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bstract. The authors have recently proposed a novel charge-
ontrol mechanism that assumes an appreciable temperature in-
rease at the “toner/carrier” interface due to the triboelectrification.
n this model, the temperature dependence of the electrical conduc-
ivity of charge-control agents (CCAs) plays the crucial role. There-
ore, electrical and thermal properties of azo-metal complexes used
s CCAs have been investigated in order to provide additional evi-
ence for our model as well as to study their high thermal stability.
he electrical conductivity of a typical azo-Fe complex (i.e., T-77

rom Hodogaya Chemical) is found to increase exponentially with
emperature, and the value around 100°C is about two to three
rders of magnitude higher than that at room temperature. This sup-
orts our charge-control mechanism. On the other hand, the struc-

ure analyses of T-77, sodium salt of T-77, and sodium salt of a
r-complex revealed that there are intermolecular hydrogen-bond
etworks or coordination networks, in which each cation bridges
eighboring anions. This type of network is found to be responsible

or high thermal stability above 250°C. © 2009 Society for Imaging
cience and Technology.

DOI: 10.2352/J.ImagingSci.Technol.�2009�53:1�010504��

NTRODUCTION
zo-metal complexes are well-known classical colorants as

haracterized by the azo group �uNvNu �.1 Nowadays,
ewer metal complexes are used in the textile industry be-
ause of environmental and ecological problems. On the
ther hand, metal-complex dyes find application as powerful
harge-control agents (CCAs) for toners to create a desired
harge level and polarity. As for the charge-control mecha-
ism, a number of investigations have been carried out on

he basis of the effective electric field,2,3 work function,4

ass transfer,5 and charge transfer.6 However, no clear-cut,
onsistent explanation has yet been established. In view of
he present situation, we have recently proposed a novel

odel that assumes an appreciable temperature increase at
he “toner/carrier” interface due to the triboelectrification
Figure 1).7 Because of this instantaneous local heating, the
lectrical conductivity of the CCA (which resides on the
urface of both toner and carrier) is significantly increased to
rovide a conductive channel, through which the carrier
ow effectively occurs to charge the toner. These two as-

IS&T Member.

eceived May 5, 2008; accepted for publication Oct. 28, 2008; published
nline Feb. 5, 2009.
062-3701/2009/53�1�/010504/9/$20.00. “

. Imaging Sci. Technol. 010504-
umptions have been experimentally verified.7 Especially, lo-
al heating up to ca. 100°C has been confirmed using a
igment marker (ethylpyridylperyleneimide8) that changes

ts color from black (trans-form) to red (cis-form). Around
his temperature, the electrical conductivity of CCA in-
reases remarkably by two to three orders of magnitude
ompared with that at room temperature.

The purpose of the present investigation is twofold. The
rst objective is to provide more experimental evidence for
ur charge-control mechanism by showing the temperature
ependence of the electrical conductivity of a typical azo-Fe
omplex used in practice as a CCA of the negative type
product name: T-77 from Hodogaya Chemical: Figure 2).
econdarily, we intend to structurally clarify why T-77 is so
hermally stable, although it is inherently only an ammo-
ium salt. High thermal stability is a prerequisite for CCAs,
ecause pulverized toners are usually prepared at about
30–180°C by kneading various toner components such as
olymer, colorant, CCA, etc. Accordingly we found in T-77

he existence of strong intermolecular forces through
H¯O hydrogen bonds between the NH group of one cat-

on and the carbonyl O atom of the Fe-anion complex. It is
his hydrogen-bond network that imparts a polymerlike sta-
ility to T-77. Furthermore, we have extended our study to
ifferent azo-metal salts (i.e., sodium salt of T-77, designated
s T-77Na) and sodium salt of a Cr-complex (designated as
-34Na: Figure 3) in order to generalize our theory of sta-
ility of azo-metal complexes.

The first part of the present paper deals with the elec-
rical properties and the crystal structure of T-77. The

igure 1. Toner charging through conductive channels formed at the

toner/carrier” interface in tribo-electrification.
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econd part discusses the thermal stability of T-77Na and
-34Na on the basis of the crystal structure.

XPERIMENT
reparation of Azo-Metal Complexes and their Crystal
rowth
-77 (Hodogaya Chemical: CAS No. 104815) was synthe-
ized according to the method reported in literature9 and
urified three times by recrystallization from methanol.
-77Na was synthesized according to the method previously
eported.10 S-34Na was obtained from Orient Chemical
ndustries, Ltd.

