in Fig. 6: homogeneous
material of different height (broken rectangle) and heterogeneous
material of identical height (full rectangle).

The spherical formations on the sample T5-2/X and relatively
rough and heterogeneous surface character of all raw films are
probably the consequence of the removal of the last traces of the
solvent from the film surface before finalizing PU formation. If
analyzed roughness of scans 50 � 50 um2, all Ra values are 102 nm
order and Rmax are of 10� mm order in the maximum. It means:
though the surface relief is different and dependent on the sample
composition and on time of immersion, all surfaces of PU films can
be considered as regular and relatively smooth on the macroscopic
level.

As the changes in surface morphologies are assigned to the re-
organization and re-packing of polyurethane changes, this phe-
nomena will be further discussed with thermal and mechanical
properties in the subsequent chapters.

3.1.3. Differential scanning calorimetry e DSC
DSC was used to follow and characterize thermal transitions

occurring during progressive heating of raw PU as well as PUs
subjected to the hydrolytic degradation process. Recorded DSC
curves are complex and containmultiple endothermic events in the
region between 45 and 180 �C, in addition to glass transition of the
amorphous parts of thematerial found at around�35 �C. Due to the
presence of multiple peaks, all DSC curves presented in this chapter
were divided into three temperature regions marked I, II and III as
seen in Fig. 7, left top.

The low temperature region I shows transitions associated with
glass transition of the amorphous part of the soft segments.
Determined Tg values were found to be somehow lower for T5-
based series (- 39 to - 41 �C) as compared to T4-based one (�34

to �36 �C). Lower Tg in the T5 series can be explained by higher
irregularity and flexibility of the polycarbonate chains in T5 mac-
rodiol [15].

From the difference between the Tg of pure macrodiol and each
one of the prepared PU films (DTg), the degree of phase separation
of soft and hard segments was assessed. As the DTg was found to be
virtually constant (12e13 �C for all raw samples) the separation
degree can be said to be independent on both the composition (R
value) and the type/regularity of the macrodiol used. Moreover, the
DTg values remain substantially unchanged even during the
degradation tests (DTg values for the treated films differed by
max ± 2 �C; with very slight tendency to higher values indicating
increasing phase mixing with longer time of immersion); see
Table 2. The relevant DSC curves of all samples including the raw
and the treated PU films are given in Fig. 7 and relevant DCS data
can be found in Table 2.

The second endothermic region (II) shows temperatures be-
tween 45 and 100 �C and reflects thermal behavior of PU soft
segments, while the third region (III), covering temperatures over
120 �C, is connected to thermal transitions of the hard segments.
The relaxation enthalpy values in region II increases with
increasing soft-segment content in the given macrodiol, i.e. with
higher R value it applies that (DHr)T4-2/0 > (DHr)T4-1/0 and (DHr)T5-2/
0 > (DHr)T5-1/0. On the other hand, melting enthalpies in region III
were found to decrease with increasing R value; (DHm1)T4-2/
0 < (DHm1)T4-1/0 and (DHm1)T5-2/0 < (DHm1)T5-1/0.

In the endothermic region II all raw PUs show a single peak
between 52 and 60 �C, marked in Fig. 7 by dashed line. However, for
the immersed samples this peak splits in two: minor peak at about
50 �C and major peak at around 70 �C. In order to find the origin of
this peak splitting and to exclude the influence of PBS solution, two
samples (T4-1/0 and T5-1/0) were annealed at 37 �C in inert gas

Fig. 7. The DSC curves of PU series T4-1/X (top left), T4-2/X (top right), T5-1/X (bottom left) and T5-2/X (bottom right). Months of PBS immersion X (¼0, 1, 3, 6 and 12) mark
individual DSC curves. Temperature regions I, II and III are given in sample T4-1/X. (Temperatures of peak position of all raw PUs in the endothermic region I are drawn by broken
lines).
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(N2) for one month. Subsequently, DSC curves were recorded and
compared to results of the original samples T4-1/0 and T5-1/
0 (Fig. 8).

As can be seen from Fig. 8 a slight shift of the peak maxima of
endotherm II toward higher temperatures (about 10 �C) is detected
for both systems. Moreover, small peaks at temperature around
50 �C can also be found (marked in each figure by an arrow). It is
assumed that this splitting of the original peak is the result of
temperature-induced reorganization of the soft-segment domains
into more organized and stable crystalline forms of ordered poly-
carbonate sequences. The increase of the relevant DH values in this
region (DHm)s as compared to the values of the raw samples (DHr)

indicates a co-crystallization of the amorphous part of the soft
segment occurring on annealing at 37 �C (Table 2). Similarly, PU
samples containing higher soft-segment fraction i.e. T4/2-X and T5/
2-X also showed distinct changes in the DSC curves in this region
(see Fig 7 right.).

From Fig. 7 follows that the low temperature endothermic event
in region II was present for both the raw and treated films
regardless of their particular compositions (sometimes not
measurable quantitatively). The origin of this peak is most probably
associated with relaxation processes, mostly of the amorphous
parts of soft segments occurring at the soft-hard segment inter-
phase, but also partially of the crystalline softesoft segments [15].

Table 2
Thermal properties of raw and treated PU films: T4-1/X (a), T4-2/X (b), T5-1/X (c), T5-2/X (d).

(a) T4-1/X

Sample Tg
(�C)

Tr
(�C)

DHr

(J g�1)
(Tm)s
(�C)

(DHm)s
(J g�1)

(Tm1)h
(�C)

(DHm1)h
(J g�1)

(Tm2)h
(�C)

(DHm2)h
(J g�1)

T4-1/0 �35 60 4 e e 134 7 153 0.2
T4-1/1 �35 * * 73 * 5 135 8 153 0.3
T4-1/3 �34 49 1 76 3 142 8 156 0.2
T4-1/6 �34 52 1 78 3 135 7 154 0.2
T4-1/12 �34 * * 80 * 3 133 7 158 0.3

(b) T4-2/X

Sample Tg
(�C)

Tr
(�C)

DHr

(J g�1)
(Tm)s
(�C)

(DHm)s
(J g�1)

(Tm1)h
(�C)

(DHm1)h
(J g�1)

T4-2/0 �35 58 4 e e 130 3
T4-2/1 �35 * * 72 * 7 139 2
T4-2/3 �35 48 2 76 4 137 3
T4-2/6 �34 49 1 76 5 132 3
T4-2/12 �36 * * 776 * 5 130 3

(c) T5-1/X

Sample Tg
(�C)

Tr
(�C)

DHr

(J g�1)
(Tm)s
(�C)

(DHm)s
(J g�1)

(Tm1)h
(�C)

(DHm1)h
(J g�1)

(Tm2)h
(�C)

(DHm2)h
(J g�1)

T5-1/0 �39 53 3 e e 123 7 149 2
T5-1/1 �39 * * 72 * 3 120 7 149 2
T5-1/3 �39 50 * 72 * 4 126 5 150 2
T5-1/6 �39 50 1 73 2 122 7 147 2
T5-1/12 �39 * * 73 * 3 125 5 140 2

(d) T5-2/X

Sample Tg
(�C)

Tr
(�C)

DHr

(J g�1)
(Tm)s
(�C)

(DHm)s
(J g�1)

(Tm1)h
(�C)

(DHm1)h
(J g�1)

T5-2/0 �40 58 7 e e 122 3
T5-2/1 �40 * * 71 * 8 121 4
T5-2/3 �40 48 2 77 5 121 4
T5-2/6 �40 48 1 75 5 124 3
T5-2/12 �41 * * 76 *5 123 3

*: Peak positions or (DHx) values could not be separated quantitatively.

Fig. 8. DSC analysis confirming the reorganization and rearrangement processes caused by temperature influence on material conditioning in nitrogen; samples T4-1/0 (left) and
T5-1/0 (right).
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Themultiple endothermic processes in the region III (over 100 �C)
are related to gradual melting of crystalline (highly organized) hard-
segment domains of different size distribution and ordering.

Observation of the changes occurring in the relevant part of the
DSC curves (above 100 �C) in Figs. 7 and 8 confirms that the hard-
segments also, to some extent, undergo re-ordering and re-
distribution processes during the conducted stability tests. Never-
theless, relevant melting DH values in this region (DHm1 and in the
case of R ¼ 1 also DHm2) do not substantially change and are more-
or-less constant (see Table 2).

All temperature transitions of both T5-1/X and T5-2/X series
including the Tg values of soft segments, relaxation processes in
region II corresponding to soft-segment melting and relaxation
temperatures as well as the hard-segment melting temperature in
region III have systematically lower values than those of T4-1/X and
T4-2/X series. The cause of these behavioral differences can be
related to themore irregular structure of T5 macrodiol as compared
to the more rigid and regular character of T4.

The soft segment Tg values and the relaxation temperatures in
region II were both found to be about 5 �C lower for films in T5-as
compared to material in the T4-series. This shift in the temperature
values is dependent on the type of the macrodiol used for the
preparation of the films and can be regarded as another evidence
that relaxation enthalpy is related to structure of polycarbonate-
based soft-segment chains.

On the other hand, the melting temperatures in region III
(120e140 �C) were found to be between 10 and 12 �C higher for the
T4-based as compared to T5-based systems. The hard-segment
domains to which these melting points correspond are identical
in composition (BD þ HDI product) and very similar in percentages
in both the T4 and T5 series for the given R value (see Table 1) and
should therefore exhibit similar values. Clearly, the behavior of the
more regular T4 soft-segment macrodiol regions contributes to
better arrangement and packing of the hard segments in the PU
films resulting in higher melting points (see Table 2).

3.1.4. Tensile properties
Tensile tests were performed for all samples, both raw PUs and

PU films after 1, 3, 6 and 12 months of immersion in PBS. The

influence of the macrodiol regularity andMD-to-BD ratio on tensile
dependences was determined for untreated samples T4-1/0, T4-2/
0, T5-1/0 and T5-2/0 as given in Fig. 9.

