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Abstract

We report a detailed structural spectroscopic study of the one-dimensional 2:1 cation
radical salt (tTTF)CIO4, where imethylenetetrathiafulvalene, which exhibits a
semiconductor-semiconducto nsition atTca 137 K. Crystal structures are
determined above and be@ansition; the tTTF molecules in stacks are grouped into

weakly interacting tet r organization of tTTF stacks is accompanied witeran ord
disorder transition in ani ttice. Polarized infrared and Raman spectra obQIDLF)

OM@Afrequency range as a function of the temperature (10 - 293 K). The

structural and vibra ghitures are investigated to elucidate the origin of the semiconductor-

jtion. We discuss the electron-intramolecular vibration coupling

tempergfure stgtes of charge localization in the tetramerized system. Both the C=Gand C-
stretchi 0 of tTTF give evidence of strong charge distribution fluctuations in conducting
st@iCks forg>137 K, which are responsible for appearance of molecules with chaegard
ch lization in tTTF tetramers for<137 K. Uniqueness of the salt (tTT#}IOs in

ison with other tetramerized one-dimensional systems is discussed.
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1. Introduction N

In quasi-one-dimensional (1-D) organic cation-radical salts the delocaf®agon
carriers in the conducting stacks strongly competes with electron-electron andfele - n
interactions, which tend to localize the electrons. The subtle interplay betw harge, spin,
and lattice degrees of freedom is responsible for a rich variety of eleronic grodnd states.
Among 1-D conductors formed by tetrathiafulvalene (TTF) derivative aggus counter-
ions, the most intensively explored are the salts (TMZXBnd (TMT ) PFs, AsFs,
ReQ, CIOs « LQ ZKLFK FKDUJH ORFDOL R ge Fragnetid RUGFH

ordering, spin density waves, and superconductivity are obseljel ost 1-D organic

the 2:1 stoichiometry, in dimerized systems the el
other hand, strictly uniform conducting sta
were also discovered in several 2:1 charge-t
asymmetrical TTF derivatives, such@
EDT-TTF-CONMe [12, 13, 14, 15]. These
of the localization in the quarterglled one-dim®isional band. The question of the localization

s provide a unique possibility for studies

in 1-D conductors withetrameriz s is another interesting problem we would like to
address here.

For that purpose, we, ttention to the title compound @TDz) based on
the asymmetrical electron tTF (trimethylenetetrathiafulvalene). This salt, first reported
in 1983 [L6] and inves& e details in 199%] indeed exhibit@t room temperature
tetramerized 1-D cqg in FNV IRUPHG E\ FHQWURV\PPHWULF «%$%$¢

It therefore offerg

) able opportunity to study the effects of charge localization in
tetramerized tTBE)O4 crystals show semiconducting properties with a room
temperature cyity Oabout 0.1'cmi®. At the temperatur@ = 137 K, an anomaly of
the eleciggp! Ivity was observed and had been attributed to a structural phase transition

with a erstr@ture formation, deduced from the onset of superlattice Bragg reflections at the

U X ZDYH YHFWRU 0 oOa IRU WKH WWKI=AB®3ISQLF XQLW
f f  $HRY3T K, quasi-isotropic pretransitional fluctuations
were rvedan effect interpreted then as a consequence of interstack coupling. These earlier

were essentially based Ximay diffuse scattering experiments, transport and EPR

2
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results; the actual structure of the ¢f@alt had not even been determined at room temperat

but inferred from its analogy of the unit cell parameters of the isostructura
Furthermore, the structure at low temperature, below the phase transition, wa®hngt K o,
asymmetrical TTFs such as tTTF are obtained from the statistical cross-cougtin ctl

two different dithiole moieties, enforcing tedious chromatographic separatio he possible
contamination with the symmetrical TTF and HMTTF (hexamethyleftetratiiaitlvalene)
molecules was most probably at the origin of the difficulties encountere ndP obtain high
quality crystals. In the following, we will describ@) the preparation @ hi ality crystals
obtained from high purity tTTF molecule@) the X-ray crystal strigetules of T TH#}O, at

room temperature and 100 K (i.e. well below the 137 K phgse traQion{iiiprektensive

2. Methods

ecule tTTF
preparation of (T = Cl, Br, 1) halide salts1[g].

A mixture of 1,3-dithiolium and 4,5-trimethylene-
F mixed with symmetric TTF and HMTIY; 20],

we used the selective ngPorner coupling reaction between 1,3-dithiokium-2
dimethylphosphonate& ydréktyclopenta[d][1,3]dithiol-2ylidene)piperidinium
hexafluorophospha h sence of tBuOK, followed by AcOH addition. The tTTF is

% valene derivative. Black plates of ($CTI®) were obtained by

The highpurity donor as synthesized according to our original

procedure described previously f
Rather than the NEtcoupling of o4

1,3-dithiolium cations which e

obtained as sole

electro-F U \'\/ O DWLRQ RI PJ RI W77) DW-shap&eletDd® YDQR YV
crystallizati cogainiMg 12 ml of a 0.05 m&ITBA €IO4 / acetonitrile solution.
S] -ray diffraction data were collected room temperaturen an APEXII,

Bruker@XS dif@actometer operating with graphiteonochromatedMo-.. UDGLDWLRQ
KH VWUXFWXUHY ZHUH VR O YSHRO2dEdgram|2iHardW P HW K I
thi{g refind@ with fulmatrix leastsquare methods based Bh(SHELXL-2014/7 [22] with the

=9 aid 0 INGX programi23]. All non-hydrogen atoms were refined with anisotropic atomic
60 plaement parameters. H atoms were finally included in their calculated positions.
3
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&

CCDC 1847241 and 1847242 contains the supplementary crystallographic data fo DRC! .

