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ABSTRACT: The morphology and domain sizes are reported for a series of thermoplastic polyurethane (TPU)
samples with different content in hard segments and the same molecular weight of the soft segments. NMR
spin-diffusion experiments were employed withta double-quantum dipolar filter to establish the dominant
dimensionality of the spin-diffusion process, which is shown to take place in two and three dimensions for
investigated samples. The correlation between mesoscopic and microscopic properties of the TPU samples is
discussed. To this purpose the effective volume of the hard domains is correlated with the TPU content of the
hard segments and the segmental orientation of the hard segments obtained fitdretfidual dipolar couplings.

A semiquantitative model is developed to explain the functional dependence of the residual second van Vleck
moment on the effective volume of the hard segments.

1. Introduction hard and soft segments. The hard segments (HS) are responsible
: : . . for the dimensional stability of the TPU product by providing
Many materials like polymers, composite materials, and physical cross-links through hydrogen bonds and act as reinforc-

biomaterials show microheterogeneities in both structural and ! filler 1o th ft ts (SS). which ible f
associated dynamical properties. For instance, most commercia|N'9 Me€r 10 the So segments (SS), which are responsible for

polymers are heterogeneous with properties that critically dependthe er>_<|b|I|ty of the TF.)U materials. Many of the unique
on the dimensional scale of the structure of the different ProPerties of TPU materials are greatly influenced by the phase

components in the material. This is the case for partially separati_on of rigid and flexible segments. Thus, an es_timation
crystalline polymers, blends and composites, segregated blockOf the size and_ mo_rphc_)logy of t_he domains is of cons_lderable
copolymers, and filled and plasticized systefdsSuch distrib- Interest. The.sp|n—d|ffu3|or.1 experiment to gelect the mobile phase
uted microstructures can be probed by a variety of methods like with qllpolar filter a?ld varying preparation |qtewal was proposed
transmission electron microscopy (TEM), field ion and atomic b_y Idiyatullin et al** for the study of_domam morphology and_
force microscopy (AFM), small-angle X-rays scattering, wide- sizes of polyurethane samples. This stuqu was a continuation
angle X-rays diffraction (SAXS and WAXD), and small-angle of Fhe r esu.lts preseqted by Demco e.%%\N.hICh ShO.WS that the
neutron scattering (SANS). Solid-state NMR offers many spin-diffusion experiment can provide information about the

techniques for characterizing heterogeneous materials at themorphology independent .Of scatte_rlng methods. .
molecular, mesoscopic, and macroscopic le¥elsvioreover, In the past years, the microscopic properties of thermoplastic

) : A 1)
an advantage of solid-state NMR methods over scattering elasttl)gmers were |nvest|g_ated by solid-state NMR: Litvinov
techniques is that NMR does not require samples with long- et al!® investigated multiblock (poly(butylene terephthalate)-
range order blockpoly(tetramethylene oxide) (PTMO)) copolymers ¥y

. . . L and3C NMR relaxation experiments. They proved that at room
One established NMR method to investigate domain sizes temperature three different phases coexist, and the phase

?nn; :;%;%T%gggxggallet:rgggpe?:dsuEgcl,):,m;_r;; r?gisz(eg[ic?r? thediagrams as well as the crystallinity of PBT were determined.
9 9 P 9 Information about segmental mobility on the same systems using

gradient by a Q|polar fllter'(se'e refs 3, 4,'an(+175 and. static'H double-quantum (DQ) NMR experiments in combina-
references therein). These spin-diffusion experiments are Su'tak.)letion with homo- and heteronuclear dipolar filters was reported

to investigate differen_t aspects _of structural heterogeneities in by Bertmer et at? Recently, proton NMR transverse magnetiza-

a broaq range of spatial dimensions frpm 0",5 to about 2,00 M- ion relaxation, differential scanning calorimetry (DSC), and
One important class of elastomers investigated by different o, g resilience (RR) techniques were used to characterize

