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Spatially inhomogeneous, stepwise phase transitions in a thiazyl 

diradical: A structural mismatch induced by lattice transformation  

Rie Suizu,
a,d

 Akito Iwasaki,
b
 Yoshiaki Shuku,

b
 and Kunio Awaga

c,d 

A heterocyclic thiazyl diradical, bis(1,2,3,5-dithiadiazolyl)-4,4’-biphenylene (1), was synthesized, and its structural and 

thermodynamic properties were characterized. This compound exhibits unique spatially inhomogeneous, first-order phase 

transitions at 306 and 359 K, in a stepwise fashion. The unit cell in the high-temperature phase above 359 K consists of 

four regular π-stacking columns with the same stacking manners having a uniform interplanar distance d. These four 

columns are connected by intermolecular S···S and S···N contacts between the thiazyl radical moieties, but the molecular 

planes are shifted by a distance of d/4 due to a steric hindrance between the bulky biphenylene moieties. Below 359 K, 

three of the four stacking columns exhibit structural transitions toward zigzag chain structures, formed by an alternating 

dimerization between the radical moieties, while one column maintains the uniform π stacking. In the low-temperature 

phase below 306 K, the last column finally exhibits the radical dimerization toward a zigzag chain structure. These unique 

phase transitions in 1 can be understood in terms of the stepwise transitions from “dimer liquid” to “dimer solid” through 

“dimer soliton phase”. 

Introduction 

The solid-state properties of organic radicals have been investi-

gated for more than five decades, and various unique electrical 

and magnetic properties have been revealed so far.1 These ma-

terials often exhibit a characteristic structural phase transition 

between a uniform structure at high temperatures and a dimer-

ized structure at low temperatures reflecting their strong elec-

tron-lattice and/or spin-lattice interactions with a drastic jump 

in the temperature dependence of the magnetic susceptibility 

(Scheme 1).2-6 These transitions have been believed to be 

caused by the instability of the 1D antiferromagnetic chain of 

S=1/2, namely, spin-Peierls instability,7 but have been found 

even in 3D network structures of organic radicals. For instance, 

heterocyclic thiazyl radicals usually form the multi-dimensional 

crystal structures caused by face-to-face π overlaps and side-

by-side S···S and S···N contacts.2,3,5,8,9 An S = 1/2 radical, 

TTTA (=1,3,5-trithia-2,4,6-triazapentalenyl), exhibits a first-

order phase transition between a dimerized low-temperature 

phase and a regular high-temperature phase with a surprisingly 

wide thermal hysteresis loop of ca. 100 K around room temper-

ature.2 It was recently proposed that thermal fluctuation in a 

double-well potential of two dimerized structures can induce a 

phase transition toward a uniform structure upon heating, in 

which the entropy term plays a significant role.2d  

In the present work, we synthesized a diradical, bis(1,2,3,5-

dithiadiazolyl)-4,4’-biphenylene (1, see Scheme 2), in which 

the molecular structure consists of a bulky biphenylene moiety 

and two terminal 1,2,3,5-dithiadiazolyl radical moieties. The 

structural and thermodynamic characterizations revealed unique 

phase transitions, which is caused by “bond frustration” and 

correspond to the stepwise transitions from “dimer liquid” to 

“dimer solid” through “dimer soliton phase”. 

Scheme 1. The dimerization patterns. (a) monoradical, (b) diradical with a central 

bulky group and two terminal radical moieties. 
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Results and discussion 

Synthesis and DSC measurements 

The synthetic methodology for generating bifunctional dithiadi-

azolyls has been well established.9 We prepared 1, following 

the procedure shown in Scheme 2. Namely, the reaction of the 

amidine compound with SCl2 gave the crude dication com-

pound, which was reduced to 1 with SbPh3. The crude com-

pound of 1 was purified by fractional sublimations, affording 

black reflective needles. The total yield of the steps (i) and (ii) 

