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Traditionally, chemical reaction between solids has been considered to typically occur on a geological time
scale without the benefit of high temperature, due to diffusion block in the solids. However, recent advancements
have revealed that many solvent-free reactions between molecular crystals can quickly occur at room or
near-room temperature. These reactions have raised a novel scientific question as to how the reactive species
can overcome the diffusion-controlled kinetic limitations under such moderate conditions. From time-resolved
powder UV —vis reflection spectra and optical micrographs with the reaction between dimethylglyoxime and
Ni(Ac),+4H,0 and the reaction between hexamethylenetetramine and CoCl,*6H,0 as models, we found that
the solvent-free reaction really occurs at an intermediate state between the solid state and the liquid state.
Formation of the liquid phase provides a convenient approach to diffusion of reactive species, whereas formation
of a solid product layer hampered the transfer of reactive species. Both factors led to a broad reactive rate
band in the long reaction region. The results have explained the diffusion mechanism of the fast reaction
between the molecular crystals under moderate conditions.

1. Introduction

Chemical reactions between solids have been widely applied
in the preparation of materials. Because of the diffusion
limitations (because the diffusion coefficients in solids typically
range from 10712 to 107'® cm?/s) between the macroscopic
solids, a long-held popular view is that the solid—solid reaction
requires high thermal activation to overcome the barrier to
transfer across the solid—solid interface.'?> Recently, however,
a number of cases of the solvent-free reactions between
molecular crystals occurring at moderate and even room
temperature have been reported.’-® These cases have shown that
many reactions occurring in the solution state can also be more
simply carried out in the solvent-free state under very moderate
conditions, even with a surprisingly high reaction rate and yield.
Due to the advantage of solvent-free processing, the reactivity
between molecular crystals has aroused wide interest because
of its potential for green and low-cost synthesis,’~!2 especially
for the preparation of the nanostructured materials.'314

From the viewpoint of thermodynamics, if the change in the
Gibbs free energy of the reaction system is less than zero,
theoretically the reaction can occur, whether in the solution state
or in the solvent-free state. In fact, not all reactions that can
occur in the solution state can be favorably carried out in the
solvent-free state. The diffusion-controlled kinetic limitations
always play a more important role, because the reacting species
have to diffuse across the solid product when the reaction
product spatially separates the initial materials. According to
the popular theory for solid reaction, defects or vacancies in
the solids can provide an approach to transporting the reactive
species at sufficiently high temperature.'>1® Obviously, it cannot
explain the high reaction rate and yield between molecular
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crystals in the solvent-free state at room or near-room temper-
ature. Interestingly, many solvent-free reaction systems between
molecular crystals that have been macroscopically observed
involve the formation of a liquid phase during grinding of the
solid reactants.!®!7-18 On the basis of the experimental observa-
tion of 19 organic examples, Scott et al.!® even directly
suggested that these solvent-free organic reactions occurred
actually in a liquid melt. Anyway, these experimental facts at
least suggested that there should be a special way of diffusion
for the reactive species, which was dependent on the formation
of the liquid phase and then leads to a high reaction rate and
yield. However, to date, little is known how it affects the kinetics
of the solvent-free reaction.

In this paper, we used the method of the time-resolved powder
UV —vis reflection spectroscopy and optical metallography to
respectively investigate the character of the reactive kinetics
and diffusion mechanism between molecular crystals. Note that
it is difficult for the X-ray diffraction (XRD) method to
accurately track the variety of the reactive components by the
intensity response of X-ray diffraction, because of the formation
of a liquid phase during the reaction. Choosing the reaction
between (DMG, white) and Ni(Ac),*4H,O (blue) and the
reaction between hexamethylenetetramine (HMT, white) and
CoCl,*6H,0 (red) as models for study is based on the obvious
color contrast between the reaction components. Results suggest
that the solvent-free reaction really occurs at an intermediate
between the solid state and the liquid state. The formation of
the micro liquid phase produces a convenient diffusion path to
transfer the reactive species, which led to a broad reactive rate
band in the long reaction region.

