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Introduction

The charge-transfer reaction
- D: + A —. ( tr!~)(A :)

has been successfully used to synthesize hi ghly conducting molecular

complexes from non-conducting constituent molecules . In electroni c terms ,

the process i nvol ves the transfer of an electron from the highest filled

orbi tal of the donor D to the l owest unfilled orbital of the acceptor A.

During recent years , considerabl e research has been undertaken to evaluate

the molecular parameters responsible for high conductivity in these

charge-transfer salts . Several excellent reviews on the subject are

available ,~ but a brief synopsis is given here as background .

- • 
Organic charge—transfer reactions produce radical cations and/or

radical ani ons. These radicals must be stable to decomposition and

coupling reactions since the existence of unpaired electrons is a necessary

condition for conductivity .2 The unpaired electrons are believe d to he

the charge carriers .3 For charge transfer to occur under moderate condi-

tfons , the donor must have a low ionization potential and the accep tor

should have a high electron affinity .4 It is essential that planar mole—

cules be used si nce molecul ar stack i ng i n the solid state is a prere quisite

for band formation. The now classic examp l es of highly conducting mole-

cular solid s, i.e. the charge-transfer derivatives of the planar organic

molecule tetracyanoquinodimethane (TCNQ ) 5 and the sq~1~re-p lanar coordina-

tion complex K2Pt(CN)4, contain one-dimensional columns of planar mole-

cules stacked face-to-face.6 It is apparent that the free electrons and

holes created by charge-transfer are deloca lized along these columns .

There are other crucial requirements , e.g. the stacking must be segregated~

uniform , and closely spaced , which must be met before de1ocalizat~on is

- 

reaflzed, but which are difficult to control synthetica1ly.~ 
-- -—
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The above guidelines are consistent with the available experimental

evidence , bLt in general it is difficult to design new conducting systems .

Ionization potentials and electron affinit ies for organic molecules are

not widely known and crystal structures cannot be predicted a priori.

- - In practice , the best method of approach often proves to be trial and

error. Conductivity measurements on chemical systems are not trivial ,

but can be performed rapidly and accurately with the proper equipment

thereby allowing the screening of a large number of potential ly conduct-

1mg compounds . This is essential if information is to be gained by varia—

tion of chemical parameters .

One of the goals of this project was the design of a conductivity

cel l that would allow rapid and accurate measuremen t of conductivity .

Having accomplished this , the next goal was to fi nd a new chemical system(s)

with high conductivity . The final goal was to characterize the electrical

properties of that system(s) using variable-fre quency nd variable-temp-

erature conductivity measurements , cyclic voltammetry , electron-spin

resonan ce, and absorption spectroscopy .

It was discovered that the addition products of a seri es of diami noan-

thraquinones wi th molecular iod ine and copper(I1) halides showed radicall y

different electrical properties . The structure of 1 ,2-diaminoanthr aquinon~
• (l ,2—DAAQ), l ,4-diaminoanthraquino ne(l ,4-DAAQ), and l ,5-diaminoanthraquinon e —

(l ,5—DAAQ ) are presented in Figure 1. The results of the investigations

spawned by this seri es of molecules is reported herein. In addition , the

charge-transfer salt of phenot hiazine (PH) and iodine was reinvesti gated .

This was deemed important because there are inconsistencies

in the literature concerning the electrical properties of this salt.8



O N H 2 IH
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Synthesis

Phenothiazine , 1 ,2-diami noanthraquinone , 1 ,4-diam inoant hraquinone

(g7%), an d 1,5—diami noanthraquinone (97%) were obtained from Aldrich

Chemical Company , and were used as received . Copper (II) chloride dihy-

drate was obtained in analytical grade from Ma llinckrodt Chemical Works.

Copper(II) bromide and mol ecular iodine were obtained from Allied Cnenical.

All complexes were prepared by direct addition of donor and acceptor.

DAAQ•12 complexes were prepared by dispersing and mixing stoi-

chiometric amounts of diami noanthra quinone with iodin e in a small vo lume

of carbon tetrachloride , whereupon the mixture was taken to dryness and

ground to a fine powder. This sequence was repeated several times unti l

a homogeneous product was obtai ned . No washing or filtratio n was used

to isolate the product; hence~the product stoichio netry is the reactant

stoichiometry . Once it was established (see belo~v) that complexes con-

taining 1 ,4—DAA Q were highly conducting , it becar-e of interest to deter-
I !

mi ne what rati o of l ,4-DAAQ to iodine wou ld generate the lowest resistivity .

Complexes were therefore synthesized according to the follo w ing stoi~hiome—

tries : 2:1 , 1:1 , 2:3, and 1:2. These iodine—containing complexes ~-:ere

not vacuum dried to avoid sublimation of iodine.

DMQ • CuX 2 (x = Cl , Br) complexes were prepar ed by dissolving e~ui-

molar amoun ts of diaminoanthraquinone and copper halide in absolute

methano l , whereupon the solution was spun to dryness and the, produ ct

ground to a fi ne powder. This procedure was executed twice , but on the

third cycle , the ~‘et product was isolated by suction filtration and dried

~Lii
-

~ 

- -
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overnig ht under vacuum.

The PH~I2 complex was prepared by dissolving phen oth iaL in e an o io oi re

in a 2:3 molar ratio in acetonitrile and spinni ng the solution to drjness ,

whereupon the product was isolated without washing or filtration.

