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ABSTRACT: The purpose of this study was to synthesize copolymers of different molecular architecture, i.e.,
monomer distribution over the polymer chain, and to compare their physical and mechanical properties. A series
of random copolymers of 2-ethyl-2-oxazoline (EtOx) and 2-nonyl-2-oxazoline (NonOXx) were synthesized via a
cationic ring-opening polymerization procedure in acetonitrile under microwave irradiation. The polymerization
kinetics for EtOx and NonOx were studied in refluxing butyronitrile using thermal heating. The resulting kinetic
data were applied to synthesize a series of block copolymers with the same chemical composition as the random
copolymers. The random and block copolymers exhibited the desired composition, molecular weight, and narrow
molecular weight distribution. The surface energies of the random copolymers witB56&t % NonOx were

higher than the surface energy of their block copolymer counterparts as the random distribution of EtOx units
hindered the segregation of the NonOx units to the surface. The variation in polymer architecture also resulted
in different phase segregation behavior and different transition temperatures, as shown by differential scanning
calorimetry (DSC). The observed elastic moduli, which differed considerably between the random and the block
series, were well explained by the phases identified through DSC.

1. Introduction relationships (regarding properties such as glass transition,
melting point, surface energy, crystallographic data, adhesion,
etc.) of random and some block copoly(oxazoline)s with various

allows facile preparation of well-defined (co)polymers, including side groups®~#! In the current V\{0rk, we report the synthesis
amphiphilic copolymer& The CROP can be initiated by a strong and strut_:tureproperty relationships for cppolymers of 2-ethyl-
electrophile (here, methyl tosylate) that is attacked by the 2-0xazoline (EtOx) and 2-nonyl-2-oxazoline (NonOx), a system
endocyclic nitrogen of the 2-substituted-2-oxazoline to form an NOt yet discussed in the literature. Furthermore, a direct
oxazolinium ring (Scheme $):8 The G-0O bond of this cationic comparison between the properties of both the random and the
ring is weakened, and propagation occurs by the nucleophilic block architecture is made at EtOx:NonOx compositions
attack of the next monomer on this carbon atom. After all the Systematically varied from p(EtOx) to p(NonOx). The block
monomer is consumed and the reaction is complete, a secondcopolymers were synthesized under reflux temperature using
monomer can be added to form a block copolymer or the conventional heating, whereas the random copolymers were
polymerization can be terminated by the addition of a nucleo- synthesized using microwave heat##d=or the polymerization
phile (e.g., water). of block copolymers, butyronitrile was used as solvent. This is
Depending on the utilized monomers, the properties of the a less common solvent, and therefore the kinetics of this system
resulting poly(2-oxazolines) can be easily varied. Methyl and were investigated before the block copolymerizations were
ethyl side groups result in water-soluble polymers, whereas performed. Surface energies of the synthesized copolymers were
longer alkyl or aromatic groups result in hydrophobic poly- determined using contact angle measurements, and thermal
mers?®10 The combination of such monomers in one polymer transitions were measured via differential scanning calorimetry
chain provides facile synthesis of amphiphilic copolymiérs, (DSC). The presence of crystalline or amorphous phases, as
which are then amenable to applications such as micellar indicated by DSC, was related to the elastic modulus of each

The living nature of the cationic ring-opening polymerization
(CROP) of 2-substituted-2-oxazolines, discovered in 19866,

catalysis, drug delivery, and biomimicking hydrogél#? It is copolymer obtained from depth-sensing indentation. The dis-
known that, in general, the monomer distribution can have a tripution of the monomer units along the polymer chain
significant influence on the properties of the polym¥. Cai significantly affected the observed physical and mechanical

and Litt described the synthesis and several struetpreperty properties. Both the synthesis and screening of the libraries of
random and block copoly(2-oxazoline)s were performed using
* Corresponding author: Fax-31) 40 247 4186; e-mail u.s.schubert@ @ high-throughput workflow, demonstrating the power to screen
tuenl. N _ and optimize polymer properties as well as to gain fundamental
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understanding of structurgoroperty relationships in polymer
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Scheme 1. Schematic Representation of the Living Cationic Ring-Opening Polymerization of 2-Substituted 2-Oxazolines, Initiated by
Methyl Tosylate
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a SCK-10A system controller, a LC-10AD pump, a RID-10A
refractive index detector, and a PL gelB Mixed-D column at

50 °C utilizing a chloroform:triethylamine:isopropanol (94:4:2)
mixture as eluent at a flow rate of 1 mL mih The molecular
weights were calculated against polystyrene standards. Gas chro-
matography (GC) measurements were performed on an Interscience
Trace GC equipped with a PAL autosampler, a special liner, and a
Trace Column RTX-5'H NMR spectra were recorded on a Varian

