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Using depth-sensing indentation, the elastic modulus E of a diblock copoly(2-oxazoline) library

was investigated in order to determine structure–property relationships. The adopted

experimental procedure, dropcasting of the copolymer materials and determining the elastic

modulus by depth-sensing indentation, was compatible with high-throughput experimentation.

The elastic modulus of the investigated materials depended strongly on the side-group. Materials

containing poly(nonyloxazoline) exhibited a lower modulus than materials without any

poly(nonyloxazoline) block as poly(nonyloxazoline) was at room temperature above its glass-

transition temperature Tg, while the other homopolymers in this study were glassy at room

temperature. The elastic modulus also depended on the relative humidity (RH) of the testing

environment; the stiffness of ethyloxazoline and methyloxazoline decreased significantly due to

water absorption from the air. At lower RH, hydrogen bonding or polar interactions among the

polymer chains resulted in a surprisingly high modulus for the poly(methyloxazoline). In addition,

as anticipated, the elastic moduli of AB diblock copolymers were bounded by those of the A and

B homopolymers, both at high and at low RH. The presented results indicate how, and to what

extent, for these materials the E (and the change in E) at a given (change in) humidity can be

adjusted by tailoring the composition.

Introduction

High-throughput experimentation (HTE) encompasses auto-

mated and preferably parallel synthesis and characterization.

HTE is a powerful tool to explore large parameter spaces and

to identify structure–property relationships.1,2 Depth-sensing

indentation is a suitable experimental approach for high-

throughput probing of mechanical properties such as the

elastic modulus E and creep compliance.3,4 During depth-

sensing indentation, also called instrumented indentation or

nanoindentation, the load applied by a rigid indenter on the

material surface and the penetration depth into the material

surface are measured simultaneously.5,6 The technique pro-

vides the advantages of requiring only small amounts of

sample material and of allowing automated, sequential

measurements over one or many samples.3,4

From the reaction of nitriles with 2-aminoethanol, a large

number of differently substituted 2-oxazolines can be prepared

that are well-suited monomers for living cationic ring-opening

polymerizations.7,8 ‘Living’ polymerization implies that the

growth of all polymer chains starts at the same time, that all

polymer chains grow with uniform speed and that chain-

transfer reactions, terminating reactions, as well as other

side-reactions are absent. Therefore, the molecular weight

distribution of the resulting polymer is narrow and the reac-

tion centers remain active after the complete consumption

of the first type of monomer, allowing the subsequent

incorporation of a second monomer type into the polymer

chains. Thus, diblock copoly(2-oxazoline)s with a narrow

molecular weight distribution can be obtained in a two-step

procedure.

Recently, we have shown that the comparably long reaction

times for the polymerization of 2-oxazolines, which has often

been a major concern in this research area, can be reduced by

performing the reactions at higher temperatures.9–11 Utilizing

2-methyl-, 2-ethyl-, 2-nonyl- and 2-phenyl-2-oxazoline as

monomers, a 16-membered library of 12 diblock copolymers

and 4 chain-extended homopolymers were synthesized in a

microwave reactor (Table 1).9 These compounds showed only

slight deviations from the targeted composition of 50 + 50

monomer units, and had narrow molecular weight distribu-

tions, as indicated by the polydispersity index (PDI) being

smaller than 1.2. The two exceptions that show a higher PDI,

NonMe and NonEt (abbreviations as in Table 1), are discussed

elsewhere.9 Differential scanning calorimetry (DSC) demon-

strated that the glass-transition temperature Tg of these

materials depended on the side group (Table 1). No glass-

transition temperature was observed for the chain-extended

poly(nonyloxazoline). Probably due to insufficient instrument

resolution, no Tg was observed for PheNon and NonPhe,

either. All polymers that contained (at least) one block of

poly(nonyloxazoline) had a melting temperature Tm in the

range of 146 to 151 uC, whereas all other polymers were

fully amorphous to the extent detectable via DSC.9 The
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surface energy, determined by contact-angle measurements of