in Scheme 2 was 47%. The crystals of 1 were stable enough to 

be handled in air for at least several hours, as were the other 

bifunctional dithiadiazolyls.9 

The DSC measurements for 1 were performed in the temper-

ature range between 260 and 400 K. The results are shown in 

Figure 1. Upon heating from 280 K, an endothermic anomaly 

appears at 306 K (peak maximum), followed by a broad endo-

thermic peak around 359 K (Fig. 1(a)). Upon cooling, the two 

transitions appear, making broad exothermic peaks at 359 and 

306 K, suggesting that these transitions are not associated with 

hysteresis loops. The DSC curves clearly indicate the presence 

of two successive phase transitions. It is notable that the cool-

ing curve exhibits broad tails on the low temperature sides of 

the two transitions (Figs. 1(b) and (c)). The transition enthalpies 

∆H for the low- and high-temperature transitions are 52.3 and 

179 J mol-1, respectively. The latter is nearly three times larger 

than the former. It is concluded that material 1 exhibits three 

phases: a low-temperature (LT) phase below 306 K, a high-

temperature (HT) phase above 359 K, and an intermediate-

temperature (IT) phase between these temperatures. 

Magnetic susceptibility 

The temperature dependence of the molar magnetic susceptibil-

ity χM of 1 was examined in the range of 2-400 K under the 

field of 5000 Oe. The results are shown in the inset of Fig. 2, in 

which the values of χM exhibit significant increases below 50 K 

and above 250 K. The former is assignable to paramagnetic 

lattice defects. We calculated the intrinsic paramagnetic suscep-

tibility χp, by subtracting the contribution of the Curie term at 

the low temperatures (C = 1.78 × 10-3 emu mol-1) and the dia-

magnetic susceptibility (−2.08 × 10-4 emu mol-1) from χM. Fig-

ure 2(a) shows the behavior of χp above 150 K, in which the 

two broken lines indicate the phase transition temperatures de-

termined by DSC. While the χp plots make a change in gradient 

at 359 K, there is little anomaly at 306 K. Figure 2(b) shows the 

plots of dχp/dT, which clearly indicate the anomalies at 306 and 

359 K. It is notable that χp exhibits no hysteresis loop in this 

temperature range, upon heating and cooling. 

X-ray structural analysis for the HT phase 

X-ray analyses of 1 were carried out at various temperatures in 

the range of 150-400 K. The crystallographic data are summa-

rized in Tables 1. The crystal structure in the HT phase belongs 

to the orthorhombic space group Fdd2. The molecule 1, in 

which a half of this unit is crystallographically asymmetric (Fig. 

3(a)), is axially chiral due to the steric hindrance in the biphenyl 

Scheme 2. Reagents and conditions: (i) SCl2 (excess), CH3CN, 60 °C, 4 h, (ii) 

SbPh3 (excess), CH3CN, 60 °C, overnight, 47% yield. 

 

Figure 1. (a) The DSC curves for the diradical 1 upon heating (red curve) and 

cooling (blue curve) in the temperature range between 260 and 400 K. The panels 

(b) and (c) show the magnified figures around 359 and 306 K, respectively. 

 

Figure 2. Temperature dependence of the paramagnetic susceptibility χp (a), and the 

differentiation, dχp/dT (b) (Inset: molar magnetic susceptibility, χM). The broken lines 

indicate the transition temperatures determined by DSC. 
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rings, and the HT phase is racemic, consisting of the (+) and (−) 

enantiomers, which include the clockwise and counterclock-

wise rotations of the phenyl ring, respectively, along the mo-

lecular long axis (Fig. 3(b)). The torsion angle between the di-

thiadiazolyl and phenyl rings (N1-C1-C2-C3) is −16.3(4)°. All 

the internal bond lengths and angles are typical of those seen in 

the other bifunctional dithiadiazolyls.9 The Cthiazyl-Cphenylene 

(C1-C2) and Cphenylene-Cphenylene (C7-C7’) bond lengths indicate 

that the biphenylene moiety is in the aromatic form rather than 

the quinoid form; 1 should be regarded as a disjoint diradical. 

As found in the structures of the related bifunctional dithiadia-

zolyls,9 the molecular structure of 1 is bowed (Fig. 3(c)). This 

bowed structure maximizes the intermolecular overlaps through 

the S···S and S···N contacts in both the π-stacking and lateral 

directions, and reduces the biphenylene-biphenylene repulsions 

in the former direction. 

The crystal structure in the HT phase consists of a regular π-

stacking column along the c axis and intercolumnar side-by-

side interactions between the dithiadiazolyl rings. Figure 4(a) 

shows a side view of the π stacking in the HT phase at 400 K, 

which is formed by a π-π face-to-face overlap between the di-

thiadiazolyl rings with a constant interplanar distance d of 

3.6419(8) Å. Figure 5(a) depicts a projection of the unit cell 

along the c axis, showing a network of the stacking columns. 

