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The phase structure and crystalline morphogy of a series of polystyrene-b-polyethylene oxide-b-polystyrene (PS-b-
PEO-b-PS) triblock copolymers, with different compositions and molecular weights, has been studied by solid-state 
NMR. WAXS and DSC measurements were used to detect the presence of crystalline domains of polyethylene oxide 
(PEO) blocks at room temperature as a function of the copolymer composition. 1H NMR spin diffusion analyses 
provided an estimation of the size of the dispersed phases of the nanostructured copolymers. 
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Introdution  

The preparation of novel polymeric materials with well-defined architectures is a challenge 

of high interest giving rise materials with superior combinations of properties.(1, 2) These 

polymeric materials can be obtained by blending distinct polymers, for example adding rubber to 

polystyrene, or by preparing block copolymers. The latter have received considerable attention due 

to the periodic ordered morphologies of their microphases separated domains formed as a 

consequence of the general thermodynamic incompatibility of the blocks. The properties exhibited 

by these materials allow their use in various applications, e.g. as polymeric surfactants, 

compatibilizers in polymer blending, dispersions, solid polymer electrolytes (3-5) and as templates 

for the preparation of inorganic nanoparticles.(6, 7) Such a span of potential applications is strongly 

related to the size of its characteristic nanodomains and to the thickness of the interphase regions.  

Among various possible materials that can be used to prepare block copolymers, 

poly(styrene) (PS) and poly(ethylene oxide) (PEO), can form interesting phase segregated 

structures, mainly because of block dissimilarity and incompatibility.(3, 8) Furthermore, as PEO 

blocks could crystallize, the number of structures and morphologies frequently obtained in block 

copolymers could exhibit interesting physicochemical properties arising from the competition 

between microphase separation and crystallization.(9)  Despite the structural richness of these 

materials, the morphological characterizations of triblock copolymers with these components are 

scarce.(9, 10)  
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In this work, we studied a series of ABA triblock copolymers polystyrene-b-

polyethylene oxide-b-polystyrene (PS-b-PEO-b-PS), in which the number-average molecular 

weight of the PEO blocks was kept constant at 10.0 kg.mol-1 and that of the PS blocks was varied in 

an extended range. Due to the individual thermodynamic properties of the block components, 

commonly three regions with different mobilities are expected: a mobile region (PEO), a more rigid 

region (PS) and an interphase region. This latter is loosely defined and owing to the immiscibility of 

the blocks, it is normally expected to be thin in comparison with the size of the PS and PEO 

domains. Solid-state 1H NMR spin diffusion technique was employed to gain information on the 

domain size and morphology in amorphous and semicrystalline triblock copolymers. NMR does not 

require the formation of periodical domains and is sensitive to domain sizes ranging from 

nanometers to hundred of nanometers(11), but it is not able to yield morphological information 

directly.  

 

Experimental  

Materials: synthesis of the block copolymers and samples preparation 

The PS-b-PEO-b-PS triblock copolymers were synthesized by the Nitroxide Mediated 

Polymerization (NMP) method of styrene using a dysfunctional PEO macroalkoxyamine. 

Experimental details of the block copolymer synthesis are described elsewhere(6) and the scheme 

of the chemical structure of the copolymers samples is shown in Figure 1. The terminating N-tert-

butyl-N(1-diethylphosphono-2,2-dimethylpropyl)-N-oxyl groups stem from the NMP synthesis 

procedure. 

 
Figure 1 – Chemical structure of PS-b-PEO-b-PS triblock copolymers. 

 
The weight ratios of the PS-PEO-PS samples, were determined by solution NMR in CDCl3 and 

their values are given in Table 1. The volumetric fractions were obtained from the weight ratios 

using the known densities of PS and PEO(12, 13), ρPS = 1.05 g.cm-3 and ρPEO = 1.13 g.cm-3, 

respectively. The nomenclature SEOS-n (n = 1, 2, 3 and 4) will be used to discriminate the four 

concentrations studied. SEOS as-cast films used for NMR, WAXS and DSC measurements were 

prepared as thick films by solvent casting. Samples were first dissolved in toluene at room 

temperature at concentrations of roughly 10 wt%. Solutions were then cast on a clean aluminium 

substrate. The toluene was allowed to evaporate slowly at room temperature over a period of several 
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days. To ensure the total removal of the solvent, the films were placed in a vacuum oven at 90 ºC 

for 48 h and then stored in a desiccator at room temperature.  The thickness of the films obtained 

was of about 0.1 to 0.5 mm. For WAXS measurements the samples were cut into pieces of 1 cm2, 

while for NMR the samples were cut in small pieces of 1 mm2 for SEOS-1 and 2, and powdered for 

SEOS-3 and 4, since in this case the films were brittle, due to increased crystallinity. 