NMR methods is that of thermoplastic polyurethanes (TPU) (for 1,q1ecylar chain mobility, phase composition, glass transition
a review see refs 16 and 17). They combine the processabili'[y,[emperatureS and angles of rebound for a series of TPU

of thermoplastics with rubberlike elastic properties. In most sampleg? In t,hese block copolymers the molecular chains are

cases, segmented TPUs are regarded as multiblock C_Opmymer%omposed of soft segments (SS) originating from the polyol
of the (AB) type, where A and B represent repeat units of the 5,4 hard segments (HS) originating from the diisocyanate and
the chain extender. Moreover, the segmental orientation of the

T Rheinisch-Westfiische Technische Hochschule. same series of TPU samples with different content in hard
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| DQ dipolar filter I spin-diffusion I Table 2. Values of'H Residual van Vleck Moment [M,0from Ref 21

5 5 . period . for the TPU Samples of Table 1

90, 90; 90, 90, 90°
HS [%] M,[(27)? [kHZ?]2

23 41

acquisition 36 83

—> 45 133

‘ T | Inq ‘ T | 14 ‘ time 54 226

Figure 1. Scheme for the spin-diffusion experiment with a DQ filter. aThe errors are of the ordet10%.

The first two pulses excite DQ coherences that evolve for a short time
tog. These coherences are converted by the following two pulses into
z-magnetization. The spin diffusion takes place during the time interval
of durationty. The last pulse reads out the distribution of magnetization

between different polymer phases.

on the two pulses acting during the excitation and reconversion
periods. The value of the excitation/reconversion times is 7
us. It corresponds to the rising region of the DQ buildup curve for

each sample.
Table 1. Composition of the TPU Samples The experimental wide-line spectra were decomposed in two
polyol Mx (g/mol) mass fraction of the hard phase (%) components using the DMFI_T progréhThe broac_i component
of the spectra was approximated by a Gaussian function. A
Capa 2205 2000 23 36 45 54

Lorentzian line shape was used to describe the narrow component
) ~ of the spectra.
the hard segments and the thermodynamic and mechanical The integral area of the NMR spectra is approximately constant
properties of the TPU samples was also discussed. for the entire range of diffusion times, demonstrating that the-spin
The aim of this work is to report the morphology and domain lattice processes do not significantly affect the spin-diffusion
sizes for a series of TPU samples with different content in hard experiment. Moreover, th&; values of both components were
segments for the same molecular weight of the soft segments.determined by an inversion recovery method. The spin-diffusion
The same set of samples has been investigated by different NMRPrOCess, .manlfested in the decay and.bundup curves of the rigid
methods and other techniques in previous stué#ékThe spin- and mobile components, respectively, is complete for a time scale
. . . . - smaller thanT,, so that no correction of the experimental data is
diffusion experlm_ent uses a DQ (_jlpqlar filter tha_lt a”OVYS amore oeded. The lond; corresponds to the rigid component of the
accurate evaluation of the domain sizes. The dimensionality (

T - investigated samples. It is of the order of 1.2 s, and the Shat
of the spin-diffusion process that is connected to the sample ihe mobile component is longer the 400 ms.

morphology was established to be dominatedhby 3 for the The proton NMR DQ buildup curves provided the residual van
samples with high content in hard segments. The correlation yjeck moments. They were measured on a Bruker Minispec NMR
between domain sizes, TPU composition, and segmental ori-mq20 spectrometer at a proton resonance frequency of 20MHz.
entation of the hard segments measuredHbyesidual dipolar The durations of the applied pulses were 1u86or the 90 pulse

coupling! is also reported. and 3.68us for the 180 pulse. The dead time of the spectrometer
is 10us. The spectrometer was equipped with a BVT3000 variable
2. Experimental Section temperature unit. The achieved temperature stability @4 °C.

The NMR experiments were performed at 20. When imple-
mented on the Bruker Minispec, the pulse sequence of Figure 1
was extended by 180efocusing pulses (of 3.6&s length) in the
middle of the excitation and reconversion periods. The DQ evolution
time and the spin-diffusion delay were fixed tigy = t4 = 20 us
(Figure 1). The values (Table 2) of the residual second van Vleck
momentsM,[lwere obtained from the experimental data by the
procedure discussed in ref 21.

