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Abstract. We present the results of spectral studies of Et4N[Au(dmit)2TCNQÎ sait contain-

ing alternating stacks of Au(durit)2 and TCNQ molecules. The polarized transmission spectra

of single crystals
are

measured in the IR region (650 to 6500 cm~~)
as a

function of temper-

ature (90 to 300 K). Moreover, the powder absorption spectra in the frequency range (400 to

40000 cm~~)
are

reported. From spectral evidence results that transferred electrons are
localized

on
Au(dmit)2 molecules

in
the mixed stacks. The intrastack charge transfer between Au(dmit)2

and TCNQ molecules (+~ 8000 cm~~) and the interstack charge transfer transition between

Au(dmit)2 molecules (+~ 5500 cm~~)
are

found. Interactions of electrons with intramolecular

vibrations of TCNQ (ag modes) and Au(dmit)2 (C
=

C and C
=

S stretching)
are

suggested

and discussed.

1. Introduction

Tue metal complexes M(dmit)2 (M
=

Ni, Pd, Pt, Au and dmit
=

4, 5 dimercapto-1,3-dithiole-

2-tuione; Fig. l are known to form many uiguly conducting salts witu diiferent donor molecules

or closed-suell cations Ill. In tuis series turee Ni(dmit)2 salts and turee Pt(dmit)2 salts exuibit

superconductivity under pressure and one
Ni(dmit)2 sait becomes superconductor at ambient

pressure 11, 2]. Close S S contacts, suorter tuan tue sum of tue corresponding van der Waals

radii, promote effective molecular overlap mside and/or between tue stacks. Up to now tue

most widely studied are compounds based on tue dmit complexes of Ni, Pd and Pt but an

interesting series of uiguly conducting salts based on
Au(dmit)2 bas been also syntuetized [3].

Tue TCNQ (tetracyano-p-cuinodimetuane) is anotuer important organic acceptor yielding

a great number of conducting charge transfer salts witu diiferent cations [4]. Tue TCNQ

molecules stack face-to-face to form linear cuains and tue overlap of 7r-molecular orbitals along

tue stacking direction greatly exceeds interstack coupling. Tue consequence of sucu specific

crystal structure is a uigu amsotropy of tue puysical properties, 1.e. quasi-one-dimensionality.

(* Author for correspondence je-mail: swietlik@ifmpan.poznan.pl)
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Fig. 2. Crystal structure of Et4N[Au(dmit)2TCNQ] projected along the
c-axis

(above) and b-axis

(below) [3].

Botu Au(dmit)2 and TCNQ form conducting salts witu Et4N+ (tetraetuylammonium) cation.

Tue Et4N(TCNQ)2 crystal is a quasi-one-dimensional semiconductor [Si, wuereas tue Et4N
[Au(dmit)2]2 compound is known to exist in two modifications a and fl, exuibiting metal-
lic and semiconducting properties, respectively [3]. Moreover, an interesting crystal Et4N
[Au(dmit)2TCNQ], containing mixed [Au(dmit)2TCNQ]~ anion, bas been also syntuetized [3].
Tue crystal structure data of tue Et4N[Au(dmit)2TCNQ]

are following: triclmic unit cell,

space group Pi,
a =

6.490(1), b
=

7.330(1),
c =

iî.802(4) À,
a =

86.51(3), fl
=

81.75(3),
~ =

78.24(3)°, V
=

820.08 À~, Z
=

1 [3]. Tue Au(dmit)2 and TCNQ molecules altemate eacu
otuer forming stacks along b direction (Fig. 2). Tue stacks are arranged in layers parallel to

ab plane altemating witu tue layers of Et4N cations m c direction. Sligutly suortened S S

contacts (3.637 À) are observed between tue stacks in tue anion layers. Tue low room temper-
ature conductivity of tuis crystal (-~ 10~~ S/cm) gives evidence of strong charge localization

m tue mixed [Au(dmit)2TCNQ] stack.

