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The aim of the present research is to obtain blending between a polymer and a (polymerized) solvent on the
molecular level. Because of its rigid rod structure, ppipenzyli-glutamate) (PBLG) is chosen as the polymer.
Benzyl methacrylate (BzMA) has been chosen as the solvent for two reasons. First, the structure of the solvent
is very similar to the structure of the side chain of PBLG, favoring interactions between the two materials. Second,
the solvent can be polymerized, because of the presence ef@ lidnd. In cast films of PBLG and BzMA
separate zones of the polymer and solvent are present. Wide-angle X-ray diffraction and Raman results show that
upon heating the cast films homogenization occurs and solvent molecules intercalate between the helices of PBLG.
At 150 °C a hexagonal packing is obtained. The dimensions of the obtained packing depend on the solvent
concentration, which confirms that solvent molecules are indeed present within the crystalline lattice. DSC
experiments imply that the observed changes upon heating correspond to thermodynamic processes. On cooling
the homogeneous samples, disordering of the hexagonal packing occurs. Polymerization of the homogeneous
samples results in a disordering of the hexagonal packing and in a contraction of the unit cell. The latter once
more confirms that solvent molecules are indeed present within the crystalline lattice. The applied principle of
polymerization of a solvent in a molecular homogeneous system can be favorable for many applications, for
which morphology control at the molecular level is required.

1. Introduction gregation of PBLG in such solvents has been studied by various
methods—° The phase diagram of these PBLG solutions is in
Continuously improving technologies result in more and more agreement with the typical phase diagram of rodlike molecules
sophisticated demands for polymer systems. Due to miniaturiza-as proposed by Flory in 195811 At low polymer concentrations
tion of, e.g., electronic devices, morphology control on the the solution is isotropic, whereas at high concentrations a liquid
nanometer scale is already required. A possible route to obtaincrystalline solution is obtained. Between these two single-phase
blending at such a level is to start from a polymer and a regions there is a biphasic region in which both phases can
monomer. Once a homogeneous state is obtained, the monomegoexist!! 12

can be converted into a polymer, e.g., by means of UV gome PBLG solutions form a self-supporting gel. These gels,
!rradlatlon. In an attempt to obtain bller_ldlng via this route, use especially the ones formed in benzyl alcohol, have been studied
is made of a model system consisting of pghgfenzylt- by many researchet&:1° Different explanations have been
glutamate) (PBLG) and benzyl methacrylate (BzMA). Moreover, iyen for the gelation process. Most likely, gel formation results
there exists a range of polymesolvent complexes where the o5, | phase separation combined with crystallization. The

polymelr S'EVUC'[U.:;? IS S.':Ebt'#zed by the pre}sencel of "’t‘ sq{\r/]ent; fcitr crystalline junctions can comprise either polymer crystals or
example, in spider silk the presence of a solvent with a salt (jueant included complex phasiss

prior to spinning inhibits crystallization of peptides. In this paper the behavior of PBLG in the presence of BzMA
PBLG, first synthesized in the 1930s, is a synthetic polypep- will be described® BzMA is chosen as the solvent for two

tide with the side group—(CH;)o(C=0)OCHCeHs. This oot reasons. First of all, the structure of this solvent is
polypeptide, which is soluble in several organic solvents, is o . . .

. o ) very similar to the structure of the side chain of PBLG. This
regarded as an ideal model of a liquid crystalline polymer. n can be favorable to obtain intercalation of the solvent between
solution, hydrogen bonds can be formed between the OXY9eN e pBRLG helices, resulting in the formation of a complex phase.

of a carbonyl group and the hydrogen of an amide group, four . . )
groups further down the main chain, resulting in an 18/5 Morepygr, the solven.t contains a~C bond, which gives the
possibility to polymerize the solvent.

a-helical structuré. Since the hydrogen bonds prevent chain
flexibility, the molecules behave as rather rigid rods. These rods ~ T0 form a basis for understanding the results of PBLG/BzMA
are only stable in solvents which do not interfere with the Systems, first the results upon casting pure PBLG from
hydrogen bondsy so-called helicoidal solvents. Molecular ag- dichloromethane will be described. The behavior of PBLG/
BzMA films has been studied by wide-angle X-ray diffraction,
N — : differential scanning calorimetry, and Raman spectroscopy. At
Univerary o Mot Should be addressed. E-mal: s1astogl@WEN o end of the paper the polymerization of BzZMA in the PBLG/
* Dutch Polymer Institute/Eindhoven University of Technology. BzMA samples will be discussed.
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2. Experimental Section

2.1. Materials and Sample PreparationPoly(y-benzylt-glutamate)
with a molar mass of approximately 220-kgpl™* and a polydispersity
of 1.12 was obtained from Sigma Chemical Laboratory. Benzyl
methacrylate with a purity of 96% and dichloromethane (puri89%)
were purchased from Aldrich Chemical Co. and used without purifica-
tion. Aldrich also supplied the inhibitor benzoquinone and the UV
initiator 2,2-dimethoxy-2-phenylacetophenone (DMPA), which has an
absorption maximum at 342 nm.

