THALES 1198
Molecular mobility and phasetransitionsin confined liquids

Research Team
P.PissisProfessor
K.ChristodoulidesAssoc. Professor
L. Apekis, Assoc. Professor
D. DaoukakiAssoc. Professor
S. Kripotou(Research Student)
D. FragiadakigResearch Sudent)
National Technical University of Athens, Greece
Introduction

Molecular dynamics and phase transitionslassgforming liquids and in polymers
confined in small volumes were investigated in freme of the project. Special
attention was paid to the investigation of the glasnsition and the associated
relaxation (dynamic glass transition). The glasmgition, that is the freezing of a
supercooled liquid into an amorphous solid, is atre¢ problem of condensed-matter
physics [1-3]. There exist several theoretical apphes to but no generally accepted
theory of it. The investigation of effects on glasansition induced by confinement of
glass-forming liquids and of amorphous polymersigsoscopic volumes may provide
additional information on the dynamics of glassnsiion and may help to check
theories and models proposed for it [4]. This exq@mn is based on the central role of
the cooperativity concept in many theories and rsofte the glass transition (however
not in the very popular mode coupling theory [2]).

In the first part of the project glass-formifiquids including glycerol, propylene
glycol (PG) (both hydrogen bonded liquids) and tmen-associating N-methyl
caprolactan (NMEC), confined in model geometried-dfOnm size were investigated.
Work with these liquids had started previously [5a8d was completed within the
project. The second part of the project was devdtegolymers confined within
nanocomposites, hybrid organic-organic systemsraedoenetrating polymer networks
(IPNs). Investigation of these more realistic sysas interesting from the fundamental
point of view for two reasons. The first is relatedthe possibility to extend studies to
confining geometries with additional characterstithe second is that detailed studies
of molecular dynamics and phase transitions in s@actured polymeric systems,
which take properly into account effects of confiremt, may make a valuable
contribution to a better understanding of strucin@perty relationships in these
systems. The investigation of these relationstsgme of the central topics in Materials
Science.

Experimental

In the case of the glass-forming liquids mogeometries of Vycor glass, Gelsil
glasses and butyl rubber (BR) with hydrophilic istbns were employed, details being
given elsewhere [4-8]. Confinement in the two glagstems is 2-diensional, whereas
the last system provides a possibility for 3-dimenal confinement. Molecular
dynamics and phase transitions in these systeme wwefestigated by dielectric
techniques, including broadband dielectric rela@spectroscopy (DRS) and thermally
stimulated depolarization currents (TSDC). Detaflpreparation of the samples and of
measurements have been given previously [4-8].



The polymeric systems investigated includgoxg resin/carbon (ER/NCP)
nanocomposites [9], polycarbonate/carbon nanot@maeomposites [10], two hybrid
systems of polyimide (PI) with poly dimethylsiloxartPDMS) [11] and polyethylene
glycol (PEG) [12], respectively, a hybrid systempotycyanurate (PCN) modified with
flexible crosslinks of polytetramethylene glycolTfRG) [13] and IPNs and copolymers
of poly(butyl acrylate) (PBA) and poly(methyl methgate) (PMMA) [14]. Several
experimental techniques were employed to invedid¢mtal structure and morphology
of the complex polymeric systems. Details of theparation of the materials and the
structural-morphological characterization have bgeen elsewhere [9-14]. Molecular
dynamics and phase transitions were investigated®$, TSDC, differential scanning
calorimetry (DSC), dynamic mechanical analysis (DvVahd creep rate spectroscopy
(CRS).

