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Anomalous Thermal Conduction in Polydiacetylene Single Crystals
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The thermal conductivity of high-quality polymer single crystals has been measured for the
first time. The expected conductivity maximum observed in good single crystals was absent
and replaced by a weak (~ 7Y2) temperature dependence between 2 and 40 K. This
anomalous behavior is attributed to scattering of acoustic phonons by low-energy optical pho-

nons with a coupling matrix element of 40 cm™!.

PACS numbers: 66.70.+f, 61.40.Km, 63.20.Hp

In this Letter we present for the first time mea-
surements of the thermal conductivity of polydi-
acetylene (PDA) single crystals. Polydiacetylenes
are the only polymers to form macroscopic crystals
of sufficiently high quality to carry out x-ray topo-
graphic studies' and to produce direct lattice images
in the electron microscope.? Electrical-conduction
measurements also have indicated a very low con-
centration of defects in the polymer crystals.>*
Crystalline specimens of low defect concentration
are almost always characterized by a well defined
peak in the thermal conductivity arising from the
exponential decay of umklapp processes with de-
creasing temperature and the onset of boundary
scattering at very low temperatures.” Thus observa-
tion of a broad plateau in the thermal conductivity
for single crystals of two different polydiacetylenes
between 6p/25 and 8p, such as might be expected
for an amorphous material, was at first surprising.

We have been able to show, however, that this
behavior can be attributed to an unusual lattice
dynamical property; the massive side groups at-
tached to the polymer backbone give rise to optical
phonons with energies compatible to those of the
acoustic phonons responsible for heat transport. It
has been possible to obtain a good theoretical fit to
the measured thermal conductivity by incorporating
available experimental data and a single adjustable
parameter, the average optical-acoustic phonon in-
teraction energy.®’ Such an interaction has not
previously been observed in low-temperature ther-
mal conduction, as in most crystals studied the opti-
cal phonons lie at too high an energy for such
scattering processes to be important.

The PDA crystals were prepared by the solid-
state polymerization of monomer crystals of the two
diacetylenes, the bis(p-toluene sulfonate) of 2.4-
hexadiyne-1,6-diol (TS) and the 1,6-di-(N-car-
bazolyl)-2,4-hexadiyne-1,6-diol (DCH). Both crys-

tals are monoclinic, P2;/c, with two polymer chains
per unit cell extending in the crystallographic b
direction. PDA-TS undergoes a second-order phase
transition at 195 K; the space group remains the
same but the unit cell is doubled in size and con-
tains two different species of polymer chain.® Since
thermodynamic and lattice-dynamic data are much
less extensive for PDA-DCH than for PDA-TS, the
analysis of the results will be concentrated on those
of PDA-TS.

We have carried out thermal conductivity mea-
surements from 1 to 40 K on PDA-TS and PDA-
DCH. Two samples of each material were used
having typical dimensions of 10x2Xx1 mm, the
largest being the polymer chain direction. Epoxy
was used to attach the crystals to the variable-
temperature heat sink of a standard low-
temperature steady-state potentiometric thermal
conductivity apparatus. The temperature gradient
was applied in the direction of the polymer chains
and, at a temperature 7, had a maximum value of
approximately 2x 10737 mm~ L.

The measured thermal conductivities of the two
polymers are shown in Fig. 1. The thermal conduc-
tivities of the two different specimens of each poly-
mer were the same to within experimental error and
so we show the data for a single specimen. The ab-
solute thermal conductivity of the PDA-DCH is
some three times higher than that of the PDA-TS
and both show a very weak temperature depen-
dence, ~ TY2, with some evidence for the onset of
a higher-power dependence at the lowest tempera-
tures.

