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ABSTRACT: The epoxy networks based on poly(propylene oxide) chains cross-linked by diglycidyl ether of
Bisphenol A and reinforced by polyhedral oligomeric silsesquioxanes (POSS) provide a typical example of polymer
nanocomposites with hierarchical architecture. In addition to characterizing the-eP@&S composites, this
contribution demonstrates valuable applications of solid-state NMR spectroscopy. The size of domains in the
nanocomposites was determined by high-speed MAS!H spin-diffusion experiments, offering an alternative

to the established methods like SAXS, EM, or AFM. While the latter might fail under certain circumstances (low
contrast, or small domains), thid—H spin-diffusion measurement yielded the size of unbroken primary domains,
making also possible their distinction from “aggregates of primary domains”, the size of the latter being measured
by EM or SAXS. Depending on the type of the investigated network the size of the POSS aggregates arising in
the nanocomposites was determined to be e20lnm. Investigations of molecular dynamics (various “domain-
selective” relaxation and recoupling solid-state NMR experiments were applied) yielded information making
possible the assignment of the contribution of molecular segments to thermomechanical properties like glass
transition temperature and storage shear modulus, and to predict the products’ ability to absorb mechanical energy.
Remarkable motional heterogeneities were found not only in the amorphous phase, where mobile polymer segments
of the “free” domains coexist with the immobilized chains of the “constrained” ones, but also in the crystallites

of POSS building blocks, where the amplitudes of segmental reorientations occurring in the midkilohertz frequency
region remain relatively large: two-site 186ips dominating to aromatic rings in the PO$®rystallites are
accompanied by the wobbling of the flip axes with an average fluctuation angle teSigflarly, cyclopentyl
substituents in the POgScrystallites undergo to ca. 3%otational-diffusion motion.

Introduction networkd112 consisting of poly(oxypropylene)diamine cross-
Since the end of the last century, polymer nanocomposites iNked by diglycidylether of Bisphenol A. Keeping in mind that
have offered interesting prospects for material science due tothe cause of many properties of polymer materials can be found
the potential improvements in mechanical and thermal properties@t molecular level, we focused our attention on the analysis of
achieved by synergistic effects between suitably chosen nano-the basic structural motifs and segmental dynamics. In general,

particles and macromolecular matrix. Among many approaches®nly @ few types of the epoxy networks can be distinguished
like blending of polymers with spherical nanoparticlesrbon according to the topologies of POSS building blocks, that can

nanotubeg, or layered silicate,the synthesis of organic be found (i) as randomly incorporated pendant units, (ii) as
inorganic polymer nanocomposites containing well-defined r'egularly repeating substlFuents on the backbone, (iii) as linear
inorganic cages has gained increasing popul&ryThe most I|nker:_; or network cross-links, and_ finally (iv) as an gnbound
common compounds used for these purposes are polyhedraf‘amf'”er- In all these cases, previous X-ray dl_ffractlon mea-
oligomeric silsesquioxanes (POSS) of the type-80; £)s 10 surement% revealed the t.en_dency of_POSS units to aggrega-
Their popularity follows from easily accessible functionalization tion,***4and the systematic investigation of thermomechanical
on the organic groups R permitting their incorporation into a properties showed that the strongest remforcem_ent was reached
wide range of thermoplastics or thermosets without modification in the networks where POSS units form crystalline doméins.

of the existing manufacturing protocols. The resulting materials However, in these materials, one cannot expect a simple
then exhibit modified mechanical properties, and the ultimate relationship between the polymer composition and material

effect strongly depends on the type and functionality of organic properties because many effects are operating simultaneously.
substituents of the POSS urf< That is why the disclosure of the fine relations involving all

One of the current trends in macromolecular chemistry is the the possible contributions requires analytical techniques that are
design of multiphase nanoheterogeneous materials with tunablecomplementary to the traditional tools. Owing to the recent
properties. Besides a large synthetic effort, the achievement Ofo_levgl_cigments of the techniques probing |_nter2altom|c proximi-
this target must be supported by the deep characterization ofti€s"® ** and amplitudes of segmental motiofis?* the solid-
the resulting products because correlations between chemicaftate NMR spectroscopy became an mhegrent tool in the
composition and macroscopic properties provide essential Characterization of polymer nanocomposfteg?
information for their optimal development. As a contribution ~ In our investigation we focused on the elucidation of the
to this trend we would like to present the results of our nature of the “POSS effect” via the description of the local
investigations of the recently prepared POSS-reinforced epoxyarchitecture at nanometer scale and by detailed analysis of

segmental dynamics. The composition and motional homogene-

*To whom correspondence should be addressed. E-mail: brus@ ity of the studied POSS-reinforced epoxy systems was basically
imc.cas.cz. Telephone+420 296 809 380. Fax:+420 296 809 410. probed by simplé3C and?°Si MAS and CP/MAS NMR experi-
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Table 1. Composition of POSS-Modified Epoxy Networks and Their Thermomechanical Properties?

wt % of POSS wt % of POSS units incl T G at25°CP
type and name of network compound org “substituent shell” [°C] [MPa]

networks with POSS in junctions

POSS,E8-D2000 3 31 —45 3.8

POSS,E4D2000 47 47 —51 1.9
network with POSS in chain backbone

POSS,E2D2000 64 64 —60 0.55
network with nonbonded POSS nanofiller

POSS,E6-D2000 7 7 —36 11
networks with monofunctional pendent POSS

DGEBA—POS$hE1(x=0.2)—-D2000 25 25 —30 3.4

DGEBA—-POS%E1(x=0.2)-D2000 30 30 =31 0.9
networks with bifunctional pendent POSS

DGEBA—POS$cEesA morX=0.33)-D2000 37 27 —26 5

POS%cesA,moi—D2000 68 50 —24 38

POS%ceBA,0ligo—D2000 88 49 +20 230
reference network

DGEBA—D2000 0 0 —29 2.0

2T, [°C]: glass-transition temperature, as the temperature of the maximum of the loss fadto? @GI{MPa]: dynamic shear storage modulus determined
at 25°C.

ments. Information about motional frequencies was obtained Plastics or synthesized. The POSS compounds with various number
using variousT; and Ty, 13C relaxation experiments in which of epoxy functionalitiesr{f = 0—8) and various organic substituents
the application of cross-polarization and/or direct excitation of R. were employed; R= phenyl (POS§), isooctyl (POS&), or

13C spins made it possible to measure relaxation parameterstyclopentyl (POS§ ocesa). The synthesis of the epoxpOSS
selectively in rigid and mobile domains, respectively. Further, monomers and of modified epoxy networks is described in detail

X : 15 L
the information about motional amplitudes was obtained using in our previous papers:? The compositions and names of the

) . . ; hybrid networks prepared are listed in Table 1. All the systems
« | _13C 1
domain-selective H sepgratedjlo_cal-fleld_ experimets: were stoichiometric, this means that the ratio of functional groups,
The self-assembling of basic building units and the local | = (NH/epoxy) was equal to 1.

geometry was probed by high-speed #D-'H MAS correla- Networks with POSS in Junctions.The systems belonging to
tion experiments employintH—!H spin diffusion. Finally, the this family were prepared from multifunctional epexi?OSS
obtained structural data and the information about segmentalmonomers: octaepoxide (POSS,E8); tetraepoxide (POSS,E4) and
dynamics were discussed with respect to thermomechanicaldiepoxide (POSS,E2). The epoxy groups are attached to the POSS
properties and correlated with the observed changes in glassskeleton through flexible hexyl spacers.