2. Experimental Section

2.1. Synthesis2-Ethyl-2-oxazoline (EtOx, Aldrich), 2-nonyl-
2-oxazoline (NonOx, Henkel), and methyl tosylate (MeOTs,
Aldrich) were distilled and stored under argon. Acetonitrile (ACN,
Biosolve Ltd.) and butyronitrile (BCN, Aldrich) were dried over
molecular sieves (3 A). Kinetic studies as well as the block
copolymerizations were performed on a Chemspeed ASW2000
automated synthesizer with a reactor block with 16 reaction vesseIsM 400 ; ¢ ing deuterated GHCI
of 13 mL. These reaction vessels were equipped with a heating ercury spectrometer using deuterated GH )
jacket connected to a Huber Unistat 390 W cryoste®( to 150 Contact anglc_a meas_urements were performed on polymer films
°C). All reaction vessels were equipped with coldfinger reflux Prepared by spin-coating of chloroform solutions (20 mg/mL) of
condensers that could be controlled fremd to 45°C. Agitation th? polymer on precleam_ad microscopy slides at 1000 rpm for QQ s
of the reaction mixture is performed by a vortex movement of the USing & WS-400/500 series spin-coater from Laurell Technologies
reactors. An inert atmosphere was maintained by applying a 1.1 Corp. An automated OCA30 optical contact angle measuring
bar argon flow over the reaction vessels and a 1.5 bar argon flow instrument from Pataphysms was used to determine the contact
through the hood of the automated synthesizer. Random copoly-""”gIes of both diiodomethane and ethylene glycol as apolar and
merizations were performed in capped reaction vials uniquely polar test liquids, respectively, using the equation-of-state theory
designed for the single-mode microwave system Emrys Liberator t0 calculate the surface energy (SE).

(Biotage). These vials were heated and cooled under argon before Thermal transitions were determined on a DSC 204 F1 Phoenix
filling with chemicals. The polymerizations were quenched by the by Netzsch under a nitrogen atmosphere froft00 to 170°C with
addition of water. a heating rate of 40 K mirt for the glass transition temperature

Kinetic Investigation of Homopolymers. The inert atmosphere ~ and a heating rate of 10 K mi#for the melting temperature. (The
in the hood of the Chemspeed ASW2000 was obtained by flushing first heating run to 170C, which was followed by a cooling run
with argon for at least 45 min. Before the reactions were started, at 40 K mir%, was not considered for the subsequent calculations.)
the reaction vessels were heated to 120evacuated for 15 min,  For p(EtOxg-r-NonOxy), p(EtOx%or-NonOx), and p(EtOxg-r-
and subsequently filled with argon. This procedure was repeated NonOx), DSC measurements were repeated with an annealing
three times to create an inert atmosphere in the reaction vesselsperiod before the last heating step in the DSC measurement program
Pure 2-oxazoline and stock solutions of methyl tosylate were to provoke crystallization. The annealing was performed at@0
transferred into the 13 mL reaction vessels, resulting in 4 M for 24 h for p(EtO%e-r-NonOx) and p(EtOxg-r-NonOxs) and
concentration of monomer for 2-ethyl-2-oxazoline an®iM for for 10 min (preceded by slow unassisted cooling from 200 to 40
2-nonyl-2-oxazoline with a monomer-to-initiator ratio of 60. The °C) for p(EtOxo-r-NonOxs).
mixtures were heated up to 13Q under vortexing at 600 rpm for The elastic moduli of the materials were characterized via depth-
~40 min with the reflux condensers set ab °C. During the sensing indentation (DSI) on spots of the copoly(oxazoline)
reaction time, samples were automatically transferred to 2 mL vials materials, drop-cast from a solution of the polymer in chlorofétm.
prefilled with chloroform saturated with water at suitable time These polymer films were dried for 3 weeks at ambient humidity
intervals. and another 3 weeks at 4C in vacuum. DSI was conducted at