Tue extraordinary crystal structure and tue presence of mixed anion prompted us to per-
form tue spectral investigations of Et4N[Au(dmit)2TCNQ) crystals. Optical properties of tue
altemating stack and first of ail tue charge distribution

are tue most interesting problems. It

is well known tuat infrared spectra of crystalhne organic conducting systems are dommated
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by vibrational bands wuicu are a consequence of electron-molecular vibration (EMV) coupling
puenomena [fil. Tue eventual presence of EMV interactions m

Et4N[Au(dmit)2TCNQ] crystal
is anoJuer interesting question.

2. Experimental

Tue plate-suaped Et4N[Au(dmit)2TCNQ] crystals of typical dimensions 1 x i x 0.03 mm~

were grown from acetonitrile. Tue compound Et4N[Au(dmit)2)
m tue amount of 0.0216 g

(3 x
10~~ mol)

was dissolved in acetonitrile (30 ml) at room temperature. After ueating of

tue solution up to t
=

î2 °C tue TCNQ (0.02448 g, 1.2 x
10~~ mol) was added. Tuen tue

vessel witu solution was placed into a thermostat (72 °C) and cooled down slowly to room

temperature at tue rate of i °C/uour. Tue obtained crystals were filtered off, wasued up witu

acetomtrile and acetone and dried at t
=

40 ° C.

Polarized transmission spectra of single crystals, for electrical vector of polarized ligut parallel
and perpendicular to tue stacking axis, were measured wituin tue frequency range (650 to

6500 cm~~) by using tue FT-IR Perkin Elmer 1725 X spectrometer equipped witu a FT-IR

microscope. We studied also tue spectra of powders dispersed in KBr pellets in tue range
400 to 40000 cm~~; turee diiferent spectrometers were used: FT-IR Perkin Elmer 1725 X

(400 to 7400 cm~~), Specord NIR (4000 to 13500 cm~~) and Specord UV-VIS (13000 to

40000 cm~~ ). Moreover, temperature dependence of tue middle IR transmission of botu single
crystals and powders in KBr pellets was studied down to T

=
90 K. For comparison we

measured also room temperature absorption spectra of tue compounds Et4N[Au(dmit)2] and

Et4NI3 using KBr pellet technique. Detailed analysis of infrared spectra and tueir temperature
dependencies was performed after decomposition of tue selected spectral features. For tuis

purpose a standard PEAKFIT program was used and tue bands were fitted by Lorentzian

and/or Gaussian functions.

Tue value of average charge residing on TCNQ molecule can be estimated from tue position
of Raman band assigned to tue totally symmetric TCNQ mode agu4 Iii. For tuis reason we

performed tue Raman measurements of Et4N[Au(dmit)2TCNQ] powders at room tempera-

ture using FT-IR Bruker IFS 66 spectrometer equipped witu FRA 106 Raman accessory and

Nd:YAG laser (À =
1.064 /tm).

3. Results and Discussion

3.1. ELECTRONIC TRANSITIONS AND CHARGE DisTRiBuTioN. Trie electronic absorption

spectra of Et4N[Au(dmit)2TCNQ] and Et4N[Au(dmit)2] Powders in KBr pellets are suown

in Figure 3. In botu compounds turee strong, similar bands D, E, F are observed and tue

sait Et4N[Au(dmit)2TCNQ] exuibits additional, weak electronic absorptions A, B, C. Tue

electronic transitions fait into two classes: tuose at uiguer energies result from intramolecu-

lar electronic excitations and tue lower-energy bands are due to tue interactions among tue

molecules and are called charge transfer bands. Tue assignment of electronic bands bas been

performed by companson witu tue interpreted electronic spectra of otuer Au(dmit)2 [8] and

TCNQ [9,10] salts.

Tue strong band F at tue frequency 33000 to 34000 cm~~ witu a suoulder at 35500 cm~~ is

related to a 7r-7r* transition of tue dmit ligand. Anotuer 7r-7r* band of tue hgand is observed

at 21000 cm~~ for Et4N[Au(dmit)2TCNQ] and at sligutly lower frequency 20500 cm~~ for

Et4N[Au(dmit)2] (band D in Fig. 3). Tue electronic absorptions F and D correspond to trie

bands at about 34200 cm~~ and 21400 cm~~, respectively, for Bu4N[Au(dmit)2]2 in acetonitrile

solution [8]. Tue band E at 27000 cm~~ witu a weak suoulder at 25000 cm~~
can be assigned
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Fig. 3. Electronic absorption spectra of Et4N[Au(dmit)2TCNQÎ and Et4N[Au(durit)2) powders in