Samples were prepared by dissolving PBLG and BzMA (containing 0.5
either inhibitor or 2 wt % UV initiator) in dichloromethane. The
solutions were poured into a Petri dish and dried in air. The films thus T
obtained, in which the concentration of PBLG varied between 20 and 400 600 800 1000 1200 1400 1600 1800
100 wt %, were sealed into Lindemann capillaries or stainless steel Wavenumber [cm™]

pans. Figure 1. Raman spectra of pure PBLG: (a) cast film at room
2.2. TechniquesTo perform in situ heating experiments with wide-  temperature, (b) sample after heating to 150 °C.

angle X-ray diffraction (WAXS) or Raman spectroscopy, the sealed
capillaries were placed in a holder which was fixed on a Linkam THMS
600 hot stage. The hot stage was controlled with a TMS-92 controller
and a Linkam LN2 cooling unit. The applied heating and cooling rates
were 5 or 10°C-min~. To polymerize the solvent, the samples were
irradiated for about 30 min with a Philips PL-S 9W/10 UV lamp, having
a wavelength of 365 nm.

Time-resolved WAXS experiments were performed at beamline ID11 4000
of the European Synchrotron Radiation Facility (ESRF) in Grenoble, 2000
France. The wavelength was sdtlaA (E = 12.4 keV) for most 0
experiments. Only during polymerization of pure BzMA (Figure 5) a
wavelength of 0.76 A was applied. X-ray patterns were recorded with
a CCD detector, and the exposure time during recording of a spectrum
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was approximately 20 s. Tome (€1
A Dilor Labram system, coupled with an air-cooled CCD array . . .
detector, was used to record the Raman spectra, which were obtained (a) 2 20(%

in the backscattering mode. The 532 nm line of a Spectra-Physics Nd:
YVOy, laser was used as the incident beam.

Dynamic scanning calorimetry (DSC) measurements were performed
with a Perkin-Elmer DSC-7. A small piece of a film was weighed in
a stainless steel pan, and the pan was closed with a stainless steel cover -
containing a rubber O-ring. The pans contained between 15 and 30 =, 12000
mg of material. To measure phase transitions, the samples were heated
to 150°C at a rate of C-min~%.

20000

16000

au.]

8000

Intensity

. . 4000
3. Results and Discussion

3.1. Pure PBLG. Before the PBLG/BzMA systems are
discussed, Raman data and wide-angle X-ray diffraction results (b) 20[°]
of pure PBLG will be described. Raman experiments were Figure 2. WAXS patterns (1 = 1 A) upon heating a cast film of pure
performed to check whether casting from dichloromethane PBLG: (a) 3-D representation, (b) 2-D representation.
results in a random coil or in awm-helical conformation.

Differences in the backbone vibrations are used to distinguish ypon heating the sample to 180, no shift in the Raman bands

between these conformational situatighs. is observed, indicating that the-helical conformation is
In Figure 1 the Raman spectra of a cast film of PBLG and a maintained.

sample which has been heated to 2B80are depicted. The€

O stretching band (amide | mode) of the cast film is observed _ _. . !

at 1654 crl, whereas the EC—N symmetric stretching band a film of PBLG, cast from dichloromethane. The cast film shows

appears at 929 cmi. These values are in close accordance with a brogd, asymmetnc rgﬂecuon around 2 4.2” (d = 13'7,A)' .

the values of thex-helical conformation of PBLG, for which The diffraction pattern is weak, and no clear crystal modification
the bands have been reported at 1652 and 934.craspec- ~ Can be assigned. Upon heating the sample to A5pthe
tively.22In the case of a random coil, the reflection for the amide 'eflection sharpens and shifts t 2= 4.4 (d = 13 A).

| band would be shifted to a slightly lower frequency and the Furthermore, with gradually increasing temperature two new
reflection of the G-C—N symmetric stretching vibration band ~ reflections are observed a92= 7.6° (d = 7.5 A) and @ =
about 10 cm! to higher frequency. The slight deviations 8.9 (d = 6.5 A). The ratio between thé values is close to
between our measured and the literature values is in the oppositel:(14/3):(1/2). This suggests that the chains pack in a hexagonal
frequency direction; hence, it can be concluded that in the castphase and the observed reflections correspond to the (100),
film the PBLG molecules adopt an-helical conformation. (110), and (200) planes, respectively. Also in Iiterature,ctgv