Random Copolymerizations.Microwave vials were heated at 5.4+ 0.4% relative humidity (RH) using a Tribolndenter (Hysitron
105°C for at leas2 h and cooled down under an argon atmosphere. Inc., Minneapolis, MN) with a NanoDMAO6 transducer equipped
The ASW2000 automated synthesizer (flushed with argon for 1 h) with a diamond Berkovich (three-sided pyramid) indenter. For
performed filling of these vials. Pure monomers (varying amounts) quasi-static testing, a 10 s loading, 10 s hold at maximum load,
and a stock solution of methyl tosylate (14.9 mg, 0.08 mmol) in and 2 s unloading profile were applied, and the reduced modulus
423 ul of acetonitrile were transferred into the microwave vials, E; was determined from the unloading respotfsé Measurements
resulting in a total 2-oxazoline concentration of 4 M. The monomer- were repeated at eight maximum loads, decreasing in steps of 300
to-initiator ratio was kept constant at 100, and the total reaction uN from 2400 to 300uN. The first two replicates of each
volume was 2 mL. The vials were capped and mixed and samplesexperiment were not analyzed to minimize effects of thermal drift.
were automatically transferred to GC vials prefilled with chloroform From the reduced modulus,, the indentation modulug; was
saturated with water. The polymerization mixtures were heated to calculated using the elastic modulus and Poisson’s ratio of the
140°C using the single-mode microwave system Emrys Liberator diamond indenter, 1100 GPa and 0.07, respectively, and a Poisson’s
(Biotage). For the random copolymers two different reaction times ratio of 0.4 for the polymeric materig}:2® The E of polymers
were performed: one to full conversion (reaction time of 600 s) slightly exceeds the value & obtained by uniaxial tension due to
and one where only a part of the monomer reacted to determineseveral factors including high strains relative to the elastic limit,
the reactivity ratios (reaction time of 180 s). After the reaction was superposed hydrostatic stress, and assumptions of contact at the
finished the polymerizations were terminated by addition of water. indent perimete?*2” Storage modulE’ and loss tangent tahwere

Block Copolymerizations.Block copolymers were synthesized determined using the Tribolndenter nanoDMA (nanodynamic
in a similar manner as described for the kinetic investigations of mechanical analysis) module, whereby an oscillating load (nomi-
the homopolymers using a total monomer-to-initiator ratio of 100, nally 10uN, frequency 20 Hz) was superimposed over the quasi-
whereby the first block was synthesized, and after a predefined static load (nominally 30@N). The storage modulus' and tand
time, a second monomer was added from a stock solution (varying are calculated from the ratio and the phase lag between the applied

amounts) to prepare the block copolymers.
2.2. Characterization TechniquesSize exclusion chromatog-

load oscillation and the resulting displacement oscillatfof? The
latter was between 0.9 and 4.5 nm in amplitude. The presented

raphy (GPC) was measured on a Shimadzu system equipped withstorage modulE’ have been converted from “reduced” to “indenta-
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Figure 1. Relation between the fraction of EtOx in the monomer feed
(f1) and the incorporated fraction of EtOx in the random copolymer
(F1) at~50% conversion. The reactivity ratios are determined utilizing
nonlinear least-squares fitting of the data.

tion” storage moduli via the same procedure as described above
for the quasi-static results. Five experiments were conducted on

both duplicate samples of one copolymer material; the first two
were disregarded to minimize effects of thermal drift, and the

average and standard deviation out of the six remaining measure- ]

ments are reported.

3. Results and Discussion

3.1. Random Copolymerizations.A systematic series of
statistical copolymers consisting of EtOx and NonOx were
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Figure 2. (A) Selected SEC traces of Et@xNonOx copolymers with

synthesized by varying the monomer feeds. The polymerizationsdifferent amounts of NonOx content (SEC eluent: C®ith 2%

were performed in acetonitrile at 14@ under microwave
irradiation with a total monomer concentratiohd M and a
[M]/[1] ratio of 100. The polymerization mixtures were auto-

isopropanol and 4% triethylamine). (B), and PDI values of the EtOx-
r-NonOx copolymers resulting from SEC analysis.

matically prepared in an ASW2000 synthesis robot as reported Molecular weight of this monomer and the constant monomer:

previously3! Polymerization mixtures with-8100 mol % (in
increments of 10 mol %) of NonOx were prepared and
polymerized to full conversion in 10 min at 14 under
microwave irradiation according to a kinetic study previously

initiator ratio of 100. However, it should be noted that the
calculatedVl,’s are lower than the theoretichl,’s, which can
be ascribed to the used calibration (PS standards).

3.2. Block Copolymerizations.Whereas the EtOxNonOx

reported®? In addition, a second series of the same reaction random copolymerizations were synthesized using pressurized
mixtures was prepared and polymerized for 3 min up to half microwave conditions, the sequential block copolymerizations
conversion to determine the reactivity ratios of the copolymer- were performed under reflux with thermal heating to simplify
izations. For living polymerizations, the reactivity ratios should the addition of the second monomer. The polymerization solvent
be calculated at monomer conversions of 20% or higher becausevas changed from acetonitrile (boiling point 82) to buty-

the monomer reactivities during initiation may differ from the ronitrile (boiling point 115-117°C) to allow a higher reaction
monomer reactivities during propagation of the polymerization temperature (and thus accelerated polymerization) when working
reaction®334also, for the CROP of 2-substituted-2-oxazolines under reflux conditions.