diiodomethane and ethyleneglycol droplets on films of these

copolymers, was 43 to 46 mN m21 if the polymers did not

contain any poly(nonyloxazoline).12 For polymers that con-

tained (at least) one block of poly(nonyloxazoline), the surface

energy was lower (19 to 23 mN m21) due to close packing of

the nonyl side groups at the surface. Atomic force microscopy

(AFM) imaging of spin-cast films demonstrated a higher

roughness if the polymers contained at least one block of

poly(nonyloxazoline), as compared to films without any

poly(nonyloxazoline).13 The syntheses, the thermal charac-

terization as well as the surface energy measurements of this

library of diblock copolymers were performed in a manner

compatible with high-throughput experimentation.9,12

The control over molecular weight, side groups, and side-

group distribution within the chains, which is typical for these

polymers and this synthesis method, provides tunability of the

physical properties. Additionally, this control over molecular

structure and the narrow molecular weight distribution make

them suitable materials to study quantitative structure–

property relationships. In view of potential application of

poly(oxazoline)s as, e.g. active components in hair-dressing

formulations or impregnants for paper or textiles,14–16 the

mechanical properties deserve to be studied as well. Until

recently, the study of the mechanical properties of poly-

(oxazoline)s has been limited to peel tests that use mechanical

force to separate a film from the underlying substrate,17–19 as

well as a few rheological measurements of complex shear

moduli,20 dynamic mechanical analysis, and uniaxial tensile

tests of freestanding films.21

In the present study, E of diblock copoly(oxazoline)s is

studied using depth-sensing indentation, and structure–

property relationships are discussed. As the relative humidity

(RH) of the testing environment influenced E, measurements

were repeated on all materials at three RH levels. The current

study expands the applicability of depth-sensing indentation

for high-throughput experimentation by combining the free-

dom in the selection of the starting materials in the approach

of Tweedie et al.4 with the concept of preparing the samples

from a polymer solution of Simon et al.22

Experimental

Preparation of the library

Diblock copoly(2-oxazoline)s have been prepared via cationic

ring-opening polymerization.9 The diblock copoly(oxazoline)s,

their abbreviations and the glass-transition temperatures

(measured by DSC)9 are listed in Table 1. Twenty (20) mg of

each copolymer was dissolved in 50 mL of chloroform

(Biosolve LTD), except for the chain-extended poly(methyl-

oxazoline), MeMe, which did not dissolve in chloroform at

this concentration and was dissolved in demineralized water.

After complete dissolution, approximately 5 mL from each

solution was pipetted onto a glass slide (Marienfield, Lauda-

Königshofen, Germany), with a nominal center-to-center

spacing of 4 mm between polymer spots. Four such glass

Table 1 Overview of the 16-membered set of diblock copoly(2-oxazoline)s and chain-extended homo poly(2-oxazoline)s, showing the
abbreviation, the degree of polymerization for the first and the second block, and the glass-transition temperature for each compound
(data from ref 9)

Second block A
First block Q Poly(2-methyl-2-oxazoline) Poly(2-ethyl-2-oxazoline) Poly(2-nonyl-2-oxazoline) Poly(2-phenyl-2-oxazoline)

Poly(2-methyl-2-oxazoline)

MeMe MeEt MeNon MePhe
50 : 50 50 : 49 50 : 52 50 : 52
79 uC 63 uC 69 uC 88 uC

Poly(2-ethyl-2-oxazoline)

EtMe EtEt EtNon EtPhe
50 : 50 50 : 50 50 : 50 50 : 52
69 uC 59 uC 60 uC 89 uC

Poly(2-nonyl-2-oxazoline)

NonMe NonEt NonNon NonPhe
50 : 50 50 : 46 50 : 50 50 : 45
71 uC 56 uC — —

Poly(2-phenyl-2-oxazoline)

PheMe PheEt PheNon PhePhe
50 : 48 50 : 46 50 : 50 50 : 50
92 uC 84 uC — 107 uC
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slides were prepared, one of which is shown in Fig. 1. The first

three rows and the first spot of the fourth row form the library

discussed in this article. The diameter and the height (after

2 days drying under ambient conditions) of the spots ranged

from approximately 2 to 3.5 mm, and from 100 to 400 mm,

respectively, as measured with an optical profilometer (Fogale

Zoomsurf) and a mechanical profilometer (Tencor P10). Only

the chain-extended methyloxazoline sample, MeMe, had a

significantly lower thickness (50 mm) due to the alternative

solvent used.