transition temperatureTf) and shear storage moduluS)(

Experimental Section F
Q

Technique of Preparation of POSS-Modified Networks.The

reference epoxyamine network was prepared from diglycidyl ether y
of Bisphenol A (DGEBA) and poly(oxypropylene)diamine (Jeff- @\ o W

amine D2000, molecular weigil = 2000, Huntsman Inc.). The A ’O;i\ P
POSS-modified epoxy networks were prepared by using epoxy- /Sio \? b f{;’/%\ 5\
functionalized POSS monomers, PQES, obtained from Hybrid @B\/s / | 3
g i Si Y _ S
S'\ o

\
fﬁ?ﬁ’n‘f POSSpE1 POSSo.E1

/
MO S,
L °\,s’\ﬁ\\7 PN Networks with Monofunctional Pendant POSS The networks
‘\7_/_ﬁ ! ! with POSS dangling on the polymer backbones were prepared from
. ’ 2 the monoepoxidePOSS compounds with phenyl (PQ®Sor
0 isooctyl (POSS.) substituents. A fractior of the epoxide groups
from DGEBA of the reference network was replaced by epoxide
POSS,E8 POSS,E4 groups from the monoepoxied?OSS, and the content of dangling
POSS units in the network DGEBA{X)—POSSX)—D2000 was
controlled by the ratio of both epoxy monomers. The total amount

d\\\L L\\\\ of epoxy groups was kept constant and equal to the amount of NH
/\/\/)T. - e /\/\/\ oS hydrogen atoms in D2000.

RN L S Networks with Difunctional Pendant POSS.In the previous
A\g case, the incorporation of monofunctional monomers into the epoxy
§r—f L, network leads to a decrease in cross-linking density compared to
/07;/0/5(0\::\ /J)[:} o C the reference DGEBA-D2000 network. To keep a constant cross-
¢ / - H\\‘ linking density, epoxy networks with pendant POSS were prepared

\kkt /—/ﬁ % ‘H\ by using diepoxide cyclopentane-substituted PSszesa units

o (Hybrid Plastics). The amount of pendant POSSwas controlled by

varying the ratio of the POS$ pcesa and DGEBA epoxy mono-

POSS,E2 POSS,E0 mers (DGEBA(X)—POSS, peesa(X)—D2000). Besides the
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Scheme 1. Schematic Representation of the Applieth and Ty,
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Scheme 2. Schematic Representation of the Applied

POSS, peesamon MONOMEr containing on an average 1.6 POSS “Domain-Selective” Recoupling Experiments: 2DT-Filtered
units per molecule we used also the oligomeric analog AM~PISEMA Experiment, Selection of Rigid Domains (Upper

. . Part); 2D Inverse T;-Filtered Direct-Polarization AM —PISEMA
POS%p-pceen,dig that contains on an average 4.3 POSS units per )Experiment, Sellection of Mobile Domains (Lower Part)

molecule. . s
NMR Spectroscopy.Solid-state NMR spectra were measured wihigrossipolacization
using a Bruker Avance 500 WB/US NMR spectrometer (Karlsruhe, ) AM-LGSEMA

Germany, 2003) in 4 mm double-resonance probeheads at magic

angle spinning (MAS)w,/2r = 12 kHz with carrier frequencies

500.18, 125.78, and 99.37 MHz fdH, 3C, and 2°Si nuclei,

respectively. For the measurementlafand Ty, relaxation of!3C H
magnetization in the rigid segments, standard relaxations experi- decoupling
ment$° with cross-polarizations (CP) were employed, while for HH
the measurements of the relaxation$36f magnetization in mobile

domains, the experiments with direct excitations were used (Scheme

1). The applied repetition delay between consecutive scans was 5 156
s. In the case of highly rigid systems the longer delay of 15 s was

used. The intensity of excitation and spin-locking fieBig'C,

29Gi) expressed in frequency units/27 = yB; was 64 kHz and t
the duration of cross-polarization contact time pulse was set to be

2 ms in all cases. The relaxation experiments were performed at

two temperatures (297 and 315 K), and the temperature calibration

correcting the frictional heating of samples was perfor#iethe with direct polarization
site-specific measurements of one-boHd—1°C dipolar cou-

plings*233under Lee-Goldburg condition® were achieved by the
“domain-selective?®21 amplitude-modulated (AM) PISEMA ex-
periment&>36 (Scheme 2). For the 2EH—1H correlation experi-
ments, a MAS NOESY-type pulse sequence with a mixing period - o [ x| [ox |
varied from 0.01 to 100 ms was applied, and the spinning frequency

sufficient to remove dipolar broadening was-1% kHz (2.5 mm saturation
double-resonance probehead). The signals assignmé? iand

295i NMR spectra was performed on the basis of our previously

published result3? ise

L

A J
A J

AM-LGSEMA

decoupling

T

Results
The investigated epoxyPOSS nanocomposites were char- t, t

acterized by three sets of NMR experiments: First, the qualita- > —

tive differences in mobility of molecular segments of the POSS domains was determined in 2B—!H spin-diffusion
composites were studied by MAS and CP/MAS NMR measure- experiments and the results were compared with the ones from
ments of13C and 2°Si nuclei, making possible to recognize previous works (SAXS, EM}! Finally, the molecular mobility

“mobile” and “frozen” areas. Thereafter, the size of unbroken was investigated in detail, by studying segmental motion
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Figure 1. 3C MAS and*3C CP/MAS NMR spectra of the reference

network DGEBA-D2000 and the epoxy networks modified by the T J T
POSS,E units with variable functionalityr( = 0—8). 0 -50 -100 ppm

Figure 2. 2°Si MAS and?°Si CP/MAS NMR spectra of the epoxy
frequencies and amplitudes in the high and low-frequency networks modified by POSSrEunits with variable functionalityr(=
regions, thus giving a deeper insight into how the molecular 0—8).
dynamics of the various nanocomposites’ components and of

- - : . *C MAS NMR *C CP/MAS NMR
their segments influence the material properties (modulus, glass CHe (PO)
transition). ’
Qualitative Description of the Networks. *C and 2°Si #ro) :r(:,OSS)
NMR. At first, the qualitative differences in segmental mobility gggg: £ g;*l';g) o Chs
in the studied epoxyPOSS networks were determined: Poly- D200 A poss) ssb UELL _
mer segments significantly differing in mobility can be simply ks Y RS
distinguished by the comparison of solid-state NMR spectra CH,
carried out at two basic experimental regimes. A single-pulse (POSS)
MAS NMR experiment measured with a short repetition delay DGEBA
has the capability to acquire signals of rapidly relaxing flexible D000 u Ar (DGEEA) w

components, while the excitation 81C or 2°Si nuclei through S M
the cross-polarization enhances signals of rigid segments. 150 100 50 ppm 150 100 50 ppm