Figure 2 represents 3-D and 2-D plots of WAXS patterns of
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Figure 3. Structural formulas of (a) PBLG and (b) BzMA.
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PBLG several phases containing a hexagonal packing have been
described?3-24

3.2. Phase Behavior of PBLG/BzMA Systemd he behavior (a)
of cast films of PBLG and BzMA has been studied by WAXS,
Raman spectroscopy, and differential scanning calorimetry
(DSC). Compared to solvents used so far in PBLG/solvent
studies, BzMA is quite unique since the structure of the solvent 14000
is nearly similar to that of the side chain of PBLG (see Figure

3). Moreover, the presence of a&=C bond gives a possibility = 12000
to polymerize the solvent. E

3.2.1. Formation of Polymer-Solvent Complexes on Heat- £ 10000
ing: WAXS Results. Samples with different concentrations of E

PBLG have been measured, for which the WAXS data show 8000
some differences. As an illustration, the WAXS data of samples
with a relatively high (60 wt %) and a relatively low (20 wt %)

polymer content will be discusséél. 6000 ‘ _ ‘ _ ‘ _
PBLG/BzMA (60/40 wt %)rigure 4a gives a 3-D representa- 00 05 1.0 15 20 25 30
tion of the integrated WAXS data upon heating a 60/40 wt % (b) 20 [°]

PIELG/BZMA sample, while in dFlggre d4b curves at some Figure 4. WAXS patterns (1 = 1 A) upon heating a 60/40 wt % PBLG/
characteristic temperatures are depicted. BzMA sample: (a) 3-D representation, (b) 2-D representation close

In the starting material, a relatively high, diffuse intensity is to the beamstop.
observed in the small-angle regiong(2Z 0—1°), close to the
beamstop. An explanation for the presence of this high intensity ~ Simultaneously with the homogenization, the reflectionét 2
could be that in the cast samples separation between polymer= 11.6° (d = 4.9 A) disappears, while the reflection at large
rich and solvent-rich domains exists. Due to electron density diffraction angle (8 = 13°, d = 4.4 A) shifts to a slightly lower
differences between PBLG and BzMA, the presence of separateyalue. At 200°C this reflection is positioned at2= 11.2 (d
zones results in a high intensity in the small-angle region, close = 5.1 A). At this temperature a relatively sharp reflection is
to the beamstop. Besides the high intensity in the small-angle gi50 present at@= 4.1° (d = 14 A). This reflection shows
region, the X-ray diffraction pattern shows three relatively broad  gyerjapping with a broad reflection at a slightly larger diffraction
reflections and one weak but sharp reflection at higher angles.ang|e' The position of the sharp reflectio(@ 4.1°, d = 14.0
The first broad reflection, which is partially overlapping with A) is very close to that of the most intense reflection present in
the relatively high intensity close to the beamstop is positioned the diffraction pattern of pure PBLG 2= 4.4° (d = 13 A))
at2) = 1.7 (d =34 A), while the other reflections are observed (Figure 2). This suggests that, similar to pure PBLG, also for

2:]3? ): a3n5d° éd=:113§.(4d’&=),4294f&)11r.e6; (gc?viig A, relatively the 60/40 wt % PBLG/BzMA sample a hexagonal unit cell is
Up’ heati h I. h, . P . 'y. h I | obtained. The small increase in tthgalue of the (100) reflection
pon heating the sample, the intensity in the small-angle ¢ i, hexagonal phase indicates that the crystalline lattice is

$hg|0n and tthehreflectlor_] aItQZ: lf'Z; (d :t34'0 A)hdls?ppe_?r. . influenced by the solvent. This is confirmed by the fact that
IS suggests homogenization ol the System on healing. 10 9ain,, 0 156¢ 4150 a relatively broad reflection2~ 4.7 (d

more insight into the changes which occur upon homogenization,% 12.2 A)), which is overlapping with the (100) reflection, is

the integrated diffraction patterns in the range 6f=2 0—3° . . L
are shown in Figure 4b. The intensity in the small-angle region observed. This relatively broad reflection is not observed for

starts to drop around 8TC, while the reflection at@ = 1.7° pure PBLG, and therefore, this reflection should be arising from
(d = 34.0 A) disappears at approximately 1%30. the presence of the solvent.