Crystallographic data on X-ray data collection and structure refinements are given in

The data can be obtained free of charge from The Cambridge Crystallograprﬁ td

www.ccdc.cam.ac.uk/structures

Table 1.Crystallographic data for ({TTE}IOs at T = 278 and 10(K. \
T=278K T=100K

CCDC 1847242 1847241
Formula C18H16ClO4Ss C36H32C1208 Si6
Formula moiety 2(CgHsS4), ClO4 4(CgoHsS4), 2(ClO4)
Crystal size 0.16 10.06 0.05 0.16 0.06 0.
FW (g.mol?) 588.24 1176.47
System triclinic triclini
Space group P# P £
a c 6.4067(5)
b ¢ 14.3191(13) 3.9
c C 13.3251(11)
. (deq) 106.476(3)

(deq) 96.097(3)

GHJ 79.93

vV @6 1152.10, 2207(2)
T (K) 278(2) 100(2)
VA 2 4
Deaic (g.cm™) @ 1.770

—mm?) 0.59%g 0.957
Total refls M 44127
fax  f .54 30.843
Abs corr Iti scan multi scan
Trmin, Tmax @ 936, 0.955 0.933, 0.953

Uniq. refls 6980 13439
Rint 0.0586 0.1133
uniq. \&fls ( SR 11)) 4784 5451

0.0644 0.0567
2 (all $ta) 0.2054 0.0567
G 1.027 0.943

ens. (e ¢®) 1.408, #.379 0.888, #.939
4
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1

2

3

4

5 Typical dimensions of samples used in optical measurements were 0.2 x 0.1

(75 The optical axes of the (tTT&}IO4 crystals were determined as those displaﬁ t

g reflectance anisotropy. Single-crystal infrared (IR) reflectance spectra in the

10 frequency range were collected from the (001) crystal face, for IR beam pola

i; a-axes, that are parallel and perpendicular to the stacking direction, regpectively.

ii were measured using Bruker IFS 66v/S and a Bruker Vertex 80 Fourier tr rggbpectrometers
ig equipped with: a Hyperion 1000 IR microscope, a set of suitable pojiriz nd a CryoVac He-
17 flow cryostat. Depending on the spectral region, the reflectaggce Oata gfere recorded with
ig different spectral resolutions. In the far-infrared range a resolytioora the mid-infrared

;2 range a resolution of 0&?, in the near-infrared and visible ran olutioncofiiwere

;g chosen. The absolute values of reflectance were obt a silver or gold mirrors as
24 reference. The optical conductivity was calculated by t

gg the reflectance dat24]. At low frequencies, the doff

% value appropriate for insulators, and at high

29 a &2 behavior (up to 10cm?) and &* behavior

22 on the cold finger with the help of car

;g Raman spectra were measured

;‘5‘ LABRAM HR800 spectrometer gaaser line of We 632.8 nm (He-Ne) was used with power
36 reduced below 0.1 mW to avoid verheating. The spectra were recorded with a spectral
gg resolution of 2 cm. At room te e spectra were measured in the 100 -1700 cm

jg frequency range. Variable Raman spectra in the 400 - 6GndmM 300 - 1700

j; cm! frequency ranges we as@ed with a help of a continuous-flow cold finger cryostat
43 manufactured by the ments. A good thermal contact was ensured by vacuum
jg grease. The IR aggigga pectra were collected at several temperatures from room
jg temperature dow, @ ith the cooling rate of about 1 K/min.

48 The vibgiana"gEEUres in the optical conductivity were decomposed by standard peak-
gg fitting techni extracting the center frequency and the integral intensity. The
g; bands w, oy g the Voigt spectroscopy function in the PeakFit prf2fam

gi e tighfibinding band structure calculations @aewvo-+omo interaction energies were

55 ba up effective one-electron Hamilt¢piaR| WKH H[WHQGHQ@g+taFNHO PF
23 imrlemeny@d in the Caesar 1.0 chain of progréwk The off-diagonal matrix elements of the

gg ami n were calculated according to the modified Wolfsberg-Helmholz for2]laAll

60 ence electrons were explicitly taken into account in the calculations and the basis set

5
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consisted of doublg-Slater-type orbitals for all atoms except H (singleThe exponen

4

contraction coefficients, and atomic parametersNgrC, S, N and H were taken

previous worl{29]. ¢
The theoretical calculations of normal modes for the tTTF molecule wit Ng

or +1e were performed with Gaussian BJ using the 3-21G basis set and the h Hartree-

Fock density functional (B3LYP). The results of the structure optimiziftion cgreSpond to

energy minima because no imaginary frequencies were foun@sfharroQ s of the
molecule was identified at the level of the theory. On the basis of fie ized structure, the
vibrational frequencies and Raman activities were calculat e an activity was

transformed to Raman intensitg1]. The frequencies computed wi guantum harmonic

approximation tend to be higher than the experimental oneg, T g factor 0.9614 was used
32, Q

3. Results

3.1. Crystal (and band) structures of ({TTF

At room temperaturéRT), (tTTFRCIO4 C s In the triclinic system, space group

M, with two tTTF molecules in gener

- figure S1). It is isostructural a the BFsalt described earlied§]. Since we are in the

presence of two crystallographic bendent tTTF molecules, the exact individual charge
might differ from the average +%
excellent indicators of th e the oxidation is systematically accompanied by a

lengthening of the central; ner@ouble bond and a shortening of theSsingle bonds.