Fig. 9 shows that tensile properties are substantially influenced
by both the chain regularity of the polycarbonate macrodiol (T4
versus T5) and the R ratio (the hard-segment content). While the
tensile strength (sb) values were relatively high and varied, from
15.4 to 50.1 MPa, all the samples showed similar and high values of
the elongation at break (εb between 841 and 918%). Higher sb is
found in samples prepared either from more regular macrodiol T4
(macrodiol type influence) and/or at ratio R ¼ 1 (hard-segment
content influence). If comparing PU samples TY-1/0 and TY-2/
0 (Y ¼ 4 or 5), higher Dsb difference was found for the more
irregular T5 macrodiol. S-shape of the tensile curves caused by the
strain-induced crystallization (SIC) is visible for all PU films with
the exception of T5-2/0. Such stress-induced crystallization arises
as a result of chain alignment, leading to better chain fitting and in
consequence to sample reinforcement. While in the T5 series the
SIC is present merely in the sample with sufficiently high HS con-
tent (i.e. R¼ 1), it is observed for both samples of the T4 series. Such
independence on the HS content for the T4-based series implies
that both the hard segment domains (samples with lower R values)
and the soft segments originating from the macrodiol are involved
in the SIC process. The lack of SIC in T5-2/0 stems from its lower
chain regularity of the polycarbonate chain and thus lower ability
to arrange in a proper manner for the crystallization to occur. On
the other hand, this particular sample (T5-2/0) also showed the
highest elongation at break. The tensile tests confirmed that me-
chanical properties (especially tensile strength and toughness) can
be easily tuned, simply by changing the PU composition (i.e. by
macrodiol regularity and ratio R). In this way the tensile strength
can be modified by the factor of 3 and toughness by the factor of 2
(see Table 3 for details).

In order to examine the influence of the PBS solution on the
mechanical properties of the investigated materials, tensile tests
were further performed on samples after different immersion
times (1e12 months). The comparison of tensile properties of the
raw and treated PU films are presented in Figs. 10e12: Young's
modulus values in Fig. 10, elongation-at-break in Fig. 11, and
strength and toughness in Fig. 12.

It was found that tensile strength, elongation-at-break and
toughness (see Figs. 10e12) decreased very slightly with increasing
immersion time with more distinct decrease of the tensile prop-
erties was observed in both T5 series as compared to the T4 analogs.
As an exception, substantial increase of both tensile strength and
toughness was observed for the T4-2/X series in the period of up to
6 months. Individual tensile characteristics for this sample are
given in Table 4.

From Fig. 10 it can be found that at the early stages of the im-
mersion experiment (up to 3 months) Young's modulus mostly
increases as compared to the raw PU films. This increase stems from
the samples being conditioned at 37 �C which leads to re-
organization and co-crystallization processes of the soft segment
polycarbonate chains (see also the DSC section). This trend is uni-
form for lower hard-segment contents (R ¼ 2), unlike opposite

Fig. 9. The tensile curves of raw PU samples prepared from different macrodiols and at
different hard-segment content (ratio R).

Table 3
Selected tensile properties of raw PU films.

Sample code Young's modulus E
(MPa)

Tensile strength sb
(MPa)

Elongation-at-break εb

(%)
Energy-to-break
(mJmm�3)

T4-1/0 57.8 ± 2.8 50.1 ± 4.7 863 ± 23 177.5 ± 11.9
T4-2/0 30.1 ± 2.6 28.4 ± 4.8 863 ± 52 96.7 ± 14.3
T5-1/0 45.8 ± 2.6 41.4 ± 4.0 841 ± 30 147 ± 14.3
T5-2/0 38.6 ± 2.2 15.4 ± 2.2 918 ± 48 79.4 ± 10.5
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dependence of films prepared at higher hard-segment content
(R ¼ 1). The dissimilar behavior of T4-1/1 compared to softer T5-1/
1, T4-2/1 and T5-2/1 analogs signs the complexity process of the re-
organization and re-packing of PU chains especially for the short
time of the immersion. Increase of Young's modulus (and tensile
strength after 3 months of the immersion, see also Fig. 12 left) can
be the result of either an increased number of crystalline (or highly

organized) domains or their better organization both resulting in
slight reinforcement of the material. After 12months of immersion,
E values are similar to E of raw PU films; the only exception is
Young's modulus of T5-1/12 higher by ca.10MPa compared to value
E of T5-1/0.

The influence of the immersion time, macrodiol regularity (T4 vs
T5) and R on the ultimate elongation is presented on Fig. 11. All εb
values slightly decrease with increasing time of immersion, with
the exception of slight εb increase of T4-1/6 and T5-1/6. Whereas
the values of elongation at break for both T4 and T5-1/X series do
not differ significantly regardless of time, the values of T5-2/12 is
seen to decrease significantly. This pronounced reduction is
possibly due to hydrolysis of the PU material proceeding at the
surface of the material (cf. Fig. 2, bottom left). This behavior can be
caused by the composition of the PU sample having low hard-
segment content and at the same time containing macrodiol with
relatively irregular chain structure.

Tensile strengths values map the process of PU chain re-
organization with changes detectable mainly for short time of im-
mersion (up to 3 months), and very slight tendency to the degra-
dation after 12 months, see Fig. 12 left. Toughness, expressed as the
energy to break of a given volume unit of the sample, can be
considered a quality criterion of a material. All toughness values for
the treated samples more or less oscillated around the reference
values of relevant raw PU samples (see Fig. 12 right); for samples
T4-2/1, T4-2/3 and T4-2/6 the toughness values were higher and for
T4-1/12, T4-2/12 and T5-2/12 they were lower than the relevant

Fig. 10. Influence of the immersion time on Young's modulus values for T4-and T5-
series.

Fig. 11. The impact of immersion time on elongation-at-break (T4-series, left and T5 series, right).

Fig. 12. The impact of immersion time on tensile strength, sb (left) and toughness (right) for T4 and T5-based series at different R values.
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original values. Sample T5-1/X is clearly the least susceptible to
toughness changes of all the PUmaterials. Moreover, PU films based
on the more regular T4 macrodiol seem to be more resistant to the
degradation process than the T5 based one. The slight deterioration
of the mechanical tensile properties with immersion time indicates
a very slow progress of the hydrolytic process. With the exception
of the T5-2/12 sample, the PU films can be considered as being
stable and resistant to hydrolytic degradation at 37 �C, for the
period of 12 months.

Also, the observed behavior of sample T4-2/X is rather surpris-
ing (for details, see Table 4). During the immersion its tensile
strength and toughness increased by 25% compared to values ob-
tained for the raw T4-sample, probably caused by strong and effi-
cient re-organization and time- and temperature-induced partial
crystallization of the soft segments (also confirmed by the
appearance of distinct DSC peak at around 70 �C). On the other
hand, the sample T5-2/X is distinguished by the most distinct
deterioration of tensile properties. Consequently, macrodiol chain
regularity is the key factor influencing mechanical properties when
the concentration of the hard segments is low (high R values).
However, at higher contents of the hard segments, the impact of
chain regularity on the resulting mechanical properties becomes
increasingly less pronounced. The same trend was concluded for
similar types of PU elastomers studied recently [14,15,46].

3.1.5. Swelling and mass loss experiments
Swelling as well as mass loss was almost negligible in all cases

(the values did not exceed 1 wt%), with maximal value for swelling
at 0.38 wt% and mass loss varying between 0.54 and 0.93 wt%
(maximal value). With the values oscillating around zero, no sys-
tematic trend was possible to estimate, except for a slight tendency
of higher swelling and higher mass loss for T4-series, with R ¼ 2
and longer immersion times.

In accordance with results from other analytical techniques, all
swelling andmass loss experiments confirmed very high hydrolytic
stability for all PU films in model physiological.

3.1.6. FTIR
FT-IR analysis was used for investigation of the long-term

impact of immersion on hydrolytic stability and thereby chemical
structure of the PU films. Detailed spectrum analysis of the
polycarbonate-based PU systems with the description of charac-
teristic bands belonging to the specific functional groups can be
found elsewhere [14].

In case of a hydrolysis occurring during the immersion, the re-
action can in principle proceed either on the carbonate or urethane
functional groups. In this case changes best visible at carbonyl C]O
(from 1800 to 1600 cm�1) and amide NeH (3500e3200 cm�1)
stretching regions would be present. Representative FT-IR spectra
of the T5-2-X sample before and after immersion (12 months) are
presented in Fig. 13 with no significant changes visible. Further-
more, hydrolysis of carbonate and urethane linkages proceeds with
the formation of hydroxyl and primary amine groups accompanied
by CO2 liberation. The absence of any characteristic and distinctive

OeH stretching vibration at around 3550e3200 cm�1 or CeO
stretching vibration at around 1250e1000 cm�1 also suggests that
the extent of hydrolysis is insignificant. This behavior was found for
all compositions regardless of the type of polycarbonate or ratio R
used for film preparation.

4. Conclusions

The durability of four highly elastomeric PU films was tested in
model physiological conditions (37 �C at pH¼ 7.4) for a time period
of up to 12months by a set of analytical methods. Scanning electron
and atomic force microscopies, DSC, FTIR, and tensile and swelling
tests enabled a detailed multi-scale description of the processes
occurring on the surface and in the bulk of the films during hy-
drolytic tests. The performed stability tests show that the degra-
dation processes are complex continuous processes dependent on
(i) the liquid medium, (ii) temperature and (iii) time of immersion.

FTIR analyses did not revealed any substantial changes in the
constitution of the linear PU chains (forming PU films) caused by
the stability tests. Also SEM images of the cross sections did not
show any destruction of the surface, the area close to the surface or
to the bulk of the films. These observations are in accordance with
negligible changes of swelling and mass loss values found and
shown to depend neither on sample composition nor the time of
immersion. All these experiments signalize stability of the inves-
tigated properties from segmental up to macroscopic levels.

On the other hand, the analyses revealed that the samples un-
dergo changes during the long time immersion in PBS and their
properties change. The changes can be explained as follows:
Because all samples contain only linear aliphatic PU chains with
regularly distributed polar urethane and carbonate groups within
each chain, they assemble into the hard- and soft-segmental do-
mains of the micrometer size. However, the physical crosslinking
centers (hydrogen bonds and other dipoleedipole interactions),
which are the pre-requisites for the assembly, can be temporary

Table 4
Selected tensile properties of T4-2/X series.

