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ABSTRACT: The dependence of thermal diffusivity along the out-of-plane direction (D^) on molecular
structure, chain orientation, andmolecular packing was extensively investigated for 21 kinds of aromatic and
semiaromatic polyimide (PI) films using temperature wave analysis. The inherent structural character and the
orientaion of polymer chains were quantitatively evaluated based on the polarizability anisotropy calculated
for the repeating units of PIs using the density functional theory (DFT) and the observed in-plane/out-of-
plane birefringences (Δn). Following the findings, a new parameter, Φ^, which can be used to estimate the
D^ of PIs, is proposed based on modified Lorentz-Lorenz and Vuks equations, and the validity of the
parameter was evaluated. TheΦ^ is readily estimated from the experimental values of in-plane (n||) and out-
of-plane (n^) refractive indices and theΔn of PI films. The positive and linear correlation betweenD^ andΦ^
revealed that not only an increase in the degree ofmolecular orientations along the out-of-plane direction, but
also a densification of molecular packing is effective for an enhancement of D^.

Introduction

Recently, the microelectronics and optoelectronics industries
have begun to pay more attention to the potential of thermally
stable polymers, such as epoxy resins, polysiloxanes, polyimides,
and polybenzoxazoles, as promising low-dielectric insulator films
or passive/active layers for photonic devices.1,2 With this techno-
logical trend, there is growing interest in the properties of such
high-performance polymers. The thermal conductivity of polymers
is of particular interest and importance because it governs the
temporal thermal behavior of polymer-containing products. In
particular, the enhancement and control of the thermal conduc-
tivity of polymer films are of great significance for the applica-
tions of electronic insulators. However, owing to their disordered
structures, the much lower thermal conductivity of polymers
compared with those of metals and ceramics causes significant
disadvantages in overheating and lifetime reduction in electronic
devices and components. Hence, there has been a strong demand
for the enhancement and precise control of the thermal conduc-
tivity of polymers.

In a semicrystalline polymer, significant anisotropy in thermal
conductivity can be observed when the polymer main chains are
oriented along a certain direction.3,4 This can be explained in
terms of “phonon focusing”.5 Atomic vibrations, which transfer
thermal energy, are effectively transmitted along the polymer
main chains connected by covalent bonds (“intrachain thermal
transfer”). In contrast, atomic vibrations are not effectively trans-
mitted among polymer chains (“interchain thermal transfer”), in
which interchain interactions such as van derWaals and dipolar-
dipolar interactions are much weaker than covalent bonds. Choy
and co-workers have shown that the thermal conductivity of
highly oriented polyethylene (λ||) at 300 K is 13.8 W/mK along
the stretching direction (draw ratio: 25), whereas the value

perpendicular to the stretching direction (λ^) is only 0.235 W/mK.6

In amorphous polymers which possess neither ordered nor orien-
ted structures, the thermal conductivity and its anisotropy are
much smaller than those of semicrystalline polymers due to the
significant scattering of phonons by structural inhomogeneities.
Thereby, the mean free path of phonons is reduced to the order
of a few angstroms. In the amorphous polymers, nevertheless,
the thermal conductivity becomes anisotropic (λ||>λ^) when the
polymer main chains are oriented along a certain direction. Since
the covalent bonds along the chains are much stronger than van
derWaals and dipolar-dipolar interactions, the average phonon
velocity in the oriented direction should be larger than those
along the other directions due to the difference of the force
constants of the molecular interaction.3,7

The thermal conductivity λ (W/mK) ofmatter can be written as:7

λ ¼ rCpD ð1Þ

where F is the density (kg/m3), Cp the heat capacity at constant
pressure (J/kg 3K), and D the thermal diffusivity (m2/s). The
thermal diffusivity (D) is proportional to the product of
average phonon velocity (v (m/s)) and mean free path of
phonons (l (m)). For noncrystalline polymers and soft materials,
the values of FCp vary only marginally at room temperature,
thusD is themostprominent factor for their thermal conductivity.
For instance, Venerus and co-workers measured thermal diffu-
sivity in cross-linked amorphous polymers subjected to uniaxial
elongational deformation. They reported the thermal diffusi-
vities parallel (D||) and perpendicular (D^) to the stretch direction
were linearly increased and decreased with stretch ratio,
respectively.8,9

Polyimides (PIs) have been widely used in electric, microelec-
tronic and photonic applications, such as electrical insulators and
substrates for flexible printed circuit boards and optical wave-
guides, due to their high thermal stability, good mechanical
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properties, and favorable electrical properties.10 PI films which
have been used in microelectronics are, in general, prepared by
spin coating of a precursor solution of PI, poly(amic acid) (PAA),
or PI solutions followed by thermal curing at elevated tempera-
tures. The spin-coating process causes orientation of PAA or PI
chains to be along the in-plane direction of the substrate, which is
called in-plane orientation, due to the centrifugal force during
spinning. In addition, the volume shrinkage of the PI films during
drying and curing also causes preferential alignment of polymer
chains in the film plane. A few researches have reported the
anisotropic thermal conductivities and/or diffusivities of PI films
parallel and perpendicular to the film plane.11,12 Kurabayashi
and co-workers have reported that the thermal diffusivity of PI
(Du Pont PI 2556) along the in-plane direction (D||) is 4-8 times
larger than that along the out-of-plane direction (D^).

11 They
also explained that the anisotropy originates from the in-plane
orientation of polymer chains. Morikawa and co-workers re-
ported the dependence of D|| and D^ on the molecular structure
and the main chain orientation of PIs for several PI films.13

Although appreciable differences were observed in D||, little
structure and orientation dependences were detected in D^. The
degree ofmain chain orientation in PI films, however, depends on
the chemical structure of PIs,14 and the in-plane/out-of-plane
orientation of PI chains should influence not only the anisotropy
in thermal diffusivity (D||-D^) but alsoD^ itself. Moreover, the
D^ in polymer films, has a dominant influence on heat transfer in
microelectronic applications such as multilayer insulators.

The purpose of this study is to investigate the dependence of
D^ on the molecular structures, orientation of PI chains, and
degree of molecular packing for spin-coated and thermally
cured aromatic and semiaromatic PI films. The relationships
among the parameters which represent the structural charac-
teristics and the properties of PIs were extensively investigated
for 21 kinds of PIs having different structures. TheD^ values of
PI films were measured by temperature wave analysis (TWA),
which estimates the thermal diffusivity of thin films from the
frequency-dependent phase shifts of temperature waves trans-
mitted along the out-of-plane direction.13,15 The molecular
structure and orientation of PI chains in the films were evaluated
by 1) the degree of chain orientation, estimated by in-plane/out-
of-plane birefringence (Δn), 2) the rigidity/linearity of polymer
repeating units, estimated by the electric dipole polarizability
anisotropy (ΔR/Vvdw),16 and 3) the degree of molecular packing
represented by the packing coefficients (Kp). We propose a new
parameter, Φ^, based on modified Lorentz-Lorenz and Vuks
equations. This parameter can be readily deduced from experi-
mental in-plane (n||) and out-of-plane (n^) refractive indices, and
used as a measure for D^ of PI films. By relating D^ to the mole-
cular structure of PIs, the validity of the parameter was extensively
examined.

