PHYSICAL REVIEW B VOLUME 54, NUMBER 9 1 SEPTEMBER 1996-1

Arrhenius conduction restored by positional ordering of anions
in the one-dimensional conductor(TTF)(SCN) 4ANO3)¢.10

Masagi Mizund} Kazumasa Honda, and Midori Gotoh
National Institute of Materials and Chemical Research, Tsukuba Research Center, Tsukuba, Ibaraki, 305 Japan

Hikari Nakayama and Tokiko Uchida
Department of Industrial and Engineering Chemistry, Faculty of Science and Technology, Science University of Tokyo,
2641 Yamazaki, Noda, Chiba, 278 Japan
(Received 28 August 1995; revised manuscript received 14 May)1996

The quasi-one-dimensional tetrathiafulvalenium conductor with mixed inorganic anions of nonstoichiomet-
ric composition(TTF)(SCN)g 44ANO3)q 1o Was obtained by electrochemical crystallization. It was found to have
a tetragonal lattice witth=b=11.2043(6) A,c=3.623(1) A, andZ=2. Analysis of the crystal structure
assuming the space gro&d,/mnmrevealed that the TTF sublattice is isostructural to those of the other TTF
conductors with mixed anions. Anions were found to be positionally ordered with fourfold periodicity with a
dimension ofc’ =25.03(1) A, butcompositionally disordered giving very weak Bragg reflections at @566
in the oscillation photograph. The room-temperature conductivity along the stacks was 12—110 S/cm with an
average value of 4830 S/cm. Below 110 K, it showed an Arrhenius conduction with a well-defined activation
energy of 60 meV. This temperature dependence is contrary to those displayed by all the other TTF conductors
of the same series which are classified as one-dimensional variable-range-hopping conductors. The Arrhenius
conduction of(TTF)(SCN) 4ANO3)g 1o Supports the point of view of disorder theory which attributes the
origin of the variable-range-hopping conduction to the disorder of the stru¢&0&63-18206)07033-4

Introduction. The nature of the conduction and the frit. The solution was electrolyzed galvanostatically-ag
composition-structural relations of the low-dimensional con-uA. The crystals were harvested after three or four weeks of
ductors has been a subject of great interest for the last twelectrolysis, washed with acetonitrile, dried in vacuum, and
decades since the discovery of the highly conducting tetrathistored in a desiccator over silica gel. The crystals were ob-
afulvalene (TTF) tetracyanoquinodimethane (TCNQ) tained as bundles of black needles with a rectangular cross
complex!=3 It has been shown that there is a competitionsection of 0.06—-0.21 mm wide and 1.28—4.07 mm long.
between two sublattices for the dominant crystal structureAnalytical results for the sample are given below:

This is particularly prominent in the one-dimensioriaD)

conductors typified by TTF halides and metal chain com-Calc. C,32.67 H,1.70 N, 3.36 O, 2.02 S, 60.26%
pounds. They have a simple composition with a single conFound C,32.72H,1.74 N, 3.21 0, 1.92 S, 60.40%
ducting chain, highly symmetric crystal packing, and show

various degrees of structural instabilities. "The oxygen content was determined by the difference.

A renewed interest in the novel features of TTF-based The density of the Crysta|s was determined as ()75
conductors was initiated when another series of conductorg/cn? by flotation in an aqueous solution of zinc bromide. A
was reported. They have compositions @TF)(X)x(Cl),  black block crystal of TTF) (SCN)y 44NOs)o 10 having ap-
(X=ClO,,* BF,> SCN? Br,° and I1? x+y<1) and nonsto- proximate dimensions of 0:3.4x0.5 mn? was mounted on
ichiometric mixed anions are fully disordered in the channela glass fiber. All intensity measurements were made on a
formed by the surrounding TTF stacks. Moreover, their temRigaku AFC7R four-circle automated diffractometer with
perature dependences of conductivity are all in accordancgraphite-monochromated M&« radiation and a 12 kW
with the Mott’s 1D variable-range-hoppingyRH) model’  roating anode generator. A total of 870 reflections were col-
It has been suggested through theoretical consideratioriscted. The structure of the cation sublattice was determined
that the positional disorder of mixed anions mightseparately from the anion structure by heavy-atom Patterson
induce localization of wave functions over TTF chains methods and expanded using Fourier techniques. The nonhy-
leading to VRH conduction. The present 1D conductordrogen atoms were refined anisotropically. Hydrogen atoms
(TTF)(SCN) 4ANO3)q 10 Wwas found to exhibit an Arrhenius were refined isotropically. The oscillation photograph was
conduction having a positionally ordered but composition-taken using a MAC Science M0O3X x-ray generator of 3 kW
ally disordered anion sublattice. with Cu K« radiation.