Results and Discussion
Figure 1 shows results for the siAffy of the glass transition temperaturgdf PG
(AT4=Ty(bulk) — Ty(confined)) against size, d, of confinement forfetiént confining
geometries: 2-dimensional confinement in pores efsitand Vycor glasses and 3-
dimensional confinement in the form of dropletsBR. Ty has been determined by
DRS, as the temperature where the dielectric rélmx&ecomes 100s, and by TSDC, as
the peak temperature of the corresponding TSDC [8akhe dielectric data measured
by DRS for theu relaxation in PG are effective values, as thegrréd the composite
material consisting of the glass or polymer masmd the liquid inclusions. Effective
medium theories can be used to calculate the dieletata for the confined liquid from
the data measured on the composite material. Tbhisedure is straightforward in the
case of BR, where the liquid is confined in sphedridroplets, as indicated by SAXS
measurements [8]. In this work the Maxwell-Garngteory [8] was used. The
corrections are expected to be smaller in the g&a§3]. In all systems studied; TS
lower in the confined liquid compared to bulk. Floe same systerTy decreases with
increasing d. The effects are stronger in BR timathe glasses. For both systenik,
vanish at d~ 10-12nm. This allows us to determine the coopétgtiength & of the
glass transition [3] a&< 5-§onm.
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Figure 1. Glass transition temperature depressiohy= T, bulk — T, confined, against size
of confinement (nominal pore/droplet diameter d) RG in BR with () and
without correction after Maxwell-Garnett theory)(and in Gelsil €). 8 andX
denote TSDC data for PG in BR and in Vycor glasspectively. Vertical bars
indicate experimental errors. The lines are to gk eyes.




In the case of the hybrid PCN/PTMG netwonkéth molecular weight of the
flexible PTMG crosslinks incorporated into the P@dtwork equal to 1.000g/mol and
weight fraction of PTMG equal to 0, 10, 20, 30 at@wt%, DMA, DSC, TSDC and
DRS data show, in agreement to each other, a siglgles transition/ relaxation,
indicating (microscopically) homogeneous mixing tfe two components. The
existence of heterogeneity at nm scale (nanohetamty) was followed by DRS.
Figure 2 shows the Arrhenius plot for theelaxation. We observe a systematic shift of
the relaxation to lower temperatures/higher fregie=n with increasing amount of
PTMG. For the sample with 30% PTMG we observe, h@yea change of the
dynamics from that of the cooperativaelaxation at higher temperatures to that of the
Goldstein-Joharp relaxation at lower temperatures. These resuljgest that at high
temperatureso relaxation occurs through the cooperative reaearent of the
polymeric chains, whereas at lower temperaturegh whe cooperative length
increasing, cooperativity is suppressed, due ttisdpzanoheterogeneity of the sample.
Other dielectric results support this interpretation agreement with SAXS data
obtained with the same samples [15].
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Figure 2. Arrhenius plot of thex relaxation in pure PCN and the hybrid networksdatkd on
the plot. TSDC data are included at the equivdietjuency of 1.6 mHz. The lines
are fittings of the VTFH and the Arrhenius equatiar the hybrid network
PCN/PTMG(70/30)) to the DRS data for theelaxation.

Figure 3 shows DRS results obtained with &poxy resin/carbon (ER/NCP)
nanocomposites at various weight fractions of N@Rl €') and imaginaryd’) part of
dielectric permittivity versus temperature at a stant frequency of 80,805 HZhe
data have been recorded isothermally by frequenaprsng and have been replotted
here to facilitate a comparison with DSC and dymamechanical data. A relatively
high frequency has been chosen for the present&di@iminate conductivity effects
present at lower frequencies. An overall increake¢he molecular mobility can be
observed in Figure 3 (in agreement with TSDC datashown here), in the sense that,
at each temperature, ande" increase with increasing filler content. This isatdarge
extent related to the formation of a percolatiorucure of the nanoparticles, as
confirmed by the dependenceafat a frequency of 1 Hz and a temperature of -50 °C
on ® of NCP in the inset of Figure 3 (a). The well-knoeqguation for the dependence
of ¢ on® from percolation theory has been used:

g'(®)=¢l +Ald-D | (1)
where €'y, is the dielectric constant of the matrix ané the critical exponent. The
values of®d. andt have been determined to be 7.4% and 0.69, respBctiv



