RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 58, NUMBER 24 15 DECEMBER 1998-I

Low-temperature heat capacities of polyaniline and polyaniline polymethylmethacrylate blends
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Heat-capacity measurements between 0.4 and 10 K have been made on doped polyaniline and its blends with
polymethylmethacrylate. At lower temperatures, a finite electronic tednprevails in all samples. The value
of y for polyaniline is 14 mJ/mol K but higher by a factor of about 6 for the blends. Using the free-electron
model, the corresponding density of states at the Fermi [éVEE)] are calculated and compared with that
obtained from magnetic susceptibility measurements on the same samples. It is shown that caution must be
used in determinindN(Eg) from magnetic susceptibility measurements in polyaniline and other less conduct-
ing polymeric materials.S0163-182@8)51448-9

The objective of this paper is to present our heat-capacityvas monitored to yield a time constantHeat capacity was
results on polyanilinédPANI) and its blends with polymeth- then calculated from the expressiarskr, wherek is the
ylmethacrylate(PMMA) for the following reasons. First, thermal conductance of the Au-Cu wires. The heat capacity
polyaniline has not been studied so far for its thermal behavof the sample holder was measured separately for addenda
ior at low temperatures although a wide variety of other tech<correction. Judging from the measurements on a copper stan-
niques have been employed for understanding its electronidard, overall uncertainties in the final results are within a few
properties: Second, analysis of the dc transport data requiregercent. The specific he4C) of the sample was then ob-

a good estimate dfl(Eg), the density of states at the Fermi tained fromC=c/(m/M) with m and M being the sample
level, which has been obtained from magnetic susceptibilitynass and the molecular mass, respectively. Each mole is
measurements for polyaniline based materials. In the freedefined here as a mole of two-ring units of the polymeric
electron mOdeIN(EF):XP/Mén whereyp is the Pauli sus- Sample. Values oM for the polymeric samples are listed in
ceptibility and ug is the Bohr magneton. The observed val- Table I. a -

ues for yp and hence the magnetically derivél{Eg) are The measured specific heat of polyanilitRANI) as a
relatively large for a number of polyaniline derivatives function of temperature is shown in Fig. 1 in the form dta
which have rather small conductiviyThird, applicability of ~ Vs T plot. The surprisingly weak temperature dependence at
the free-electron model to polyaniline and other conjugatedhe lower temperature end suggests additional contributions
conducting systems has been recently questioned, especialy Specific heat than the expected electroni¢ ) and lattice
when the systems are less conducting and show no “metal3T°) terms. Indeed the data in the temperature range 0.4—2
lic” behavior. Alternative models to account for magnetic K can be well represented by the following expression:
susceptibility, dc conductivity, dielectricgc;r’czgstant, and ther-

moelectric power have thus been proposetSome of these _ 3

models do not require the existence of Pauli susceptibility or C=A+yT+BT @
free-electron spins. It thus becomes all the more important to

obtainN(Eg) from heat-capacity measurements to help thewith the constant#, y, andg; vy andg are listed in Table I.
oretical developments. This is illustrated by the linear nature of th€ { A)/T ver-

Calorimetric measurements in the temperature rangsusT? data in Fig. 2. The origin of the constant ter, is
~0.4-10 K were made on PANI, PANIO%)-PMMA (60%) not clear at present. This term reflects the presence of clas-
(to be abbreviated as PP4060and PANI[33%)-  sical oscillator-type modes interacting weakly with the sur-
PMMA(67%) (to be abbreviated as PP336Ref. 6 usinga roundings. FoN such oscillators, one would expect a ther-
thermal-relaxation type microcalorimeter in a*Hayostat. mal excitation energiksT and consequently a temperature-
A mg size specimen was thermally anchored with a minuténdependent specific heaNkg (=A), where kg is
amount of grease to a sapphire holder on which thin films oBoltzmann’s constant. From the experimental value of 15
ruthenium oxide and nickel-chromium alloy were depositedmJ{mol of 2 ringsK) for A, we obtainN=1.1x 10?* modes/
to serve as a temperature sensor and a joule-heating elemefmol of 2 ringg or 0.002 modes/2 rings. Similar observations
respectively. The holder was thermally linked by four Au-Cuhave been made for magnetic clusters in paramagnetic
alloy wires to a temperature regulated copper block. Follow-alloys.® For PANI, this term may arise from the presence of
ing each heat pulse, the specimen temperature relaxation rafarie-type electronic spins localized in amorphous regions.
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TABLE I. Values of y, B, 6y (from B for T<2 K) andN(Eg) (from heat capacity and magnetic susceptibjlfiyr polyaniline and its
blends.