KBr pellets (weight concentration 1:4000).

to tue Au~~~
-

S charge transfer excitation but in tuis frequency region tue intramolecular

excitation of neutral TCNQ° usually appears (27000 to 28000 cm~~ for diiferent TCNQ salts

[9,10]). Tuerefore, in Et4N[Au(dmit)2TCNQ] tue band E is a superposition of tue Au~~~
-

S

charge transfer and TCNQ° intramolecular excitation. Analogous electronic absorption wa8

found at 28600 cni~~ witu a suoulder at 26300 cm~~ for Bu4N[Au(dmit)2]2 in acetonitrile

solution [8].
A striking feature of tue electronic spectrum of Et4N[Au(dmit)2TCNQ] is tue absence of

a band at about 16000 cm~~ wuicu could be expected from companson witu tue electronic

spectra of otuer TCNQ softs at tuis frequency tue intramolecular excitation of TCNQ~
anion is usually observed [9,10]. Tuis fact suggests tuat tue average charge density on TCNQ
molecules is close or equal to zero, 1. e. tue transferred electron is mostly localized on

Au(dmit )2
molecule. Tuis conclusion is confirmed by our Raman measurements of Et4N[Au(dmit)2 TCNQ]

since tue agu4 Raman band is situated at 1450 cm~~,
i e. nearly at tue frequency corresponding

to neutral TCNQ° molecule (1454 cm~~ I?i ).
Tue relatively weak doublet C (12000 and 13000 cm~~

is wituout doubt related to TCNQ.
Analogous electronic feature is always found in spectra of TCNQ salts [9,10], tuougu usually

at sligutly lower irequency. Since tue publication of tue paper [9] by Torrance et ai., sucu

electronic absorption is generally a8signed to tue charge transfer process (TCNQ~ + TCNQ~
-

TCNQ° + TCNQ~~). Tue specific structure of tue stacks in Et4N[Au(dmit)2TCNQ] and tue

estimated charge distribution prove tuat sucu charge transfer is impossible. Yakusui et ai. Ii ii
attributed band C to tue lowest 7r-7r* band of TCNQ~ ion but in Et4N[Au(dmit)2TCNQ] tuere

are only neutral TCNQ° molecules
in

tue stacks. In conclusion tue nature of TCNQ electronic

absorption C remains unclear.
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Fig. 4. Polarized infrared absorption spectra at room temperature of Et4N[Au(dmit)2TCNQ] surgie
crystal

m
the region 6500 2100 cm~~. The electrical vector of polarized light is parallel (E [ b) and

perpendicular (E 1b) to the stacking axis (note the change of frequency scale at 3200 cm~~)

Tue electronic bands A (5500 cm~~) and B (8000 cm~~) in powder spectra (Fig. 3) were

also studied using tue transmission technique on tuin single crystals (Fig. 4). Tue band A is

polarized perpendicular and tue band B parallel to tue stacking direction b and we relate tuem

to inter- and intra8tack charge transfer, respectively. Tue band A is very weak and corresponds
to tue side-by-side charge transfer between Au(dmit)2 and TCNQ inside tue stack. In single
crystal spectrum tue band A is centered at lower frequency (-~ 5100 cm~~) tuan in powder
spectrum (-~ 5500 cm~~); tue band B seems to lie also at lower frequency but it cannot

be positioned more precisely smce tue measurement was made up to 6500 cm~~. In powder

spectrum band A is weaker tuan band B but tuis diiference is not so large as m tue single crystal

spectrum. Tuis could be an indication tuat band A is polanzed perpendicularly to tue (001)
crystal face and in tue single crystal spectrum its component in tue b direction is only observed.

Since sucu electronic transition is ratuer unexpected, it seems tuat tue diiference of relative

mtensities between powder and surgie crystal spectra is due to an influence of powdenng eifect.

