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A unique cyanate ester based on 4-tert-butylcalix[6]arene has been synthesized. It melts above 400°C and polymerizes on
heating above 300°C, i.e., in the solid state. The techniques of FTIR, pXRD, NMR, MALDI, TGA, DSC, and fast scanning chipcalorimetry have been used to characterize the monomer and its polymerization. The kinetics of solid-state polymerization
has been analyzed by an advanced isoconversional method that has revealed that the process rate is limited by a single step.
The activation energy of the process has demonstrated unusually large value, 380±10 kJ mol-1, which points at cooperative
breaking of C≡N bonds as the rate limiting step. This is in contrast to the regular cyanate esters that polymerize in the liquidstate by consecutive breaking of C≡N bonds. It has also been found that polymerization follows zero-order kinetics, which is
explained by the topochemical nature of polymerization localized on the surface of the plate-like crystals of the monomer.

Introduction
Solid-state polymerization (SSP) is a powerful tool for
creating polymers with controllable structure, molecular
weight, molecular weight distribution, tacticity, etc.1-3 SSP can
proceed both in crystalline and amorphous state. The
polymerization in crystalline state affords synthesis of highly
ordered polymers with unique optoelectronic properties,4-7
whereas polymerization of starting material in amorphous state
(in the temperature range between the glass transition and
melting temperatures) allows to obtain polymers of high
molecular weight,8-12 which are unavailable by polymerization
in a melt because of the problems with extremely high viscosity
of the products and their degradation at higher temperatures.13
In addition to practical advantages, SSP is of fundamental
interest.14 Among important fundamental issues is obtaining
insights in how the mobility of monomer or oligomer molecules
and their preorganization in the solid state affect the
mechanism and kinetics of polymerization as well as the
structure of a forming polymer. For instance, studies of solidstate [2+2] polycycloaddition of diolefins,4 and SSP of
diacytelenes5-7,15 have shed some light on the crystal lattice
control of the reaction kinetics and developed the strategies for
overcoming an unfavorable orientation of the crystal lattice

molecules by introducing specific substituents or auxiliary
components.16
To the best of our knowledge, neither thermal nor photo
initiated SSP has been reported for cyanate esters. This is not
surprising considering their reactivity. Initiation of cyanate
esters polymerization requires rather high temperatures,
typically above 200 °C, so that they melt before the reaction
starts.17 The mechanism of the liquid-state polymerization of
cyanate esters includes consecutive addition of three monomer
molecules followed by cyclization (Figure 1).18 Such sequence of
reactions is unlikely in the solid state because of restricted
mobility of the monomer molecules. Thus, one can hypothesize
that the solid-state polymerization of cyanate esters, if possible,
should demonstrate the mechanism and kinetics that are
distinctly different those observed in the liquid-state.
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Figure 1. Mechanism of cyclotrimerization of cyanate esters.
In order to test this hypothesis, we have synthesized
cyanate ester monomer based on 4-tert-butylcalix[6]arene.
Since the corresponding precursor, 4-tert-butylcalix[6]arene,
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melts around 370°C,19 it was expected that the synthesized
monomer would melt at high temperature and, thus,
polymerize in the solid state. Our expectations have been
confirmed experimentally, presenting what appears to be the
first known case of solid-state polymerization of cyanate esters.
The kinetics of the solid-state polymerization has been studied
by differential scanning calorimetry (DSC) and analyzed by
means of isoconversional methodology.20 The kinetic analysis
has revealed two remarkable phenomena for the solid-state
polymerization of the synthesized cyanate ester. The first one is
an unusually large activation energy of the process. The second
is the zero-order kinetics, which, to the best of our knowledge,
has never been reported for solid-state polymerization. The
paper is focused on providing physical insights into both
phenomena.

Materials and methods
4-tert-butylphenol (99 %, Aldrich Chemistry), potassium
hydroxide (>98 %, ChemMed), formaldehyde (37.5 w.% solution
in water, Fisher Scientific), p-xylene (>98 % TatChemProduct),
triethylamine (>99%, Sigma-Aldrich), cyanogen bromide (97%,
Acros Organics), trichlormethane (>99.5%, ChemMed), acetone
(>98%, TatChemProduct) were purchased and used as received.
Tetrahydrofuran (THF, >98 %, ChemMed) was purchase and
additionally distilled over potassium hydroxide. 4-tertbutylcalix[6]arene was synthesized according to the literature
procedure.19 Scheme of synthesis of cyanate ester monomer
presented in Figure 2.
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Figure 2. Scheme of synthesis of cyanate ester monomer from
4-tert-butylcalix[6]arene.
NMR spectra were recorded on Bruker Avance-400
spectrometer at 400 MHz for 1H, and 100 MHz for 13C with CDCl3
as a solvent. Chemical shifts are reported in delta (δ) units in
parts per million (ppm). FTIR spectra were recorded with Bruker
Vertex 70 FTIR spectrometer. MALDI spectra were recorded by
Bruker autoflex speed mass-spectrometer using 2,5dihydroxybenzoic acid as the matrix. DSC runs were carried out
using a heat flux DSC (Mettler-Toledo, DSC 3+). Indium and zinc
standards were used to perform temperature, heat flow, and
tau-lag calibrations. Solid state polymerization was carried out
in situ in 40 µL aluminium DSC pans. Non-isothermal DSC runs
were performed at the heating rates of 2.5, 5.0, 7.5, 10.0, 12.5,
and 15°C min-1. Isothermal DSC run was performed at 338 °C.
This temperature was selected to be roughly around the
temperature at which polymerization becomes detectable at