Accurate determination of the elastic modulus from the

indentation load-displacement responses requires flat sample

surfaces.23 Profilometry showed that this condition was met

for indentations near the middle of the polymer spots. After

deposition onto the glass slide, one library was dried at

ambient conditions for four days, dried for four hours

at 40 uC, and subsequently dried at 45 uC under vacuum

overnight prior to the indentation measurements using a

commercial indentation instrument (Nanotest600, Micro

Materials LLC, Wrexham, UK). Two additional copies of

the library were dried for three weeks at ambient conditions

and another three weeks at 40 uC under vacuum, and then

transferred to a different commercial indentation instrument

(TriboIndenter, Hysitron, Inc., MN, USA) for testing. The

samples resided at low humidity (,7%) for one week before

testing at 5.4% relative humidity. After the experiments at low

RH, the relative humidity was raised to 40% RH and two

weeks later the measurements were repeated.

Reference samples

In addition, two reference samples were prepared: a phenyl-

oxazoline–ethyloxazoline (PheEt) diblock copolymer that was

dropcast on a separate glass slide and then annealed above

the corresponding Tg, and a chain-extended nonyloxazoline

homopolymer (NonNon) that was compression molded and

then heated above the corresponding melting temperature on a

separate glass slide. The surface roughness of these reference

samples that were processed at relatively high temperature

was expected to be greater than that of the library samples.

Tapping mode atomic force microscopy (AFM) indicated

that even the reference samples possessed relatively smooth

surfaces, although the PheEt reference sample surface

exhibited some randomly dispersed protrusions (spaced y
1.5 mm apart, surface to peak height ,29 nm and Ra of

0.85 nm) and the NonNon reference sample surface exhibited

randomly dispersed pits (spaced y 1 mm apart with a surface-

to-pit amplitude of ,40 nm and Ra of 3.8 nm). These surface

conditions may cause minor errors (,5%, in the worst case of

indenting precisely on top of a protrusion or in a pit ,10%) for

the shallowest indents resulting from the lowest maximum

loads.24 For deeper indents these errors quickly diminish. A

fortunate detail is that NonNon, the sample with the greatest

surface roughness, has a low E and therefore relatively deep

indents (.400 nm) even at the lowest maximum load.

Depth-sensing indentation

Indentation experiments were conducted on two instruments:

a NanoTest600 (Micro Materials LLC, Wrexham, UK,

maximum force of 35 mN at NT1 gain settings) and a

TriboIndenter (Hysitron, Inc. Minneapolis, MN, USA,

maximum force of 10 mN).

The humidity in the NanoTest600 indenter case was

regulated by flushing with nitrogen gas and by pumping the

air–nitrogen mixture from the indenter case through a tube of

desiccant. During the measurements, the relative humidity

(RH) was maintained at 9.0 ¡ 0.8% via the nitrogen flow only,

to avoid noise due to the circulation pump, while the

temperature was maintained at 25 uC. The indentations were

executed in load-control mode, with a loading time, hold time

at maximum load, and an unloading time of 2 s, 10 s and 1 s,

respectively. For visco-elastic materials, such a combination of

a hold time and a quick unloading is necessary for determining

E.25,26 No thermal drift correction was applied as thermal drift

is typically very small (y0.01 nm s21) for this instrument.

Three indentations to 2 mN maximum load were made per

sample at an optically inspected position on every polymer

spot where the surface appeared smooth and perpendicular

to the loading direction. Measurements were performed

using a rounded conical, diamond indenter with an effective

radius of 4.1 mm. For several samples, indentations with a

Berkovich (trigonal pyramid) indenter were made as well. On

the MeMe sample, profile scans of the residual indentations

were made using the NanoTest600; the indenter tip scanned

the surface with 50 mN topography load and 0.25 mm s21

scanning velocity.

The indentation experiments with the TriboIndenter were

performed at 5.4 ¡ 0.4% and 40 ¡ 1% RH with a diamond

Berkovich indenter. Before every indent, the indenter was

held in contact with the surface, to allow for piezoactuator

stabilization (35 s) and drift correction (40 s), at a contact

load of only 0.5 mN to prevent any deformation prior to the

indentation experiment. The drift rate (typically 0.1 nm s21)

was automatically determined over the last 20 s of the 40 s

period. After lifting the tip 30 nm and reapproaching the

surface (surface detection at a load of 0.5 mN), the tip was

loaded to maximum load in 10 s, held at maximum load for

10 s and unloaded in 2 s. The maximum load was reduced in

Fig. 1 One of the four prepared glass slides with dropcasted samples.