Sample code Young's modulus E
(MPa)

Tensile strength sb
(MPa)

Elongation-at-break εb

(%)
Energy-to-break
(mJmm�3)

T4-2/0 30.1 ± 2.6 27.8 ± 5.3 866 ± 51 96.7 ± 14.3
T4-2/1 34.6 ± 1.9 33.2 ± 4.4 857 ± 69 110.1 ± 18.4
T4-2/3 36.6 ± 4.6 35.5 ± 3.5 849 ± 61 120.8 ± 16.7
T4-2/6 32.8 ± 4.2 32.3 ± 3.5 826 ± 48 107.3 ± 10.9
T4-2/12 32.5 ± 4.3 28.1 ± 6.1 791 ± 71 96.8 ± 17.7

Fig. 13. FT-IR spectrum of raw T5-2 sample and after 12 months of immersing in PBS
solution at 37 �C.
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broken and re-built. This re-organization, re-packing and possible
partial co-crystallization was detected by the SEM, AFM, DSC and
indirectly by the tensile characterization technique. A substantial
re-ordering caused by temperature conditioning was detected
mainly in the soft-segment regions and on the soft-hard segment
interphases, and to some extent also in the region of hard seg-
ments. The extent of re-ordering is pronounced at the beginning of
the stability tests (1 month), as detected by DSC. Another slower
and temporary process proceeding from 3 to 6 months is explained
as partial temporary ‘endorsed’ crystallization of the polycarbonate
part of the films possible through the restricted motion of the
flexible polymer chains (though both pure polycarbonate macro-
diols are otherwise fully amorphous). After 12 months of immer-
sion, the film made from more irregular macrodiol and containing
lower amount of hard-segments (marked as T5-2/12) feature a
starting tendency to degradation detected by fine surface cracks
and deterioration of the tensile properties. This process has to be
predominantly of physical character, as no evidence of chemical
processes was found (e.g. by FTIR).

When compared to the starting PU material, the macrodiol
chain regularity and hard-segment contents of the PU samples
prepared substantially influence the resulting tensile strength
(from 15 to 50MPa) and toughness (from 79 to 178 kJ mm�3), while
elongation at break is very similar and high for all samples
(840e920%).

These experiments show that highly elastic films of various
tensile strength and toughness according to the intended use can
be obtained depending on the materials chosen. When comparing
the overall results of the stability tests, the filmmarked as T4-1/X is
the best candidate and T5-2/X the worst candidate for possible
practical use as strong elastomeric film durable in model physio-
logical conditions for a time period of up to 12 months.
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Novel polycarbonate-based polyurethane elastomers: composition-property
relationship. Eur Polym J 2011;47(5):959e72.

M. Serkis et al. / Polymer Degradation and Stability 119 (2015) 23e3434

http://refhub.elsevier.com/S0141-3910(15)00167-6/sref38
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref38
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref38
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref39
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref39
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref39
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref39
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref40
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref40
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref40
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref40
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref41
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref41
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref41
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref42
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref42
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref42
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref42
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref42
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref43
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref43
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref43
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref43
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref43
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref44
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref44
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref44
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref44
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref45
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref45
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref45
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref45
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref46
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref46
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref46
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref46
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref46
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref46
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref46
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref46
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref46
http://refhub.elsevier.com/S0141-3910(15)00167-6/sref46


Experimental study of the simulated process of degradation of
polycarbonate- and D,L-lactide-based polyurethane elastomers under
conditions mimicking the physiological environment

Milena �Spírkov�a*, Magdalena Serkis, Rafał Poręba, Lud’ka Machov�a, Ji�rí Hodan,
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a b s t r a c t

The extent of the hydrolytic degradation of aliphatic polyurethane (PU) films made from polycarbonate-
based aliphatic macrodiol (MD), diisocyanate-1,6-hexane, butane-1,4-diol (BD) and D,L-lactide-based
oligomeric diol (DLL) was tested in phosphate-buffered saline (PBS) for a period of up to 12 months. Two
macrodiols of equal molecular weight (~2000 Da), differing in chain composition and regularity, and
equal MD-to-BD-to-DLL molar ratios were chosen for the PU synthesis. The isocyanate-to-total hydroxyl
group ratio was kept constant at 1.05. The functional properties of raw four-component polyurethane
films and samples immersed for 1, 3, 6, 9 and 12 months in a model physiological environment (37 �C,
pH ¼ 7.4) were studied from the segmental up to the macroscopic level. Tensile testing and water uptake
experiments, as well as DSC, SEM, AFM, FTIR and WAXD analyses, were used for the comprehensive
characterization of the raw and PBS-treated films. The study shows that the untreated four-component
PU films are highly elastomeric materials with very high tensile strength and suitable thermal properties
for potential medical coating/film applications. The DLL oligomeric diol turned out to be a very efficiently
degradable unit, leading to substantial mechanical property deterioration. The products of more regular
macrodiol have higher tendency to the degradation process; 89% or 94% of the original toughness value is
lost in just 12 months of immersion. The studied type of PU can be practically used either as fairly stable
high-performance elastomers for short-term applications (up to 3 months) or as degradable materials,
when the time of exposure to the physiology-mimicking conditions is sufficient.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Polyurethanes have been used in medicine for several decades
[1e8], but the purposes of their utilization have changed during
this long period of time. The first PUs were applied as robust and
long-term stable biomaterials for the fabrication of catheters,
vascular grafts, biomedical devices and implants [2,3,5e7]. How-
ever, current demands require the development of efficient
biodegradable or bioresorbable materials with short or limited
lifetimes [8e14].

Thermoplastic polyurethanes (TPUs) represent a very popular
and important part of polyurethane industrial products, even
though they are not produced in such high quantities as PU foams.

TPUs have two main advantages as follows: (i) targeted functional
properties can be achieved relatively easily by modification of the
polyurethane composition and preparation procedure, and (ii)
various sizes and complicated shapes of TPU products can be ob-
tained by casting, extrusion, injection or spraying techniques. TPUs
exhibit excellent mechanical properties due to their advantageous
combination of elasticity and flexibility together with high strength
and Young's modulus. The simplicity of their recycling is a further
positive criterion of their utility. Although PUs and their blends and
nanocomposites have previously been employed in tissue engi-
neering, as scaffolds, and in drug delivery [7,10,15e21], they are still
amply studied from the point of view of further potential applica-
tions in medicine [13,22e24]. The safe use of biomaterials with
required lifetimes in biomedicine requires not only detailed infor-
mation on their end-use properties but also the knowledge of their
stability/degradability.

The functional properties of TPUs depend, in addition to other
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factors, on their content of hard and soft segments, length, and
spatial arrangement (intermixing or phase separation), which can
be tuned by the choice of starting compounds (isocyanate, mac-
rodiol and chain extender), reaction mixture composition, prepa-
ration protocol, and thermal history [25]. Therefore, the
relationship between the composition, structure and properties,
which will provide comprehensive descriptions of the mechanical,
surface, thermal, swelling and other properties, has to be studied
for each new PU system in detail.

In general, stability tests can be conducted from substantially
different viewpoints (i.e., under different conditions, such as tem-
perature, and exposure to different chemical and physical stimuli),
with the aim of investigating different properties (e.g., thermal,
oxidative, chemical, irradiation, flame, and hydrolysis) and on very
different time scales. The conditions for the practical hydrolytic
degradation/stability tests of various polymeric and composite
materials are chosen individually according to the intended use,
and they substantially differ in the temperature, time and envi-
ronment of their sample exposures [5,8,14,15,26e38]. Long-term
experiments under physiologically simulated conditions are
essential for the assessment of the hydrolytic stability of new bio-
materials to be used in medical applications [26,28,29,31,36,37,39].

Polycarbonate-based PUs belong to a relatively new class of PU
elastomeric systems. The first PUs prepared from commercially
available macrodiols were based solely on aromatic diisocyanates
[33,34,40,41]. The use of aliphatic or cycloaliphatic diisocyanates in
PU formulations [8,42e50] has become more popular for two main
reasons, better stability during exposure to oxygen and UV radia-
tion and lower degradation product toxicity than the use of
aromatic-based diisocyanates [10,13,29,41].

In the present contribution, the preparation of TPU elastomeric
films with a controlled lifetime in simulated physiological condi-
tions is described. This study is a part of our long-term research,
with the ultimate goal of the synthesis of controllably degradable
materials that could find use in biomedical applications. Recently,
we have examined the hydrolytic stability of PUs made from
polycarbonate-based macrodiol, diisocyanate-1,6-hexane and
butane1,4-diol under model physiological conditions. The study
confirmed the high hydrolytic stability of the three-component PUs
with the preservation of their excellent mechanical properties for
up to one year [50]. The use of this reaction mixture for the prep-
aration of degradable PUs seems to be counterproductive for the
first view. However, the idea of incorporating small amounts of
short degradable units into the PU backbone [51] was the stimulus
and motivation for the present study. As the lactide-based de-
rivatives are efficient degradable materials [39,51,52,53], we pre-
pared an oligomeric D,L-lactide-based diol (DLL) containing, on
average, two lactide units in the chain [45]. The conditions of the
preparation and multi-scale characterization of the four-
component PU films (containing, in addition to macrodiol, diiso-
cyanate, chain extender and oligomeric DLL diol in the PU back-
bone) have been recently published [45,46].

The role of the polycarbonate-based diol is the formation of
elastomeric TPU with excellent mechanical properties, whereas
DLL is a hydrolytically degradable component built-up into the
polyurethane backbone. Degradable ester units are thus regularly
distributed in each PU chain and, hence, in the PU film. We believe
that this setting could be more efficient for the hydrolytic degra-
dation process compared with the currently popular mixing or
blending of degradable lactide-based material into the poly-
urethane matrix [1,12,19,22,24,26].

The end-use properties of three- and four-component aliphatic
TPUs were recently studied in detail on the segmental to macro-
scopic levels [42e47]. However, no degradation tests under phys-
iologically simulated conditions have been performed thus far on

PU systems containing DLL units. This paper is the continuation and
extension of the degradation studies investigating the efficiency of
DLL in the hydrolytic degradation process of four-component PUs
[50].

2. Experimental

2.1. Materials

Two commercially available polycarbonate-based macrodiols,
T4672 (marked as “T4”, number-average molar mass
<Mn> ¼ 2770 g mol�1, dispersity ƉM ¼ 3.20) and T5652 (marked as
“T5”, number-averagemolar mass <Mn> ¼ 2874 g mol�1, dispersity
ƉM ¼ 3.23), which were kindly provided by Asahi Casei Co., Japan,
as well as butane-1,4-diol (BD), dibutyltin dilaurate (DBTDL) and
1,6-diisocyanatohexane (HDI, all from Fluka), were used. The syn-
thesis and detailed characterization of oligomeric D,L-lactide-based
diol (DL-L) are described elsewhere [45]. A schematic representa-
tion of the structures forming the PU chain is shown in Fig. 1.

As the T4672 polycarbonate-based macrodiol contains only even
methylene eCH2- units, it exhibits higher regularity and higher
rigidity. On the other hand, T5652 contains even and oddmethylene
eCH2- units at an equal molar ratio and is therefore characterized
by a higher irregularity and higher flexibility compared with T4672,
as shown previously [44]. Both macrodiols contain, on average,
approximately 23 ± 4 carbonate groups per chain. DLL contains, on
average, 4 degradable ester units, distributed relatively regularly in
the oligomeric diol (See Fig. 1).