 
Table 1: Characteristics of the triblock PS-b-PEO-b-PS copolymers studied in this work. 

sample Weight ratio 
(PS/PEO) %vol of PS total Mn (kg/mol) Mn of PS block 

(kg/mol) 
SEOS-1 85.5/15.5 0.85 64.5 54.5 
SEOS-2 63/37 0.65 27.8 17.8 
SEOS-3 52/48 0.53 20.9 10.9 
SEOS-4 29/71 0.30 14.2 4.2 

 

Differential Scanning Calorimetry Measurements  

Specimens of the as-cast films samples (about 8-12 mg) were compressed into aluminum sample 

pans and then scanned from 10 to 120 ºC at a rate of 10 ºC/min. The experiments were carried out 

on a TA Instruments Q1000 differential scanning calorimeter to obtain values for the melting 

temperature ( PEO

m
T ) and the heat of fusion of the PEO block and the glass transition temperatures of 

the PS block ( PS

gT ).  

WAXS Measurements  

WAXS measurements were performed at the D11A- SAXS1 beamline of the Brazilian Synchrotron 

Light Laboratory (LNLS). The X-ray experiments were recorded simultaneously in two linear 

position sensitive detectors.(14, 15)  The wavelength used was 1.608 Å. The range of the scattering  

(2θ = scattering angle) was 15 ≤2θ≤ 32o for WAXS. 

NMR Measurements 
1H solid-state NMR experiments were carried out using a Bruker Avance-400 spectrometer 

operating at a proton frequency of 400.3MHz. The 1H π/2 pulse length was 3.5 µs. 1H longitudinal 

relaxation times T1 were measured using the saturation recovery method in static samples at room 

temperature. Saturation was achieved by a sequence of 15~20 π/2 pulses. The same T1 value was 

observed for both components (PS and PEO) in all compositions. A recycle delay of 6 s was 

sufficient to avoid T1 saturation effects. Spin diffusion measurements were performed using a 

multiple pulse 1H dipolar filter(16) (see also below) with 12 cycles and interpulse delays time τ of 

5 µs. The typical mixing times used in these experiments vary between 100 µs to 1s. All 

experiments were performed on static samples. 
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1H Spin-Diffusion NMR  
1H spin-diffusion experiments are the standard NMR methods used to characterize the morphology 

of multi-component phase separated polymeric systems like the ABA triblock copolymers SEOS-n 

studied here. This section  intends to provide a self contained explanation of the NMR procedures 

and data analysis used in the following .The Goldman-Shen (or T2) filter(17) is the methodology of 

choice when a considerable mobility difference among the phases exists, i.e. when the systems are 

constituted by rigid and mobile phases. In this method, the signal from the mobile region (with a 

longer T2 relaxation time) is selectively excited, and then the diffusion of the magnetization from 

the mobile to the rigid region is monitored as a function of a mixing time tm. This spin diffusion 

process can be modeled to provide specific information such as domain sizes, interdomain 

distances, and interface dimensions. In the present article we used the standard dipolar filtered 1H 

spin diffusion pulse sequence.(16) The selection of the magnetization from the mobile component is 

achieved by a π/2 pulse followed by a dipolar filter (Figure 2). Subsequently, a second π/2 pulse 

stores the selected mobile phase magnetization along the z direction for the mixing time tm, where 

magnetization diffusion back into the rigid phase can occur. After the mixing time, a read-out π/2 

pulse is applied and the signal detected. At short tm values the detected signal has only contributions 

from the mobile phase and thus a single sharp line (with a long *

2
T ) is observed. As, tm increases, 

the spin diffusion into the rigid phase causes the appearance of a second broad component in the 

detected signal.  Thus, to monitor the tm dependence of the mobile phase signal is necessary 

somehow to separate it from the sharp component. In our case, this was achieved by decomposing 

the resulting 1H spectra for each value of tm using mixed Lorentzian and Gaussian lineshapes for the 

mobile phase and a single broader Gaussian lineshape for the rigid phase signal. At longer tm values 

the spectra of the mobile region could be fitted with a pure Lorentzian  lineshape. 

 
Figure 2: Pulse sequence for spin diffusion measurements.(16) 

 

Results and discusion  

Differential Scanning Calorimetry and WAXS results  

The thermograms obtained for the four samples under study during the heating scan are shown in 

Figure 3. Changes in the heat capacity can be clearly seen for SEOS-1 and SEOS-2 between 60 and 
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80 oC. The glass transition temperatures of the PS block, PS

gT , determined by the 50% heat capacity 

change, are listed in Table 2. Their values decrease proportionally with the molecular weight of the 

PS block, as expected. In fact, the glass transition become not detectable for lower PS 

concentrations, as it probably overlaps with the principal endothermic peak. Furthermore, the 

gT values obtained are lower than the expected values for the PS homopolymers with the same 

molecular weight. This may be the result of interface effects of the PS glass domains located 

between the molten PEO domains.(20) 

 
Figure 3: DSC curves for the as-cast films (a) SEOS-1, (b) SEOS-2, (c) SEOS-3, and (d) SEOS-4. For SEOS-3 and SEOS-4 the glass transition 
were not readily evident and may be obscured by the endothermic peak.  