Theoretical Basis

Evaluation of Molecular Chain Orientation through Bire-
fringence.The degree of polymer chain orientation is directly
related to the anisotropy in the optical, dielectrical, and mecha-
nical properties of polymers, and it has been widely studied
by using anisotropic parameters such as optical birefringence,17

dichroism in polarizedFT-IR spectroscopy,18 and dichroic ratios
in UV-visible absorption spectra using doped dyes.19 In parti-
cular, birefringencehasbeenwidelyused for concise estimationof
chain orientation because of its robustness and high degree of
accuracy.

In-plane/out-of-plane birefringence (Δn) is the anisotropy
expressed by the refractive index difference defined as:

Δn ¼ njj - n^ ð2Þ

where n|| and n^ are the refractive indices parallel and perpendi-
cular to the film plane, respectively. These are sometimes
denoted as nTE (refractive index of transverse electric wave)
and nTM (refractive index of transverse magnetic wave), res-
pectively. Since the orientations of polymer chains are iso-
tropic in the film plane for spin-coated films, the average
refractive index (nav) is approximated as:

nav ¼ 2njj þ n^

3
ð3Þ

In a rotationally symmetrical system of films, the value of
Δn is directly related to the degree of chain orientation with
respect to the symmetrical axis:

Δn ¼ P200 Δn
0 ¼ 1

2
ð3 Æcos2 Θæ- 1ÞΔn0 ð4Þ

Δn0 ¼ njj0 - n^
0 ð5Þ

where Δn0 is the intrinsic birefringence, P200 the second-
order orientation coefficient, andΘ the polar angle between
the principal axis of the main chain and the symmetrical
axis.18,20 n||

0 and n^
0 are respectively the refractive indices

parallel and perpendicular to the chain direction in an idea-
lized system with complete orientation of the main chain.
When nav is unchanged by orientation in a certain direction,
eq 3 can be rewritten as

nav ¼ 2njj þ n^

3
¼

2n0jj þ n0^

3
ð6Þ

In this study, the experimental values of n|| and n^ were
precisely measured using the prism-coupling method.

Relationships among Refractive Index, Polarizability, and
Molecular Packing. The relationship between the average
refractive index (nav) and the average polarizability (Rav) is
represented by the Lorentz-Lorenz equation:21,22

nav
2 - 1

nav2 þ 2
¼ 4π

3

Rav

Vint
¼ 4π

3

rNA

M
Rav ð7Þ

Here Vint is the intrinsic volume of the repeating unit, F the
density,M the molecular weight,NA the Avogadro number,
and Rav the average molecular polarizability, in which the
electric dipole polarizability is a second-rank Cartesian ten-
sor, represented by R̂. The degree of polymer chain packing is
represented as the molecular packing coefficient (Kp), which
is defined as

Kp ¼ Vvdw

Vint
ð8Þ

whereVvdw is the van derWaals volume of the repeating unit
and Vint the summation of Vvdw and intermolecular free
volume; for instance, loose chain packing leads to a small
Kp. Thereby, eq 7 can then be rewritten as

Φav � nav
2 - 1

nav2 þ 2
¼ 4π

3
Kp

Rav

Vvdw
ð9Þ

Since the left-hand term of eq 9 monotonously increases
with an increase in nav, small values ofRav andKp lead to a small
nav. In this study, the Kp values of PI films were precisely
estimated from the experimental nav and the calculated Rav/Vvdw
values based on eq 9.

In an idealized systemwith complete chain orientation, the
molecular polarizability anisotropy of the polymer repeating
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unit should be directly related to the anisotropic refractive
indices. Hence, both n||

0 and n^
0 are estimated using theVuks

equations23 as follows:

ðn0jjÞ2 - 1

nav2 þ 2
¼ 4π

3

Rjj
Vint

¼ 4π

3
Kp

Rjj
Vvdw

ð10Þ

ðn0^Þ2 - 1

nav2 þ 2
¼ 4π

3

R^

Vint
¼ 4π

3
Kp

R^

Vvdw
ð11Þ

where R|| and R^ are the polarizability components parallel
and perpendicular to the main chain direction.

Rigidity/Linearity of Polymer Repeating Units Estimated
by the Polarizability Anisotropy. For a spin-coated film of
a polymer containing plural aromatic rings, the polarizabi-
lity along the main chain can be much larger than that
perpendicular to the main chain (R||>R^). When the main
chains are preferentially oriented in the film plane, this
results in a larger n|| than n^ with a positive Δn. This is the
case for almost all PI films. The molecular axis system (o-
XYZ) for the polarizability tensors (R̂) of the PI repeating
unit is defined as follows: theZ-axis is parallel to the PI main
chain, theY-axis is perpendicular to the imide plane, and the
X-axis is parallel to the direction which links two imide-
carbonyl carbons. Then, the polarizability anisotropy (ΔR) is
defined as

ΔR ¼ Rzz -
Rxx þ Ryy

2
ð12Þ

where Rzz, Ryy, and Rxx are the principal values of the
average polarizability tensor along the Z-, Y-, and X-axes,

respectively. In addition, the average polarizability (Rav) is
defined as:

Rav ¼ Rxx þ Ryy þ Rzz

3
ð13Þ

Assuming that the polarizability tensor of a polymer chain
can be expressed as a uniaxial ellipsoid with rotational
symmetry, R|| and R^ can be defined as

Rjj ¼ Rzz ð14Þ

R^ ¼ Rxx þ Ryy

2
ð15Þ

In this study, the rigidity/linearity of polymer repeating
units is represented by theΔR value, calculated using density
functional theory (DFT).

Experimental Section

Materials. Twenty-one kinds of PIs with different molecular
structures used in this study were prepared from seven dianhy-
drides and 10 diamines (see Scheme 1a). The commercial sources
and the purification conditions for the dianhydrides (R1 in
Scheme 1) and the diamines (R2 in Scheme 1) are listed in Tables 1
and 2, respectively. The dianhydrides of CBDA, 6FDA,
P2FDA, and 12FEDA, and the diamines of TCDB, DCDB,
TFDB, and DMDB were kindly supplied by the companies
listed in the Tables and the other source materials were pur-
chased from the listed companies. All the companies are located
in Japan. BFAPOB was synthesized according to the litera-
ture.24 The diamines, except for TFDB and BFAPOB, were
purified by recrystallization followed by sublimation under
reduced pressure.