This simple approach clearly revealed considerable motional Figure 3. *3C MAS and*3C CP/MAS NMR spectra the epoxy networks
heterogeneities (mostly) introduced by the incorporation of modified by monofunctional POSS units (PQaSPOS$y) containing
POSS units into the rubbery epoxy networks. The extent of the Either isooctyl or phenyl inert substituents, respectively.
influence strongly depends on the functionality of POSS,E .
building blocks. As indicated by the absence of the correspond- POS®et Of POS$,» compounds. As confirmed b¥C NMR
ing signals in'3C CP/MAS NMR spectrum, the alkyl substit- spectra (Flgur_e 3), in both cases the S|Ipxane cages do not
uents of POSS,EO units with zero functionality are isotropically 2dopt the motional state of the PPO matrix. In addition, PPO
moving and do not adopt the segmental dynamics of the ppomatrix itself e>.<h|b|ts moyor)al he.terogeneltles.. This is |nd|-.
matrix (Figure 1). With increasing functionality, however, the cated by the differences in line width of PPO signals. In addi-
intensity of these signals C CP/MAS NMR spectra increases  tion, the PPO matrix itself exhibits certain motional hetero-
indicating gradually restricted segmental mobility and formation 9eneities. This is indicated by the differences in line width
of more rigid structures, while PPO segments still exhibit high ©f PPO signals. Owing to a high segmental dynamics and
dynamics. In the network modified by octafunctional POSS,E8 Motional averaging of various conformations the mobile frac-
units, the POSS substituents’ immobilization reaches such antion of PPO matrix results in partially narrowed signalsie
extent that theT;(13C) relaxation is too slow for th&C spins MAS NMR spectrum while the same units exhibits slightly
fully relax during the repetition delay (4 s). Therefore, the broader signals if*C CP/MAS NMR spectrum measured with

corresponding signals in the single-pul$ MAS NMR cross-polarization. Although both the applied P@S&nd

spectrum are suppressed (Figure 1, upper trace). POS%.: units can be considered as freely dangling side groups,
The isotropic tumbling of the whole POSS,EO cages is their behavior exhibits quite distinctive differences. While the
definitely confirmed by the inefficiency ofH—29Si cross- POSS units are substantially rigidified the PPO matrix remains

polarization and by the line-narrowing observed in the single- €lastic and mobile. This is indicated by the intensive signal
pulse2°Si MAS NMR spectrum (Figure 2). On the other hand, enhancement of the signals of PQ§&romatic rings in**C
the chemical bonding of the multifunctional POSB jits in CP/MAS NMR spectrum relatively to the signals of PPO blocks.
the network causes splitting and asymmetric broadening of On the other hand, due to the conformational variability of
29Si NMR signals indicating magnetic nonequivalence of silicon flexible alkyl groups the POSS; units exhibit higher internal
atoms and symmetry distortion of POSS cages (details aredynamics in comparison with PPO matrix. Consequently the
discussed latef 38 1H—-29Si cross-polarization is ineffective and only a small
Regardless of the type of POSS substituents, the extensivefraction of partially immobilized POS$: segments is indicated
formation of motional heterogeneities is observed for the by low-intensive humps in a single-pul$é€Si MAS NMR
systems modified by randomly incorporated monofunctional spectrum (Figure 4).



376 Brus et al. Macromolecules, Vol. 41, No. 2, 2008

»Si CP/MAS NMR " »si CP/IMAS NMR
Ph-Si-(OSi)s-
T3
-CH,-Si-(0Si)s-
POSSpeesA oligo
D2000
DGEBA
POSSe,E1
D2000 T A Q4
-CH2-Si-(08i)s- M1 ssb J L -SI—(OSI)rSS
N\
#si MAS NMR
T3 POSSpcesAmon
-CH,-Si-(OSi)s- D2000 A
- A L W
DGEBA
POSSpeesamon J\/\L
D2000
T T T
-60 -70 ppm » e
Figure 4. 2°Si MAS and?°Si CP/MAS NMR spectra of the epoxy T T T
networks modified by monofunctional POSS units (P@SPOSSn) 0 -50 ppm
containing either isooctyl or phenyl substituents, respectively. Figure 6. 2Si CP/MAS NMR spectra of the epoxy networks modi-
fi iepoxi | ntane- i P r
5C MAS NMR G CPIMAS NMR ed by d epo. de cyclopentane-substituted PQSSsesamon 0
POS%’)*DGEBA,OHQ units.
CH; (Cp)
The observed loss of the spectral resolution the system formed
CHx-O +CH-O . . . .
POSSocesaaige by oligomeric POS&,-pceeaoig S€EgMents probably indicates
b0 J/\ oH (o) increased disorder of local arrangement of the P§2&S units.
o ey ) Local Order of Nanocomposite Networks viaH—!H

Correlation: Domain Size Determination. The successful
development of polymer nanocomposites requires a deep
POSSoszaamen analysis of self-assembling processes and the understanding of
D2000 (CHy)-Si their impact on material properties. In order to assess the size
o of inorganic domains formed in the investigated nanocomposites,
CH-O ’ J}L IH spin diffusion was probed and series of two-dimensional

(PPO) | CH-0 experiments correlating spatially clodd nuclei via through-
space dipolar couplings were performed. In genéltah-H
. I correlations allow tracing of interatomic contacts up to ca. 0.5

. . . . w T T nm, and the analysis dH spin diffusion makes it possible to
150 100 50 ppm 150 100 50 ppm

DGEBA
POSSpeesAmon
D2000

_ probe the size of domains in heterogeneous systems up to a
Figure 5. *°C MAS and*C CP/MAS NMR spectra of the epoxy  width of about 50 nn#¥ The success of such experiments is,
networks  modified by  diepoxide cyclopentane-substituted 1, ever, preconditioned by a sufficient spectral resolution and
POS%,-beesamon and POSE,-paeea olig UNILS. - . . ! ;
requires the removal of the dipolar broadening. Besides various

The increased probability that two dangling POSS units are homodecoupling techniqué$,*? a high-speedH—*H MAS
located next to each other as regularly repeating substituentsNOESY-type experiment is an elegant way to access the
on a polymer backbone significantly supports immobilization eduired cross-peaks separafio(Figure 7). _
of polymer segments. This is the very case of the epoxy net- Usually the spin diffusion between d|polarly_coupFédsp|ns _
works modified by POSS, pceeamon and POSS,-pcesa oiig is traced_throu_gh the dep_endenqe_ c_)f correlation s_|gna_l |nten_S|ty
compounds. The incorporation of “monomeric” PQSScesa mon on the.m|x.|ng tlme_. Applying the |nltlal-rgte,approxmanon, th|§
blocks leads to the formation of motionally heterogeneous €volution is described by the second Fick's law, and assuming
networks, where the major fraction of PPO segments still & Simple two-component system, the size of the dispersed
remains in a highly mobile state while PO$Soaesa monunits domains c_>f the compc;rl(jm can be calculated according to
form rigid domains. This follows from the relative enhance- the following equatior??
ment of the POS§ signals in**C CP/MAS NMR spectra.