The various reactant stoichiometries are reported along with t~e

product stoichiometries , with analyses where availab le , in Table 1. Tnree

l ,4—DAAQ adducts and the phenothiaz ine comp lex were analyzed by Gabraith

Laboratories of Knoxville , Tennessee and the analyses are reported in

Table 2. The large deviations from the theoretical stoichiometrie s seen

for some elements indicate the non-stoich iometry of tie~ e charge-transfer

comp lexes . It should be noti ced that the analyti c stoichiometry for 1 ,4-

DAAO CuB r 2 is 3:2. This differs from the a n a l y t i cal stc~ic f1 i 3metry coserved

for l ,4-DAA0~CuCl 2 which is 1:1. The difference probab l y lies in ti~e la rger

oize of bromide versus chlori de anion .

The Resistivit1j~ asurement

1. Preparation of Samples by Compaction

Si ngle crystals of the materials under study ~1-ere not available ,

-; - so samples of each ~iere prepared as cornpact ions. The products were first

vacuum dried , where possible , to remove all traces of solvent and noist ure

(water, methanol , and acetonitrile are con d u c t i n g  n~edia ) whereupon they

were thoroughly ground into fine powders for unifor m it y . The powders

were then compacted into ri gid pellets , 1.30 cm i n  dia r-eter by 0.2 cm thick ,

using a Beckman KBr die and 25 ton Ring Press. In or d-~t’ that each s3mole

could be meaningfully compared , ten tons of pressure was used to co~pact

each pel let.

~

-- 
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TABLE 1

Synthesis of Charge—Transfer Complexes

*
Donor + Acceptor Reactant Stoichiometry Product Stoichiotnetry

Phenothiazine ÷ 12 2:3 2:3

l,4-DAAQ + 12 
2:1

1:1

2 :3  2 : 3

1:2

l , 4—DAAQ + CuC12 
1:1 1:1

l , 4—DAAQ + CuB r2 1:1 3 :2

l , 2—DI ~.AQ + Cud 2 
1:1

l , 2—DAAQ + CuBr 2 
1:1

l , 5—DAA Q + 1
2 

2 :3

1, 5—DAA Q + CuC12 1:1

*~~en available .

L~~~~~~~_ _~~~~~~~~~~~~ ~~~~~~• ~
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Measurements taken on sing le crystals are e no r m-eus ly n;cre r e l i abl e

for the fo 1lowi ng reasons : a) The resist ivi ty of a co m pacted sam~ i s is

a function of the applied pressure , and it is alw ays greater than tee

single crystal value. This is due to interpart icle contact res i s t a - c e ,

which arises at the grain boundaries during compaction. b) 1h2 prese nce

of this resistance serves to distort the act ivat ion energy .9 c) Sin; le

crystals are usually anisotropic in resist iv i ty , but this i nforma tion is

lost using compressed powders since each grain is random ly oriented jr

the pellet. Measurements on compacted samp les are therefore strictl y

semi—quanti tative. They are suitable for characterization , however ,
10especially when sing le crystals are not available. Evidence sugges ts ~nat

the resist ivity of a compacted sample avera ges no more th an two or ders

of magnitude above single crystal values , and it must be borne in  mind

that the resistivity spectrum spans almost thirty orders of niag ni su~e.

2. Resistivity (and Conductivity ) from Resistance.

Resistivity , ~~~, has units of ohm-centimeters and is directly related

to the resistance of the samp le by a geometric factor as follows :