 

The PEO melting temperature, PEO

m
T  and the PEO mass degree of crystallinity, XC obtained 

from DSC are shown in Table 2. The second quantity was calculated from the measured heat of 

fusion PEO

fH!
 using the equation: 

fPEO

PEO

f

c
Hw

H
X

!"

!
=  (1) 

where wPEO and fH!  is the weight fraction of the PEO block and the fusion enthalpy of perfect 

PEO crystals and equal to 244 J/g respectively; Xc values show a linear increase with the PEO 

concentration in the block copolymer. In the extreme case of SEOS-1 no crystallinity was 

measured. This behavior is coherent with the idea proposed by Xie et al.(21)  that higher quantities 

of PS could limit the folding of the central block. PEO

m
T  values are almost the same in all 

semicrystalline samples. 

 WAXS data from all samples SEOS – 2, 3 and pure PEO (for comparison) at room 

temperature are shown in Figure 4. The diffractogram from SEOS-1 (not showed) do not present 

crystallinity peaks, only a large amorphous halo, indicating his completely amorphous 

characteristic. No changes in the position of the main reflections are observed from SEOS-n 

samples compared with the homopolymer. This indicates than the crystal structure of the PEO block 
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is not affected by the copolymer composition. The degree of crystallinity can be obtained from 

WAXS data using the equation: 
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1  (2) 

where Ic is the integrated intensity due to the crystalline PEO and Ia the integrated intensity 

corresponding to the amorphous scattering. The values obtained, following these procedures, are 

indicated in Table 2, showing a very good correspondence with thoses obtained by DSC. Since the 

microphase separated amorphous state is the point of comparison of the morphological 

characterization by X-ray and solid state NMR (see below), the melting of the PEO phase was 

confirmed in temperature dependent WAXS experiments. The temperature for complete melting of 

the crystalline PEO was of 50 oC for SEOS-2 and SEOS-3, and 55oC for SEOS-4. 

 
Figure 4: WAXS curves at room temperature for PEO and the SEOS as cast films. The fitted amorphous halo is indicated in each case as a dotted line. 
 
 
Table 2: DSC and WAXS results for the SEOS-n as-cast samples and PEO homopolymer. 

Sample PS

gT (oC) PEO

m
T  (oC) Heat of fusion 

(J.g-1) 
PEO 

crystallinity 
    Xc (DSC) Xc (WAXS) 

SEOS-1 70 -- -- < 5% < 5% 
SEOS-2 65 47 18 22 29 
SEOS-3 -- 48 50 46 55 
SEOS-4 -- 51 95 60 65 

PEOa homopolymer -- 67 202 90 82 
aValues from the homopolymer PEO were obtained for a sample prepared in the same way as for SEOS samples.  
 

NMR results 

The SEOS-1, 2, 3 and 4 1H NMR spectra are shown in Figure 5. In the case of SEOS-4, the 

spectrum is composed by two lines with similar widths. In this condition, as the second moments of 

the two lines are very similar, it is not possible to filter out the PS signal, and spin-diffusion 
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experiments are not accessible. Despite that, this demonstrates that in SEOS-4 the molecules in the 

PS block have a degree of mobility which is, from the NMR point of view, similar to those in the 

PEO matrix, implying fast reorientation of the PS blocks molecules.  In other words, the softening 

of the PS block (Tg) occurs below 55 oC. This confirms our explanation of the absence of a Tg signal 

in the DSC thermograms as a result of overlap with the principal endothermic peak due to fusion of 

the PEO block. Contrary to SEOS-4, the SEOS-1,2,3 spectra are clearly composed of a narrow and 

a broad line, which are assigned to the mobile PEO phase and the rigid PS phase, respectively. 

 
Figure 5: Line shape deconvolution of the 1H NMR spectra for SEOS samples. The width of the rigid lines are: a) 33.53 kHz, b) 30.37 kHz c) 29.93 
kHz and d) 2.80 kHz. The temperature was of 22°C for SEOS-1 and of 55°C for the other cases. The reduction in linewidth corresponds to increased 
mobility of the PS copolymer block. 

