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Dielectric spectroscopy of confinement effects in polar materials
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Spatial confinement on a nm scale can affect molecular dynamics changing form, strength, and frequency of
relaxation processes. Dielectric spectroscopy can reveal confinement effects, however, an effective medium
analysis has to remove the effects of dielectric heterogeneity. Depending on the microstructure they cause
remarkable discrepancies between the intrinsic and measured effective properties. Here, the theoretical re-
sponse of various three-dimension(@D), 2D, and 1D confinements is analyzed: molecules in dispersed
droplets, noncrossing or interconnected channels, and films. Experimental datacoretagation of confined
propylene glycol reflect both the microstructure and the molecular reorientation, but effects of dielectric
heterogeneity can be separated from finite-size and surface effects. While randomly distributed nanodroplets
correspond to a well-defined 3D confinement, porous Gelsil glass exhibits a transition from a 2D to a 2D-3D
topology with decreasing porosity and pore size. Nonuniform interaction with the surface or surface attached
molecules essentially affects only the shape ofdh@ocess and results in a broadening. The relaxation of the
confined liquid becomes faster and its glass transition temperature is lowered. The diameter above which the
finite-size effect vanishes does not depend on geometrical details or chemical nature of the confinement and
characterizes the dynamics of the liqui§0163-18289)04013-9

The molecular behavior of spatially confined materials In order to distinguish between the above effects, that
can be probed on length scales down to a few nm. Especialljnay superpose or even supress each Gtltee, type of con-
glass-forming liquids, polymers, and liquid crystals havefinement may be varied in an experiment, i.e., chemical na-
been the center of attention for the last few yéafd.Dy-  ture, size, and number of confined dimensibfis'! vVarious
namic experiments focus on the question of whether the mdechniques such as differential scanning calorimetry, dielec-
lecular relaxations in a restricted geometry differ from thoselric spectroscopy, solvation dynamics, NMR, neutron scatter-
of the bulk state. Various mechanisms can induce changes 819, and light scattering have been ussele citations in Ref.
the molecular dynamics, and all of them may vary with the?). Dielectric spectroscopy is appropriate for the investiga-
size of the confinement. tion of polar materials and covers a large dynamical range

(i) Structural effects due to steric hindrance in the finitefrom dc up to microwaves. It provides information on the
volume: an example is an induced chain orientation of poly-molecular reorientatiorinter alia on relaxation frequencies,
mers in thin films® but also a reduced density as a result ofactivation energies, and molecular interactions. The diffi-
difficulty in packing the molecules might be at least Culty with the interpretation of experiments on a filler con-
conceivablé fined in a matrix is that dielectric spectroscopy does not act

(i) Surface effects: a modified molecular interaction atas a local probe but measures the effective dynamics of the
the boundaries of the confinement may be restricted to #hole system. Neither the permittivity of the filler, nor
surface layét'® or even extend into the confined volume. that of the matrixs, is obtained but a volume-averaged ef-
For example, water at hydrophilic surfaces exhibits an infective value is. It is well defined as long as the wavelength
creased hydrogen bond connectivity that is effective up to &f the electric fieldE is much larger than the length scale of
capillary size of 10 nnt? It enhances the viscosity and slows the inhomogenieties ¢ E(r)) =(e(r)E(r)), where(- - )
down the orientational relaxation. denotes the volume average. This definition can be rewritten

(iii) Finite-size effects due to spatial heterogeneity of then terms of the averaged fields in the respective
confined material: these occur, for example, when the ged;omponent%l’zz
metrically imposed length scalk becomes smaller than an
intrinsic length scale characterizing the dynamics of the bulk (1-Nen+fe(E)p/(E)m
material. In glass formers, intrinsic nanoscale heterogeneity Eeff— (1-H)+H(E)p(E)m ' (1)
is an important concept. Cooperative nanoregions are
thought to constitute a length scajeelevant for the vitrifi- ~ wheref=V,/Vq is the volume filling factor. In contrast to
cation procesé’ Recent experiments hint at a high coupling measurements on the pure fillgulk), the electric field dis-
between neighboring region3In any case, the nonexponen- tribution is inhomogeneous. The rat{&),/(E)m and thus
tial dynamics of thea relaxation does not arise from a the measured effective permittivity depends on the micro-
simple superposition of independent exponential procé§ses structure, i.e., on topology, degree of order, and dimension-
Even though the underlying mechanism is disputed, a geaality. The permittivity of the filler and with it intrinsic relax-
metrical confinement on a nm scale has been shown to speation frequencies and strengths as well as the form of the
up the a relaxation and to lower the glass transition relaxation function are only obtained via an effective me-
temperaturé;*68-11 dium analysis. This work is a systematic study of various
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FIG. 1. Sketch of various confinements. The number of confined dimensions varies but the effective system always extends in three
dimensions(a) 3D confined dropletstb) 2D-3D confined pores with a high amount of dead ends and/or a fractally rough suyda2p.
confined continuous pores running right through the whole sample: noncrossing straight rods and network of interconnected curved pores.
The latter one is approximated by a random distribution of matrix and filler material on a cubicaggdegate topology fof>f.
=0.33).(d) 1D confined layers or films.

structures, in which a polar material is confined in one, two, " —_—_
or three dimensionésee Fig. 1 droplets[three-dimensional E PG 218 K 1
(3D) confinemen}, noncrossing pores and network2D), ¢’

and films or multilayerg1D). In this notation D refers to the eff

confining dimensionality while the complementary filler di-

mensionality 3-D corresponds to the number of unrestricted

dimensions. In addition to a theoretical analysisgf, ex- 10
perimental data on a glass-forming liquid confined to nanop-

ores and nanodroplets is discus¢see Fig. 2 The aim is to

show how effects of dielectric heterogeneity, i.e., simple

mixture effects, can be reliably separated from finite-size or

surface effects. To a certain degree this is even possible

when the detailed information on the microstructure is not 100 b ot oot it v i
available or has to be derived from the dielectric data. 10" 102 10% 10* 105 10° 107 108 10°
v [Hz]
I. 3D CONFINEMENT 102
ET T T T T T T T LEE|
In general, the complex permittivity of a materia,, e’ g PG 218 X ;
=8F’)—is’,;, depends on both frequeneyand temperaturg. ef1f ; ]
At low frequencies it may be measured via the complex ca- 10
pacitance of a material-filled condens&f,=¢,- Co, Where
C, denotes the capacitance of the empty cell. We start our 0
analysis with a filler having a relaxation of the Cole-Cole 10
form2425
O I— . @ o
Ep\V)=8poT —
P P 1—i—[|(1//1/p)]l “« i
. e -2 ! ! ] 1 sul ! ) ! 1
where &, denotes the high frequency permittivity. The 10 I RSV PP
three parameters characterizing the relaxation process, i.e., ~
relaxation frequency,,, relaxation strenghhe,, and shape v [Hz]

a, generally depend on temperatures,, is a measure for FIG. 2. Compl itivitve . — g/ — e ; ‘
the dipole moment and the number of molecules taking part - & LOMPIEX PEIMIUIVIYE o= £e~ 121 VS TT€GUENCY TOT

. . . . - propylene glycol in the bulk states{z=¢,) and in confinements.
in the relaxation. The imaginary part af, Is due to the The measurements were performed at 21820) Gelsil glass with

d|§S|pat|0n qf energy. It shows a'symmetnc relaxathn pealf)orosity 70% and pore diameter 7.5 n(@D-3D) Gelsil glass with
with @ maximum at the relaxation frequenay,, which 06y 639 and pore diameter 5 nm, @) butyl rubber with
yields the relaxation time, = 1/(2mvy).v, characterizes the  hanodropletg10.2 nm, 16.4 vol. % For details see Secs. | D and
reorientational dynamics in an alternating field. Its temperay ¢ gesides the number of confined dimensions also filling factor
ture dependence allows us to determine, e.g., the height @hd surface interaction differ. Above 10 kHz taerelaxation is
potential barriers hindering changes of the dipole directfon. visible. Below 1 kHz the imaginary part of the bulk values is gov-
The parameterr describes the form of the relaxation. For emed by dc conductivity,= o, /(eow), causing interfacial polar-
a=0 this is a Debye-like relaxation with a half width of 1.14 ization phenomena in the confined systems that depend on the mi-
frequency decadd#n the time domain this corresponds to an crostructure as wellRef. 23.
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exponential decay of a polarizatid?(t) <exp{/7,)]. For O Alep—em)
<a<1 adeviation from the Debye form due to a symmetric X= A(sp—em)+em’ @

broadening of the relaxation peak is observed, while the peak

heighte”., decreasesthe unsymmetrical case is treated in -OF SPherical particle=1/3 and Eq.(3) is the Maxwell-
Garnett formula. Sillars extended it to the general case of

Sec. 1Q. This broadening either arises from a hierarchical ~: L "9930 . 9"
non-Debye process of interacting molecélesr from a su- grlenta(;ted eltl;]psor]j%, V}Y?ﬁre th,? ;je%)iailzalt;qn factox
perposition of independent Debye-like relaxatiéné’In the epends on the shape of the particled@<1). Itis a mea-

latter casev,, can be interpreted as the mean relaxation fre>Ure for the_ ratio of the mean field inside and outside a po-
larized particle:
quency.