Scheme 1. (a)Molecular Structures of Polyimides (PIs) and (b)Model Structures for Computation of Polarizability Tensors of the Corresponding PIs
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The precursor solutions of aromatic PIs, poly(amic acid)s
(PAAs), were prepared by addition polymerization of equi-
molar amounts of dianhydrides and diamines. A dried powdery
dianhydride was added to an N,N-dimethylacetamide (DMAc,
purchased fromAldrich, anhydride grade) solution of a diamine
and stirred at room temperature for 24 h. All procedures were
carried out in a nitrogen-purged glovebox. The precursor of
semialiphatic BPDA-DCHM was prepared by the in situ silyla-
tion method25,26 to avoid salt formation between unreacted
amino groups and the carboxyl groups of the dianhydride moiety.
Bis(trimethylsilyl)trifluoroacetamide (99þ%, purchased from
Aldrich) was used as a silylating agent for the method. PI films
were prepared by thermal imidization of PAA solutions spin-
coated onto 4-in. fused silica substrates, followed by soft-baking
at 70 �C for 1 h and subsequent thermal curing by a one-step
imidization procedure: the final curing conditions were 350 �C
for 1.5 h for aromatic PIs and 300 �C for 1.5 h for semiaromatic
PIs (CBDA-ODA and BPDA-DCHM). The heating rate was
4.6 �C/min from70 to 350 �Cand 300 �C, respectively. All curing
procedures were conducted under nitrogen flow (2 l/min). All PI
films thus prepared had very smooth surfaces with thicknesses
of 15-39 μm.

Thermal Diffusivity Measurement. The thermal diffusivities
along the out-of-plane direction (D^) of 21 different kinds of
PI films were measured with an AC temperature wave analyzer
(ai-Phase mobile 1, ai-Phase Co. Ltd.) based on the TWAmethod
at room temperature. The details of TWA method have been
reported in reference.13,15 In theTWAtechnique, anACtemperature
wave generated from the heater in direct contact with one side of the
film passes through the film in the thickness (out-of-plane) direction.
The phase delay of thewavewas detectedby the sensor placedon the
other side of the film.D^was directly estimated from the phase delay
when the angular frequency of the temperature wave and the film
thickness were known. Thicknesses of PI filmsweremeasured by the
thickness meter equipped with the TWA analyzer. Each film was
measured three times, which guarantees error ranges of(5% inD^
and(3% in film thickness, and the average value was adopted as a
measured value.

Refractive Index Measurement. The in-plane (n||) and out-of-
plane (n^) refractive indices of PI films formed on fused silica
substratesweremeasuredusingaprismcoupler (Metricon,PC-2010)

at a wavelength of 1.32 μm. The average refractive indices (nav)
were calculated using eq 3. The anisotropy in the refractive
index, that is, the in-plane/out-of-plane birefringence (Δn), was
calculated using eq 2.

Polarizability Tensor Calculations. The density functional
theory (DFT) with a three-parameter Becke-style hybrid func-
tional (B3LYP) was used for the calculation of the molecular
polarizability of PI repeating unit.27-29 All the calculations were
performed with a Gaussian-03 E.01 program package30 instal-
led in the Global Scientific Information and Computing Center
(GSIC), Tokyo Institute of Technology. The geometry optimi-
zation of the PI model structures depicted in Scheme 1b was
carried out using the 6-311G(d) basis set. The polarizability ten-
sors were calculated by using the 6-311þþG(d,p) basis set fol-
lowed by rotating around themolecular axis frame (o-XYZ).We
previously reported that the polarizability tensors of polymers
can be quantitatively reproduced by using this basis set.14 For
the PI models containing BPDA, ODPA, 6FDA and 12FEDA
dianhydride moieties, the Y-axis is taken as the average of the
vectors perpendicular to the two imide planes. The polarizability
anisotropies (ΔR) and average polarizabilities (Rav) were calcu-
lated using eqs 12 and 13, respectively. The van der Waals
volumes (Vvdw) of the PI models were calculated on the basis
of Slonimski’s method using the molecular geometry optimized
using the 6-311G(d) basis set,31 in which the van derWaals radii
of atoms reported by Bondi were used.32 The orientation
coefficient P200 was determined using the experimental Δn and
the calculatedΔn0 values in eqs 4 and 5, in which the n||

0 and n^
0

values were estimated from eqs 10 and 11.

Results and Discussion

Molecular Structure and Orientation Dependences of Out-
of-Plane Thermal Diffusivity. The out-of-plane thermal dif-
fusivities (D^), refractive indices and birefringences (n||, n^,
nav, Δn), and film thicknesses of the PI films prepared in this
study are listed inTable 3.Among the PIs, a fully aromatic PI
of BPDA-ODA showed the highestD^ value (18.3�10-8m2/s)
and a highly fluorinated PI of P2FDA-TFDB showed the
lowestD^ value (8.8�10-8m2/s). In addition, the PIs derived
from BPDA and ODPA dianhydrides (R1 in Scheme 1) and

Table 1. Commercial Sources and Purification Conditions of Dianhydrides

dianhydride source conditions of purification

3,30;4,40-biphenyltetracarboxylic dianhydride (BPDA) Wako Pure Chemicals Industries, Ltd. dried at 180 �C under reduced pressure
3,30;4,40-diphenylethyl ether tetra-carboxylic

dianhydride (ODPA)
Tokyo Chemical Industry Co., Ltd. purified by sublimation under

reduced pressure
1,2;3,4-cyclobutanetetracarboxylic dianhydride (CBDA) JSR corporation dried at 120 �C under reduced pressure

4,40-(hexafluoroisopropylidene) diphthalic dianhydride (6FDA) AZ Electronic Materials (Japan) K.K. purified by sublimation under
reduced pressure

1,2;4,5-benzenetetracarboxylic dianhydride (PMDA) Kanto Kagaku Co., Ltd. purified by sublimation under
reduced pressure

3,6-difluoro-1,2;4,5-benzenetetra-carboxylic
dianhydride (P2FDA)

NTT Advanced Technology Co., Ltd. used as received

[4-(2,5,6-trifluoro-3,4-dicarboxyphenoxy)phenyl]-1,1,1,3,3,3-
hexafluoropropane dianhydride (12FEDA)

Nippon Shokubai Co.ss, Ltd. used as received

Table 2. Commercial Sources and Purification Conditions of Diamines

diamine source conditions of purification

4,40-diaminodiphenyl ether (ODA) Kanto Kagaku Co., Ltd. recrystallization from tetrahydrofuran
2,20;5,50-tetrachlorobenzidine (TCDB) Wakayama Seika Co. Ltd. purified by sublimation

3,30-dichlorobiphenyl-4,40-diamine (DCDB) Fuji Film Co. Ltd. purified by sublimation
p-phenylenediamine (PDA) Kanto Kagaku Co., Ltd. recrystallization from tetrahydrofuran

4,40-diaminodicyclohexylmethane (DCHM) Tokyo Chemical Industry Co., Ltd. recrystallization from hexane
4,40-thiodianiline (SDA) Wako Pure Chemicals Industries, Ltd. purified by sublimation

1,4-bis(4-amino-2-trifluoro-methylphenoxy)benzene (BFAPOB) synthesized according to ref 24
4,40-dithiodianiline (DTDA) Tokyo Chemical Industry Co., Ltd. recrystallization from methanol