2.1.1. Preparation procedure
All PU films were prepared by a one-step procedure. Prior to the

reaction, all components were thoroughly mixed in dried acetone
to obtain a homogenous solution that was subsequently poured
into the Teflon forms. After solvent evaporation at room tempera-
ture, the Teflon moulds were placed in an oven in a nitrogen at-
mosphere. The equimolar ratios of the hydroxyl groups of
macrodiol (MD ¼ T4672 or T5652), BD and DLL used for PU film
preparation were chosen on the basis of our previous studies
[45,46]. All reactions proceeded in bulk at 90 �C for 24 h in the
presence of the organotin catalyst DBTDL at very low concentration
(50 ppm/mol of urethane groups) at constant r and R ratios
(r ¼ [NCO]/[OH]total ¼ 1.05, where [OH]total ¼ [OH]MD þ [OH]BD
þ [OH]DLL), and R ¼ [OH]MD ¼ [OH]BD ¼ [OH]DLL ¼ 1. The final
thickness of the films was 250 ± 25 mm. Individual sample codes
and compositions are summarized in Table 1, 1st and 2nd columns.
As the previous study revealed that the oligomeric DLL diol belongs
to the soft-segment component [46], the hard-segment content
(HSC, Table 1, 3rd column) was calculated as the weight percentage
of BD and HDI with respect to the total mass of all reagents used.

The PU films were subsequently either measured by the set of
analytical methods (raw samples) or cut into individual pieces and
placed in a glass degradation flask. Degradation proceeded in the
phosphate-buffered saline solution (PBS)1 with an additional
0.02 wt% of sodium azide NaN3 at 37 �C for 1, 3, 6, 9 and 12 months.
Whereas the buffer environment and temperature were the same,
the specimen shape differed according to the method of analysis as
follows: (a) dumbbell-shaped samples for tensile properties and
rectangular samples for the microscopy analyses were cut from the
PU film and fixed to custom-built PE frames prepared for this
purpose in IMC, and (b) pieces of PU films for water uptake and DSC
analyses were fixed on an inert thread. Both types of immersion

1 PBS e Phosphate-Buffered Saline contains monobasic potassium phosphate,
sodium chloride, and dibasic sodium phosphate.
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enabled uniform and free access of the PBS solution to the surface
of the specimen for further analysis. After a pre-set time (1, 3, 6, 9
and 12 months), the PU samples were pulled out from the buffer,
washed, quickly dried and immediately measured by the set of
experimental methods.

As the molar ratios r and R are constant, the sample codes in the
paper correspond to the macrodiol type used for the preparation
and the time of the PU film immersion in PBS. For example, the code
T4-6 means the PU sample prepared from macrodiol T4672, which
was immersed in PBS buffer at 37 �C for 6 months. Codes T4-0 and
T5-0 are raw, untreated PU films.

2.2. Methods of characterization

2.2.1. Tensile characterization
The static mechanical properties were measured on an Instron

model 6025/5800R (Instron Limited, UK) at room temperature with
a cross-head speed of 10 mm min�1. Dumbbell-shaped specimens
correspond to the ISO 527-2/5B type; the total specimen length was
35 mm; the length and width of the narrowed part were 12 and
2 mm, respectively; and the thickness was 0.25 mm. The toughness
was expressed as the energy necessary to break the sample per
volume unit. The reported values were the averages of at least five
measurements. The presented stress-strain curves were taken from
the measurements closest to each calculated average value.

2.2.2. Water uptake and mass loss determination
Each water uptake and mass loss experiment consisted of 5

different measurements of 30e50 mg pieces of the given PU film.
The percent water uptake was determined as the mass increase
after the swelling experiment compared with the mass of dry
sample after the experiment, and the percent mass loss is given as
the mass decrease of the fully dried sample after the swelling
experiment compared with the original sample mass. The resulting

Fig. 1. Schematic representation of the PU chain structure made from HDI (sequence U), DLL (sequence D), BD (sequence B) and macrodiol T4 or T5 (sequence M).

Table 1
Code, composition and hard-segment content of PU films.

Codea Molar ratio (OH)MD: (OH)BD: (OH)DLL HSCb (wt%) DLLc (wt%)

T4-X 1.00: 1.01: 1.01 21.6 8.8
T5-X 1.00: 0.99: 1.00 21.9 8.8

X ¼ 0, 1, 3, 6, 9 or 12 (time in months of the sample immersion in PBS at 37 �C).
a T4: macrodiol T4672; T5: macrodiol T5652.
b HSC ¼ (mBD þ mHDI)/(mMD þ mDLL þ mBD þ mHDI).
c DLL ¼ mDLL/(mMD þ mDLL þ mBD þ mHDI).
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water uptake and mass loss values are the mean values of five ex-
periments made on different pieces of a given PU film.

2.2.3. FTIR spectroscopy
The FT-IR spectra were recorded on a PerkineElmer Paragon

1000 PC FT-IR spectrometer using the reflective ATR (attenuated
total reflection) technique on a Specac MKII Golden Gate Single
Reflection ATR System with a diamond crystal with an angle of
incidence of 45�. The samples were put directly on the diamond
crystal and measured. All spectra were measured at a wavenumber
range of 4400e450 cm �1 with a resolution of 4 cm�1 and 16 scans.
Spectrum v2.00 software was used for processing the spectra.

2.2.4. Size-exclusion chromatography (SEC)
Size-exclusion chromatography of the polymer chains leached

from the bulk material, before and after 12 months of immersion in
PBS, was performed at 25 �C with two PLgel MIXED-C columns
(300 � 7.5 mm, SDV gel with particle size 5 mm; Polymer Labora-
tories, USA) and with UV (UVD 250;Watrex, Czech Republic) and RI
(RI-101; Shodex, Japan) detectors. Tetrahydrofuran was used as the
leaching solvent and as a mobile phase at a flow rate of 1 mL/min.
The molecular weight values were calculated using Clarity software
(Dataapex, Czech Republic). Calibration was performed with poly-
styrene standards (PSS, Germany).

2.2.5. Scanning electron microscopy (SEM)
The surface microstructure of the PU films was measured by

scanning electron microscopy (SEM) on a Vega Plus TS 5135 in-
strument (Tescan, Czech Republic). Before SEM analysis, the upper
sides of the PU films (or their cross-sections, after freeze-fracturing
at the temperature of liquid nitrogen) were sputtered with a
4 nm Pt layer using a SCD 050 vacuum sputter coater (Balzers,
Czech Republic).

2.2.6. Atomic force microscopy (AFM)
The investigation of the topography and heterogeneity relief

from the nano-to micrometre levels was conducted by AFM. PU
films were measured either on the upper film side, “top images”, or
after freeze-fracturing at the temperature of liquid nitrogen, “cross-
sectional images”. An atomic force microscope (Dimension Icon,
Bruker), equipped with an SSS-NCL probe, the Super Sharp Sili-
conTM - SPM-Sensor (NanoSensorsTM Switzerland; spring con-
stant 35 N m�1, resonant frequency z 170 kHz) was used for the
analysis. Measurements were performed under ambient conditions
using the tapping mode AFM technique. AFM scans covered areas
from 500 � 500 nm2 to 50 � 50 mm2.

2.2.7. Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) analyses were carried

out on a Perkin Elmer DSC 8500 calorimeter with nitrogen as a
purge gas (20 cm3 min�1). The instrument was calibrated for
temperature and heat flow using indium as a standard. Samples of
approximately 10 mg were encapsulated in hermetic aluminium
pans. The analyses were performed in a cycle of heatinge coolinge

heating from �80 �C to 200 �C at 10 �C min�1. Two-minute
isothermal plateaux were inserted before and between the ramps.

The glass transition temperature was defined as the midpoint
between the glassy and rubbery branches of the DSC trace, and the
melting temperatures, as the maxima of the corresponding endo-
therm peaks. The recorded endotherm curves were evaluated as
heats of melting in joules per gram.

2.2.8. Wide-angle X-ray diffraction (WAXD)
Diffraction patterns were obtained using a powder diffractom-

eter HZG/4A (Seifert GmbH, Germany) in reflection mode. CuKa

radiation (wavelength l ¼ 1.54 Å, 40 kV, 45 mA) monochromatized
with a Ni foil (b filter) was used. The measurement was conducted
in the range of 2q ¼ 1.4e40� with a 0.1� step, where 2q is the
scattering angle. The exposure time at each step was 10 s.

3. Results and discussion

At the very beginning of the discussion, the following facts
concerning the structure of the studied PUs and some observations
from our earlier studies should be noted. The studied segmented
thermoplastic PUs contain in the PU backbone structural units
derived from three different diols (differing substantially in struc-
ture and length). The two dihydroxyl components contribute to the
soft segments (macrodiol, either T4 or T5, and oligomeric DLL), and
two components are considered to be hard segments (BD and HDI)
[45]. It follows that the four-component PUs are intrinsically
complex systems due to the different properties of the two soft-
segment (macrodiol and DLL) compounds, as was revealed by
solid-state NMR spectroscopy in our recent studies [45,46]. How-
ever, the PILGRIM NMR spectra revealed that the behaviour of HDI
itself (the hard-segment component) is far from simple [45]. It was
also found that it can form either rigid or fairly flexible parts of the
PU chain, depending on the type of hydroxyl component connected
to it. Finally, the behaviour of BD depends on its environment,
particularly on the nature of its covalently bound units. Whereas
the BD unit incorporated into the DLL unit contributes solely to the
flexible part of PU, the reaction product of BD with HDI exclusively
forms the rigid domains. However, for the sake of clarity, the
“classical” calculation of the hard- and soft-segment contents was
used (for details, see Fig. 1 and Table 1).

The composition design of the four-component films prepared
for testing the hydrolytic stability is based on the previous study of
complex PU elastomers made from T5 macrodiol, BD, DLL and HDI
[45,46]. Several compositions were previously tested, but only an
equimolar ratio of all hydroxyl components (MD, DLL and BD) led to
suitable mechanical properties that were comparable with those of
the three-component system prepared without DLL. In this way,
two series of four-component PU films containing an equimolar
ratio of hydroxyl components were prepared for hydrolytic stability
tests. The schematic PU structure is shown in Fig. 1: PU chains are
formed by altering the MD, DLL and BD units mutually connected
by HDI units.