The first three rows and the first spot of the fourth row form the

diblock copolymer library that is discussed in this article.
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steps of 300 mN from 3 mN to 300 mN. From the 10

measurements (spaced 50 mm apart) per sample, the first two

were left out from the analysis to even further reduce the

influence of drift. On the MeMe and MeEt samples, residual

indents were imaged upon full unloading of the surface using

the TriboIndenter Berkovich diamond indenter as a contact

profilometer with a preload of 0.5 mN.

Analysis

Load-displacement responses were analyzed via the method of

Oliver and Pharr5 by fitting the unloading response from 0.95

Pmax to 0.20 Pmax with the conventional power law form to

obtain the slope at the start of the unloading S. From the slope

S and the maximum depth hmax, the contact depth hc is

determined using:

hc~hmax{0:75
Pmax

S
(1)

The projected contact area as a function of contact depth

(the ‘area function’) was determined by prior indents on

quartz, the standard reference material. For the TriboIndenter,

this area function was extended to larger distances from the tip

apex than could be reached on quartz by indentations on

polycarbonate. From the area function and the contact depth

hc the projected contact area A can be calculated. With b = 1,

the reduced modulus Er is then calculated as:

Er~

ffiffiffi

p
p

2b
: S
ffiffiffiffiffiffiffiffiffiffiffiffi

A hcð Þ
p (2)

The reduced modulus takes into account that elastic

displacements occur both in the specimen (with modulus

of elasticity Esample and Poisson’s ratio nsample) and in the

indenter:

Er~1

,

1{n2
sample

Esample

z
1{n2

indenter

Eindenter

 !

(3)

Occasionally, an indentation response was neglected from

analysis due to local surface imperfection-induced deviation

from the other responses measured on the same sample. The

error bars present one standard deviation out of eight or

seven (TriboIndenter) and three (NanoTest600) measure-

ments, unless otherwise stated.

Thermal gravimetric analysis

Thermal gravimetric analysis was conducted (Netzsch TG209

F1) at a heating rate of 20 K min21 on 5 to 10 mg of selected

diblock copolymer materials. These samples, which were taken

from storage vials that were not hermetically sealed, were not

dried before the TGA experiments. These materials are

assumed to be equilibrated with ambient humidity.

Results and discussion

Method validation

A sixteen-membered library of copoly(oxazoline)s was charac-

terized by depth-sensing indentation (DSI). As examples,

load-displacement responses obtained with a Berkovich

indenter on the EtPhe and the EtNon diblock copolymers

and the corresponding analysis results are shown in Fig. 2a

and b, respectively. Key parameters from eqn (1) and (2) are

indicated for one load-displacement response of EtNon. The

EtPhe responses are much stiffer (have a higher Er, see Fig. 2b)

than the EtNon. At higher RH, the stiffness of EtPhe is

reduced, as can be observed visually in the loading response.

The creep during the hold time increases as well.

Fig. 3 shows results on reference materials that were

processed such that the material contained no solvent; PheEt

was annealed above its Tg and NonNon was melt processed.

The Er of these samples corresponded well with those on the

corresponding samples from the HTE library. This shows

that the chloroform from the dropcasting is absent or its

amount is so reduced that its effect on Er can be neglected.

The thick NonNon reference sample appeared white due

to crystallization, while the corresponding sample from the

library was transparent, due ostensibly to the smaller crystal-

lite size. Nevertheless, the moduli of both poly(nonyloxazoline)

samples were nearly identical (Er,meltprocessed = 0.96 GPa;

Er,library = 1.03 GPa).