Y B N(EF)
(mJ/mol K?) (mJ/mol K (states/eV 2 rings
M 0o Heat Magnetic
Sample (g/ mol 2 rings T<2K T>2K T<2K T>2K (K) capacity susceptibility
PANI 373 14 0 6.5 11.6 87 3 21
PP4060 933 80 86 20.3 52.2 45 17 16
PP3367 1126 80 81 31 66 40 17 12

A linear variation of specific heat with respect to tempera- To investigate further into the nature of the above discrep-
ture can arise due to disorder as well as linear bonding imncy, heat-capacity measurements were done on PP4060 and
one-dimensional polymeric systems and free electrons in thBP3367 blend$Fig. 4). These blends were chosen because
metallic state. However, a much smaller value for*equal  they show much smaller decrease of conductivity with de-
to 0.29 mJ/mol K, arising due to disorder, was reported for crease in temperature compared to polyantfif@ince this
undoped trans-polyacetylefiayhich may be considered as can be interpreted as a signature of better “metallic” char-
typical of polymeric materials of the kind considered here.acter, increased electron delocalization is expected to lead to
The value ofy determined here is therefore considered pre-a larger value for the number of states at the Fermi level. A
dominantly due to “free” electrons in the “metallic” state plot of C/T versusT? for these blends is shown in Fig. 5. It
of PANI. Facing highly anisotropic and multidimensional can be seen from the figure that both blends, PP4060 and
lattice dynamics, only an effective Debye temperatigein PP3367, show an anomaly near 2 K; in this respect, PANI
K) can be calculated fron8 (in mJ/mol K) (= 1944/0%). It  also shows a change of slope n2« in Fig. 2. However, in
is listed in Table | along with the density of states at theeither case, samg values are obtained whether the data are
Fermi level, N(Eg) (in states/leV mokE0.212 y (in  analyzed in the temperature range 3—7 K or 0.4-2 K imply-
mJ/mol K?). ing little change in the nature of free electrons through this

We now look intoN(Eg) as determined from magnetic anomalous region. This indicates that the observed anomaly
susceptibility measurement3A plot of T vs T behavioris ~ arourd 2 K is likely not associated with electrons, but may
shown in Fig. 3 for PANI and its PMMA blenddo be dis- rather be due to stiffening of the lattice in these polymers.
cussed latér wherey is the experimental spin susceptibility. This anomaly may be related to temperature-independent
In the free-electron model, slope and intercept of gfievs T €lastic tunneling conduction observed around  this
plot yield Pauli susceptibility and Curie constant, respectemperaturé! Fitted y and 8 values for both polymeric
tively. N(Eg) calculated fromyp, USiﬂgXp=M§N(EF), is blends are also given in Table | along with the calculadgd
found to be 20.7 states/eV 2 rings for PANI which is largerandN(Eg) values. A few other observations are in order at

by a factor of 7 Compared to the value from heat_capacit);h-is pOint. An increase i-n SpeCifiC heat |S Obse-rved for bl-ends
with respect to PANI(Fig. 4). Changes in lattice dynamics

measurements. L y 4 _
due to the incorporation of the relatively high mass of the
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FIG. 2. (C—A)/T vs T? for polyaniline below~4 K. Inset:
FIG. 1. Heat capacity as a function of temperature for polya-(C—A)/T versusT? for polyaniline for temperatures below?2 K.

niline. Inset: Low-temperature heat-capacity data on an expandeldinear fits to the low T<2 K) and high (7 K>T>3 K) tempera-
scale. ture data are shown by continuous and broken lines, respectively.
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FIG. 3. xT vs T for polyaniline and its blends: PAN(A),
PP406Q[), PP3367M). Least-square fits of the data to Eg) are
shown by broken lines. 0 4 8 12 16

insulating PMMA polymer between PANI chains are be-

lieved to be responsible for this increase. The absence of .

constant specific heat contributidne., A term) for these Its to the low (r<2.K) and h'gh (7 k>T>3 K) temperature .data

blends compared to PANI shows that Curie-like electronare shown by continuous I|nes_for PP3367 and broken lines for
. . . PP4060. Inset shows the behavior at low temperature.

