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Sub-uL measurements of the thermal conductivity and
heat capacity of liquids

Carlos Lopez-Bueno,* D. Bugallo,* V. Leboran and F. Rivadulla*

We present the analysis of the thermal conductivity, x, and heat capacity, C,, of a wide variety
of liquids, covering organic molecular solvents, ionic liquids and water-polymer mixtures. These
data were obtained from ~0.6 uL samples, using an experimental development based on the 3w
method, capable of the simultaneous measurement of x and C,. In spite of the different type
and strength of interactions, expected in a priori so different systems, the ratio of k to the sound
velocity is approximately constant for all of them. This is the consequence of a similar atomic den-
sity for all these liquids, notwithstanding their different molecular structure. This was corroborated
experimentally by the observation of a C,,/V~1.89x10% JK~!m~3 (~3R/2 per atom), for all liquids
studied in this work. Finally, the very small volume of sample required in this experimental method
is an important advantage for the characterization of systems like nanofluids, in which having a

large amount of dispersed phase is sometimes extremely challenging.

1 Introduction

The liquid state is the natural media where a large number of
important physicochemical reactions occur, including many indis-
pensable for life. The molecules of the solvent and solute ex-
change energy in different ways, determining the rate and even
the feasibility of these reactions. The energy exchanged is stored
in the different degrees of freedom of the molecules (at constant
volume), which can be accessed through the macroscopic heat ca-
pacity, C,. This thermodynamic magnitude, along with the ther-
mal conductivity, k, rules what are probably the most classical
technological applications of liquids, i.e. their use as refrigerants
and lubricants.”! The low vapor pressure and chemical stability
of ionic liquids, and the large variety of compositions available,
make them attractive for the design of liquids with large (x/C),)
ratio. 2 A drawback of this strategy is the lack of a solid theoreti-
cal framework for the prediction of the thermodynamic properties
of complex liquids from microscopic arguments. Another path
followed in the last years is the use of nanofluids, dispersions of
nanoparticles in a base liquid, whose thermal properties can be
optimized by an adequate selection of the dispersed phase.="1
In this case, having the amount of disperse phase needed for sys-
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tematic studies of k and C,, (typically of several milliliters) can be
challenging1213, Optical methods can be applied to smaller vol-
umes, but they are too complex and expensive for routine mea-
surements. 1415

Here we present room temperature measurements of k and C,
for a wide variety of liquids, including water-polymer mixtures,
ionic liquids, and molecular solvents. These thermodyanmic data
were obtained from sample volumes ~0.6 uL, using an extension
of the 3w method.18 The analysis of the data shows that the vol-
umetric heat capacity is constant along a large variety of liquids,
and equal to C,/V~1.87 JK"'m~>. As a consequence, k shows
linear dependence with the sound velocity, v, in all these liquids.
Our results show that the volume available per atom determines
the thermodynamic properties of the liquid, to a large extent. This
can be helpful to predict the thermodynamic properties of several
liquids, irrespective of their molecular structure.

2 Experimental

The 3w method was originally developed by Cahill’® to mea-
sure the thermal conductivity of solids: an AC current sin(wt)
is flowed along a metallic line (used as a heater and sensor)
deposited on the surface of the material under study. The
power dissipated by Joule effect presents a sinusoidal compo-
nent xlgcos(2wt), which produces a frequency dependent tem-
perature oscillation of the metal, AT>,. Due to the tempera-
ture dependence of the resistance of the metallic line, dR/dT,
the voltage measured along its length shows an oscillatory com-
ponent «sin(3wt) (see supporting information for a detailed de-
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Fig. 1 (a) Experimental setup for the measurement of the thermal con-
ductivity and heat capacity of liquids. The working (WL) and reference
lines (RL) are shown. (b) Scheme of the circuit used to eliminate the
first harmonic component of the voltage, showing the configuration of the
three differential amplifiers and the variable resistor in series with the Pt
line. (c) Finite-element simulation of the convective flow velocity usign
liquid ethylene glycol. The simulation time and the heating power were
set to 15 min and 5 mW. (d) Temperature distribution (squares) and flow
velocity (triangles) at the center of the heater surface (T atr =0 s is
293.15 K) and at the point of maximum velocity, respectively. The steady
state is reached after ~100 s.

scription):

Iy (dR
Viw = = | == | AT; 1
3w 2 <dT) 20 ( )

The magnitude of AT, is related to the thermal diffusivity
in the material, and can be obtained by solving the heat equa-
tion. For a sufficiently narrow metallic line, the mean tempera-
ture measured by this strip is given by117:

AT:% an (ﬁ) —%ln(2w)+n—% )
where «, C and p are the thermal conductivity, heat capacity and
density of the material under study (see supporting information
for a detailed derivation of this equation). Given the relationship
between V34 and ATy, in equation (I, x can be obtained from
the slope of a V34 vs. In(2) plot.