 

 A quantitative analysis of the spectra was achieved by deconvolution with a narrower 

lorentzian lineshape associated to the mobile PEO phase and a broader Gaussian lineshape 

corresponding to the rigid PS phase. From this analysis one can observe that the line corresponding 

to the PS phase gets narrower upon decreasing the PS concentration, which corresponds to the 

increased mobility in this phase. The width of the NMR lines corresponding to the rigid and mobile 

phase were used to determine the spin diffusion coefficients 

! 

D
mob  and 

! 

D
rig , respectively. The 

calculated value are shown in Table 3. The results obtained for the rigid PS block are very similar to 

those obtained by Chen, et al.(22), while the coefficients relative to the mobile PEO block are in 

agreement with those reported in the literature  (11-13, 16, 18, 22, 23)  for mobile domains. 

 
Table 3: Diffusion coefficients calculated. 

sample RIGID

matrix
D (nm2/ms) DISP

mobile
D  (nm2/ms) 

SEOS-1 (T=22 oC) 0.245 0.050 
SEOS-2 (T=55 oC ) 0.228 0.040 
SEOS-3 (T=55 oC ) 0.218 0.036 
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Figure 6 shows a plot of the sharp Lorentzian peak area as a function of the square root of 

the mixing time, mt , describing the spin diffusion process. The error in the evaluation of the areas 

is estimated to be about 3%.  Following the procedure described above (solid lines in Figure 6) 

these curves provided the parameter 0s

m
t , which will be used below to calculate dmob and dI for the 

three possible morphologies (ε = 1 to 3) (Table 4).  

 

 
 
Figure 6: PEO signal decay due to spin-diffusion for samples a) SEOS-1, b) SEOS-2 and c) SEOS-3. The square points correspond to the 
experimental data and the straight lines are the linear rate approximations.  

 

Table 4: Calculated 0s

m
t values 

sample 0s

m
t (ms1/2) 

SEOS-1 (T = 22°C) 13.5 
SEOS-2 (T = 55°C) 23.6 
SEOS-3 (T = 55°C) 22.9 

 

 

 

Further structural information can be obtained by detailed inspection of the NMR results. 

The spin-diffusion decays plotted in Figure 6 present marked differences for the three copolymers, 

namely regarding the length of the linear decay region and the level of the equilibrium plateau 

attained for long mixing times. The later behavior depends on the relative PEO and PS 

concentrations, which determines the amount of signal transferable from the mobile to the rigid part 

after the dipolar filter. Considering the values for the % weight ratios in Table 1 and the number of 
1H nuclei per repetitive unit in PEO and PS blocks, the plateau values for all samples are higher 

than they would be expected from the stoichiometry. This is an indication of the presence of 

segments with intermediate mobility, probably in the PS-PEO interface. Another interesting feature 

among the decays is the length of the initial delay before the beginning of the linear decay, tLAG. 

Although this parameter has a difficult interpretation, a link can be drawn between its presence and 

the existence of a region in the copolymers where the spin diffusion behaves in an intermediate way 
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between a rigid and mobile phase. In fact, it is well established that block copolymers have a thin 

interphase between two blocks with different compatibility, defining a gradient of the mobilities 

between them.  It is not an easy task to define the spin-diffusion coefficient of the interphases, 

DINTER, but as a first approximation it can be assumed as the mean value of the mobile and less 

mobile phases spin diffusion coefficients. In this case, the width of the interphase region, Lint, can 

be linked to the time lag before the beginning of the linear decay of the spin diffusion curves as (3): 

4

3

INTER LAG

INTER

D t
L

! !
= . (3) 

Table 5 summarizes the calculated diffusion coefficients and the sizes of the interfacial region for 

SEOS 1, 2 and 3. 
Table 5: Estimation of interphase size characteristics for SEOS samples 

sample DINTER  
(nm2/ms) LAG

t (ms1/2) LINTER (nm) 

SEOS-1 0.147 0.81 0.38 
SEOS-2 0.134 2.48 1.05 
SEOS-3 0.127 1.12 0.46 

The uncertainties are less than 10%. 
 

Conclusion 

The solid-state NMR measurements has proved effective in characterizing the morphology 

of a series of four samples of PS-b-PEO-b-PS triblock copolymers with variable composition. For 

the as-cast samples, WAXS and DSC techniques revealed the effect of the relative block 

concentration on the degree of crystallization of PEO. Higher concentrations of PS hinder the 

crystallization of the PEO blocks. An analysis of the samples above the melting temperature of the 

PEO block enabled a direct comparison between SAXS and spin-diffusion NMR results, which 

allowed an estimation of the sample spatial morphology, and concurrently of the size of the 

domains, of the interphase and of the interdomain distances. Furthermore, probed an increasing 

degree of microstructural disorder upon decreasing the PS content in the samples. This result seems 

to be correlated with a size of the interphase region inversely proportional to the PS block 

concentration. 
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