When particles of the above material are dispersed in a (E)p em
continuous mediunisee Fig. 1a)], a so-called matrix inclu- (E) :A(s o) te
sion topology is obtainedcermet topology, separated grain m poomioem
structurg. It describes suspensions, emulsions, and filledcompare Eqgs(1) and(3)]. We keep this general notation,
polymers2® where matrix and filler are not topologically Since it will be used later. However, in this section we only
equivalent! In contrast to the filler we assume the matrix to consider spherefig. 1(@)]. In the case of conducting par-
have no losses, i.e., its permittivity,, is independent of ticles Eq.(3) yields the well-known Maxwell-Wagner-Sillars
frequency and a real number. Even if a homogeneous electrfermula describing an interfacial polarization process due to
field is applied, the local field acting on each particle is in-charge accumulatiof?:***°However, we assume a particle
homogeneous. It is the superposition of the external field angermittivity according to Eq(2), where the contribution of
of the induced fields of the surrounding polarized particlesthe dc conductivity—io,/(g927v) is negligibly small in
In general, dipole as well as multipole fields are inducedthe frequency range of the orientational dynamics. This also
The higher the filling factor, the more important the spatialimplies that a possible interfacial polarization process ap-
distribution of the particles. We first consider the limit of low pears at frequencies far below; and does not impede the
filling factors, where such structural aspects are negligible. experimental observation of the molecular relaxatisee

Fig. 2. Inserting Eq.(2) in Eqg. (3) yields an effective per-
A. Dilute inclusions mittivity

©)

In dilute systems of nonagglomerating particles the dis- Ag g
tances between the particles are large and they are exposed to Eeff= Eeffo0 T : -’
an approximately uniform electric field. In spheres or in ori- 1+[1(w/Fwp)]
entated ellipsoids only dipole moments are induced. For suche., the form of the relaxation process remains unchanged.
systems the effective permittivity is independent of the exack = vey/v,= 7,/ 7o denotes the shift of the relaxation

(6)

spatial distribution of the particles frequency*
1 fx A(l—f) 1U(1-a)
= 1+ —-—F—| for f|x|<1 3 = =
Eeff Sm( A 1_fx) | | ( ) F 1+A8p8m+A(1_f)(8p’x_8m) >11 (7)
holds, where and
|
fAspsfn
A“'JEI‘f: _ _ _ _ ' (8)
{emtA(l-)(Agptep—emHemt A(l—f)(ep—em)}
Ep— €

Eeffw=Em| 1+ 2. T 9

emtA(l—f)(ep—em)/’

The frequency shift is a consequence of dielectric heterogeshift F also the effective relaxation strength increases with
neity. According to Eq.(5) the mean fields in matrix and increasingAe,. In the case of strongly polar materials,
filler differ. Sincee, is a complex quantity, there is also a where Ae>e,/[A(1—f)], |ep.—en|, Egs.(7) and (8)
phase shift. It affects the frequency of maximum Ipsse Yyield

Eqg. (1)], i.e., the effective relaxation frequency and thus

ve=vp [EQ. (7)]. This is a pure effective medium effect that Yi-a)

does not imply any finite-size or surface induced changes of FoelAey , (10

the molecular behavior, i.e., e, or v,. The shiftF be-

comes more pronounced with increasing relaxation strength

Ae, or broadeningr of the intrinsic relaxation. It reaches its Aeoe f €m

maximum value forf—0 and can be of the order of one e A(1—f) 1+A(1-f)(epolem—1)
frequency decadesee Fig. &)]. In addition to the frequency (11

<Aeg,.



PRB 59 DIELECTRIC SPECTROSCOPY OF CONFINEMENT ... 9217
5 . . . . . 2.0 spatial distribution of the surrounding particles. In general,
€ €, higher multipoles have to be taken into account.
I N First we focus on ordered systems which can be treated
11° exactly. For a cubic latticésc) of spherical particles Ed3)
3 has been extended to include effects of multipoles up to
‘ 10 =7 (Ref. 32:
2t A «
1 f=0.3 ;;: los Eeff=Em 1+3m for f<0.46, (12
]
| ’}WV" | . with
0 2 103 10% 105 106 107 80.0 1+ 1184 oy 2£22/3
) 10% 10° 10* 10° 10 1o[H 1]0 M = byxef 13+ ¢y, £5— af C2Xs C3Xs5
a vz ° — X3 14+ b, f R+ ¢ x5 f8
Ae ’ ' ' ' ' andx,=(ep—em)/[ep+em(n+1)/n]. The coefficients are
eff 6 | - a=1.3045,b,=0.01476,b,=0.4054,¢,=0.1259,c,
; =0.5289,c;=0.06993, andc,=6.1673. Precise nu-
ST merical calculations including all higher multipoles have
4t random - been carried out, e.g., in Refs. 32,33. In Fig. 3 the effective
e permittivity of the ordered system is compared to the dilute
3r \ i limit approximation, Eq(3). The higher multipole moments
oL ordered] result in (i) an enhanced relaxation strength diid a less
~iute limit pronounced shift of the relaxation frequency. The deviations
Tr approx. T from the dilute limit approximation become visible abofve
I 1 L ! =0.2.
b) Oo.o 0.1 02 03 04 05 In contrast to ordered systems, where the interparticle
f spacing is fixed, in random or disordered systems particles
8 - - . - can become closer and even agglomerate. Thereford3Eq.
Vett/ Vp - | is already expected to fail at much lower filling factors.
There is a variety of approximative mean-field mixture for-
6 . . mulas for random systems of the matrix inclusion tyfoe a
T ! review see Refs. 21,29,B0n order to avoid an explicit cal-
> N i culation of the higher multipole moments, each particle is
4 assumed to be polarized in a modified homogeneous mean
‘ field. In the Hanai-Bruggeman formula the higher concentra-
3 tion of spheres has been taken into account using an integral
random
2L . method?%:3°
) L L L 1/3
00 01 02 03 04 05 M( 8_”‘) —1-f for f<f,. (13)
c) f Em—Ep |\ Eeff

FIG. 3. Relaxation process for a matrix inclusion topology of It @pplies below the critical filling factof¢, at which the
droplets with a symmetric relaxatidiq. (2)] embedded in an in-  first continuous paths of agglomerating particles form. In any
sulating  matrix  A=1/3,As,=40,5,..=3,1,=10° Hz,«  CaSE the mean field approximation is expected to fail above

=0,e,=2). (a) Effective dielectric functioneoy=g;—ie, vs fre- f=0.5, when the particles are too close together. In order to
quency at a filling factor off =30%. (b) Effective relaxation ~make understand the frequency dependencepEhown in
strengthA e Vs filling factor f. (c) Frequency shiftve/v, of the  Fig. 3@), we expand Eq(13) for the casdep| =, .>enm,
effective relaxation vs filling factor. Dilute limit approximation: Eq. that also impliege |>|e¢q as long ad is not too large:

(3); ordered: Eq(12) for the simple cubic lattice; random: Hanai-

Bruggeman Eq(13). 8

€ l—ceqile € €
(1_f)3iﬁ:($ ~1—3=ef gZm, .

_ ' ' &€m 1-enlep €p €p

The effective relaxation strength becomes independent of (14
Ag,. Only the measured relaxation frequengy;, its tem-

; .~and thus
perature dependence, or the form of the effective relaxatioff
contain information on the intrinsic relaxation of the filler
and can be used to detect possible size effects.