For some of the tested materials (for instance EtEt), sample

preparation and tensile testing are very difficult due to the

Fig. 2 (a) Indentation load-displacement responses (Berkovich

indenter) and (b) analysis results for EtPhe at two humidities (5.4%

and 40% RH) and for the EtNon copolymer, showing that higher

humidity lowers the stiffness of the material, and that EtPhe is stiffer

than EtNon; for clarity, only four of the EtPhe responses are shown;

key parameters for the calculation of Er are displayed.
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brittleness of these materials.21 However, DSI measurements

could be performed successfully, resulting in small standard

deviations in measurements on the same sample, and in good

agreement between duplicate samples (Fig. 4). The high-

throughput nature of the measurements is illustrated using a

measurement series performed with the TriboIndenter; ten

measurements per copolymer spot were performed on two

slides with sixteen copolymer spots each. These 320 measure-

ments were performed in an automated run for 20 hours, of

which 11 hours were spent on moving to the next indent

position and approaching the sample surface between two

indents. These 11 hours may be reduced by performing a quick

approach to the sample surface at each spot near the indent

positions before starting the actual measurement. This run was

not fully optimized for this potential increase in experimental

throughput.

Chain-extended homopolymers

Results from the load-displacement responses of the entire

library samples are presented in Fig. 4a–c. The results in Fig. 4a

and c are obtained with the TriboIndenter on two sample

slides and at two humidity levels, and the results in Fig. 4b are

obtained at an intermediate RH using the NanoTest600. At

low RH, the elastic modulus of the nonyloxazoline homo-

polymer (Er = 1.03 GPa) was lower than Er of the other

homopolymers. Differential scanning calorimetry (DSC)

demonstrated that for MeMe, EtEt and PhePhe, Tg is above

room temperature (Table 1). With increasing side-chain length

(methyl, ethyl,9 propyl, pentyl)27 Tg decreases. No Tg was

observed for heptyloxazoline and nonyloxazoline homo-

polymers.27 Though the exact location of Tg of NonNon

could not be determined, it is expected to be lower than the

Tg of pentyloxazoline homopolymer, i.e. lower than 5 uC.

Pentyloxazoline, heptyloxazoline and nonyloxazoline homo-

polymers exhibit a melting temperature near 150 uC.27 The

observed Er of NonNon is in the range expected for semi-

crystalline polymers probed at a temperature between Tm

and Tg. As NonNon is not glassy, it has a lower modulus

than MeMe, EtEt and PhePhe (Fig. 4a and b) but the

Fig. 3 Comparison of library samples with solvent-free reference

samples (Berkovich tip, TriboIndenter, 5.4% RH).

Fig. 4 Depth-sensing indentation results obtained at different humidities and with two indenter geometries (a and c, Berkovich; b, indenter with

spherical apex); symmetry in reduced moduli (5.4% RH) is visualized in the 3D graphic; indents outside the tip-shape calibration range and indents

with a high creep rate are disregarded.
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semicrystallinity of the poly(nonyloxazoline) prevents Er from

dropping to the MPa range (the MPa range is typical for

amorphous polymers above Tg).

EtEt (Er = 5.1 GPa, Fig. 4a) has a lower Er than MeMe

(8.2 GPa) and PhePhe (6.5 GPa). MeMe and EtEt are both

hygroscopic. The low elastic modulus of EtEt can be explained

by some water that is present in the sample even at 5.4% RH.

For hygroscopic polymers, water decreases the Tg and the

elastic modulus of the glassy state.28 This decrease of the

modulus is most pronounced when (due to this decrease) Tg is

(starts to be) close to the temperature at which the test is

performed (i.e. room temperature). The decrease of the

modulus due to water is most probably largest for EtEt, as

at room temperature EtEt (free of water) is only 34 uC below

its Tg,9,21 compared with 54 uC for MeMe (Table 1). Further

indication that the difference between the glass-transition

temperature Tg and room temperature influences the elastic

modulus is given by the Er of the EtPhe and PheEt samples,

that are much closer to the Er of PhePhe than to EtEt,

corresponding to a much larger difference between their Tg

and room temperature than for EtEt.

Apart from this, differences in intermolecular interactions

and the occurrence of secondary glass transitions may result in

different elastic moduli for MeMe, PhePhe and EtEt. Due to

such a secondary glass transition, E is for instance y 2.5 GPa

for polycarbonate, compared to y 3.3 GPa for poly-

styrene.29,30 Nuño-Donlucas et al. measured, via DMTA, a

secondary transition for poly(ethyloxazoline) at 2100 uC.21 If

such transitions are absent for poly(methyloxazoline) and

poly(phenyloxazoline), or are less effective in reducing Er, this

could be a second explanation as to why EtEt has a lower Er

than MeMe and PhePhe at 5.4% RH.