3.2. VIBRATIONAL MODES. TÎ1e specific ieature of tÎ1e orgamc conductors is tÎ1e existence

of strong electron-molecular vibration (EMV) interactions wuicu manifest tuemselves by strong
bands m tue mfrared spectra. Obviously, tue EMV coupling takes place wuen tue frequency

of vibrational mode lies wituin tue region of a suitable, strong charge transfer band. In tue

Et4N[Au(dmit)2TCNQ] sait tue uigu frequency of intra8tack charge transfer (-~ 8000 cm~~)
and tue very low intensity of interstack charge transfer (-~ 5100 cm~~) give rise to tue weak-

ness of expected infrared bands related to EMV coupling puenomena. Tue IR spectrum of
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Fig. 5. Infrared absorption spectra at room temperature of Et4N[Au(dmit)2) and Et4N[Au(dmit)2
TCNQ) Powders

m
KBr pellets in the region 1650 400 cm~~ (weight concentration 1:1000).

Et4N[Au(dmit)2TCNQ] suould be dominated by IR active vibrations of Au(dmit)2, TCNQ as

well as cation molecules, nevertueless tue presence of weak EMV features is also expected.

Tue IR absorption spectra of Et4N[Au(dmit)2] and Et4N[Au(dmit)2TCNQ] powders are il-

lustrated in Figure 5. Tue spectra of botu compounds are similar and several additional bands

in
Et4N[Au(dmit )2TCNQ] are due to TCNQ molecule. In Et4N [Au (dmit )2] spectrum tue bands

are of uiguer intensity, especially tuose at 1477 cm~~ and 1061 cm~~ related to C
=

C and C
=

S

stretcuing vibrations of Au(dmit)2 molecule, respectively. Tue structure of Et4N[Au(dmit)2]
is

not known but it may be supposed tuat Au(dmit)2 molecules interact stronger (probably face-

to-face interaction) tuan in Et4N[Au(dmit)2TCNQ], tuerefore tue IR eifect of EMV couphng is

stronger. Tue IR transmission spectra on
Et4N[Au(dmit)2TCNQ] single crystals were investi-

gated in two polanzations: tue electrical vector of polarized ligut was parallel or perpendicular
to tue stacking direction b (Figs. 4 and 6). Tue transmission metuod on partially transparent
single crystal is very useful for measurements of very weak modes, tuerefore, tue single crystal
spectra are very reacu and in companson to powder spectra tue relative intensities of many
bands are diiferent. Tue FT-NIR Raman spectrum of Et4N[Au(dmit)2TCNQ] is dominated by
tue strong TCNQ bands: 1609 cm~~ (agu3 ), 1450 cm~~ (agu4), i196 cm~~ (agus ), 952 cm~~

(agu6), î08 cm~~ (agu7) and 345 cm~~ (agu9i; tue otuer strong bands at 906 cm~~, 497 cm~~

and 325 cm~~ may be related to Au(dmit)2 molecule.

Tue frequencies of IR bands at room temperature and tueir assignment are listed in Table I.

Tue attributions of Au(dmit)2 vibrational bands are based upon tuose previously establisued

for otuer molecules containing dmit ligand [12-15] or analogous molecules [16] since tue normal
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Table1. Freqilencies (cm~~ ) and assignments of trie infrared spectra of Et4N[Ail(dmit)2
and Et4N[Ail(dmit)2TCNQ] at room temperatilre (T

=
300 K ).

TCNQ° Il 7] Et~N[Au(durit)ITCNQ] Et4N[Au(durit)il Assignment
powder

abs calc crystal powder

EIÎ b Eib

3065 Î041 3059 3059 3058 TCNQ bi~vi~
3053 3050 3043 3043 3043 TCNQ b~~v~~

3006 3006 3005 3000 Et~N
2986 2986 2986 Et~N
2976 2973 2976 Et~N
2946 2946 2945 2940 Et~N
2910 2922

2852
2229 2230 2217 2218 TCNQ a~v~
2228 2226 2217 TCNQ b~~v~~
2228 2230 2214 2213 TCNQ bi~v,~

2181
1921
1614

1602 1602 1598 TCNQ a~v~
1545 1542 1543 1543 1543 TCNQ bj~v~~
1540 1530 1537 1535 1537 TCNQ b~~v~~

