
Title A 2D Interactive Spin Ladder System, δ′-(BEDT-
TTF)_2ClC_2H_4SO_3·H_2O

Author(s) Akutsu, Hiroki; Turner, S. Scott; Nakazawa,
Yasuhiro

Citation Crystal Growth and Design. 2022, 22(9), p. 5143-
5147

Version Type AM

URL https://hdl.handle.net/11094/89424

rights

This document is the Accepted Manuscript version
of a Published Work that appeared in final form
in Crystal Growth & Design, © American Chemical
Society after peer review and technical editing
by the publisher. To access the final edited and
published work see
https://doi.org/10.1021/acs.cgd.2c00727.

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

The University of Osaka



 

A 2D interactive spin ladder system, d´-(BEDT-TTF)2ClC2H4SO3·H2O 
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†Department of Chemistry, Graduate School of Science, Osaka University, 1-1 Machikaneyama, Toyokana, Osaka 560-0043, Japan.  
¶Department of Chemistry, University of Surrey, Guildford, Surrey GU2 7XH, U.K. 

ABSTRACT: A Curie-Weiss-type paramagnetic d-(BEDT-TTF)2ClC2H4SO3·H2O with q/2 = j = -45.4 K has a phase transition at 160 K, below 
which the salt has a d¢-type 2D donor arrangement with 1D Heisenberg antiferromagnetic behavior with j = -121.6 K. Further cooling below 
140 K induces a weak dimerization in the donor layers leading to a spin ladder system.

Over the past half century, a wide variety of molecular conduc-
tors have been prepared.1 In particular BEDT-TTF-based salts have 
been found to exhibit most of the collective electronic ground states 
known to condensed matter (BEDT-TTF = bis(ethylenedi-
thio)tetrathiafulvalene). Typically, the conducting layers consist of 
BEDT-TTFn+ cations, whose molecular arrangements, with chemi-
cal pressure caused by the interleaved anions, lead to their physical 
properties. Theirs transports properties range from insulators to su-
perconductors. For the insulators and semiconductors, the charge 
carriers cannot freely move and are localized on the donor layers, 
providing various magnetic ground states. The range of ground 
states include antiferromagnetic2 and canted ferromagnetic order-
ings,3 spin density wave,4 1D and 2D Heisenberg magnets5 and com-
pounds characterized by a singlet-triplet model,6 etc. The magnetic 
moment is not localized in an atomic orbital, as in transition-metal 
magnets, and not localized in a specific part of a molecule, as in or-
ganic radicals but is delocalized across a whole BEDT-TTF molecule. 
Consequently, the magnetic orbitals overlap directly with each other, 
which often affords strong magnetic interactions. Moreover, reduc-
ing electron correlations by applying pressure or hole and/or elec-
tron doping can induce the carriers to become itinerant.  

After the report of the first organic conducting salt with an or-
ganic sulfonate, (BEDT-TTF)2(p-CH3C6H4SO3), by Peter Day’s 
group,7 sulfonates were widely used as counterions of organic con-
ductors.8 Accordingly, we have recently reported several charge-
transfer (CT) salts of HOC2H4SO3

– 9 and BrC2H4SO3
–.10 In this 

communication, we report a BEDT-TTF-based purely organic sem-
iconducting 2D interactive spin ladder system, d¢-(BEDT-
TTF)2ClC2H4SO3·H2O (1). Typically, spin ladders are isolated 
from each other by non-magnetic species,11 but here the spin ladders 
interact with each other, hence the term “interactive”. Besides the 
fundamental physical aspects related with spin ladder systems’ quan-
tum and topological effects and simple application of switching de-
vices,11 the interest in spin ladder materials has also been motivated 
the theoretical prediction that on hole doping they can show super-
conductivity due to spin mediated hole-hole attraction12 and pres-
sure-induced superconductivity.13 

Black rhombus-shaped crystals were obtained by the constant-
current electrocrystallization method in 18 mL of CH2Cl2 with 10 
mg of BEDT-TTF, 44 mg of ClC2H4SO3Na and 67 mg of 18-crown-