Single crystals of T-77 were grown by recrystallization
rom methanol or acetone in solution. After 48 h, a number
f black crystals were obtained in the form of platelets from

methanol solution (size: 0.20�0.20�0.10 mm3) and
n the form of blocks from an acetone solution (size:
.10�0.10�0.04 mm3). Both crystals were found to in-
lude one solvent molecule per molecule according to
hermogravimetric analysis.

Similarly, single crystals of T-77Na were grown by re-
rystallization from an acetone or acetonitrile solution. After
8 h, a number of black crystals were obtained in the form
f blocks in both solvents. Single crystals of S-34Na were
btained by recrystallization from an acetone solution. After
8 h, a number of black crystals were precipitated in the

igure 2. Molecular structure of T-77 �CAS No. 104815�: �a� The struc-
ure presented usually in literature and �b� the structure determined by x-ray
nalysis �i.e., this work�.
orm of blocks. f

. Imaging Sci. Technol. 010504-
ollection of Reflection Data and X-Ray Structure
nalysis

n all crystals of T-77, T-77Na, and S-34Na, reflection data
ere collected on an R-AXIS RAPID/F diffractometer from
igaku using MoK� radiation �λ�0.71075 Å) at 93 K,

ince all single crystals are found to include solvent mol-
cules. The structures of all crystals were solved by direct
ethods [SIR200411], and refinement was carried out by the

2 12

igure 3. �a� Sodium salt of T-77 �i.e., T-77Na�, which includes two
aphthol AS moieties, and �b� sodium salt of an azo-Cr complex:
-34Na, where S-34 �with H+ instead of Na+� is a commercial product
f Orient Chemical Industries, Ltd. S-34Na lacks the moiety of naphthol
S.

Figure 4. Interdigital electrodes made of indium-tin-oxide.
ull-matrix least-squares method on F [SHELXL97 ].
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reparation of Samples for the Electrical Measurements
easurements of the electrical conductivity in the form of

owders are often not very reproducible or reliable owing to
ariation in the packing density of the powder as well as to
lectroding problems. Therefore, thin layers of methanol or

Table I. Crystallographic parameters for T-77/methanol or T-77/acetone.

T-77/methanol13 T-77/acetone14

Formula �NH4��Fe�C23H14ClN3O3�2�
�CH4O�

�NH4��Fe�C23H14ClN3O3�2�
�C3H6O�

Crystal system Triclinic Monoclinic

Space group P1̄ P21 / n

Molecular weight 937.58 963.62

Z 2 4

a �Å� 10.1107�4� 11.3199�14�

b �Å� 14.1645�6� 13.7962�17�

c �Å� 15.3877�7� 27.757�4�

� �°� 103.2240�11� 90.0000

� �°� 102.8270�12� 93.747�3�

� �°� 94.0860�12� 90.0000

ensity �g / cm3� 1.501 1.480

R 0.054 0.089
Figure 5. ORTEP plot of

. Imaging Sci. Technol. 010504-
cetone-solvated crystals of T-77 were directly deposited on
TO (indium-tin-oxide) interdigital electrodes by spin coat-
ng (Figure 4).

easurements
he temperature dependence of the electrical conductivity
as measured with a 6514 Keithley electrometer in the tem-
erature range between room temperature and 200°C at a
eating rate of 3 K/min. Thermogravimetric analysis
TGA) and differential thermal analysis (DTA) were carried
ut in air at a heating rate of 10 K/min, using a Rigaku
hermo Plus TG-8120 instrument.

ESULTS AND DISCUSSION
irst Part—Crystal Structure and Electrical Properties
f T-77
rystallographic parameters and molecular conformation of

olvated T-77
able I details the crystallographic parameters for methanol
r acetone-solvated azo-Fe complexes and these are desig-
ated by T-77/methanol and T-77/acetone.13,14 It is interest-

ng to note that the space group is different (i.e., molecular

rrangement is different), depending on the solvent used: P1̄
nd P21 /n, respectively.

Figure 5 shows the ORTEP plot of T-77/methanol. The
e anion complex has no crystallographic symmetry. Pairs of
he equivalent ligands lie cis to each other, showing that the
nion complex has no inversion symmetry and that the mo-
T-77/methanol.

Jan.-Feb. 20093
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ecular conformation is obviously different from that shown
n Fig. 2(a), although the chemical formula with an inver-
ion center has always been presented so far in the
iterature.15 The correct scheme is shown in Fig. 2(b). Figure

shows the ORTEP plot of T-77/acetone. As in the case of
-77/methanol, there is no inversion symmetry in the anion
omplex.