2,2-bis(trifluoro-methyl)-4,40-diaminobiphenyl (TFDB) Central Glass Co., Ltd. used as received
2,20-dimethyl-4,40-diamino-biphenyl (DMDB) Wakayama Seika Co. Ltd. recrystallization from tetrahydrofuran
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those derived from ODA diamine (R2 in Scheme 1) exhibited
higherD^ values than those from the other source materials. In
contrast, the PIs derived from fluorinated dianhydrides (6FDA
and 12FDEA), fluorinated diamines (TFDB and BFAPOB),
and sulfur-containing diamines (SDA and DTDA) exhibited
lower D^ values. Moreover, the PIs derived from the dianhy-
drides which include only one benzene ring (PMDA and
P2FDA) and one alicyclic ring (CBDA) exhibited relatively
low D^ values. These facts suggest that the PIs consisting of
sequential aromatic structures, such as the biphenyl moiety, as
well as a bent linkage (ether or thioether) without bulky side
chains (-CH3 and-CF3) and heavy sulfur atoms demonstrate
relatively high D^ values.

Kurabayashi and co-workersmodeled the impact ofmole-
cular orientation in spin-coated polymer films on their aniso-
tropy in thermal conductivity using the experimentalΔn, and
they reported that a random molecular structure could
increase the out-of-plane thermal conductivity due to the low
degree of orientation along the in-plane direction.11 Follow-
ing their prediction, the relationship between the experimen-
tal D^ and Δn values was investigated for the PI films pre-
pared in this study (see Table 3 and Figure 1a). For the
PIs derived from BPDA dianhydride (indicated by filled
circles), the Δn decreases in the order of the diamine moiety:
DMDB>PDA>DCDB>TFDB>ODA>TCDB>SDA>
DCHM>DTDA>BFAPOB. As expected from the struc-
tures, the rigid rod diamines (DMDB, PDA, DCDB, and
TFDB) exhibited large values of Δn (>0.0457), whereas the
aromatic diamines having bent and rotatable linkages (ODA,
SDA, DTDA, and BFAPOB) and the alicyclic diamine
(DCHM) exhibited smaller Δn values (<0.0282). In parti-
cular, BPDA-DCHM, BPDA-DTDA, and BPDA-BFA-
POB showed very small Δn values (<0.0095). On the other
hand, for the PIs derived from ODA diamine, the Δn values
decrease in the order of the dianhydride moiety: PMDA>
P2FDA>BPDA>CBDA>ODPA>6FDA. This order is
also related to the rigidity/linearity of the dianhydride
structure. The aromatic dianhydrides having bent and rota-
table linkages (ODPA and 6FDA) exhibited smaller Δn
values. The scattered plots in Figure 1a indicate that the
D^ of PI films could not be solely controlled by the degree
of molecular orientation, as reflected by Δn. For example,
12FEDA-DCHM is a PI with low orientation along the

in-plane direction and exhibits a smallΔn value, but itsD^ is
very small. The plots of D^ against orientation coefficient
P200 also exhibited a similar tendency (see Figure S1a in the
Supporting Information). This is because the variations in
intrinsic birefringence (Δn0) among the examined PIs are not
so large.

For the estimation of Δn0 of PIs, we previously reported
that rigid and linear structures of repeating units accompany
a large polarizability anisotropy per volume (ΔR/Vvdw).14

Since the “intrachain thermal transfer” within the polymer
chains is faster and more efficient than the “interchain
thermal transfer” among the polymer chains, the rigidity/
linearity of the polymer repeating unit is a key factor in
determining the anisotropy in thermal diffusivity. Thus, the
relationship between D^ and ΔR/Vvdw was investigated.
Table 4 lists the calculated values of van der Waals volumes
(Vvdw), principal components of the polarizability tensor
(Rxx, Ryy, and Rzz), average polarizability perpendicular to
the PI main chain ((Rxx þ Ryy)/2), average polarizability per
volume (Rav/Vvdw), and ΔR/Vvdw. The calculated values of
Rxx, Ryy, and Rzz were obtained by rotating the polariz-
ability tensor of a model structure of repeating units in the
molecular frame, in which the RZZ axis corresponds to the
longest molecular axis. Since molecular polarizability has
the same dimension asmolecular volume, the absolute values
of Rav and ΔR were divided by Vvdw for mutual comparison.
Figure 1b shows the relationship between D^ and ΔR/Vvdw
for the PIs examined. The positive and weakly correlated
relation may suggest that the rigidity/linearity of PI repeat-
ing units could affect their D^. In addition, the PIs derived
from BPDA (BPDA-R2) exhibit larger D^ and ΔR/Vvdw
values than those of the PIs from other dianhydrides (other
R1-R2). The large ΔR/Vvdw values for the PIs from BPDA
are attributable to the following two factors. One is the
fraction of imide rings in the repeating units.14 The imide
carbonyl (CdO) enhances the polarizability perpendicular
to the main chain because theΔR/Vvdw values decrease as the
fraction of imide rings increases. Hence, the PIs derived from
BPDA, ODPA, 6FDA, and 12FEDA with relatively low
imide fractions exhibited larger ΔR/Vvdw values than those
from PMDA, CBDA, and P2FDA with higher imide frac-
tions. The other factor is the rigidity/linearity of the dianhy-
dride moiety. Since the bent and rotatable linkages between

Table 3. Out-of-Plane Thermal Diffusivities (D^), In-Plane Refractive Indices (n||), Out-of-Plane Refractive Indices (n^), Average Refractive
Indices (nav), In-Plane/Out-of-Plane Birefringences (Δn), and Thicknesses of Polyimide Films

dianhydride diamine
thermal diffusivity
D^(�10-8 m2/s) n|| n^ nav Δn thickness (μm)

BPDA ODA 18.3 1.6941 1.6659 1.6847 0.0282 26.2
TCDB 18.1 1.6745 1.6497 1.6662 0.0248 38.8
DCDB 18.0 1.7169 1.6553 1.6963 0.0616 38.7
PDA 16.5 1.7731 1.6448 1.7303 0.1283 25.8
DCHM 16.2 1.6133 1.6038 1.6102 0.0095 21.4
SDA 13.8 1.6980 1.6784 1.6915 0.0196 18.1
BFAPOB 13.6 1.5964 1.5902 1.5943 0.0062 19.9
DTDA 13.0 1.7109 1.7028 1.7082 0.0081 19.9
TFDB 12.3 1.6105 1.5648 1.5953 0.0457 23.9
DMDB 10.3 1.7210 1.5867 1.6762 0.1343 15.6

ODPA ODA 17.6 1.6511 1.6413 1.6478 0.0098 27.8
SDA 13.3 1.6718 1.6709 1.6715 0.0009 32.9
BFAPOB 12.8 1.5838 1.5767 1.5814 0.0071 30.7

CBDA ODA 13.0 1.6025 1.5765 1.5938 0.0259 19.7
6FDA ODA 12.3 1.5671 1.5573 1.5638 0.0097 21.7
PMDA DTDA 12.0 1.7214 1.6892 1.7107 0.0321 15.7