However, the modification of the epoxy network by oligomeric dy =2 £ (1 Dt )1/2 1)
POSSp-pcesaoiig diepoxide completely immobilizes the PPO fg\z — %9

matrix which adopts the motional behavior of PQSSceza olig

segments (Figure 5). Herefg is the volume fraction of the continuous phd&eand

Similarly, as previously mentioned, the observed splitting of teqis the time of magnetization equilibratioB), is diffusivity,

295i NMR signals (Figure 6) reflects the magnetic nonequiva- ande reflects dimensionality of the process. The diffusivity, a
lence of silicon atoms in POg&ega building blocks. The signal parameter reflecting the average strength of dipolar couplings,
analysis revealed the presence of three different types of Siwas determined for every component in each polymer network.
atoms with the population ca. 3:3:1 which is in accord with the Using the previously described strateé§knowing the effective
presence of two sets of three equivalent T3 silicon sites locatedsize of an oxypropylene unitx(= 0.35 nm$° and assuming
around aCz symmetry axi&"38 (Figure 6). The remaining T3  one-dimensional polarization transfer within the monomer unit
and Q4 silicon atoms then coincide with the symmetry axis. (e = 1), the spin-diffusion coefficients attributed to PPO matrix
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Figure 7. *H—'H MAS correlation spectra of the selected POSS-
reinforced networks recorded at 30 ms spin-diffusion mixing time.

were calculated from the equilibrium mixing times extracted
from the buildup of the cross-peaks correlatings@iHd CH—0O
protong>4é (Figures 7 and 8):

b=

4k, @
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Figure 8. Spin-diffusion buildup curves obtained for PQg&sa oligo—
D2000 and POSS,E4D2000 networks demonstrating the evolution
of cross-peaks correlating GHO and CH groups within PPO
monomer units and for CHO and CH or CH;—Si units between
PPO and POSS building blocks.

5,000

Literature dattf*+47indicate that fast MAS averages out the
dipolar interactions in such a way, that the effective diffusivities
(Der) in these networks are comparable with the values
determined for weakly*H—H-coupled mobile polyethylene
oxide chain$’ or for sparse surface hydroxyls in siloxane
networks'® However, the most demanding part of the domain
size calculation is the estimate of the parameter of dimensional-
ity (¢) reflecting shape of the dispersed particles. We assume
rather imperfect assembling process of polymer blocks, which
is why formation of deformed ellipsoidlike or rodlike aggregates
characterized by the parameter 2 seems to be a compromise
choice.

As demonstrated on the reference network the DGEBA
segments are not significantly aggregated forming thus only very
small domains with maximum diameter ca. @7 nm (this
corresponds to ca. one or two DGEBA units). Somewhat larger
chemically connected domains of tetrafunctional POSS,E4
blocks of the size about 1-2 nm (mainly single or double

Unfortunately, the absence of suitable correlation signals did POSS,E4 units) can be expected in the POSS[E200
not permit the measurement of diffusivity in POSS units. Owing network. An additional increase in the size of domains is induced

to this fact, the coefficients for POSSPOSS,, and POSS,E8

by the increase in POSS functionality, and octafunctional

units were only estimated and assumed to be comparable withPOSS,E8 blocks form domains which size is aboub4m

the diffusivity of the glassy PPO matrix in the PQ3%cesa,olig—
D2000 system = 0.0962 nm-ms™1). The reliability of this

(corresponding to chemically connected clusters of several POSS
units). Because of the high flexibility of alkyl chains in

assumption is supported by the fact that both PPO segments a®OSS,E0 and PO%g units the formation of a rigid phase is
well as POSS units in these systems are substantially rigidified. not allowed and rather liquidlike aggregates evolve. Conse-

Finally, for the accurate analysis of spin diffusion in motionally

quently resultingH—'H dipolar couplings are motionaly aver-

heterogeneous systems, the effective diffusivity was calculatedaged to zero, making impossible to measure the size of the
as an average value weighted by the volume fractions of arising domains. Roughly estimated from the observed nearly

individual components (Table 2).

isotropic tumbling of the whole POSS cages in these systems,
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Table 2. Times of Magnetization Equilibration between CH and CH>—O Protons within PPO Monomer Unit, te(PPO), between CH—O
Protons of PPO Units and POSS or DGEBA Blocksteq the Spin-Diffusion Coefficients of PPO Matrix, Dppo, the Effective Spin-Diffusion
Coefficients, Defr, the Volume Fraction of PPO Matrix, fppo, and the Calculated Sizes of the Dispersed Domaind,

teq(PPO) Dppo teq Dett d
type of the network [ms] [nm2ms™] fepo [ms] [nm2-ms~1] [nm]
DGEBA—D2000 59 0.0027 0.84 4.9 0.0027 0.6
POSS,E4D2000 10.8 0.0008 0.54 14.2 0.0008 1.5
POSS,E8D2000 12.7 0.0006 0.70 8.4 0.0293 4.7
DGEBA,POS%E1-D2000 6.2 0.0024 0.84 6.4 0.0024 0.7
DGEBA,POS$rE1-D2000 6.5 0.0022 0.80 20.7 0.0215 8.5
POSS$ceeA mori—D2000 2.8 0.0118 0.59 21.2 0.0463 17.3
POS%cEBA,oligo—D2000 1.0 0.0962 0.25 5.4 0.0962 15.1

the intimate mixing of POSS,E0 or PO&Sunits with PPO Generally, two distinctive groups of segmental motions are
matrix can be excluded. Instead, formation of large liquidlike easily recognized via spin relaxation mechanisms: High-
droplets can be expected. frequency (ca. hundreds of MHz) motions (librations, rotations
In contrast, due to the limited conformation variability and and jumps of small groups), and low-frequency motions (ca.
the ability of phenyl rings to participate im—s interactions, tens of kHz) involving movements of larger parts of polymer
the POSS$, units yield to a strong self-assembling process, chains. The high-frequency motions yield valuable “diagnostic”
leading to the formation of rigid relatively large domains-& information about the situation of the corresponding groups in
nm). Similarly, as a result of relatively strong hydrophobic a material. They can support some slower motions, and they
interaction and favorable shape of cyclopentane substituents thecan influence intermolecular or intersegmental interactions. The
largest domains reaching up to ca.—1I8 nm (Table 2) are low-frequency motions are known to correlate strongly with the
created by POS$-pcesa Segments. thermomechanical material properties like modulus or glass
Motional Frequencies of Polymer Segmentslt has long transition and they can also absorb considerable amounts of
been recognized that, besides the structure, also moleculamechanical energy.
dynamics covering a wide range of time scales, from picosec-  An insight into the correlation times of both types of motions
onds to seconds determine mechanical properties of polymersjs provided by NMR relaxation measurements, which can
The polymer chain dynamics exhibiting varying amplitudes and examine segmental motions at two distinct time scales. The high-
geometries, such as small-amplitude librations, aromatic ring frequency motions are probed by the measurements of-spin
flips or aliphatic side chains jumps can be characterized by an |attice T, relaxation times at laboratory reference frame. Briefly
order paramete (egs 3-5) and a correlation time. Ingeneral,  speaking for the readers that are not familiar with NMR,
the order paramet@‘is a measure of the equilibrium distribution relaxation is the process of recovery of a Spin System into the
of orientations of the bond vecta(t) in a molecular reference  thermodynamic equilibrium during which excitation energyg(
frame and ranges from 1 for fixed orientation to O for free = p,By27) is dissipating into the lattice as heat, and a part of
motion#® In the simplest case, assuming a small-amplit@e ( macroscopic magnetizatiomy) that is parallel with the direction
axially symmetric motion (so thaiin 601~ [80), the order  of static magnetic field By) exponentially decays. As the
parameter can be convertéd>!to the average fluctuation  apsorption of the excitation energy is not followed by spontane-
angle %20 ous emission, the recovery must be forced by local segmental
fluctuations which frequencies correspond with the absorbed
S=1-— 3 20 ©) energy: AE = hwo/27 (wo is the Larmor precession frequency,
2 e.g., 125 MHz for'3C spins atBy, = 11.7 T). Consequently