Figure 7(a) illustrates the packing arrangement of T-77/
ethanol. Surprising to say, the H atoms of the ammonium

ation are hydrogen bonded to O1, O3i and O6i of the anion
omplex (symmetry code: (i) −1+x, y, z) (i.e., bonded to
wo different anion complexes) as well as to O7 of methanol.
nother intermolecular hydrogen bond is between O7 and
6ii (symmetry code: (ii) 1−x, 1−y, 1−z). The H-bond

etwork described above links the metal complexes in chains
unning along the a axis. A schematic picture is also given in
igure 7(b).

The molecular arrangement of T-77/acetone is strik-
ngly different from that of T-77/methanol, especially in the
etwork of H-bonds. Figures 8(a) and 8(b) illustrate the
acking arrangement. The ammonium cation shares its H
toms with the O atoms of the three different metal-anion
omplexes through NH¯O hydrogen bonds and also with
he O atom of the acetone molecule, again a NH¯O hydro-
en bond. On the other hand, in T-77/methanol, the ammo-

Figure 6. ORTEP
ium cation shares its H atoms with two metal-anion com- F

. Imaging Sci. Technol. 010504-
igure 7. �a� Packing arrangement of T-77/methanol and �b� schematic.

Jan.-Feb. 20094
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lexes and one solvate molecule. Interestingly, the molecules
re again assembled in chains that run along the a axis.

It is important to note that it is the ammonium cation
hat bridges anion complexes (two in T-77/methanol and
hree in T-77/acetone). We have also confirmed by powder
-ray diffraction analysis that the framework of the molecu-

igure 8. �a� Packing arrangement of T-77/acetone and �b� schematic.

Figure 9. TGA curves for �a� T-77/methanol and �b� T-77/acetone.
ar arrangement remains mostly intact in both complexes c

. Imaging Sci. Technol. 010504-
ven after desorption of the solvent molecules. Therefore,
he difference in molecular arrangement between T-77/

ethanol and T-77/acetone may lead to a different tempera-
ure dependence of the electrical conductivity, as discussed
ater.

GA Measurements in Air
igure 9(a) shows the TGA curve for T-77/methanol. The
nset of the weight loss occurs around 98°C, showing a
eight loss of 3.3%. This corresponds to one methanol mol-

cule. On the other hand, the onset temperature of T-77/
cetone is 114°C and the weight loss amounts to 5.9%
Fig. 9(b)]. The present weight loss is due to desorption of
ne acetone molecule. In addition, the decomposition tem-
eratures of both metal-anion complexes is rather high be-
ause of the hydrogen-bond network: 257°C in T-77/
ethanol; 262°C in T-77/acetone.

It should be noted that the desorption and decomposi-
ion temperatures of T-77/acetone are higher than those of
-77/methanol. This is closely correlated to the strength of

he intermolecular forces and is mainly attributed to the fact
hat the ammonium cation unites two different anion com-
lexes in T-77/methanol through NH¯O hydrogen bond-

ng, whereas the cation connects three anion complexes in
-77/acetone.

emperature Dependence of the Electrical Conductivity
ince azo-Fe complexes are regarded as organic semiconduc-
ors, the temperature dependence of the electrical conduc-
ivity is assumed to follow the Boltzmann distribution as
iven by

n = n0 exp�− E/kBT� ,

here n, E, T, and kB denote the number of carriers, the
ctivation energy, the temperature, and the Boltzmann con-
tant, respectively. Figure 10 shows the temperature depen-
ence of the electrical conductivity (Arrhenius plot) for
-77/methanol, T-77/acetone, and a styrene-acrylic (St-Ac)
esin, which is the main constituent of toners. A good lin-
arity is observed in T-77/mechanol and St-Ac polymer,
hereas the temperature dependence in T-77/acetone is

igure 10. Temperature dependence of the electrical conductivity of
-77/methanol, T-77/acetone, and St-Ac.
haracterized by a swell over the whole temperature range.

Jan.-Feb. 20095
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he latter is presumably related to the acetone molecules
ncluded firmly in the lattice; these remain more tenaciously
ound in this crystal.

The electrical conductivity of T-77/methanol at about
00°C is higher by two orders of magnitude than that at
oom temperature, and three orders of magnitude higher for
-77/acetone. In addition, the electrical conductivity of the
t-Ac resin is lower than that of T-77/methanol by more
han two orders of magnitude. This indicates that T-77 with
r without solvent molecules serves as a conductive channel
etween toner and carrier, while the electrical charge is ex-
ected to reside on the St-Ac polymer. This observed tem-
erature dependence of the electrical conductivity supports
ur charge-control mechanism described in the
ntroduction.

onclusions to the First Part
1. Two kinds of solvated azo-Fe complexes are isolated

s single crystals. The space groups for T-77/methanol and

-77/acetone are P1̄ and P21 /n, respectively.
2. In both azo-Fe complexes, pairs of the equivalent

igands lie cis to each other, showing that the anion complex
as no inversion symmetry, although the chemical formula
ith inversion symmetry has always been presented in

iterature.
3. The ammonium cation bridges two metal-anion

omplexes in T-77/methanol through NH¯O hydrogen
onding, whereas three anion complexes are held together in
-77/acetone. The present hydrogen-bond network is re-
ponsible for the high thermal stability of T-77.