1+3ey/ep
& .
"(1-1)%+3e /e,

Eeff= (15

B. Effects of interaction Inserting a particle permittivity of the Cole-Cole typsee
When the filling factor increases, the local field acting onEg. (2)] yields an effective permittivity of the same form
each particle becomes nonuniform and depends on the exdéq. (6)] with
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11— @)

(1-1)°2 Ae,
F=|1+Ag, (16) Ep=E€pot - = (29
38m+(1—f)38p,°c {1+[i(vlvg)]* ™9}
and with shape parameters and y. Once again, the relaxation

frequencyr, is meant to be the frequency at which the maxi-
9e2 A f(1—f+f23) mum of the imaginary part is observeg,= v, only holds in
m=~p ) the case of a symmetric loss peak, wherel (a general
{3ent+(1- f)3(A8p+8pyw)}{38m+(1— f)3sp,x} expression fow,, is given in Ref. 38. The shape parameters
(17)  are related to the slope efj on the low and the high fre-
quency side of the normalized loss peak:

Agefr=

As before, Eq(10) describes the shift of the relaxation fre-

quency of strongly polar materials, where 1/3(1)3Asp g . p\l @
>en andAe,>e, .. Equation(17) simplifies to A (v<vp)=sin(1—-a)m/2]y V_o) , (20
P
1-(1-1)3 em & V| (1= @7
Ag o= <Agy, —(v>v,)=sin(1— /2(—) . 21
S s I Ke, (Vv =sin(1-a)mi2)| @D

(18 In a double-logarithmic plo& In &"/dIn v=1—« holds for the

i.e., for largeAe, the effective relaxation strength becomeslow frequency side of the peak, while for the high frequency
independent of the intrinsic relaxation process and only residedIn &"/dIn v=—(1-a)y. The casex=0 andy=1 cor-
flects the microstructure. responds to the Debye form, while fOﬂ'<1 or >0 a
The approximative Eqs(15)—(17) help to elucidate the broadening is observed. For certain valueseoind y the
general characteristics, but their numerical quality dependgorresponding nonexponential decay of polarization in the
on whether the assumption of a large particle permittivity istime domain can be approximated by a Kohlrausch-
fulfilled also at high frequencies, so thaj .>e,. In the ~ Williams-Watts functionP(t)=exy{ - (t/7cww)”]. although
following, we always use precise results of a numericatthe latter description with one shape paramegers less
analysis of Eq(13) when we refer to the Hanai-Bruggeman general”® As in the symmetric case, the broadening either
formula. Dielectric heterogeneity of the effective mediumarises from a hierarchical non-Debye proééssr from a
affects the form of the relaxation process, although it issuperposition —of independent relaxationdparallel
hardly visible in Fig. 8a). The half width of the relaxation Processes>In the latter case
peak is about 1.245 frequency decades, i.e., it is 9% larger
compared to the Cole-Cole-type relaxationegf [Eq. (2)].
The effective relaxation strength is shown in Figh)3 s =E
Above f=0.05 a deviation from the dilute limit approxima- P 1+ivlvy,
tion, Eq.(3), becomes visible. The frequency shift according
to Eq. (13 is displayed in Fig. &) [Eq. (16) would yield  |n general, different frequency shifts are expected for each
values with an accuracy of 15-20%The dilute limit ap-  component. Only for symmetric peaks the shape of the re-
proximation clearly overestimates the shift of the relaxationiaxation remains approximately unchanged.
frequencies, even at low Besides the broadening of the  |n order to describe the effect of an asymmetric broaden-
relaxation, the effects of particle interaction are qualitativelying for parallel as well as for hierarchical processes, we per-
the same as for ordered systems but more intense: thgrm an effective medium analysis using Ed.9). Obvi-
gervalues are enhanced and the shift of the relaxation fregusly, neither the static nor the high frequency values of the
quencyF = vt/ vy is less strong. permittivity are affected by the broadening. The formulas for
In general, the values afe; and the relaxation frequency the  relaxation  strength Aeeg=ceen(ep=Aep+ep.)
Vielax depend on the exact spatial distribution of the particles._geﬁ(gp:,gp’w), Egs.(8) and(17), remain valid. However,
When higher multipole moments become important, that ishe asymmetric broadening influences the shift of the relax-
with increasing disorder or filling factorAe increases ation frequency and the shape of the loss peak. Inserting Eq.
while the frequency shift o« decrease¢see Fig. &)].  (19) in the Maxwell-Garnett result for dilute systerfigq.
Equally, agglomeration gives rise to a broadening of the re¢3)] or in the Hanai-Bruggeman formuléhe approximative
laxation peak* Exact numerical techniques are described inEq. (15)] yields an effective permittivity
Refs. 34—36matrix inclusion topology forf <f).

+ep0- (22

C. Asymmetric relaxations _ Aseff
Eeff= Eeffoo T . 1—a 1—a’ (23)

Until now we have considered confined liquids having a 1+{[1+(iv/vo)" *]"—1}/F
symmetric relaxation of the type of E(R). We have shown
that its shape is approximately preserved in the effective pemwhereF is given by Eq.(7) or (16), respectively. Only for
mittivity. In this section we treat the more general case ofy=1 the effective permittivity is of the Havriliak-Negami
asymmetric relaxations. The permittivity of many materialsform [Eq. (19)] and the shape of the intrinsic relaxation is
can be described by the empirical Havriliak-Negamipreserved. In the general case, the respective low and high
formula®’ frequency limits of the normalized loss peak are
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€ orm Hiotve (@hte ol & ordered) _4(b). The shift of the relaxation frgqqenpy incregses with
10° L ) $=0.3 ] increasing asymmetryy<1) of the intrinsic relaxation. As

7 X, ] in the symmetric casey=1), it decreases with increasing

Oy, effective interaction, i.e., with increasing disorder or filling factor.

\\\ (random)
\\

\/ Summarizing, the asymmetry of the intrinsic relaxation shifts

the effective relaxation to higher frequencies and alters its
shape.

D. Experimental results

=0, 7=0.666 In this section we discuss experimental §at3*°on the
so-calleda relaxation of propylene glycdPG). The confin-
ing matrix is butyl rubber withe ,= 2.3, a material that has

1072 107" 10° 10" 10% 10°

a) Y/ Vretax been used to study nanometer droplets of water as well as of
12 . . . . various glass forming liquid&:1*°The sample preparation
Voge/V is described in Ref. 40. The rubber is immersed in a liquid at
2 P