talIe 2, together with those of reference compounds. In the absence

F and fully oxidized tTTF salts (1), it is not possible to

of an u ig = 0.5 charge, with eventually a weak tendency for higher charge/(p.5+
for moRggule In the crystal, the two molecules are associated into inversion-centered
te ers B) with typical bond-over-ring overlap within the tetramers, and a shifted

o) p bdween tetramers (figuB®). Calculations of the nomo-Homo Overlap interaction

rgies confirm stronger AA and AB interactions within the (BAAB) tetrameks< 0.700
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1

2

2 eV, as = 0.682 eV), and much weaker BB interactiogs = 0.049 eV) between tetramers
5 along the stacking axis.

6

7 (b) 4
8 N v @:053

9 vy B

10 , ), T 0ot

11 R Ay AN N “A

12 - kx L A

13 “ : e

14 B

15 o=

16

17 s

18 B

/ ‘."7 / %‘ | = [ T e =N
—~ o g k‘.A"
t ‘ L

21 :‘\\ \:@Q‘;\ ) mﬁﬂ
22 e PR
23 : 3
24 “
25 Figure 1. Structure of (tTTRCIO4 at room temper a) jection view of the unit cell

33 along baxis; (b) Detail of the inversion-centeged ( mers stacking dbesngs.

26

22 The 137 K transition had been_tentati asociated with an ordering of thé CIO
32 anions (see below). The structure colle is solved in a double unit cell, in the

2?1 triclinic system, space grom, ith now four F molecules (A-D) in general position in

22 the unit cell, and two different, nen ered Cl@*anions (figure 2). Altogether the structural

257; changes within the tTTF stack ajgg Y limited: the four tTTF molecules still organize into
ig (ABCD) tetramers with typi er-ring overlap within the tetramers, and a shifted
41 overlap between tetramer s observed at RT. Based on the evolutioGo€; and

fé Ci 85 bond lengths (taNiK 2), viation from the averagec €@drge within each of the

3‘51 four A-D tTTF mole Iarger than that at RT, with A and D less oxidized 5+

46 /), B and C morg \M@ 0.5+ /), and /> > /1. In the absence of reference structural data
j,; for the neutral e ully oxidized € 1) tTTF salt, it is not possible to estimate here a
gg I value. Th epaxtion within the ABCD tetramers £0250.5 + /2, 0.5 + ), 0.5 *

g; k), with ncentration on BC molecules at the tetramer center, enhances when
53 compaggd to th@t observed at room temperature in the (BAAB) tetramet (0.8.5 + /1, 0.5

2‘5‘ + . alculations of the nomo-Homo overlap interaction energies in the 100 K

g? st@icture @ves within the tetramerg = 0.662 eV, sc = 0.791 eV, cp = 0.718 eV, with the

58

o inte er overlap interaction atp = 0.075 eV. We note therefore, from room temperature
60
7
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to 100 K, a parallel strengthening of the central tetramer interaction, associated with th&
charge concentratioon the BC molecules.

L 4

(b) \
G—B“"
T :()
B
e 2
A
T ==

r’j\\ 2/ Y‘\
g =l Q
Figure 2. Structure of ({tTTRCIOs atT = 10 )@iew of the unit cell alobg
is.

T(K) U Ci= Ref.
(tTTF)2Br 293 0.5 1.37 [18]
(tTTF)2CIOs | 293 this work
Mol. A 0.5+ G 4 734(2)*
Mol. B .G 1.742(2)*
(tTTF)2ClO4 100 this work
Mol. A Q 1.369(20) | 1.748(6)*
Mol. B OWQRG | 1.374(20) | 1.737(6)*
Mol. C 0.5+ G| 1.377(20) | 1.736(6)*
Mol. D 0.5+G | 1.368(20) | 1.744(6)*
tffF ICN ? | 0.70 | 1.373(10) | 1.738(15) [33]

*ES e averaged & distances are determined with error propagation rules.
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Band structure calculations were performed based on the crystallographic &

determined at RT anti= 100 K (figure 3). With the 2:1 stoichiometry of the (tTIEO4 S

with the semiconducting behavior of the salt. Note that the 100 K structure |

the system is 3/4-filled, leading to a presence of a band gap at both temperathW\ nce
S no

larger gap (0.1lvs 0.06 eV), a possible explanation for the increased ac on energy

observed below th€ = 137 K phase transition.

RT: AE=0.06 eV

-7.50

<-8.00

Energy (e

-8.50 |

-9.00 |

-9.50 |

Y

Figure 3. Calculated band structure for (tT

(right). The red dotted lines delineate

3.2. Polarized reflectance spectr,

0,6

Reflectance
o
D

o
N

TF),ClO4

cm™)

-1

Opt. Cond. (10° :

Fi
co

ency scale).

100 K: AE =

O

0.11 e

room temperature (left) and 100 K

empty bands.