the polymerization rate during initiation differs from the Prior to the synthesis of block copolymers in butyronitrile,
propagation raté>-36 The incorporated monomer fractior) the kinetics of the homopolymerizations were investigated in
at half conversion (determined B NMR spectroscopy) are  refluxing butyronitrile to identify the required optimal polym-
plotted against the theoretical compositids) (n Figure 1. The erization times. These kinetic investigations were performed in

reactivity ratios for the statistical copolymerization of EtOx and
NonOx were determined utilizing nonlinear least-square fitting
of the data shown in Figure®*1and were equal to unity within
the standard deviation (Figure 1), indicating the formation of
truly random copolymers. Similar reactivity ratios were also
reported in the literature for the copolymerization of EtOx and
NonOx using benzyl bromide as initiator atNJN-dimethyl-
acetamide as solvent at 10€ with thermal heating® The

an automated Chemspeed ASW2000 synthesis F8dBIOx

and NonOx polymerization mixtures were prepared in buty-
ronitrile with methyl tosylate as initiatpr4 M monomer
concentration for EtOx, ah2 M monomer concentration for
NonOx using a monomer-to-initiator ratio of 60. These polym-
erization mixtures were heated to reflux (set temperature of 130
°C), and samples were automatically transferred to 2 mL vials
at suitable time intervals to investigate the polymerization

copolymerizations that were carried out aiming for full conver- kinetics. The samples were analyzed by gas chromatography
sion yielded copolymers with the desired compositions (deter- (GC) and SEC to determine the monomer conversions as well
mined byH NMR spectroscopy; not shown). Size exclusion as the molecular weight (distributions), respectively. The
chromatography (SEC) of the copolymers revealed monomodalresulting first-order kinetic plot and, as a function of
molecular weight distributions with polydispersity indices (PDI) conversion are shown in Figure 3. The first-order kinetic plot
below 1.20 (except p(EtQ¥r-NonOxyg), PDI = 1.34), indicat- (Figure 3A) is linear for both monomers, demonstrating a
ing good control over the polymerization reactions (Figure 2). constant concentration of propagating species during the
In addition, the number-average molecular weig)(increased polymerizations. The slope of the first-order kinetic plot for the
with increasing mole fraction of NonOx because of the higher NonOx polymerization @2 M ([MeOts] = 0.033 M) is half
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Figure 3. (A) Reaction kinetics (GC) obtained from automated Figure 4. (A) Selected SEC traces of the EtOx polymers (first block)
screening of the 2-ethyl- and 2-nonyl-2-oxazoline polymerization in and the corresponding EtGxNonOx copolymers with different
refluxing butyronitrile ((M}/[I] = 60, methyl tosylate as initiator). (B) ~ amounts of NonOx content (SEC eluent: CH@ith 2% isopropanol
M, against conversion plot for the kinetic screening of the 2-ethyl- and 4% triethylamine). (BM, and PDI values of the EtGi-NonOx

and 2-nonyl-2-oxazoline polymerization in butyronitrile. copolymers resulting from SEC analysis.
the slope of the first-order kinetic plot for the EtOx polymer- 107 = EtOx-b-NonOx o
ization & 4 M ([MeOTs] = 0.066 M), indicating that the T ‘/,;
polymerization rate for both monomers is similar. The linear s n
increase of number-averaged molecular weight,)( with 2 06 w’
conversion and the corresponding low PDIs further demonstrate 24 Pl
the living nature of the polymerization of both monomers in g 0.4+ a7
butyronitrile (Figure 3B). ° et

On the basis of the determined polymerization kinetics, the f:f 02y %
polymerization times required for the synthesis of the EtOx: < 00 L7

04w

NonOx block copolymers in refluxing butyronitrile were
calculated. The monomer compositions of the block copolymers
were similar to that of the random copolymers (ranging from O
to 100% NonOx in increments of 10 mol %), having a total Figure 5. Actual composition plotted against theoretical composition,
degree of polymerization of 100. The EtOx:NonOx block measured byH NMR for the EtOxb-NonOx copolymers.

copolymers were synthesized in an ASW2000 automated

synthesizer using a sequential monomer addition procedure,spectroscopy indicated that all EtOx:NonOx block copolymers
whereby the EtOx was used for the first block and NonOx was consisted of the desired compositions except for p(gdDx
added as second block. After the polymerization of monomer NonOx) (Figure 5). Since the p(EtQ@xb-NonOx) copolymer
EtOx (4 M monomer concentration) for a predefined reaction does not have the desired composition and exhibits an unexpect-
time, a sample was taken from the reaction mixtures to analyzeedly broad molecular weight distribution, this polymer is
the first block. Subsequently, neat NonOx was added into the excluded from further discussion.