Polymer Synthesis.The raw materials for the preparation of
the TPUs were MDI (4,4diphenylmethane diisocyanate) and 1,4-
butanediol (BD), commercial grade purchased from Bayer. Monoure-
thane-type mold release agent (Freudenberg Dichtungs-Schwin-
gungstechnik K.G.) was used in a concentration of 0.5%. Difunctional
polycaprolactone (PCL) was purchased from Solvay Interox under
the name of Capa 2205 with molecular weighivyf= 2000 g/mol.

All chemicals were used as received, without any pretreatment.

In block copolymers the molecular chains are composed of SS ; ;
originating from the polyol (PCL) and HS originating from the 3. Results and Discussion
diisocyanate and the chain extender. Ideally, the two segments are 3.1. Proton NMR Spectra and Phase CompositiorProton
immiscible and phase separate during their formation. The soft NMR spectra of polyurethane sample with 45% HS, recorded
segments form the continuous soft phase in which the hard phasein static conditions, are presented in Figure 2a. The spectra have
is dispersed. The domain size of the hard phase depends on thgeen decomposed in two components. The best fitting param-

length of the hard segments, which can be adjusted through thegarg have been found by decomposing the spectra into a
mass fraction of diisocyanate and chain extender in the formulation Gaussian (rigid component) and a Lorentzian line (mobile

and through the molecular weight of the polyol. The TPU samples

have been prepared using the prepolymer technique. The masscomponent).

fraction of the hard phase is given in Table 1. More details about ~ The phase composition of the investigated TPU samples is

the sample preparation are given in ref 20. shown in Figure 2b as a function of theoretical content of hard
Proton NMR Measurements.Proton solid-state NMR spectra,  segments. The measurements reveal an increasing of rigid phase

DQ buildup curves and spin-diffusion data were measured on a with increasing the HS content in the samples, except the sample

Bruker DSX-500 spectrometer operating at 500.45 MHz*fér containing 23% HS. This is explained by the fact that the soft

The data were colIepted at room temperature for nonspinning segments have massively crystalliZzdnd contribute to the

z?r;g'/‘;sblﬁgg @Zidaﬂm %getﬁg%%gmﬁir\:vgézirshea:\%n?rfg rigid fraction detected by NMR. This massive crystallization

recycle delay wa 5 s for all measurements. present only for this TPU samplt_a is due to avery I_ow HS content

so the soft segments crystallize in order to maintain the structural

Proton spin-diffusion measurements were performed using the - - h -
general scheme consisting of a double-quantum (DQ) dipolar filter, Stability. The measured rigid fraction from NMR spectra is

a spin-diffusion period, and an acquisition period as presented in Smaller (Figure 2b) than the HS content except, again, the 23%
Figure 1. The gradient of magnetization was created by the dipolar HS sample. This can be explain by the editing of the free

filter that excites DQ coherences (Figure 1) and selects mainly the induction decay in the presence of the dead time and the massive
magnetization of the rigid phad#!® The pulse sequence is based crystallization of the sample with 23% HS. CDV
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Figure 2. (a) Proton NMR spectrum of the TPU sample with 45%
HS, decomposed in two components. The broad and narrow lines " T T T T T )
correspond to hard and soft domains, respectively. (b) The relative 300 200 100 0 -100  -200  -300
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X =R, M as a function of the content of HS. The continuous lines are
drawn to connect the points.
C) 1 =25us
1.0 i 5 10 eeveeg] T
= 2 08 ...".
CCD 08 ° S os .-'. i
-a :: -g ..
O 064 % o4 .
a 4] €2 &
el s g
(0] [ 0 4
% 044 M I s 1[0 ]12 14 16 18 20
° T [us;
g 024 ¢ -
= ‘oo, 300 200 100 0 100 200 -300
0.0 ® o o o o o o - [ppm]
00 02 04 06 08 10 Figure 4. Proton DQ filtered spectra for differemtvalues measured
' ' ' ' ' ' using the pulse sequence of Figure 1 wifh = 5 us andty = 5 us for
T [ms] the TPU sample with 45% HS. The NMR spectra~{&) correspond

Figure 3. Proton DQ buildup curves for the TPU sample with 45% 107 =7, 10, and 2%s. The spectra shown in (a) and (b) edit thie
HS. The maximum corresponds to the residual dipolar couplings of Pairs of the hard segments. For longer values, ¢he pulse sequence
the rigid phase. The DQ buildup curve does not show a second acts like a filter for the mobile domains.