4. The electrical conductivity of T-77/methanol at about
00°C is higher by two orders of magnitude than that at
oom temperature, while three orders of magnitude higher
n T-77/acetone. The present temperature dependence sup-
orts our charge-control mechanism.

econd Part—Thermal Stability of Sodium Salts of
zo-Fe or azo-Cr Complexes
s described in the preceding section, the thermal stability is
ue to the NH¯O intermolecular hydrogen-bond network;

hat is, the hydrogen bond with a combination of a
NH4

+/carbonyl O atom.” Then, what happens when the
H4

+ is replaced by Na+ [Fig. 3(a), designated as T-77Na]
hat has no hydrogen bonding ability; i.e., the combination
f a Na+/carbonyl O atom? In this case, a coordination net-
ork between Na+ and the carbonyl O is operative as de-

cribed below. In the above two examples of T-77 and
-77Na, the carbonyl O atom is common and included in

he form of the moiety of naphthol AS as shown in
igs. 2(b) and 3(a). It is this carbonyl O atom that plays the
rucial role for the formation of the hydrogen-bond or co-
rdination network. Then, what happens again in the ab-
ence of the carbonyl O atom? This is the example of S-34Na
s shown in Fig. 3(b), where the moiety of naphthol AS is
eplaced by �-naphthol. Our goal is to elucidate the origin
f the thermal stability of these compounds from the struc-
ural point of view.
 i

. Imaging Sci. Technol. 010504-
rystallographic Parameters and Molecular Conformation
f T-77Na
able II details the crystallographic parameters for acetone
r acetonitrile-solvated azo-Fe complexes designated as
-77Na.16,17 Both compounds include solvent molecules:
-77Na/2CH3COCH3 abbreviated to T-77Na/acetone and
-77Na/CH3CN�H2O�3 designated as T-77Na/acetonitrile

or short.
Figure 11 shows the ORTEP plot of acetone-solvated

-77Na (i.e., T-77Na/acetone). There is no inversion sym-
etry in the anion complex, just as in the case of T-77/

cetone. Figure 12 shows the molecular arrangement of
-77Na/acetone. The sodium cation is found to form a
imer with another sodium atom as shown in Figure 13,
here each sodium cation is coordinated by five ligands:

hree carbonyl oxygens of the three different anion com-
lexes (O5, O5i, and O6ii) (symmetry code: (i) −x, 1−y,
−z; (ii) 1−x, 1−y, 1−z) and two acetone molecules (O7
nd O8). Surprising to say, each sodium cation unites three
ifferent anion complexes through the carbonyl oxygen at-
ms: O5, O5i, and O6ii. This indicates that anion complexes

orm a two-dimensional network parallel to the a axis. Fig-
re 14 shows the schematic illustration of the crystal struc-

ure of T-77Na/acetone.
On the other hand, in acetonitrile-solvated T-77Na (i.e.,

-77Na/acetonitrile), the situation of the sodium coordina-
ion is quite different. Figure 15 shows the ORTEP plot of
he anion complex dimer in T-77Na/acetonitrile. The so-
ium cation bridges two different anion complexes to form
n anion complex dimer as shown in Figure 16. This dimer-
zation contributes to the stabilization of T-77Na/
cetonitrile.

In summary, the sodium cation plays a decisive role in
ridging anion complexes in both T-77Na/acetone and
-77Na/acetonitrile crystals, leading to a high thermal stabil-

Table II. Crystallographic parameters for acetone or acetonitrile-solvated T-77Na.

T-77Na/acetone16 T-77Na/acetonotrile17

Formula �FeNa�C23H14ClN3O3�2�
��C3H6O�2�

�Fe2Na2�C23H14ClN3O3�4�
��C2H3N�2�H2O�4�2H2O

Crystal system Triclinic Triclinic

Space group P1̄ P1̄

Molecular weight 1026.64 2011.21

Z 2 1

a �Å� 13.8165�4� 11.4416�5�

b �Å� 13.8623�4� 14.1161�7�

c �Å� 14.1524�5� 15.0105�7�

� �°� 98.8179�10� 72.396�1�

� �°� 105.3882�12� 76.2850�9�

� �°� 109.0641�8� 83.015�1�

Density �g / cm3� 1.431 1.481

R 0.056 0.086
ty of these compounds.