constant temperature and pressure. Droplets form at absorp-
tion sites via a molecular diffusion procé¥sThere are no
voids in the matrix, but the droplets arise against the counter
pressure of the elastic rubber and are therefore of spherical
shape. A reduced density due to a difficulty in packing the
~~~~~~~~~ S ) molecules seems unlikely. The size distributions of the drop-
_ lets were determined by means of small angle x-ray scatter-
ing using the structure-interference metfdd:he mean di-

10

------- dilute limit appr.

5 | ---- ordered = ameter increases with increasing filling factor. In the case of
—_ rendom | s s PG, for example, fromd=7.2 nm at f=0.028 to d
0.0 0.1 02 03 04 05 =10.2 nm atf=0.164%° The half width of the respective
b) f size distribution is about/3. Both the spatial distribution of

the absorption sites and the droplet size distribution result in
a distribution of the interparticle spacing and thus a random
system is obtained. The dielectric data was obtained by
means of a transmission technique that allows for frequency-

FIG. 4. (a) Normalized imaginary part of the permittivity
e"lenmax for an asymmetric bulk relaxatiofEq. (19) with param-
eters as in Fig. 3 but withy=0.666 and for the effective relaxation

of dispersed dropletsf &30%). The frequency axis is normalized . .
to the respective relaxation frequengy = v, o vy ver- (b) and temperature-dependent calibraftéithese single-sweep

Frequency shifteq/v, vs filling factor for a symmetric relaxation Measurements on one sample holder cover the entire fre-

wherey=1 [values of Fig. &)] and for the asymmetric case with duency range from 5 Hz to 2 GHz. o
y=0.666. Dilute limit approximation: Eq(3); ordered: Eq(12) for Figure 2 displays the permittivity of the bulk liquid at 218
the simple cubic lattice; random: Hanai-Bruggeman @&g). K. The asymmetric peak of the relaxation is located at 274

kHz. It shifts to lower frequencies when the temperature is
lowered (see Refs. 8,10 The effective values for PG con-

n

e 1-«a
A o (v<ve)=sIN(1— a)7/2] y(LF) . (29 fined in rubber are much smaller and therelaxation ap-
Eeff Yo pears at higher frequencidthe additional low frequency
" Uy (1-a)y peak is discussed in Refs. 891Figure Fa) displays the
Eeff (v> yeﬁ)zsir[(l—a)w/Z]( oF ) . (25) relaxation strength of ther process for bu!k I?G. While
Ageg £p»=3, Ae, depends on temperature. A fit yieldss ,=~

—25+14300/(T[K]). We also show the effective relaxation
§trength for PG nanodroplets in rubber with
=0.164. Ae; is much weaker than the intrinsic bulk values

shifted by FY”. SinceF¥’>F for y<1, the effective loss and independent of temperature. This effect is expected in

peak is broadened compared to that of the intrinsic particléhe limit of strongly. pollar. materialg, wherks o becqmes
permittivity, but the respective slopes of the low and of themdependent of the intrinsic relaxation process and is only a

; ; ; ; ; tion of filling factor, microstructure, and matrix permit-
high frequency side are unchanged. This effect is shown ifUNc . .
Fig. 4a). According to the above analysis, the shift of the tVity [Egs. (11)_ and (18.)]' The expgrlmentf_:ll data is com-
relaxation frequency can be estimated to be pared to effective medium calculations using the bulk per-

mittivity of PG. Obviously, the effective relaxation strength
vet FYV'+E is well described by Eq(13) which applies for a random
=T (26)  spatial distribution of droplets. The dilute limit approxima-

P tion predicts too small values. Figuréh® shows that the
with F from Eq. (7) or (16), respectively(dilute limit or  spatial distribution of the droplets becomes important with
randon). This reduces to the correct resulis/v,=F inthe increasing filling factor. Above =0.1 a deviation from the
symmetric case. Exact values of a numerical analysgert-  dilute limit approximation becomes visible and the variation
ing Eq.(19) in Egs.(3), (12), and(13)] are displayed in Fig. of the experimental data increases.

A comparison with Eqs(20) and (21) reveals that the low
frequency side is shifted to higher frequencies by a factor o
F (as for symmetric peakswhile the high frequency side is
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60 T T 3.0 1 Og T T T T
AE AE 8 PG in BR (exp.)
p 50 1 155 etf Voclax10 f=14%, d= 9.6nm
. 7
[Hz] 10 r
PG bulk 10% L S
40 F 120
- 105 PG bulk (exp.)
30 | 41.5 104 B
10° b
20 B U rubber T 10 102 | S
/ £=16.4% ’ PG confined (calcs ‘Q\
10 L random . Jo. 10 F R
0 dilute limit approx. 0.5 10° . ! L \ :
3.5 4.0 4.5 5.0 5.5
0 . L 0.0 a -1
3 4 5 6 ) 1000/T [K 7]
-1
a) 1000/T [K '] 60 : . ; ;
7/eff/yp
50 + b
Ae =49, ¢ °°=3, €,==3
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FIG. 6. (a) Relaxation frequency of the process vs T7 for
0.0 L : L bulk PG (filled circles, v,) and for an effective PG-rubber system
0.00 0.05 0.10 0.15 0.20 (open triangles,ve¢). The values for the confined liquiopen
b) f circles, v, are obtained via an effective medium correctisee

text). Obviously, veon=v, at high temperatures, but,,.c>», at
FIG. 5. (a) Relaxation strength vs reciprocal temperature for thelow temperatures(b) Frequency shiftves/ v, vs To/T at f=0.14.
« relaxation of bulk PG(left y axis) and of PG in butyl rubber Symbols: experiment; solid line: fit; dashed lines: calculation ac-
(right y axis). Symbols: experiment; dotted lines: calculatidn® cording to the dilute limit approximation, E3), and to(13) (ran-
fit) according to Eqs(8) and (13), i.e., the dilute limit approxima- dom systemusing the bulk values for PG.
tion and the Hanai-Bruggeman result for random sytems, respec-
tively. (b) Relaxation strength vs filling factalsymbols for PG =0.14, i.e., for a mean droplet diameter @¥9.6 nm, is
confined in rubber at 193 K compared with calculati¢inses). compared with effective medium calculations. For this pur-
) pose a numerical analysis of the dilute limit approximation,
Now let us discuss the_ temperature dependence of thgq_ (3), and of the Hanai-Bruggeman result, §43), has
relaxation frequency, which obeys the Vogel-Fulcher-peen carried out using the bulk values for PG. Since relax-
Tamman law ation strengti{Fig. 5a@)] and asymmetry of the bulk relax-
ation increase with decreasing temperature, the calculated
vet/ vp values increasgsee, e.g., Eq47), (16), and(26)]. At

10g10(vp) =l0g10A = T-To @7) first, we focus on temperatures far above the glass transition,
_ _ o o T=T4+50 K (T=1.3Ty): the observed shift is in agree-
[see filled circles in Fig. @]. For the bulk liquidA=  ment with the theory for random systems while the dilute

2x10" Hz, B=840.7 K, andTy=110.7 K holds® An |imit approximation yields too high values. Obviously, the
extrapolation of EQ.(27) to vy(Tg)=1/628 Hz [7,(Tg)  shift of the effective relaxation frequency is only due to di-
=100 s, see Ref. [3yields the dielectric glass transition electric heterogeneity of the PG-rubber system, i.e., an effec-
temperatureTg"“~162.8 K. The effective relaxation fre- tive medium effect. This result, as well as the fact that the
quencies of the confined liquid are enhanced compared tdroplets form against the counter pressure of the rubber, al-
those of the bulk liquidopen triangles and filled circles in lows us to rule out a markably reduced density of the con-
Fig. 6(@]. As we have shown above, the frequency shiftfined liquid, which should give rise to an additional increase
vet/ v, depends on the shape parameters of the bulk processt the relaxation frequency. The finite volume does not seem
A fit of the experimental data for P@Gee Ref. 10, Fig. 9 to induce structural changes that affegt. Also surface ef-
yields a=0 andy=1.1-81.4/(T[K]), i.e., broadening and fects are not observed. Enforced bonds at a large internal
asymmetry increase with decreasing temperature. In Figsurface can result in a decrease of the relaxation
6(b) the observed frequency shift for a filling factor 6f frequency’® But the hydrophobic rubber does not interact
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with PG, a hydrogen bonded liquid. Only hydrophilic impu- 20 . . . . .
rities of the rubber matrix can retard the dynamics of some

; ) AT [K]
PG molecules, which relax at much lower frequencies and do g Celsil
not contribute thex-process of the inner mobile sphéré? BR (3D)
Obviously, the interaction with these slow surface molecules 15 L ]
is sufficiently weak not to affect the mean relaxation fre- 0 effective

guency of the bulklike molecules inside the droplets.
Approaching T, the experimental frequency shift is
higher than that predicted by the effective medium theory
[see Fig. @)]. Figure §a) compares the relaxation frequen-
cies of bulk PG, of the effective PG-rubber system, as well
as of the confined liquid. Care has to be taken in the evalu-
ation of the latter ones: as we shall see below, surface effects 2 confined
alter the shape of the relaxation, an effect that effective me- or N
dium formulas for dielectrically homogeneous particles can-
not take into account. Inverting E@l3), i.e., inserting the
measurec . and solving forsf)"“f, would not yield correct
results, since shape and frequency shift are related. Here, the oLl— — ; b