Experimental 0.1 g of TTF(Tokyo Kasei, GR, 0.176 g Conventional four-probe dc conductivity measurements
of tetrabutylammoniun{TBA) thiocyanate(Aldrich Chem)  were carried out for single crystals in the temperature range
and 0.178 g of tetrabutylammonium nitra€éanto Chem., of 50—300 K. The conductivity was examined using more
GR) were dissolved in 65 ml of acetonitril®acalai Tesque, than ten bundles of single crystals of sufficient strength for
liquid-chromato grade and placed in an H-shaped cell the measurements. Details of the measurements have been
equipped with air-tight caps and platinum rod electrodes of Jgiven in our previous repoft.

mm diameter separated into two compartments by a glass ResultsThe chloride-free solvent containing two kinds of
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TABLE I. Fractional atomic coordinates and thermal param-
eters.

Atom X Y Z Beg 9 (A?)

S1 0.194317) —0.009 777)  0.0000% 4.4002)
c1 0.04312) —0.0431°  0.00007 3.423)
c2 0.23963) —0.157%3)  0.0000? 5.327)
HC2  0.3134)  —0.1684)  0.0000° 6.38)
SCN 0.0% -05% (0~1.0)¢ 16.4

Fixed.

b|sotropic temperature factgh 2).

‘Disordered along the axis.

‘Beq =4(a’B11+hb?B22+ c?B33+2abB12 cosy+2bcB23 cosr
+2caB13 co®)/3.

anion sources was used to examine the possible preparation
of mixed-anion TTF conductors. TTECN)g4ANO3)g 10
was obtained successfully by electrolysis from acetonitrile
solution. Another mixed-anion TTF salt,
TTF(SCN)g 14Cl)o 562 Was obtained in a similar way. It has a
different stoichiometry from TTESCN)godCl)ges> Which
was prepared from a 1,2-dichloroethane solution by incorpo-
rating chloride through the decomposition of the solVent.

X-ray photography revealed neither additional weak
satellite-type reflection, indicating the existence of lattice su-
per structure, nor a diffuse scattering line. It gave several
very weak Bragg reflection spots on the oscillation photo-
graph at 0.566* between the zeroth and first layer lines of
the TTF sublattice.

The unit cell based upon the TTF sublattice corresponded
to a primitive tetragonal cellLaue class: /hmn) with di-
mensions: a=11.2043(6) A, ¢=3.623(1) A,
V=454.79(7)B. For Z=2 and F.W.(formula weigh}
=237.86, the calculated density is 1.737 glcwhile the
observed density is 1.75 g/cnt. Based on the systematic
absence of Rl:k+1=2n+1, andhOl:h+1=2n+1, pack-
ing considerations, a statistical analysis of the intensity dis-
tribution, and the successful determination and refinement of
the structure, the space group was determined to be
P4,/mnm (No. 136. The final cycle of full matrix least-
squares refinement was based on 299 observed reflections
[1>3.000(1)] and 20 variable parameters and converged
with unweighted and weighted agreement factors of
R=0.035 andr,,=0.054, respectively.

Anionic lattice constants were determined from 18 reflec-
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FIG. 2. Temperature dependence of the four-probe dc conduci/ity
its derivative plot versus inverse temperature (@f pristine
process, (b)
analysis of the anion sublattice was not possible due to therrr)scN), ,(NO,), 1, during the heating process. The arrow indicates the
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FIG. 1. Molecular geometryA and deg of the TTF radical cations.

TTF radical and anion in the cell. The molecular geometry of
the TTF radical is shown in Fig. 1.

The room-temperature conductivity of the single crystals
lay in the 12—-110 S/cm range with an average value of 43
+30 S/cm. The conductivity is comparable with the reported
values of other mixed-anion TTF conduct8rlt is one and
a half order of magnitude smaller than the values for TTF
conductors having a single anion. This big conductivity drop
is thought to be caused by the anion mixing.

