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Determination of the Dielectric Constant of Nanoparticles. 1. Dielectric Measurements of
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The static dielectric constaatof buckminsterfullerene (§) particles is determined inis-decalin, toluene,

and 1,2-dichlorobenzene using continuum models for spherical and spherical shell inclusions. The value for
¢ for isolated G in cis-decalin and toluene agrees well with molecular beam measurements using a spherical
shell model, but the estimate in the highly polar solvent 1,2-dichlorobenzene deviated from these other
measurements. Complications of measurements in highly polar solvents are summarized. We conclude that
virial measurements have a great potential for determining the effective properties of nanopatrticles from the
properties of nanofilled materials over a range of dilute filler concentrations.

1. Introduction ellipsoids were the only family of particle shapes that could be
rigorously and accurately estimated using continuum modeling,
even in the limit of vanishing particle concentration where a
virial expansion is applicable. Douglas and Garbbgrecently

Particle dispersions have been of interest in materials
development since the dawn of history. In pre-scientific times

there was much interest in perfumes, inks, and balms thatm de an important advance in treating mor. mplicated shaped
improved the quality of life and in recent times this interest in ade an important advance eating more compiicatec shape

particle dispersions remains strong. Heterogeneous media havé’bjeCts by recognizing that the virial poefficient_ of the dielectric
the advantage that they retain many of the properties of their constant.(and other elect.romagnetlc propertlefs) CQ.UId be ex-
components, so that adjustment of the composition often allows pressed in terms of electric and magnetic polarizability tensors

material properties to be tailored for specific applications without or related functionals Of_ par_t|cle shr_:1pe (€.g., hydro_d_y namic
the synthesis of new materials. Properties of interest fall into virtual mass tensor, logarithmic capacity). These quantities have

the general areas of mechanicalg(eflexural modulus and been under investigation in the mathematical and engineering

fracture toughness), viscoelasticge viscosity and dynamic cor;rgungles;or a\l/)ery Iong;_m:lé’l,and tT.e(;etsults IOf P?UQI?E
modulus), and electromagnetic (e.g., conductivity, dielectric and t>arboczican be immediately applied 1o caicuiating the

constant and refractive index). A myriad of models have arisen leading fwrrl]al coeffllflentlé)f the ?}'ele.ﬁ”c consé?nt fto ra Wr']de
for the purpose of predicting these specific properties. In this rarzjgle ors a‘_)ris (e |pso||t shanc ortr|_n?sa splnl_ eE’.I.;NOhSp eres,
paper, we will be concerned with models that predict electro- and lenses). These results have restricted applicability, however,

magnetic properties, or more specifically the dielectric properties E_echause tlhey a:jg ll'm'tt?d to f|I:ertplart|cI3]s that dhavet a T}L.‘Cr?
of heterogeneous media. igher or lower dielectric constant than the medium to whic

Predictive models for the dielectric properties of composite they are added. More. recent work. l.mhz'ng a path-integral
materials have existed since the 1800's, going back to CIaSSiCcalculanon of the polarizability coefficientshas allowed for

works by Maxwellt Rayleigh? and many others. These models the accurate calcglati_on of the eleptrical polari_zability tensor
attempted to account for the bulk electrical properties of for essentially arbitrarily shaped _objects, _b_ut this apl\_/ance still
spherical inclusions embedded in a continuous matrix. Despitedoe_S not allow for the calculatlc_)n of .V'”al. coeff|C|en_ts of
the importance of calculating the properties of particle disper- partlcles. that haye a generall dielectric mllsmatch with the
sions there has been very little work addressing itself to the suspgndmg med_lum. Garboczi and Dou@lq&troduced an
influence of particle shape, apart from phenomenological e.ffeCt'V? gpproxmgtg method for calcula’glng the leading
treatments incorporating empirical “shape factors”. Most theo- dielectric V'”_al coefﬂ(_:lent fpr parpcles_ of arbitrary shap_e_and
retical treatments focus on generalizing the problem of spherical general partlcle-mec_ilur;l dielectric mismatch by Cor‘?b'”'”g a
dispersed particles to finite concentrations. The methods includeper.turb_at““.a expangéﬁ about the S”Fa” property ml_smatch
rigorous and heuristic bounds on the “effective” properties of limit with information for the polarizability (electric and

the mixtures and many effective medium type models have beenmagnetic) tensqrs of the partic!gs. The. gompletion O.f this
proposed (&., Bruggemarf, Béttcher Hsus and Landau and program to treat just the leading virial coefficient of an arbitrary