To describe the PDA-TS data we use the usual
expression for thermal conductivity,’
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FIG. 1. The thermal conductivity of PDA-DCH
(crosses) and PDA-TS (circles). The solid curve shows a
theoretical fit to the PDA-TS data using a Rayleigh-
scattering mass-defect relaxation rate having AM = 0.4 M.

where x =K w/ kg T, with a total scattering rate given
by

Tf1=TB_1+Ts—],

where 75! is a frequency-independent geometric

scattering rate and 7! is a frequency-dependent
term. The measured heat capacity for this material’
has two distinct regions of different temperature
dependence. Below 8 K the usual T3 behavior is
observed while above 50 K the temperature depen-
dence becomes almost linear. From a Debye-model
fit to the specific-heat data below 8 K, 0p is es-
timated to be 49.6 K. Sound-velocity measure-
ments'® for propagation parallel to the polymer
chains of PDA-TS, at temperatures below the phase
transition, give values

V,=5.5x10"ms"},
VTI: VT2=O.86X 103 m S_l,

with the polymer density p= 1422 kg m~>. There-
fore, the average sound velocity we use is

V=331y 342V 17 P =1.0x10° m s,

With these parameters a good fit to the data is ob-
tained for 75'=4.8x10"s"! and 7, '=(1.2
x 10739 $3)w? as shown in Fig. 1. The geometric
scattering rate is ~ 50 times greater than the
Casimir limit appropriate to the dimensions of these
crystals and corresponds to a phonon mean free
path ~ 10 um which is equivalent to ~ 10* poly-
mer chain separations. This mean free path is con-
sistent with an estimate for the mean separation of
stacking faults in PDA-TS.!!

The excellent fit to the data obtained by a
phonon-relaxation time inversely proportional to

the fourth power of the frequency strongly suggests
that a Rayleigh-type scattering mechanism is in-
volved. Initially we consider the frequency-
dependent scattering rate to be Rayleigh-type
mass-defect scattering.’ As the crystal volume is
largely determined by the polymer side groups, we
assume that these are the origin of this mass-defect
scattering. Taking the side groups to be rigid units
that are statically displaced, or are dynamic with fre-
quencies much lower than the phonon frequencies
under consideration, and assuming that every side
group contributes to the scattering and has a
volume ~100 A3, _we obtain a mass defect
AM=0.4M, where M is the average side-group
mass. This figure is so large that crystal perfection
would be low and we would expect x-ray diffraction
patterns to be characteristic of an amorphous ma-
terial rather than the single-crystal structure ob-
served.

Another mechanism of acoustic-phonon scatter-
ing which has an »* dependence arises from the in-
teraction between optical and acoustic phonons; this
phenomenon is peculiar to this type of material. In
PDA-TS there is experimental evidence for several
optical modes involving motion of the polymer side
groups which have energies sufficiently low to in-
teract strongly with acoustic phonons. For PDA-TS
these side groups have a mass of approximately 15
carbon atoms. Far-infrared spectroscopy!'? has
shown the existence of a number of low-energy
modes down to ~15cm™! in PDA-TS. Recent
neutron-scattering data’* for TS monomer have
shown the existence of optical modes down to ener-
gies ~ 3 cm™!; these should be similar in character
for both the monomer and the polymer since
modes primarily involving motion of the side
groups should not be strongly affected by the for-
mation of the polymer chain. The available data
show strong evidence of coupling between acoustic
and optical phonons. The difference between the
monomer and polymer heat capacities above 50 K
(Ref. 9) could be explained by a 10% shift to higher
frequency of the optical-phonon modes. We con-
sider scattering by these optical modes to be a linear
Raman-type process in which each optical mode is
described as a two-level system.®7 We do not con-
sider the quadratic Raman process as it is generally
weaker. Unlike in amorphous materials, however,
these two-level systems are regularly situated within
the crystal lattice and at T=0 we would expect no
acoustic-phonon scattering. This follows since at
T=0 the two-level systems are in their ground
state and any scattering will be coherent. Renor-
malization to include these two-level systems in
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their ground state results in new normal modes of the system that experience no scattering. However, if one
two-level system is excited the symmetry of the two-level system array is removed and the possibility of
acoustic-phonon scattering exists. For this reason a linear Raman-type scattering term must include an exci-
tation term 1—tanh?[Bw,/2], where w, is a particular two-level system splitting energy and B8=#/kgT.