reactor and the polymerization was continued. The end samples 3.3. Surface Energies of the Synthesized Copoly(2-oxazo-
were analyzed by SEC aritH NMR spectroscopy. Selected line) Series.The surface energies (SE) were investigated for
SEC traces of some first blocks and the corresponding block the two successfully synthesized copolymer series by contact
copolymers are shown in Figure 4A, demonstrating the suc- angle measuremeftof two different test liquids on spin-coated
cessful block copolymerizations. Figure 4B depicts the SEC polymer films. Since p(NonOx) has a surface energy~@2
results obtained for the first blocks and the final block mN m~!and p(EtOx) around 45 mN m, the SE should range
copolymers demonstrating that thd, of the first blocks between these two values throughout the copolymer s#ries.
decreased with increasing NonOx content and the fiigs Figure 6 shows the determined surface energies for the EtOx:
increased. Furthermore, the first blocks and the block copoly- NonOx random and block copolymer series as a function of
mers revealed polydispersity indices below 1.2 (except for the chemical composition. The random copolymers exhibited a
aimed combination of p(EtQ¥b-NonOx), PDl piock o = 1.44), slight decrease in SE up to 70 wt % of incorporated NonOXx.
indicating good control over the polymerization$i NMR Above 70 wt % NonOx, the SE decreases gradually to 22 mN

00 02 04 06 08 10
Theoretical composition (f,)
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Figure 6. Surface energies calculated from the contact angles of
diiodomethane and ethylene glycol for the random and block EtOx-
NonOx copolymers. A sigmoidal fit is used to fit the data.
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NonOx. With increasing NonOx content, boify, and the
melting enthalpy (not shown) increase, as less EtOx side chains
disturb the crystallizatioft For the block copolymer series, the
melting enthalpy increased with increasing NonOx content, as
the volume fraction of the crystalline phase increases with
increasing NonOx content.

For the p(EtOxyr-NonOxi), p(EtOxq-r-NonOxg), and
P(EtOx0-r-NonOxs0), NonOx content of 57, 67, and 75 wt %,
respectively, DSC measurements were repeated with an anneal-
ing period before the last heating step in the DSC measurement
program. As the annealing temperature {4 is above thdy
of these materials, appreciable polymer chain segmental motion
is possible and can facilitate crystallization. No melting peak
was observed for p(EtQxr-NonOxyg) after 24 h annealing at
40 °C, indicating that this material remains amorphous. After
annealing p(EtOsg-r-NonOxso) and p(EtOxo-r-NonOxsy), a

m-1, which is ascribed to a sufficient NonOx content to cover Melting peak was observed that was not measured without
the majority of the surface with nonyl side chains by preferential @nnealing, indicating that a crystalline phase was nucleated upon
orientation. Nonetheless, the random incorporation of EtOx annealing.
prevents complete surface coverage by NonOx, which explains  The phases expected to be present at room temperature, based
the gradual decrease in SE. In contrast, the SE of the block©on the DSC results, are summarized in Table 1. The crystalline
copolymers is constant at42 mN nT ! up to 60 wt % NonOx,
while increasing the NonOx content further results in a sharp may contain some EtOx as well. Similarly, the amorphous
decrease of SE to 22 mNTh The nonyl side chains in the
block copolymers can, compared to the nonyl side chains in P(NonOX) is described as “crystalline”, though this polymer may
the random copolymers, cover the surface more easily. Anneal-be either fully crystalline or semicrystalline: it may contain
ing of both copolymer series at 8C for 20 h resulted in slightly
lower SE’s (results not shown) but exhibited the same trends to detect via the DSC heat flow.
as before annealing.
3.4. Thermal Transitions of the Synthesized Copoly(2-
oxazoline) SeriesThe thermal transitions of the two copolymer
materials were investigated by differential scanning calorimetry and amorphous material that is at room temperature albgve
(DSC); a melting peak in the DSC reveals the presence of Although these two phases are thermodynamically sirfiflar,
crystalline regions (at temperatures below the melting transition), their mechanical behavior is very different as described in the
while a glass transition reveals the presence of amorphousnext section.
regions. The determined melting temperatufg)(and glass
transition temperatureTg) of the synthesized copolymers are oxazoline) Materials. Although all polymers are viscoelastic
depicted in Figure 7.
The Ty of p(NonOx) is lower than thély of p(EtOx)*°
Therefore, for the EtOx:NonOx random copolymers Tids
reduced with increasing amount of NonOx. In contrast, T
of the block copolymers containing 382 wt % NonOXx is close
to the Ty of pure p(EtOx): as a large fraction, or all, of the GPa*! As testing temperature approacfigsE andE' gradually
NonOx segregates into a NonOx-rich (semi)crystalline phase, decrease; abovg, the thermal energy of the polymeric chains
the glassy phase does not contain as much NonOx as for theis large enough that segments of the polymer chain can
random series.
At higher amounts 82 wt %) of NonOx, the random
copolymer material also comprises a crystalline phase, with a 100 MPa for amorphous materials. The exact temperature range
melting temperature that is considerably lower than for the pure over which the mechanical behavior changes from the glassy

phases will be richer in NonOx than the amorphous phase but

phases may contain some NonOx. In Table 1, the pure

amorphous regions that comprise a too small volume fraction

In view of the mechanical properties that will be discussed
later, Table 1 distinguishes between amorphous material that
is, when probed at room temperature, beldyv(i.e., glassy)