Lifshitz®) to estimate mixture properties. Broand Landau shaped patrticle dispersion with arbitrary property mismatch still

and LifshitZ have shown how to develop a systematic expansion _requires an accurate means for calculating the magnetic polar-
of dispersion properties for the dielectric constant of a particle

izability tensor for conductive particles of general shape (or
dispersion when the mismatch between the dielectric constantéduivalently the hydrodynamic *virtual mass” tensor), but good
of the medium and the particles is small. Until recently,

approximate values for this quantity can be obtained by finite
element calculation®? At any rate, we now have a much

* To whom correspondence should be addressed. E-mail: chad.snyder@@nlarged class of particles for which accurate estimates of the
nist.gov. FAX: (301) 975-3928. leading dielectric virial coefficient exist.
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Continuum models of the properties of particle dispersions their claim is that several problems can be circumvented. First,
are normally found to be accurate for particles on the order of they state that under ordinary handling conditions, the solutions
aum or larger. When the length scale is decreased further to are exposed to air longer than the solvent, which can result in
molecular dimensions,.@, chlorobenzene in hexane, these a higher moisture uptake by the solutions. Second, because
continuum models have been observed to break down due toandu; are key parameters in the determination of the polariza-
what is commonly termed a “solvent effect”. The “solvent tion of the solute and are measured only once, their values are
effect” makes the value of the polarization obtained by weighted in the calculations far more heavily than any single
extrapolation to infinite dilution not equal to estimates obtained measurement afi, or v15, respectively. Additionally, the effects
by measurements of isolated molecules in the gas phase. Severalf solvent polarization are eliminated by determining the static
theoretical models have been put forth to explain the effect by dielectric constant of the solvent by extrapolatiorwip= 0.
“self-consistent” modifications of mean-field theéfyand by Finally, linearity in a plot ofv12 vs w, suggests a lack of specific
accounting for the solvent geomef#/2> Experimental proce- interactions.
dures have been developed to minimize the errors due to the From the extrapolations cited above, Halverstadt and Kumler
solvent effect®25 This situation then brings us to an important then used the slopes and intercepts to calculate the molar solute
question. Are nanoparticles large enough to be reasonablypolarization at infinite dilution. In the present paper, we are
described by continuum theory or do these materials lead tointerested in examining the continuum model approach for
the same problems as found for molecular dispersions? estimating the dielectric constant of buckyballs as a model

Many of the existing models for heterogeneous materials nanoparticle. Buckyballs are truncated regular icosahedfons,
assume that a continuum description is applicable and that thebut they can be reasonably described as nearly spherical (see
properties of the dispersed particles are the same as in the bulkbelow). We shall examine the predictions of two simple,
Recent measurements have indicated that the properties of veneffective medium theories (EMT) based on spherical particle
small particles can deviate substantially from their bulk values. shape: the Maxwell model for a dilute dispersion of uniform
Some examples in which nanometer-scale materials embeddedpherical particles and a model for a dilute dispersion of
in a matrix behave differently from those in a “bulk” sample spherical shell-like particles. The equations can be expressed
include, but are not limited to, (1) the change in the glass in terms of a reduced dielectric constani(¢,)/e1, where
transition temperature (dielectric loss peak temperature) of e12(¢») is the static dielectric constant of the mixture at a given
polymers confined in nanoporous glass as a function of pore volume fractiong, of particles ande; is the static dielectric
size26:27 (2) the shift in the nematic/isotropic transition tem- constant of the matrix (obtainable by the method of Halverstadt
perature for liquid crystals confined in nanoporous gfig8) and Kumler and by dielectric measurements of the pure solvent).
superheating of nanometer size spheres of solid argon by 480The Maxwell equation fokix(¢2)/e1 in the case of spherical
K due to confinement in aluminum porés(4) melting point particles equals®
depression of approximately 600 K for gold nanopartiéfesnd