The disappearance of the intensity in the small-angle region 0 be able to draw a conclusion about the origin of this
implies that homogenization between the polymer-rich and reflection, the WAXS patterns of unpolymerized and polym-
solvent-rich domains occurs on heating. The fact that the efized BzMA (PBzMA) are depicted in Figure 5. In the
reflection at & = 1.7° (d = 34.0 A) also disappears during the unpolymerized sample only one reflection is observed. This
homogenization process suggests that two different types ofreflection, with ad spacing of about 4.8 A, corresponds to the
domains are present in the cast films. A detailed explanation interaction between phenyl rings. Upon polymerization, another
for this behavior requires further experimentation, and this will reflection is observed around 11.8 A2 3.7°), corresponding
be discussed later in this paper. to the interchain distance in PBzMA. CDV
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Figure 5. WAXS patterns (A = 0.76 A) of a BzZMA sample: (a)
unpolymerized and (b) polymerized samples.
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A possible explanation for the broad reflection in the PBLG/ 40°C

BzMA system at 12.2 A (@ ~ 4.7°) can be that the BzMA is E 120000 |
polymerized, giving rise to the broad reflection around 12.2 A

(20 ~ 4.7°). However, as will be shown later in this paper, the
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presence of a peak at 1636 Th{C=C stretching vibration, S0000 T oo oc

Figure 10) in the Raman spectrum indicates that at this

temperature (150C) BzMA is not polymerized yet. It is 40000 f- 70 °C

therefore suggested that the broad reflection is arising from 30 °C

intercalation of the solvent molecules within the crystalline 0 L 1007 . :
lattice. The similarity in the structure of BzZMA and the side (b) 0005 1o 26 H 202 30
chain of PBLG makes it likely that some polymer chains in the

hexagonal unit cell can be replaced by solvent molecules. In 14000

this way channels in which the solvent molecules can be placed

are obtained. Phenybhenyl interaction between the polymer o /\ \—/
and the solvent results in a regular ordering of the solvent B / \ :
molecules, thus leading to the observed reflection, similar to ; f u

u
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that of PBzMA. Hence, though the solvent is not polymerized 6000
yet, the regular ordering of the molecules within the crystalline 4000
lattice gives rise to a reflection which is in agreement with the
interchain distance in PBzMA.

To gain further insight into the origin of the WAXS patterns 0

(high intensity in the small-angle region and reflections indicat- 100

ing a hexagonal packing), experimental observations at low  ™mre s

polymer concentration will be presented. X . . s O
PBLG/BzMA (20/80 wt %)The WAXS data upon heating a (c) 2011

20/80 wt % PBLG/BzMA sample are depicted in Figure 6. In  Figure 6. WAXS patterns (A = 1 A) upon heating a 20/80 wt % PBLG/
this figure, (a) gives a 3-D representation of the integrated BzMA sample: (a) 3-D representation, (b) 2-D representation close
patterns, (b) depicts the X-ray diffraction patterns at small to the beamstop, (c) 3-D representation at larger diffraction angles.
diffraction angles (2 = 0—3°), and (c) gives the data at larger
diffraction angles (2 = 2—17°). 60/40 wt % PBLG/BzMA sample. Upon heating, the high
In the cast film, a high intensity in the small-angle region, intensity close to the beamstop drops, and around®®aqt
close to the beamstop, is observed. Similar to the 60 wt % PBLG completely vanishes. This suggests that at this temperature
sample, this is attributed to electron density differences betweenhomogenization between the polymer-rich and solvent-rich
polymer-rich and solvent-rich domains, which are present in domains is complete. Also the reflection & 2= 3.4° (d =
the cast films. The difference from the 60 wt % PBLG sample 16.9 A) disappears upon heating.
is that, for a similar sample thickness, for the 20 wt % PBLG  After homogenization, the incoming of a relatively sharp
sample the intensity at the beamstop is increased and the positiorieflection, which overlaps with a much broader reflection, is
of the maximum is shifted to lower diffraction angles. The latter observed. The reflection, which at 20Q is present at@ =
implies that, due to the presence of more solvent, larger domains3.9° (d = 14.9 A), is again assigned to the presence of a
are formed. It seems logical that, for low polymer concentration, hexagonal packing, while the overlapping broad reflection is
relatively less polymer will be present in the solvent-rich attributed to a regular ordering of the solvent molecules due to
domains. This results in an increased contrast between theintercalation between the polymer chains. Besides the observa-
polymer-rich and solvent-rich domains, which can explain the tions stated above, the reflection & 2 12.5 (d = 4.6 A)
higher intensity near the beamstop. Besides the high intensity shifts to a slightly smaller diffraction angle2= 11.2 (d =
close to the beamstop, two very broad reflections are present5.1 A)) at 200°C.
around # = 3.4° (d=16.9 A) and # = 12.5 (d = 4.6 A), The changes which occur after homogenization of the cast
which in terms of position have similarities with those of the film are very similar to those of the 60 wt % PBLG samp&?DV
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is observed in the presence of solvent. The broadening of the
reflection suggests loss in the long-range order of the crystalline
20000 lattice.