maximum corresponding to the soft segments due to the small values . . .
of the residual dipolar couplings. In the inset, the initial part of the Samples. In this range of values, the mobile component is
DQ buildup curve is shown, and the arrow corresponds to the excitation/ completely filtered out (Figure 4).

reconversion time = 7 us used for the DQ filter. The DQ filtered spectra for different values ofare shown
in Figure 4. The value of s has been chosen, which still

3.2. Double-Quantum Dipolar Filter. The spin-diffusion keeps the filter efficiendy close to unity with a reasonable value
experiments observe the equilibration of spatially heterogeneousof signal-to-noise ratio. The use of this type of filter is more
magnetization over the sample. To create a gradient in the advantageous than a dipolar filter for mobile domains because
magnetization, a dipolar filter which excites double-quantum of a more accurate detection of the narrow signals on top of
(DQ) coherences can be uséd> The DQ filter can be setin  the broad component compared to the detection of a broad
such a way as to select the magnetization only from the mostcomponent under a narrow signal. This is valid especially at
rigid part of a heterogeneous sample. By choosing appropriateshort diffusion times when the magnetization of one of the
excitation/reconversion periods (Figure 1) of the double-  components is very small.
quantum filter, the magnetization corresponding to the stronger  3.3. Proton Spin Diffusivities. The spin-diffusion coefficients
dipolar couplings will pass through the filter and that of the have to be evaluated in order to estimate the domain sizes of
weaker dipolar couplings is filtered out. The valuerafan be the rigid and mobile regions. Taking into account that the line
chosen by recording a DQ buildup curve as shown in Figure 3 shapes for the two spectral components are in a good ap-
for the sample with 45% HS, recorded using the five-pulse proximation decomposed into Gaussian and Lorentzian line
sequence with a filter time af= 7 us (Figure 1). The maxima  shapes, the spin-diffusion coefficients can be evaluated using
of the DQ buildup curves appear at very short excitation/ the formalism presented in ref 10. The spin-diffusion coefficients
reconversion times below 12 us for all investigated TPU can be expressed in terms of the local dipolar field, so tha&tBQ/
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Figure 5. Optimized conformer geometry of HS (a) and SS (b) monomers derived with the help of the Gauss 03W software package. The distances
between closest protons are used for evaluatioriréf{2

spin diffusivities are related to the second van Vleck moments. ~ Table 3. Full Widgh at Half-Intensity Aw,;; Obtained from the
The equations describing the spin-diffusion coefficients for Components ((’:fot:]g‘o'\gﬁoipgﬁg\?w?firﬁgbia;"ples with the
rigid (Gaussian line) and mobile (Lorentzian line) regions are

iven ref 1 Gaussian component Lorentzian component
g e by (See e O) HS [%] Avl/z[kHZ] A’Vl/z[kHZ]
1 T s 23 33.7 2.3
D, =-— [MAv (1) 36 27.6 21
R712V 2In2 172 45 31.1 2.3
54 32.0 2.7
and

1 2s, and 2p, and one Gaussian for the outer 2s, and 2p orbitals).
Dy = émzmaAVl/z]m 2 For the samples under investigation the computation time was
about 3 days for each, hard and soft segments, on a Pentium

IV computer equipped with a CPU working at 2.6 GHz and a

wherea is the cutoff parameter of the Lorentzian lineyy, is DDR type memory of 2 GB. The result of the optimization is

. . : o
:jr;setafltrj]l(lzélr;)eetvv\csg:] ?rt\e[] ?]Z:ggth;’pﬁ]ns His the mean-square shown in Figure 5, and the averag@@¥? values obtained for
Taking into account the complexity of the chemical structure HS and SS are 0.37 and 0.29 nm, respectively.