(5) the difference in the dielectric constant of buckyballs in solid . xn 3z —1)
films versus isolated & molecules!:*2These observations raise (p)ley =1+ [elp, + Ogg) = 1 + (z +2) — %2 T 0@)
the additional problem of how to determine and other 3)

properties of nanopatrticles that are required to utilize continuum
models of nanoparticle dispersions. Thus, the theoretical where E] is the leading dielectric constant virial coefficient
description of nanoparticle dispersions is complicated by finite (‘intrinsic dielectric constant”),z is the relative dielectric
particle size effects, even if continuum theory is applicable to constant (dielectric mismatch) of the particle € €z/e;), and
such small particle dispersions. There is no simple means toO(¢3) indicates terms on the order o> which are negli-
determine the properties of nanoparticles and part of the gible for smallg,. [A probabilistic computatiot for the virial
motivation of the present work is to develop such a method. coefficient in the highly conducting limitz{ — ) for a
We report measurements of the dielectric properties ¢f C truncated icosahedron gives 3.0409(8) rather than the value of
particle dispersions and interpret the data in terms of the 3 which follows from eq 3 for the case of a sphere. The virial
continuum models. The validity of these models can then be coefficient for insulating particlesz( — 0) is approximately
determined by comparing the results to those obtained by —%- for nearly spherical particles. Equation 3 is accurate for
independent molecular beam measurenfémie for Ceo. arbitrary shapes for. = 1.] The virial coefficient in eq 3

In the present work, we employ part of the method of evidently becomes insensitive to the dielectric constant of the
Halverstadt and Kumlé$ to determine the dielectric constant particle e, when z is too large so that the use of eq 3 to
of isolated Go molecules. This method, for concentrations with determinee; is limited to suspending media in whichis on
a mass fraction of solute of less than 0.01, is based on two the order ofz~ O (0.1-10). This effect can readily be seen in
linear fits. The first is the measured static dielectric constant Figure 1. Extension of eq 3 to complex particle shapes is

€12 as a function of mass fraction of solute, described by Garboczi and Dougfas.
More generally, the virial expansion for a dilute dispersion
€1,=€; T pW, Q) of spherical shell-like particles with a core dielectric constant

€c equalg* s
and the specific volume (1/density), as a function of mass
fraction of solute e1¢o)ley =

BT ) 146 3l(e; — €5) (26, + €)) + y(ec + 2€) (¢, — )]
127 1T P 2l 2(e. — €)) (6, — €1) + y(ec+ 2¢,) (€, + 2¢)
Halverstadt and Kumler also perform the extrapolations using 0(¢§) 4
mole fractions with and y being replaced bys' and ',

respectively. By using these extrapolations to determine the wheree. is set equal to unity for vacuum in this paperis a
static dielectric constart and specific volume; of the solvent, dimensionless parameter describing the ratio of the outer to core
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3.0 batch was placed in a sonicator for 7 h. Ordinarily, there was
251 some precipitate left in this master solution (probably containing
204 the 2% impurities), so the solution was decanted off. Fifteen
mL samples of the decanted solution were placed into glass

157 vials which had been thoroughly cleaned and dried under

— 101 vacuum. The mass of the vial prior to and after the addition of
— 05 the 15 mL was recorded, with the final mass being buoyancy
0.0 corrected against the displaced volume of 15 mL of air. This
value was used to determine the ambient density of the “master”