(b)

o
)

o
>

0.2¢

293 K

1 10 20

Wavenumber (10° cm™)

m temperature polarized reflectance spectra of (¢CI®6) (a) and optical

spectra (b) as derived by Kramers-Kronig transformation (note the logarithmic
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Figure 4a displays the RT reflectance spectra of (t3T1Bu taken from the (OOl&

crystal face in the frequency range 100-2000¢ gpolarized parallel and perpendicula

stackingb-axis. Small oscillations of the reflectance observed at low and hig’ freq

figure 4b. The anisotropy of the spectra implies that the electronic struc

&
N

650ncainly

one-dimensional with significant hopping integrals between tTTF molec Wi .
The spectrum for E ljf reveals a semiconducting behavior with a b%onic absorption
o]

respectively 34, 35, 36. The electronic absorption is relate

ronic charge transfer

centered at about 37@@7! and some strong vibrational features b,
related to the interaction of C-S and C=C modes of tTTF with ons (e-mv coupling),
I

transitions between tTTF moieties within the tetramersifA

attributed to the IR active modes of tTTF are seen. T

average

nor IR active modes are found. The weakn
orientation of molecules against the (001) cry
hand, for this polarization some ban
1120 cm'.

ally, fobEsdme bands
ectrum Aly B flat with the
reflectance level of about 0.1; for this pojfriz
fl

itherrtheodupling features

odesAbiigdue to the specific

and the lack of e-mv effects. On the other

ions are found in the range 1060 -

125 \ Ept
g (1).2» :» N i 1
g 081 '
8 067 ./rﬂ“gb e\ i
@ 04 "{"Pﬁ “ Na—
0.2 ' el Z S\ —— 10
) A S \\—
—~4& 4 + 0
2 D) (g —— 15K
c T
> a -
T (B / 140 K
i ' / —— 250K
i . | 293 K
s UE v =)

V .
\?{\
|

(S P
0.1 1 , .. 10 20
Wavenumber (10 cm™)

Figure eflegtance (a) and optical conductivity (b) spectra of (t7T), for polarization
parallel e ghcks at selected temperatures (note the logarithmic wavenumber scale).

Up

¢

asing temperature the spectra undergo gradual modifications as demonstrated in

the oscillation strength of both electronic and vibrational bands increases. The broad

1C
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electronic absorption centered at 3700'aonsist of two strongly overlapping component&&
about 3300 and 4900 chat room temperature; they undergo no important modificati

decreasing temperaturethe only change is a small increase of their intensif®s,(fi
These bands are assigned to intra-tetramer charge-transfer excitations, i.e. ti@nsi b en
PROHFX®HEN A: A. The inter-tetramer interactions are much smaller% cannot
beQHJOHFWHG WKHUHIRUH WKH WUDQVLWLEFQ % VKRXOG
be hidden in the high-frequency wing of the broad electronic absorptign. eyd, because of
its smaller intensity, we are not able to identify unambiguously thisffleclaiygc feature.

Changes within the charge-transfer band can be related tQga retistrig#tion of the spectral

weight. In this case the electronic structure of the charge-trangfer sa odified. The evolution

of the optical conductivity spectra can be investigated by lookin er of the spectral weight

defined as:

()23 (vazfs ®

where 1lis the optical conductivity,& and & Integration limits. In the spectra of
(tTTF)}CIO4 with polarized light E || g
significantly toward low frequencies (figu

cmtin the 150 - 293 K tempera

center of the spectral weight is about 4300

about 400(tthe lowest temperatures. It

demonstrates that the redistribujs the spectral weight affects the shape of the charge-
transfer band at the phase tran:

inter-tetramer interactions

| ]

u ]

|
o 4200 -
s n
o ]
5 4000 {m . | |
o 0 100 200 300
o Temperature (K)

emperature dependence of the center of the spectral weight in the 100e40000

Fig
gg y range for the spectra of (tT3EO4 polarized parallel to the stack.
11
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In the spectrum for E fp the most prominent IR oscillation features are du&

interactions between the C=C stretching modes of tTTF and electrons (figure 7a). T

G}
N

of intramolecular vibrations with electronic background (e-mv coupling) ifuges

within a model of quasi-isolated BAAB tetramers. The structural dat
indicate a non-uniform charge distribution among molecules inside tetr
the charge residing on the central A molecules is larger than thatn ecules, yielding a
FKDUJH SDWWHUQ ZLWK « e, \BeHsudges h& KibtatibhaR U

tetrameric modes as a combination of two dimeric modes, sjmilar recently discussed for

the low-temperature phase of TMTTF salts with tetrahedral a isolated tetramer

oscillations of monomers in dimers BA and consist of symmatiabd anti-
symmetric (ug oscillations of dimers i ' the' tetramer center. For centrosymmetric
molecules the modeg anduu are Raman the charge density moves symmetrically
and no dipole moment is produqad. The effect®f e-mv coupling is observed for theguodes
andug because they yield the dip ent oscillations and thus IR features, polarized along
thestacking axis. However, as th or has no center of symmetrggastiuu modes

can be observed in IR spec

@

b) 1468 _  E|p]
11475
1?86

1594

1537 1558
| |

Opt. Cond. (Arb. Units)
Opt. Cond. (Arb. Units)

00 1460 1500 1600 1440 1470 1500 1530 1560 1590 1620
E)
Wavenumber (cm™) Wavenumber (cm™)

Fig ptical conductivity in the region of C=C stretching modes for polarizatiom E ||
4 ational details in the region 1450-16307cfh).