(5) The changes observed in the sharp reflection at ap-
proximately @ = 4° (d = 14.3 A) in the presence of solvent,
combined with the presence of the broad reflectich4£24.7°,

d ~ 12.2 A), arising from a regular ordering of the solvent
molecules, point to the presence of solvent molecules within
the crystalline lattice. This implies that upon heating cast films
of PBLG with BzMA a polymet-solvent crystalline (complex)
phase is obtained. It is suggested that the structure of this
5 T . s m 5 o complex phase is ra_1th_er similar to that of the hexagonal phase

of pure PBLG, but within the hexagonal structure some channels

20[°] exist in which solvent molecules are present. Due to the presence

Figure 7. WAXS patterns at 200 °C for PBLG/BzMA samples: (a) of solvent molecules the dimensions of the unit cell are slightly
pure PBLG, (b) PBLG/BZMA (60/40 wt %), (c) PBLG/BzMA (35/65 larger than for pure PBLG. In addition, the unit cell dimensions
wt %), (d) PBLG/BzMA (20/80 wt %). . o )

increase with increasing amount of solvent.

However, some differences in the X-ray diffraction patterns exist _ 3-2.2. Disordering in Polymer-Solvent Complexes on
between samples with different polymer concentrations. To Cooling: WAXS Results. Figure 8 depicts WAXS patterns at
illustrate the differences, a comparison between samples with 150 °C (homogeneous samples) and at room temperature, the
different polymer concentrations (in some cases also including latter obtained on cooling from 15C. The diffraction patterns
35 wt % PBLG) will be made in the next section. at 150 °C show the reflections from the hexagonal packing
Influence of the Polymer Concentration of the WAXS Results. clearer than those depicted in Figures 4 and 6. The difference
Differences in the WAXS patterns can be summarized as between the two experiments is that the samples in Figure 8
follows. were annealed at 156C before they were cooled to room
(1) The intensity in the small-angle region, which is charac- temperature, whereas a continuous heating run was performed
teristic for the presence of polymer-rich and solvent-rich for Figures 4 and 6.
domains in the cast films, increases with increasing solvent The presence of sharper and more pronounced reflections of
concentration. This suggests that the contrast between thethe hexagonal packing indicates that annealing results in
domains increases with solvent concentration. perfection of the crystalline lattice. Cooling the samples to room
(2) The presence of a reflectiondt= 34 A (20 = 1.7°) in temperature results in broadening of the (100) reflection.
the 60/40 wt % PBLG/BzMA sample suggests that, besides the Moreover, for samples with relatively high polymer content,
separation between polymer-rich and solvent-rich domains, the reflection arising from the ordered solvent molecules
another type of domain formation occurs in the cast film. A" pecomes less clear. These changes imply that the crystalline

regular ordering in either the polymer-rich or solvent-rich  packing becomes less perfect, resulting in a less ordered state
domains gives rise to the reflectiondit= 34 A. On the basis  \ith less solvent ordering.

of the present results, it is unfortunately not possible to
distinguish between the two possibilities. The reflectiod at

34 A (26 = 1.7) is not observed for the 20/80 wt % PBLG/
BzMA sample, implying that this second kind of domain
formation depends on the polymer concentration.

(3) The reflection present at = 16 A (20 = 3.1°) in the
cast films suggests an order close to a hexagonal packing for
samples with a high polymer concentration. It is anticipated that
this regular ordering of the helices occurs within the polymer-
rich domains. Broadening of this reflection is observed with
decreasing polymer concentration, which is a result of loss in
the long-range order due to the low polymer concentration.
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Some variations in the disordering of the (100) reflection on
cooling are observed with polymer concentration. In the 35/65
wt % PBLG/BzMA sample no broadening of the (100) reflection
is observed upon cooling to room temperature, but a splitting
into two distinct reflections. These reflections are observed at
20 = 4° and 4.8 (d = 14.3 A and 12.7 A, respectively). The
positions of these reflections are very close to the reflections
of the complex phase observed at high temperatures and of pure
PBLG. However, the high intensity close to the beamstop, which
was present in the cast films, is not observed. Hence, it can be
concluded that the samples stay rather homogeneous upon