051 batch. The solvent was slowly evaporated off and after no
-1.0 1 solvent was visible, the vial was heated above the boiling point
15 r . . . , of the solvent and was cooled under vacuum. The mass of the
0.001 0.01 0.1 1 10 100 1000 vial was then determined to obtain the concentration of master

z, solution. Aliquots of the master solution were then transferred

Figure 1. “Intrinsic dielectric constant”d(z)] as a function of the {0 clean dry vials and were diluted with pure solvent to prepare
dielectric mismatch. The range over which the virial coefficient satu- Solutions with modified concentrations. After combining the

rates depends on the particle shépe. master batch and the pure solvent, the vials were sonicated for
6 h each. A minimum of three samples of each concentration
sphere volumes, was prepared. Each set of three was prepared prior to the day

in which the measurements were to be performed. The vials

_(b+ h)3 5 were equilibrated overnight in the high precision temperature
Y= b3 ®) bath described belowN(B. For the 1,2-dichlorobenzene, all
samples were prepared under dry nitrogen conditions.)
whereh is the shell thickness arigiis the radius of the spherical 2.3. Dielectric MeasurementsAll dielectric measurements
core. (Note that eq 4 reduces to eq 3 whgk ¢; andh = 0.) were performed in a constant-temperature bath, which had a

For our calculations, we will use the core and shell values from manufacturer’s stated temperature stabilityt@f.001°C. The

the polarization wave model ofggintroduced by Lambin and ~ temperature of the dielectric cell was determined with a NIST

co-workerst (h = 1.8 Ab=26 A)_ Equations 1 and 2 will calibrated standard reference thermometer to be 20°0C88

be used to verify the values for the dielectric constant and 0.001 °C (an expanded standard uncertainty with a 95%

specific volume obtained from measurements on the pure fluids. confidence level for the temperature of interest was reported in
To evaluate the results from the solution measurements onthe calibration certificate to b&-0.001°C).

the Gsp molecule, we can compare these estimates tf those Dielectric measurements were performed for each sample on

obtained for isolated molecules. Conveniently, a molecular beama Hewlett-Packard 4284A LCR meter over a frequency range

method has been used to determine that the electric polarizability(f) of 100 Hz to 1 MHz and on an Andeen-Hagerling 2500A 1

a of isolated Gy molecules is 76.5 A+ 8.0 A3 (converting kHz Ultra-Precision Capacitance Bridge, the latter of which had

their value to Sl units yieldes) = 8.50 x 1073% £ 8.9 x 1040 been recently calibrated to a relative capacitance value of 40

C2m?2 J1.32 From the mean-field Clausiudviosotti relationship 1076 against a NIST calibrated General Radio model 1404-CSl|

for spherical particles (which is nearly the case for Buckmin- Reference Standard Capacitor. The 4284A measurements were

sterfullerene), we have (in Sl unitéy performed &1 V and the 2500A measurements were performed
at 1.5 V. (These measurements were compared to measurements
€~ LMy Na performed on the 4284A at 0.1 V and were within the
€+ 2(;) - 3_KOOLSI (6) experimental uncertainty, suggesting that Ohmic heating was

not a problem. Therefore, the higher voltage was utilized to
in the absence of a permanent dipole moment. The static decrease the experimental uncertainty. Ifurthermore, measure-
dielectric constant (the zero frequency limiting dielectric Ments on the most concentrated solutiowigadecahydronaph-
constant)eo of isolated Go molecules can then be obtained, thalene of the conductivitss as a function of frequency (from
whereN, is Avogadro’s constantyl is the relative molecular 100 Hz to 1 MHz) was no greater than that of the empty
mass o is the permittivity of vacuum (8.854 pF/m), andis dielectric test cell, which was on the prder ofx110710 S))
the density. Using the value far cited above, we find a value  1he cell constant (or geometric capacitanCg)
of o = 3.6 + 0.4 for an isolated g nanoparticle. (It should be
noted that the experimental value cited for the polarizability of C = ﬁs )
isolated o molecules is in good agreement with the results of 9 ¢
many theoretical polarizability modet§).

was determined from the measured capacitance by calculating
the dielectric constant of the aig; in the cell using the data
2.1. Materials. Buckminsterfullerene (98% purity)cis- reduction techniques described by one of us in an earlier paper
decahydronaphthaleneci¢-decalin, 99% purity), anhydrous and measurements of ambient temperature, barometric pressure,
toluene (99.8% purity), and 1,2-dichlorobenzene (99% purity) and relative humidity?2 The cell constant (capacitance in a
were obtained from Aldrich Chemical Co. and used as re- vacuum) was determined, prior to measurement of the solutions,
ceived4? on each day after the cell had been cleaned, dried, and
2.2. Sample PreparationAll samples used in this study were  reequilibrated in the temperature bath. The average value
prepared in the same way. Using the solubility data of Ruoff determined foiCq was 11.521 pF: 0.002 pF* The variation
and co-workerd! a solution with the maximum concentration in Cq was on a day to day basis (after cleaning and drying)
of Cgo in the respective solvents was prepared. This “master” which indicates that the mechanical stability of the dielectric