2. Theory on the Time-Resolved Powder UV—Vis
Reflection Spectroscopy

As shown in Figure 1 light (/y, the total intensity) incident
upon solid matter will be partially reflected (/r, the intensity of
reflection), partially transmitted as a refracted ray (It, the
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Figure 1. Schematic of the absorption, transmission, and reflection of
light in a solid medium.
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Figure 2. Assembly drawing of the groove.

intensity of transmission), and partially absorbed (I, the
intensity of absorption) by the solid. If the solid matter is
absolutely opaque, the value of It is zero. Thus,

I,=1,+1, (1)

From eq 1, the powder UV—visible reflection spectrum can
be transformed into the powder UV —visible absorbance spec-
trum. For incident light with constant wavelength (1), if taking
no account of the extra absorption resulting from the multiple
internal reflection within the solid medium, according to the
Lambert law, the absorbed-light density (D) is directly
proportional to the concentration of the solid medium:

Iy
D,=—log —=¢,c 2)
Iy

where €, is a constant relative to the wavelength of the incident
light and c is the concentration of the solid medium. Due to the
effect of dispersion and internal reflection, D as a function of
the thickness (/) of the solid medium is not fitted by the Beer
law, and it can be expressed as?®

dDy=m(D,,,— D, dl 3)

D o 1s the absorbed-light density when the thickness (/) of the
solid medium trends to co; m represents a constant relative to
the surface features of the solid matter such as the smoothness
and compactness. Combining the dependencies of D on
concentration and thickness, as respectively given in eqs 2 and
3, D can be expressed as

dD,=¢&;m(D, ,,— D) dl )

If the solid medium is uniformly distributed in the range of the
thickness /, eq 5 can be obtained by integrating eq 4:
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In % = ¢g;mcl 5
Let
g;m
K== (©)

Here, A is the area where the incident light irradiates the solid
medium, and its value is a constant, which is determined by
the spectrophotometer. Therefore, K; is a constant relative to
the wavelength of the incident light. Thus, eq 5 can be expressed
as

DA,oo B DA,o

1
"Dy — Dy

=Kn 7

where 7 is the molar quantitiy of the solid medium in the volume
of A x [
For the solvent-free reaction as follows:
bB + ¢cC —dD + fF (8)
the reactive rate can be expressed as
1 dng 1 dne 1 dnp 1 dng
pv=——- —_— e —— — — — — . (9)
b dt c dt d dr f dt
Combining eqs 7 and 9, the reactive rate v can be expressed as

1 Dyw—=Dyp
=+ —d|ln ————|/dr 10
"X, [HDA,&,—DA] (10)
Considering Iy in eq 2 as a constant, eq 10 can be also expressed
as

v= =+

log(1, /1, o,
I eIy )]/dt (11)

K" Tog I,

From eq 10 (or eqs 11 and 7), we can choose any one of the
reactive components to obtain the kinetic curve of the reactive
rate v versus the molar quantities n by time-resolved powder
UV —visible reflection spectroscopy with “+4” for product
components and “—” for reactant components.

Through time-resolved powder UV —visible reflection spec-
troscopy, the kinetic data can be continuously determined with
the smallest sampling interval of 0.2 s. Thus the details of the
kinetic information can be perfectly recorded. Moreover, this
method is also valid for the amorphous reaction system because
the response of the absorbance intensity in the powder
UV—visible reflection spectrum is not dependent on the
crystallinity of the reactive components. These advantages are
superior to those of the other methods, such as the XRD method,
the intersection face moving method, etc.?":?? In particular, the
kinetic information in the initial stage of the reaction is difficult
to obtain by the XRD method because of the small amounts of
the reactive quantities.