= R (area)
(lengthr

For cylindrical pellets , the length is just the thickness. In practice

the resistance is usually calculated from Ohm ’ s La~-i by :easurin; the

voltage drop induced by passing a known , constant cur -rent between t-;a

oppos i t e  race s of the samp le (R = 
~~~

) .  Conduc tivity~ ~~~, i s  j u s t  the

reciprocal of resist iv i ty and has units of reciprocal ohm -centi meters.

3. The Resistance ~-1easureinent

The conductivity cel l used to obtain resistance measureme nts in t n i s

project is sho-~in in Figure 2. The samp le , a , is held between tw-~ flat ,

- -~~~~ -~~ - - ~~~~~~~~ -
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}~1Y ‘10 FICUfl:-. ? :

a) sa:~
b) u’pcr clcctrude

c) 1o~.-:~ r electrode , fit into a glass c ’ : ? ,  - -~~~ -~~~~~~~~ f ± z s

in to a recess in the metal p late

d) insulated ~-:ire connecting lower € - l e c t r ~~d~ to E~~ cc ect -~r

e) BNC connec tor

f)  spring, steel

g) top plate of cell , brass

h) inner cannister , brass

i) outer cannister , brass

k) tube , brass

1) side tube , room temperature nitrogen inlet

u ) cold nit rogen inlet

n) cold nitrogen outlet

o) silicon diode temperature sensor (Lake SL~r-.~)

p) diode lead to current source and voltmeter

q) 1/4” copp er pla te wi th  cy l i n d r i c a l  r e cess  c’ r~~1li~ 3 - 1 6 ’  cT-- ~ p

r) suppor t  rod j
•1

- -
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spri ng-loaded copper electrodes , b and c. The upper electrode connects

to the outer termi nal of a BNC connector e through the case and is at

ground potential . The l ower electrode i s insulated from the case and con-

nects to the i nner BNC termi nal . This circuitry was adapted from an

11apparatus designed by Mr. R.J. Lieb of the UNC-.CH Department of Physics.

The resistance measurement consists of connecting the electrode assembly

to a kiethley 227 Current Source (d.c.) via the BNC connector , applying

a current, and reading the induced voltage drop from a voltmeter connected

across the current leads.

The advantages of using this particula r two-probe conductivity cell

are that it allows rapid interchanging of samples and facile calibration

using standard resistors . The cell is designed so that the el ectrodes

can be easily removed from the apparatus for cleani ngs , which is a require-

ment for each new sample. With prolonged use , an oxide surface layer forms ,

and this can be easily removed by acid treatment or grinding . In addition ,

the actual hardware used in this project included three cells so that

three samples could be measured simultaneously duri ng a low temperature

run. The extra cells were accornodated by drilling two additional reces—

sions in the small metal plate , q, shown in Figure 2. Each cell was

connected to its own BNC connector. The advantages achieved by reducing

experimental time and nitrogen consumption were enormous.

The one disadvantage associated with two-probe measurements is the

possibility of contact resistance , which sometimes arises at the electrode-

sample interfaces and causes the measured resistance of the sample to be

abnormally high. This resistance is non—ohmi c however , and can be detected
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by measuring the resistance of the sample at several small d.c. currents .

If the resistance does not vary, then it may be assumed that contact

resistance is absent)2 The standard way to circumvent this problem is

to utilize a four-probe electrode arrangement.

All samples used in this project were tested in the cell for contact

resistance . Only the CuC1 2 adduc t of l ,4-DAAQ showed recurring contact

resistance and -it should be realized that the resistivity reported for

this compound is probably greater than the value intrinsic to the sample.

4. Cryogenic Equipment

Variable temperature resistance measurements are essential in the elec-

trical characterization of a solid. The low temperature instrumentation

and technique reported here were adapted from that described by J.G. Fitz)3

The conductivity cell descri oed above is equipped wi th two brass

canr~isters for cryogenic temperature control (see Fi yure 2). The electrode

assembly is bo l ted inside the smaller cannister , h wh i c a , in turn , is

bolted inside the larger container , i. Nitrogen gas from a pressurize d

tank is passed through a coi l of copper tubing immersed in a dewar

containing liquid nitrogefl. The chille d gas exits the coi l and enters

the space between the outer and inner cannisters via the i n l e t  m , thus

cool i ng the saniple. The temperature of the gas is controlled by varying

the flow rate through the coil. The inner carinister is purged with a small

flow of room temperature nitrogen to prevent freezing of mois ture  on th e

electrode assembly and samp le. The whole apparatus is fit inside a large

styrofoam block lined with aluminum foil and covered with glass wool for

thermal insulation. The sample temperature can be taken to 77°K by

using a high flow rate and adequate insulation.
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The temperature is monitored with a calibrated silicon di o -~e , :,

obtained from Lake Shore Cryotroni~s, Inc .~
4 that w~s nou~ted in ~~e

- - 
center of the copper plate , q, holdirq the electrode es~emb1y. ThE- diode

is driven with a constant current of ten mir.roamperes , -,-dhich ir-d ces a

temperature—dependent voltage drop measured by volt meter. A least squares

plot of the linear portion of the calibration table prc .’ided by Lake

Shore resulted in an equation for the temperature as a function of diode

vol tage and this equation was used to calculate the s~rnp1e temperature .

The use of a diode rather than the traditional therr’ocouole r2sults in

a greatly simplifi ed temperature measurement and allow s direct observation

of the rate of temperature change.

Resistance versus Frequency Measurements

Compaction of powdered materials gives rise to inter~arti cle contact

resistance , with the result that the observed resistanc a is the sum of

the single crystal value plus the interpart icle contribution. Huqgins

and Sharhaugh15 have proposed an attractive method for e1ir”natir~
this interparticle component. Their theory and method are reviewed and

expanded here, with a discussion of instrume ntation.

The two sources o-f resistance in a compacted samp le , nam el; , the

material itself and the grain bound aries , are also sources of capacitanCe .

To a first approximation , the resistance an-i caoaci tance o~ each source

are connected in parallel , and both parallel RC combin ations are ccniected

i n ser ies , as shown in the equivalent circuit in Figure 3~. R~ and C~
are the sample resistance and capacitance . respectivel y, and  Ripc and C i~~
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FIGURE 3a.  Equivalent C ircuit for Compacted S~~ .p 1es
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~ I are the ince rpart icle contact resistance and ca pa ci te -~ce , res pec : i - .e l; .

A d.c. current flowi ng through this c ircuit sees only the two re~is~ anc e;,

but the situation is different for alternati ng current , ‘.-;hich sees the