spins are relatively more delocalized and strongly coupled to

theTIr?ttlce.l imetrically determi | dt the blends. Since thg term in the measured heat capacity
N(E e_c1a7or|tmte rllcz\i/yz e errrf]met?/ t‘ﬁﬁ;jro%%rresgogpsgfs7arises predominantly from the presence of free electrons in
(Ep) =17 states/e rngs for bo an he samplgsee discussion aboyeve assert that the calori-

Compared to PANI, these values are higher by a factor of etrically determinedN(Eg) of 3 states/eV 2 rings has its

or so. The magnetic susceptibility data shown in Fig. 3 for_ . . . ;
4 origin in the presence of free electrons in the present sample
the blends can also be used to obthi(Eg) as described gm ! pres S| present Samp

: ' o _ of polyaniline; this sample also exhibits a metallic behaior
earlier. This analysis giveN(Er) = 16. states/eV 2 rlngs for  ahove 250 K. Recalling that the magnetic susceptibility mea-
PP4060 anCN(EF.): 12.states/eV 2 rings for PP3367; thes(.asurements on the present PANI sample lead to a much larger
values are also listed in Table I. In spite of different sensi- | o or N(Eg) (=21 states/eV 2 ringsthan from heat-
tivities of the two techniques, the above values for PP406 apacity meagurements we must conclude that the simple
and PP3367 are smaller from their heat capacity counterparmterpretation of the so-éalled “linear” part of theT vs T

by only about 6% and 30%, respectively. The above value urve in terms of Pauli susceptibilityin a free-electron

therefore suggest that the free-electron model is applicable tﬁ’mdep mav not be correct for polvaniline. We propose be-
both the heat-capacity and magnetic-susceptibility data forOW a posgible model for a Pa%li-)llike terr.n in tpb(é'pvs T

behavior of these polymers.

FIG. 5. C/T versusT? for PP4060(0]) and PP3367M). Linear

60 For an ensemble dfl/2 independent pairs with a random
o PPADGO distribution of exchange couplings according to the distribu-
50 £ = PPass7 tion functionP(J), the magnetic susceptibility can be writ-
4 PANI - 42
ten a
o 40 + .
- . XT=(Ngz,u§/kBT)f [3+exp —2J/kgT)]~1P(J)dJ.
g 04 e 2)
g’ = " AssumingP(J) =constant, and integrating the above expres-
20 7 . @ sion from 0 toJ,, we get
10 4+ . XT=A1— (A1 In[4[T)/2A2+ (A1/2A,) T
P X In|3+exp(—2A,/T)| +As, 3
0 —A—_ﬂlﬂfl AaA L 4 I }
0 ) A 6 o 10 where A; (in emuK/mo) =Ng?u3/3kg, A, (in K)
T (K) =Jo/kg, and a constam; (in emu K/mo) has been added

to Eq. (3) to account for Curie spins in the sample. The

FIG. 4. Temperature dependen@4—-10 K of heat capacity of presence of a random distribution of exchange couplings

PP4060 and PP3367. Heat capacity of PANI is also shown foffrom O to Jo/kg) in polyaniline suggests that its magnetic
comparison. state, which only requires the conditidss kg T, will be ob-
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tained down to very low temperatures. The number of therlarger compared to that for PANI, indicating more electron
mally excited triplet bipolarons will therefore naturally in- delocalization in the case of blends.

crease as a function of temperature. In a way, this situation is In conclusion, calorimetric measurements at low tempera-
akin to the one with Pauli spins where only the fractiontures characterize conducting polyaniline as a metal with a
(T/Tg) of the total number of spins contributes to magneticfinite density of states at the Fermi ley®(Eg)]. Although
susceptibility at a given temperatufeand makesyT to in-  magnetic susceptibility measurements on polyaniliaad
crease linearly as a function of temperatufg; here is the many polyaniline-based materidlyield aPauli-like suscep-
Fermi temperature. Values éf; (in emu K/mo), A, (in K) tibility, great caution must be exercised in obtainiNgEg)
andA; (in emu K/mo) obtained from best fits to E¢3), as  from such measurements.

shown by broken lines in Fig. 5, are 0.773,793, and

0.00405 for PANI, 1.099-1461, and 0.00207 for PP4060,  This work was supported in part by the National Science
and 0.795,—1407, and 0.006 for PP3367. The quantity of Foundation under Grant No. EP5-9550487 and matching
practical interest here 8, or Jy/kg, which for blends is support from the state of Kansas.
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