3.5. Mechanical Properties of the Synthesized Copoly(2-

and thus exhibit mechanical properties that depend on time and
temperaturé>#? glassy polymers (i.e., amorphous polymers
characterized beloviig) generally exhibit an effective Young’s
elastic modulug (via uniaxial tension) or storage modulks

(via dynamic mechanical analysis) of approximately-24%

overcome the secondary bonding among chains, resulting in
appreciable segmental mobility and in an elastic modulus below

160
_.d_'-———-rl-'i;l = T _EtOx-b- NonOx
_ 1404 x- A | A& T EtOx-r-NonOx
O 1204 A 4 T annealed EtOx - r - NonOx
. Fe
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Figure 7. Glass transition temperatures and melting temperatures for the random and block EtOx:NonOx copolymers.
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Table 1. Phases Expected To Be Present at 2& for the Studied Compositions Based on the DSC Data Shown in Figure?7

composition, wt % (mol %) NonOx 0(0) 18 (10) 357 (20-40) 66-82(50-70) 88-100 (80-100)
block series glassy disregarded crystalline+ glassy crystallinet glassy crystalline
random series glassy (amorphous with amorphous above crystalline+ crystalline
Ty > 25°C) or belowTy amorphous above or
below Ty

aMaterials are listed as containing a crystalline phase if their DSC trace exhibited a melting peak after annealit@ fair 4irations up to 24 h or
already after no annealing at allOne sample is not included in the table as the SEC'BNSMR showed that it did not possess the chemical characteristics
aimed for.

1000 0 33 100 82 57 Table 2. Comparison of the Reduced ModuliE; for All Materials
A @ (20)(100) (70) ~ (50) That Had a Corresponding Counterpart in a Previous Work2*

7

current work previous work

E;2 E; E,
sample name (GPa) (GPa) sample name (GPa)

p(EtOx) random series 4.3 5.1 EtEt 5.1
p(EtOx) block series 4.3 5.1

p(NonOx) random series 0.72 0.86 NonNon 1.0
p(NonOx) block series 0.80 0.96

P(EtOx%0-b-NonOxs0) 1.7 2.0 EtNon 2.1

2The indentation modulk; are calculated from the reduced modkgli
as described in the Experimental Section.
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& copolymer materials with a block architecture exhibited a higher
I B 5 j A Ettg*-b-:ono* stiffness than the random copolymers with corresponding
all R KPR compositions (Figure 8B). This is caused by the higher degree
R e | T of crystallinity and the larger difference between thkjis and
3 R the testing temperature (room temperature) of the block
h copolymers compared to the random copolymers (Table 1 and
- Figure 7), as discussed in more detail throughout this section.
LN The obtained elastic moduli obtained via DSI for the
homopolymers and the block copolymer with 50 mol % NonOx
agree well with previously reported results for polymeric
0 20 40 80 80 100 materials of identical chemical composition and chain length
Composition (wt.% NonOXx) (Table 2)2* The variation ir&;, which may be due to differences
Figure 8. (A) Selected load-displacement responses for the EtOx- in synthesis conditions (e.g., polymgrlzatlon was conducted in
NonOx copolymers at 5.4% RH: wt % (mol %) NonOx are indicated anqther solvent for the random series compgre.d. to the block
for each response. (B resulting from analysis of up to six load series) and batch-to-batch and operator variability, was only
displacement responses. small. The sample codes that were used in the previous work
are included for easy comparison. (Presented data for each series
to rubbery response depends on the method and time scale ofvere obtained on two duplicate drop-cast samples. Standard
mechanical testing42For semicrystalline materials, the elastic deviations, omitted in Table 2, can be found in the graphics
modulus drops alg to approximately 0.51.0 GPa, the exact  and are typically 0.05 GPa.)
value depending on the degree of crystallirfity. The random copolymers with 18 and 33 wt % NonOx
Typical load-displacement responses as measured via depth-exhibited a lowelE; than pure p(EtOx). At room temperature,
sensing indentation (DSI) at 5.4% relative humidity (RH) are these materials are still below their,, but the difference
shown in Figure 8A. Pure p(EtOx) was more resistant to contact between their glass transition temperatures and room temperature
loading than pure p(NonOx), in that p(EtOx) exhibited a smaller is smaller than for p(EtOx). Because of the hygroscopic nature
depth of penetration when loaded up to the same maximum of p(EtOx), this difference will be even smaller than th@5
applied load. Additionally, the creep compliance of random and ~15 °C, respectively, indicated in Figure 7. Traditional
copolymers with intermediate NonOx content (e.g., 57 wt % mechanical testing of bulk amorphous polymers shows that the
NonOx in Figure 8A) was considerable, as indicated by large change in the elastic modulus at the glass transition occurs
displacement of the indenter at constant, maximum applied load; gradually**~43 Thus, the decreasds] of these random copoly-
this appreciable creep complicated the inference of elastic mers with respect to pure p(EtOx) is not unexpected.
properties from DSI but qualitatively indicated lower resistance  For the random copolymers with 46 and 57 wt % Non8x,
to deformation over the time scale of the DSI experiment could not be determined using quasi-static DSI. The quasi-static
(loading in 10 s and 10 s hold time at maximum load) compared analysis assumes predominantly elastic material behavior upon