capacitance as well. The capacitive reactance X~ = and the rE-si stanc e

in each RC loop couple vectorially to generate an impedance which is

frequency dependent. Imoedances in seri es are ac~dit iv e , so the measure-

ment voltage/current for a compacted samp le is the sun of the imned ance s

from each source.

The comp lex impedance in each RC l oop is given by the equation

)z J = R 
—

l+j~Rc

where j  = /-1 and ~ is the angular frequency of the current , wh ico is

derived from the addi tioi law of oaral’ el impedar ces . This equatio r

requires that the impedance must decrease (roll off ) in magnitude es

the frequency is increased . An idealized Bode plot o f log Z versus log

w is shown in Figure 3h. The break poi nt is determi ned by a time constant

= RC , which corresponds to a frequency w0 = -~ = ~~~~ It should be

noticed that the plot is approximately horizontal out to —

~~ 
i.e. frc- m zero

-
. to w~ , Z is approximately equal to R.

For two paralle l RC l oops in series , as required for a compacted

sample , the impedance measured is the sum

R R
Z(total ) Z1 + Z2 = l4j~ R 1C 1 

+ 
T+~~ ~~~~ 2C

2

The two impedances roll off independent of each other , each respon ding

to i ts characteristic time constant. The impedance ~-~ith the l a rg e r t i ne  con stan i

-- — -
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rolls off at a lower w . If the time constants are / or d ers of m egni-
0 -

tude different , the log Z versus log ~ plot shows two -.-ell -res ol ved roll-

off curves , as in Figure 3c.

The impedance at w equal to zero is R1 plus R2. If R1C 1 is muc h

greater than R2C2, the hori zontal portion of the curve between the break

points (enclosed in parenthesis in Fi gure 3c) is eou a l to R2; simi larl y,

for R2C2 much greater than R1C1, the hori zontal portion is eoual to R1.

Now let R-j = R5, C1 = C5, R~ = R~pc~ 
and C2 = Cj~~. Hu~gins a r d

Sharbaugh 17 made the assumpti on that R1~0 was larcer than R5 and that

Cipc was much laroer than C5, with the result th at  the ~nte rpar t ic 1e

contact impedance rolls off at low frequencies , leaving the impedance

intrisic to the material to rol l off at hig h frequen ie;. This car be

understood in terms of the time constants . Thus , if ~he frequ-~nc -.’ th e

alternating current course -is scanned out to high frequencies ar--d ‘.-o  wefl-

resolved roll—off curves can be obtained , the curve at hi gher fre’ -uencies

should correspond to the sing le crystal impedance. The sin gle crys:al

resistance can be easily obtained from the graph by e~trapo lati n~ fro~i

the horizontal portion between the break points to the y-axi s .

This graphical anal ysis will not be possib le if t h e  time constants

are similar and the roll-off curves overlap . In suoport of the sss~T~ptions ,

Wheland and Gil lson have reported that compacted sample resi stivities

averaged two orders of magnitude greater than single crystal values for

highly conducting charge—transfer comp lexes)8

In terms of instrumentat ion , two ways of evaluating the single crystal

resistance were investigated : by alternating-curr ant ~ibea tston e bri ige ,

and by an alternating current- source in conjunction ~-iitn an a.c. voltmeter.
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Nei ther method is without i ts  problems , usually because instru me nts with

loss—free response over a wide range of frequencies a re not rout i ne ly

available. It is estimated that a bandwidth of zero to 106 Hertz is

desi rabl e as a starti nci figure . Thus , instrumentation must be carefully

chosen.

It was not possible to perform bridge measurements on the comp lexes

characterized in this project, since the only avai lable bridge (a General
- - Radio Type 1615—A Capacitance Bridge) would not measu re resistances belo- --;

ten kiloohms , but a description of the measurement is given be1o’~ for
— referen ce. P. schematic of the bridge circuit is shown i n  Figure 4. An

a.c. voltage source is used to power the bridge . R1 and R2 essentially

control the gain of the instrument. The crucial eleme nts are R3 and C ,

connected in parallel to ma tch the sample network , which are variable

components adju sted by decade swi tches . S is the samp le and N is the n u l l

detector. The measurement consists of minimizing the null detector

reading by adjustment of R3 and C. At this point , the value of R3 repre-

sents the equivalent resistance of the sample. Over a range of frequencies ,

R3 will vary between R5 + Rjpc at low frequencies to R5 at high frequencies ,

if the assumptions above hold true.

Attention was then turned to impedance measurements (
~-), with the

hope of designing a system with a frequency band width extendi ng out to

the megahertz range. The proposed electrical network is sho~ i in Fi gure

5a with connections for a two—probe measurement. A summary of the efforts

expended toward this end are included here so that future workers .-.‘ill

benefit from this experience.
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An alternating current source of constant r.m.s. magnitude was needed.

A variable frequency voltage source , a Hewlett—Packard Model 204C, was

availabl e, so methods of voltage-to-current conversion were tested. The

source was first connected to a Kiethley 227 Current Source via the vol-

tage program input terminals in order to generate an a.c. modulate d d.c.
19 .current. The d.c. level was set to zero to obtain a pure a.c. current.

A standard resistor was connected to the Kiethley , but voltmeter measure-

ments showed a band pass from zero to 600 Hz and the method was abandoned .

It was then decided to use a Burr—Brown 3507 J op amp as a constant cur-

rent sourc e, connecti nq the sample in the feed back l oop . This circuit

is shown in Figure 5b. This method was abandoned when the band width

proved to be 102 to l0~ c.p.s. This was attributed to the band width of

the a.c. voltmeter. In addition , there is a limiting band pass associated

wi th the conductivity cell , which is high in capacitance due to the volume

of metal present. In summation , the frequency response of instruments

and conductivity cell make impedance measurements very difficult over a

wide range of operating frequencies.

However, frequency-dependent measurements are considered feasible.

Al ternating-current bri dges are available that have a frequency response

from zero to 106 c.p.s. that can measure resistances less than ten kilo—

ohms . The band width problem of the conductivity cell can be somewhat

alleviated by redesigning the instrument to include less metal (hence less

ca pacitance).
4
. -

Room Temperature Res ist iv i ty Measurements

The room temperature (25 °C) resist iv i t ies of each of the complexes

reported in Table 1 are recorded in Table 3. The measurements were made 



21

TABLE 3

Room Tempe rature Resistiv i ties

(ohm-cm )

Resistivities of DAAQ + Acceptors

donor/acceptor CuC1 2 CuBr 2 12

l ,2-DAAQ >l0~ >lO~

l ,4-DAAQ 8.3 x lO~ 3.5 x lO~ 1.2 x io2

l ,5-DAAQ - >lO~

Resistiviti es of l ,4-DAAQ~I2 System by Stoichiometry :

2:1 2. 5 x

1:1 1.2 x 102

2:3 2.5 x l0~

1:2 4.8 x l03