On the other hand, if the metallic line is placed at the interface
between two media with different k, V34, () contains the infor-
mation of the thermal properties of both of them. For the case of
a solid-liquid interface, the result is an increase of the apparent
thermal conductivity (x;.;), from the sum of the thermal conduc-
tivities of the solid (x;) and the liquid (x)®. Equation (2) can
be generalized to account for an interface of this type12/20:

o=y (8] e ()]

where JZ(x) = —In(x) + 1, and §:

N =172
5= (M> )

Kj
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Therefore, the thermal conductivity and heat capacity of the
liquid could be obtained from a single V3, () measurement, if
the corresponding values of the solid substrate are previously ob-
tained from an independent measurement (see supporting infor-
mation for a detailed discussion).

The experimental setup developed in this paper is schemat-
ically shown in Figure ). Two identical lines of Cr(10
nm)/Pt(100 nm) (1 mmx10 pum) were deposited by standard
photolithography and lift-off on top of a low thermal conductivity
glass substrate (Corning® glass, k ~ 0.9 Wm~'K~1). The length
and width of the lines were properly optimized to increase the
sensitivity of the device (see supporting information Figure S2).

On the other hand, Pt shows a large dR/dT coefficient, provid-
ing the level of resolution needed to discriminate the low values
of x characteristic of most liquids. One of the lines, the working
line, is placed in contact with the liquid, while the other (sepa-
rated ~3 mm) is used as a reference to obtain accurate values of
k of the glass substrate. In order to hold the liquid, a PELCO®
silicon disk frame with a thickness of 200 um and square aper-
ture of 1x1 mm is secured on top of the working line. We place a
volume of liquid in this receptacle ~0.6 uL.

An AC current from 56 Hz to 2.12 kHz was injected in the Pt
lines using a Keithley 6221 AC current source. The frequency
dependence of the 3w voltage between the inner contacts of the
Pt line was measured using a Standford Research Systems SR830
lock-in amplifier. As the Vi,/V3, ratio is typically 103-10°, the
lw voltage was suppressed with the circuit shown in Fig. ),
prior to lock-in detection.

In order to study the effect of natural convection on the
measurements, finite element simulations were performed with
COMSOL®. The results are shown in Figure ) and d). The flow
velocity and temperature distribution reach a steady state after
100 s. Therefore, a stabilization time protocol of several minutes
was employed to eliminate any source of error of this type.

3 Results and Discussion

In Figure [2) we show a comparison between the frequency de-
pendence of the V3, for the reference line and the working Pt
line in contact with 0.6 uL of different liquids. The change in
the slope due to different thermal conductivity can be perfectly
appreciated.

The thermal conductivities at room temperature of the liquids
studied in this work are shown in Table[I} Each value was mea-
sured at least three times with respect to the reference line. In
order to validate the method and calibrate properly the setup,
we selected for our measurements some liquids whose k and C,
was previously measured by other experimental techniques, and
are available in the literature. As can be seen from the results
in Table[1} our values compare very satisfactorily with the results
from the literature, with deviations within ~ 10 % for most of
them.21728 This demonstrates the accuracy of the method, usign
less than a microlitter for each measurement.

The values of x span from ~0.10 Wm~'K~! for dichloroben-
zene and some aprotic ionic liquids, to ~0.23 Wm~!K~! for PEG
or DMF. We have also measured solutions of different polymers
in water, obtaining larger values of k, up to ~0.4 Wm~'K~!

This journal is © The Royal Society of Chemistry [year]



Table 1 Density, molecular weight, thermal conductivity and heat capacity of the liquids studied in this work.The average values of the molecular weight,
M*, for the water-polymer mixture were calculated from the corresponding molar fractions of both phases. The error for each measurement is shown in
brackets. The superscripts indicate the values of x and C, taken from the literature, for comparison (footnote).