The columns denoted by A, B, C and D in this figure consist of 

the (+), (−), (+) and (−)-enantiomers, respectively. The π stack-

ing manners in the four are the same, but the molecular planes 

in them are shifted by d/4 along the c axis. The network is 

formed by the side-by-side contacts between the dithiadiazolyl 

rings in the order of ··A···B···C···D···A···B···C···D··· along 

the a and b axes, as indicated by the green and red zigzag lines, 

respectively, in Fig. 5(a). This means that A or C forms S···S 

and S···N contacts with B and D, but there is a steric repulsion 

between the biphenyl rings of A and C, despite the fact that A 

and C neighbor each other along the a axis. This feature is the 

same for B or D with respect to A and C. This structure can be 

understood as follows. Due to steric effects between the bi-

phenylene rings, the molecular planes of A and C are shifted by 

a distance of d/2 along the c axis. To make side-by-side short 

contacts between the radical moieties, the molecular planes of 

B and D are located at the midpoint between A and C, namely 

at d/4 and 3d/4. It is characteristic of the HT phase to include 

Table 1. Crystallographic data of 1 

Formula  C14H8N4S4 

M  360.48 

Temperature / K  150 200 250 280 300  320 340  360 380 400 

Crystal system  Monoclinic  Orthorhombic 

Space group  P21 (#4)  Fdd2 (#43) 

a / Å  15.519(2) 15.537(2) 15.558(2) 15.563(3) 15.576(3)  15.588(3) 15.606(3)  15.611(4) 15.621(4) 15.629(4) 

b / Å  7.0945(9) 7.1191(8) 7.1462(9) 7.1651(11) 7.1808(11)  7.1986(12) 7.219(2)  48.719(11) 48.764(11) 48.792(11) 

c / Å  25.462(3) 25.488(4) 25.511(4) 25.523(4) 25.536(4)  25.549(5) 25.570(6)  3.6202(8) 3.6313(8) 3.6419(8) 

α / ˚  90 90 90 90 90  90 90  90 90 90 

β / ˚  107.6826(13) 107.686(2) 107.670(2) 107.672(2) 107.707(2)  107.737(2) 107.761(3)  90 90 90 

γ / ˚  90 90 90 90 90  90 90  90 90 90 

V / Å3  2670.9(6) 2686.0(7) 2702.5(7) 2711.8(8) 2720.8(8)  2730.6(9) 2743.3(10)  2753.4(12) 2766.1(12) 2777.2(12) 

Z  8 8 8 8 8  8 8  8 8 8 

Dcalc / g cm-3  1.793 1.783 1.772 1.766 1.760  1.754 1.746  1.739 1.731 1.724 

µ(Mo Kα) / cm-1  7.104 7.064 7.020 6.996 6.973  6.948 6.916  6.891 6.859 6.832 

Nref (Rint) 
 

11699 

(0.0230) 

11756 

(0.0237) 

11844 

(0.0261) 

11893 

(0.0256) 

11935 

(0.0253) 
 

11913 

(0.0239) 

12017 

(0.0268) 

 

 

1524 

(0.0234) 

1528 

(0.0211) 

1529 

(0.0217) 

R1[I > 2σ(I)]a  0.0762 0.0747 0.0670 0.0604 0.0505  0.0417 0.0466  0.0304 0.0305 0.0319 

wR2
b  0.2199 0.2038 0.1939 0.1716 0.1383  0.1179 0.1365  0.0783 0.0814 0.0837 

Flack parameter  0.09(12) 0.11(12) 0.11(11) 0.11(9) 0.15(7)  0.04(6) 0.06(7)  0.01(11) 0.02(11) 0.09(11) 

GOFc  1.120 1.119 1.093 1.102 1.066  1.046 1.069  1.103 1.108 1.083 

CCDC  1017602 1017601 1017600 1017599 1017598  1017597 1017596  1017595 1017594 1017593 

a R1 = Σ||Fo| − |Fc||/Σ|Fo|.  
b wR2 = [Σ{w(Fo

2 − Fc
2)2}/Σw(Fo

2)2]1/2.  c GOF = [Σ{w(Fo
2 − Fc

2)2}/ (No-Nv)]
1/2 

Figure 3. The molecular structures of 1 at 400 K; (a) asymmetry unit, (b) (+) and 

(−) enantiomers, and (c) side view along the molecular short axis. 