Two relaxations, a secondaf) felaxation at lower temperatures and a primary
(o) relaxation at higher temperatures, associatetl Wieé glass transition of the ER
matrix, can be observed in Figure 3. For both wgiaxs, the strength [i.e., the
magnitude of the peak ig'(T) and the corresponding step diiT)] increases in the
nanocomposites, particularly for the sample abd®¥e The timescale (temperature
position) of the response shows, however, a diffedeehavior. For the locap
relaxation, it does not change with the composjtiehereas for the cooperative
relaxation, the peak temperature increases slightlige nanocomposites, particularly at
higher filler contents, at which it shifts out diet temperature range of Figure 3.
(measurements at higher temperatures and loweudraies are less conclusive for
higher content nanocomposites, as the results as&ed by conductivity effects). Thus,
the DRS results allow us to discuss molecular nitgbih terms of the relaxation
strength and the timescale of the response. Thedse in the relaxation strength for
both B anda can be understood in terms of increased free v®lumagreement with
results obtained for other nanocomposites. The ddovm of the cooperativer
relaxation (dynamic glass transition) provides #ddal evidence for the
immobilization of polymer chains in the interfacayér around the particles (the
formation of a bound polymer).
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Figure 3. (a) Real partg) and (b) imaginary part'() of the dielectric permittivity versus the
temperature (T) at 80,805 Hz. The inset sheW@neasured at 1Hz and &)
versus the NCP volume concentration. The linefisad eq 1 to the data.

Figure 4 shows results obtained with the camatopolymers and the IPNs of PBA
and PMMA [14]. The main interest in this study wadollow the merging of the main
a and the secondafy/relaxations of PBA and PMMA in the IPNs in compan to the
copolymers. In both cases a high amount (10wt%ys:zhmking agent was used,
resulting in a high cross-linking density, to foeertain degree of compatibility of the
IPNs, as shown by DMA and TSDC results [14]. DR wzen employed to follow
details of the relaxations over a wide frequenaygea In net PMMA the relaxation
dominates over the relaxation, whereas the opposite is the case tirPBA. This is
reflected in Figure 4, where the Arrhenius equait®fitted to the neat PBA data and
the Vogel-Tammann-Fulcher-Hesse (VTFH) equatiortht® neat PMMA data. The
numbers in Figure 4 following the designations C@md IPN give the weight
percentage of PBA. The main result in Figure 4, ficored also by analysis of the



magnitude of the relaxations (dielectric stren@iii], is the very different behavior of a
copolymer network and an IPN with the same avecageposition. It seems that in the
case of the IPNs the effect of the cooperativelaxation disappears. This fact can be
ascribed to the distribution of the glass tranaitio a broad temperature interval, what
makes that at any temperature only a small pattte@thain segments contribute to the
cooperative conformational rearrangements thatre@sponsible for ther relaxation.
Thus, the characteristics shown by the overallxeglan process are those of the
secondary relaxation that predominates in the wtestgoerature interval.
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Figure 4. Arrhenius diagram showing the position of the rateon peaks in the frequency axis

at different temperatures: (d) 6et-PMMA, (V) COP20, A) COP40, §) COP 60,
(,) COP80, and (Onet-PBA,; (b) (1) net-PMMA, (M) IPN42, () IPN50, (7) IPN59,

and (O)net-PBA. The lines in these plots correspond to thehé@mius behavior in
the case of secondary relaxations and to the VFjlhton in the case of pure
relaxations.

Conclusions

The results obtained within the project cimite to a better understanding of
molecular dynamics in glass-forming liquids and ypoérs under conditions of
geometrical confinement, in particular with respextthe glass transition (segmental
dynamics). The decrease of (faster dynamics) in model confining geometriesiae
comparable to the cooperativity length af Gecomes less clear in more complex
systems and IPNs, due to contribution of variodsctf. More work is needed, by
combining complementary techniques to study varasggects of molecular dynamics,
to further clarify this point.
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