and the large number of protons in the TPU samples[ite Proton spin diffusivities of rigid and mobile phases for the
value has been computed by molecular optimizations for both TPU samples were evaluated using eqs 1 and 2, and the line
hard and soft segments by the Gaussian 03W software packagavidths are reported in Table 3. The spin diffusivities are shown
(Gaussian Inc., Pittsburgh PA, 2033)The molecular optimiza-  in Figure 6 as a function of the content in hard segments. The
tion is based on the density functional theory (DFT) methods. strength of the'H residual dipolar couplings increases in the
For the geometry optimizations we used the three-parameterregions of HS and SS with the increase in the content of H5.
hybrid exchange function® combined with LYP (Lee, Yang,  Therefore, the spin diffusivities will increase in both phases
and Parr* correlation (referred to as BSLYP) and the 6-31G- when the concentration in HS increases, as is evident from
(d) basis set (six Gaussians for 1s, three Gaussians for the inneFigure 6a. CDV
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Figure 6. (a) Proton spin diffusivities for rigid and mobile domains
vs % HS evaluated from the line width using eqs 1 and 2. (b)
Comparison of the spin diffusivities of the rigid domain evaluated from
the MM.J(squares) and line width (circles).

The spin diffusivity of the rigid phase in TPU samples can
be evaluated by the second approach. This approach is
independent of that based on the measurements of the line
widths (see above). The starting point is based on the relation-
ship between the spin diffusivity of the quasi-rigid-phdg

and the local dipolar field_ for a powder samplé&, i.e. 200 100 ) 100 200
[ppm]
D, = \/E[]Z[B () Figure 7. Proton spin-diffusion edited NMR spectra at different
R 60 L diffusion timesty = 5 us (a),ts = 150 us (b), andty = 5 ms (c) for

45% HS TPU sample.
For purely dipolar spin interactions, the local field is related to

the residual second van Vleck moméht,(by the relatioR® former case the crystallized SS as well as rigid HS are edited

by the NMR spectrum. Because the spin-diffusion experiments

5 are performed using the DQ dipolar filter, the spin-diffusivities
B = \/ém/IZD 4 evaluated froniM;[are used in the simulation of the experi-
mental data.
From egs 3 and 4 we obtain 3.4. Dominant Morphology and Effective Domain Sizes.

Proton spectra recorded after different diffusion times using the
Vo DQ filter (cf. Figure 1) are shown in Figure 7 for the TPU
?Hﬂ (,0 ®) sample with 45% HS. In all cases the flow of longitudinal

magnetization from the rigid domain into the mobile domain is

The measurements of the residual second van Vleck momentobserved with increasing diffusion times. For all TPU samples,

using DQ buildup curves were reported in ref 21 and the the equilibration of the magnetization takes place on a time scale
resultant values are summarized in Table 2. The values of thesmaller than the relaxation of the longitudinal magnetization;
spin diffusivities for the rigid phase of the TPU samples hence, a correction of the spin-diffusion data corresponding to
evaluated by both approaches discussed above are comparethe relaxation effects has not been performed.
in Figure 6b. The values @g evaluated from the measurements The time-dependent integral spin-diffusion intensities obtained
of M 0Odiffer from the values estimated from the line widths for the TPU sample with 45% HS are plotted in Figure 8. The
by about 16-20%. The only sample showing large differences quasi-equilibrium is reached in about 200 ms. In a good
between both spin diffusivities is the sample with 23% HS. This approximation, the spin-diffusion editéti NMR spectra can
can be explained by the differences in editing strong dipolar be decomposed in two components. These data can be used for
couplings by NMR spectra and DQ coherences. In the last caseestablishing the dominant morphology and the average domain
only the strongest dipolar couplings from HS are edited. In the sizes. CDV
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Figure 8. Proton spin-diffusion decay and buildup cunigf)/Ix(0) R
(X =R, M) for the 45% HS TPU sample. The lines correspond to the
fits with 1D, 2D, and 3D solutions of the spin-diffusion equations X
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(Appendix A). ] TEE >

r\.a|,§=.

The ability of NMR spin-diffusion experiments to provide
self-consistent information on the dimensionality of the diffusion
process, average phase domain sizes, and the details of the phase
morphology has been analyzed theoretically and validated with
experimental data for a semicrystalline polymer in ref 10. It C)
was shown that the solutions of the spin-diffusion equations
for different morphologies exhibit different sensitivity to the
dimensionality of the process as a result of different contact
interface area for a given source volume.