relaxation frequencies of the confined droplets have been ob- c 2 4 6 8 10 12 14
tained dividing the measured effective frequencies by the » d [nm]
above calculated frequency shift that is expected in the ab- _ -
sence of size or surface effedtssing Eq.(13) and the bulk FIG. 7. Lowering of the glass transition temperatuldg
values Ofsp, see Fig. f)]. At low temperatures the con- — g —Tg " vs droplet or pore diameter for 3D confined droplets
fined molecules relax faster than those of the bulk liquid.2f PG and for 2D-3D confined pores. For the 3D case both the
This is equivalent to a decrease of the glass transition tenf:ective valuedopen squargsand the values for the confined lig-

- L . : uid (filled squaresare displayed. The latter ones are about 4-5 K
peratqri}g' CI;?fr_the Conmedh“quclgqu fll'gur’:klccordlng toth. smaller and were obtained from an effective medium analysis ac-
(27) yie STg =157 K, so't atTg _Tg —5.8 K. gﬁg cording to Eq.(13). For the pores only effective values are shown.
smaller the droplets are, the stronger the effect becOMES. At =75 nm there is a true 2D confinement, so that the effective

The lowering of T, is displayed in Fig. 7the errors are temperature shift equals that of the confined ligid. The 2D-3D to-
mainly due to the low-frequency extrapolation of E87)].  pology at lower pore sizes would require an effective medium cor-
The finite-size effect vanishes at an extrapolated radius Ofection. Its magnitude should not be larger than for the 3D case, but
5-6 nm, which has been associated with the cooperativityhe exact values are unknown. As indicated by the arrows and the
length, i.e., with an intrinsic nanoscale heterogeneity indashed line, even a shiftf 8 K would not markedly affect the
pGs-1t extrapolated diameter, at which the finite-size effect vanishes.
Finally, we investigate the shape of theprocess forT
=T4+50 K, where the above finite-size effect is not yet
effective(Fig. 8). The experimental data for the bulk permit- e : : :
tivity was used to calculate the effective response that is nos
expected in the absence of confinement or surface effects. In
this temperature range the Hanai-Bruggeman formula, Eg.
(13), describes fairly well both the relaxation strength and
the relaxation frequency of the effective PG-rubber system.
It predicts a broadening of the relaxation, but it fails to 107"
describe the observed shape. The experimental data shows an
even broader peak and also the respective low and high fre-
qguency slopes differ. Obviously, dielectric heterogeneity of

the effective medium contributes to the effective half width, PG 218 K

but there is an additional effect. Nonuniformity of interac- 1072 ¢ ' ‘ ! .
tions is known to cause a distribution of relaxation frequen- 1072 107" 10° 10" 102
cies and thus a broadeniAt?® As in the bulk liquid, the Y/ relax

majority of PG molecules in the center of the confined vol-
tjme 0_n|)f/| In:eretl_ct V\r/:tré SUI’I’OUl;IdIr:jg T_Elecmes IOf trlle SE;"Tecom‘ined in rubberf(=16.4%) atT=218 K, i.e., 55.2 K above the
y_pe Vlr? .ucluallng | y r(_)ge? onas. these rEO ecu ei € e[jlass transition temperature of the bulk liquid. The frequency axis is
mine the Intrinsic re axat'Qn requenaey (see above At the normalized to the respective relaxation frequeney,,=v, or
surface of the hydrophobic rubber walls there are less hydro're|axz verr- The dotted lines are fits of the experimental data to the

FIG. 8. Normalizeda relaxatione”/eq,,, of bulk PG and PG

. . - . -V
gen bonds so that the reorientation becomes faster, while it iSayrilak-Negami formuldEq. (19)]. The dashed line is an effective

retarded in the vicinity of less mobile PG molecules bondedyedium calculation using the bulk valuBidanai-Bruggeman for-

to hydrophilic impurities of the rubber matréeven though  muyla, Eq.(13)]. As expected the calculated peak is much broader
the bonded molecules do not contribute to theelaxation of  than the bulk response, and not of the Havrilak-Negami form. The
the inner mobile sphete’®). The superposition of different deviation between calculated and measured effective response is
relaxation frequencies results in a broadening of the peak. ligue to a surface effe¢see text
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3

half width is constant fof>T,+50 K; below it increases fE €p—Em
1+

with decreasing temperatutRef. 10, Fig. 9. Therefore, in Eeff~ Em 34, m
the vicinity of T, a third effect might contribute to the broad- mREmE TR Em
ening, e.g., an intrinsic nanoscale heterogeneity ofPG. f 4F 1-sple,
Summarizing, the effective relaxation strength is well de- =1+ 3(ep—em+ g em, 7, for <01
scribed by the Hanai-Bruggeman effective medium theory mtep
for random systems. It is even possible to resolve the devia- (28)

tions from the dilute limit approximation. The same holds for-l-he second termee,, corresponds to the relaxation of the

the effective relaxation frequenpy at high tempera}tuTes arallel component that is located at the relaxation frequency
>Tq+50 K. There are no density, surface, or confinementy; yq fjjjgr vy, The last term is due to the pores perpendicu-
effects, that are strong enough to alter_the r?'?xa“?” fefar to the field. They give rise to a second relaxation process.
quency or relaxation strength. Approachlmg a finite-size Figure 9a) displays the permittivity according to E¢28)

effect is observed: the molecular relaxation becomes fastg, ", large relaxation strength. The parallel component domi-

Comp‘?‘red to bulk. Details of the surface roughnes_s and iNyate5 and there is no shift of the effective relaxation peak, a
teraction seem to affect only the shape of the effective relax:oq it that does not depend on the filling factor or on the

ation. Already at high temperatures a broadening is observe ape of the intrinsic relaxatidiEgs. (2) and (19)]. The A

which is partly due to dielectric heterogeneity of the effec—:1/2 component becomes visible at the high frequency side
tive medium and partly due to a surface effect. We conclud%]c the main loss peak but with a much smaller amplitude.
that in systems of 3D confined droplets finite-size and sur
face effects can be reliably and quantitatively extracted from
dielectric data. Veit="Vp (29)
Il. 2D CONFINEMENT holds also in the limit of small relaxation strengths, where
- o . _ _ both relaxations coincide at, [Fa—o5— 1, see Eq(7)]. For
Confining a material in two dimensions yields one-the effective relaxation strengthe oi(8p=Aep+ £ .0)
dimensional channel-like structurgsee Fig. 1c)]. Here the —eei(ep=8p.), EQ.(28) yields ’
term “2D confinement” only refers to continuous pores run- ’

ning right through the whole sample, since otherwise also the f 8e,
third dimension would be partially confinddee Fig. 1b)]. Ase=7| Aept g —| for Aeptey>enm,
For the same reason the pore surfaces have to be sufficiently poemm (30)

smooth and nonfractal. Of course, the surrounding matrix

extends in three dimensions and therefore the effective mavhere the first term is due to the parallel component. Thus,
dium analysis remains a 3D problem. As we have seed€erAe, in contrast to 3D-confined droplets, where the
above, the calculation of the effective permittivity requires€ffective relaxation strength of strongly polar materials be-
the detailed information on the microstructure, e.g., in thecomes independent of the intrinsic relaxation prodess
form of local porosity distribution§**° For most real sys- EQgs.(11) and(18)]. Although Eq.(28) is a dilute limit ap-
tems, such as porous glasses, this information is not availabRroximation, it serves to illustrate that the pores in the direc-
for the time being. For this reason we first discuss twotion of the field and thus the properties of the filler dominate
simple random pore topologies. This will allow us to deter-the response. These can only emerge more clearly at higher
mine some characteristic properties of 2D-confined material§lling factors and the resultBs= v, andAecAe, should
and to decide, which part of the dielectric data can be used ttgmain valid.

get reliable information on confinement effects. Later we AS in the case of spheres, particle interaction at higher
shall focus on the problem of to what extent can the topologyfilling factors can be taken into account via an integration
of real systems be regarded as 2D in the sense of an effectivBethod. Starting from E¢28) Niesel obtained a formula for
medium approactisee the dead ends of the pores in Fig.randomly orientated rod$*°

1(b)].

seﬁ—gp/ Semtep 25

A. Noncrossing straight pores sm_sp\SSeﬁ+ €p 1-f for f=<fe, (Y
Noncrossing straight pores filled with a material can bethat is the analogue of the Hanai-Bruggeman result for
considered as the limiting case of prolate spheroids of infispheres, Eq(13). Once again, the mean field approximation
nite length. When these rodlike inclusions are orientated iris expected to fail when the dispersed rods are close together,
the direction of the applied field the depolarization factor isat the latest fof =0.5. The permittivity is displayed in Fig.
A=0, while it is A=1/2 for a perpendicular orientation. 9(a). Particle interaction leads to higher permittivities com-