Page 3 of 10 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

the stair-like arrays of the molecular planes of 1 with a step 

height of d/4 (see Fig. 8). X-ray structural analysis for IT and LT phases 

The temperature dependence of the X-ray ω oscillation diffrac-

tion images was examined in the temperature range of 150-400 

K. The results are shown in Fig. 6, and clearly indicate a lattice 

dimerization below 340 K. Wispy streaks are seen at c*/2 at 

400 K (see Figure 6(a)) due to a thermal fluctuation toward 

dimerization, while the structural analysis indicated the non-

dimerized structure for the HT phase. Therefore, the HT phase 

should be regarded as a “dimer liquid”. The intensities of the 

wispy streaks gradually increase upon cooling, and, below 340 

K, the Bragg’s peaks appear at c*/2 accompanied with the 

wispy streaks, indicating a long-range lattice dimerization along 

the l direction (c axis) in the orthorhombic cell. A further cool-

ing to below 300 K completely turns these weak streaks into 

Bragg’s peaks. The crystal structures of the IT and LT phases 

belong to the same space group, P21. The unit cell consists of 

four crystallographically independent molecules A~D, which 

can be corresponded to the molecules A~D in the HT phase, 

respectively. 

In the crystal structure of the IT or LT phase, each of A~D 

separately forms a π stacking column with the 21 screw axes 

along the monoclinic b axis. Figure 5(b) shows a projection of 

the unit cell for the LT phase along the b axis, which is very 

 

Figure 4. π Stacking modes in the three phases of 1; (a) at 400 K in the HT phase, (b) 200 K in the LT phase, and (c) 340 K in the IT phase. 

Figure 5. Projections of the unit cells at 400 (a) and 200 K (b), along the π-stacking 

directions.  
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similar to that for the HT phase in Fig. 5(a). However, the fea-

tures of the π stackings in the IT and LT phases are significant-

ly different from those of the HT phase. Figure 4(b) shows the 

π stackings at 200 K in the LT phase, which clearly exhibits an 

alternating dimerization—namely, a zigzag shape. Since there 

is no streak in this phase, the structure of the LT phase can be 

regarded as a “dimer solid”. The shorter intradimer distances 

and longer interdimer distances are ca. 3.2 and 3.9 Å, respec-

tively. This was probably caused by the molecular structure of 

the diradical 1, which consists of a central bulky group and two 

terminal radical moieties. Namely, the dimerization toward the 

zigzag chain would be more energetically preferable, to avoid 

the steric effects between the bulky central groups in the stack-

ing chain.9f,9g The structure of the LT phase is consistent with 

magnetic data, which indicate the presence of magnetic gap. As 

described later, the centroid positions for the molecules A~D 

exhibit significant shifts with respect to the stacking direction 

in the LT phase (See Figs. 8 and 10). 

The crystal structure of the IT phase is unique, involving the 

coexistence of zigzag-chains and regular stacking structures. 

Figure 4(c) shows the π stackings at 340 K in this phase. The 

structure of A-C is nearly the same as that in the LT phase, 

exhibiting a zigzag-type dimerization. However, the structure 

of D at 340 K is significantly different from the other three; it is 

close to the regular stacking, which is similar to that in the HT 

phase. The coexistence of the regular and dimerized stackings 

can be characterized in terms of “dimer soliton phase”. 

Structural features of the three phases 

To confirm the successive, spatially inhomogeneous phase tran-

sitions in 1, we analyzed the temperature dependence of the 

structural parameters. Figure 7 shows the temperature depend-

ence of the intracolumnar, intermolecular S···S distances for 

the four stacking columns. These distances are defined in the 

inset of this figure. At low temperatures below 250 K, namely 

in the LT phase, the S···S distances are clearly classified into 

two groups: the shorter ones (ca. 3.2 Å) and the longer ones (ca. 

3.9 Å), reflecting the existence of the zigzag chains. The red 

plots in this figure indicate the S···S distances in the π stacking 

D; the intra- and inter-dimer S…S distances in this column 

gradually approach the same value of ca. 3.6 Å upon heating, in 

contrast to the weak temperature dependence of those in the 

other stackings. The zigzag chain in column D in the LT phase 

exhibits a gradual transformation to the regular stacking upon 

heating, even in the solid zigzag-chain structures of the neigh-

boring columns A~C, and, in the IT phase between 306 and 359 

K, column D can be effectively regarded as a regular stacking. 