. . . . measurements df; relaxation times of various nuclei starting
For complicated motions other models providing more instruc- £.5m 1H to 15N cover a wide range of motional frequencies from

tive pictures can be applied. For instance rapid jumps of the 5 500 to 50 MHz. Analysis of the low-frequency motions
bond vector betweed distinct orientations wnhﬂgrgfulatlons requires an application of significantly weaker magnetic fields.
p are analyzed according to the following relatfor: Experimentally, this is achieved by applying a rotating (spin-

N locking) Bsfield which intensity expressed in frequency units
S= z pipjpz(cosaij) (4) is ranging from ca. 10 to_lOO kHz (e.gu,1/2:r = VB.l = 64
= kHz). If the measurement is performed in the coordinate system

o _ _ ~ thatis rotating with Larmor frequenayo, the static magnetic
If the motion is modeleq by the Gaussian aX|aI. quCtuatlpn field apparently has not impact on the spin behavior. So the
model?? the bond vector diffuses within a parabolic potential measurements of relaxation times at rotating framg) (Open

on the surface of a cone: the window into the analysis of midkilohertz motions. The
dependences between relaxation and correlation times are

S=1- 3 sirf 6{[cos (1 — exp[~o])] + schematically depicted in Figure 9.

0.25 siff O(1 — exp[—40o:])} (5) In order to probe the effect of POSS units on the behavior of

polymer matrix, thel, and Ty, relaxation times of~-CH—O—

where# is the (fixed) angle between the bond vecidt) and groups of PPO segments were measured at various temperatures.

the director axis for the motion angd is the standard deviation  Considering the existence of motional heterogeneities, two types

of the fluctuation in the azimuthal angle. of relaxation experiments were performed: the experiments with

That is why, after the qualitative characterization of molecular direct excitation ofC spins having capability to detect highly
segment mobility, which revealed mobile and frozen areas in mobile segments, and the techniques based on the cross-
the PPO matrix, the motional dynamics of the investigated polarization probing rigid polymer units. The justifiability of
systems were studied in more detail. For this purpose, the this approach is confirmed by the observed differencesin
frequencies of segmental motions were evaluated at first. relaxation times (Table 3) that revealed remarkable differences
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InT; (:‘;C) 125 MHz T, are not extremely long indicating that certain flips and reorienta-
InT35("C) ca. 10 ns tions of POSS substituents in both main frequency regions
outlive.

Motional Amplitudes. H—13C Dipolar Profiles. After
characterizing the frequencies of segmental motions in the
epoxy—POSS nanocomposites, it was of interest to determine
the amplitudes of these motions. The recently developed
IH—-13C separated-local-filed experiments (PILGRWAM-
PISEMA)® make straightforward the site-specific measurements
of dipolar couplings, which contain information about the
motional amplitudes of molecular segments. This is allowed

. . . . by the fact, that any molecular motion with a correlation time
Figure 9. Schematic representation of the dependencies between . 1
relaxation timed; and correlation times, (and/or inverse temperature  Shorter than ca. 4@s causes averaging of one-boR€—*H
1/T). The fastest relaxation is simply expected for segmental fluctuations dipolar interactions (cavp/2r = 25 kHz). Then the ratio of a
with correlation frequencies close to resonant frequencies. motionally averaged dipolar coupling constabif;) and the

rigid-limit value (Dch,ig) defines an order parametes) (that

can be converted to the amplitude of segmental métiteqs

3—5). Following from the experimental Lee-Goldburg condi-
Mion 34 the scaling factor cos(54.)reduces the rigid-limit value
"of a typical one-bond €H pair to be ca. 13.2 kHz, however,
owing to the experimental imperfections, the rigid-limit value
is a bit smaller: ca. 12:012.5 kHz. That is why before every
experiment, a model compound measuremeiflé) was per-

. o - formed. The order parameters were estimated from the dipolar

Th_e_ ob_served changes in relaxation times |nd|(_:ate that theprofiles of CH and CH groups since the dominant splittings
modification of the reference network by multifunctional observed in the dipolar spectra reflect spin-pair one-bond

POSS.,IE units causes a significant increasg iri correlation fre- 13c—1H dipolar couplings as confirmed by the previous spectral
quencies of segmental motions of PPO chins in both frequencysimulations‘!9 The influence of additional remote spin was also

regions. In the system containing bifun_ctional POSS,E2 UNItS, tested and it has been found out that the dipolar profiles of CH
the motional frgedom reaches such a hllgh.extent,.that the .h'gh'and CH groups are still dominated by one-bond dipolar cou-
frgquency m°“°'?5 excged 125 MHz. \.N'th Increasing funCt'O.n' plings and multispin behavior can be neglected. This confirms
ality of POSS units the internal dy”’?‘m'cs of the polymer matrix that spin-pair analysis is suitable approach also for the typical
is gradually reduced to be nearing the reference ne_t\_/vork organic polymers with a dense proton network (for the details
(DGEBA—D2000). However, not even the network modified and simulated dipolar profiles, see Supporting Information).

by the octafunctional POSS,E8 blocks exhibits the same ] ) i )
dynamics as the reference system. To probe motional amplitudes in the “free” and “constrained”

The motional frequencies of the PPO matrix are nearly domai_ns separately, we applie_zd the rzelcently developed “domain-
unaffected by the inert POSS,EO blocks. The softening effect felective AM-PISEMA experiment32! (Scheme 2) that select
of liquidlike aggregates formed by these cages is very weak, °C magnetization of either rapidly or slowly relaxing compo-
leading only to a slight increase in motional frequencies. More Ne€nts. As the differences iy relaxation times in various PPO
pronounced softening of the network, is caused by the reductiondomains are not extremely large, the applied relaxation filters
of cross-linking density resulting from the incorporation of Only partially suppress the unwant&€ magnetization. Despite
monofunctional POS$:E1 units. On the other hand, the this fact, the dominant narrow signals reflecting mobile PPO

presence of crystallites of phenyl-substituted PRES cages chains in the “free” domains (Figure 10) are removed, allowing
fully compensates for this effect. the emergence of the broad doublets of rigid units in the

Much more extensive changes in the relaxation behavior are ‘constrained” PPO domains (Figure 11). However, the zero-
observed in the systems modified by P@§S:a blocks, which frequer_ic_y signals must_ be interpreted very_caL_itious_Iy because
maintain the same epoxide-functionality as DGEBA. Predomi- they originate from a mixture of many contributions like long-
nantly, the incorporation of POSSeea monunits is accompanied rangeH—13C dipolar_interaction§ or mcomplet_e_ly refocused
by the formation of a significant fraction of the “constrained” NhomonucleatH—*H dipolar coupling$>*In addition, above
domains of PPO chains which exhibit significantly shoffer Tg, the tran_smons between ail the conformz?\tions_take place on
relaxation times. The observed enhancement in the relaxationthe same time scale as rotational motions involving small-step
efficiency indicates that motional frequencies of these segmentsdiffusion and jumps by arbitrary anglék.Consequently,
are substantially reduced, approaching ca. 64 kHz. With geometry of the motion in the “free” domains cannot be
increasing amounts of POS&sa units, the fraction of the ~ described by employing a fixed diamond lattiéeand the
“constrained” domains increases. Finally the incorporation of @pplication of the above-mentioned models is speculative.
oligomeric POSS8cesaaigo UNits leads to a complete im- Nevertheless, for a comparative study of related systems, the
mobilization of PPO chains in both frequency regimes. discrete transitiongauché —trans—gauche (g*—t—g~) can