Er of MeMe at low RH is surprisingly high (8.3 GPa) –

significantly higher than that of PhePhe (Er = 6.5 GPa, PhePhe

is at room temperature 80 uC below Tg) and much higher than

Er typically measured with depth-sensing indentation on a

stiff glassy polymer such as polystyrene.31 This high elastic

modulus of MeMe is not due to experimental artifacts, as will

be discussed in detail in the next paragraph. Another glassy

polymer exhibiting an exceptional high Er (9.5 to 15 GPa) is

poly(acrylic acid).32,33 Such a high Er indicates intermolecular

interactions additional to the Van der Waals interactions.

For poly(acrylic acid), these intermolecular interactions

may arise from hydrogen bonds, while for poly(oxazoline)s,

hydrogen bonds or polar interactions may play a role. Due to

steric or chemical factors, for the polymers in this study, these

interactions were strongest for poly(oxazoline)s with only a

small methyl side group. Protons from water may hydrogen

bond with the electronegative oxygen atoms of the poly(oxazo-

line). These water molecules may be attracted by the material

from the surrounding atmosphere (as discussed later in this

paper), and may be so tightly bound that they remain in the

material even after the rigorous drying procedure. Two

hydrogen bonds per water molecule result in intermolecular

interaction between polymer chains. FTIR experiments (not

shown) on the dried homopolymers demonstrated that

the carbonyl peak of MeMe, EtEt and PhePhe was located

at y 1626 cm21, while the carbonyl peak of NonNon was

located at 1640 cm21. The first wavenumber (1626 cm21)

matches the wavenumber attributed to hydrogen-bonded

carbonyls in poly((hydroxyalkyl)oxazoline), while the carbonyl

peak of NonNon is located close to the ‘free’ CLO position.18

Moreover, a larger signal in OH-stretching region (3400–

3600 cm21) was observed for the MeMe, EtEt and PhePhe

materials than for the NonNon material, indicating that the

NonNon contains less moisture than the other three homo-

polymers. The presence of moisture may assist polar interac-

tions between chains induced by N–CLO « N+
LC–O2

isomerism; such isomerism is inferred in the literature for

poly(methyloxazoline).20 In conclusion, the high E of MeMe is

attributed to interchain interactions arising from hydrogen

bonding and/or polar interactions.

Inquiry into experimental factors that may cause high Er

The oxazoline materials in the current study are rather difficult

to measure in macroscopic mechanical tests due to their

brittleness. However, using depth-sensing indentation, the

materials could be characterized successfully. The reduced

elastic modulus Er from depth-sensing indentation experiments

on polymers is usually somewhat higher than E determined in

macroscopic mechanical tests due to deviations from ideal

viscoelastic behavior6 and pile-up (material heaps up next

to the indent and causes an underestimation of the projected

contact area, eqn (2), and therefore an overestimation in

Er).
34 Furthermore, as the diamond indenter is very stiff

(Eindenter & Esample) and the Poisson’s ratio n is approximately

0.35 for most polymers in the class considered here,29 eqn (3)

shows that Er is higher than the modulus of elasticity E

of the polymers (for a high but reasonable n = 0.4 and

Eindenter/Esample = ‘, Er is 19% higher than E). These three

factors result for a reference material like polycarbonate

in a difference between E and Er of approximately 1 GPa

(Er = 3.5 GPa; E y 2.5 GPa).29 The amount of pile-up

observed during line scanning (NanoTest600) and profilo-

metric imaging (TriboIndenter) of the indents on the MeMe

was small (the resulting overestimation in Er is ,8%).

Substrate effects (i.e. the elastic properties of the substrate

influencing the obtained results due to insufficient sample

thickness with respect to the indentation depth) can safely be

ignored; the MeMe sample had a thickness of 50 mm, while the

deepest indent for this material in Fig. 4a was only 0.49 mm.

Formation of a pre-indent (resulting in an artificially low

measured contact depth and therefore an erroneously high Er)

can be excluded as well. The residual indentation observed

after loading to a magnitude twice that of the preload was

insignificant, and Er of MeMe did not decrease with maximum

load applied during the experiment (the effect of a pre-indent

on the calculated Er will decrease for deeper indents, resulting

in a decreasing trend in Er as a function of maximum load).