The temperature dependence of the conductivity of a
sample was observed in the temperature range of 50—-300 K
as illustrated in Fig. @). The figure shows sudden conduc-
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tivity drops at two or three temperatures below room tem-the temperature dependence of conductivity, the origin of the
perature down to 145 K and then goes linearly down to 50 Khopping conduction has been considered as intrinsic rather
This is the first Arrhenius conduction found so far amongthan due to impurities or lattice imperfection. Thus, it is

this series of mixed-anion TTF salts. The irregular thermafthought to be due to the disordered structure contained in the

behavior below room temperature disappears when the thef/yStal- As has been expected from our previous study and
mal cycle is reversed as is illustrated in FigbR and never observations, when anions form an ordered lattice, the con-

appears again in the further cycles. All samples examine%ucnwty might obey an Arrhenius relation with temperature.

; - . ) ) ctually, this was found to be true as is described below.
showed this hysteresislike behavior during the first thermal  1haTTE cation radical formed a stable sublattice stacked

cycle. After experiencing low temperatures such as 50 K, thg, gn eclipsed column. The molecular plane lay in &ie

samples undergo a sharp metal-insulator transition atB69 plane and the sulfur atomic orbitals of the TTF overlapped
K, and behave as semiconductors with a well-defined activaface to face with each other with those of the adjacent radi-
tion energy of 60 meV. cals in the stack. The molecular plane had a repeating dis-

Discussion All the crystals of mixed-anion TTF conduc- tance of 3.62@) A. This is short enough for electron con-
tor obtained so far contain chloride as a common partner ofluction to take place through the TTF columns. Other salts
the anions. It is supported to be produced and incorporateddad a little bit smaller averaged interplanar spacing of
into crystal during electrolysis by the decomposition of 1,2-3.595-3.608 A. It stays almost constant although the formal
dichloroethane used as a solvent for the electrochemicalharge on the radical varies from0.56 to +0.75.
crystallization? A series of very weak spots along theaxis at 0.566C

The mixed-anion TTF compoundTTF) (SCN),,; on the oscillation photograph revealed the development of
(NO3)g.10 Was successfully obtained from acetonitrile solu-ordered structure of the anion sublattice. 18 reflections due to
tion containing two kinds of anion sources TBBCN) and  anion lattice were observed by AFC7R. Detailed analysis of
TBA(NO;). This method was later proved to be applicable toa layer line at 0.57C* revealed that the average anion spac-
prepare several more mixed-anion TTF compounds by coming is 6.2583) A. This positional ratio is nearly equal within
bining anion sources of appropriate size and shape. They atke experimental error to the degree of oxidation, 0.57, ob-
(TTF)(SCN)g 14Chg 562 (TTF)(SCN)g odBNose® and (TTF)  tained from the elemental analysis and cross checked by
(SCN)5dClO,)g 01~ The characteristics of these compoundscrystal density measurement. Thus the chemical composition
will be reported elsewhere. for this crystal is in good agreement with the x-ray predic-

Years ago, Somoanet al. reported on TTESCN)gsg®  tion.
which has an oxidation state of 0.58. This value is very Along thec axis, the anion lattice has a fourfold period-
close to 0.57 found for(TTF)(SCN)o47 (NOs)g19 and icity with repeating distance of 25.0B A which coincides
(TTF)(SCN)y 54ClO,)0.0:.2 Presumably the thiocyanate ion is with seven repeat units length of the TTF colurfire.,
more dominant than the other partner of the anion pair ir25.3617) A]. This unusual fourfold periodicity of the anion
determining the anion stoichiometry when it is paired tosublattice is most probably induced by the periodical inter-
form a mixed-anion salt. action between TTF and the anion with every seven repeat