Previous studies of simpler three-component PUs (without DLL)
revealed that the overall hydrolytic stability of these systems
(expressed as changes of surface, mechanical, swelling and thermal
properties in the period up to 12 months) is very high [50]. In other
words, the carbonate and urethane groups are sufficiently stable
over the period of 12 months at the given experimental conditions
(immersion to PBS at 37 �C). This paper is focused on the hydrolytic
stability tests of four-component systems containing a certain
fraction of a short oligo-diol based on racemic D,L-lactic acid
(marked as DLL) as its derivatives are known to be easily hydrolysed
under relatively mild conditions [39,51,52].

The hydrolytic stability is studied in this paper in the same
manner as previously described [50]. Because the stability tests
were conducted at 37 �C, i.e., the temperature corresponding to
human body temperature, the PU samples were, in fact, exposed
not only to the liquid PBS environment but also to long-term
thermal conditioning.

3.1. Tensile properties

Previous studies revealed that all tensile characteristics,
including the tensile strength, elongation at break and Young's
modulus, depend strongly on the composition of the PUs and on
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internal arrangement of domains at the microscopic level
[42,44,46]. Tests of the hydrolytic stability of three-component PU
films accompanied by thorough structural analyses reveal that the
tensile properties sensitively reflect the re-organization and re-
packing of PU chains [50]. Therefore, the tensile properties of the
four-component PU samples before and after hydrolytic tests were
measured first.

Tensile tests were performed on raw PUs and PU films after 1, 3,
6, 9 and 12 months of immersion in PBS. Selected tensile stress-
strain dependences of raw films and those immersed in PBS for
different pre-set times (3, 6 and 12 months) are given in Fig. 2. The
Young's modulus, E; tensile strength, sb; elongation-at-break, εb;
and toughness (expressed as the energy necessary to break the
sample per volume unit, mJ.mm�3) for all samples are given in
Table 2.

Fig. 2 and Table 2 show that the tensile properties of the raw
four-component PU materials are almost unaffected by the type
(and regularity) of the macrodiol chain, which is in contrast to the
simpler three-component PU films studied previously [50]. The
ultimate tensile strength values of the four-component PUs are
almost identical (44.2 MPa for T4-0 and 47.9 MPa for T5-0), as are
the elongations-at-break (740% for T4-0 vs. 739% for T5-0).
Although the toughnesses of the raw PUs are similar
(113.9 mJ mm�3 for T4-0 and 115.6 mJ mm�3 for T5-0), they are
somewhat lower than those found for the three-component PUs,
prepared at equimolar ratios of all components (177.5 mJ mm�3 for
T4-and 147 mJ mm�3 for T5-based PU) [50]. The S-shape of the
tensile curves appearing as the result of strain-induced crystalli-
zation is visible for both the raw PU films T4-0 and T5-0, which is
similar to the three-component systems described previously [50].
Stress-induced crystallization arises due to chain alignment during
uniaxial deformation, leading to a better arrangement of neighbour
chains and, finally, to their crystallization, which results in appre-
ciable sample reinforcement [42]. The tensile tests confirm that it is
possible to prepare strong elastomeric materials containing D,L-
lactide units in the polymer backbone.

From the comparison of the tensile properties of the raw four-
component PU systems (containing DLL) with those of the
simpler three-component PUs (without DLL) studied previously
[50], the following conclusions can be reached:

(1) In contrast to those of the three-component PUs, the tensile
characteristics of the more complex four-component PU
systems are not influenced by the macrodiol chain regularity

[50]. This fact can be explained by the high structural vari-
ability of the chains, which enables the formation of higher
numbers of different types of reversible bonds (hydrogen
bonds and dipoleedipole interactions) in four-component
PUs compared with in three-component systems (for de-
tails, see, e.g., Fig. 2 in Ref. 45). DLL thus acts as a compati-
bilising agent, ‘effacing’ significant features of macrodiol
regularity and rigidity in the resulting PU material.

(2) The presence of DLL slightly decreases the elongation-at-
break values compared with that in the three-component
PU films [50].

(3) The tensile properties of PU made from DLL, HDI and BD, i.e.,
without any polycarbonate macrodiol, are relatively poor
(elongation-at-break ca. 400%, tensile strength ca. 5MPa, and
toughness ca. 13 MPa [46]). That is why the tensile parame-
ters (e.g., toughness) of four-component PUs are generally
lower than those of three-component PUs prepared at an
equimolar ratio of functional groups (samples T4-1/0 and T5-
1/0 in Ref. 50).

However, thanks to the optimization of the composition and the
conditions of the preparation procedure, mechanically strong PU
materials marked as T4-0 and T5-0 were prepared.

The influence of the PBS immersion time on changes in the
tensile properties (see Fig. 2 and Table 2) is very similar in both
series, especially for the time scale up to 3 months. Some stress-
induced crystallization is detectable only in films immersed up to
3 months for both the T4 and T5 series. However, after 6 months of
immersion, the S-shape of the tensile curves disappears. This is
most likely caused by structural changes (e.g., by the breaking of
long PU chains) due to the hydrolytic processes, as detected by FTIR
and DSC (see Chapters 3.3. and 3.5.).

All tensile properties measured are somewhat worse for the T4-
12 sample than for the T5-12 sample. Whereas, for example, the
toughness of T4-12 represents only 6% of the value of the untreated
sample, T4-0, for T5-12, it is 10.5% that of T5-0. The lower toughness
may indicate the higher susceptibility of T4-based PU to hydrolysis
compared with the T5-based analogue. On the other hand, the
toughness values observed in the three-component PUs after 12
months of immersion in PBS were either unchanged (T4-based PU)
or decreased merely to 90% of the initial value (T5-based PU) [50].

From the tensile tests, it is clear that DLL is an efficient
component prone to hydrolysis that is responsible for the deteri-
oration of the mechanical properties.

Fig. 2. Stress-strain dependences of the T4-X (left) and T5-X (right) series after 0, 3, 6 and 12 months of immersion in PBS.
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3.2. Water uptake and mass loss experiments

In both series of studied samples, the values of the mass loss and
water uptake increase with the time of sample immersion in PBS,
which confirms the gradual hydrolytic degradation process of four-
component PU films in model physiological conditions (Fig. 3 and
Table 3). For 12 months of degradation time, the T5-based samples
reach slightly higher water uptake and mass loss values compared
with the T4-analogues (Table 3). Themaximumvalues were 1.77wt
% for water uptake and 4.64 wt% for mass loss, both found for the
T5-12 sample. As the maximum values of the analogous three-
component PUs were 0.38 wt% for water uptake and 0.93 wt% for
the mass loss, it is evident that the DLL located regularly in the PU
backbone accelerates the hydrolytic process.

3.3. FT-IR spectroscopy and SEC

FTIR analysis was used to elucidate the origin of the gradual
deterioration of the mechanical properties proceeding with the
increasing immersion time in PBS. This technique was employed
because it enables the monitoring of chemical changes occurring at
the atomic level caused by temperature, chemical exposure to
chemicals (ambient or artificial atmosphere/environment), and
radiation [13,14,24,27,29,31,33e35,37]. A detailed analysis of the
FTIR spectra of similar three-component polycarbonate (PC)-based
PUs with respect to their structural analysis or to the extent of their

H-bonding was published previously [42,43].
In this work, we focus on the chemical and structural changes

induced by physiologically simulated conditions. Because both the
three- and four-component PUs had been immersed in PBS at 37 �C,
they were subjected to the long-term annealing and hydrolysis at
the same time. As has been shown previously [50], the three-
component systems are hydrolytically stable, without significant
mass loss or mechanical property deterioration, after 12 months of
immersion in PBS.

In contrast to the three-component systems, the four-
component systems were consciously designed to be moderately
susceptible to hydrolysis (see Chapter 3.2.). Although the me-
chanical properties changed significantly with the increasing im-
mersion time in PBS, the FTIR spectra remained nearly identical
over the whole period (up to 12 months), as seen in Fig. 4.

Because the condensation reaction is reversible, it was expected
that the hydrolysis of the ester groups in the DLL units would lead
to the formation of the same significant amounts of carboxyl and
hydroxyl groups.

It turns out, however, that no detectable specific stretching vi-
brations belonging to either hydroxyl OH (approximately
3300 cm�1) or carbonyl C]O (1600-1800 cm�1) were found. The
only small, but significant change that occurred was found at
approximately 1830 cm�1. To exclude any influence of the PBS so-
lution on the presence of the 1830 cm�1 peak in the FTIR spectrum,
additional degradation tests in pure water were performed. To
accelerate the hydrolysis and induce more pronounced changes in
the chemical structure of the PU material (and thus intensify FTIR
peaks), the hydrolysis was performed at 90 �C for up to 14 days. The

Table 2
Selected tensile properties of raw PU films and PU films hydrolytically treated up to 12 months. (a) T4 series, (b) T5 series.

Code Young's modulus (MPa) Tensile strength sb (MPa) Elongation-at-break εb, (%) Energy-to-break (toughness) (mJmm�3)

(a) T4 series
T4-0 42.5 ± 7.2 44.2 ± 3.2 740 ± 19 113.9 ± 7.0
T4-1 39.8 ± 5.6 37.0 ± 2.1 799 ± 23 112.3 ± 2.9
T4-3 41.2 ± 6.1 26.3 ± 5.3 868 ± 56 106.2 ± 14.8
T4-6 44.7 ± 3.1 13.9 ± 1.6 823 ± 43 68.5 ± 7.9
T4-9 40.4 ± 2.9 7.2 ± 0.6 509 ± 45 28.7 ± 3.5
T4-12 42.2 ± 3.2 3.9 ± 0.4 184 ± 0.4 7.0 ± 1.7
(b) T5 series
T5-0 43.6 ± 4.8 47.9 ± 6.3 739 ± 26 115.6 ± 10.8
T5-1 40.8 ± 4.4 48.6 ± 3.0 775 ± 17 125.8 ± 7.2
T5-3 36.5 ± 3.9 36.5 ± 3.9 907 ± 29 128.8 ± 11.1
T5-6 45.5 ± 4.7 18.0 ± 1.5 874 ± 57 87.6 ± 10.9
T5-9 37.9 ± 4.6 8.2 ± 0.7 594 ± 17 35.1 ± 2.8
T5-12 46.3 ± 6.6 5.0 ± 0.4 274 ± 0.4 12.2 ± 1.8
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Fig. 3. Dependences of the mass loss on the time of PBS immersion.

Table 3
Water uptake and mass loss values of the T4-series (a) and T5-series (b).