Except the systems consisting with POSS,E2 and POSS,E4be considered as a fundamental motional mode, on which other
blocks with nearly uniform motional behavior, the relaxation motions are superimposed. Theoretically, the three-site jumps
times listed in Table 4 indicate distinctive differences between betweeng™—t—g~ conformations with equal populations re-
the dynamics of PPO polymer matrix and POSS substitu- duces the order parameter to the vafire 0.11 @ = 109, p;
ents. In contrast to soft droplike aggregates of POSS,EQ0 and= p; = px = 0.333, eq 4). That is why the narrowing of the
POSSEL, in solid aggregates the segmental motions are central signals (Figure 10) below this value can be interpreted
substantially hindered. However, the observed relaxation timesas an increase in the freedom of large amplitude rotational-

b
(44

between mid-kilohertz frequency motions occurring in the “free”
and in the “constrained” domains of the PPO matrix. Estimating
correlation frequencies, the dependences of relaxation times o
temperature prove, that nanosecond motions occur with cor
relation frequencies slightly below 125 MHz, while the cor-

relation frequencies of microsecond motions are somewhat
higher than 64 kHz (Figure 9, the probed regions are indicated
by the dashed boxes).
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Table 3.T1(*3C), T1,(**C) Relaxation Times of —CH—O Groups of PPO Units Measured at 297 and 315 K by the Experiments with
Cross-Polarization (CP) and Direct Polarization (DP) of13C Spins (Scheme 1)

297K 315K
T1 T1p T1 T1,
type of the network CP [s] DP [s] CP [ms] DP [ms] CP [s] DP [s] CP [ms] DP [ms]

reference network

DGEBA-D2000 0.61 0.56 6 7 0.47 0.39 10 22
networks with POSS in junctions

POSS,E8-D2000 0.47 0.41 8 24 0.41 0.38 24 44

POSS,E4D2000 0.42 0.40 13 25 0.40 0.38 25 49
network with POSS in chain backbone

POSS,E2-D2000 0.34 0.39 15 32 0.35 0.43 30 57
network with nonbonded POSS nanofiller

DGEBA,POSS,E6-D2000 0.57 0.52 7 10 0.40 0.41 13 25
networks with monofunctional pendent POSS

DGEBA,POS$,E1-D2000 0.63 0.57 5 6 0.47 0.43 12 23

DGEBA,POS%E1-D2000 0.52 0.46 7 11 0.40 0.35 19 35
networks with difunctional pendent POSS

DGEBA,POS$cesam—D2000 0.63 0.59 6/028 8/0.8 0.51 0.44 13/09 20/0.¢

1/0.2 2/0.2 1/0.22 2/0.2
POS%cesAmoi—D2000 0.62 0.61 7/0%5 7/0.6 0.50 0.46 13/0.8 15/0.8
2/0.8 2/0.& 1/0.2 2/0.2
POS%cEBA oligo—D2000 3.12 3.15 8 8 1.25 1.22 4 4

2The double-componenify,(*3C) relaxation: the first figure represents the relaxation time in ms, while the relative amplitude of the corresponding
component is indicated by the second figure.

Table 4.T1(*3C), T1,(*3C) Relaxation Times of POSS Substituents in CH (PPO) CH; (PPO)
Aggregates Measured by Standard Relaxation Experiments with
Cross-Polarization (CP) at 297 and 315 K

297K 315K
6(13C) Tl Tlp Tl Tlp

type of the network group [ppm] [s] [ms] [s] [ms]
POSS,E8-D2000 Ch 23 1.29 4 1.05 8
CH; 32 127 4 1.09 9

POSS,E4D2000 Ch 23 055 6 052 10
CH> 32 0.52 5 045 11

POSS,E2D2000 Ch 23 041 8 044 12

CH; 32 039 10 043 13
DGEBA,POS&,E1-D2000 CH= 134 3.7 21 3.7 29
CH= 130 4.0 37 4.1 41

POS$ceRAmori—D2000 CH 23 12 20 11 22
CH> 28 14 17 15 20
POSS$GERA oligo—D2000 CH 23 11 29 1.2 32

CH; 28 1.6 24 18 28

diffusion motions involving higher number of polymer segments
(systems modified by noncrystallizable POSS units). Oppositely,
in the networks where POSS blocks form rigid chemical or
physical aggregates, these motions are hindered and the overall
amount of the “free” domains decreases (e.9., PS5 oligo—
D2000 system).

In the “constrained” domains, the motional amplitudes of PPO
chains are remarkably restricted (Figure 11). For instance the
increased order parameter can be explained by unequal popula-
tions of various conformationg™, t, andg~ (e.g., DGEBA-
D2000,S= 0.25). The sterical shielding in these domains can
reach the limit when two-site jump motiong > t) start to
dominate (e.g., POSS,E®2000,S= 0.33,6; = 109, pi = p

1.8 kHz POSSDGEBA,mo,. 1.8 kHz

D2000

PossDGEBA.oIIgo
D2000

1.3 kHz

i >
= 0.5, eq 4). As reflected by broadened dipolar profiles, a ‘ 10.8 kHz. | ‘
relatively wide range of motional amplitudes can be expected. 15000 -5000 5000 Hz 5000 5000 15000

:;loggrECSular, Irl‘. ihethsység.rp mlo,fjmtEd by toqtaflé,r?gtlongl Figure 10. InverseT-filtered dipolar spectra recorded for CH and
/=0 Cross-IiNks, the additional “extra-constraine omains CHjs units of PPO chains in the “free” domains. The full-widths at half-

reflected by the outer dipolar doublet were found. In this case, height of the signals are shown at the left or right side of each spectrum
assuming axially symmetric rotational-diffusion motion, the while the corresponding order parametgrare listed left.

order paramete® = 0.92 indicates small-amplitude wobbling

with the average fluctuation angle of CH vectors ab@ut on the systems modified by PO&Sga units. While in the

13° (eq 3). Similar but less apparent features are observed alsd‘constrained” domains of PO$8esa mor— D2000 network (68

for the system DGEBA,POSSE1-D2000. The influence of  wt % of POSS epoxide) still high-amplitude two-sige< t

the number of potentially crystallizable POSS units on the jumps prevail § = 0.35, 8; = 109, pj = p; = 0.5, eq 4),
motional amplitudes of the confined PPO chains is demonstratedmodification of the network by PO%Sega oligo UNits (88 wt %
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CH (PPO)

CH; (PPO)

POSSpcesamo
: D2000
\/\/\

POSSncesaoligo
D2000

11.5kHz

11.4 kHz

-15000

Figure 11. T,-filtered dipolar spectra of CH and GHinits recorded

for the confined PPO chains. The motionally averaged splittings in kHz
(Av) reflecting dipolar couplingsic) are shown at the left/right side

of each spectrum.