Other Resistivi ties:

Sample_

7, phenothiazine~I2(2:3) 3.6 x l0~

l ,4-DAAO (pure) >lO~
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using the conductivity cell described above with d.c. current. The most

significant feature of these data is that the complexes l ,4-DAAQ~I2 and

1 ,4—0AAQ~CuX 2 (x = Cl ,Br) show relatively low resist ivities of 102 to io~
ohm-cm , whereas the complexes l ,2-0AAQ~CuX ,, l ,5-OAAQ -1 2, and l ,5-DAAQ

CuCl 2 are poorer semiconductors or insulators with resist ivities above

iü~ ohm—cm. It has therefore been determi ned that use of the donor mole-

cul e 1 ,4—diaminoanthraquino ne leads to relati vely high conductivity ,

whereas 1 ,2-. and 1 ,5—diaminoanthra quinofle are ineffectual in this regard .

To validate these results , the room ternoerature resistivity of pure 1 ,4-

DAA Q was measured and found to be greater than 1O 7 ohm-cm.

Resistivity data for the 1 ,4-OAAQ I2 system over the sti ochiometry

range 1:2 to 2:1 are plotted in Figure 6. It is noted tiat the 1 ,4-DAAQ~I2

complex shows a minimum in ~e~istivity at the stoichiometry 1:1 .
20

Gutmann and Keyzer have found that the phenothia zine :12 system shows

a resistivity minimum at 2:3 stoichiometry .

Another interesting aspect of these results is that 1 ,4-DAA Q forms

complexes with both iodine and copper(II) that do not differ greatly in

resistivity , even though these acceptors differ greatly in acceptor strength

and chemistry . Molecular iodine has the higher standard reduction poten-

tial , +0.53 volts , and has no coord i nation chemistry , whereas copper(II)

shows a smaller one—electron standard reduction potential of +0.15 volts

and can readily coordinate 1 ,4-DAAQ via the ami no and carbony l groups. By

extension of past findings ,21 it is easy to postulate that crystalline

1 ,4-DAAQ~I2 should contain segregated stacks of planar l ,4-DAAQ molecules

in a matrix of poly iodide species, and that these stacks are one-dimensio nal

_ 
-——--~~~~~~~~~~~~ .-.- -
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pathways for electronic conduction , as shown i n F i gure 7. However , an

equivalent structure cannot be easily postulated for l ,4-0AAQ~CuX2 (x = Cl ,

- - Br) in the solid state because l ,4-DAAQ surely coordinates to the copper

ion. A probable structure is shown in Figure 8 wherc a linea r chain of

[Cu(l ,4-DAAQ)X2] repeati ng units is suggested. The ami no and carbony l

groups are predicted to form square planar coordination about copper(II)

wi th two halides occupying the axial positions . This is a good assumption

for the 1:1 l ,4-DAAQ~CuCl 2 complex , but the 3:2 1 ,4-DMO~CuBr 2 comp lex

requires additional explanation in that an additional 1 ,4-DAAQ molecule

per every two repeati ng uni ts must be accounted for. The best explanation

is probably intercalation of additi onal I ,4—DAAQ molecules between adja-

cent linear chains. It is difficult to postulate a conducting pathway

for these copper complexex without crystallographic data and thi s will

not be attempted . The point is that entirely different structures must

be postulated for the copper and iodine complexes .

Electrical Characterization

The electrical properti es of crystalline materials depend on the width

of the energy gap AE between the valence and conducti on bands according to

band theory .22 Insulators have prohibitively large energy gaps. Semi-

conductors show lesser gaps , and metals show zero band gaps . In intrinsic

semiconductors , electrons are promoted from the valence band to the con-

duction band by whatever energy is available , where they participate in

conduction. The ratio of the number of electrons in the conduction band

to the number in the valence band follows the Boltzmann distribution , and

from this the conductivity , o, as a function of temperature (1) has been
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shown
23 to be

= GO exp (-~E/kT)

-; where is a preexponential constant and k is the Boltzrnann constant.

This equation can be rewri tten in terms of resist ivity to become the

followi ng

p(T) = p 0 
exp (+t~E/kT)

where p 0 
is a preexponential constant.

The conductivi ty of a semiconductor is therefore expected to increase

as temperature increases . Metals also show a temperature dependen t

behavior , but here the conductivity decreases as temperature increases

due to thermally activated lattice vibrations which disrupt the periodic

positi ve potential through which conduction electrons pass (lattice scat-

teri ng). It is therefore possibl e to classify an unknow n material f ro m

the temperature dependence of its conductivity : a semiconductor will show

zero conductivity at absolute zero and a positive temperature coefficient

of conductivity do/dT, whereas a metal will show a non-zero conductivity

at absolute zero and a negative da/dT. Some materials however , show both

behaviors in different temperatur~ regions , with the transition in behavior

usually accompaning a structura l phase transition. 24

The band gap ~E may be determined from temperature dependent con duc-
‘• i

tivity (or resistivity ) data by plotting the natural logari thri of

resistivity versus the reciprocal temperature . If the p lot is 1ine~r,

then the band gap can be calculated fro-~ the slope o~ the line by the reid-

tion

-‘ 

slope 

=L
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In theory~ the band gap can also be determi ned from absorption spectre-

scopy . Electronic transitions can occur between the top of the valence

band and virtually any energy within the conduction band , so a broad el ec-

- 
- 

tronic absorption band is to be expected ,the width depending on the width

of the conducti on band . Thepoint of interest here , i.e. the band gap
— 

energy , is the lowest energy necessary to promote an electron. Thi s is

found at the low energy edge of the absorption band and is accordingly

called the absorption edge. Optical promotion of valence electrons into

the conducti on band is known as photoconductivity .

In practice , it is easier to calculate the activation energy initiall y

from variable-temperature resistivity data , then attempt to verify its
L

existence via absorption spectroscopy .

To put the resistivity measurements contained here in in perspective ,

it should be noted that the metallic elements copper , silver , gold s and

aluminum show resist ivities on the order of l0 6 ohm-cm . The intrinsic

semiconductor germanium shows a resistivit y of 101 ohm-cm .25 while most

molecular crystals have values between io lO and i&~ ohm-cm.
26

Variable-Temperature Resistivity Measurements

The resistivities of 1 ,4-DAAO I2 (2:3), 1 ,4-0AAQ~CuCl 2(l:l), 1 ,4-

DAA Q-CuBr
2
(3:2) and PH~I2 (2:3) were measured as a function of temperature

between 77°K and 280°K using the procedure and apparatus described above.

Plots of conductivity versus temperature are shown in Figures 9 and 12

and plots of 1 n(resistivity ) versus l/T are shown in Figures 13 and 16. 
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All complexes without exception show temp~r atu re  de pe nd ent  con duct i v i t y

over the entire region 77°K to 280°K. The positive slope d:/dT indicates