Name Chemical Formula p (g/cm’) M (g/mol) k (W/mK)  C, (J/molK)
PVSA (23%wi)  (CoHsNa059), 1267 23.03" 0328(20)  62(4)
PDDA (20%wr.)  (CsHigNCI), 1.04 21.90* 0.408(24)  46(5)
PAO 40 H(CioH0)nH 0.8494 1400 0. 150(14)” 3129(150)
TMPTO CooHi1006 0.9184 927.534 0.150(14)7  1849(84)
PEG 400 H(OCH,>CHs),OH 1.128 400 0.232(10)°  732(32)
DMF HCON(CHs), 0.944 73.00 0217(10)  160(6)
BzO (CeHsCH3 )20 1.043 198.26 0.128(9)°  307(32)
dCIBz CsHiCl> 1.306 147.00 0.116(11)  193(20)
[EMIM|[NTF,]  [CoHi1N2) T [N(SOLCFs )]~ 1.52 391.3 0.10(1)¢ 327(10)
[DEME|[NTF,]  [CsHaNO|* [N(SO.CF)o]~  1.42 426.4 0.130(5)  569(34)
[BMIM|[TFO]  [CsHisNa] " [SO3CEs] 1.29 288.3 0.164(13)  375(10)’
[MOIM] [PF¢] [CioHosNs)* [PFs) 1.24 340.29 0.147(13)"  514(27)

K (W/mK): a(Ref. 21)= 0.164 ; b(Ref. 22)= 0.16 ; c(Ref. 23)= 0.265 ; d(Ref. [24)=

h(Ref. [28)= 0.147 — C,,(J /molK): i(Ref. 22)=

1798 ; j(Ref. 29)=

a) b)
4.0x10%{ . i -
Ref. Ptline ;_94 DMF - TPEG
3 Y0202 L
Ejm £ 2 TMPTO IR £a040
% 2,0x10% . 3015{8  EEHvOM PR
O [DEMEJ'[NTF,] y ’ * )
o e 3 x By ycis, BMIMITPFO]
o PDDA 0.10 [EMIM][NTR)

835.6; k(Ref. [30)=

This resembles the equation obtained by Bridgman'>>
caid et al.2®. The values of k¥ measured in this work for pure
liquids are plotted in Figure [2| against v,, taken from the litera-
ture31i32137542 The linearity of the representation shows that the

0.198 ; e(Ref. 125)=0.139 ; f(Ref. [26)=0.122 ; g(Ref. 27)=0.12 ;
146.05; I(Ref. [32) = 421.6.

0.0
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Fig. 2 a) Frequency dependence of the 3w voltage for the Pt reference
line (solid squares), and for the working line in contact with different lig-
uids (open symbols).b) Thermal conductivity vs. sound velocity for the
pure liquids studied in this work.

(x(H,0)=0.60 Wm~!K~1).33 From these data, a general trend
of k with the molecular mass, density or viscosity of the liquids is
not evident.

The thermal conductivity represents the rate of energy trans-
ported along a given length of a system out of thermal equilib-
rium. From a kinetic argument we can therefore conclude that x
must be proportional to the energy stored locally by the system,
and the velocity at which this energy is transported. A formal
treatment of this idea using the Boltzmann transport equation in
the relaxation time approximation, leads to the general relation-
ship®#: ko<C,vA; where C,, v, and A represent the volumetric heat
capacity, the mean (isotropic) velocity of the heat-carrying exci-
tations, and their mean-free path, respectively. If we ignore the
molecular structure and think about the liquid as a collection of
randomly distributed equivalent atoms, we can assign an average
volume to each of them, V, (Figure[3). In this picture, the volu-
metric heat capacity can be replaced by the product of a constant
heat capacity per atom, and an atomic density, V,"!. The effect
of interactions (such as H-bonds) on the heat capacity is taken
into account through a reduction of V,. Replacing v by the sound
velocity, vs, and A with a distance proportional to v, /3, results
in the following expression for the thermal conductivity of the
liquid:

kpvs
v2/3

()
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average volume per atom remains approximately constant in all
these liquids. Given that average atomic distances C-C, C-H, etc.,
are similar in different molecules, changes in V, reflect variations
in the intermolecular distance. In weakly interacting molecular
liquids, like most measured in this work, the average intermolec-
ular distance is not expected to vary much. Importantly, this trend
is also obeyed in the case of the four aprotic ionic liquids, show-
ing that their complex structure prevents strong anomalies in the
available volume per atom even in the presence of Coulomb inter-
actions. As mentioned before, liquids with strong interactions like
H-bonding (water, protic ionic liquids, etc), should present a step-
per proportionality of k with v,. Actually, the positive deviation of
DMF from this line could be related to weak H-bonding between
CH/CH; and C = O groups characteristic of this molecule. 42344

Recently, a phonon-like theory has been developed over the
possibility of liquids to transmit shear waves of wavelengths close
to interatomic separation.42Z One of the important derivations
of this model is that the thermodynamic properties of liquids are
governed by the interatomic separation, irrespective of disorder.
This seems compatible with the interpretation of V, as a funda-
mental length that governs the thermodynamic properties of the
liquid, irrespective of its molecular structure.

As discussed before, the heat capacity of the liquid can be ob-
tained from the intercept of the V34 vs. In(2w) plot. This requires
a careful measurement of the thermal conductivity and heat ca-
pacity of the substrate, and an accurate determination of the
value of n in Eq. (2). For materials with low k, the penetra-
tion depth of the thermal wave is small, and decreases further
at high frequency. This situation departs from the limit where
the approximations leading to equation (2)) and (3] are justified.
Therefore, we determined the experimental value of 1) (see sup-
porting information) and fitted the real part of the V3, to equa-
tion (3] to extract accurate values of C,,. The results are shown in
Table [1} they compare very well with the values available in the
literature2243032148)
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Fig. 3 a) Molecular structure of liquid DMF. b) Random distribution of
equivalent atoms, ignoring the molecular structure of DMF. The polygon
encloses a volume V,, representing an average volume per atom in this
liquid. c) Heat capacity of the liquids versus the molar volume. The red
line is a fitting to C,,(JK~'mol~1)=6.5+1.89x10° V(m>mol~!), see text.

The dependence of C,, with the molar volume is shown in Fig-
ure [3p). The linear dependence confirms our hypothesis about
the constant volumetric heat capacity for the liquids studied in
this work. Note moreover that the experimental method used in
this work only rises the temperature of the liquid ~1 K during
the measurement. This, along with the small thermal expansion
characteristic of most liquids makes the expansion work negligi-
ble, and C, can be taken approximately equal to C, in this case.

Paulechka et al.42>0 proposed a relationship for the heat
capacity of aprotic ionic liquids and their molar volume,
CWUK 'mol H~1.915%10° V(m3mol~1), irrespective of the
molecular structure. From the fitting of our data in Figure
), Cp(JK'mol~1)~1.89x10° V(m*mol~!. Ignoring again the
molecular structure of the liquid and normalizing this heat capac-
ity to the number of atoms per mol, C~1.44(0.25)R, for every
liquid. Intramolecular vibrations are too high in energy to be ex-
cited at room temperature; therefore, this result is analogous to
a kinetic contribution from every atom, like in monoatomic lig-
uids. This shows that this relationship is probably general in the
absence of strong intermolecular interactions, like for instance
hydrogen bonds in water>! and protic-ionic liquids.>2

4 Conclusions

In summary, we analyzed the thermal conductivity and heat ca-
pacity of different liquids measured from 0.6 uL samples. The
results show a linear dependence of x with the sound velocity,
for a wide variety of liquids, including ionic and molecular lig-
uids. This result is the consequence of a volumetric heat capac-
ity which remains constant for all these liquids, in spite of their
different molecular structure. The intermolecular distance deter-
mines the available volume per atom and governs the thermo-
dynamic properties, playing the role of a fundamental distance in
the liquid. Interestingly, the heat capacity in these complex liquids
is ~3R/2 per atom, like in monoatomic liquids. Finally, we want
to remark the important advantages of the method proposed in
this paper for the thermodynamic characterization of nanofluids,
where large amounts of samples are difficult to obtain. It is also
advantageous for measurements at cryogenic temperatures inside
a cryostat, where the small size helps meeting the requirements
of a good thermalization in a tight space.
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