12
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focused on the C=C stretching vibrations of the TTF derivatives since thesd
sensitive for the charge residing on molecules, providing thus a possibility of
charge distribution on molecules [38]. On the other hand, these modes stron
the electronic system yielding strong and broad e-mv bands in IR spgfftra. Rg ,

shown that also ring breathing C-S stretching modes can be useful t s of charge
distribution and they can give additional complementary informa8gh A matic view

8.

of the three C=C and two C-S modes of tTTktion is shown in fi e ailed results

of our DFT calculations and assignment of vibrational bands of (& re given irtable

S1 Since tTTF has no center of symmetry, all these modes a IR and Raman active. In
vibrational spectra of neutral tT¥Folecule we have obsffrve se modes at the following

frequencies: a= 1520cm?, g= 1550cm?, c=1612cm?t, DQ@S7 cmt, e= 415 cmt.

Figure 8. Normal modes of

A broad band c& out 1340'@h 296 K is a spectral consequence of the e-
mv coupling of the 5 stretching mode(figure 7a). We assign this band to the
tetrameriggumodg w
at about 129 S TS@ZEd, attributed to a C-H bending vibration of tTTF. It is usual for
organic con@sed on TTF derivatives that the C-H mode appears in as an antiresonance
dip supegmppo the wing of the broad C=C ban4[d5Additionally, we also relate the

strong &mv cdpling feature at 1430 tmo the central C=C stretching vibration, namely

the wing of the intense vibronic absorption a strong dip structure

t a ug mode. On decreasing temperature, both e-mv bands get sharper and split
bagw thefphase transition temperature 137 K, providing evidence of non-uniform charge
istri inside tetramers (figure 7a). The splitting is very well seen foniadand but it

sO'present for they ug band, though in this case the components are much less separated

13



O©CoO~NOOTA~WNPE

Page 14 of 29

(1417 and 1422 cthat 10 K) . Several other weaker IR features assigned to the C=C&
are also observed above 14507%c(figure 7b). The band at 1473 ¢nat RT is to be assi %

to the aggmode which is IR active in the case of tTTF; below 137 K it yields a dﬁuiiet

at 1468 and 1475 ct A rather broad band at about 1582%coan be related to th
which splits into two lines at 1586 and 1594 thelow 137 K. The observed dou tructure

of these C=C bands is due to non-uniform charge distribution in the gtramegs. Th a small
temperature range above 137 K some pre-transitional effects can be idenW@gd. 4 the IR bands

assigned to the C=C stretching modes together with proposed asffign are listed in table
S2
~ (a) | I Q
2 293 K K
[
-) 140 K
o 130 K
< 15 K
o
o=
(@)
©)
j=3
o L - "
250 350 450 ‘ 0 100 200 300
Wavenurgier (cm™) Temperature (K)

wavenyfbers gigure 9b) and its intensity increases. Two much weaker and narrower bands at
479 are assigned top,uu and p,gg terameric modes, which should exhibit the IR
aquvity fo@the asymmetrical tTTF donor (figure 9c). The tetrameric modeu glymmetry

inv arge oscillation between monomers, therefore it is reasonable to assume that it has

14



Page 15 of 29

a lower frequency. On closer examination of these bands Belo@37 K one can find th&

both bands show a weak doublet structure: 472 and 479486 and 493 crh respectiv
4

clo EA \\
10 & 4
11
5 9
13 Q
14 /

130K :
140 K
150 K

1050 1100 4
Wavenumber (cm™)

O©CoO~NOOTA~WNPE

[EEY
ol
Opt. Cond. (Arb. Units)

30 As already mentioned above, due to t bal orientation of molecules against the
rations of tTTF are only well observed for

34 polarization E || b. Nevertheless, for polariza we find relatively broad bands at around

37 ~and , respectively (figure 10)
39 1 denoted as . Below 137

pe neighborhood we find another band at 1125 cm
£ and get sharper and split into four and two
41 components, respectively, th@ bandemains a single line (details of the analysis are
displayed in figure S he e splitting of the bandasnd is to be related with the

21451 anion ordering trangitg ' s already suggested by the structurah das intimately
46 correlated withthe \@ ation of tTTF stacks.

48

49

50

51 3.3. Ram tr 20f (tTTF)2ClO4

52

53 orderdp gain deeper insight into the charge distribution on tTTF molecules and its
gg modifiea e to stack reorganization in the (tRUKD4 salt, we have also performed

o6 ingestigatf@ns of the Raman spectra as a function of temperature.

1t
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' ' " 0=633nm N
: Q
293 K

1007
07/ 1106

/
1537
309 485 503 1411~ \ 1547 Q
\ /

515 1354~

970 1099
/

Intensity (Arb. Units)

200 500 800 1100 1
Raman Shift (cm'l)

Figure 11. Room temperature Raman spectra of (t 4+ mesured for the electrical

vector of polarized laser light parallel (E || b) and p di l{Eo the stackindp-axis.

Raman spectra of (tTTEJIOs at ro e (RT) were measured in the

frequency range 100 - 1700 ¢nwith incident poght polarized parallel (E || b) and

the spectrum of (tTTRELIO, for p
fully ionized tTTF? cations: a

mode). Additionally, we prqibosg two Raman features at 1355 and 1428emresult of

the e-mv coupling of d LS, respectively, i.e. the bands observed in IR spectra are

also seen in Raman_sp ough their intensity is much smaller. The appearance of the

tTTF bands is a a nce of strong charge fluctuations in conducting stacks; the life time
D E,

of tTTF! ions sho¥

spectroscop i

ather short but comparable with the time-scale of vibrational
PRt to note that at RT the bands of tTa&fE much stronger in
comparison og# attributed to tT'TE Ewvidently, at ambient temperature the charge
fluctuatifns in giacks are so strong that they yield a quite large density of! t&fibns. This
conclusgal supported by the spectral data in the frequency range of the C-S ring breathing
mfides, wigere one can find three features at 485, 503, and 31f@lated to thep vibrations

