
Introduction

In the era of fast developing technologies in nano-

composites with various new functions under simulta-

neous environmental restrictions, mechanochemical

processes need to be reconsidered to adapt these

seemingly self-contradictory requirements. One of

the most important items is obviously to invest as

minimal external energy as possible, since mechani-

cal activation is energetically inefficient and hence

expensive. On the other hand, there are several steps

which mechanical stressing can realize far better than

any other processes. After being deeply influenced

from a number of outstanding books [1–7], the pres-

ent author has also tried to summarize related issues

[8–14]. Still smarter mechanochemical processes are

explored in the present overview, to adapt the con-

temporary requirements mentioned above.

Although mechanochemistry was considered to

be a branch of inorganic solid state chemistry due to

its historical reasons, molecular crystals turned out to

be more sensitive to mechanical stressing and hence

research works in this area are increasing [15–21].

Chemical interactions between organic species like

amino acids and metals are understood under the con-

cept of coordination, where the charge transfer be-

tween the metal and the ligands play a principal

role [10]. This kind of interaction can open a new way

to ceramics processing [22, 23].

Importance of forced symmetry breakage and in-

timate contact between dissimilar species under me-

chanical stressing is to be emphasized [15]. For those

purposes, energy density is not of primary impor-

tance. Instead, other more subtle items such as timing

of stressing, environment or coexisting species play

more important roles. Another viewpoint is better uti-

lization of resources by rational use of mechanical

stressing [24, 25].

Explicit case studies based on our own research

works are exhibited from organic syntheses, materials

for microelectronics to direct synthesis of nano-struc-

tured materials from natural resources, under the uni-

fied motto of rationalization of mechanochemistry.

Organic syntheses

One of the major obstacles for a solid state reaction is

the restricted number of reaction fronts, i.e. only at

the inter-particulate contact points between dissimilar

reactant species. In a solid state host-guest complex,

however, a large number of molecules could be tied

up by non-covalent bonding leady to form host-guest

complexes. A simple example is a charge transfer

complex (CTC) between hydroquinone (electron do-

nor) and benzoquinone (electron acceptor) [26, 27].

Phenols [28, 29], naphthols [30, 31] or 1-1’-bi-2-

naphthol (BINOL) [32–34] can serve as an electron

donor. In the case of BINOL, aromatic compounds

such as benzene and anthracene are incorporated into

the crystalline network of CTC between BQ and

BINOL. This kind of composite crystal is formed di-

rectly in a solid-state process [32].

A Diels–Alder reaction starting from a stoi-

chiometric solid mixture of dimethylanthracene

(DMA) and p-benzoquinone (BQ) was efficiently cat-

alyzed by adding a small amount of phenol deriva-

tives via autogenous formation of eutectic complexes

[35]. The main mechanisms for the formation of

eutectic complex with hydrogen bonds were the inter-
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position of the charge transfer from a phenol to a

quinone under the influence of steric hindrance by

alkyl groups introduced into phenols [36]. Some of

the key issues with extracted experimental procedures

are reproduced below.

An equimolar mixture (typically 1 mmol, each) of

crystalline powders of derivatives of phenol and

quinone were mixed in an agate mortar with a pestle in

ambient atmosphere at 298 K. We used cresol (CR),

thymol (TM) or 3-tert-butylphenol (TBP) as a phenol

and p-benzoquinone (BQ), methyl-p-benzoquinone

(MeBQ) and tert-butyl-p-benzoquinone (TBBQ) as a

quinone. Crystalline powders of a phenol and a quinone

in a stoichiometric proportion were mixed in an agate

mortar at an ambient condition. In many cases e.g. with

TM and BQ, the powder mixture was turned to red

liquid immediately after mixing.

Table 1 summarizes the state and color of the re-

sulted complexes. When we use MeBQ or TBBQ as a

quinone, all the combinations led to autogenous fusion

with simultaneous color change into either dark red or

light orange. When we use BQ as a quinone, mixtures

with CR or TBP in the stoichiometric proportion turned

their color into red to indicate the formation of CTCs,

but remained in a solid state without autogenous fusion.

On the other hand, combination of the BQ and TM at

the molar ratio 1:2 resulted in an autogenous fusion to

change into a red eutectic complex.