For simplicity, we assume that the hard domains are sur-
rounded by the soft domains (hereafter SS/HS/SS morphology).
This is a plausible morphology for our TPU samples with
relatively large values of the molar mass of the soft segments. : 5
We note that this is not the case for some segmented polyure- i [ +
thane samples, especially with low SS concentration. In this = |E )
case the domains of the soft segments are surrounded by hard ; :
segmentsd! The most simple structural units for the cases of
1D, 2D, and 3D spin diffusion for a SS/HS/SS morphology are
shown in Figure 9. The initial localization of the magnetization
produced by the DQ dipolar filter is shown by gray and belongs
to the HS phase.

LB

Using simple geometrical arguments in the approximation Figure 9. Morphological units for the 1D (a), 2D (b), and 3D (c) spin

of two phases, the following equations can be derived: diffusion. The domain sizes for the rigid and mobile phasesiaend
dwv, respectively. The source of magnetization is considered to be in
rE the rigid region (gray).
— =1, 1Dcase oid region (gray)
p Table 4. Sensitive Ratios of the Spin-Diffusion Dimensionality (Cf.
rE Eq 6) for TPU Samples with 23% HS and 45% HS
————=1, 2D case
p(2 + p) values of the values of the
E dimensionality dimensionality
I i i i i 1l 0, 1 0,
. =1, 3Dcase (6) dimensionality ratio ratio (23% HS) ratio (45% HS)
1+p°—-1 1D
rE/p 0.79 1.79
= = ili i 2D
where r. _pR/pM and E . MM,ec{MR,eq. The equmbrlqm (Elp(2 + p)] 0.92 113
magnetizations for the mobile (SS) and rigid (HS) domains are 3D

denotedMy eq and Mg eq respectively. The ratio between the rENL + p)® — 1] 0.83 1.02
domain sizesly anddr (cf. Figure 9) is denote@ = du/dr.

In the following, the most probable dimensionality for the solutions (see Appendix A and Figure 9). For each spin-diffusion
spin-diffusion process is discussed for the TPU sample with dimensionality the values afy anddg were established from
45% HS. The same results are obtained also for the TPU sampleshe best fit. These values were used to estimate the patiad
with high content in HS i.e., 36% and 54%. For this sample finally the ratios given by eqgs 6. These ratios are shown in Table
the quantities andE have the values = 0.85 andE = 2.23. 4. The ratio with the value closer to unity corresponds to the
These values are established independent of the spin-diffusion3D morphology. The morphology of the TPU samples under
process. The spin-diffusion decay and buildup curves shown in investigation with high HS content is different from that found
Figure 8 were fitted with the solutions of the spin-diffusion by Idiyatullin et al’! in TPU samples obtained by copolymer-
equations for 1D, 2D, and 3D morphologies. For the last two ization of poly(diethylene glycol) adiapte as soft blocks with
cases these were taken as a product of 1D spin-diffusion 2,4-tolylene diamine and 2,4-toluene diisocyanate as hard ble%%
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Figure 10. Effective domain sizes for rigid (squares) and mobile Figure 11. Correlation between the residual second van Vleck
(circles) phases as a function of the HS content. Only the data of the momentsM,0(Table 2) and the effective volumes® of the HS
TPU samples with the high HS content are shown. domains. The solid line corresponds to the best fit of the data.

In the latter case a 2D morphology was detected by spin- with the anisotropic orientation of the polymer segments and
diffusion experiments with a variable Goldman-Shen filler.  reflect the property of the materials on the nanoscale. Larger
This morphology describes better the samples with a low HS values of the residual dipolar couplings mean inter alia slower
concentration of 23%. For this TPU sample, following the segmental motions due to more dense packing, higher chain
procedure discussed above, the morphology ratios in eqs 6 aredrientations produced by the influence of the soft segments, and
given in Table 4. The two-dimensional morphology is found to an increase in the extend and strength of the effective dipolar
be most probable. network due to the interchain couplings.