1483 1483
1474 1476 1479 1477 C=C

1454 1454 1461
1457 1457 1456 1457
1450 1454 1450 C=C
1446 1446 1446 1446
1432 1431 1432 1435
1411 1411

1405 1404 1394 1397 bj~v~j
1389 1391 1391 Et~N
1385 1385 Et~N
1363 1363 1363 1365 Et~N

1354 1360 1353 1353 TCNQ b~~v~~
1331 1331

1268
1246

1207 1207 l195 TCNQ a~v~
1185 l185 l181 l182 Et~N
1174 l168 l172 l171 Et~N

1125 ll19 l128 TCNQ b~~v~~
1l18
1l10
1094

1054 Et~N
1061 1059 1056 Et~N
1052 1051 1050 1061 Aujdmit)~ C=S
1035 1035 1033 1027 Au(durit)~ C=S
1028 1030 1026 Au(dmit)~ C=S

998 1013 1006 1006 1005 TCNQ bj~v~~
996 998 998 1001 Et~N
991 992

962 961 961 TCNQ b,~v~~
905 907 905 909 Au(dmit)~ C-S

859 831 831 TCNQ b~~v~
783 787 784 788 Et~N

776 778 Et~N
520 Aujdmit)~ Au-durit
514 514 Au(dmit)~ Au.durit
468 468 Au(dmit)~ Au-S
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Fig. 6. Polarized infrared absorption spectra (1670 650 cm~~) at room temperature of Et4N

[Au(dmit)2TCNQ] single crystal for the electrical vector of polarized light parallel (E
[[

b) and per-

pendicular (E1b) to the stacking direction.

mode analysis of M(dmit)2 molecule bas not been done as yet. Tue TCNQ bands are assigned
according to tue paper Ii?i and tue bands of Et4N cation on basis of our IR data on Et4NI3 sait.

In order to make tue best use of experimental evidence tue band attribution bas been carned

out very carefully considenng orientation of tue molecules witu respect to tue crystal face

(001), tue powder and single crystal spectra, tue relative intensities for diiferent polarizations

as well as tue temperature dependencies.

From tue crystallograpuic data results tuat molecular planes of Au(dmit)2 and TCNQ are

nearly perpendicular to tue (001) crystal face and tue long molecular axes are tilted in tuis

way tuat tuey bave components in tue direction perpendicular to tue stacks (Fig. 2). Sucu

orientation of tue molecules witu respect to tue (001) crystal face causes tuat in-plane, IR active

bru and b2u modes suould be mainly registered in tue direction perpendicular to tue stacks

wuereas tue out-of-plane b3u modes parallel to tue stacks. Tuis agrees witu tue polarization of

tue bands related to IR active TCNQ modes of bru and b2u symmetry, and tueir frequencies

are close to tuose for neutral molecule (Fig. 6 and Tab. I). Tue band 831 cm~~ polarized

parallel to tue stacks, corresponds to tue out-of-plane b3uuso TCNQ mode and exuibits larger
suift from tue TCNQ° frequency; it seems to us tuat it can be due to an influence of tue

neigubounng Au(dmit)2 anions. In tue direction parallel to tue stacks E [ b we find several

bands wuicu can be attributed to tue totally symmetric a~ modes of TCNQ molecule. Tue best

example is tue mode agu3 "
1598 cm~~ but also agu2 "

2217 cm~~ and agus "
i195 cm~~

are

well separated by tue decomposition procedure. We observe also agu4 "
1461 cm~~ but tuis

band is dillicult to analyse since it strongly overlaps witu Au(dmit)2 and Et4N bands. Tue ag
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modes are normally IR-inactive but tueir weak IR activity may appear due to tue influence

of lower symmetry crystal field or to tue eifect of couphng to charge transfer. To answer tuis

question we studied temperature evolution of tue IR spectra assuming tuat tue bands being a

consequence of EMV coupling puenomenon strongly increase tue intensity wuen temperature
decreases. Tue temperature dependence of tue relative integral intensity for diiferent TCNQ

and Au(dmit)2 bands is suown in Figuré 7. Tue intensity of TCNQ ag bands grows strongly
wuen tue temperature decreases, wuat suggests tuat tue ag modes are activated by couphng
witu charge transfer transition between Au(dmit)2 and TCNQ in stacks. It is interesting tuat

tue intensities of tue greater part of bru and b2u TCNQ bands grow weaker wuen temperature
decreases (Fig. 7) witu tue exception of biuu20 "1543 cm~~ and b2uu33

"
2217 cm~~ (b2uu33

coincides witu agu2 "
2217 cm~~ and it can be tue reason of diiferent beuaviour). We do not

understand tue temperature dependence of TCNQ IR active modes may be it is a sign of

continuous structural modifications and/or changes of charge distribution.