ODA 11.5 1.7097 1.5962 1.6719 0.1135 26.3
P2FDA ODA 11.3 1.6661 1.5885 1.6402 0.0776 24.8

TCDB 9.9 1.6582 1.5784 1.6316 0.0797 28.2
TFDB 8.8 1.5935 1.5133 1.5667 0.0802 22.8

12FEDA DCHM 8.9 1.5144 1.5103 1.5130 0.0041 38.6
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two aromatic rings, such as-O- and-C(CF3)2-, in ODPA,
6FDA, and 12FEDA dianhydrides significantly reduce the
rigidity/linearity of the repeating units, the ΔR/Vvdw values also
decrease as the fraction of bent structures increases. Hence, the
PIs derived from BPDA exhibited larger ΔR/Vvdw values than
those from the other dianhydrides. On the other hand, among
the PIs derived from BPDA, the ΔR/Vvdw values decreased in
the order of the diamine moiety: ODA> PDA>DCDB>
DMDB>TFDB>SDA>TCDB>DTDA>DCHM>
BFAPOB. This order differs from that of theD^ values, which
indicates that theD^ of PIs could not be controlled solely by the
rigidity/linearity of the repeating unit structure. For instance,
BPDA-DMDBexhibits a largeΔR/Vvdwvaluebut itsD^value is
the smallest of the PIs derived from BPDA.

A structural parameter which governs D^, thus far, could
not be deduced only from the degree of polymer chain
orientation or the rigidity/linearity of the molecular struc-
ture. Thereby, to combine these effects on D^, the relation-
ship between Δn and ΔR/Vvdw is depicted in Figure 1c. It
should be noted that, when the plots are compared with the

D^ in Table 1, PI films having small Δn and large ΔR/Vvdw
values tend to exhibit high D^ values. The relationship
between P200 and ΔR/Vvdw also exhibits the same tendency
(see Figure S1b in Supporting Information). Scheme 2 shows
the optimizedmolecular structures of the repeating units and
the schematic illustrations of the ellipsoids of the molecular
polarizabitlity tensor for three representative PIs with char-
acteristic features: (a) BPDA-ODA with a small Δn and a
largeΔR/Vvdw value, (b) BPDA-DMDBwith a largeΔn and a
large ΔR/Vvdw value, and (c) 12FEDA-DCHM with a small
Δn and a small ΔR/Vvdw value. BPDA-ODA exhibits not
only a large ΔR/Vvdw value originating from BPDA moiety
with a rigid structure and ODA with a polarizable ether
oxygen,33 but also a small Δn value due to the bent and
flexible ether linkage. Such PIs that exhibit a large ΔR/Vvdw
and a small Δn value tend to have a smaller fraction of main
chains oriented along the in-plane direction, concurrently
with a larger fraction of main chains oriented along the out-
of-plane direction (see Scheme 2a). This condition readily
leads to an enhancement of D^ in PI films. In such PIs,
atomic vibrational energy transferring heat is effectively
transmitted in the out-of-plane direction through the poly-
mer chains. In contrast, BPDA-DMDB shows a smallD^ in
spite of the large ΔR/Vvdw value originating from the rigid
BPDAand the rod-likeDMDB structures. It can be assumed
that the rigid-rod structure causes significant orientation of
the main chains in the film plane during the spin-coating,
drying, and curing processes. Such PIs having a large ΔR/
Vvdw and a largeΔn value tend to exhibit smallD^ values as a
result of the smaller fraction of the out-of-plane oriented
main chains (see Scheme 2b). In such PIs, atomic vibrational
energy is effectively transmitted in the in-plane direction of
PI films, but not in the out-of-plane direction. Thereby, signi-
ficant anisotropy in thermal diffusivity (D|| - D^) should be
observed. These PIs could be suitable for thermal conductive
materials along the in-plane direction. However, BPDA-PDA,
also having a large Δn and a large ΔR/Vvdw value, exhibited a
higherD^ value (16.5�10-8 m2/s) than that of BPDA-DMDB
(10.3�10-8 m2/s), the reason for which will be explained in the
following section. In contrast, the small values of ΔR/Vvdw and
Δn observed for 12FEDA-DCHM originate from the highly
flexible repeating unit owing to the multiple bent structures
(-O- and-C(CF3)2-) and the bulky trifluoromethyl (-CF3)
side groups (see Scheme 2c). Such PIs with small ΔR/Vvdw and
small Δn values tend to exhibit small D^ values due to the iso-
tropic andhomogeneous heat transferwithin the film.Note that
these phenomena suggest that a PI film containing a large frac-
tionof themain chains oriented along theout-of-planedirection
exhibits a large D^ value. In other words, it is important to
control the anisotropy in average phonon velocity to enhance
theD^ value of∼10-μm thick PI films.Meanwhile, the PI films
derived from the diamines containing sulfur atoms in the
main chain, i.e., BPDA-SDA, BPDA-DTDA, ODPA-SDA,
andPMDA-DTDA(sulfur-containingPIs inFigure1c), exhibit
small D^ values despite their small Δn and the relatively large
ΔR/Vvdw values; the reason will be explained in the following
section.

Vuks ParameterΦ^ andOut-of-Plane Thermal Diffusivity.
In the previous section, a tendency was found by which PI
films having small Δn and large ΔR/Vvdw values exhibit high
D^ values. In this section, a new parameter will be proposed
which relates D^ with the molecular structures of PIs repre-
senting the rigidity/linearity of repeating units, orientation of
the main chains, and degree of molecular packing. As shown
in Table 4, all PIs show positive polarizability anisotropy
(ΔR/Vvdw>0), which originates from the nearly linear mole-
cular structures along themain chain (Z-axis) (see Scheme 1).

Figure 1. Relationships among the out-of-plane thermal diffusivity (D^),
in-plane/out-of-plane birefringence (Δn), and polarizability anisotropy
per unit volume (ΔR/Vvdw) of PI films. (a) D^ versus Δn, (b) D^ versus
ΔR/Vvdw, and (c) Δn versus ΔR/Vvdw for the PIs derived from (b) BPDA
dianhydride, (2) other dianhydrides, and (O) diamines containing sulfur
atoms (sulfur-containing PIs).
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In addition, the nearly linear relationship with a positive
slope in Figure 2a indicates that highly polarizable PIs with
a large Rav/Vvdw value also accompany a large ΔR/Vvdw
value. Figures 2b and 2c show the relationships among
Rzz/Vvdw, (Rxx þ Ryy)/(2Vvdw), and Rav/Vvdw. The range of
variations for Rzz/Vvdw (0.1484-0.2441) is 4.2 times larger
than that for (Rxx þ Ryy)/(2Vvdw) (0.0941-0.1171). The
significant contribution of Rzz/Vvdw to Rav/Vvdw leads to the
strong positive correlation betweenRav/Vvdw andΔR/Vvdw, as
shown in Figure 2a.Meanwhile, the relationship between the
average polarizabilities per volume (Rav/Vvdw) and the aver-
age refractive indices (nav) is represented by eq 9. The
Lorentz-Lorenz parameter, Φav, in eq 9 monotonously
increases with an increase of Rav/Vvdw when Kp is constant.
Accordingly, the Φav parameter, which can be readily esti-
mated from the average refractive index (nav), could increase
with an increase of ΔR/Vvdw, which reflects the rigidity/
linearity of the polymer repeating units. The Φav values
estimated from the experimental nav of the PIs are listed in
Table 5, and the relationship betweenD^ andΦav is depicted
in Figure 3a. The Φav values reveal a weak and positive
correlation withD^, but the relationship is still unclear. This
is becauseΦav only reflects the isotropic properties (average
polarizability and molecular packing) without any informa-
tion about the polymer chain orientation as represented by
Δn; nonetheless D^ is an apparently anisotropic property.
Thus, based on the Vuks equation23 which relates the pola-
rizability anisotropy of polymers with the anisotropic refrac-
tion of light, we defined a new parameter, Φ^ designated as