The morphology of segmental TPU with low concentration Even if the quantities discussed above characterize the

Of hard Segments was investigated by atomic force microscopy ma’[el’la|S on dlfferent Iength Sca|eS, a COI’I'e|a'[i0n betWeen the
(AFM) and X-ray scattering”?® In general, there are two H residual second van Vleck moments of TPU samples and

different types of dispersed HS morphologies: (1) fibrillar the effective volume of HS domain sizes can be established.
domains in which the domain axes coincide with the polymer This is shown in Figure 11. The increase in tht residual
chain axes and (2) the lamellar domains in which the domain dipolar couplings shows a monotonic dependence on the
axes are perpendicular to the polymer axes. This last morphology€ffective domain volumes of the hard segments. A semiquan-
is found from the spin-diffusion experiments for the TPU sample titative explanation for this functional dependence can be given.
with 23% HS. Moreover, a recent investigafidof polyurethane ~ The residual second van Vieck moment can be writtethas]
with AFM suggests two levels of hierarchy: (1) the hard = SMzjigia, WhereSis the dynamic order parameter alvlgl rigiq
segments form lamellae of about 10 nm width and (2) assembliesis the second van Vieck moment for a rigid dipolar netwtrk.

of these hard domains which form larger microdomains of about The last quantity depends on the lattice sFiiL/r’), where
100-400 nm in length and about 50 nm in width. Our spin- i is the internuclear distance between the spiaadk. The
diffusion experiments do not probe this hierarchy due to a faster lattice sum increases with the number of spknsoupled by

equilibration of the magnetization gradient on the scale of tenth dipolar interactions with the spjnTo prove that, let us consider
of nanometers. a continuous distribution of spins distributed uniformly in a

In TPU samples with higher HS content where more SPhere of radiuRand volumeV. The initial radius of the sphere

continuity of the hard-segment phase would exist, the morphol- IS Ro. and the volume i/ The lattice sum can be evaluated
ogy is expected to be different for that of the samples with low PY the approximation
concentration in HS. Therefore, a 3D morphology is expected 1 1
to be most probable, in agreement with the results obtained from i IR > drf27d¢f" sing do @)
1H spin-diffusion experiments. re Ro 6 0 0
The domain sizes for TPU samples with higher HS content !
were evaluated from the spin-diffusion decay and _buildup Curves Finally, we obtain
in terms of 3D morphologies represented by cubic HS domains

surrounded by cubic SS domains (Figure 9). This assumption 1 V=V
is of course a strong approximation of the reality but allows us —QO0——- (8)
to estimate areffectve size of the domains which can be e Vo

correlated with the chemical composition and other material

properties. The effective domain sizes for rigid (HS) and mobile The above equation shows that when the volume of the dipolar

(SS) phases obtained by using eqs-AB with n = 3 are shown network increases, i.eV, > Vo, the lattice sum becomes larger

in Figure 10 as a function of HS concentration. As expected, andMp igq increases. This variation is not linear in the volume

the effective sizes of rigid and mobile domains change linearly of the dipolar network, as is shown by eq 8.

with the HS content for the samples rich in HS and have  To establish the dependence of residual second van Vleck

opposite slopes. moment on the effective volume of the hard segments in TPU,
3.5. Correlation between Effective Domain Sizes and the  we have to consider also the behavior of the dynamic order

Residual Dipolar Couplings. The domain sizes characterize parameters. Increased segmental orientation is induced by

the materials on the mesoscopic scales, i.e., on the scale of tentipacking effect and larger hindrances of segmental motions. A

of nanometers as in the case of TPU samples. The values ofvery simple model is discussed in Appendix B to mimic these

proton residual dipolar couplings for hard segments correlate complex effects. On the basis of this model, we ob&ifn a CDV
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— bV2 (eq B1), wherea andb are constants. From eq 8 and eq
B1 we can write finally

M0 2 + bv 9)
VO

for V < Vo. In the limit of the above crude models, the residual
second van Vleck moment shows a linear dependendé @n

dg®. The data in Figure 11 can be fitted in a good approximation
by a straight line in accordance with eq 9. The data of the Figure 12. Geometrical model used for modeling the effect of packing

“satholoaical” TP mole with 23% H re excl from and hindrance in segmental motions on the dynamic order parameter.
Fl)latth 0 olg fa f Fi U sa 1%6 dt 11 3% HS are excluded fro The two faces of the rectangle separated by the distaaceas barriers

all the plots o Figures an : which increase the value & The internuclear vector i§;, fj is the
average azimuthal angle, aRlis the end-to-end vector.