We then compared the systems BQ-TBP, which

gave solid complex, and BQ-TM, as a eutectic com-

plex, to examine the difference in the molecular inter-

action by virtue of IR spectra. Kubinyi et al. [37] re-

ported that hydrogen bond formation leads to a red

shift of C=O stretching band, while �-charge transfer

interaction causes a red shift of the out-of-plane C–H

deformation band. Indeed, C=O stretching band of

BQ (1658 cm–1 in CHCl3) was red shifted in the com-

binations BQ-TBP (by 15 cm–1 in a solid state) and

BQ-TM (by 5 cm–1 in a eutectic state), respectively.

From these results, we recognize that hydrogen bonds

are also formed in the eutectic complex.

We further examined a Diels–Alder reaction in a

eutectic complex medium. As a model reaction, we have

chosen the reaction system between DMA and BQ. In

the course of the reaction, viscosity of the reaction mix-

ture increased, and the mixture completely solidified af-

ter 30 min to complete the reaction, as shown in Fig. 1.

Effects of BINOL and TM on the rate of Diels–Alder re-

action are quite obvious, as shown in Fig. 2.

Addition of a catalytic amount (10 mol%) of TM

to the same reaction system was examined. The

amount of the eutectic phase was very minute under

this condition, so that the reaction mixture could be

handled like a solid state reaction, to use a ball mill.

By adding a stoichiometric amount of TM, 95% yield

was obtained only in 30 min. The reaction was also

fast with a catalytic amount of TM, i.e. 95% yield in

2 h. In the case of additives giving solid-state com-

plexes, the yield was only moderate. This clearly

108 J. Therm. Anal. Cal., 90, 2007

SENNA

Table 1 States and colors of CTC with varying combinations

Quinone Phenol
Molar ratio

quinone:phenol
State Color

BQ CR 1:1 solid red

BQ TM 1:2 liquid red

BQ TBP 1:1 solid red

MeBQ CR 1:1 liquid red

MeBQ TM 1:1 liquid red

MeBQ TBP 1:1 liquid red

TBBQ CR 1:1 liquid orange

TBBQ TM 1:1 liquid orange

TBBQ TBP 1:1 liquid orange

Fig. 1 Change in the appearance during autogenous fusion and

CTC-catalyzed Diels–Alder reaction, A – BQ, B – just

after the addition of CR, C – state of autohenous fu-

sion, D – 1 min after DMA addition, E – 20 min after

gentle mixing and F – state of reaction completion by

gentle mixing for 30 min

Fig. 2 Reaction kinetic curves of catalysed Diels–Alder reac-

tion between BQ and DMA with different additives,

i.e. A – none, B – 5 mol% BINOL, C – 10 mol% TM

and D – 200 mol% TM



demonstrates that the reaction in a eutectic medium is

much faster than those in a solid state complex. In ad-

dition, the reaction carried out in a solution gave mod-

erate yields [35]. These results are explained by the

absence of the hydrogen bonds in a solution.

By the reaction processes demonstrated above,

sluggishness of the solid-state reaction is significantly

eliminated. We also emphasize that simultaneous hy-

drogen bonding during the complex formation pro-

cess furnishes additional merits of the present organic

catalyses in solvent-free Diels–Alder reactions.

Electroceramics

Solid-state processes are advantageous over compet-

ing alternatives via solution of vapor phases to fabri-

cate electroceramic materials due primarily to high

productivity, cost merits and ecology. However, we

have to overcome well known shortcomings of in-

homogeneity i.e. low reactivity and associated neces-

sity of high temperature often leading to disfavored

grain growth. Well-dispersed, fine particulate raw

materials are nowadays commercially available at a

reasonable price, so that the main purpose of milling a

mixture is shifted from size reduction and intensive

mechanical activation to homogenization of the reac-

tion mixture. Excessive mechanical activation is even

hazardous, when we have to suppress grain growth.

Appropriate choice of the starting species of cationic

ingredients may not be underestimated either. Several

case studies will be summarized below for representa-

tive ferroic materials.

PMN-PT

Starting from a stoichiometric mixture comprising re-

spective oxides with an exception of Mg(OH)2, being

a stable hydroxide, instead of MgO, solid solutions of

perovskite, PbMg1/3Nb2/3O3 with PbTiO3 (PMN-xPT

with x=0, 0.1 or 0.2) were synthesized [38]. Increase

in the microhomogeneity of the mixture was demon-

strated in Fig. 3 by using the standard deviation of the

local atomic ratio from the overall nominal one deter-

mined by EDX installed in the transmission electron

microscope. The principle of this kind of homogene-

ity evaluation is identical with those adopted for the

degree of mixing in a much larger scale [39].