“Vuks parameter”, as follows:

Φ^ � n^
2 - 1

nav2 þ 2
¼ 4π

3
Kp

R^
Vvdw

ð16Þ

Here R^ in eq 16 is the macroscopic polarizability along the
out-of-plane direction. The procedure to the estimate R^
value for each PI film is as follows: (a) the packing coeffi-
cient, Kp, is estimated from the experimental nav and the
calculated Rav/Vvdw based on eq 9, (b)Φ^ is calculated using
the experimental n^ and nav, and then (c)R^ is estimated from
the values of Vvdw, Kp, and Φ^ based on eq 16. It should be
noted that parameter R^, estimated from Φ^, reflects the
macroscopic polarizability along the out-of-plane direction,
whereas parameter Rav, calculated from the PI model struc-
tures, only reflects the microscopic polarizability of the re-
peating units. Thus, a PI film with a large fraction of out-of-
plane orientedmain chains (e.g., BPDA-ODA in Scheme 2a)
should exhibit a large R^ value. Using eqs 2 and 3 under the
assumption that (Δn)2 , nav, eq 16 can be rewritten as

Φ^ � n^
2 - 1

nav2 þ 2
¼ Φav -

4

3

Δn

nav2 þ 2
ð17Þ

Figure 4a shows a contour plot of the calculated Vuks
parameterΦ^ as a function ofΔn and nav. It is clearly shown
that a decrease inΔn and an increase in nav lead to an increase
inΦ^, which coincides well with the fact that PI films having
small Δn and large ΔR/Vvdw values exhibited highD^ values.

Table 4. Parameters Calculated for PI Model Structures Using the DFT Theory
a

dianhydride diamine Vvdw Rzz Rxx Ryy (Rxx þ Ryy)/2 Rav/Vvdw ΔR/Vvdw

BPDA ODA 387.10 94.100 45.940 34.504 40.222 0.1503 0.1392
TCDB 431.68 96.767 53.486 43.099 48.292 0.1493 0.1123
DCDB 405.67 98.397 52.879 33.223 43.051 0.1516 0.1364
PDA 306.62 72.273 38.316 25.366 31.841 0.1478 0.1319
DCHM 432.11 86.015 48.237 36.995 42.616 0.1321 0.1004
SDA 395.57 93.382 46.647 44.028 45.338 0.1551 0.1215
BFAPOB 531.60 109.230 72.992 43.122 58.057 0.1413 0.0963
DTDA 418.95 95.131 60.689 36.730 48.709 0.1532 0.1108
TFDB 441.59 96.569 51.229 34.756 42.992 0.1378 0.1213
DMDB 411.96 96.141 50.479 35.796 43.137 0.1476 0.1287

ODPA ODA 393.14 91.026 41.794 41.146 41.470 0.1475 0.1261
SDA 405.23 92.436 47.921 44.308 46.114 0.1519 0.1143
BFAPOB 541.12 111.712 64.664 45.374 55.019 0.1366 0.1048

CBDA ODA 298.42 53.512 33.827 28.865 31.346 0.1298 0.0743
6FDA ODA 464.26 92.635 48.478 43.568 46.023 0.1326 0.1004
PMDA DTDA 348.86 74.609 51.149 27.674 39.411 0.1466 0.1009

ODA 312.89 69.467 41.514 24.188 32.851 0.1440 0.1170
P2FDA ODA 322.30 69.304 41.982 24.273 33.128 0.1402 0.1122

TCDB 369.54 74.232 46.817 33.493 40.155 0.1394 0.0922
TFDB 375.91 72.789 40.685 30.086 35.385 0.1273 0.0995

12FEDA DCHM 704.79 104.584 82.220 65.863 74.042 0.1195 0.0433
aThe van derWaals volume (Vvdw), principal components of the polarizability tensor (Rzz, Rxx, Ryy), average polarizability in the direction normal to

the PI main chain ((Rxx þ Ryy)/2), average polarizability per volume (Rav/Vvdw), and polarizability anisotropy per volume (ΔR/Vvdw).

Scheme 2. Optimized Structures of PI Repeating Units Obtained by DFT Calculations (above) and Schematic Illustration of the Ellipsoids of the
Polarizability Tensor of the PI Repeating Units: (a)BPDA-ODA, (b)BPDA-DMDB, and (c)12FEDA-DCHM
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To verify the validity of the Vuks parameter Φ^, the Φ^
values estimated from the experimental refractive indices
(nav, n^) of the PI films are shown in Table 5, and the
relationship between D^ and Φ^ is plotted in Figure 3b.
Note that the Φ^ values revealed an apparent positive
correlation with D^, except for the sulfur-containing PIs.
From eq 17 and Figure 4a, it is clearly shown that PI films
with small Δn and large nav values exhibit high Φ^ . The
relationship between the experimental Δn and nav values are
shown in Figure 4b. Interestingly, this trend is similar to that
of Figure 1c, which strongly suggests that the proposed
parameter,Φ^, sensitively reflects the rigidity/linearity of
the repeating units of the PIs and the orientation of main
chains along the out-of-plane direction at the same time.As a
consequence, the out-of-plane thermal diffusivity (D^) of PI
films can be estimated from the Φ^ value.