4. Conclusions

Morphology and domain sizes for TPU samples with constant intensities of the NMR signals(t) andlv(t) for a spin-diffusion
molar mass for the soft segments and variable content in theprocess of dimensionality (n = 1, 2, and 3) can be obtained
hard segments were investigated ¥ spin-diffusion experi- from refs 12 and 15. The spin magnetization in the source region
ments in the approximation of the rigid and mobile domains. (R) for ann-dimensional spin-diffusion process is given by
The rigid domains are associated with the hard segments and
the mob!le domains with the soft segments. In a go_od ap- Ia(t) ~ pR[ZLdR/ZmR(X,t) dx]" (A1)
proximation, the'H NMR spectra can be decomposed in two
components showing that, for the investigated TPU samples,
the mixed phase can be incorporated in the mobile phase.

The most probable morphology is three-dimensional for the
TPU samples with a high content in HS and was established
by a combination between the equilibrium magnetizations and
the domain size ratios obtained from simulations of the spin-
diffusion process using 1D, 2D, and 3D solutions of the spin-
diffusion equations. In these simulations, the hard segments were
considered to be embedded in the soft segments. For other molar ) . )
masses of SS and different HS contents, this morphology can "€ quantitymg(xt) is given by
be inverted. The effective domain size of the rigid phase
increases with the content in the hard segments showing an . PrORMoR
extended spatial organization. This takes place at the expensénR(X' ) = de + oud N
of the domain sizes for the soft domains. Proton spin diffusivities PRER T P

increase for both phases due to the enhanced hindering in the - . . _
segmental mobility. This effect is induced by the increase in éz%Rs'n[deﬂm] cosixfn] expl DRﬁmzt]ﬁm {[odg +

the HS content. kd,,] cos[dr8,] coskd,,B,] — [okdy, +

The segmental orientation represents a microscopic property
of the polymer. Quantitatively, this is described by the residual ds] sin[drB,] sin[kd,,8.]} * (A3)
second van Vleck moment. This NMR parameter can be
correlated with the spatial extension of the dipolar network and wheredy, is the size of the sinkpy is the number density of
the restriction of segmental motions induced by the chain spins in the region Mk = (Dr/Dw)Y2 ando = Kkor/pm. The
packing. A simple, semiquantitative model was developed to spin-diffusion coefficients in the regions R and M are denoted
explain the linear dependence [@,lon the effective volume by Dr andDy, respectively. The quantitigh, (m=1, 2, 3, ...)
dg® of the hard segments. are the roots of a trigonometric equation defined in ref 12.

The correlation of macroscopic, mesoscopic, and microscopic
material parameters can be used to gain a deeper understandingpPpendix B
of the behavior of many classes of heterogeneous polymers The dynamic order parameter is given 8y= P»(cosp;(t)),
including nanocomposites. The results of this work stress the wheregj(t) is the instantaneous angle between a given inter-
importance of the mesoscopic information in this endeavor. nuclear vector;; and end-to-end vect®. The time average is

denoted by a bar for the second-order Legendre polyndpaial
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financial support of her PhD work. parameter are difficult to describe quantitatively. To mimic these
effects, we consider a geometrical model shown in Figure 12.
The internuclear vectdi; is limited in its angular motion due

We assume that the spin diffusion takes place in a hetero-to segmental motions by the walls of a rectangle separated by
geneous polymer from a source R with low segmental mobility the distancén (Figure 12). The time average of the Legendre
into a finite sink M with larger segmental mobility. The presence polynomial is replaced by an average azimuthal ariigleOn
of an interface is neglected in the following considerations. The the basis of this assumption from simple geometrical consid-
relationships describing the time evolution of the integral erations (see Figure 12), we can write CDV

wherepr is the number density of spins of the source R of size
dr andmg(xt) is the space- and time-dependent concentration
of thez spin magnetization. For a dipolar filter that selects only
the magnetization of the R region, the spin magnetization in
the sink region can be written as

In(®) = 1&(0) — Ir(®) (A2)

Appendix A
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F0a- bV (B1)
wherea = 1 andb = 3/(8L%%r?). The effective volume that
restrict the motions of the internuclear vectoMis= Llh. The
above equation is written in the approximation> h/2. In

agreement with eq B1, the dynamic order parameter increases

when the volume/ becomes smaller.
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