In the HT phase, the crystal structure consists of the regular 

stacking of molecule 1, so that the plots for the intra- and inter-

dimer S···S distances merge into one above 359 K. Figure S1 

shows the temperature dependence of the intercolumnar S···S 

distances. This figure also demonstrates the anomalous behav-

 

Figure 6. X-ray ω-oscillation diffraction images of 1 at various temperatures in the range of 400-150 K. (a) 400, (b) 380, (c) 360, (d) 340, (e) 320, (f) 300, (g) 280, (h) 250, (i) 200, 

and (j) 150 K. 

Figure 7. Temperature dependence of the intracolumnar, intermolecular S…S 

distances in the four stacking columns. The inset shows their definisions.  
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ior of column D. These structural changes in 1 can be regarded 

as stepwise transitions from a regular to a zigzag-chain struc-

ture in which columns A~C exhibit the transition at 359 K and 

column D does so at 306 K. This agrees with the fact that the 

ratio of ∆H at the two transitions is almost 3:1. 

The structural features of the three phases in 1 are schemati-

cally compared in Fig. 8, where the upper and lower panels 

show the top and side views of the π stacking columns, respec-

tively. The lower panels show the unfold (developed view) fig-

ures of the four columns, which make a closed cycle, A-B-C-D-

A, as indicated by the red arrows in the upper panels. This cycle 

is formed by the intercolumnar interactions among one side of 

the diradical molecules A and C and both sides of B and D.  

The thin gray and green lines indicate the intracolumnar zigzag 

dimerization, and the intercolumnar, intermolecular side-by-

side short contacts between the radical moieties, respectively. 

The HT phase consists of the four regular stackings with an 

equivalent intermolecular distance d and the stair-like arrays of 

the molecular planes with a step height of d/4. While the IT 

phase includes three zigzag chain columns (A~C) and one regu-

lar column (D), all the stacking columns in the LT phase exhibit 

the zigzag dimerization. The blue bold arrows in the lower left 

panel indicate the shifts of the centroid positions for A~D in the 

LT phase (see Fig. 10). The structures of the four stacking col-

umns A~D in the HT phase are not crystallographically inde-

pendent; their π-stacking manners are the same and not distin-

guishable. Even so, three (A, B and C) of the four exhibit the 

structural transition, namely the dimerization toward the zigzag 

chain at 359 K, while the last one (D) exhibits the transition at 

306 K. The diffraction images in Fig. 6 indicate that the HT, LT, 

and IT phases would correspond to “dimer liquid”, “dimer sol-

id”, and “dimer soliton phase”, respectively. It is worth compar-

ing the features of column D and the so-called domain-wall that 

often appears in the phase transitions of low-dimensional mo-

lecular crystals.10 The structural features of column D in the IT 

phase are similar to those of a domain wall between the two 

dimerization (or zigzag) patterns. However, the concentration 

of the domain walls is usually very low and their locations are 

spatially random. It is thus unique that column D appears peri-

odically in each unit cell (Fig. S2). 

Mismatch induced by radical dimerization 

We can now discuss the mechanism of the unique phase transi-

tions. Figure 9 shows the transformations of the four stacking 

columns A~D from regular- to zigzag-chain structure. Figure 

9(a-i) is identical to the lower panel for the HT phase in Fig. 8, 

namely a developed figure for the side views of the A~D, 

which makes a closed cycle with the intercolumnar interactions. 

Therefore, the A columns on the both sides are identical. In Fig. 

9(a-ii), it is assumed that the zigzag-chain pattern propagates in 

the order A, B, C, D, making intercolumnar side-by-side over-

laps between the radical moieties, as many as possible. In this 

case, the zigzag pattern of A is transferred to that of B, making 

many side-by-side contacts (green lines), and then the pattern B 

straightforwardly determines the structure of C. However, the 

zigzag pattern of D (red), which is transferred from C, can 

make less contact with the original chain A. It is obvious that 

there is another dimerization pattern for D, as shown in blue in 

Fig. 9(a-iii). The red and blue dimerization patterns are energet-

ically equivalent, so that the phase transition from regular- to 

zigzag-chain structure should induce a “bond frustration”, 

which is caused by a mismatch among the zigzag dimerization 

patterns of the four staking columns. This feature resembles to 

the frustration in gear trains (Fig. 9(b)); while, before gear rota-

 
Figure 8. Top and side schematic views for the π stacking columns in the three phases of 1. 
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tions, the frustration is not obvious, the rotations immediately 

induce frustration. Therefore, it is considered that this frustra-

tion would prevent the progress of the dimerization in column 

D and maintain the regular structure in the IT phase, even 

though the other three columns exhibit the dimerization. 