Jan.-Feb. 20096
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rystallographic Parameters and Molecular Conformation
f S-34Na
able III details the crystallographic parameters for the
cetone-solvated azo-Cr complex (S-34Na/acetone).18 This
ompound includes two acetone molecules:
-34Na/2CH3COCH3. S-34Na is a dinuclear complex of
ctahedral CrIII and NaI units and is found to form a one-
imensional polymer running along the c axis.

Figure 17 shows the ORTEP plot of S-34Na. The unit is
omposed of an octahedral CrIII unit and an octahedral NaI

ne. The anion complex exists in cis-form, just as in the
rdinary azo-Fe complexes previously reported.13,14,16,17

ach CrIII atom is chelated by the N and two O atoms from
wo [(5-chloro-2-oxidophenyl)diazenyl]-2-naphtholate
igands. On the other hand, the NaI cation coordinates to a
henoxy O atom from the two ligands of each octahedral
rIII unit, a naphthoxy O atom from the two ligands of each
eighboring CrIII unit, and two acetone molecules. The oc-

ahedral CrIII unit and the octahedral NaI one are repeated
lternately to form a one-dimensional polymer along the c
xis through the four O ligands in common. The polymer
ormation contributes to a significant stabilization of S-34Na
hose property is a prerequisite for its CCA application in

Figure 11. ORTEP plot of T-77Na/acetone.

Figure 12. Packing arrangement of T-77Na/acetone.
lectrophotography. Figure 18 is the schematic of the f

. Imaging Sci. Technol. 010504-
inuclear complex of octahedral CrIII and NaI units and this
orms a one-dimensional polymer running along the c axis.

GA Measurements of T-77Na and S-34Na
igure 19 shows the TGA curve for T-77Na/acetone. The
eight loss in T-77Na/acetone occurs in two steps at about
37°C (weight loss: 6.44%) and at about 204°C (weight

oss: 4.81%). The total weight loss of 11.25% corresponds to
wo acetone molecules. Then, decomposition occurs at
bout 307°C. The present high decomposition point is ob-
iously due to the coordination network caused by sodium
ations. S-34Na behaves nearly the same way as T-77Na/
cetone. Figure 20 shows the TGA curve for S-34Na/acetone.
he onset of the weight loss occurs around 187°C, showing
weight loss of 13.89%. This corresponds to two acetone
olecules. Finally, the decomposition takes place around

33°C, which is extremely high for ordinary metal com-
lexes. The present high thermal stability is obviously due to

he polymer formation of S-34Na.

onclusions to the Second Part
1. The sodium cation in T-77Na is coordinated by five

igands: carbonyl O atoms of the anion complex plus O
toms of solvent molecules. The Na cation plays a decisive
ole in bridging anion complexes in both T-77Na/acetone
nd T-77Na/acetonitrile, leading to a high thermal stability

igure 13. The sodium cation dimer with four acetone molecules. �Sym-
etry code: �i� −x, 1−y, 1−z; �ii� 1−x, 1−y, 1−z; �iii� −1+x, y, z�.

igure 14. Schematic illustration of the crystal structure of
-77Na/acetone.
or these compounds.

Jan.-Feb. 20097
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2. The high-decomposition temperature of T-77Na/
cetone and T-77Na/acetonitrile is due to a sheetlike coor-
ination network established by sodium cations.

3. S-34Na is a dinuclear complex of octahedral CrIII and
aI units.

4. The octahedral CrIII unit and the octahedral NaI one
re repeated alternately to form a one-dimensional polymer
long c through the four O ligands in common. This greatly
ontributes to the thermal stability.

Figure 15. ORTEP plot of the anio

igure 16. Schematic illustration of the formation of the hydrogen-bond

etwork through two water molecules.

. Imaging Sci. Technol. 010504-
Table III. Crystallographic Parameters for S-34Na/acetone.

S-34Na/acetone18

Formula C32H18Cl2CrNaN4O4
/2CH3COCH3

Crystal system Orthorhombic

Space group Pnna

Molecular weight 784.55

Z 4

a �Å� 18.5082�17�

b �Å� 26.199�3�

c �Å� 7.1726�6�

Density �g / cm3� 1.498

R 0.110
n complex dimer in T-77Na/acetonitrile.
Jan.-Feb. 20098
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Figure 17. ORTEP plot of S-34Na/acetone.

F
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along the c axis.

Figure 20. TGA curve for S-34Na/acetone.
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