2. Experimental Section
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cell was such that the relative reproducibility of capacitance
measurements was on the order ofx2 1074 This was

substantiated by further measurements on the solvents used in

these studies.

The liquid dielectric test cell was a small-volume (10 mL)
three-terminal, guarded concentric cylinder fixture with gold-
plated electrodes based on the small-capacity cell for referee

tests and research investigations described in American Society

for the Testing of Materials (ASTM) Test Method D 924-92.

2.4. Density MeasurementsThe density measurements were
performed by measuring the period of oscillation of a vibrating
sample cell with a sample volume of 0.7 mL. The sample density
p is related to the periotiby the following relation

t?=Ap+B (8)

whereA andB are contain the spring constants of the oscillator,
the empty oscillator's mass, and the volume of the sample that
undergoes oscillation. Calibration of the density meter can be
performed by measurement of the period of two substances of
known density and the density differenge-p, equal to

1
PL = P2= Z(ti - tg) 9

Calibration of the density meter was performed using air and

ultrapure water. The density of dry air as a function of

temperaturel and pressur® is given by

_ (1.7238x 10 *gem *Pat)P
[1+ (3.67x 10 2°C)T]

Pair(T’P) (10)

The density of water as a function of temperature was obtained
by a fourth-order polynomial fit to the 400 data points (between
0 and 40°C) provided in the manual. The fitted quadratic equals
_ 3 2
pro=AT +AT+AT +AT+A (1)
This expression has a maximum relative residual of 307
(Ar = —4.67337x 100 g cnm3°C4 A, = 7.70894x 1078
gcm?3°C3 A = —8.75500x 106 g cm3°C?2 Ay =
6.59869x 107° g cn3 °C1, As = 0.99842 g cm?®).** The

manufacturer’s specified accuracy for the systemiss x 1076
glcne,

3. Results and Discussion

3.1. Static Dielectric Constant Determination.The static
dielectric constank is determined by extrapolation of the
frequency dependent dielectric constat(iw) to zero angular
frequency ¢ = 0,wherew = 2xaf). For ordinary low viscosity
liquids, €*(w) measured at frequencies as high as 1 MHz is
commonly referred to as the static dielectric constamtow-
ever, the addition of the & molecule makes it desirable to

further demonstrate that the measured dielectric constant is equa

to the static dielectric constant.

The frequency dependent dielectric constant can be obtaine
by a bridge type capacitance measurement which can be use
to determine the complex frequency dependent dielectric
constante* defined as
(12)

e =€ —ie’

where €' is the real component” is the imaginary (loss)
component, and = +~/—1. If no time dependent changes are
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Figure 2. €' as a function of measurement frequeridgr Ce in Cis-
decahydronaphthalene at 20.2°T8 The error bars were obtained from
the manufacturer’s specificatioffs.
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Figure 3. Specific volumey;, versus mass fractiom:, for Ceo in Cis-
decahydronaphthalene at 20Q.

occurring over a time scale comparable do (such as a
relaxation process) and no conductivity is present, &iers
zero ande’ can be extrapolated to low frequencies. However,
if a loss is present(’ = 0) then the extrapolation is less trivial.

A sample plots of’ versusf is shown in Figure 2 for the
most concentrateds-decahydronaphthalene solution. The error
bars, obtained from the manufacturer’s specifications, are a
function of impedance, loss, cable length, instrument temper-
ature, integration time, and frequency. Similar behavior was
observed for toluene and 1,2-dichlorobenzene solutions. Because
€' is frequency independent over the entire range of measured
frequencies, a single measurement'dfy the higher accuracy
2500A bridge at 1 kHz will be used to determimag in the
following analyses.