Only in the latter case there is a phase shift between thpared with the dilute limit approximation E¢428), but the
mean fields in matrix and filler resulting in an increased ef-peak frequency remains unchangede Figs. &) and 9¢)].
fective relaxation frequendysee Eqgs(5), (7), and(26)]. For ~ While the two components of the relaxation are clearly vis-
a random orientation at very lofthe effective permittivity  ible in the dilute limit approximation, they unify according to
is obtained by the superposition of three orientatiosigi  Eq.(31) and only a weak shoulder remains visible at the high
=1/3s5; O+ 2/3s 57 °° [see Eq(3)]. Neglecting the ternix  frequency side of the pedkig. 9a)]. Figure 10 shows that
in the denominator of Eq.3) Fricke obtained a dilute limit compared to the bulk relaxation only the slope on the high
approximatiof® frequency side is altered. Fitting the Havriliak-Negami for-
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1 OO T T T T T 100 T T T T
—— network
e’ , i—-- ::dso(lx“andom) € ” 1L a=0, y=0.666 |
eff [ rods (dilute eff "
10 E= limit approx.) norm
10
1
1
o 0.1 .
— bulk
0.01 0.1 ----- network %
10% 10% 10* 10°% 10% 107 108 - rods (random)  \
a) v [Hz] £=0.4
O'O ’I | | | |
40 T T T T —_— -_—
Ae,, 1072 107" 102 10" 10?2 10°
35 | .
30k 4 V/Vrelax
25 | . FIG. 10. Imaginary part of the normalized permittivig)/e .,
20 L “:)‘;’;;k i vs normalized frequeNnCyfgia= p OF Vrelax= Verr» FE€SPECtivelyfor
' an asymmetric bulk relaxation as well as for an effective system of
b noncrossing rods and for a network of interconnected pofes (
+7 rods (random) | =40%). Apart from the shape parameters 0 andy=0.666, all
S other material parameters are as in Fig. 9. Bulk: @6); rods: Eq.
" rods 7 (31); network: Eq.(39).
(dlilute Iirr:it apprqu)

0.4 0.6‘ 0.8 ; 1.0 5ee¢ 5éem

=l-c—+z—+-- (33
: : : 2 e, 2¢g
and thus
115 ‘ 3+5em/ep
Sor b Eeff=E€
M £ 2(1- )52+ By /e,
1.10 b 1 2 1—(1—f)52 34
Y . +—¢e .
105 b oa ' network, £>0.33 i 5 pl+2(1_f)5/2+ 58m/8p
00 (ra"dfm{ml = . Since|em/ep|<1, the termxg, and thus the pores in the
I 00 02 04 06 08 1.0 direction of the applied field dominate the frequency depen-
c) f dence ofe.. Inserting Eq.(2) or Eq. (19) yields
FIG. 9. Relaxation process for 2D-confined material with, Vet=Vp (35)
=40, ep.=3, Vp:10'3 Hz, =0, y=1, ande,,=2. (a) Effective
permittivity vs frequency at filling factor 40%(b) Relaxation 2 1-(1 f)s/z
strength andc) frequency shiftves/ v, vs filling factor. Rods: ran- €t Asp for £pn>bep. (36)

domly orientated noncrossing pores; dilute limit approximation Eq. "5 1+2(1— f)5/2
(28) and Niesel formula Eq31); network of interconnected pores:
Stdzle formula, Eq.(38), for the aggregate topologgee Fig. ic)]. As in the dilute limitveg=v, and Aez>xAe, hold. Figure

11 shows that the validity of these relations is not restricted

to the cases, .>ep,.

mula[Eq. (19)] to the effective permittivity would yield the Of course, the above analysis is not based on an explicit
« value of the bulk material but a smaller effectiye calculation of higher multipole moments. But we can con-
Once again, let us consider the limit of strongly polarCIUde that for a random 2D confinement of noncrossing pores

el = 2o, and suffcenty ow g factors, 12 13Tl i anoretalon peralel o e feld dominae
S0 that|e,|>|eeq. In this limit Eq. (31) becomes P ' . g

early with Ae, and the relaxation frequency is more or less
that of the bulk relaxation, no matter whether it is symmetric

5+ 1ee]e. |52 or asymmetric. This result does not depend on the values of
(1 f)s22Zef SP:( Eef 8P> 32 fandAe, [see Figs. &) and 11. The shape of the bulk
Semtep \l-enle, relaxation is preserved on the low frequency side of the peak.
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S . . . . . f . terpenetrating network structurésFor example, also the lo-
Y. £=0.4 cal porosity formalisrff*® starts from a symmetric effective
Vett Vp 4 ’ medium formula, which characterizes an aggregate topology.

Figure Xc) shows a sketch of a microstructure, where matrix
and filler are randomly distributed on a cubic grid. Above the
critical filling factor f.=0.33, where continuous paths of the
filler material form, both matrix and filler phase are intercon-
nected. Note that seemingly isolated segments are for the

2t ] i most part connected via the layers behind or in front of the
displayed cross section. We do not discuss the variety of
-~ rods <D approximative mean field formul&$° since we are consid-
[ o— ering high filling factorsf .<f<1 and fillers with large per-
network mittivities, so that multipole fields have to be taken into ac-
0 ' , . . | 1 . count. For the above cubic-grid structure precise humerical
simulations including all higher multipole moments have
0 10 20 30 40 50 60 70 80 been performed’“® The results forfe,|<100 are well de-
a) Ae scribed(with an accuracy of 3%by
A 25 T T T T T T T Seﬁ(f)=[(l—f)8%+f83]l/a for f<0.25, (37)
Cett | £=0.4 )
20 ¢ § o) = 5ol (1~ eer(0.25+(f~0.25e,}
network 2D .7
15 F T for =0.25, (38)
where
10 1 .-~ rods 7
a=1.6f+0.265.
5r ____________________________________ - Here we are only interested in the ranige f ,=0.33, where
T . the aggregate topology corresponds to a 2D confinement.
3D: spheres Figure 9a) compares the permittivity spectrum for the above
0 ! aggregate topology with that for a system of noncrossing
0 10 20 30 40 50 60 70 80

pores. Equation38) yields higher permittivity values for

A€p both the real and the imaginary part. However, the peak po-
sition is that of the bulk relaxation. It is obvious, that foor

FIG. 11. (a) Frequency shiftre;/ v, and (b) effective relaxation > f. the second termxfe, dominates in Eq(38) and thus
strength vs intrinsic relaxation strength for 2D- and 3D-confined

materials atf=0.4 according to a numerical analysis of Ef3) Veff~ Vp» (39
(spherey Eg. (31) (rods, and Eq.(38) (network. For the material
parameters see the caption of Fig. 9. AggprfAep. (40

But on the high frequency side the pores perpendicular to thEigures @c) and 11a) display the exact frequency shift
field become noticable causing a flatter response and thustas/vp- It is close to 1 for filling factors abové.=0.33,
small broadening. where the first continuous paths form. Figuréls)@nd 11b)
show that the relaxation strength increases linearly with both
filling factor and relaxation strength.

) , , . Summarizing, paths or parts of paths parallel to the ap-
~Inall previous sections we have considered the mat”zgied field govern the response. Compared to systems of non-
mcluspn topology, where spatially se_parated spheres or ro ossing straight pores, the interconnection reinforces the
(the filler) are surrounded by a continuous phdee ma-  gominance of the parallel component: the frequency shift is
trix), all regions of which are perfectly interconnected. Thisgyen closer to {Fig. 9c)], the relaxation strength is larger
topology is not suited for systems, where also the filler phas?,:ig. ab)], and the form of the effective relaxation can be

exhibits a high degree of interconnection between its dishardly distinguished from that of the bulk materigig. 10.
persed elemen{see Fig. 1c)]. Although one might imagine

a channel-like structure assembled of agglomerating par-
ticles, the description of such a nonrandom disordered sys-
tem would be rather complicated. For an approximative de- As we have seen above, the valueseQf depend on
scription it is more convenient to use the so-calleddetails of the pore topologynter alia on the curvature and
“aggregate topology,” where two topologically equivalent on the degree of interconnectiofsee Figs. (c) and
phases are randomly mix&llnter alia it is appropriate for  9(a),9(b)]. A general characterization of dielectric heteroge-
compact powders, heterogeneous polymer mixtures, and imeity in a random 2D confinement of continuous pores is

B. Network of interconnected pores

C. Real porous systems
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nevertheless possible. The basic features arise out of the 25 T T T
dominance of the parallel components and contrast with A€ PG/Gelsil
those of 3D confinements: eff

(i) The effective relaxation strength increases linearly 20 + d=75 nm, _500°
with Az, at least for large values: p=70% 00 © 183 K

8
Aegg=ale,+b, (41) 15F o .

wherea andb depend onf, &, €., and on the micro- 29@3 X
structure [see Fig. 11 and Eqs(30),(36),(40)]. 0<a<1 10 y
holds sinceAe<Ae,, for f<1. Therefore, the temperature d=5.0 nm,
dependence ke is weaker than that oke,. Remember 5L p=63% |
that for 3D-confined droplets smaller values are obtained and Opoomooooooo0n
A& becomes independent of the intrinsic relaxation process o0 ¢ Oo?iig% ©o 187
in the limit of largeAe, [see Fig. 11 and Eqs$11),(18)]. 0 f oo, pTEbA

(i) T_he effecti\(e relaxation frequency roughly equals that 20 30 40 50 60
of the filler material Aep

et (42)

[see Figs. &), 11, and Eqgs(29),(35),(39)].

(iii) The shape of the relaxation is preserved on the loWerature range from 183293 (see Fig. 5.

frequency side of the peak, while it is only weakly modified
on the high frequency sidesee Fig. 10

FIG. 12. Effective relaxation strength vs relaxation strength of
the bulk liquid for thea relaxation of propylene glycol in porous