For the PIs derived from BPDA dianhydride, the Φ^
values decrease in the order of the diamine moiety: DTDA>
SDA > ODA > TCDB > DCDB > PDA > DCHM >
BFAPOB>TFDB>DMDB. This order is nearly the same
as that of theD^ values, except for the sulfur-containing PIs

(BPDA-DTDA and BPDA-SDA). On the other hand, the
PIs derived from ODA diamine exhibit Φ^ values in a dec-
reasing order with different dianhydride moieties: BPDA>
ODPA>CBDA>P2FDA>PMDA>6FDA. This order
is also nearly the same as that of the D^ values when
compared to that of the Φav values. Meanwhile, as shown
in Figure 3b, the sulfur-containing PIs, which include heavy
sulfur atoms (atomic weight, Ar = 32.1) in the main chain,
showed significantly smaller D^ values than those expected
from theirΦ^. This phenomenon can be explained by the re-
duced average phonon velocity along the polymer chains due
to the heavy atom effect. As seen in eq 1, thermal diffusivityD is

Figure 2. Relationships among polarizability anisotropy per volume
(ΔR/Vvdw), average polarizability per volume (Rav/Vvdw), and principal
components of polarizability tensors. (a) ΔR/Vvdw versus Rav/Vvdw,
(b) Rzz/Vvdw versus Rav/Vvdw, and (c) (Rxx þ Ryy)/(2Vvdw) versus
Rav/Vvdw for the PIs derived from (b) BPDA dianhydride, and (2)
other dianhydrides.

Table 5. Lorentz-Lorenz Parameter (Φav), Vuks Parameter (Φ^),
Molecular Packing Coefficient (Kp), and Out-of-Plane Polarizability

per Volume (r^/Vvdw) of PI Films (See Text)

dianhydride diamine Φav Φ^ Kp R^/Vvdw

BPDA ODA 0.3799 0.3669 0.6035 0.1451
TCDB 0.3719 0.3604 0.5947 0.1447
DCDB 0.3849 0.3567 0.6064 0.1404
PDA 0.3993 0.3415 0.6457 0.1263
DCHM 0.3468 0.3423 0.6267 0.1304
SDA 0.3829 0.3738 0.5893 0.1514
BFAPOB 0.3395 0.3366 0.5736 0.1401
DTDA 0.3900 0.3862 0.6077 0.1517
TFDB 0.3399 0.3187 0.5890 0.1292
DMDB 0.3763 0.3155 0.6094 0.1236

ODPA ODA 0.3638 0.3592 0.5888 0.1457
SDA 0.3742 0.3738 0.5881 0.1517
BFAPOB 0.3335 0.3302 0.5828 0.1352

CBDA ODA 0.3392 0.3272 0.6240 0.1252
6FDA ODA 0.3252 0.3206 0.5855 0.1307
PMDA DTDA 0.3910 0.3762 0.6368 0.1410

ODA 0.3744 0.3228 0.6213 0.1240
P2FDA ODA 0.3604 0.3248 0.6140 0.1263

TCDB 0.3565 0.3199 0.6109 0.1250
TFDB 0.3266 0.2896 0.6128 0.1128

12FEDA DCHM 0.3006 0.2987 0.6005 0.1187

Figure 3. Out-of-plane thermal diffusivity (D^) versus (a) Lorentz-
Lorenz parameterΦav, and (b) Vuks parameterΦ^ calculated from the
refractive indices for the PI films derived from (b) BPDA dianhydride,
(2) other dianhydrides, and (O) diamines containing sulfur atoms
(sulfur-containing PIs).



Article Macromolecules, Vol. 43, No. 18, 2010 7591

the product of average phonon velocity (v) and the mean free
pathofphonons (l). Since v is proportional to ( f/M)1/2,whereM
is the mass of the oscillators and f is the force constant between
couplings,7 sulfur-containingmoieties havinghigherM in thePI
chains considerably lower v, which readily lowers theD^ values.
Moreover, the large difference in atomic weight between sulfur
and neighboring carbons (Ar = 12.0) in sulfur-containing PIs
than those among carbon, oxygen (16.0), and nitrogen (14.0)
atoms in sulfur-freePIs should cause significant phonon scatter-
ing. It is well-known that the ( f/M)1/2 term is also proportional
to the frequency of infrared (IR) absorption. As an example,
the stretching vibration at the C-O-C bond in diphenyl ether
(Ph-O-Ph) is observed at 1237 cm-1, whereas those at the
C-S-Cbonds in diphenyl thioether (Ph-S-Ph) and diphenyl
sulfone (Ph-SO2-Ph) are observed at 689 cm-1 and 730/
592 cm-1, respectively.34 The much smaller wavenumbers in
the latter also support the reduced phonon velocity in the
sulfur-containing PIs.

Moreover, to get more detailed insight into the molecular
structures of PI films with D^, the contributions of Kp and
R^/Vvdw toΦ^ were evaluated using eq 16. Note that parts a
and b of Figure 5 show the Kp and the R^/Vvdw dependences
on D^ except for sulfur-containing PIs, respectively. A non-
linear but positive correlation is seen between R^/Vvdw and
D^, whereas the relation between D^ and Kp is unclear. The
positive correlation between R^/Vvdw and D^ suggests that a
PI film containing a large fraction of out-of-plane oriented
main chains shows a large D^ value, which agrees with the
tendency described in the previous section. For the PIs
derived from BPDA dianhydride, the R^/Vvdw values de-
crease in the order of the diamine moiety: ODA>TCDB>
DCDB>BFAPOB>DCHM>TFDB>PDA>DMDB.
Compared with the order ofD^, BPDA-DCHMandBPDA-
PDA exhibit largerD^ values than those expected from their
R^/Vvdw. This could be caused by the larger Kp, which repre-
sents the dense molecular packing than the other PIs
(see Figure 5a). Scheme 3 shows the optimized geometries of

the repeating units and their schematic illustrations of
polarizability tensors for BPDA-DCHM and BPDA-
PDA PIs. The molecular rigidity of the former is not as
high as that of the latter, which is due to the bent and bulky
structure in the DCHM moiety. However, the iso-
tropic orientation of the PI chains, as evaluated from grazing
incidencewide-angleX-rayscattering,35andtherelativelyhighKp

value (0.6244) of BPDA-DCHM could enhance the D^ value
(16.2� 10-8 m2/s). In contrast, although the main chains are
preferentially aligned in the film plane the same as BPDA-
DMDB (see Scheme 2b), BPDA-PDA (see Scheme 3b) exhibits
a high D^ value (16.5 � 10-8 m2/s). For the semicrystalline
BPDA-PDA, the main chains are highly ordered through the
face-to-face stacking of imide and phenyl planar groups,36,37

which is reflected in the largest Kp value (0.6358) in the PIs of
this study. In contrast, theKp of BPDA-DMDB (0.6082) is not
so high, owing to the bulky -CH3 groups in DMDB, which
cause loose chain packing. Accordingly, BPDA-DMDB exhi-
bits the smallestD^ value (10.3�10-8m2/s). This is why the PIs
with bulky side chains (-CH3 and -CF3) exhibit relatively
smallD^ values. These results clearly indicate that theD^ of PI
films is significantly influenced, not only by the main chain
orientations and the rigidity/linearity of the polymer structure,

Figure 4. Relationships among refractive indices (nav), birefringences
(Δn), andVuks parameterΦ^ values of PI films. (a) Contour plot ofΦ^
as a functionofnav andΔn. (b)Δn versus nav for thePIs derived from(b)
BPDA dianhydride, (2) other dianhydrides, and (O) diamines contain-
ing sulfur atoms (sulfur-containing PIs).