3.2. Dielectric Constant and Specific Volume of the Pure
Liquids. To verify the values for the specific volumg and
static dielectric constant of the pure solventthe method of
Halverstadt and Kumler described previously, was used for
comparison with values obtained by measurements on the pure
liquids. In Figures 3-5 we have plotted the specific volume
Eaction of the mixture ¢;,) as a function of weight fraction of

s0 (W2). Because of the variability in the literature regarding

dthe definitions of mass fraction and volume fraction, we wish
do explicitly define our use of these terms. Mass fractieris

defined as

m,

"= m,

(13)

where my and m, are the masses of components 1 and 2,
respectively. Similarly, the volume fraction of the second
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Figure 4. Specific volumewvs, versus mass fractioms, for Cgo in
toluene at 20.EC.
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Figure 5. Specific volumev;, versus mass fraction;, for Cegin 1,2-
dichlorobenzene at 20.°C.
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Figure 6. Static dielectric constarnd;, versus mass fractiow;, for
Ceo in cis-decahydronaphthalene at 20.1%3.

componenip, is defined as

_ myv, _ Vv,
my, +mp, V;+V,

b, (14)

where V; and V, are the volumes of components 1 and 2,
respectively. Figures-68 are the corresponding plots of static

dielectric constant;, versus mass fractiow,. The results of
the analyses of Figures-8 are shown in Table 1.
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Figure 7. Static dielectric constard;, versus mass fractiow, for
Ceo in toluene at 20.118C.
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Figure 8. Static dielectric constard;, versus mass fractiow, for
Ceo in 1,2-dichlorobenzene at 20.128.

the relative difference between the measured and extrapolated
values is less than & 10~*. In anticipation of our final results,
we shall assume that a difference of this magnitude can be
neglected. It is notable that because the valuesfasbtained
by extrapolation is greater than the measured value for toluene,
it is possible that some moisture uptake has occurred. As stated
previously, the amount appears to be very small. With the
exception of the specific volume of ODCB, the literature values
listed in Table 1 lie within the experimental uncertainty of all
values forvy ande.

3.3. Dielectric Constant of Isolated Gy Molecules.Figures
9—11 are plots of the reduced dielectric constan(fp)/e1] as
a function of volume fraction of € (¢2). (In calculating the
reduced dielectric constant, we used the valuesfasbtained
by eq 1.) The slope of the plots were analyzed according to eqs
3 and 4. The results of these analyses are given in Table 2. In
examining the effectiveness of our solution measurements in
obtaining the correct value for the dielectric constant of the
isolated G particle, we will split the results into each of the
model predictions. In the spherical particle model (Maxwell
model) the results iois-decahydronaphthalene agree within the
experimental uncertainty with the value obtained from molecular
beam measurements, but disturbingly, the values for toluene
and ODCB do not. This might lead one to the conclusion that
an induced dipole moment is present in systems where there is
a polar solvent, since toluene and ODCB have a permanent
dipole moment with toluene having a dipole moment of .2

It should be apparent that all of the extrapolated values for 1073° C m (0.36 D) and 1,2-dichlorobenzene having a dipole
v1 ande; are in excellent agreement with the measured values, moment of 8.3x 10730 C m (2.50 D).cis-Decahydronaphthalene
with the exception of the dielectric constant of toluene. However, has a very small dipole moment, and this solvent is “nonpdfar”.

in both cases (@., measured and extrapolated valuese)r

Rough estimates of the apparent dipole momentan be
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TABLE 1: Density and Specific Volume of the Solvents

J. Phys. Chem. B, Vol. 104, No. 47, 20001063

cis-decalin

toluene

1,2-dichlorobenzene

v1 measured (cig)

v1 extrapolated (citg)