In summary, the high reduced modulus Er for MeMe, as

compared to stiff glassy polymers such as polystyrene, appears

to accurately reflect the significant stiffness of this polymer.

AB and BA diblock copolymers

The Er of any AB diblock copolymer in this library is

intermediate to that of the chain-extended A- and the

B-polymers (Fig. 4). We observed that Er of the diblock
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copolymers with only one poly(nonyloxazoline) block was

closer to Er of NonNon than to that of the other (high Tg)

component. Because the volume fraction of Non is large

(volume fraction of Non is estimated to be .60% because of its

long side-chain), the high Tg block has less influence on the

resulting elastic properties. Furthermore, the volume fraction

of the glassy phase is lower than the actual volume fraction of

the high Tg component, as poly(nonyloxazoline) chains may

surround segments of the high Tg component and thus provide

them some freedom to move, resulting in non-glassy behavior

of those high Tg segments.

The Er of pairwise combinations (AB vs. BA) typically

agreed very well with each other (Fig. 4). Only the diblocks

with Non as the first block showed (in two out of three cases) a

higher Er than the pairwise combination (Er,NonPhe . Er,PheNon

and Er,NonMe . Er,MeNon). Chain transfer and chain coupling

occurred to some extent during the synthesis of the NonMe,

NonEt (and NonPhe).9 Therefore, the pairwise combinations

differ in chain length, chemical composition distribution over

the chains,9 structural morphologies as observed by AFM on

films13 and mechanical properties. Fig. 4 a shows for nearly all

samples a good agreement between duplicate experiments on

spots of the same (co)polymer material on two different glass

slides. Only for MePhe, this agreement is somewhat poorer.

This is thought to be due to slightly poorer surface conditions

for one of the MePhe samples. The lower Er in Fig. 4a for

MePhe, which also shows the lowest standard deviation, is

probably most reliable.

Effect of humidity on Er

For all samples considered, Er decreased with increasing

humidity (Fig. 4 and Fig. 5), the least humidity-sensitive

samples being NonNon, NonPhe and PheNon. PhePhe was

somewhat sensitive to humidity (1.3 GPa decrease for the

increase in relative humidity from 5.4 to 40% RH). The

Et and Me combinations with Non or with Phe were

considerably more compliant with increasing humidity. The

most humidity-sensitive samples were the EtEt, MeMe, MeEt

and EtMe. At 40% RH for nearly all employed maximum

loads, the displacement of the MeMe and EtEt surfaces

exceeded the measurable depth range of the TriboIndenter

(approximately 4.5 mm at the current settings). Van Caeter20

reports G9 = 0.002 GPa and G0/G9 y 0.2 for chain-extended

poly(methyloxazoline) from rheometry at 1 Hz and 40 uC.

Assuming that Van Caeter conducted his experiments at

ambient humidity, this result (particularly the high G0/G9 ratio)

corresponds qualitatively with the appreciable compliance

of MeMe at ambient humidity (Fig. 4c).

The Oliver and Pharr analysis gives erroneous results if at

the end of the hold period the creep, i.e. the displacement at

sustained maximum load, is relatively high.26 Therefore, if the

ratio of the displacement rate at the start of the unloading over

the displacement rate at the end of the hold period was smaller

than 5 (an arbitrary criterion we have adopted), no results are

given in Fig. 4 c. This was observed at 40% RH for the MeEt,

EtMe and NonEt. Other diblocks that showed an appreciable

but lower creep rate than the disregarded diblocks were

EtNon, PheEt, EtPhe, PheMe, MePhe, NonMe and MeNon.

(Furthermore, for EtNon, NonMe and MeNon the average

and standard deviation presented in Fig. 4c is based on only

four load-displacement responses as, due to larger deformation

at increased humidity, only those responses remained within

the tip-area function calibration.) For these samples, the

presented Er may exhibit a small error due to the creep. Also

for EtEt at 9% RH, the Er may be slightly affected, as the

displacement rate at the start of the unloading was only 7 times

the creep rate at the end of the hold period. For all other

results presented in Fig. 4, this error source can be neglected.