Change in the electronic states of the mixture is

then to be examined as a criterion of ‘chemical homoge-

neity’. While change in the O1s by grinding is rather

straightforward to near that of the final product [38], we

also have more detailed discussion based on the change

in the Nb3d XPS pattern. As shown in Fig. 4, partial re-

duction of Nb5+ to Nb2+ was detected. Difference in the

DTA profile is also significant as shown in Fig. 5. While

endothermic peak due to dehydration of Mg(OH)2

(peak 1) became much smaller for milled sample, de-

crease in the temperature of the exothermic peak due to

pyrochlore formation was as large as ca. 100 K (from

peak 3 to peak 2). Endothermic peak due to melting of

PbO (peak 4) disappeared by milling. All these changes

consistently indicate homogenization and incipient

chemical reaction during milling.

This, together with the disappearance of the IR ab-

sorption from OH, mechanochemical dehydration and

associated charge transfer are clearly demonstrated.

These experimental findings backup the formation of

bridging hetero-metalloxane bonds, being the funda-

mental principle of soft mechanochemistry [8].
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Fig. 3 Change in the microhomogeneity of the reaction system

PMN-0.1PT by milling and heating with ca. 25 nm spe-

cial resolution, evaluated by EDX installed in TEM;

A – without milling and B – milling for 1 h

Fig. 4 XPS profiles of Nb3d for the reaction system

PMN-0.1PT; A – without milling and B – milling for 1 h
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As we calcined the mechanically homogenized

mixtures mentioned in the previous section at 850°C

for 4 h, we obtained always phase pure perovskite.

Morphology of the calcined powders is also much

more uniform when we started from homogenized

mixture [38]. The lattice constant decreased linearly

with x, indicating the formation of uniform PMN-PT

solid solution. The obvious superiority of the me-

chanically pretreated products in the dielectric prop-

erties [38] is primarily attributed to the elimination of

the second phase, pyrochlore.

Ba(Mg1/3Ta2/3)O3 (BMT)

In the case of Ba(Mg1/3Ta2/3)O3 (BMT), success of

mechanical activation was only reached by using hy-

drated sample, Ta2O5·3.8H2O, in place of anhydrous

Ta2O5 [40]. The second phase, BaTi2O4, was almost

disappeared, if not completely, by using mechanically

activated mixture with Ta2O5·3.8H2O. From the XPS

analyses we recognized that the hydrated water was

disappeared after milling [40]. We attributed this to

the consumption of hydrated water due to the forma-

tion of bridging bonds, Ba–O–Ta and Mg–O–Ta,

across the boundary of dissimilar particle species. It is

particularly noteworthy by referring XPS profiles that

the electronic state of the starting mixture becomes

very close to that of well-crystallized BMT [40].

Ba-hexaferrites

Necessary conditions for the synthesis of phase pure

Z-type hexagonal barium ferrite (Ba3Co2Fe24O41,

Z-hex) are quite different from those mentioned

above for various perovskite-related electroceramics.

While mechanical activation works relatively

straightforwardly for the syntheses of M-phase [41]

and Y-phase [42] hexaferrites, phase pure synthesis

of Z-phase is by far more difficult. A stoichiometric

mixture for Z-hex composition was milled in water in

a conventional rotational ball mill and dried at 100°C

for 12 h, to obtain the starting mixture. We subse-

quently calcined the starting mixture at 1080°C for

2 h to obtain the intermediate, comprising M-type and

Y-type hexaferrites. The intermediate was then dis-

persed in distilled water and milled with a planetary

mill for 1 h. The slurry was dried and subsequently

calcined for the second time at temperatures between

1180 and 1230°C for 2 h. The same intermediates

were subjected to dry milling for comparison, under

the same operational condition. While wet milling of

the intermediate brought about Z-hex in an almost

phase pure state (phase purity more than 90%), dry

milling resulted in much lower extent of Z-hex

[43, 44]. We attributed the success with intermediate

wet milling to the preservation of the layered struc-

ture, as schematically represented in Fig. 6.

Better utility of natural resources toward
high-valued material

Application of mechanical activation technology to

natural resources, among others to mineral process-

ing, has a long tradition. Starting materials of any

high-valued materials are after all natural resources.