Therefore, we describe the overall scattering rate by the low-energy side-group modes as®

TTLS

modes

where C(wg) is the number of modes per unit
volume and M is the optical-acoustic phonon ma-
trix element. The value of M will only be signifi-
cantly greater than zero for optical modes which
would cross the dispersion curve for the acoustic
phonons if there were no interaction between them.
Further, we really need only consider those which
interact with the transverse modes since the longi-
tudinal velocity is 6.4 times greater than the
transverse velocity giving a transverse density of
states ~ 500 times that of the longitudinal pho-
nons; almost all of the heat is transported via the
transverse phonons. If we assume a nearest-
neighbor interaction model and hence a sinusoidal
shape for the transverse phonon dispersion curves,
the acoustic-phonon energy at the zone boundary is
estimated to be 20 cm™!, so that in the Raman
scattering rate above we only need to consider opti-
cal modes below this energy.

The far-infrared data reveal modes at 13.9 and
18.8 cm~!. A fit to the data with these mode ener-
gies is shown in Fig. 2. The neutron-scattering data
suggest three additional modes of energies 4, 8, and
12.5 cm™! and a fit to the data with all five modes
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FIG. 2. Comparisons of fits to the PDA-TS data using
a linear Raman-type relaxation rate to include the far-
infrared—observed modes (dashed line) and the far-

infrared modes plus neutron-scattering—observed modes
(solid line).
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is also shown in Fig. 2. It is clearly seen that the fit
using all five modes is appreciably better than that
with the two infrared-observed modes alone. The
sensitivity of the model to the number and frequen-
cy of the low-lying optical modes provides a strong
incentive for inelastic neutron-scattering experi-
ments to be carried out on the polymer. Taking the
matrix element to be frequency independent up to
20 cm~!, we obtain |M|=40cm~!. The gap
A (wq) that opens in the dispersion curves when the
optical and acoustic modes couple is given by’

12M*03C(wy) | Bawo
W wotanh——

1/2
A(wo) =

’

2

with wp= (kp/fi)0p, from which we estimate
Alwg) = (1.5x10° s~ ¥2)w}/? at temperatures such
that Bwg=1. The values of A obtained for the five
modes considered are in the range 3 to 8 cm™1;
they are slightly larger than but consistent with the
gaps observed in TS monomer by neutron scatter-
ing. We believe that any overestimation arises
from the approximation that the matrix element is
frequency independent; any dispersion of the opti-
cal modes has been neglected as it is as yet un-
known.

Dislocation densities in PDA-TS crystals grown
by solvent evaporation have been estimated to have
an upper limit of 1013 m~21* Using the measured
room-temperature heat capacity per unit volume, a
compressibility 5.3x 10! m? N~1 15 3 thermal ex-
pansion coefficient 1.15x10"4*K~11 and a
Burgers-vector magnitude 0.491 nm,!? we estimate
a maximum dislocation strain field scattering rate of
771=9x10"%w.> From a dominant phonon argu-
ment this scattering rate is lower than that of the
linear Raman term at all temperatures considered.
Core scattering is generally weaker than strain-field
scattering and dynamic-dislocation scattering does
not explain the observed temperature depen-
dence.!” From considerations such as this we do
not believe that mass-defect scattering by the side
groups or dislocation scattering is responsible for
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the observed thermal conductivity. ,

Finally, we note that the above optical modes to-
gether with the higher-energy infrared- and
Raman-observed modes!®! give an Einstein
specific-heat contribution of Cp=3.2T J kg7 !K~!
which, combined with the Debye contribution hav-
ing fp=49.6 K, provides a good fit to the specific-
heat data.’

In summary, single crystals of PDA exhibit a
thermal conductivity in the temperature range 1 to
40 K akin to that of amorphous materials. The
scattering process responsible for this anomalous
thermal conductivity has been identified as
acoustic-phonon scattering by the low-energy opti-
cal modes involving motion of the polymer side
groups. It should be possible to observe this
phenomenon in other crystals, not necessarily pol-
ymeric, which have large molecular groups in the
unit cell.
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