The thermal hysteresis of the conductivity has beerunits of TTF spacing as is revealed from its commensurate
observed in several compounds containing SCN anionstoichiometry of 4/{=0.571).
such as TTESCN)s71° TTF(SCN)y o9 (Clges> and TTF The anion sublattice is composed of 82.5% SCN and
(SCN)o5¢ClO,)g 01" It sSeems most probable that the SCN 17.5% NQ~. Thus the repeating unit should contain 3.3
ion is responsible for this thermal behavior in these conducSCN and 0.7 N@ . This is apparently impossible for one
tors because a linear ion has more freedom of movemenmtpeating unit. Therefore, the NGinions should be ran-
than spherically symmetric ions and would take a muchdomly distributed among the anion sites in the above ratio
longer time to relax in a lattice site. In the case of a pristinewhile the whole anion sites are well ordered positionally in
crystal of(TTF)(SCN)g 4ANO5),. 10 it may be in some of the fourfold.
guasistable states, and may go to a stable state upon the first This way of anion packing can be described by analogy
cooling. TheTy, of this compound is the highest tempera- with the prototype compountI TF),;,(SCN),.° It has almost
ture reported so far for this series of conductors. This implieshe same oxidation state of 7/120.583 as the present
that a relatively large interchain interaction is taking placemixed-anion salt and has a fully ordered anion sublattice
intermediated by the anion lattice as was discussed in owsith an anion spacing of 6.18) A. Starting from
previous report! TTF(SCN)gse our salt TTESCN), 4,ANO3)o 40 can be con-

To date, all of the examined mixed-anion TTF conductorsstructed by replacing a part of the SCN anion with {N® to
have behaved according to Mott's VRH model and three ofL7.5% of the number of ions, while the anion lattice still
them have been proved to possess completely disordered akeeps the positional ordering.
ion structure$:® The temperature dependence of the conduc- The effect of anion replacement upon crystal structure
tivity (o) in the VRH model is expressed as(T)=o0, seems to be minor. Nitrate has 32 electrons while the re-
exp[—(TyT)*", whereay, is the conductivity afy and these  placed thiocyanate has 30 and the increase in electron den-
parameters depend on the density of states and orbital expsity among the anion lattice associated with the replacement
nent of the localized wave function at the Fermi levels an  would not be large enough to be detected during structural
integer determining then(— 1) dimensionality of the con- analysis by a conventional diffraction technicgidéhe effect
duction. Assuming this model for the 1D TTF conductorsof compositional disorder might have been smeared out by
with mixed anions, their conduction data are well describecpositional ordering of the anion sublattice. Therefore, it can
by aT~ /2 temperature dependence. Because of the nature &ie said that the anion lattice in this crystal is positionally
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ordered but compositionally disordered. Yet the effect of thigional ordering was also recognized in the study on
positional ordering of the anion sublattice is big enough to(Phen,(NMP), _,(TCNQ) where the positional order of the
restore Arrhenius conduction from Mott’s VRH conduction cation sublattice is well preserved and the compositional dis-
where the anions are fully disordered. order plays a secondary raf@The conduction electrons on

A replacement of the constituents at crystal lattice sitegshe TTF stacks seem to be more sensitive to the positional
with different atoms or molecules is commonly seen in solidordering of the anions than to the compositional ordering.
solution or alloys. The concept of “alloying” is some- This is reasonable if we note that the delocalized electrons on
times applied to organic conductive crystals and resultantation stacks see the periodical potential exerted by the or-
material is termed a “molecular alloy” such as dered anion lattice rather than the minor difference in anion
(TSeF)(TTF),_(TCNQ) (Ref. 13 (where TSeF is tetrase- species between the sites.
lenafulvalene an&k=0-1.0 or (Phen,(NMP),_, (TCNQ) Electronic states in disordered structures have been exten-
(Ref. 14 (where Phen is phenazine and NMP issively discussed by Andersdf, Mott,’ Cohen and
N-methylphenazinium anc=0-0.46. The compositional co-workers®?° and Ambegaokar, Halperin, and Langér.
disorder was intentionally introduced into the NMP conduct-Their main conclusion is that the random potential due to
ing chain and the nonintegral stoichiomeirycan be varied disordered structure produces localization of wave functions
continuously in a certain range. Only fixed anion stoichiom-near the Fermi level in the forbidden band inducing the
etry could be seen in case of the mixed-anion salts. variable-range-hopping conduction of the system. This