(4) By comparing the results for homogeneous PBLG/BzMA cooling a_md no cl_ear separation into large polymer-rich and
samples with different polymer concentrations, it becomes cIearSOI\’em'rICh domains occurs.
that the position of the maximum of the sharp reflection slightly ~ 3.2.3. Conformational Changes upon Heating and Sub-
changes with polymer concentration. From Figure 7 it appears sequent Cooling of Cast Films.To observe changes in chain
that at 200°C for pure PBLG the reflection is observed 4t 2 ~ conformations during heating and cooling processes, the cast
= 4.4 (d = 13 A), while for PBLG/BzMA (60/40 wt %) this films have also been studied by Raman spectroscopy. Before
reflection is found at @ = 4.1° (d = 14 A). Decreasing the  these results are discussed, the Raman spectra of PBLG and
polymer amount to 35 wt % results in a further shift of the BzMA will be compared in Figure 9a. Due to the similarity in
reflection to @ = 4.0° (d = 14.3 A), and for the 20/80 wt %  structure of both materials, the spectra are nearly equal.
PBLG/BzMA sample this reflection is observed dt 2 3.9° However, a difference can be found in the=O stretching
(d =149 A). vibration around 1720 cri. Moreover, both spectra show a
These data imply that the (100) reflection of the hexagonal difference in the region around 1638 thThe peak at 1636
unit cell shifts to larger values with increasing amount of solvent, cm™tin the spectrum of BzZMA arises from the=C stretching
suggesting that the packing of chains within the crystalline lattice mode. On the other hand, PBLG shows a peak at 1651',cm
is strongly influenced by the presence of solvent. In addition to arising from the GO stretching mode of the backbone. The

a shift of the (100) reflection also broadening of this reflection intensity of the peak at 1636 crhin the BzMA spectrum iSCDV



Molecular Blending by Polymerization of Solvent

150°C

Cooled to
room temperature

Biomacromolecules, Vol. 7, No. 5, 2006 1547

Intensity [a.u.]

> 4 6 8 10
(€3] 20[°)

Figure 8. WAXS patterns (A = 1 A) upon cooling homogeneous PBLG/BzMA samples: (a, b) 60/40 wt %, (c, d) 35/65 wt %, (e, f) 20/80 wt %,
at 150 °C and room temperature, respectively, (g) integrated pattern for the 35/65 wt % sample at different temperatures. The presence of
reflections at 150 °C in the 20 region 7—9°, together with reflection around 4°, corresponds to the hexagonal packing. The position of these
reflections is similar to that seen for the hexagonal packing of PBLG chains in Figure 2b.
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Figure 9. Raman spectra of (a) pure PBLG and BzMA and (b) 60/
40 wt % PBLG/BzMA at two different positions in the sample.

much larger than that of the peak at 1651 ¢érn the PBLG
spectrum. To detect the peaks of both BzZMA and PBLG in the
PBLG/BzMA samples, it is therefore necessary to study samples
with a relatively high PBLG concentration.

In Figure 9b the Raman spectra of a cast film of 60/40 wt %
PBLG/BzMA are presented. The two spectra have been recorded
at different positions in the sample. The presence of a peak at
929 cm! in the lower spectrum suggests the presence of
a-helices of PBLG (see section 3.1). Moreover, the presence
of a peak at 1651 crt and the absence of a peak at 1636¢m
in this spectrum suggest that only PBLG is measured. The
presence of peaks at 947 and 1636¢in the upper spectrum
indicates that here only BzMA is measured. This result confirms
that in the cast films polymer-rich and solvent-rich domains
are present. Due to the small beam size applied in the Raman
experiments (a few micrometers) situations occur in which only
one of the two components present in the film is measured.

WAXS experiments indicate that the sample homogenizes
upon heating. This is also clear from the lower Raman spectrum
in Figure 10, which is recorded at 18G. This spectrum shows
peaks at 1636 and 1651 ctpindicating that both PBLG and
BzMA are detected. In this spectrum the=C stretching
vibration of BzMA and the &0 stretching vibration of the
backbone are measured as two separate peaks, while also the
C=0 stretching vibration of BzZMA (1719 cm) separates from
the G=0 stretching vibration of the side chain of PBLG (1733
cm™1). Upon cooling the homogeneous sample to room tem-
perature (upper spectrum Figure 10) in the region around both
1640 and 1720 cni, the peaks of PBLG and BzMA merge
together. A possible explanation can be that the presence of
solvent disturbs the helical conformation of PBLG upon COO”E%V
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30 xylene/decalin) suggests that also for the PBLG/BzMA system
a gel is formed. In the literature, two different kinds of

l l explanations are given to the occurrence of two endotherms upon

heating PBLG gels. The two endotherms occur either due to

20T Cooled to RT the presence of two different types of clusté#$26or due to
W a two-stage melting process of one type of clustéts.
b The explanation of two endotherms by a two-step melting

ok l l process does not seem to be in agreement with the WAXS
results. The associated partial breaking of clusters into elemen-
150 °C tary fibrils should result in a shift in the small-angle region of
the diffraction pattern. However, heating results in a disappear-
0 . . . ance of the high intensity close to the beamstop without any
600 0 1200 1300 1800 shift in d value and for samples with a high polymer concentra-
Wavenumber [em] tion in an additional disappearance of the reflectiod at 34
Figure 10. Raman spectra of the 60/40 wt % PBLG/BzMA sample A
a_t 150 °C qnd after cooling to room temperature. Arrows point to The explanation of the two endotherms by the presence of
differences in the two spectra. two types of clusters (complex phase and pure PBLG pHase)
seems to be consistent with the WAXS results. According to
this idea, the cast film consists of polymer-rich domains (in