Code Water uptake Mass loss Crystallinity

wt % wt % %

(a)
T4-0 0 0 27
T4-1 0.49 ± 0.15 0.63 ± 0.24 29
T4-3 0.01 ± 0.13 0.96 ± 0.09 35
T4-6 0.42 ± 0.22 1.97 ± 0.05 28
T4-9 0.84 ± 0.55 2.68 ± 0.09 26
T4-12 1.70 ± 0.88 4.42 ± 0.67 27
(b)
T5-0 0 0 27
T5-1 0.44 ± 0.16 0.65 ± 0.08 30
T5-3 �0.02 ± 0.13 1.35 ± 0.05 36
T5-6 0.51 ± 0.31 2.45 ± 0.14 26
T5-9 1.52 ± 0.96 3.25 ± 0.87 32
T5-12 1.77 ± 0.63 4.64 ± 0.20 27
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FTIR spectrum of the T4-0 sample subjected to 14 days hydrolysis in
water at 90 �C is presented in Fig. 5.

From Fig. 5, it appears that the presence of the weak band at
1830 cm�1 is related more to the structural changes than to the
presence of the PBS itself. Because the band in the region between
1810 and 1830 cm�1 corresponds to the stretching vibrations of the
carbonyl C]O groups in anhydrides, it was concluded that one of
the possible degradation paths runs through the formation of car-
boxylic groups with their subsequent recombination into anhy-
dride groups. The other possible way (presumably the main
degradation path) proceeds by the reversible cross-condensation of
eOH andeCOOH formed by the hydrolysis of ester groups from the
DLL units in vicinal chains, as schematically shown in Fig. 6.

From these results, it follows that hydrolytic degradation is a
dynamic process in which several recombination processes arising
from ester group hydrolysis occur. Because PC-based PUs are highly
hydrophobic materials [55], the hydrolysis should begin at the film
surface and proceed inwards. This mechanism assumes significant
structural changes in the surface and subsurface layers, and sub-
sequently, it can lead to the leaching of polymer chains not involved
in chain entanglements from the surface. This behaviour is in

accordancewith the significant mass loss of up to 5wt % (see Fig. 3),
which is not observed in three-component systems prepared
without DLL units [50].

The proposed degradation mechanism was additionally sup-
ported by the results of the SEC experiments. As can be found in
Table 4, no significant changes, either increases or decreases, in the
number- and weight-average molar masses of the T4 and T5 series,
before and after 12 months of PBS immersion, occurred. This in-
dicates that the average length of the polymer chains leached from
the bulk samples remained nearly constant over the entire period
of time, and it was time- and environment-independent.

However, the dramatic decrease of the mechanical characteris-
tics is unambiguous (see Chapter 3.1.) Such a deterioration of the
mechanical properties is most likely the result of the aforemen-
tioned gradual leaching of polymer chains from the material sur-
face (Chapter 3.3.), forming cavities and pores (Chapter 3.4.) and
leading to the gradual material thickening and structure deforma-
tion. The overall material resistance and toughness are thus
significantly reduced.

3.4. Surface morphology

The surface properties significantly influence the serviceability
of coatings and films, and they are therefore very important ma-
terial characteristics. As time- and temperature-dependent surface-
morphology changes provide important information on coating/
film durability and hence applicability, SEM and AFM analyses of
raw PU samples and PU samples subjected to hydrolytic testing
were performed in detail.

SEM enables detection of the surface relief on the micrometre-
to-millimetre scale, whereas AFM is suitable for the evaluation of
nanometre-to-micrometre surface features, including heterogene-
ity and roughness mapping included.

SEM images have been obtained at magnifications from 200 to
7000�. To visualize representative top and cross-section surface
reliefs, a magnification of 750� was chosen for the SEM images, as
summarized in Figs. 7 and 8. On the other hand, the SEM images in
Fig. 9 showing random imperfections on some PU samples have
been obtained with a magnification of 5000�, which makes it
possible to compare surface reliefs detectable by AFM. AFM ana-
lyses were performed on areas ranging from 1 � 1 mm2 to
50 � 50 mm2, but only 10 � 10 mm2 images are shown in this paper.

Both the SEM and AFM analyses of PU films reveal that the
surfaces of raw, untreated PUs have relatively smooth and regular
surfaces, although a somewhat ‘laced’ surface relief is visible,
especially for the T4-0 sample. Nano-to micrometre-sized forma-
tions adhered on the T5-0 surface, and on almost all T4-X and T5-X
films (X s 0) they can be found. These formations are more
frequent on the T5-X surfaces compared with their T4-X analogues.
Although the reliefs after PBS immersion are more heterogeneous
than for the raw PUs, no significant cracking on the surface was
observed; the only exception was the T5-9 sample (Fig. 7). This
observation supports the hypothesis of the gradual leaching of
polymer chains from the film surface caused by hydrolysis, without
a significant impact on the morphology changes.

It is necessary to emphasize that after 6 months of PBS im-
mersion, all samples became opaque. However, within several
hours after being pulled out from the PBS, they became transparent
again. This confirms the high hydrophobicity of PC-based materials
after the hydrolytic tests [55] and provides indirect proof of the
proposed hydrolytic-recombination mechanism that does not
produce significant amounts of hydrophilic groups (such aseOH) in
samples submitted to hydrolysis in PBS. Because SEM and AFM
imaging was performed on dried samples, insignificant surface
differences between the swollen and dry samples cannot be

Fig. 4. FTIR spectra of the untreated sample before (T4-0, dashed line) and after 12
months of PBS immersion (T4-12, continuous line).

Fig. 5. FTIR spectra of the T4-0 sample before (dashed line) and after accelerated
hydrolysis proceeding at 90 �C for 14 days (continuous line).

M. �Spírkov�a et al. / Polymer Degradation and Stability 125 (2016) 115e128 121



entirely excluded.
When the top and cross-section surface views were analysed

(Fig. 8), no significant cracks or material destructionwere observed
either by SEM or by AFM. All samples are heterogeneous on the
nano-to micrometre scale, as detected by AFM phase images in
Fig. 8, top-right insets. The heterogeneous character of the PU
samples originates from their complex composition (cf. with
Figs. 11 and 12 in Ref. [45]). Some organized rod-shaped and radial
formations of micrometre-size were detected on the cross-sections
of all PUs analysed; the only exception is sample T5-6, which
contains numerous nano-to micrometre-sized globular shapes, see
Fig. 8, middle. Similar reliefs were also detected on the cross-
section surfaces of the three-component PUs studied recently
[50]. The organized structures in three- and four-component PU
films were assigned to the self-organization of hard-segment do-
mains made from HDI and BD into micrometre-size spherulite
formations. The AFM phase views of the three- (Fig. 5 in Ref. 50)
and four-component systems (Fig. 8 in this paper) look very similar,
although their trends in tensile characteristics after hydrolytic
treatment are significantly different. This implies that the hydro-
lytic process proceeds predominantly in the amorphous soft-
segment region, without any significant changes in the highly
organized part of the PU material.

Even though a relatively undestroyed surface relief was detected
by SEM and AFM, imperfections randomly occur on the film surface,
as well as on the cross-section surface, as a result of the dynamic
hydrolytic process (in Fig. 9 a and c). Similar formations are
detectable via AFM, Fig. 9 b and d.

3.5. Differential scanning calorimetry - DSC

In this research, DSC was used for the characterization of the
thermal transitions occurring during the progressive heating of raw
PUs, as well as PUs subjected to the hydrolytic degradation process.

Our earlier studies indicate that the identification and assignment
of observed heat effects to individual components in PUs composed
of two different PC and DLL soft segments is extremely difficult e
and in a number of cases, almost impossible [46]. The interpreta-
tion of the DSC results becomes even more complicated when the
PU samples have been subjected to degradation in PBS at 37 �C. This
paper exploits the experience gained in our earlier DSC studies of
model two-, three- and four-component PU systems [42,44,46].
Thanks to our knowledge of the thermal behaviour of simpler
three-component PUs prepared without DLL, we can exploit the
DSC results on degradable samples for a deeper understanding of
the role of key factors that control the hydrolytic stability [50].

All measured DSC curves are complex and are composed of
multiple endothermic peaks in the region between 40 and 150 �C.
The glass transition temperature Tg of the amorphous parts of the
material occur at around �29 �C in the T4-series and �33 �C in the
T5-series. The DSC curves of all samples including the raw and PBS-
treated PU films are given in Fig. 10, and the relevant DSC data can
be found in Table 5. Due to the presence of multiple peaks, all DSC
curves are divided into three temperature regions, which were
labelled I, II and III (see Fig. 10).

Low-temperature region I is ascribed to the glass transition of
the amorphous part of the soft segments, being either of macrodiol
or DLL origin. The second endothermic region (II) shows temper-
atures between 40 and 100 �C and reflects the thermal behaviour of
the PU soft segments, and the third one (III), covering temperatures
of approximately 130 �C, is connected with thermal events related
to hard BD-HDI segments.

Endothermic region I: The Tg values were found to be somehow
lower for the T5-based series (- 32 to - 36 �C) compared with the
T4-based series (- 29 to - 32 �C). For the given PU compositions (see
Table 1), the difference in the DTg values of the PU films is directly
related to the difference in Tg of pure T4 or T5macrodiols2 [44]. This
indicates a similar extent of phase separation in both (T4 and T5)
series. The shift of Tg to a higher temperature (by ca 5 �C) in the
four-component PU systems (both T4-and T5-based) compared
with the three-component systems studied previously [50] can be
attributed a greater extent of phase mixing in the four-component
system due to the presence of the D,L-lactide-based diol [46].

Fig. 6. Outline of possible reversible hydrolysis and recombination of PU chains during the hydrolytic process.

Table 4
Number- (<Mn>) and weight-average (<Mw>) molar masses and dispersity ÐM.

Sample code Mn � 104 g mol�1 Mw � 104 g mol�1 ÐM

T4-0 10.0 17.7 1.78
T4-12 10.7 22.7 2.11
T5-0 20.7 24.6 1.19
T5-12 13.5 23.6 1.74

2 Tg values of starting diols are �49 �C for T 4672, -53 �C for T 5652 and -37 �C for
DLL.
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Fig. 7. SEM micrographs of top-side of PU raw T4-0 (top, left) and T5-0 (top, right), and PU films after 3, 6, 9 and 12 month-stability tests (T4-X series: left, T5-series: right).
Magnification 750�. Corresponding AFM 2D-height reliefs (10 � 10 mm2 areas) are given as the right-top insets of each SEM image. A black-and-white scale bar for all height AFM
views is placed between the T4-0 and T5-0 SEM images.