We examined the crystal coordinates of the centroid posi-

tions for the molecules A~D in the three phases. Figure 10 

shows the temperature dependence of the coordinate x along the 

π-stacking direction, namely the c axis for the HT phase or the 

b axis for the IT and LT phases. Since the unit-cell length the 

along the stacking direction in the IT or LT phase is twice that 

in the HT phase due to the lattice dimerization, we plotted the 

2x values for the IT and LT phases for the comparison with the 

data in the HT phase. In the HT phase, the x values for the cen-

troid positions of A~D are close to 0, 0.25, 0.5 and 0.75, re-

spectively, and even in the IT phase, where the three stacking 

columns exhibit the dimerization to the zigzag chains, these 

values depend little on temperature. This is understandable, 

because the regular π-stacking of the diradicals can make a 

transformation to a zigzag chain without changing the centroid 

position of each molecule (see Scheme 1(b)). Below 306 K in 

the LT phase, however, the coordinates of B and D decrease 

significantly, while those of A and C increase significantly. 

These shifts can be understood as follows. Since neither the red 

nor the blue dimerization pattern can maximize the intercolum-

nar contacts, as shown in Figs. 9(a-ii) and (a-iii), it is necessary 

to shift the centroid positions after the dimerization in column 

D, in order to maximize the intercolumnar contacts and to relax 

the frustration. In other words, the remaining regular stacking 

structure of D in the IT phase is strong evidences for the bond 

frustration between two energetically equivalent dimerization 

patterns (red and blue). The significant shifts of the centroid 

positions in the LT phases are considered to reflect the frustra-

tion induced by the dimerization. 

Conclusion 

What we found in the present work is the presence of the three 

unique phases in 1; “dimer liquid”, “dimer solid”, and “dimer 

soliton phase”. The unique structural phase transitions in 1 can 

be attributed to a mismatch between the intracolumnar zigzag 

dimerizations and the intercolumnar interactions, that is, “bond 

frustration”, which resembles to the frustration in gear trains. 

Geometrical frustration has been recognized as a result from an 

intrinsic incompatibility between certain fundamental interac-

tions and the underlying lattice geometry. The most well-

known example is the spin frustration for the antiferromagneti-

cally interacting spins in a triangle,11 and the complex ground 

states of the geometrically frustrated systems and the character-

istic relaxation processes to the ground states have attracted 

much attention.11 In contrast, the bond frustration in the present 

material was “induced” in the regular crystal structure with no 

obvious frustration. The induced frustration is considered to be 

universal in the organic radical crystals with strong electron-

lattice and spin-lattice interactions, and is expected to open a 

 

Figure 9. Bond frustration caused by a mismatch between the intracolumnar zigzag dimerizations and the intercolumnar interactions. (a-i) Schematic view for the crystal structure in 

the HT phase, which is identical to the lower right panel in Fig. 8. (a-ii and iii) Two possible structures expected after dimerization, in case that there is no shifs of the centroid 

positions. They are energetically equivalent, so that the intracolumnar dimerization would induce the intercolumar bond frustration. (b) Frustrated gear train; while, before gear 

rotations, there is no obvious frustration (b-i), the rotations immediately induce frustration (b-ii). 
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new branch in the chemistry and physics of geometrical frustra-

tion. 

Experimental Section 

General Remarks. All manipulations were carried out under a 

dry nitrogen atmosphere using Schlenk-tube techniques. 4,4’-

Biphenylenebis[N,N,N’-tris(trimethylsilyl)carboxamidine] was 

prepared according to the literature procedures.12 SCl2, SbPh3, 

and anhydrous acetonitrile were used as received. Mass spectra 

were obtained on a JEOL JMS-700 instrument operating in 

electron impact (EI) mode. Elemental analysis was performed 

with a LECO CHNS-932 microanalyzer.  

Synthesis of bis(1,2,3,5-dithiadiazolyl)-4,4’-biphenylene (1). 