3. Experimental Section

All time-resolved powder UV—visible absorption/reflection
spectra were recorded on a Hitachi U-3010 spectrophotometer
using AlOj3 as substrate. The measurement type is set as Time
Scan, and the sampling interval time is set as 2 s. Before the
experiments were carried out, all reactant grains were separately
ground in an agate mortar for 20 min to produce fresh surface,
and the particle size distribution of all reactants was less than
1 mm. The reactants with the theoretical molar ratio were
quickly mixed by shaking the powder mixture in a little tube.
The reaction occurred once the reactants were mixed, so the
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Figure 3. Optical Micrographs (x40) of mixture of DMG and
Ni(Ac),+4H,0 (a) and mixture of HMT and CoCl,*6H,0 (c). (b) and
(d) are respectively the power UV —visible spectra of Ni(Ac),*4H,0O
and Ni(DMG),*xH,0, CoCl,+6H,0 and Co(HMT),Cl,+xH,0. Dashed
line in (b) and (d) is the background line deducted respectively the
absorbance of DMG and HMT.
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mixed samples had to be rapidly assembled into the special
groove to carry out the measurement. For all spectral experi-
ments, we controlled the operating time (from mixing to
measuring) to be less than 20 s. An assembly drawing of the
groove is shown in Figure 2. The low temperature operation of
the measured samples was carried out in the BINDER MKS53
Cold-/Heat Test Chamber (Germany).

Optical microscopy was performed with LEICA MEF3A/
Quantimet 520/M optical metallography (OM). TG/DTA curves
were recorded on a NETZSCH-449C thermal analyzer with a
heating rate of 1 °C/min. The powder mixture of reactants was
prepared for the TG/DTA determination as same as for the time-
resolved powder UV —visible reflection spectra described above
before the experiments were carried out.

4. Results and Discussion

Grinding the two reactants results in the formation of a liquid
phase, as shown in Figure 3a,c, and respectively produces
nickel(I) dimethylglyoximate (red) and cobalt(Il) hexameth-
ylenetetramate (blue). It can be seen from Figure 3b.d that there
are two obviously contrasting absorption bands at about 520
nm in the absorption spectra of Ni(Ac),*4H,O and
Ni(DMG),*xH,0, and at about 640 nm in the absorption spectra
of CoCl,*6H,0 and Co(HMT),Cl,*xH,O. Here, we respectively
utilize variation of the absorbance at these absorption bands
with time to study their solvent-free reaction kinetics.

Figure 4 shows the reactive kinetic curves of K;v vs Kn,
and the corresponding time-resolved powder UV —visible ab-
sorption spectra are given in the inset figure. It can be seen
from the absorption spectra, as the reaction proceeds, that the
response of the absorbance intensity increases with very high
sensitivity. From the reactive kinetic curves in Figure 4, the
maximum reactive rates are observed at the initial stage of the
reaction. Both are almost lacking in reaction product depen-
dency. At the initial stage, the transport of the reacting species
is sufficiently fast at the interface of reactants or the very thin
film of the product, which reflects a situation where the reactive
kinetics exhibits the character of an interfacial solid—solid
reaction obeying the linear reactive rate law.?>>* Then the
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reactive rate sharply declines as the quantity of product
increases. At this stage, the diffusion process becomes relevant,
due to the increasing thickness of the reaction product layer.
According to the general understanding of the solid—solid
reaction, when the thickness of the reaction product layer
increases to some extent, the diffusion completely determines
the reaction rate, which reflects a situation where the reactive
kinetics exhibits the character of theparabolic rate law.>>2° To
overcome the kinetic barrier, an elevated temperature is gener-
ally considered to enhance the diffusivity of the reacting
species.?’” However, as the reaction proceeds further, a broad
reactive rate band (marked by * in Figure 4) is unexpectedly
observed in the long reaction region, which is different from
the classical idea of the solid—solid reaction, as described above.
Obviously, it is this broad reactive rate band that dominates
the reactions between CoCl,*6H,O and HMT and between
Ni(Ac),+4H,0 and DMG so that they can favorably proceed at
room temperature. Here, the formation of the liquid phase due
to the release of the crystal water in Ni(Ac);*4H,O and
CoCl,*6H,0 has played an important role.