25F

Intensity [a.u.]

wn

4r which clusters of both the complex phase and pure PBLG are
present) and solvent-rich domains. The first endotherm in the

(a) DSC trace is observed at a temperature similar to that of the

sl decrease of the high intensity close to the beamstop in the

WAXS pattern. This suggests attributing the endotherm to
melting of the complex phase in the polymer-rich domains. Due
to the melting of the complex phase, the polymer-rich and
2r (b) solvent-rich phases partially homogenize and the reflection
arising from the average distance between these domains
vanishes. The second endotherm in the DSC trace can be
1k attributed to dissolution of bundles of rigid rods of PBLG. Since
a higher polymer concentration can be expected to result in
L . L . L . L larger bundles, the enthalpy of the second endotherm will
60 80 100 120 . . . . .
increase with increasing polymer concentration, as observed.
The melting of the rigid rods, which results in homogenization
Figure 11. DSC traces upon heating of the PBLG/BzMA sample: of the sample, could be reflected in the WAXS pattern by the
(@) 30/70 wt %, (b) 60/40 wt %. disappearance of the second reflection. A small discrepancy in
L ; temperature is found between the two techniques for samples
resulting in broadening of the peaks. Also for the WAXS data with a relatively high polymer concentration. For the 60/40 wt

the reflections become less distinct upon cooling (Figure 8). ; -
The observed changes in both the Raman spectra and thé)/o PBLG/BZMA sample the maxima in the DSC trace are

diffraction pattern are attributed to a disordering process that observed at slightly lower temperatures than the changes in the

occurs upon cooling the homogeneous samples. Hence, theWAXS pattern. However, taking into account that the effects

presence of intercalated solvent within the hexagonal packing in the diffraction pattern are observed at a relatively late stage

of the PBLG molecules disturbs both the helical conformation of the transition (i.e., at the.end of the endotherm in DSC.:) apd
and the packing of the helices upon cooling. that the DSC endotherm is broad, the two characterization

3.2.4. Heat Effects Involved in Heating of Cast Films. techniques are still in relatively good agreement. From the DSC

Differential scanning calorimetry experiments for samples with race of a sample with a relatively low polymer concentration,

different PBLG concentrations were performed to check whether it is clear tt:ﬁt. the prgsencia Oft clusterst 9I_fhpuhre foIf‘G tW'"
the observed changes upon heating cast films correspond to reagecrease with increasing solvent amount. The heat efiect 1S so
mall that it can be quite well imagined that the number of

thermodynamic processes. As an example, DSC traces of casP . : .
films of PBLG with BzZMA containing 30 and 60 wt % PBLG, clusters is so low that the process is not depicted by WAXS.
on heating, are presented in parts a and b, respectively, of The results upon heating cast films of PBLG/BzMA can be
Figures 11. summarized as follows: Upon heating the sample, first melting
Upon heating the cast films, both samples show two endo- Of the complex phase occurs in polymer-rich domains, followed
therms. The temperature of the maximum of these endothermsPy complete homogenization through dissolution of bundles of
increases with increasing polymer concentration. For the 30/70 1igid rods. After homogenization, a hexagonal phase is obtained.
wt % PBLG/BzMA sample the peak maxima are at 72 and 82 The diffraction data show that this phase perfects upon heating.
°C, whereas for the 60/40 wt % PBLG/BzMA sample the Cooling of the homogeneous samples results a disordering
maxima are found at 77 and 8&. The enthalpy of the first ~ process of the complex phase. The splitting in the WAXS pattern

Heat Flow [mW]

Temperature [°C]

endotherm is roughly the same for both samples (4g3%), of the inner reflection into two reflections corresponds to the
while the enthalpy of the second endotherm increases with complex phase and the pure PBLG phase.
polymer concentration. 3.3. Polymerization of the Solvent.As discussed in the

The mechanically flexible nature of the PBLG/BzMA films  previous section, upon heating PBLG/BzMA samples above 100
similar to that of gels obtained from semicrystalline polymers °C, homogenization occurs, ultimately resulting in intercalation
(for example, partially dried high molar mass polyethylene in of solvent molecules within the hexagonal packing of &BV



Molecular Blending by Polymerization of Solvent

After
UV-irradiation

C

Before
UV irradiation

C

(b)

(©) (d)

Figure 12. WAXS patterns upon polymerization of homogeneous
PBLG/BzMA samples. (a) and (b) correspond to 35/65 wt % and (c)
and (d) to 20/80 wt %.