of s with charges 0, +@,5t+1e, respectively. Analogously, as proposed for C=C

we suggest that a feature at 457 isalue to the e-mv coupling o mode. For EAb
16
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the spectral features attributed to the effect of e-mv coupling are not seen, as should b

e&

for this polarization, and other bands appear with different intensities because of

orientation of tTTF molecules against the (001) crystal face. \
(@) Ellb ' ' 1589 (B E 1477 1588
=633 nm 1479 1592 C=633nm V1507
14741 143 | 518 Z :
,\ - 1 40‘1472 l a0
(%] -
g g ¢ ‘ m 10K
o} ,
g g A
< < , 50K
> ;
,g 10K Z \ . 90K
c 50K g
g 100K £ 150K
- 150K 190K
0K ) ‘ 250 K
MN\MM |
293K 293K
1300 1400 1500 1600 1700 1300 400 1500 ) 1600 1700
Raman Shift (cm™) aman Shift cm”)
Figure 12. Raman spectra of (tTT&£}Os m d xciting laser light polarized (a)

parallel E || b and (b) perpendicular4b fo the st®qks Wthe 1300-1700¢finequency range

at selected temperatures.

Figure 12shows the tempergdSiee evolution of the Raman spectra of @TI)in the
frequency region 1300-1700
dominated by the broad C=
(figure 121). On cooling do ing@nsity of tTTbands gradually decreases, indicating that
the charge fluctuatio et

shift of the ¢ band b d with a decrease of the average charge on the cations. An

yrved for themode since it couples much stronger with electrons.
howed that for radical cation tetramers with large e-mv coupling

pe Raman active in-phase tetrameric mode is nearly independent on

n tetramer moieties. The frequency shift of this mode is only observed in the
mv coupling. In our case, taking into account suitable data for TTF and its
dqeivative@[3536], it is reasonable to assume that the e-mv coupling constant for thede

is ger than the one for themode, therefore only the: band shows frequency shift

ecrease ofdlcharge density fluctuations in the stacks when the crystal is cooled down.

17
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Simultaneously, the intensities of bands attributed to molecules with charge abcmare()&
growing, so that at 150 K we clearly see features related to "t &E1473 crit ( A mo

1518 cmt ( & mode) and 1591 cf( ¢ mode). Moreover, we also observe t4¥ban
tTTF™, which grows again, but the: band of tTTE! completely decays. Belo

transition at 137 K thea and c bands of tTTE® increase their intensities an
S7), while the g remains a single line down to the lowest temperatures. Inffividualgcomponents

of the split lines are attributed to various tetrameric modes (see table S ngple other hand,
for polarization EAb the RT spectrum is dominated by three broadfea entered at about

1474, 1519 and 1589 cmDVV LJIQK G WDRR@odes of tTT
12b). Surprisingly, for this polarization only one band related tQ t¥a@:
W Kshhode at 1440 crh For E Ab the band intensities gro

below the phase transition the bands split. Some pre-

.5

es vely (figure

is found, namely

ature decreasing and
spectral effects are also seen
in a small temperature range above 137 K. The most im nt Raman bands together with the

proposed assignment are collected in table S3.

Q>
N

P of ({ITTE}IOs measured with incident light (a) parallel B fnd
@ to the stacks in the 400 - 600 ¢énfrequency range at selected
temper S.

As loned above, the C-S stretching ring breathing vibrations are also very useful
foNRggtudyi@® modifications of the charge distribution in the conducting stacks. Figare 13

se a

man spectra of (tTZE&4 in the region of ring breathing modes for polarization

(b) perpend

18
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parallel to the stacking direction (E || b). At RT broad bands centered at about 485, 503&
cmit can be assigned to the mode of molecules with charges 0, ) .&nd +%, respecti

As the temperature is decreasing, the intensity of these bands decreas® an
iode
de

distribution in stacks evidently undergoes a reorganization. Just above the p
150 K for E || b we see three bands which we propose to attribute to the tetr
at 491 cmt and pgg mode at 501 and 506 cinEvidently, the doublet strucififre of,
is due to non-uniform charge distribution in tTTF tetramers. Below the ph rggbition at 10 K
we see that both tetrameric modes are doublets. The broad featurgfat related to
the effect of e-mv coupling ob mode, disappears at 150 Khe otger Ram ands seen at
10 K can be assigned to themode at 448 crhand the CI@* anigns ( d 469 ch +or
details see tabl83

For the polarization EAb at RT we observe two bi@ad s centered at about 489

and 500 crt, which we relate to molecules with charges er@espectively. These bands

ew structure gradually grows. So
moegde$502 and 507 cm and

the mode splitting is a consequence of
over, we observe the band ofv@h@h

p.uu (491 and 497 c). As already suggeste
nonuniform charge distribution in tetr
at 10 K shows a doublet structure at 46 469 0imis doublet structure is similar to that

for E || b. The bands observed fdgpolarizatioAi®arealso listed in tabl&3
4. Discussion