Gelsil glasses of different porosities and pore sizes: 48% (
=2.5 nm), 63% =5 nm), 70% ¢I=7.5 nm). Data in the tem-

The above characteristics should be observable as long #3€ slope i<1. But at lower porosities much small&
no size or surface effects give rise to deviations. Vice versayalues are observed, which are independent of temperature
they allow us to control whether a given microstructure cor-or of Ae,. This behavior calls to mind 3D confinements
responds to a random 2D confinement. This is of practicalFig. 5@ and 11b)], although there are continuous pores

importance, since controlled porous glaséePG’y are of-

across the samplgghese manifest via an effective dc con-

ten used in confinement experiments, although only little igluctivity that is due to ionic impurities of PGTherefore,
known about their exact topology. Small-angle neutron orFig. 12 gives a first hint to a gradual change of topology

x-ray scattering revealed fractally rough interfaté%* In

from 2D at high porosity and pore diameter to an intermedi-

Vycor glass(Corning 7930 the fractal dimension of the pore ate 2D-3D topology at low porositigsee below.

surfaces is about 2.8Ref. 49, while in various silica gels

The temperature dependence of the relaxation frequencies

values of 2.15 were founf.Whatever the exact microstruc- follows the Vogel-Fulcher-Tamman law, Eq27), and is
ture is, the deciding factor is the partial confinement of thesimilar to that displayed in Fig. (8 for the 3D-confined
third dimension. Figure (b) shows a system in which a large droplets(see also Ref. 8, Fig.)2Figure 13 shows the fre-
part of the material is confined in pores that do not run rightquency shift of the effective relaxation frequency. At first we

through the whole sample. The dead ends act as an interme-
diate state between channels and droplets. The system exhib-
its an intermediate 2D-3D topology and the parallel compo-
nents are no longer expected to govern the dielectric
response.

In the following we discuss experimental data on bulk
propylene glycolPG) and on PG in controlled porous Gelsil
glasse$1039 The glasses exhibit nominal porosities pf
=48, 63, and 70 % that correspond to pore diameters of 2.5,
5.0, and 7.5 nm. It should be noted tipatqualsf only when
a complete filling is achieved. But the above featuigsiii )
can be checked experimentally even when the exact filling
factor or the matrix permittivity are unknowimeasuring the
permittivity of the unfilled glass yieldseq(e,=1.em), but
the calculation ofe,, requires a detailed knowledge of the
microstructurg Figure 2 displays some permittivity spectra
at 218 K. The labels for the dimensionsalities are anticipated
but will become comprehensible in the following.

Figure 12 displays the effective relaxation strengths vs
that of bulk PG[see Fig. §a)]. For the highest porosity and
pore diameter the linear relation E@1) holds. When the
temperature is loweredy e, increases and so doAs ;. As

2

10

expected, its temperature dependence is less strong, so tlpatous Gelsil glasésee Fig. 12

FIG. 13. Frequency shifte/v, vs glass transition temperature
over temperaturdg"/T for the a relaxation of PG confined in
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focus on temperatures far above the glass transifiom ' ' '2.56 nm'
+50 K where we do not expect any size effects, so that 100 | PG in Gelsil
veit/ v is @ figure of merit characterizing the topology. The . 3

largest poresd=7.5 nm, 70% porosityshow the expected
2D resultv,= v . Strictly speakingpey is slightly smaller
thanv,, but this small deviation might be due to an interac-
tion with a retarded layer of directly surface attached mol-
ecules, even if the latter ones do not contribute to ¢he 10—1 i
process of the bulklike molecules in the center of the
pores®8-1018However, the high-temperature limit of the fre-
quency shiftve/ v, increases fromve;/v,=0.8 at 70% to
vei/vp=1.8 at 63% and finallyves/v,=3.5 at 48%. A

norm;y

faster molecular reorientation due to a reduced density of the I PG 218 K

confined liquid is improbable: although it would explain the 10—2 ! I ! ! !

increase ofv.; with decreasing pore size, it is inconsistent -2 -1 0 1 2
: . 10 10 10 10 10

with the supression of the temperature dependenckeqf; v/v

at low porositiegFig. 12. A possible reduction of density as relax

a .result of _difficu!ty in packing the molecules has been 5 14 Imaginary part of the normalized permittivitg/e",,,
pneﬂy meqtloped in _the literature, but the authors have reys normalized frequencyrfom= Vp OF Vyelax= Verr, fespectivelyfor
jected the ideanter alia because of the pressure dependencéne « relaxation of bulk propylene glycol as well as for PG in
of the glass transition temperatfréOn the other hand, a porous Gelsil glassesee Fig. 18

gradual change of topology from 2D at the high porosity and

pore diameter to an intermediate 2D-3D topology at low po-yhich were about 4—5 K lower than the effective ones. So
rosities explains both the behavior Ak (see aboveand e can expect that the corrections for the 2D-3D confine-
the increasing high temperature limit of the relaxation fre-ment do not exceed 4 K. As indicated by the arrows and the
quency. At the highest porositp=70%, most of the space dashed line, the corrections would change the slope
is occupied by the liquid and so there is high amount ofyAT,/ad but would only weakly affect the intersection with
continuous pores which dominate the response. At lower pomne x axis. Therefore, the pore diameter for which the finite-
rosities there is enough matrix material to form voids or deadsjze effect disappears has been determined correctly. For a
ends[see Fig. {b)]. But also a variation of the pore size fyrther discussion we refer to the summary.
might prevent a complete filling and result in a similar struc-  Now let us have a look at the form of the relaxation pro-
ture. The hypothesis of a topological change can be testedess far abovd,, where no finite-size effects are expected
since the value of the frequency shift depends not only on thesee Fig. 1% First we discuss the relaxation fod
microstructure of the Gelsil glasses but also on the relaxation-7 5 nm, i.e., for the highest porosity, where the above
strength of the fille{see Fig. 11 and Eq¢16) and(26) for  analysis suggests a 2D topology. However, compared to the
pure 3D confinemeit The smallerAe, is, the less pro- pylk liquid the slopes on the high and the low frequency side
nounced the effect should be. In fact, it is observable for PGghange resulting in a broadening. It is as strong as for the
whereAe,=24 at room temperature. But it does not appear3p-confined droplets, although one dimension less is con-
for Salol (Ref. 6, Fig. 3, the relaxation strength of which is fined (see Fig. 8 Therefore, it is unlikely that a finite-size
about six times smallet: Even if it is easier to analyze data effect or dielectric heterogeneity of the effective medium
of less polar liquids, where dielectric heterogeneity does nogontribute markedly. As in the case of the droplets, we at-
affect vy, information on the microstructure of the confine- tripute the broadening to a distribution of relaxation times
ment can only be obtained from measurements of stronglgye to nonuniform interaction with a layer of directly surface
polar liquids(see Fig. 11 attached moleculés®®~1%180bviously, the interaction is less
ApproachingTy, the frequency shift of the relaxation fre- homogeneous or much stronger than in the hydrophobic rub-
guency increases by one order of magnitdsee Fig. 18  per. With decreasing porosity and pore size the surface to
This is due to the finite-size effect already discussed for th©0|ume ratio increases so that the broadening should in-
3D-confined droplets, i.e., due to a faster molecular recrease, which is in fact observegig. 14). Note that at low
orienation close td,. However, only at the highest porosity porosities also dielectric heterogeneity of the 2D-3D topol-
the measured effective relaxation frequencies can be attrilygy can yield a small contributiofsee Fig. 4 for asymmetric
uted to the confined liquid. At lower porosities and diameterselaxations in 3D confinementsThe half width of the peak
two effects are superposed) a dominant frequency shift increases continuously with decreasing temperature, and at
due to a faster molecular reorienation affid a frequency least close toT, an additional finite-size effect cannot be
shift due to dielectric heterogeneity of the matrix-filler sys- excluded:®!* However, the change of shape is mainly
tem (2D-3D), that cannot be corrected by an effective me-caused by a surface effect and a lubrication of the inner
dium analysis. Nevertheless, the glass transition temperatuigrfaces, as it is described in Ref. 6, should result in a de-
has been approximately determined by fitting Ey) to the  crease of the broadening.
experimental datd 100 s=(Ty)]. The shift ATy=T¢" Summarizing, porous Gelsil glasses do not represent a
—TSO““”edis displayed in Fig. 7. In the case of 3D-confined well-defined confining medium, sincé) their topology
droplets the effective medium analysis resulted jvalues  changes from a 2D to an intermediate 2D-3D state with de-