that the complexes are all semiconducting. The plots of ln(re sist ivity )

versus 1/1 are basically consistent with the fol l o:ding conduction machan-

ism; one conduction band being expotentially populated as a function of

temperature (intrinsic serniconduction). Small deviations from lineari ty

are observed , however, especially at higher temperatures. Possible exp lana—

— tions for these deviations are: 1) Temperature- dependent structural tran-

sitions which change the activation energy may be occurri ng . The curvature

of some plots suggest continuous structural change ,which has been observed

before.27 2) Impurities may be present in the solid state lattice which

create additional conduction levels that may be popul ated expotentially

(extrinsic semiconduction).

A statistical analysis of these deviations is presented in Table 4,

which reports the experimental l inear-correlation coefficient ,28 defi ned

as R = (b .b’) 1”2 when b = slope of y(x)  and b ’ = slope of x(y). Here

y ln(resistivity ) and x 1/1. An R value of one is indicative of a co~i-

- - pletely linear correlation of y to x , while a value of zero indicates no

correlation. The percent deviations from 1.000 are largest for the copper(II)

halide adducts of l ,4-DAA O, indicating that these complexes deviate r~ost

from intrinsic seini conduction. -

Table 4 also reports the experimentally determined activation energies ,

obtained from the slope of 1 n (resistivity ) versus 1/1 as described above.

A least—s qu ares analysis of the data was employed , and the activation energies

- _ _
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are reported both in electron volts and reciprocal centimeters . The

following conversions were used :

1 erg = 6.242 x 10
11 eV

1 eV = 8066 cm~~.

Absorption Spectra

To test the hypothesis that electrons can be promoted across the

band gap in the conduction band by optical activation , infrared and

far—infrared spectra were attempted for the complexes 1 ,4-DA Q 1 2(2:3),l ,4-

DAAQ~CuC12(1:l), 1 ,4-DAAQ~CuBr2~3;2), and phenothiazine.12(2:3) . The infrared

4 
spectra were run on a Perki n-Elmer 421 Spectrophotometer from both Nujol

mull s and potassium bromide pellets , while the far-infrared were run on a

Perki n—Elmer 621 from lujol mulls. Detailed spectra were impossible

to obtain due to an unusually high absorption baseline , but no absorption

edges were observed at the frequencies predicted in the prev iou3 section

4 
or ot~ierwise. The absence of the predi cted absorption edge has also been

noted by Fitz.29

cyclic Voltammetrt..

The ability of a molecule to donate an electron to an appropriate

acceptor is related to its ionizat ion potential , which is in turn related
30to its electrochemical oxidat ion potential. As a general rule , moderatel y

strong donors (0.lv -‘- E0~ < 0.4v) form highly conducting charge-transfer

com~i1exes with moderately strong acceptors (Ov .- Ered ~ O.35v).
3’ For

example , tetrathiofulvalene is one of the best known donors with an oxida-

- . - -- -
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tion potential of +0.30 volts versus the saturated calomel electrode ,

and this donor partic ipates in the most conductive charge-transfer corn—

plex know n (TT F-TCN Q) . Thus , the oxidation potential of the donor is

a factor which is related to the resultant conductivity of charge-transfer

complexes which are formed from it.

Cyclic voltamrnetry was used to determi ne the oxidation potentials

- 
- of 1,2— , 1,4— , and 1,5—diam i noanthraquinones and thei r radical cations in

acetonitrile. Figures 17 through 19 show the voltammograms . A platinum

working electrode was used in conjunction-wi th a saturated calomel refer-

- 
- ence electrode. Tetra-n—butylan inonium hexafluorophosphate (TBAU) was the

supporting electrolyte , 0.1 molar in acetonitrile . The voltage sweep

rate was 200 millivolts per second .

It was found that 1 ,4-DAAQ showed the lowest oxidati on potential ,

+0.77 volts , versu s +0.95 vol ts for l ,2-DMQ and +1.31 volts for 1 ,5—DAAQ

(see Tabl e 5). These results were gratifying because , as shown in Table

3, the 1 ,4-OAAQ adducts showed the l owest resistiv ities . A correlation

between low resistivity and low oxidation potential has thus been estab-

lished for this series of donors .

On the basis of its oxidation potential (0.77 volts), it was not

expected that 1 ,4-DAAQ would be as good a donor as TTF(0.30 vol ts), but

the resistivity obtained for 1 ,4-DAAQ~I2 (1:1) is actually less than that

reported for the TTF~I2 complex of identical stoichiometry (p = iO~ ohm-cm) .
32

This is not too surprising however , for it has been demonstrated that other

factors not investi gated here , particularly crystal structure and degree

of charge transfer ) have important effects on conductivity . The find i ngs 
-

reported within support the conclusion that donor ability is importan..,

buz not the o~ily factor ~nvo ved 1~r hi gh conductivity . 
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TABLE 5

Analysis of Diam inoanthra Quinones by Cy clic 7olcam ~etry

(Oxidation only)

Isomer Ep,a (volts) Ep, c (VOltS ) cE~ (volts )

1 ,2-DAAO +0.95 - -

l ,4-DAAQ +0.77 +0.71 +0.06

l ,5-DAAQ +1.31 +0.85 +0.46

isoviler ‘p,c (uA) ~p ,a 
( uA )

l ,2-DAAQ 0 116 -

l ,4-DAA~ 34 50

I.

1 ,5-DAAO 15 28

- - -4

________________ ~~~~~~ — - - • —-——— ~~~~~ — ~~~~~~~~ __ _ i_ ~~~~~ - - ~
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Anoth~r factor 33 related to the conductivity of charge-transfer corn-

plex is electrochemica l stability of its constituent radicals. TCNQ forms

stabl e radical anions wi th appropriate donors and TTF forms stable radical

cations wi th appropriate acceptors. These radical species stack face-to—

face in the solid state and form one—dimensional conduction pathways .

Other successful donor molecules , such as phenothiazine , perylene , p-phen-

ylenediamine ,34 and ferrocene form stable free radicals via electrochernica l

oxidation in solution , as do h F  and TCNQ.

Electrochemical stability of an oxidized species can be measured

as reversibility by cyclic voltammetry . The cri teria are twofold; First ,

the potential difference AE~ between the forward (anodic) and reverse

(cathodic) current waves at their maxima must be approximately 60 milli-

volts. This is deri ved from the relation

— - 59.5 mill ivolts ,,~~ 35~Ep 
— L p , a 

— L p , c 
— at 4.) C

where n is the number of electrons i nvolved in the oxidation. The

second criterion is that the ratio of forward to reverse current , i(cathodic)/

i(anodic), must be unity for a reversible process, indicating that the

electrochemical intermediate is chemicall y stable and not subject to decoi~i-

position or reacti on with another species .

Table 5 shows that only l ,4-DAAQ met the requirement. l ,5-DAAQ

showed a reverse wave corresponding to the reduction of a decomposition

product while l ,2-DAAQ did not show a reverse wave. The data did not

show l ,4—DAAQ to be strictly reversible , however , with ~p,
c/i

~~0 =

68% at 200 mi lli volts per second . Nonetheless , it did indicate that the 