-5000

5000 Hz

-5000

5000 15000

of POSS epoxide) leads to a complete immobilization of PPO

segments$= 0.95,0 = 10°, eq 3). The sterical restriction in

the later system is so extensive that also methyl rotation in the

confined PPO chains is reduced (Figure 11, right column).
In the same way, the dipolar profiles of rigid segments in

the POSS aggregates were recorded (Figure 12). Although the

global dynamics of POSfand POS&,-pceea Cages must be
reduced to form crystallite’s, the motional amplitudes of the
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DGEBA-POSSg,,E1- D2000
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§20.35 $=0.72 “
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/ “P Voo H A\
A | " j W
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Figure 12. Ti-filtered dipolar spectra of substituents of POSS cages.

4.5 kHz

(CH3)-Si
0 ppm

organic substituents are surprisingly high. To explain very small For better identification, every structure unit is assigne#®®NMR

order parameteiS= 0.35) of ortho/meta CH groups in phenyl

rings a simultaneous action of several motion modes must be

supposed. The two-site 18@lip reduces the order parameter
to only S= 0.5 @; = 12, pi = p; = 0.5, eq 4). That is why

chemical shift.

applied model predicts diffusion of the-€& vector within a
parabolic potential on the cone surface with the average

additional contributions must be taken into account. At first the fluctuation angle cags = 35° (Scheme 3b). As indicated by
spin-pair dipolar interactions under the large-amplitude motion the order parameters of GHjroups 6 = 0.43-0.45, Figure

can no longer be considered as axially symmetpic<(1.0).
For the two-site 180 phenylene ring flip the asymmetry

12), restrained motions with similar amplitudes can be expected
also for the hexyl spacers linking POSS,E8 or POSS,E4 cages

parameter{ = 0.6) scales down the theoretical order parameter with the PPO matrix. Although these POSS,E8(E4) cages do

to ca.S= 0.441° As this scaling still cannot fully explain the

not form crystalline domains, a tight packing is evidenced by

observed behavior, the second motional mode of phenylene ringshe reduced rotation of Si(CHz), methyl groups (Figure 12).

was considered. With a high probability, the flip axis is not

stable but undergo a certain libration which is evidenced by Discussion

the order parameter of the GHunit in the para positiong=
0.72). Theoretically, in the case of a fixed axis, the order
parameter should be unreduce8 € 1). That is why the
wobbling of the whole phenylene group in the direction up and
down the plain of aromatic ring with an average fluctuation
angle ca.f = 25° can be supposed as one of the possible
additional motional modes (eq 3, Scheme 3a).

A bit more restrained motions were found in PQ3Sa
crystallites. Taking into account the rigid lattice of Si and O

This work complements the recent studié3of morphology
and mechanical properties of epoxy networks based on DGEBA
cross-linked PPO chains reinforced by POSS cagedymer
nanocomposites exhibiting complicated architecture. The current
analysis highlights motional heterogeneities and differences in
segmental mobility in various polymer domains in order to
correlate molecular properties with macroscopic and thermo-
mechanical behavior of these nanocomposites.

The understanding of basic structural motifs in the reference

atoms and the geometry of cyclopentyl substituents, the GaussiaDGEBA—D2000 system is the starting point for the elucidation
axial fluctuation model (eq 5) is a suitable choice for the analysis of POSS effects. The high rate of polyaddition reactions of the

of the order parameter of CH grou8= 0.45). With the cone
semi-angle § = 109) defined by—Si—C—H bond angle, the

DGEBA oxirane rings with primary amines supports the
formation of the infinite “poly(aminoDGEBA)” chains that are
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Scheme 3. Schematic Representation of Segmental Motions in Scheme 4. Schematic Representation of the Reference Network
the Crystallites of POS$y (a) and POSS, Units (b) DGEBA—D2000 (a) and the DGEBA-POSS:,E1—D2000
DGEBA Network with Randomly Incorporated POSSp Units (b) and
POSS;,,E1 with Aggregated POSS$ Units (c)
D2000 a) PPO S
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interconnected by flexible PPO blocks (Scheme 4a). Already :;’gsr:’gz;'emaw — @ %
this arrangement induces motional heterogeneities because the
conformational flexibility of poly(aminoDBEGA) chains and tially enhance the storage modulus (12 MPa) in the rubber
of closely neighboring PPO segments is reduced. Additional region. This phenomenon, however, is not accompanied by the
sources of motional defect are introduced by randomly incor- decrease in segmental dynamics of the PPO maifixig
porated monofunctional POSSr POS%; units that terminate  unaffected). The absence of confined chains is somewhat
poly(aminoDGEBA) chains (Scheme 4b). Consequently, the surprising, because the interfacial area between nanometer-sized
cross-linking density is reduced and the shorter poly(amino- POS$, crystallites and PPO matrix must be relatively large.
DGEBA) segments exhibit increased mobility. On the other This behavior can be explained by the high-amplitude flips
hand, due to the recently described polymerization-induced of phenyl rings that make interfacial interactions with PPO
phase separati®hand due to the preferential interaction of chains ineffective. Considering the phenyl flips, the P@SS
POSS substituents (e.gr- stacking), POSS units aggregate crystallites play not only the role as physical cross-links but
to form bulky and structurally complicated physical junctions they also can absorb large amounts of mechanical energy. In
(Scheme 4c), which, in the case that they are crystalline, general, the high-amplitude phenyl flips are considered to be
substantially reduce the mobility. mechanically active, providing thus the molecular source of
Previous SAXS and TEM measuremétt®evealed the size  high ductility of many polymers. That is why the balance
of crystallites of POS&, units to be ca. 30 nm, while our spin-  betweenr— interactions and phenyl flips can be considered
diffusion experiments found the domains to be significantly as a potential factor supporting improvement in mechanical
smaller (ca. 8 nm). This difference partly results from the fact properties.
that the spin-diffusion experiments generally underestimate the On the other hand, the reduced cross-linking density itself
size of the dispersed particl&sHowever, at the same time, causes a decrease in dynamic shear storage modulus (from 3 to
we can assume the fine internal structuring of the PQSS 0.9 MPa) and glass transition temperature (frer29 to —31
aggregates. In fact it is hard to imagine formation of the 30 nm °C; DGEBA—POS%.,E1—D2000). Probing motional frequen-
size domains of POS$% cages that do not contain directly cies of PPO chains, we observe only a small increase in
incorporated chemically bonded PPO fragments. Instead, themidkilohertz and megahertz regions, while motional amplitudes
large POS&, aggregates detected by SAXS consist with smaller are released, tending to reach an isotropic state. This results
crystallites that are separated by PPO segments. from the absence of the constrained domains of PPO chains
From the macroscopic point of view, due to the crystalline due to the fragmentation of poly(aminoDGEBA) chains. In
state of the POS§aggregates the formed physical cross-links addition, due to the weak cohesion forces, the physical junctions
easily compensate the lower cross-linking density and substan-formed by soft POS&: aggregates are not able to compensate
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Scheme 5. Schematic Representation of the Scheme 6. Schematic Representation of POSSER2000
POSSp-pceBA0ig—D2000 Network System (a) and the More Realistic Picture Where POSS,E4

Units Form Chemically Bonded Clusters (Fragments of the
Theoretical 3D Poly(POSS) Network) as Well as Linear Units

(b)
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the missing chemical cross-links. This indicates that the presence %
of even relatively large amount (30 wt %) of bulky POSS units Sore®
may not always affect the dynamics of flexible polymer chains,
and the role of POSS unit as an anchor is not general.