6 ether. The electrical resistivity was measured by a conventional 
four-probe method using a HUSO-994C1 multi-channel 4-terminal 
conductometer. Figure 1 and S1 show r vs. T and Arrhenius (log r 
vs. 1/T) plots, respectively. The sample shows semiconducting be-
havior over the investigated temperature. Discontinuities were con-
sistently observed for two measured samples at 165 and 170 K for 
the cooling and heating processes, respectively. The narrow 5 K 
width of the hysteresis suggests that it is a 1st order phase transition. 
The room temperature resistivities of two samples, A and B, are 29.9 
and 34.8 W·cm, respectively. The activation energies of both samples 
from 270-290 K (average of the cooling and heating processes) are 
0.220 and 0.225 eV, respectively, which are relatively large for 
BEDT-TTF0.5+ salts. However, the gradients of the Arrhenius plots 
(Figure S1) (= Ea) decrease rapidly with lowering temperature and 
become constant below the transition, at 0.102 and 0.090 eV for A 
and B, respectively.  

Figure 1. Electrical resistivity of samples A (red) and B (blue) of com-
pound 1. 

X-ray analyses at several temperatures were performed on a 
Rigaku XtaLAB Synergy Custom with MicroMax-007 HF/VariMax 
rotating-anode X-ray generator and confocal mono-chromated 
MoKa radiation. The crystallographic data are shown in Table S1. 
The structural phase transition was observed between 150 and 160 
K for both cooling and heating processes. The small disparity in the 
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transition temperatures, compared to those found from resistivity 
measurements, appears to be caused by the different cooling rates. 
Structures at 290 and 160 K are almost the same. The composition 
of the high temperature phase is d-(BEDT-TTF)2ClC2H4Cl·H2O 
(1H). One BEDT-TTF, half an anion and half of a water molecule 
are crystallographically independent. The crystal structure of 1H at 
290 K is shown in Figure 2a and S2. 

Figure 2. Crystal Structure (a), donor arrangement (b) and two inde-
pendent overlapping modes (c and d) in the BEDT-TTF stack of 1H at 
290 K. 

There are 2D donor layers with many short S···S contacts (Fig-
ure 2b), which are interleaved by anion/water layers (Figure 2a and 
S2). The Cl and S atoms of the anion are located on the mirror plane 
and are not disordered. The other atoms are not located on the mir-
ror plane and are therefore disordered, since there are two anions 
having different conformations (I and II), which are superimposed 
at the same position. Only one of the three oxygen atoms (O3) of -
SO3

– protrudes marginally out of the mirror plane along the c and -c 
directions for I and II, respectively. The O3 atom has a contact 
shorter than the S···O van der Waals distance with S7 of the BEDT-
TTF molecule of 3.114(7) Å. In addition, the other oxygen atoms 
(O1 and O2) form hydrogen bonds with the incorporated water 
molecules, which are also located on the same mirror plane and not 
disordered. The packing arrangement in the BEDT-TTF layer is 
shown in Figure 2b. There are two independent overlapping modes 
along the stacking direction (//b). Overlap p1 involves BEDT-TTF 
molecules that are twisted relative to each other (Figure 2c) and 
overlap p2 involves aligned molecules (Figure 2d). This donor ar-
rangement is termed as d-type, which typically has metal-insulator 
(MI) transitions. Furthermore, in d-salts the transition temperature 
(TMI) has been found to be proportional to the (cell length along the 

donor’s side-by-side direction)/(cell length along the stacking direc-
tion) (c/a in ref. 7). This ratio for 1H is 0.41, from which a TMI of 
1,300 K is estimated. This suggests that 1H would be an insulator at 
room temperature. In fact 1H is a semiconductor although band cal-
culations14 reveal Fermi surfaces (Figure S4). Most d-type salts also 
show satellite spots or diffuse streaks on the X-ray photos below TMI, 
resulting from a doubling of the unit cell length along the BEDT-
TTF side-by-side direction (2kF-CDW), providing insulating non-
magnetic spin dimer states.15 However, 1H has no satellite spots or 
diffuse streaks at 290, 160 (Figure S6), 140 (Figure S7) and 102 K 
(Figure S8). This suggests the formation of 4kF-CDW in 1H as dis-
cussed below.  

Figure 3. Crystal Structure (a), donor arrangement (b) and three inde-
pendent overlapping modes (c, d and e) in the BEDT-TTF stack of 1L 
at 102 K. 