polymer chains. If the solvent stays intercalated upon polym-
erization, this could lead to a molecular blend of the polymer
and the polymerized solvent. The polymerization of BzZMA has
been performed for samples heated to T&Dto obtain a
homogeneous systethThe WAXS data upon polymerization
of the homogeneous samples (by means of UV irradiation at
room temperature) are depicted in Figure 12. For the 35 wt %
sample, where splitting of the inner reflection already occurred
upon cooling, UV irradiation is only characterized by the
incoming of a very weak halo just outside this inner reflection.
UV irradiation of the 20/80 wt % PBLG/BzMA sample results
in splitting of the inner reflection, while the relatively broad
reflection which was present after cooling is maintained. From
the minor changes which occur in the WAXS pattern after UV
irradiation it is very difficult to conclude whether polymerization
really takes place. To verify, Raman spectra of the UV-irradiated
samples have been recorded.

The Raman spectrum of the UV-irradiated 35/65 wt % PBLG/
BzMA sample is depicted in Figure 13a, while Figure 13b
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Figure 13. Raman spectra of polymerized homogeneous PBLG/
BzMA samples: (a) 35/65 wt %, (b) 20/80 wt %.
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Figure 14. 3-D representation of WAXS patterns obtained upon
heating a polymerized homogeneous 35/65 wt % PBLG/BzMA
sample.

represents the Raman spectrum of the UV-irradiated 20/80 wt solvent will be present as separate chains between the PBLG

% PBLG/BzMA sample. Both spectra show the presence of a
peak at 963 cmt, implying the presence of methacrylates. The
absence of a peak at 1636 ch(C=C stretching vibration)
indicates that for both samples BzMA is polymerized upon UV
irradiation.

From the WAXS data of the polymerized 20/80 wt % PBLG/
BzMA sample it is clear that polymerization results in distortion
of the hexagonal packing. After UV irradiation the inner
reflection is split into two reflections ati2= 4.1° (d = 14.0
A) and 4.5 (d = 12.7 A). The polymerization of pure BzZMA
is characterized by the incoming of a halo aroavet 11.8 A,
which arises from the interchain distance of PBzMA. For the

molecules, much less correlation exists between the PBzMA
molecules compared to pure PBzMA, and therefore, the
polymerization is not reflected by the incoming of a relatively
strong halo from the interchain distance.

To verify the stability of the polymerized samples, a heating
experiment has been performed for the polymerized homoge-
neous samples and monitored in situ by wide-angle X-ray
diffraction. Figure 14 represents the 3-D WAXS data upon
heating a polymerized homogeneous sample. Upon heating, the
splitting of the inner reflection disappears, while the reflections
at higher angles become more pronounced. AtZZD@eflections
are present at@= 4.3 (d=13.3A), ¥ =74 (d=7.7 A),

homogeneous samples, this halo is also present but the intensitgnd @ = 8.6° (d = 6.7 A). Compared to those of the

is weak. A possible explanation for this difference can be that

unpolymerized sample (Figure 7), the values are shifted to

in the homogeneous sample a small correlation is presentslightly smallerd values. Evidently, polymerization leads to a

between the PBzMA molecules. Since most of the polymerized

slight contraction of the unit cell. This proves once more %B‘V
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solvent molecules are really present between the helices ofpolymerization would have no influence on the crystal packing
PBLG, because in the case of separate domains of polymer andand similar to the cast films some intensity would be observed

solvent polymerization of BzZMA should have no influence on
the packing of the crystalline phase.

in the small-angle region of the WAXS pattern.

The overall conclusion is that with the PBLG/BzMA system

From the polymerization experiments of the homogeneous 3 homogeneous material can be obtained. Since polymerization
samples, several conclusions can be drawn: The absence of goes not result in phase separation, this method can be used to
strong reflection of the interchain distance of PBzMA after UV qnirol the morphology of the two polymers on a molecular

irradiation of the homogeneous sample indicates that no geaje. It is to be noted that it has not been possible to blend
correlation is present between the PBzMA molecules. Upon pg| G and PBzMA directly at the molecular level.

polymerization, the homogeneous sample slightly distorts, but
upon heating, the hexagonal packing is recovered. Moreover
due to the polymerization some contraction occurs, resulting in
slightly smallerd values of the (010)/(100) reflection compared

to those of the unpolymerized samples. All these results suggest
that solvent is indeed present between the PBLG helices, even

after polymerization. This implies that for the PBLG/BzMA
system a molecular blend of the polymer and the polymerized
solvent is obtained.

4. Concluding Remarks

From the present results, the following conclusions can be
drawn.

(1) In the cast films separate zones of PBLG and BzMA are
present. Upon heating the films, homogenization takes place
and the chains pack in a hexagonal phase, similar to those of
pure PBLG. Since in the WAXS pattern no intensity is observed
below 22 = 1° it can be concluded that the system is
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