The optical micrographs in Figure 5 reveal the effect of the
formation of a liquid phase on the characteristics of diffusion
in the solvent-free reaction. It can be seen from the dashed circle
in Figure 5a that there is a blue liquid region in the interface
between the DMG and Ni(Ac),+4H,0, and the red Ni(DMG);*
xHO product (in the solid circle) covers the surface of the
DMG. These features indicate clearly that the nickel(I) acetate
diffuses to the surface of the DMG granules along the liquid
region, and then the reaction occurs on the surface of the DMG.
Because DMG remains in the solid state at the experimental
temperature, the diffusion velocity of Ni(Ac),*4H,O toward the
surface of the DMG granules is much faster than that of DMG
toward the surface of the Ni(Ac),*4H>O granules. Thus, the
site where the reaction occurs is the surface of the DMG, and
consequently the Ni(DMG),*xH,0 product is concentrated on
the surface of the DMG. Parts b and c of Figure 5 respectively
show optical micrographs of the initial and later stages of the
reaction between.

HMT and CoCl,*6H,0. Comparing (b) and (c) of Figure 5,
we can clearly see that holes (as shown in the dashed circle in
Figure 5c are left at the cluster sites of CoCl,*6H,0 granules
(as shown in the solid circle in Figure 5b) after the mixture of
HMT and CoCl,*6H,0 has reacted. These holes suggest that
the diffusion between HMT and CoCl,6H,O is not symmetrical
during the reaction. Due to the release of the crystal water in
CoCl,*6H,0, the flow of CoCl,*6H,0 toward HMT is much
larger than that of HMT toward CoCl,*6H,0. With CoCl,*6H,O
continuously exhausted and the Co(HMT),Cl,*xH,0O products
concentrated on the surface of the HMT, holes are left at the
previous sites of CoCly*6H,0. These results show that the
formation of the liquid phase produces a convenient diffusion
path to transfer the reactive species. The endothermic peaks in
Figure 5d,e suggest that the crystal water in Ni(Ac),*4H,O and
CoCl,+6H,0 is released respectively at 39.4 and 25.8 °C in the
powder mixture.?® Figure 5f shows the reaction can still proceed
even if the temperature is as low as —40 °C though the reactive
rate become slower and the broad reactive rate band is tardily
observed with the temperature decreasing. At the low temper-
ature (such as —40 °C), the liquid phase is only formed by the
reaction itself (for example, x < 4 for Ni(DMG), *xH,0), which
make the appearance of the broad reactive rate band need a
longer time.

From Figure 4 the kinetic characteristics of the solvent-free
reaction does not apparently follow the Arrhenins law. We can
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Figure 4. Curves of the reactive rate K;v versus the molar quantity K;n of the reaction (a) between CoCl,*6H,O and HMT and (b) between
Ni(Ac)*4H,0 and DMG. Inset: corresponding time-resolved powder UV —visible absorption spectra measured respectively at the constant incident
light wavelength of 640 nm (Figure 4a) and 520 nm (Figure 4b) and at 29 £ 1 °C.
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Figure 5. Optical micrographs taken at 26 £+ 1 °C: (a) mixture of
DMG (white) and Ni(Ac),*4H,O (blue), with the red substance being
the Ni(DMG),*xH,O products; (b) initial mixture of HMT (white) and
CoCl,*6H,0 (red, in the dashed circles), with the blue substance being
the Co(HMT),Cl,*xH,O products; (c) the holes left after the mixture
of HMT and CoCl,*6H,0 has reacted. None of the mixtures were
ground before performing the above measurements. (d) Curves of the
reactive rate K;v versus time for the mixture of DMG and
Ni(Ac),+4H,0 at different temperatures; (e) and (f) the TG/DTA curves
of the mixture of DMG and Ni(Ac),*4H,0 and the mixture of HMT
and CoCl,+6H,0.