Below the phase transition, the cell parameters change as shown 
in Table S1. The composition of the low temperature phase is found 
to be d´-(BEDT-TTF)2ClC2H4Cl·H2O (1L). The cell parameters at 
150, 140, 120, and 102 K are almost the same (Table S1); the crystal 
structure of 1L at 102 K is shown in Figure 3a and S3. The Laue 
group (space group) changes from orthorhombic (Pbcm) for 1H to 
monoclinic (P21/c) for 1L. The low temperature phase (1L) has two 
donors, one anion and one water molecule in the asymmetric unit 
and one crystallographically independent donor stack in the unit cell. 
The independent anion is located on a general position and is or-
dered, indicating that the phase transition coincides with the order-
disorder transition of the anion. Figure S9 shows the temperature 
dependence of the cell volume of 1. On cooling a sharp decrease in 
the cell volume of approximately 50 Å3 occurs around 160 K. The 
cell volume shrinks by approximately 1.5 % at the order-disorder 
transition suggesting that the disorder of the anion above 160 K is 
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dynamic. During the phase transition, the donor packing motif also 
changes from d to d´.15 The d and d´ donor arrangements, shown in 
Figure 2b and 3b, are quite similar, although going from 1H to 1L 
the number of the independent donor molecules increases to 2, and 
the number of overlap modes increases to 3. The p3 overlap mode in 
1L (Figure 3e) is significantly different from both the p1 and p2 
modes in 1H (Figure 2c and 2d) and 1L (Figure 3c and 3d). There-
fore, in 1L each donor forms in a tetramer, suggesting that 1L is a 
band insulator. Indeed, the calculated band electronic structure,14 
shown in Figure S5, has no Fermi surfaces. However, the band gap is 
more than five times smaller than the Mott gap as shown in Table S2, 
suggesting that spin localization appears to be more stable than spin 
dimerization. 
 

Figure 4. Magnetic susceptibility of 1. Pale blue and pink circles indicate 
cooling and heating plots, respectively. Red, green and orange solid lines 
are calculated on the basis of a Curie-Weiss, 1D Heisenberg and Spin 
ladder model, respectively. 

The temperature-dependent magnetic susceptibility of 1 was 
measured using a Quantum Design MSMS-2S SQUID magnetome-
ter from 2-300 K. There is a large susceptibility drop at 160 K as 
shown in Figure 4, at which the magnetic interaction (j) changes 
drastically such that 1L has larger j than 1H. As mentioned above, at 
the phase transition cell volume shrinkage was also observed. The 
data in the high temperature range can be fitted to a Curie-Weiss law 
(red solid curve in Figure 4) with C = 0.352 emu mol-1 K-1 and q = -
90.8 K (j = q / 2 = -45.4 K).‡ It is relevant to note that a¢-type BEDT-
TTF-based salts, the donor layers of which consist of only twisted 
stacks, are 1D Heisenberg magnets, where the 1D chain extends 
along the BEDT-TTF side-by-side direction.16 The 1D magnetic 
chain of 1L also appears to extend along the side-by-side direction. 
The q value is smaller than the phase transition temperature so that 
no significant deviation of the magnetic susceptibility from the Cu-
rie-Weiss curve (red solid curve in Figure 4) is observed. Below the 
phase transition, the data can be fitted to a 1D Heisenberg model 
(Eq. S1) with j = -121.6 K (green solid curve in Figure 4). Although 
it was not possible to estimate the Curie constant because of the nar-
row temperature range and fixed value of C = 0.375 emu mol-1 K-1 

that was used during the curve fitting. The j value of the green curve 
is almost three times larger than that of the red curve, which explains 
the discontinuity in the susceptibility. The cell volume shrinkage ap-
pears to make the donor-donor interaction stronger. If the salt is a 
normal 1D Heisenberg magnet, a susceptibility drop caused by a 
spin Peierls transition is usually observed and the system goes into a 
non-magnetic ground state. In contrast, the salt shows a different 
and unique behavior. The magnetic susceptibility shows an upturn 
around 140 K, has a broad peak at 100 K and then decreases mono-
tonically down to base temperature. The susceptibility curve cannot 
be fitted by a Singlet-Triplet model, which we previously reported 
for another d¢-type salt6b but can be fitted to a spin ladder model (eq. 
1) with C = 0.375 emu mol-1 K-1 (fixed), a = 1.90 K and D = 100 K.‡, 

11, 17, 18  
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In fact, high symmetrical 1H has only two overlap modes (p1 

and p2) such that only a 1D spin chain can exist but a spin ladder 
cannot be formed. This is schematically shown in Figure 5 (left), 
where p1 is stronger than p2, therefore each dimer related by the p1 
overlap has a spin. By contrast, the lower symmetrical 1L has three 
overlap modes (p1, p2 and p3), and a spin ladder can be formed if 
magnetic interaction of p2 is not equal to p3 as shown in Figure 5 
(right). In addition, the largest interlayer transfer integral of 2.2 ́  10-

6 was calculated, suggesting that the interlayer interaction Jinter is ap-
prox. 10-7 times smaller than those of intralayer interaction. 