The modulus of diblocks with Et, Me (and Phe) is affected

by humidity. This corresponds with the observation that these

materials, after equilibrating with ambient humidity, lose

weight (Table 2) that can be attributed to water loss, when the

material is heated during a TGA measurement (degradation of

these polymers typically occurs at much higher temperatures,

.350 uC).9 The relatively small decrease of Er for PhePhe

with increasing humidity can be explained by the high glass-

transition temperature; therefore, in spite of the water present,

the material remains glassy. The weight loss of the NonNon

was much smaller. The stiffness of MePhe and PheMe

decreased much more with increasing humidity than did the

stiffness of EtPhe and PheEt (Fig. 4 and 5); this is explained by

their respective water content at ambient humidity (Table 2).

Fig. 5 Comparison of Er obtained at several humidity levels and with

two types of indenters for several selected samples.

Table 2 Weight loss during thermal gravimetric analysis (TGA)
between 80 uC and 140 uC on selected (co)polyoxazoline materials that
were prior to TGA measurements approximately in equilibrium with
ambient humidity

Material Weight loss (%)

MeMe 6.2
EtEt 2.3
NonNon 0.4
PhePhe 3.6
MePhe 4.3
EtPhe 1.4
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More detailed gravimetric measurements revealed that the

weight gain of dried EtEt35 and of dried polyethyloxazoline–

polyethersulfone blends36 upon exposure to higher humidity

equals the weight loss after subsequent drying. This reversi-

bility supports the statement that water absorption is the cause

for the observed softening.

Fig. 5 shows also that the type of indenter geometry used

during the experiments (sphere or Berkovich) caused only

minor differences. The comparison between the two indenter

geometries and the two instruments is not explored further, as

the current materials are not very suitable for these compara-

tive investigations due to the dependency of the modulus on

humidity.

The number of reports on the effect of humidity on the

elastic modulus of glassy polymers is relatively small. This

effect is reported for poly(methylmethacrylate) (PMMA)

where E decreases by 0.44 GPa with an increase in RH from

0 to 100%,37 and for polycarbonate (PC).38 For (semicrystal-

line) ethylene–vinyl alcohol copolymers (29 mol% ethylene

content) a drop in E from 3.0 to 1.9 GPa is reported upon a

humidity increase from 0 to 53% RH;39 for starch a drop

from 2.4 to 1.5 GPa is reported for an increase from 32 to

90% RH.40 Compared to these numbers, some of the drops

in Er reported in this work (for instance for PheMe) are

surprisingly large.

Conclusions

Using depth-sensing indentation, for a diblock copoly(2-

oxazoline) library the elastic moduli were screened in a HTE

approach. No elastic moduli have been reported for these

materials before. Depth-sensing indentation was successful,

while sample preparation for standard macroscopic tensile or

compression testing often fails for such brittle materials. At

low RH, the homopolymers that were below their glass-

transition temperature (methyl-, ethyl-, and phenyloxazoline)

exhibited an elastic modulus Er of 5 to 8.5 GPa. The Er of

the nonyloxazoline homopolymer (1.0 GPa) was lower, as the

material was tested above its Tg. Crystallization of the

nonyloxazoline prevented the modulus from decreasing into

the range typical for amorphous polymers above Tg. The Er

of poly(ethyloxazoline) at low RH was low compared to

poly(methyloxazoline) and poly(phenyloxazoline). The Tg of

totally dry poly(ethyloxazoline) is only 34 uC above room

temperature. Due to water uptake from the surrounding

atmosphere, even at low RH, Tg is decreased and, as Tg

approaches the temperature at which the measurements were

performed, Er is decreased as well. The Er of poly(methyl-

oxazoline) was higher than that expected for glassy polymers.

This high Er is attributed to hydrogen bonding or polar

interactions between polymer chains. The Er of AB diblock

copolymers were between those of the A and B homopolymers.

The Er of copolymers with one poly(nonyloxazoline) block

(y1.7 to 2.4 GPa at low RH) were closest to the Er of

poly(nonyloxazoline), which is consistent with the glassy phase

being the minority volume fraction of such a copolymer. At

higher humidities, the Er of the poly(methyloxazoline) and

poly(ethyloxazoline) decreased dramatically, which is caused

by water uptake from the surrounding. The influence of

poly(oxazoline) side groups on the elastic modulus and on

the response to humidity conditions provides interesting

opportunities for tuning and optimizing polyoxazoline-based

polymers for high performance applications which require,

alongside other functionalities that copoly(oxazoline)s can

offer, specific mechanical properties.
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