An SCl2 (10 ml) was added dropwise from the dropping funnel 

into an acetonitrile (100 ml) suspension of 4,4’-

biphenylenebis[N,N,N’-tris(trimethylsilyl)carboxamidine] (9.20 

g, 13.6 mmol). The mixture was heated at 60 ˚C for 5 h and 

then filtered to afford a crude 4,4’-biphenylbis(1,2,3,5-

dithiadiazolyl) dichloride as an orange powder. The crude di-

chloride salt was suspended to acetonitrile (100 ml) and large 

excess of SbPh3 (12.0 g, 34.0 mmol) was added to it and heated 

at 60 ˚C for 5 h. After the reaction mixture was allowed to cool 

to room temperature, a black precipitate was filtered and puri-

fied by sublimation under reduced pressure (280 ˚C / 10-2 torr) 

to give 1 (2.31 g, 6.41 mmol, 47%) as a black needle. The char-

acterization was performed by MS, X-ray diffraction and ele-

mental analyses. Mass (EI, 70 eV): m/z 360 (M+, 100), 314 (M+ 

-S-N, 8), 282 (M+- 2S-N, 48), 236 (M+ -3S-2N, 19), 204 (M+ -

4S-2N, 38). Anal. Found: C, 46.90; N, 15.30; H, 2.23. Calcd for 

C14H8N4S4: C, 46.64; N, 15.54; H, 2.24. The crystals of 1 were 

stable enough to be handled in air for at least several hours, as 

were the other bifunctional dithiadiazolyls. 

DSC Measurement. The DSC measurements were performed 

on a Mettler Toledo DSC 822e/200 calorimeter with a scan rate 

of 1 K/min upon heating and cooling. 

Single-crystal X-ray diffraction analyses. The X-ray diffrac-

tion data for single crystal structure analysis were collected on a 

Rigaku AFC-10 instrument equipped with a Saturn 70 CCD 

detector under a cold nitrogen stream, by using graphite-

monochromated Mo Kα radiation (λ = 0.71070 Å). Tempera-

ture was corrected with the thermocouple. The frame data were 

integrated and corrected for absorption with the Rigaku/MSC 

Crystal Clear package.13 The structures were solved by direct 

methods (SIR-9714) and standard difference map techniques, 

and were refined with full-matrix least-square procedures on F2. 

All calculations were performed using the Crystal Structure 

4.015 crystallographic software package except for refinement, 

which was performed using SHELXL-97.16 Anisotropic re-

finement was applied to all non-hydrogen atoms. All hydrogen 

atoms were placed at calculated positions and refined using a 

riding model. 

We concluded the P21 space group for the structures below 

340 K, though the ADDSYM in PLATON program17 suggested 

Fdd2 as an alternative. This space group means that the struc-

ture should consist of a regular-stacking column. However, the 

X-ray diffraction images in Figure 6 clearly indicate lattice 

dimerization below 340 K; Wispy streaks are seen at c*/2 at 

400 K (see Figure 6(a)) due to a thermal fluctuation toward 

dimerization. Below 340 K, the wispy streaks change into the 

Bragg’s peaks, indicating a long-range lattice dimerization 

along the l direction (c axis) in the orthorhombic cell. Further-

more, we also found the diffractions, which were forbidden for 

the F-centered lattices, such as h+k, k+l, l+h = 2n+1 for (hkl). 

The ADDSYM EXACT in PLATON did not find Fdd2. The 

checkCIF for the 150 K data alerted a large ADP max/min ratio 

of C44, and large residual electron densities. They are probably 

caused by a disorder between the two configurations for col-

umn D, resulting from the frustration. Crystal data for 1 have 

been deposited at the Cambridge Crystallographic Data Centre 

under the number CCDC-1017593 (400 K), 1017594 (380 K), 

1017595 (360 K), 1017596 (340 K), 1017597 (320 K), 1017598 

(300 K), 1017599 (280 K), 1017600 (250 K), 1017601 (200 K), 

1017602 (150 K).  

Magnetic Susceptibility. Magnetic measurements were carried 

out on a SQUID (Quantum Design MPMS XL) magnetometer 

under 5000 Oe in the temperature range of 2-400 K.  
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the IT or LT phase is twice that in the HT phase. 
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A heterocyclic thiazyl diradical, bis(1,2,3,5-dithiadiazolyl)-4,4’-biphenylene, exhibits spatially inhomogeneous, stepwise 

phase transitions at 306 and 359 K, which are caused by a “bond frustration“, induced by a mismatch between the 

intracolumnar transformations and the intercolumnar interactions, as happens in frustrated gear trains. 
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