We studied also tue temperature evolution of tue Au(dmit)2 bands in tue IR spectra of

Et4N[Au(dmit)2TCNQ]. For polarization parallel to tue stacks E [ b tue Au(dmit)2 band

at 1450 cm~~ (C
=

C stretcuing) exuibits temperature changes analogous to tuose of TCNQ

ag modes. We suggest tuat it is also a consequence of tue coupling of Au(dmit)2 vibration to

charge transfer transition wituin tue stacks. For polanzation E 1 b similar strong temperature
dependence bas not been found for any band,

i e. tue Au(dmit)2 vibrational modes do not

interact witu interstack charge transfer.
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spectra of Et4N[Au(dmit)2TCNQ] powders in KBr pellet (note the Au(dmit)2 and TCNQ bands).

Anotuer interesting fragment of Et4N[Au(dmit)2TCNQ] spectrum is tue region of C
=

S

stretcuing vibrations (1070 1020 cm~~). Tue comparison of powder and single crystal spec-

tra shows tuat tue C
=

S bands
are

weak in single crystal spectra for botu polanzations but are

very strong in powder spectrum (Figs. 5 and 6). It means tuat tuese bands are polarized nearly
perpendicularly to tue (001) crystal face, probably parallel to tue long molecular axis. For tuis

reason tue C
=

S bands were mainly analysed in tue spectra of Et4N[Au(dmit)2TCNQ] pow-

ders. In Figure 8 we show temperature dependence of tue relative integral intensity of C
=

S,
C-S and Au-S bands of Au(dmit)2 molecule, and b3uuso band of TCNQ molecule as found

from tue powder spectrum. Tue C
=

S band at 1033 cm~~ grows strongly when tempera-

ture decreases, wuerea8 tue bands 1050 cm~~ and 1026 cm~~ decrease tueir intensity (similar
beuaviour was found for analogous bands

in
single crystal spectra). Tue uigu intensity and

strong temperature dependence of tue band 1033 cm~~ could be due to tue strong interaction

of C
=

S vibration witu tue electrons. It is important to empua8ize tuat tue C
=

S mode seems

to be polarized along tue long axis of Au(dmit)2 molecule, i.e. it can be bru mode. Analogous
suggestion about coupling of electrons witu bru modes was recently made for crystals based on

BEDT-TTF niolecule [18,19].

4. Conclusions

We bave performed tue studies of tue electronic and vibrational spectra of Et4N[Au(dmit)2
TCNQ] crystal 1N.itu tue extraordinary stacks consisting of alternating TCNQ and Au(dmit)2

molecules. In tue analysis of tue spectra we mainly focused our attention on tue problem



N°12 SPECTRA OF Et4N[Au(durit)2TCNQ] CRYSTALS 1653

of charge distribution and tue electron-molecular vibration coupling puenomena. From tue
electronic and Raman spectra results tuat tue transferred electrons are locahzed on Au(dmit)2
molecule. In tue low-energy region of electronic spectrum two charge transfer bands are oh-

served: tue intrastack transition between Au(dmit)2 and TCNQ molecules at about 8000 cm~~
and tue weak interstack transition between neiguboring Au(dmit)2 molecules at about
5500 cm~~. We suggest tuat tue C

=
C vibrations of Au(dmit)2 and tue ag modes of TCNQ

couple witu tue intrastack charge transfer excitation. Any signs of tue electron-molecular
vi-

bration coupling witu tue interstack charge transfer are not found. On tue otuer uand, it is
supposed tue interaction of electrons witu C

=
S vibrations polarized along tue long axis of

Au(dmit)2 molecule. Tue intensities of tue bands related to IR active vibrations of Au(dmit)2
and TCNQ molecules decrease wuen tue crystal is cooled down.
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