E, (GPa)
(%]
£ 3
ot
@

to pure p(EtOx) or p(NonOx). initial decrease of the load on the inder@#7-3°For those two
The indentation modult; obtained from the analysis of these random copolymers, this was clearly not the case: upon
load—displacement responses are shown in FigureEBB= 4.3 unloading, the probe initially continued to displace into the

GPa was found for p(EtOx), a typical value for tBeof a glassy material (46 wt % NonOx) or remained at the same depth (57
polymer.E; of p(NonOx) is~0.8 GPa (Table 2). This higher wt % NonOx) due to the appreciable creep. The creep
stiffness than typically measured for a polymer probed at a compliance of these two materials was large compared to glassy
temperature above ity is due to the crystallinity of this  or semicrystalline polymeric materigtéIn addition, all mea-
material?* At intermediate compositions, the EtOx:NonOx surements on these materials (46 wt % NonOx) or all but one
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51 EtOxr-NonOx viscoelastic response to the load impeded the determination of
=l - 4 - Quasistatic result E, E from the quasi-static DSI experiments, but dynamic indenta-
4] ~ ! . . . . .

o il - - - Storage modulus E' tion, which probes the reversible (viscoelastic) response to a
:(2« 3 bt L small contact load oscillation (here, at a frequency of 20 Hz),
i1l 'Y was performed succesfullig exhibited a gradual decrease with
2l i ) increasing NonOx content. For the random copolymers with
il i3 o £ 3 W up to 57 wt % NonOx, tad increased with increasing NonOx
0L l = content; at 57 wt % NonOx, the majority of the energy produced
[~ & - EtOx-r-NonOx F03 @ R Lo
- & -EtOx-b-NonOx,- - 8~ Loo 2 by the probe oscillation was dissipated, presumably as heat.
& i i SN & Large heat dissipation relative to the elastically stored energy
T P THIN '65_' _.go o] is typical for a material that is close to ifg.** When the NonOx

content increased even further, tddecreased. The difference
] ) between the storage modulgsat 20 Hz and the quasi-static
Figure 9. Storage modulu&’ (random series only) and loss tangent i qqylusk; decreased as well (Figure 9). We conclude that the
tano (random and block series) obtained by dynamic indentation (5.6 d in tad. which indicat f . t
+ 0.4 % RH); quasi-stati&; results are included for comparison. : ecrease In t& ’_W Ic |r_1 Icates a smaller viscous Comp_onen

in the viscoelastic material response, was caused by the increase

(57 wt % NonOx) were outside the depth range of the calibrated in the degree of crystallinity upon increasing NonOx content.
probe area function that was employed to deterntinérom The E' of the block copolymers (not shown) exhibited the
DSI experiments. The large time-dependent deformation for Same decrease with increasing NonOx content as did the quasi-
materials that are close T when probed at room temperature  static moduli Ei.. At intermediate compositions, the block
is attributed to the chain length: the poly(oxazoline)s discussed copolymer materials were probed at a temperature well below
in this study are only 100 monomer units long (see Scheme 1 their Tg and contained a larger crystalline volume fraction than
for the structure of the units), which results in only a small their random copolymer counterparts. Therefore, tarat
number of entanglements per polymer ch&ifthe moduli intermediate NonOx contents is lower for the block architecture
displayed in Figure 8B for the random copolymers with 33, than for the random architecture (Figure 9).