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creasing porosity or pore size afi) the interaction with the  polar fillers, Aeo becomes independent of the intrinsic re-
(uncoated surface is much stronger than in the case of thgaxation process and depends only on the spatial distribution
hydrophobic rubber used as a 3D confinement. The use aff the particles. The shape of the relaxation peak is approxi-
simpler microstructures such as straight pores parallel to thgately preserved in the case of symmetric relaxations, while
field would guarantee a true 2D confinement that is muchor asymmetric relaxations a strong broadening is observed
easier to analyz¢Eq. (3) is exact forA—0]. Despite the (in the time domain this corresponds to an altered nonexpo-
above difficulties it was possible to provide direct evidencenential decay of polarizationIn 2D-confined systems the
for a finite-size effect yielding a faster molecular relaxationparallel components dominate the dielectric response, so
at temperatures beloWy+50 K. No density effects were AgqxAe, holds and some characteristics of the intrinsic
observed and the interaction with surface attached moleculggler relaxation are preserved: the relaxation frequency and

mainly affects the shape of the relaxation. the shape of the relaxation peak on its low frequency side.
Depending on their orientation parallel or perpendicular to
Ill. 1D CONFINEMENT the applied field, 1D-confined films behave similar to 2D- or

R ' . 3D-confined materials.
In free standing films, films on substrates, or multilayer Experimental data on 2D- and 3D-confined PG's has been

structures the material is only confined in one dimengs®® ;5764 and effects of dielectric heterogeneity were sepa-

Fig. 1(d)]. When the layers are orientated perpendicular ofaieq from finite-size and surface effects. A markedly re-
parallel to the applied field, Eq3) applies. In the corre-

L P T ) duced density could be excluded. While the 3D confinement
sponding limitsA=1 and A=0, it simplifies to a simple  .nqisting of randomly distributed droplets in butyl rubber
series or parallel circuit, respectively, and it is exact for all

o exhibits a well-defined microstructure at all droplet sizes,
filling factors O<f<1. The same holds for Eqe7) and(8)  horous Gelsil glasses show a transition from a 2D to a

which apply for symmetric relaxations. o 2D-3D topology with decreasing porosity and pore size. In
For the parallel orientationi=0, the characteristics re- 1, systems nonuniform interaction with the surface or di-
semble those of a 2D confinement: the effective systém direcyy surface attached molecules causes a distribution of re-
rectly reflects the properties of the inclusionss=(1  |axation times and thus a broadening of theelaxation, but
—f)em+fep. Shape and position of the loss peak remaini qoes not affect the main relaxation frequency of the inner
unchan.ged, and thg measgred effective relaxatlpn strength iSolecules. FOrT<T,+50 K the « relaxation becomes
proportional toAsp: Aee=fAe,. The perpendicular ori-  aster than that of the bulk liquid, so that the glass transition
entation,A=1, yields effective properties that are similar t0 e mperature is lowered. Figure 7 clearly shows that size ef-
those of a 3D confinemensee Sec.)l a maximum fre-  focts in 3D confinements are stronger than in systems where
quency shift is obtainedEgs. (7) and (26)], the shape of g1y two dimensions are confined. Although the uncertainty
asymmetric relaxations is altered, and for laflge, the ef-  of the effective medium correction for the intermediate
fective relaxation strength becomes independent of the inop_3p topology at low porosities affects the slope
trinsic one. JAT4ld, the diameter above which this finite-size effect
vanishes is determined correctly. As the comparison of 2D
IV. SUMMARY and 3D confinement shows, it does not depend on geometri-
The effective properties of confined materials are sensigal. d_etails or chemical nature of the matrix but is a charac-
tive with respect to the microstructure and differ consider-€"stic length scale for the dynamics in PG.
ably depending on the number of confined dimensions. In 3D ACKNOWLEDGMENTS
confinements dielectric heterogeneity of the effective me-
dium gives rise to an increase of the effective relaxation The author is grateful to G. Nimtz, P. Pissis, and A. Span-
frequency compared with the bulk relaxation and to a strongudaki for stimulating discussions. This work was financially
decrease of the relaxation strength. The effects weaken witkupported by the “Deutsche Forschungsgemeinschaft”
increasing disorder or filling factor. In the limit of strongly (DFG Project No. Ni 149/222

1J. M. Drake and J. Klafter, Phys. Toddg (5), 46 (1990. "R. Bohmer, Curr. Opin. Solid State Mater. S&.378(1998.

2K. L. Ngai and A. K. Rizos, inStructure and Dynamics of 8G. Barut, P. Pissis, R. Pelster, and G. Nimtz, Phys. Rev. 86tt.
Glasses and Glass Formensdited by C. A. Angekt al, MRS 3543(1998.
Symposia Proceedings No. 45Materials Research Society, °P. Pissis, A. Kyritsis, G. Barut, R. Pelster, and G. Nimtz, J. Non-
Pittsburgh, 199, pp. 147-150. Cryst. Solids235-237 444 (1998.

3p. Pissis, D. Daoukaki-Diamanti, L. Apekis, and C. Christodou-1°P. Pissis, A. Kyritsis, D. Daoukaki, G. Barut, R. Pelster, and G.
lidis, J. Phys.: Condens. Mattér L325 (1994). Nimtz, J. Phys.: Condens. Matt&f, 6205(1998.

4C. L. Jackson and G. B. McKenna, J. Non-Cryst. Soli84-133  ''D. Daoukaki, G. Barut, R. Pelster, G. Nimtz, P. Pissis, A. Kyrit-
221(199). sis, and P. Pissis, Phys. Rev.5B, 5336(1998.

5J. Schiler, R. Richert, and E. W. Fischer, Phys. Rev5R 15 123. Dobbertin, A. Hensel, and C. Schick, J. Therm. Ad&|.1027
232(1995. (1996.

6M. Arndt, R. Stannarius, H. Groothues, E. Hempel, and F. Kre-13X. Yan, C. Streck, and R. Richert, idynamics in Small Confin-
mer, Phys. Rev. Let79, 2077(1997). ing Systems l]ledited by J. M. Drake, J. Klafter, and R. Kopel-



9228

man, MRS Symposia Proceedings No. 484aterials Research

Society, Pittsburgh, 1997pp. 33—-44.

R. PELSTER

PRB 59

Appl. Sci. Res., Sect. B1, 310(1965]. For a=0 Eq.(7) was
also obtained by &kle [Eq. (7) in Ref. 13.

143, A. Forrest, K. Dalnoki-Veress, J.R. Stevens, and J. R. Dutcherf?D. R. McKenzie and R. C. McPhedran, Nat(t®ndor) 265, 128

Phys. Rev. Lett77, 2002(1996.

(1979; Proc. R. Soc. London, Ser. 359 45 (1978.

15g, V. Russell, N. E. Israeloff, L. E. Walther, and H. A. Gomariz, 3*W. T. Doyle, J. Appl. Phys49, 795 (1978.

Phys. Rev. Lett81, 1461(1998.

341 . Fu and L. Resca, Phys. Rev.&, 16 194(1993.

6. Arbe, J. Colmenero, M. Monkenbusch, and D. Richter, Phys2°L. Fu, P. B. Macedo, and L. Resca, Phys. Rev4B 13 818

Rev. Lett.81, 590(1998.

E. M. Aliev and G. P. Sinha, Mol. Cryst. Liq. CrysB03 325
(1997.

18¢C. Streck, Yu. B. Mel'nichenko, and R. Richert, Phys. RevboB
5341(1996.

9p, Marquardt, G. Nimtz, and W. Weiss, J. Phys.28, L619
(1987.

20G. Adams and J. H. Gibbs, J. Chem. P43, 139 (1965.

213, Monecke, Phys. Status Solidi B4, 805 (1989.

22G. Banhegyi, Colloid Polym. Sci264, 1030(1986.

23R. Pelster and U. Simons, Colloid Polym. S27.7, 2 (1999.

24R. H. Cole and K. S. Cole, J. Chem. Ph¢s.341(1941).

25C. J. F. Bitcher, Theory of Electric PolarisatioriElsevier, Am-
sterdam, 195p

26H. Frohlich, Theory of DielectricgClarendon, London, 1949

27A. K. JonscherDielectric Relaxation in SolidéChelsea Dielec-
trics, London, 1988 Universal Relaxation LawChelsea Di-
electrics, London, 1996

28G. Banhegyi, Colloid Polym. Sci266, 11 (1988; 264, 1030
(1986.

29L. K. H. van Beek, inProgress in Dielectricsedited by J. B.
Birks (Heywood, London, 1967 Vol. 7, pp. 69-114.

305, s. Dukhin, inSurface Colloid Sciengedited by E. Matijevic
(Interscience, New York, 19%1Vol. 3, pp. 83-165.

(1993.

%3, Sheu, S. Kumar, and R. I. Cukier, Phys. Rev4B 1431
(1990.

%7S. Havriliak and S. Negami, J. Polym. Sci., Part C: Polym. Symp.
14, 99 (1966.

38F stickel, E. W. Fischer, and R. Richert, J. Chem. Phy,
2043(1996.

39G. Barut, Ph.D. thesis, University of Cologne, Germany, 1996.

“O0R. Pelster, A. Kops, G. Nimtz, A. Enders, H. Kietzmann, P. Pis-
sis, A. Kyritsis, and D. Woermann, Ber. Bunsenges. Phys.
Chem.97, 666 (1993.

414, G. Krauthaiser and G. Nimtz, J. Mol. Struc383 315(1996).

42R. Pelster, |IEEE Trans. Microwave Theory TeckB, 1494
(1995.

43F. Alvarez, A. Algegra, and J. Colmenero, Phys. Rev4B, 125
(1993.

44R. Hilfer, Phys. Rev. B44, 60 (1991).

4SR. Hilfer, B. Ngst, E. Haslund, Th. Kautsch, B. Virgin, and B. D.
Hansen, Physica 207, 19 (1994.

48\, Niesel, Ann. Phys(Leipzig) 10, 336 (1952.

473, stdzle, A. Enders, and G. Nimtz, J. Phys2) 401 (1992.

483, sidzle, A. Enders, and G. Nimtz, J. Phys2| 1765(1992.

4°M. J. Benham, J. C. Cook, J-C. Li, D. K. Ross, P. L. Hall, and B.
Sarkissian, Phys. Rev. B9, 633(1989.

31The increase of the relaxation frequency in heterogeneous mix2°P. W. Schmidt, A. Har, H.-B. Neumann, H. Kaiser, D. Avnir,
tures with a polar constituent has already been noticed in early and J. S. Lin, J. Chem. Phy30, 5016(1989.

studies, although it has not been quantifi€l P. De Loor,

51p. K. Dixon, Phys. Rev. B2, 8179(1990.