Figure 5. Relationships among out-of-plane thermal diffusivity (D^),
molecular packing coefficient (Kp), and out-of-plane polarizability per
volume (R^/Vvdw). (a) D^ versus Kp, and (b) D^ versus R^/Vvdw for the
PIs derived from (b) BPDA dianhydride, and (2) other dianhydrides.

Scheme 3. Optimized Structures of PI Repeating Units Obtained
by DFT Calculations (above) and Schematic Illustration of the
Ellipsoids of Polarizability Tensor of the PI Repeating Units:

(a) BPDA-DCHM; (b) BPDA-PDA
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but also by thedegree ofmolecular packing. It also suggests that
the intermolecular vanderWaals interactions cannotbe ignored
in the out-of-plane thermal diffusivity of amorphous polymer
filmsbecauseof the small absolute valuesofD^ compared toD||.

In summary, we proposed a new parameter,Φ^, based on
modified Vuks equations, which can be used to assess the
anisotropic thermal diffusivity of PI films in the out-of-plane
direction (D^). The Vuks parameter Φ^ can be readily
estimated from the experimental refractive indices, and it
connects the D^ values with the molecular structures of PIs.
The D^ of the PIs having rod-like structures significantly
depends on the rigidity/linearity of the molecular structure
and the orientation of the main chains. Furthermore, the
estimation of the contributions of Kp and R^/Vvdw to Φ^
clarified that the D^ of the PIs are essentially determined by
the magnitude of R^/Vvdw (the macroscopic out-of-plane
polarizability in the films). For instance, the R^/Vvdw values
can be defined not only for the polymers with positive
birefringence like PIs, but also for other amorphous poly-
mers having negative birefringence. Table 6 shows the relation-
ship between D^ and Φ^ of five kinds of typical amorphous
polymers, polyethyleneterephthalate (PET), poly(methylmetha-
crylate) (PMMA), polystyrene (PS), poly(ether sulfone) (PES),
and polycarbonate (PC). The D^ values were measured by the
TWA method for PS,38 PMMA,38 PES,38 PC,38 and by the
photoacoustic method for PET.39 The refractive indices (n||, n^,
and nav), which have been measured using a prism coupler at a
wavelength of 633 nm were used to calculateΦ^ values of PS,

40

PMMA,40 and PET,41 while the refractive indices of PES were
measured in this study due to the lack of reference. In the case of
PC, the values of nav and Δn were measured using an Abbe
refractometer,42 and a Zeiss polarizing microscope, and an
Ehringhaus calcite-plate rotary compensator,43 respectively.
Althoughdifferent filmsampleswereused for themeasurements
of D^ and the refractive indices, the Φ^ values reported in the
references also revealed a positive correlation with D^ (see
Table 6 and Figure 6). The PES film, which includes sulfur

atoms with a sulfonyl group in the main chain, showed a lower
D^ than that predicted from itsΦ^; it is explainable by theheavy
sulfur atom effect, as seen in the sulfur-containing PIs. Hence,
weconsider that theproposedVuksparameter,Φ^, is applicable
as a measure of D^, not only to relatively rigid aromatic
polymers like PIs, but also to other amorphous polymers.

Conclusion

The dependence of the thermal diffusivity along the out-of-
plane direction (D^) on molecular structure, chain orientation,
and molecular packing was extensively investigated for 21 kinds
of spin-coated aromatic and semiaromatic polyimide (PI) films
using temperature wave analysis. The degree of chain orientation
as represented by Δn and P200, the rigidity/linearity of polymer
repeating units as represented by ΔR/Vvdw, and the degree of
molecular packing as represented by Kp were quantitatively
evaluated by the experimental refractive indices and the calcu-
lated polarizability tensors of the repeating units of the PIs. PIs
having linear and rigidmolecular structures with lower degrees of
molecular orientation of the main chains along the in-plane
direction exhibited higher values ofD^. This phenomenon could
be explained by the directional dependence of average phonon
velocity. InPI films, thermal energy is transferredmore efficiently
through covalent bonds and aromatic rings along the polymer
chains than among polymer chains which weakly interact
through van der Waals interactions. Thus, BPDA-ODA, which
has a lower degree of in-plane orientation owing to the bent ether
linkage at the diamine moiety with maintaining the rigid/linear
repeating unit due to the dianhydride moiety, showed the highest
D^ value in this study. Such PI films with high thermal con-
ductivity are promising for interlayer insulators or buffer coat-
ings in microelectronics and optoelectronics devices with large
power consumption.

In order to correlate themolecular structure, chainorientation,
and molecular packing of PI films with their thermal diffusivity
along the out-of-plane direction, D^, we proposed a new para-
meter,Φ^, based onmodified Vuks equations, which can be used
to estimate D^, and the validity of the parameter was examined.
The Vuks parameterΦ^ is easily calculated from the experimen-
tal refractive indices and it could explain the complicated beha-
vior of D^, not only by the rigidity/linearity of the molecular
structure and the orientation of the main chains, but also by the
degree of molecular packing. In addition, Φ^ values estimated
from the references revealed a positive correlation with D^ in
typical amorphous polymer films. We consider that the Vuks
parameter Φ^ can be used as a key measure for predicting the
thermal conductivity of amorphous polymers.
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Table 6. Out-of-Plane Thermal Diffusivities (D^), In-Plane Refractive Indices (n||), Out-of-Plane Refractive Indices (n^), Average Refractive
Indices (nav), In-Plane/Out-of-Plane Birefringences (Δn), and Φ^ Value of Amorphous Polymer Filmsb

amorphous
polymera

thermal diffusivity
D^( � 10-8 m2/s) n|| n^ nav Δn Φ^ ref.

PET 6.2 1.6506 1.5033 1.6015 0.1473 0.2760 39, 41
PMMA 10.8 1.4869 1.4869 1.4869 0.0000 0.2876 38, 40
PS 11.5 1.5844 1.5852 1.5847 -0.0008 0.3354 38, 40
PES 14.2 1.6395 1.6331 1.6373 0.0064 0.3561 38
PC 17.3 - - 1.5875 0.0001 0.3363 38, 42, 43
aPET, polyethyleneterephthalate; PMMA, poly(methyl methacrylate); PS, polystyrene; PES, poly(ether sulfone); PC, polycarbonate. bThe values of

D^ and refractive indices are taken from refs 38-43.

Figure 6. Out-of-plane thermal diffusivity (D^) versus Vuks parameter
Φ^ for films of (b) typical amorphous polymers, PIs derived from (O)
BPDA dianhydride and (0) other dianhydrides. The Φ^ values were
estimated from their refractive indices.
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Supporting Information Available: Figure showing the rela-
tionships among the orientation function (P200), polarizability
anisotropy per volume (ΔR/Vvdw), and thermal diffusivity (D^)
of PI films. This material is available free of charge via the
Internet at http://pubs.acs.org.

Note Added after ASAP Publication. This article posted
ASAP on August 16, 2010. Equation 1 and the sentence
following the equation have been revised. The correct version
posted on August 24, 2010.
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