The above pre& erature evolution of both the Raman and IR spectra shows
that the charge g i luctuates in the tTTF stacks and undergoes significant

modifications. Fo

M tTTF has a charge of @B vibrational fetures of molecules

with different ) learly observed down to the lowest temperatures. The Raman spectra
indicate tha t@RT the charge fluctuations in the tTTF stacks are responsible for the
appear 0 and broad bands of molecules with chargenelife-time of the tTTE

cations\g suffiCgently long to be observed by vibrational spectroscopy methods. At RT we see

th e odes of tTTE A (1409 cmt) and ¢ (1540 cmt) for E || b, and g (1440 cm
1y Rygde follE Ab, while the C=C bands related to vibrations of the tPPFolecules are much
kel Th

59 . 1he effect of the charge fluctuations is also found in the region of the ring-breathing
60
19
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C-S modes, where we clearly see tbeébands assigned to molecules with charges: O,&N
and +%. On cooling down thea and ¢ bands of TTF decrease their intensities, indi %

this charge gradually approaches the formal value oefi&bmoleculeThe st
fluctuations is directly related with the decrease of charge carrier glensidgg conduction band
on temperature decreasing. The IR spectra provide also evidencgof Charggftiuctuations because
some tTTF! bands can be identified, while they are not so %n Raman spectra. Our

a

spectroscopic data do not provide any indication of non-unifor distribution among the

molecules in tetramers above the phase transition temgrat ue to charge fluctuations the
bands are too broad to distinguish any structure; we ca ule out that it is hidden.
Below the phase transition temperature at he“charge is localized in tetramers

and evidently it is distributed non-uniformly, olecules, as indicated by both IR

and Raman data. The degree of splitting of tional bands can be used to evaluate
the charge density distribution. Obvio odes are suitable for such evaluation since
those strongly interacting with electrons iveTess reliable values of the charge density. On

basis of our Raman data we roggly estimate¥hat for the fully ionized tTTF molecule, the

mode shifts towards lower wave
about 30 cnt towards higher wa

the band splitting for thea, p.gands (see tabl83 we estimate that in the low-

temperature phase the ch
respectively. In agre e structural data, we suggest that molecules with higher

€ t
charge density arg the center of the tetramer, i.e. on B and C molecules.

able to perforiggpa arMEIOUS estimation for the high-temperature phase.

Unfortunately, be

strong charge fluctuations make the bands very broad, we are not

It is i an@to nMe that down to the lowest temperature we can identify bands

attribute glions both in IR gand c modes) and Ramanaand s modes) spectra.

Howev@g, ther
tTT,
tef@perat the charge delocalizedin tTTF stacks and undergoes strong fluctuations. A

js an important difference between effects responsible for appearance of the

c In the high- and low-temperature phases. We propose that close to room

cons ce of these fluctuations is that in the time-scale of vibrational spectroscopy charge-

charge-poor sites are accidentally formed in the stacks. At RT we see that the charge-

20
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rich sites have a charge of aboueHlt - as indicated by the shift of themode - on coolin
the charge-rich sites have smaller and smaller charge, gradually approaching the va %

Evidently, the fluctuations and thus the degree of charge difference betweef chary
charge-poor sites are decreasing. On the other hand, in the low-temperature@ha grge
is localized in the tTTF tetramers but it is distributed non-uniformly amo onomers,

therefore, we see again the bands attributed to molecules with chayd d in pgsions

B and C. Analyzing the temperature dependence of the band intensitie mate that the

ase transition

process of localization in tetramers begins at aboutAED K, i.e. ab

but it is not sufficiently long to form relatively long-living dou
Therefore, in IR spectra down to the lowest temperggure observe no charge-transfer

absorption band assigned to transition between two ch molecules and thus no IR feature

most intensely studied group of one-dimensi
were 1:2 charge-transfer salts formed
n @5, PrPht B6] and PrQiun 47].

it slightly different organization, i.e. different

value of both intra- and inter-tetrgs#®&ainteractions, which is directly related with conducting
properties. It was shown, mosH tudies, that in these salts a non-uniform charge

distribution usually exists rosymmetric ABBA tetramers and it undergoes

modifications as a functio meratuds,[49, 50, 51, 52]. This conclusion was mainly
t

based on the observa&
symmetric (4) TC gor

structure of vibraig

itting of the IR bands attributed to the coupling of the totally
| modes with the charge-transfer excitations. The doublet

s was interpreted as a consequence of charge localization. Narrow
split bands weigmaic TSRS as a consequence of the e-mv coupling of totally symmetric TCNQ
modes of A@ charge-transfer transition between two charged molecules (BB
moleculegmy t s) located at about 8000-9000[6R]. In tetramerized TCNQ salts the
Iife-tim@}l anions is long enough to create sufficiently long-living doubly charged
(T 2 and thus the presence of the electronic excitation at 8000-9800 cm

)
@harge localization effects in (tTBE)O4 are notably different in comparison with
to al tetramerized TCNQ salts. Firstly, strong charge fluctuations in the high-

ro

59

60 ature phase of (tTEJOs, which are responsible for appearance of molecules with
21
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charge +&, were not observed in TCNQ salts. Secondly, in the low-temperature pr&
(tTTF)2ClIO4 localization inside tetramers is weaker than in TCNQ salts, therefore %
dua

transfer transition between two charged molecules is found. On the ottf®r ham
aN

localization in tetramers in (tTTE}IO4 we see a clear splitting of the IR feature @l I
FRXSOLQJa Rbd&WitH the charge-transfer transition between char nd neutral
[

molecule. Thirdly, in the vibrational spectra (tTTE)O4 we can clearly disigiiguish rent
tetrameric modes. The tetrameric modes, probably for the first time, we observed in
the salts (TMTTRX (X=BF4, ClOs, ReQ), in which the teramerization g re with the anion
ordering transition. However, bands assigned to #®) and odegpof TMTTF
cations, analogous tgand a vibrations of tTTF, were not seen 3. It s that the charge
fluctuations in the high-temperature phase of TMTTF salts are aker. In conclusion, the

salt (tTTFYCIO4 is a special case of one-dimensional teti@melagd organauctor.