~~~~~~~~~~ _~~~~~~~~~~ - --—-
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1 ,4—DAAQ radical cation had a measureab le half—life , and does not rule

out the poss i bility that it mi ght be more stable in another solvent or

in the solid state. While this evidence is not conclusive , it suggests

a correlation between conductivity and el ectrochemical reversibility .

It is felt that a more detailed cyclic voltaninetric measurement could

establish this point more firmly.

Electron Paramagnetic Resonance

Recen t ev id ence has become ava i lable 36 which sheds lig ht on the elec-

tronic struc tur e of P WI 2 (2:3), l ,4-DAAQ .1 2 (2:3), l ,4-DAAQ .CuC1 2 (1:1),

and l ,4-OAAQ CuBr2 (3:2) in the solid state. Elec tron paramagnetic

spectra were taken of these complexes at 298°K and 77°K on a Varian E-3

X-band Spectrometer, using quartz sample tubes and DPPI-I calibration. On

the basis of observed g-factors , the absorptions shown in Figures 20

through 23 are consistent with the assignments given in Table 6. The free

electron g-factor -is 2.0023, and copper(II) of values typically lie between

2.1 and ~~~~ Halogen radicals in the solid state have not been observed .38

The data indicate that free-radical species are present in each com-

plex along with copper(II) complexes where copper halides were involved .