The phase mixing/separation of the soft and hard segments can
be assessed from the difference between the Tg of the pure mac-
rodiol and the Tg of the final PU films (DTg) [50]; the higher the DTg,
the higher the extent of phase mixing. As the soft segments are
composed of ca 20 wt% of DLL and ca 80 wt% of T4 or T5 macrodiol
of different Tg values (see footnote ii), the DTg technique for the
estimation of the extent of phase mixing/separation is, in the case
of complex PU systems, very approximate (for details, see, e.g.,
Ref. 46). It can be concluded that the T5-based PUs have a slightly
higher tendency for phase mixing than their T4-analogues and that
the phase mixing slightly decreases with a longer time of PBS im-
mersion due to their slightly higher DTg values in both cases. This
observation opposes that of the three-component PUs [50], which
were characterized by a very slight tendency to increase the phase
mixing with a longer time of PBS immersion.

In the endothermic region II, both raw PUs show a single peak
slightly above 50 �C, which is marked in Fig.10 by a dashed line. The
peak maximum is reached at the same temperature (53 �C in T4-
0 sample and 54 �C in T5-0 one), which is somewhat lower than
that found in the three-component PUs, being ca 58 �C [50].

For the treated PU samples, two peaks are detectable. One peak
is at approximately 55 �C, a minor one for shorter times of

immersion (1, 3 and 6 months) and the exclusive one for samples
T4-9, T4-12 and T5-12. The peak at ca 80 �C, which is not present in
the untreated samples, is of temporary character that is detectable
only for samples after 1, 3 and 6 months of immersion and for the
T5-9 sample.

Based on our previous study of the simpler three-component
systems, we assume that the peak at a temperature of approxi-
mately 55 �C is associated with the relaxation of the amorphous
parts of the soft segments located at the soft-hard segment inter-
phase [44]. The splitting of the original peak and the appearance of
a new peak at ca 80 �C is the result of the temperature-induced re-
organization of the soft-segment domains and the formation of
more organized partially crystalline forms of ordered poly-
carbonate sequences. Time-dependent measurements show that
these crystalline soft-segment domains have a temporary character
because the corresponding peaks either diminish (T5-9) or disap-
pear (T4-12 and T5-12) with a longer time of PBS immersion. This
phenomenon is related to the presence of DLL because in three-
component PU systems, these peaks change negligibly over a
period of 12 months (we have recently found that this melting
endotherm does not depend on either the PU composition or the
type of macrodiol used) [50].

Fig. 8. SEM micrographs of surface reliefs (lighter left part), together with the cross-section surface (darker right part), magnification 750�. Local cross-section heterogeneity views
(AFM phase images of area 10 � 10 mm2) for relevant samples are given in the right-top inset of each SEM image. A black-and-white scale for all AFM phase images is placed
between the T4-0 and T5-0 SEM images.
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The disappearance of the endotherms at approximately 80 �C
can be rationalized by the results obtained from tensile testing and
FTIR analysis (see chapter 3. 1 and 3.3.). As already mentioned and
confirmed by FTIR, ester groups originating from D,L-lactide diol
hydrolyse and subsequently can form anhydride groups. Because
DLL units are present in both the hard and soft segment domains,
such reorganization leads to structural changes in both the amor-
phous and crystalline regions of the polycarbonate soft segments
together with ordered/crystalline hard segment domains.

The multiple endothermic processes in region III (over 100 �C)
are related to the gradual melting of different crystalline hard-
segment domains of different size distributions and orderings, or
they can be associated with the mixing transition of the soft and

hard segments [54]. Raw samples T4-0 and T5-0 and also T5-1 are
distinguished by sharp peaks with maxima at 130 �C (T4-based
series) and approximately 140 �C (T5-based series). The presence
of a sharp melting endotherm indicates the relatively narrow size
and length distributions of the hard segment crystals.

Distinctive changes in the peak shapes are related to the re-
organization of the polymer structure caused by the hydrolysis of
the ester groups in DLL units. The structural changes are not,
however, reflected by the overall change in the degree of crystal-
linity. Therefore, the loss of mechanical properties is more a result
of the structure modification than the hydrolysis itself. Changes in
the endotherm peak appearance may indicate that hydrolysis, and
thus bond scission and re-organization, proceeds to some extent in

Fig. 9. Examples of surface imperfections detected on T4-9 sample top surface (a) and on T4-12 cross-section surface (c), magnification 5000�. 3D height AFM T4-9 top sample
relief (b) and T4-12 cross-section surface relief (d) are shown for comparison.

Fig. 10. DSC curves of the T4-X (left) and T5-X (right) series after different times of PBS immersion, where X ¼ 0, 1, 3, 6, 9 and 12. Temperature regions I, II and III are highlighted in
figures. (Temperatures of the peak position of both raw PUs in endothermic regions II and III are drawn by broken lines.)
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the hard segment domains, as well.
Previous experiments on-three component PUs [50] revealed

that in the temperature transitions of T5-based PUs, i.e., Tg values of
soft segments, relaxation processes in region II corresponding to
soft-segment melting and relaxation temperatures, as well as the
hard-segment melting temperature in region III, had systematically
lower values than those of the T4-series. The cause of these
behavioural differences was explained by the more irregular
structure of the T5 macrodiol compared with the more rigid and
regular character of T4 [50]. Unfortunately, the present study on
four-component PUs did not confirm the observations described
previously. For example, the Tpeak values in regions II and III are very
similar in the T4-and T5-series. DLL thus partially acts as a com-
patibilising agent, and the temperature differences in the proper-
ties of T4-and T5-based systems diminish. Moreover, four-
component T4-based PU films are even more susceptible to hy-
drolysis compared with their T5 analogues.

Relatively surprising is the behaviour of PU samples at the
melting temperatures in the III region (from 100 to 140 �C) when
the three- and four-component PU systems are compared. The
melting temperatures in region III are attributed to the disruption
of the highly organized crystalline domains, being the same in
composition (BDI þ HDI products) and very similar in percentages.
They should therefore exhibit similar values.

In general, the melting temperatures were found to be higher by
ca 11 �C for all T4-based three-component systems compared with
T5-based three-component systems [50]. On the other hand, four-
component T4-and T5-based PUs have very similar melting tem-
peratures, with even a slight tendency for T5-based PUs to have
higher melting temperatures. Clearly, the behaviour of the more
regular T4 soft-segment macrodiol regions contributes to a better
arrangement and packing of the hard segments in three-
component PU systems [50]. In four-component systems, on the
other hand, the packing of the hard-segments is independent of the
macrodiol used.

Highly organized (crystalline) soft, soft/hard and hard structures
in regions II and III start to decompose after 6 months of PBS im-
mersion, more significantly in the T4-series, to some extent.
However, the WAXD experiments (Chapter 3.6.) did not confirm
significant changes in the overall crystallinity caused by the hy-
drolytic treatment. This phenomenon can be explained by the fact
that the hydrolytic treatment predominantly affects the amorphous
soft-segment region, whereas the more organized/crystalline do-
mains of the soft and preferably hard segments undergo changes
only in the degree of ordering. This results in a decrease in (Tm)h
and a broadening of the corresponding peaks for a longer

immersion time, but the total (DHm)h values remain relatively
constant for all samples, as is evident from Table 5.

3.6. WAXD

WAXD experiments have been performed as a complementary
method to DSC analysis. WAXD profiles of the T4-X samples are
shown in Fig. 11. After peak decomposition, which was made by
Fityk fitting software [56], the degree of crystallinity was calculated
as a ratio of the area under the crystalline peaks to total area under
the diffractogram. The percent crystallinity for the T4-X and T5-X
series is given in Table 3, 4th column. The results are very similar
for the two series. From the sample composition (Table 1), and
similar to previous experiments [46], it is obvious that the seg-
ments generally considered to be soft segments (i.e., PC and DL-L
units) have to participate in crystalline domains and contribute to
the overall degree of crystallinity measured by WAXD. It is clearly
visible that neither the WAXD profiles or percentages of crystal-
linity are influenced by the hydrolytic treatment. The lack of sig-
nificant changes in the WAXD results but substantial differences in
the tensile properties and thermal (DSC) characteristics indicate
that simultaneous overwhelming processes during the hydrolytic
experiments proceed without any significant impact on the overall
crystallinity degree. This means that the most important effects,
which lead to the changes in the tensile properties, occur in the
amorphous phase. The detection of highly organized spherulite
formations even in samples featuring poor mechanical properties
(T4-12 and T5-12 in Fig. 9) is the other information supporting our
statement. The crystallinity slightly increases for a shorter time of
hydrolysis (up to 3 months in both series) and then decreases and
reaches similar values to those found in raw PU samples. The
average size of all crystals in the PU samples was calculated using
Scherrer‘s equation to be approximately 4 nm.

4. Conclusions

The degradability of two highly elastomeric four-component PU
films immersed in model physiological conditions (37 �C, pH ¼ 7.4)
for time periods of up to 12 months was tested by a combination of
several experimental methods. A detailed multi-scale description
of the changes occurring on the surface and in the bulk of PU films
during hydrolytic experiments was achieved using tensile tests,
SEM, AFM, DSC, WAXD, SEC, FTIR and swelling tests. The behaviour

Table 5
Thermal properties of raw and treated PU films: T4-X (a) and T5-X (b).

Sample Tg Tr DHr (Tm)s (DHm)s (Tm)h (DHm)h

(�C) (�C) (J g�1) (�C) (J g�1) (�C) (J g�1)

(a) T4-X
T4-0 �30 53 2 e e 132 7
T4-1 �29 55 * 78 3 131 8
T4-3 �29 58 1 80 4 126 (8)*

T4-6 �32 56 1 80 5 125 (7)*

T4-9 �30 56 4 e e 136 (4)*

T4-12 �32 54 3 e e 122 (9)*

(b) T5-X
T5-0 �33 54 8 e e 140 5
T5-1 �32 e e 78 3 138 7
T5-3 �33 56 (1)* 81 4 133 6
T5-6 �34 57 (1)* 80 5 127 (5)*

T5-9 �35 53 (1)* 79 * 133 (5)*

T5-12 �36 54 4 e e 128 (6)*

* (�) DHx values could not be determined quantitatively *or precisely (�)*

Fig. 11. WAXD profiles of the T4-X series. Time of sample immersion in months is
given in the figure on the right side.
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reflects a complex degradation process accompanied by structural
changes depending on (i) the time of immersion in the liquid PBS
medium and (ii) the temperature.

All PU samples have a segmental character. Both the hard and
soft segments are composed of two components: the soft segments
are either polycarbonate or D,L-lactide in origin, whereas the hard
segments are products of diisocyanate-1,6-hexane and butane-1,4-
diol. All PUs are formed by linear chains containing, in addition to
non-polar (exclusively aliphatic) hydrocarbons, polar urethane,
carbonate and ester groups. The building units self-assemble and
form either permanent soft- and hard-segmental domains up to
micrometre size or “stimuli-responding” domains that can be
temporarily broken and re-built because they contain reversible
crosslinking centres, such as hydrogen bonds and dipoleedipole
interactions. This re-organization, re-packing and possible partial
co-crystallization caused by long-term temperature conditioning
(pronounced at the beginning of the stability tests, mainly in the
soft-segment region and on the soft-hard segment interface, which
has a strong impact on the tensile properties) was detected by a
combination of characterization techniques e particularly by
WAXD and DSC analyses.