67, and 75 wt % NonOx should be treated with circumspection,

as creep somewhat affected the analysis accufacy. 4. Conclusions

We note that, prior to DSI, all samples were dried for 3weeks  We have demonstrated the successful synthesis of random
at 40°C to remove the solvent used during deposition of the EtOx:NonOx copolymers under microwave irradiation. In
polymer spots. During this drying, crystallization could occur. addition, the reactivity ratios were determined revealing the
This crystallization reduced the time-dependent deformation of formation of random EtOx:NonOx copolymers. Furthermore,
the random EtOx:NonOx copolymers with 75 and 67 wt % the kinetics of EtOx and NonOx polymerizations in refluxing
NonOx, so that the material behavior upon unloading was butyronitrile with conventional heating were investigated. This
predominantly elastic an could be obtained. However, only  kinetic study was used as basis for the synthesis of well-defined
little or no crystallization occurred for the random copolymers EtOx:NonOx block copolymers with similar monomer composi-
with 57 and 46 wt % NonOx. The hypothesized low degree, or tions as the corresponding random copolymers. SEC*hind
even absence, of crystallinity for these materials is supported NMR spectroscopy showed that the random and (nearly all of)
by the absence of any observable melting peak in the DSC tracethe block copolymers exhibited the desired chemical composi-
after 24 h annealing for the random copolymer containing 57 tion, molecular weight, and narrow molecular weight distribu-
wt % NonOx (Figure 7). As theilTy was close to room tion.
temperature and only little or no crystallization had taken place,
the time-dependent deformation of the random copolymers with g4 e energies showed that the block copolymer organization
57 and 46 wt % NonOx was too large to determiieobustly. results in a more effective NonOx enrichment at the surface

For block copolymers with a composition between the pure and therefore a pronounced decrease in the surface energy at a
glassy phase and the pure crystalline ph&sés expected to  critical NonOx content £65 wt % NonOx), whereas the
be a volume-weighted average of the modulus of the glassy transition is more gradual for the random organization. The
phase and the crystalline phd8ewith increasing NonOXx  monomer distribution along the copolymer chains significantly
content, the volume fraction of the crystalline phase will be affected both the nature of the phases present and their transition
increased, and thus the block copolymer elastic properties will temperatures. The volume fractions of the amorphous and the
increasingly reflect those of the pure crystalline phase. Indeed, crystalline phases as well as the location of the glass transition
Ei gradually (and almost linearly) decreased from that typical temperature with respect to room temperature governed the
for the glassy phase-4.4 GPa) to that typical for the crystalline  mechanical properties. For random copolymers with intermediate
phase {-0.8 GPa). In conclusion, at intermediate composition EtOx:NonOx composition, the EtOx units disturb the crystal-
the copolymer material with block architecture exhibited stiffer Jization; further, the long NonOx side chains increase the
material response than the random architecture, as the blockfiexibility in the amorphous phase, thereby decreasingThe
copolymer material has a higher degree of crystallinity and a This results in a lower degree of crystallinity and a lowgr
higher Ty than the random copolymer material (N.B.: for (j.e., closer to room temperature) for these random copolymers
systems based on other monomer units, the degree of crystalcompared to their block copolymer counterparts. (The NonOx
linity may have the opposite effect on the stiffness compared in the block copolymers can segregate more easily into NonOx-
to the current study): rich crystalline regions.) Therefore, random copolymers at

The relative storage modulE' and loss tangents tan intermediate EtOx:NonOx compositions exhibited greater me-
determined by dynamic indentations are presented for the chanical energy dissipation (higher @) greater creep compli-
random copolymers in Figure 9. For two random copolymer ance, and lower elastic modj than the block copolymers of
materials in Figure 8B, the time-dependent plastic or very slow corresponding composition. Consideration of the thermal history

Composition (wt.% NonOx)

Contact angle measurements and the corresponding calculated
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of the mechanically interrogated samples improved the under- (23) Wijnans, S.; de Gans, B. J.; Wiesbrock, F.; Hoogenboom, R.; Schubert,

standing of the relation between the phases present in the
material and the resulting viscoelastic properties. In conclusion,

the organization of the monomer units within EtOx:NonOx

U. S.Macromol. Rapid Commur2004 25, 1958-1962.

(24) Kranenburg, J. M.; Tweedie, C. A.; Hoogenboom, R.; Wiesbrock, F.;
Thijs, H. M. L.; Hendriks, C. E.; Van Vliet, K. J.; Schubert, U. .
Mater. Chem2007, in press (DOI: 10.1039/b701945a).

copolymers has a significant effect on the surface energies,(25) Tweedie, C. A.; Anderson, D. G.; Langer, R.; Van Vliet, KA.

thermal transitions, and mechanical properties of the material,
demonstrating that structural control over monomer distributions
is an excellent way to tune the physical and mechanical

properties of these polymers.
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