The free radical absorptions are assigned to the phenothiazinium radical

cation in the PH1 2 spectrum , and the radical cation of 1 ,4--DAN) in 1 ,4—

DAAO—containing spectra . Their observation directly imp lies that partially

complete charge transfer has occurred in each complex. These assi gn-

39 4

ments are consistent w i t h  electrochemical studies in the literature and

L 
—-- -- A
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TABLE 6

Electron Sp in Resonance Band Assignments

Complex g-factor Assignment and Comment

phenothiazine~I2 (2:3) 2.003 free radical , strong 
—

l,4- DAAO~I2 (2:3) 2.003(77°K,298°K) free radica l , strong

2.509(77°K) unknown species

2.571 (298°K) unknown species

l ,4-~AAQ~CuCl 2(1:l) 2.003 (77°K ,2Yd°K)free radical , weak

2.122 (77°K) copper(II), dipolar -broadene~

2.118 (298°K) copper(II), dipo1ar-broaden e~

l ,4-DAAO~CuBr2(3:2) 2.003(77°K,298°K) free radical , strong

2.090 (77°K) copper(Jl), dipolar-broade n~’

2.085 (298°K) copper(II), di polar-broadenec

2.996 (77 °K) unknown specie s

2.689 (298°K) unknown species

1

.-.~

__________ 
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the present work (see above) which suggest the existence of stable radi-

cal cat-ions of phenothiazine and l ,4-DAAQ in acetonitrile. Abnor r~’a1ly

high g-factors were also observed in two comp lexes , but the species g iv ing

rise to these absorpt ions are difficult to identify .

No hyperfine structure or zero-field splitting were observed fo r any

comp l ex , bu t the 1,4-DAAQ 12 spectrum showed a faint structure at approx-

imately half the resonance fiel d strength which may be a triplet state

AMS = + 2 transition.4° This is evidence of spin-spin coupling. 41 Inter-

esting conclusions pertaini ng to the mechanism of conductivit y in charge-

transfer complexes have been drawn in the literature on the basi s of spin-

42
coupling evidence.

Concl ud i ng Remar ks

The results obtained here are consistent wi th the generali-

zations concerning the properties of donors essential for the formation

of charge—transfer complexes : low oxidation potential , formation of

stable radical cations , and planar structure. However , it would be

simp listic to state that lowering the oxidation potential of the donor

always causes a corresponding decrease in the resistivity of the charge-

— transfer sal t , for this is not always observed in the literature . It may

be conclud ed, therefore, that while the oxidation potential must be

low for succe ssful donors , it is not the sole factor contri buting to the

resist ivity of the charge-transfer salt. :
Fur thermor e, while the cyclic vol tammetry evidence does not confirm

~~ that radical cations of l ,4—DAAO are stable in aceton itrile for more than

a short period of time , the electron spin resonance data almost surely

_ 
_ _ _
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points to the existence of radical cations in the so li d state . Cyc~ i c

vol tammetry is regarded as a useful technique for th~ de:cr-nination of

radical stability , for it did defini tely show that the radical catiors

of l ,2—DAA O and l ,5—DAAQ are not stable and this obser vation conforr s with

the trend in resistivity given in Table 3. It is suggested that  cyclic

vol tammetry be utilized more frequently in the study of the electronic

properties of potential donors and acceptors .

The spring-loaded two—probe conductivit y cell was shown to be effi-

cient in screening the electrical properties of a large nr~ber of new

compounds in compacted form. The use of three cells and a calibrated

diode in the cryogenic apparatus was shown to be hi ghly efficient in tii’e

expended and nitrogen coolant consumed .

It was noticed that contact resistance could be a ~roblem and it is

realized that this problem can be eliminated by usi ng a four-probe elec-

trode arran- ement. Frequency—dependent measurements were f o u n d  to be

difficult due to the frequency restricti ons inherent jr the available elec-

tronic equipment and the conductivity cell. However , instruments tiat

are loss—free over a wide range of frequency are av&ila le and the fre-

quency response of the conductivity cell can be increased bj reducin 9

the amount of metal used in construction. Al ternati n3-current brid~a

mea s u rements or impedance measurements are considered to be feasible.

The charge-transfer salts formed by reaction of 1 ,4-DAAO with mole-

cular iodine and copper(II) halides were found to be seniconductors over

the temperature range 77°K to room temperature . This room temperature

res istivitives are on the order of 1 x lO~ ohm-cm and their activation

- _
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energies were reported . The expotential activation law from band tieory

was not adhered to rigorously.

Likely structures for each of the 1 ,4-DAN) adducts were suggested.

The l ,4—DAAQ~- I 2 salt is most likely to show a solid-state structure

similar to that found in orthorhombic TTF~ ~~~~ 
namely, columns of TTF

mol ecules stacked face-to-face contained in a matri x of polyio dide chains .

It is also predicted that the l ,4-DAAQ~CuX 2 (x = Cl , Br) systems are coor-

dination complexes , perhaps with stacked DAAQ molecules.

The PH . 12 (2:3) charge—transfer salt has been reinvestigated w ith the

following results : The room temperature resistivity determi ned in this

work is higher than that reported in the literature , but the activat ion

energy was found to be lower than that given in the literature by almost

50% (0.16 eV versus 0.088 eV). The electron spin resonance spectrum of

this complex was consistent with the existence of phenothiazi re radical

cations in the solid state. Phenothiazine shows a stable radical cation

in so1u ti on~
2

To continue this study of l,4— DAAQ charge—transfer sal ts it is impor-

c tant that single crystals be grown and the crystal structures be deter-

mi ned . To characterize the magnetic properties , magnetic susceptibi lity

should be measured in the range 1 000 to 300°K. The susceptibility results

should then be compared with the temperature-dependent conductivity .

To improve the technique of resistivity measurement , it is suggested

V that a new linear four-probe electrode system offered by Electro Scientific

Industries , Inc .44 be acquired. This system is small enoug h for single

crystal work and utilizes spring-loaded electrodes for makin g electrical

contact to uneven surfaces . The four-probe circuitry would provide con-

tact-resistance-free measurement capability . 

--5 - --
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