be divided into three distinct stages, as schematically shown in
Figure 6. Initially, the reaction appears to be an interfacial
solid—solid reaction with the constant reaction rate. Due to a
little diffusional motions for the reactant molecules on the
surface layer, the maximum reactive rates are observed at this
stage. For the reaction as eq 8, assuming it is an elementary
reaction, the reactive rate can be expressed as

v=kny” nef (12)

k is the constant of the reactive rate, and ng; and nc; respectively
present the mole quantity of the reactant B and C at the reactive

Stage 1: Interfacial solid-solid reaction
. Reactant A

o Reactant B

n

o T Stage 2: Diffusion-controlled reaction

n

Stage 3: Micro-liquid diffusion reaction

@ Ligquid micro-flow

n

Figure 6. Schematic illustration of the typical solvent-free reaction
between molecular crystals. The right curves exhibit the typical kinetic
characteristics of each stage. n. is the critical reactive quantity, where
the reactive rate reaches a maximum value.

interface. At the initial stage of the interfacial solid—solid
reaction, the reactive interface is almost on the surface of B
and C particle. ng; and nc; are dependent on ng and nc, (the
mole quantity on the surface of B and C particle, which can be
considered to be constant) and the effective contacted specific
area (Oer) between the B and C particles, thus

v==k"* f(O.) (13)

Though the value of 6. is dependent on many factors such as
the particle size, mixing uniformity and the ratio of reactants,
etc., it is a fixed value at the given measurement condition.
Therefore, the constant reaction rates are observed at the
interfacial solid—solid reaction stage. This is followed by a solid
diffusion-controlled reaction. In this stage, the reactive interface
is far away from surface of B and C particle. Therefore, the
reactant molecules have to diffuse across the solid product due
to the increasing thickness of the reaction product layer. ng;
and nc; are less than np s and nc s according to the solid diffusion
equation,?® which leads to a decelerated reaction rate.
Fortunately, when the thickness of the reaction product layer
increases to some extent, the reaction typically follows the
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Figure 7. Polarized and transmitted light micrographs for the mixture of DMG and Ni(Ac),*H,O taken after (a) the mixture had reacted for 30 min
at room temperature (26 + 1 °C) without grinding and heating and (b) the mixture had reacted for 30 min at 50 °C.

microliquid diffusion mechanism, as shown in stage 3. In this
stage, the liquid phase in the mixture can carry the reactive
species to infiltrate through the reaction product layer; therefore
it is beneficial to the diffusion of the reactants. Whereas, the
reaction product layer can prevent the liquid phase from freely
flowing. The reactive kinetics is dependent on both the quantity
of the liquid phase and the thickness of the reaction product
layer. As the reaction proceeds, both the quantity of the liquid
phase and the thickness of the reaction product layer increase.
There is a critical point at n., where the reactive rate reaches a
maximum value. This is why the broad reactive rate bands are
observed in Figure 4. However, the microliquid phase cannot
flow as freely as a common solution, so strictly speaking, the
reaction occurs really at an intermediate state between the solid
state and the liquid state, because the thickness of the product
layer is still an important unfavorable factor for the reactive
kinetics. The polarized and transmitted light micrograph in
Figure 7a shows that there still are many Ni(Ac),*4H>O grains
in the mixture, which suggests that the reaction between DMG
and Ni(Ac);*4H,O has not finished in 30 min at room
temperature (26 £ 1 °C) without grinding and heating. Grinding
or heating the reactant mixture are effective for increasing the
reaction rate. Especially, heating the two solid reactants can
accelerate the formation of liquid phase. As shown in Figure 7b,
many liquid phase regions are observed in the mixture at 50
°C; and no Ni(Ac),*4H,0O grain is observed after 30 min
reaction time. Considering the contribution of the microliquid
diffusion reaction to the whole reaction, it is a reasonable
viewpoint proposed by Scott et al.!® that the formation of liquid
phase is the precondition for a fast chemical reaction between
solid molecular crystals. Generally, the molecular crystals have
crystal water or low melting points, so that they can easily form
the liquid phase under moderate conditions. We believe that
most chemical reactions between molecular crystals, especially
for organic synthesis, would be realized in an environmentally
friendly manner by using the microliquid diffusion approach.
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