Figure 5. Schematic diagrams of spin structures of a 1D chain of 1H 
(left) and a spin ladder of 1L (right). 

Several spin ladder systems of organic charge transfer salts have 
been reported,11,17 in which each ladder is isolated by insulating 
counterions. Therefore, their inter-ladder interactions are very weak. 
In contrast, the inter-ladder interaction of 1L is strong by virtue of 
many S···S contacts between the ladders. Moreover, the magnetic 
susceptibility of 1L from 140 to 160 K obeys a 1D Heisenberg model 
where the difference between p2 and p3 is negligible. This implies 
that the ratio of p2 to p3 deviates from 1.0 when the system acts as a 
spin ladder. Figure 6 shows a plot of p2/p3 versus T. The p2/p3 ratio 
decreases with decreasing temperature, and no anomalies are ob-
served at 140 K. Thus it is not a phase transition and a critical value 
of p2/p3, below which the susceptibility of the system obeys a spin 
ladder system, is approximately 0.9. Since magnetic interactions j2 
and j3 (along the p2 and p3 overlaps, respectively) are proportional 
to the roots of the overlap integrals, the critical value of j2/j3 of ap-
proximately 0.8 is evaluated. In addition, since the 1D Heisenberg 
magnets usually show spin Peierls transition, dimerisation is ob-
served along the chain direction in salt 1 (side-by-side direction). 
However, the 1D chains of salt 1 interact with each other along the 
interchain direction (along the stacking direction), the 2D interac-
tion likely prevents the spin Peierls transition. The strategy is similar 
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to that used in (TMTSF)2X salts (TMTSF = tetraselenafulvalene 
and X = monoanion),4 in which significant Se···Se side-by-side inter-
actions prevent the Peierls transition, and superconductivity is 
shown at high pressure. In addition, the magnetic topology of 1L is 
still unclear for only performing the band structure calculations. An-
other more precise calculation and/or existence of plateau on a mag-
netization curve are needed for conformation of spin ladder system. 

Finally,	we	roughly	estimate	j,	j2	and	j3	using	Eq.	2,11,	17,	
18	where	j’	=	j3.	For	this	estimation,	we	set	j2	=0.8j3	and	the	
j	value	is	assumed	to	be	the	same	as	a	1D	Heisenberg	chain	
from	140-160	K,	j	=	120	K.		
	 	 D	=	j’	–	j	+,

!
-$

-.
	 	 (2)	

The	resultant	j,	j2	and	j3	of	120,	30,	and	40	K,	respectively,	
are	estimated.	

Figure 6. p2/p3 versus T plots of 1. The dashed line is a guide to the eye, 
showing p2/p3 = 0.90. 

In	conclusions,	d-(BEDT-TTF)2ClC2H4SO3·H2O	is	a	Mott	
insulator	and	shows	a	Curie-Weiss	behaviour	(q/2	=	j	=	-
45.4	K).	There	 is	 a	phase	 transition	with	a	 susceptibility	
jump	 at	 160	 K,	 below	 which	 the	 resultant	 d¢-(BEDT-
TTF)2ClC2H4SO3·H2O	obeys	a	1D	Heisenberg	model	down	
to	140	K.	Significant	2D	interactions	prevent	the	formation	
of	 density	 waves	 along	 the	 donor	 layer	 chain	 (side-by-
side).	A	weak	dimerization	along	the	stacking	direction	be-
low	140	K	occurs,	leading	to	a	purely	organic	2D	interac-
tive	spin	ladder	system.		
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A Curie-Weiss-type paramagnetic d-(BEDT-TTF)2ClC2H4SO3·H2O with q/2 = j = -45.4 K has a phase transition at 160 K, below which the salt has a d´-type 
2D donor arrangement with 1D Heisenberg antiferromagnetic behavior with j = -121.6 K. Further cooling below 140 K induces a weak dimerization in the 

donor layers leading to a spin ladder system.  