The situation is quite different in POg$Spceea—D2000
systems, where the POSS cages do not reduce cross-linkingb)
density but form regular substitutents of polymer backbone. This .
arrangement offers preferential aggregation of parallel chains_-.“u“&'*
into the POSS-rich crystallites separated by PPO segments ".:'.?.'.i'
(Scheme 5). As the sizes of these crystallites determined by :'.‘""-,
spin-diffusion measurements (%27 nm) and X-ray diffraction ne
scattering (ca. 19 nm) are in accord, the PPO chains are not
involved in the crystallites but rather form their surroundings.
At room temperature, the network PQ$Scesamoi— D2000
shows an increase in modulus by 1.5 order of magnitude while
the incorporation of longer sequences of PQSScesaoig
causes an increase in modulus by ca. 2 orders with respect tc
the reference network. This enhancement can be attributed not
only to the formation of physical junctions but also to the
presence of the “constrained” domains of PPO chains in which by these units is very strong, and a marked immobilization of
high-amplitude motions are reduced. This immobilization can PPO chains is also observed (Figure 11).
reach such an extent that PPO segments undergo only small The dominant role of poly(aminoDGEBA) chains on the
amplitude wobbling, with an average fluctuation angle that is thermomechanical behavior of PPO matrix is demonstrated on
comparable with the motional amplitudes of polyamide-6 chains the networks containing multifunctional POSS,Building
in crystallites?? This indicates tight and perhaps regular ar- blocks and Jefamine D2000. The simplest POSSE2000
rangement of PPO chains, which additionally contributes to the network, in which difunctional POSS cages form infinite “poly-
enhancement of the storage shear modulus. (POSS)” chains (Scheme 6a), is an analogue of the DGEBA

In contrast to the simple reference system DGEB»000, D2000 reference system. Although the cross-linking function-
for which a slight temperature-induced increase in modulus alities of the POSS,E2D2000 network and of the reference
resulting from the entropic elasticity of PPO chaitis observed system are identical, the significantly higher flexibility of “poly-
in the rubber region, the PO§Speesa—D2000 networks (POSS)” chains dramatically reduces not only the storage
exhibit a steep modulus decrease in that region. This mainly modulus to 0.2 MPa but alsi to —75 °C. The conformational
results form the disordering of polymer segments, that pre- freedom of these chains is so high, that the PPO segments
dominantly occurs in the “constrained” domains of PPO chains, exhibit nearly isotropic tumbling with correlation frequencies
while POSSp-peeea Crystallites seem to be less affected by exceeding the limit of 125 MHz.
the heating. This statement follows from the variable-temper-  An increased functionality of POSS)Eegments makes the
ature relaxation experiments revealing significant changes in arising structures much more complex and one can imagine
Ty, relaxation times of PPO segments only. The stability of several structural motifs. For instance, the reaction of two
POSSp-pcesa Crystallites may result from the ability of  oxirane rings stemming from the same POSS,E2 unit with a
cyclopentyl substituents to convert thermal energy into seg- —NH; group lead to the termination of PPO chains (Scheme
mental motion. 6a). Generally, such a “cyclic bonding” of NHjroups to

In most of the samples investigated, the presence of POSSmultifunctional POSS epoxides is sterically more favorable
aggregates has only little effect d. This is probably given (Scheme 7) than the “ideal”, “network-constructing” reaction,
by the weak interactions between POSS domains and PPQin which two epoxy groups from different POSS units react
matrix. The glass transition temperature is rather determinedwith one NH group. Analogous reactions of POSS,E4 cages
by the stiff poly(aminoDGEBA) chains, ideally interpenetrating lead to trifunctional or even to linear linking POSS units
through the whole systems, because the cleavage of these chaingScheme 6b). In the E8D2000 system, the “cyclic bonding”
causes a dramatic decreasdjnA mild but significant increase  of epoxy substituents of E8 to Ntgroups of D2000 can reduce
in glass transition temperature is observed only if POSS units the effective functionality to 4 (from the original 8). The
are regularly attached on poly(aminoDGEBA) chains, the probability of the described “cyclic bonding” increases with
flexibility of which is thus reduced. In the case of the extremely increasing POSS functionality. Hence, the multiple-functionality
stiff POS&p-pceeaclig: the effect onTy of replacing DGEBA of POSS,B cages typically is not fully utilized and the
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Scheme 7. Reactions of Multifunctional POSS, & Epoxide with a Primary Amine: (1) “ldeal Reaction” Connecting Two POSS Units
(top) and (2) “Cyclic Bonding” of One POSS Unit to the Amino Group

Ep

Scheme 8. Simplified (Highly Regular for Simplicity) Structure

reinforcing of the network cannot reach the theoretic maximum ~ & "1 >, POSS,E4-D2000 Network with a Maximum Use of

values. Functionality of the Components: Cpnnec_tivity in Detail (Top)
An “ideal cross-linking” of the POSSyEcages would lead and a Larger Structure (Stretched in Height) Fragment, on
to the formation of an infinite 3D network (as shown in Scheme Which the Sterical Problems Are Highlighted (Bottom)

8 for POSS,E4) which would contain an infinite 3D structure
made from POSS units connected by N atoms from the PPO’s
NH_ groups. The rigid poly(aminePOSS) network would be
further interpenetrated by PPO chains connecting N atoms of
the network. Because of the described arrangement, the PPC
chains would possess no elastic activity any more and the whole
“ideal network” would be hard and glassy. The formation of
the ideal network, however, is prevented not only by the above-
discussed nonideal cyclic bonding, but is even impossible due
to sterical reasons (see Scheme 8). The poly(amROSS)
structure would already fill most of the space available, leaving
practically no place for the PPO chains, which in the systems
investigated need more space than the POSS units, as D200!
has a similar MW but a lower density. The above-discussed
effects lead to a clustered, nanoheterogeneous structure of the
E4—D2000 and E8D2000 network® in which the chemical
clusters of POSS units can be considered as small fragments o
the “ideal network” with entrapped and rigidified PPO chains
(“extra-constrained” domains, Figure 11).

The enhancement in mechanical properties induced by the
increase in functionality of POSSEinits is not dramatic. Even
utilizing octa-functional POSS,E8 segments, the glass transition
temperature still remains 18C below theTy of the reference
network, and the storage shear modulus (3.8 MPa) only two
times exceeds the original value (2.0 MPa), in spite of much
higher network functionality. This relatively weak modulus
enhancement results from the network structure depicted in
Scheme 6b, in which the somewhat rigid poly(amiRGEBA)
chains of the reference network are missing. In addition the size
of the hard 3D poly(aminePOSS) fragments of the “ideal 14 )] ¢ chain
network” was found to be smaller than 5 nm (corresponding to :
several POSS units per aggregate). In these fragments only ¢
small fraction of strongly immobilized PPO chains undergoing
to only small-amplitude librations of about 1 entrapped. In
general such clusters have potential to enhance mechanicapletely separated by a continuous phase of PPO matrix exhibit-
strength. However, these “extra-constrained” domains are com-ing almost unrestricted high-amplitude dynamics. Consequently
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the effect of restricted mobility is not propagated into the more  Supporting Information Available: Text discussing the theo-
distant polymer chains and that is why the shear storage modu-retical calculation of dipolar spectra simulated for various geometry
lus, as well as the glass transition temperature are only slightly of small spin clusters and figures showing the resulting spectra.

affected, and the whole system exhibits entropic elasti&ity. gﬂgss”a"s;eég is available free of charge via the Internet at http://
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