All the mixed-anion TTF salts studied so far have posi-theory was successfully applied to amorphous semiconduc-
tionally disordered anion structure and exhibited 1D VRHtors and several 1D conductors by Bloch, Weisman, and
conduction without exception. Reconsidering the reported/armal’ This so-called “disorder theory” has been found to
data of TTHI)1,%° TTF(Br) g6 *® TTF(SCN)oss,*° and  be also applicable to the mixed-anion TTF conducfcrghe
TTF(SeCN oss,'° we can recognize that they all have or- consistent applicability of the VRH model to this conductor
dered anion structures and exhibit an Arrhenius-type temsystem convinced us that the disorder structure is the origin
perature dependence of dc conductivity. Very similarly, theof the wave-function localization, and therefore, of hopping
present mixed-anion conductofTTF)(SCN)(44ANO3)g10  Conduction. The present finding of the Arrhenius conduction
obeys the Arrhenius law but not the VRH model. These factsn (TTF)(SCN)(44NO3)q.10 is further experimental support
suggest that a 1D conductor exhibits Arrhenius conductioror the disorder theory of VRH conduction.
when it has an ordered anion lattice. Actually the crystals Conclusion A quasi-one-dimensional tetrathiafulvale-
possess an ordered anion sublattice as has been expectédm conductor with mixed inorganic aniofiETF)(SCN)g 47
from the above-mentioned experimental data. All these fact@NOs), 1o Was obtained by electrochemical crystallization. It
imply that anion positional ordering plays a decisive role inwas found that anions are positionally ordered with fourfold
the conduction process and this is in good accordance witperiodicity, but are disordered compositionally. Its conduc-
the disorder theory for VRH conduction applied so far totivity behaved with variable temperature according to the
low-dimensional or amorphous semiconductdrs. Arrhenius law with a well-defined activation energy. This is

The positional ordering of anions induces the delocalizaquite contrary to the 1D Mott's VRH conduction displayed
tion of conduction electrons leading to the Arrhenius con-by other compounds of the same series with fully disordered
duction even when the anion sublattice is compositionallyanion structure. This illustrates the decisive role of anion
disordered. It is surprising to note that even such an incompositional ordering on the electrical conduction of the TTF
plete ordering is enough to restore the Arrhenius conductioghain. When an anion is positionally ordered, the conduction
as is in a fully ordered crystal lattice. The primary obeys the Arrhenius law, or if it is disordered it obeys the
importance of the positional ordering over composi-VRH model.

*Author to whom correspondence should be addressed. spots among Bragg reflections due to the averaged TTF lattice
1F. Ferrariset al, Am. Chem. Soc95, 948(1973. structure.
’S. Etemadet al, Phys. Rev. Lett.34, 741 (1975; Shahab 13S. Etemackt al, Phys. Rev. BL7, 513(1978; T. D. Schultz and
, Etemad, Phys. Rev. B3, 2254(1976. R. A. Craven, inHighly Conducting One-Dimensional Soljds
F. Wudl et al,, J. Chem. Phys66, 377 (1977). edited by J. T. Devreeset al. (Plenum, New York, 1979 p.
4M. Mizuno et al, Synth. Met.63, 29 (1994. 147.
5 .
M. Mizuno et al, Phys. Rev. B51, 6237(1995. 143, S. Miller and A. J. Epstein, Angew. Chem. Int. Ed. Erg8,
5M. Mizuno, K. Honda, and J. Akimotéunpublishegl 287 (1987).

’N. F. Mott, Adv. Phys16, 49 (1967.

8M. Mizuno, K. Honda, J. Akimoto, H. Nakayama, and T. Uchida
(unpublished

9R. B. Somoanet al, Phys. Rev. B15, 595(1977.

104, Kobayashi and K. Kobayashi, Bull. Chem. Soc. J50.3127
(1977.

153, J. Daly and F. Sanz, Acta Crystallogr3®, 620(1975; C. K.
Johnson and C. R. Watson, Jr., J. Chem. PI84. 2271
(1976.

165, J. La Placat al, Solid State Communtl7, 635(1975.

17A. N. Bloch et al, Phys. Rev. Lett28, 753(1972.

11\ Mizuno, Synth. Met.16, 199 (1986 i:P W. Anderson, Phys. Ret09, 1492(1958.

Plater it was found that another new conductor ZOM' H. Cohenet al, Phys. Rev. Lett22, 1065(1969.
(TTF)(SCN)p 5dClO,)00, has two kinds of superstructures E. N. Economou and M. H. Cohen, Phys. Rev. L&, 1445
which might be originated by both components of anion Iattice.21 (1970.

This was revealed on an oscillation photograph as very weak V- Ambegaokaret al, Phys. Rev. B4, 2612(1971).