To shed some light on the electronic states of Y@ in the high- and low-

wherem* is the effective mass @ @ prge carriblks, effective number of carriers per
dimer,N. #the carrier densi oleS per tTTF tetramek)ande are the mass and electron
charge, respectively. Th atiols were performed by taking into account the structural data

from table 1.

R
@

Figu . The effective number of charge carriers for (tT2IHD4 involved in optical
ns, as calculated from the optical conductivity spectra (E || 3293 and 100 K.
22
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Figure 14displays our results, i.e. a plot of the oscillator strength sum rule along th
direction (E || b) at T= 293 and 100 K. In the low wavenumber range &h’e*omem ea
relatively rapidly and it exists a small difference between curves calc & -
temperatures. Then in the range about 6000-1400acptateau is well seen. Fr(&jteau
values we estimated the effective magg(293 K) = 2.24n. and m*(100f/K) = &3
According to our calculation the effective mass increases about@i@ghe | rature

phase of the (tTTELIO4. However, taking into account an ambigufy o effective mass
evaluation from the plateau regime, the difference nbghtonsidergd aS rathgyl negligible.
ity of thé Cland

ng process observed

The evolutions observed in the frequency and normaljzed i
bands (cf figure 10 and figui®5 demonstrate that the ani
belowT = 137 K affects not only the charge distribution i tTTF tetramers but also the
properties of the CI¢F anions themselves. This is at fi urprising result for a so-called
innocent counter-ion; it might find its explanation
anion and particularlythe € £ $ 2 L QWU
Such weak interaction®3,54] have been s y a crucial role in the electronic
properties of molecular TTF-based co
IRXQG KHUH DW +%ff2 G FHV QRWDEO\ VKRUWHU WKD ¢
H:1.2 ¢ c S$QOREKHU LQWLFDWLRQ RI WKH VWIHHQJIWK L
contacts. Structural characteristi ACse interactions are collected in table S4. It appears that
WKH VKRUWHVW G c D Q GheR RetivdenOHeytibgenF R Q W E

atoms linked to thep2carbo e tTTF core (figure 15a) and three oxygen atoms of

. Albeit weak in essence, they are

the ClDs*anions lying appr tely@in the tTTF planes.
In the RT struct bo ecules A and B, despite slightly different charge ( “
QWDFWYV 2Q WKH RWKHU KDQG KEHORZ W

re W5that among the four crystallographically independent

1), make short G+ iRy

Pxidized ones B and C at the center of the tetrem@b(+ /) are

structure, we oh
molecules A-
the ones, w Bre strongly with the £lénion while the less oxidized A and D
molecul = make less and/or longer contacts. There is therefore a clear correlation
betweefthe erflanced charge ordering with the tetramers and a distinctive setfingtof G 1 2
int i0 the organic/inorganic interfagéhich slightly displace the most oxidized
mi@eculeS@oward the ordered anions.

hermore, in the 100 K ordered structure (figurk)l%e note that the shortest and

stMear interactions (drawn with thick dotted red lines) concern only three out of the four

23
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oxygen atoms while one O atom of each £i@nion, namely atom {»n CkL and atom @on&

Cl> (figure 1%) points above and below the plane and interacts much more weakl s
tTTF's hydrogen atoms. This observation can be also tentatively correlate® yith

intramolecularCl £ bonds (table S5) which show an unexpected variability gran
WR c ,W LV LQGHHG H[SHFWHG WKRVH

distances will exhibit a slightly smaller partial chafgevalency). < ’

2
>
b@

Figure 15. Projecti long the stacking axis of a plane where tTTF molecules antl CIO
anionsinter@vs ©1112 K\GURJHQ ERQGYVY UHG GRWWHG OL«

K

detailed IR and Raman studies on this tetramerized (tCI®B) salt show that the
arge fluctuations in the high-temperature regime are associated with rather limited
24
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1

2

j’: charge discrepancies between A and B molecules within the BAAB tetramers. However,

5 charge fluctuations induce short-living charge-rich sites whose average charg '

6 . . . :

7 decreases on cooling down. Contrariwise, the charge localization associat@®

g ordering process, which takes place below 137 K, strongly affects the charge

10 the ABCD tTTF tetramers, with excess charge on the central BC moieties.

11

12 with «0110 « periodicity observed in the ({TTHE)IO4 salt belowT=137 K j

ii pattern of other onrdimensional organic conductors with tetramerized_s the other
ig hand, this salt is unique because of the strong fluctuations of delogliz arges above 137 K
17 and the smaller excess of charge on the central BC moieties in ers gFlow 137 K.

18

19 Band structure calculations performed on the crystal both above and below
;2 the transition, show an increase of the semiconducting ga ance with the resistivity
;g increase reported earlier. Determination of the effective ffium f charge carriers through the
24 partial sum rule confirms that the effective mass increas ouhdibéhe low-temperature

25 . . : . .

26 phase. A direct link between the charge orderingla gpanion ordering processes can be
% identified from the distinctive setting of sk + ¥+ WHUDFWLRQV DW WKH
29 interface, up to a point where the £l intram bond lengths within the GRanion

30

31 itself are disymmetrized.

32
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