However, little attempts were made to obtain high-

valued nano-structured materials rather directly from

mechanical activation. Here is an example where

nanoparticles of WC or W were obtained from

wolframate (FeWO4). This was achieved by calcining

mechanically activated mixtures of wolframite and

carbon powders in Ar [45, 46]. Since high cost of WC

production is attributed to a number of high tempera-

ture processes, reduction of processing temperature is

of utmost importance. Until recently, only a small

amount of reduction was observed at temperatures

around 1200°C [47]. As a matter of fact, mechanical

activation has been effectively used to prepare WC
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Fig. 5 DTA profiles for the reaction system PMN-0.1PT;

A – without milling and B – milling for 1 h

Fig. 6 Reaction schemes of Z-phase hexaferrite by two-step

heating with delaminating wet milling on the interme-
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from a mixture comprising tungsten powder and acti-

vated carbon [48, 49]. We succeeded in directly syn-

thesize WC from wolframite with the aid of mechani-

cal activation [45, 46].

Natural wolframite was supplied from

Bayan-Ulgii, western Mongolia. As carbon sources

we used commercial active carbon or recycled graph-

ite. The composition of the mixture was set equal to

the stoichiometry of the reaction, FeWO4+5C�

Fe+WC+4CO. Powder mixtures were mechanically

activated by a planetary mill (Fritsch, Pulversitte 5)

and uniaxially compressed into pellets. The pellets

were calcined up to 1100°C under flowing Ar gas.

It is noteworthy that the mixture milled for 0.5 h

(sample W-0.5) resulted in almost phase pure WC af-

ter calcining at 900°C, as shown in Fig. 7, while acti-

vation for 2 h (W-2) gave rise to a second phase, i.e.

the ternary carbide Fe6W6C according to the reaction,

6FeWO4+25C�Fe6W6C+24CO. Thermoanalytical

profiles were compared in Fig. 8. A decrease of the

endothermic peak temperature in W-2 is related with

an increase in the rate of ternary carbide formation, as

a consequence of the improved homogeneity. When

we heat at 1100°C, sample W-0 did not react at all.

Therefore, the mass loss and associated endothermic

process in sample W-0 are most likely ascribed to the

dissipation of remained carbon by reacting with the

remaining trace of oxygen in the furnace.

Figure 9 displays a bright field transmission

electron microphotograph taken from the sample W-2

after heating at 1100°C. We observe large dark wolf-

ramite (arrow 1) and ternary carbide particles

(arrow 2) surrounded by smaller WC particles

(arrow 3). We recognize the average particle size of

WC to be around 20–25 nm, which agrees well with

the crystallite size, 30 nm, determined from the XRD

line broadening. This implies the nanoparticles we

obtained in the present direct carbothermic reduction

are WC single crystals.

WC formation is a diffusion-controlled pro-

cess [47]. It is therefore obvious that milling the react-

ing mixture brings about its homogenization, an in-

crease in the number of reacting contact points and a

decrease in the diffusion path to ease the formation of

ternary carbides and, finally that of WC without the

formation of W2C. Preparation of WC with higher pu-

rity from natural wolframite mineral still requires re-
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Fig. 7 X-ray diffractograms of the mixtures of FeWO4 and ac-

tive carbon calcined at varying temperatures. The value
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of the starting mixture in h
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Fig. 9 Transmission electron microphotograph taken from
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finement and optimization of the milling and heating

processes, apart from additional purification steps.

Similar mechanical activation and subsequent

carbothermal reduction of tungstite (WO3·H2O) ob-

tained from natural wolframite by acid leaching resulted

in the tungsten nanoparticles [46] by the reaction

scheme was WO3+3C�WO2+CO+2C�W+3CO.

Fine-grained microstructure of the leached tungstite is

the main reason of favorable carbothermic reduction at

considerably low temperature. However, mechanical

activation of the tungstite and graphite mixtures with

planetary mill for 2 h enhances the carbothermal reduc-

tion and it starts at 1000°C. The product of the carbo-

thermal reduction was fine grained tungsten (W) with

crystallite size around 50–60 nm.

Conclusions

Throughout the case studies in three different catego-

ries, importance of the charge transfer across the bound-

ary of solid particles with dissimilar chemical species is

an important common issue. Forced contact with tempo-

ral and local breakage of symmetry of crystal or ligand

fields under mechanical stressing is really unique to the

mechanochemical processes. As far as we use equip-

ments with their construction more or less similar to

those of grinding machine, these requirements together

with constant mixing of the reactants are automatically

fulfilled. For these purposes, high energy intensity is not

always necessary, although there is always threshold in-

tensity necessary for the process. The author is more

than happy when some of the descriptions given above

could trigger a new idea of applying mechanochemical

principles to a new area of technology for innovative

new processing.
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