The study shows that the chain regularity of the macrodiol has a
negligible impact on the tensile properties of both the untreated PU
films, which exhibit a high tensile strength (ca 45 MPa) and
elongation-at break (ca 740%) and, hence, toughness (ca
115 mJ mm�3). The tensile characteristics confirmed a very good
and efficient DLL build-up into the PU chain. The gradual deterio-
ration of the tensile properties starts after three months of PBS
immersion, and it is more obvious in the PUs made from the more
rigid and more regular T4 macrodiol compared with the T5 mac-
rodiol. For example, the resulting toughness of the T4-based sample
is approximately 6% of its original value, whereas the T5-analogue
retains ca. 11% toughness, after 12 months of PBS immersion.

DSC measurements confirmed the changes in the thermal
characteristics under conditions mimicking the physiological
environment. Whereas the Tg of the soft segments were almost
unchanged, differences were observed in the endotherm regions
assigned to both the soft-segment and hard-segment thermal
transitions. Whereas the sharp peaks in the endotherm region over
100 �C assigned to highly organized (crystalline) hard-segment
domains became broader and shifted to lower temperatures, the
endotherm region between 50 and 80 �C, which is ascribed to the
thermal transitions of either soft segments or the mixing transition
of soft and hard segments, has an even more complicated thermal
history. All these characteristics confirmed the very complicated
character of the PU films, reflecting the re-organization and re-
packing of PU chains proceeding simultaneously with the hydro-
lytic process. As theWAXD experiments did not find any significant
differences in the overall degree of crystallinity (ranking in all cases
between 26 and 36%), the hydrolysis proceeds predominantly in
the amorphous part of the material, i.e., in the soft-segment region.

Practically no changes in the IR spectra caused by hydrolysis
were detected, with only the peak at ca. 1830 cm�1 pertaining to
the stretching of carbonyl groups of anhydrides being aroused. This
phenomenon is assigned to the proposed degradation paths
running through the carboxylic group formation with subsequent
recombination into anhydride groups. The other possible formation
of anhydrides could proceed via the cross-coupling of eOH and
eCOOH formed by the hydrolysis of vicinal chains. The combination
of spectroscopy results with the results of other techniques sug-
gests that this hydrolytic process should cause gradual polymer
chain leaching from the film after the recombination or cross-
coupling reaction in the amorphous part of the PU film.

The hydrolytic process does not significantly influence the
overall PU film morphology, either on the surface of the material or

inside it, although rare channels or local imperfections are detect-
able, as proof of the hydrolytic efficiency. The very low water up-
take (swelling) indicates the hydrophobic character of the
materials. The mass loss gradually increases with time, and it rea-
ches a maximum value of ca 5 wt% after 12 months of PBS
immersion.

In complex PU systems, the DL-lactide based oligomer was found
to be an efficient component for the hydrolytic process, even at a
relatively low concentration (ca 9 wt %).
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[55] M. Serkis, R. Poręba, J. Hodan, J. Kredatusov�a, M. �Spírkov�a, Preparation and
characterization of thermoplastic water-borne polycarbonate-based poly-
urethane dispersions and cast films, J. Appl. Polym. Sci. 132 (42) (2015) 42672.

[56] M. Wojdyr, Fityk: a general-purpose peak fitting program, J. Appl. Crystallogr.
43 (5) (2010) 1126e1128.

M. �Spírkov�a et al. / Polymer Degradation and Stability 125 (2016) 115e128128

http://refhub.elsevier.com/S0141-3910(16)30003-9/sref19
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref19
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref20
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref20
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref20
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref20
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref21
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref21
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref21
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref21
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref21
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref22
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref22
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref22
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref22
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref22
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref23
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref23
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref23
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref24
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref24
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref24
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref24
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref24
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref24
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref24
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref24
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref25
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref25
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref26
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref26
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref26
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref27
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref27
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref27
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref27
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref27
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref28
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref28
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref28
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref28
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref28
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref28
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref29
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref29
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref29
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref29
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref30
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref30
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref31
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref31
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref31
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref31
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref32
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref32
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref32
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref33
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref33
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref33
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref33
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref33
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref34
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref34
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref34
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref34
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref34
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref35
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref35
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref35
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref35
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref35
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref36
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref36
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref36
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref36
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref37
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref37
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref37
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref37
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref38
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref38
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref38
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref39
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref39
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref39
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref39
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref40
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref40
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref40
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref40
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref41
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref41
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref41
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref41
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref42
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref42
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref42
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref42
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref42
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref42
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref42
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref42
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref42
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref42
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref42
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref42
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref42
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref42
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref42
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref43
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref43
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref43
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref43
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref43
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref43
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref43
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref43
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref43
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref43
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref43
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref44
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref44
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref44
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref44
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref44
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref44
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref44
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref44
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref44
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref44
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref44
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref44
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref44
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref45
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref45
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref45
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref45
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref45
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref45
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref45
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref45
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref46
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref46
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref46
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref46
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref46
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref46
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref46
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref47
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref47
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref47
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref47
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref47
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref47
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref47
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref47
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref47
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref47
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref47
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref48
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref48
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref48
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref48
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref49
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref49
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref49
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref49
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref49
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref50
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref50
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref50
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref50
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref50
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref50
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref50
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref50
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref50
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref51
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref51
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref51
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref51
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref51
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref52
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref52
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref52
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref52
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref53
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref53
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref53
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref53
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref54
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref54
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref54
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref54
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref54
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref55
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref55
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref55
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref55
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref55
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref55
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref55
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref56
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref56
http://refhub.elsevier.com/S0141-3910(16)30003-9/sref56

	l
	Abstract
	1. Introduction
	2. Experimental
	2.1. Materials
	2.2. Preparation of PU/silica nanocomposites
	2.3. Methods of characterization
	2.3.1. Tensile characterization
	2.3.2. Dynamic mechanical thermal analysis
	2.3.3. Thermogravimetric analysis
	2.3.4. Optical microscopy
	2.3.5. Scanning electron microscopy
	2.3.6. Atomic force microscopy
	2.3.7. Swelling and solubility in water


	3. Results and discussion
	3.1. Tensile properties
	3.2. Dynamic mechanical thermal analysis
	3.3. Thermogravimetric analysis
	3.4. Optical microscopy characterization
	3.5. Scanning electron microscopy
	3.6. Atomic force microscopy
	3.7. Swelling behavior

	4. Conclusion
	Acknowledgments
	Disclosure statement
	Funding
	References
	Nanocomposites made from thermoplastic waterborne polyurethane and colloidal silica. The influence of nanosilica type and ...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Preparation procedure
	2.3 Methods of characterization
	2.3.1 Dispersion characterization
	2.3.2 Film characterization


	3 Results and discussion
	3.1 Morphology characterization
	3.1.1 Characterization of silica nanoparticles
	3.1.2 Comparison of AFM and SEM surface analysis

	3.2 Static mechanical properties
	3.3 Dynamic mechanical properties
	3.4 Thermogravimetric analysis
	3.5 Water uptake and solubility

	4 Conclusions
	Acknowledgments
	References

	Formation of linear and crosslinked polyurethane nanoparticles that self-assemble differently in acetone and in water
	1 Introduction
	2 Experimental section
	2.1 Materials
	2.2 Preparation procedure
	2.3 Characterization techniques

	3 Results and discussion
	3.1 Fourier transform infrared spectroscopy (FTIR)
	3.2 Dynamic mechanical thermal analysis (DMTA)
	3.3 Light scattering measurements of PU nanoparticles in acetone
	3.4 Dynamic light scattering (DLS) analysis of particles dispersed in water
	3.5 Model of PU chain lengths and evolution of nanoparticle microstructures
	3.6 Atomic force microscopy (AFM)

	4 Conclusions
	Acknowledgments
	Appendix A Supplementary data
	References

	Hydrolytic stability of polycarbonate-based polyurethane elastomers tested in physiologically simulated conditions
	1. Introduction
	2. Experimental
	2.1. Materials
	2.1.1. Preparation procedure

	2.2. Methods of characterization
	2.2.1. Scanning electron microscopy (SEM)
	2.2.2. Atomic force microscopy (AFM)
	2.2.3. Differential scanning calorimetry (DSC)
	2.2.4. Tensile characterization
	2.2.5. Swelling experiments and mass loss determination
	2.2.6. FTIR spectroscopy


	3. Results and discussion
	3.1. Surface morphology
	3.1.1. Scanning electron microscopy – SEM
	3.1.2. Atomic force microscopy
	3.1.3. Differential scanning calorimetry – DSC
	3.1.4. Tensile properties
	3.1.5. Swelling and mass loss experiments
	3.1.6. FTIR


	4. Conclusions
	Acknowledgment
	References

	Experimental study of the simulated process of degradation of polycarbonate- and d,l-lactide-based polyurethane elastomers  ...
	1. Introduction
	2. Experimental
	2.1. Materials
	2.1.1. Preparation procedure

	2.2. Methods of characterization
	2.2.1. Tensile characterization
	2.2.2. Water uptake and mass loss determination
	2.2.3. FTIR spectroscopy
	2.2.4. Size-exclusion chromatography (SEC)
	2.2.5. Scanning electron microscopy (SEM)
	2.2.6. Atomic force microscopy (AFM)
	2.2.7. Differential scanning calorimetry (DSC)
	2.2.8. Wide-angle X-ray diffraction (WAXD)


	3. Results and discussion
	3.1. Tensile properties
	3.2. Water uptake and mass loss experiments
	3.3. FT-IR spectroscopy and SEC
	3.4. Surface morphology
	3.5. Differential scanning calorimetry - DSC
	3.6. WAXD

	4. Conclusions
	Acknowledgement
	References