1 lit. value? (cm?/g)
€1 measured

€1 extrapolated

e lit. value

1.11489+ 0.00003
1.11494+ 0.00002
1.115
2.181& 0.0004
2.1812 0.0004
2.176 +0.006

1.1535@- 0.00003
1.1535% 0.00003
1.154

2.3873t 0.0005
2.3883t 0.0003
2.391+ 0.004

0.7656% 0.00002

0.7656% 0.00002

0.76640
10.1720.002
10.17# 0.005
10.3+ 0.3

2The specific volumes listed are for 20°C and were obtained from the density data in @RC HandbooR! ® The dielectric constant for
cis-decahydronaphthalene at 200 4 0.1 °C and 505 kHz was obtained from the work of Bird and D&y The dielectric constant of toluene
was determined at 20°C by linear extrapolation of data at 10 kHz obtained at several temperatures from the work of KdpsiRhe dielectric
constant of 1,2-dichlorobenzene was determined at ZDHy linear extrapolation of data obtained at several temperatures for two sets of dielectric
data, one by Curry and Gilkerson at 10 kHz and one by Flaherty and Stern at an unspecified frégiéfcy.
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at 20.118°C. at 20.118°C.
1.0025 TABLE 2: Static Dielectric Constant of the Isolated Cq
Molecule
1.0020 4 solvent € (eq 3) € (eq 4)
1.0015 molecular bearf? 3.6+ 0.4
@& | cis-decahydronaphthalene 3160.8 2.9+ 0.7
2 10010 - toluene 7.9£0.8 3.8+ 0.4
& 1,2-dichlorobenzene E2 13+ 4
@
100051 in this paper were performed for toluene at IS and 30°C.
1.0000 | The result was that there was no temperature dependence which
‘ could be attributed to a dipole moment. This finding indicates
0.9995 ‘ ‘ ‘ that we should model the geometry of the buckyballs more
0.0000 0.0004 0.0008 0.0012 0.0016 realistically, before rejecting the validity of the continuum model

¢, description of the dielectric constant of these dispersions. We
Figure 10. Reduced dielectric constamtA¢z)le; as a function of ~ then model the buckyballs as hollow spherical particles and
volume fraction of Buckminsterfullerene forg6in toluene at 20.118  assume that the core has a dielectric constant equal to that of
°C. vacuum. Notably of dry air differs from that of vacuum by
approximately 0.05%e6; = 1.0005 at 20°C).
Using the spherical shell model, the static dielectric constant
N ) of isolated o molecules measured @is-decahydronaphthalene
p=¢— ™M —_A O + u and toluene agree within the experimental uncertainty with those
e+2\p] 3o\ O KT measured by the molecular beam technique. There still is a large
discrepancy between the molecular beam estimate of the
wherekg is Boltzmann’s constant. The value fag used in dielectric constant for gg and the virial estimate for the highly
the above equation was that obtained from the dielectric constantpolar solvent, 1,2-dichlorobenzene, however. (Toluene is only
of Cgp which, in turn, was determined from measurements in slightly polar, so that induced polarization effects should be
cis-decahydronaphthalene and eq 6. The apparent dipole moweak?®") It is noted that the ODCB data set exhibits a much
ments calculated using eq 15 were<710730 4+ 1 x 10730 C higher degree of scatter than the other measurements which leads
m (2.2+ 0.3 D) for Gy in toluene and & 10730+ 2 x 10730 to the possibility that other effects may complicate these
Cm (2.04 0.6 D) for Gy in 1,2-dichlorobenzene. Within the  measurements. For example, clustering has been reported for
expanded standard uncertainty of the measurements, there i€goin other solvent$-50 and we strongly suspect that this might
no statistical difference between these two dipole moments. Thebe occurring in the ODCB solution. Light scattering measure-
concept of an induced dipole moment in the case of toluene is ments as in previous studf€g® on benzene solutions ofsE
easily disproved, since measurements similar to those presentedould help to resolve this possibility. The ODCB solutions

obtained using the Debyd_angevin equation (in Sl units)

(15)
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are also potentially sensitive to moisture contamination, even the NIST Advanced Technology Program (ATP) Electronics
though we endeavored to maintain dry conditions. It is then and Photonics Technology Office for generously funding this
premature to ascribe a precise cause to the deviant estimate foresearch. We also thank the reviewers who pointed out the
€ in this solvent. Further studies of our method of estimated necessity of modeling & as a hollow shell and made other
of nanopatrticles, especially in the case of polar solvents, seemshelpful comments that improved the paper.
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