the slower heating rates (2.5 - 5.0°C min-1).View
The
target
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isothermal temperature was reached at the
rate 30 °C
min−1. The use of the faster heating rate guaranteed that no
appreciable polymerization would occur before the target
temperature was reached. The isothermal and nonisothermal
DSC runs were performed in the atmosphere of argon flow at
80 mL min-1, as recommended by the manufacturer (MettlerToledo). Because moisture could potentially affect
polymerization, the monomer was placed in 40 µL aluminum
pans and kept in a vacuum desiccator containing P2O5 for 1 day
to remove traces of water before measurements. For
measurements, the pans were closed with pierced lids to avoid
the pressure build-up and potential bursting of the pans.
Simultaneous TGA - DSC runs were carried out with Netzsch STA
449 F1 Jupiter thermal analyzer. The experiments were
conducted with the same heating rates as for the DSC runs
under argon flow of 75 mL min-1, as recommended by the
manufacturer (Netzsch). The mass of the sample for all thermal
analysis runs was ~1-2 mg. A fast scanning calorimeter Flash DSC
1 (Mettler Toledo) was used for determination of the monomer
melting temperature. In this experiment, a single crystal of the
monomer was picked by a 30 µm copper wire from a bulk
sample with the help of a LEICA M60 optical microscope, placed
in the centre of 157 × 157 μm area of the MultiSTAR UFS 1
MEMS chip sensor (See Figure S1 in SI), and heated at the rates
of 6 000 – 60 000 °C min−1. The measuring cell was continuously
purged with argon at 40 mL min−1.
Synthesis of cyanate ester monomer. In a 250 mL three
neck round bottom flask equipped with magnetic stirrer and
two dropping funnels, the solution of 1.62 g (15.4 mmol) of
cyanogen bromide in 30 mL of THF was placed and cooled to
−40 °C. Then one dropping funnel was filled with a solution of
0.50 g (0.51 mmol) of 4-tert-butylcalix[6]arene in 30 mL of THF.
Other one was filled with a solution of 1.9 mL (13.9 mmol) of
triethylamine in 30 mL of THF. Both solutions were added
dropwise to the reaction mixture during 1 hour. After that the
mixture was stirred for 1 h more at a temperature of −30 °C.
Then triethylammonium bromide salt was filtered off and
solvent was evaporated. Yellow residue was washed with
several portions of acetone and recrystallized from
trichloromethane. Desired cyanate ester monomer was
obtained as a white solid with a yield of 73% (0.42 g). FTIR: 2360,
2265 cm-1 (-OCN). 1H-NMR, CDCl3-d1, δ (ppm): 1.19 (s, 54H,
(CH3)3C), 4.16 (s, 12H, (-CH2), 7.09 (s, 12H, Ar-H). 13C-NMR, δ
(ppm): 151.68, 148.36, 129.40, 127.54, 109.60, 34.62, 31.19,
31.03 (Figures S2 and S3 in SI). MALDI–TOF MS (2,5dihydroxybenzoic acid was used as a matrix) analysis (Figure S4
in SI) revealed two major peaks at m/z = 1146.4 and 1162.5
corresponding respectively to the [М+Na]+ and [М+K]+ adducts.
A very minor peak at m/z = 1186.4 was assigned to [М+Cu]+. All
these peaks were consistent with the calculated mass for M
(C72H78N6O6) is 1123.4. A few other minor peaks at smaller m/z
correspond to partially substituted derivatives of 4-tertbutylcalix[6]arene. Elemental analysis for (C72H78N6O6).
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Computations
The recommendations of the ICTAC Kinetic Committee21
were followed to evaluate the activation energy,
preexponential factor, and the reaction model of the studied
processes. The extent of conversion, α, values were determined
as the partial areas of the DSC peaks associated with
polymerization of the cyanate ester. The effective activation
energy, Eα, was evaluated as a function of conversion with the
aid of the flexible integral isoconversional method of Vyazovkin,
which allows to eliminate a systematic error in Eα when it varies
with α.22-25 The error is eliminated by using the so-called flexible
integration that assumes the constancy of Eα within a very
narrow integration range, Δα.20,25 The value of Δα was taken as
0.02. Within each Δα, Eα is determined by finding a minimum of
the function:
𝒏

𝚽(𝑬𝜶) =

𝒏

[𝑰(𝑬𝜶,𝑻𝜶,𝒊)𝜷𝒋]
(𝟏)
𝜶 𝜶,𝒋)𝜷𝒊]
𝒊 = 𝟏𝒋 ≠ 𝒊

∑ ∑[𝑰(𝑬 ,𝑻

where
𝑰(𝑬𝜶,𝑻𝜶,𝒊) ≡

∫

𝑻𝜶

𝐞𝐱𝐩
𝑻𝜶 ― ∆𝜶

― 𝑬𝜶

[ ]
𝑹𝑻

𝒅𝑻 (𝟐),

β is the heating rate, and n is the number of the temperature
programs. The highly accurate third order Senum-Yang
approximation was used to compute the aforementioned
integral, the relative error of approximation does not exceed 107 % for our particular case.26 The GRG Nonlinear Solving method
of Excel Solver add-in was used to determine a minimum of
Equation (1). The uncertainties in the Eα values were evaluated
according to procedure described in ref. [27].
The preexponential factor values were estimated by
substituting the values of Eα into the equation of the
compensation effect (3)
𝐥𝐧 𝑨𝜶 = 𝒂 + 𝒃𝑬𝜶 (𝟑)
The parameters a and b were determined by fitting the pairs
of lnAi and Ei into Equation (3). The respective pairs were found
by substituting the reaction models of F1, A4, A3, and A2 (Table
1), into the linear form of the basic rate equation (4):21,28
𝑬𝒊
𝒅𝜶
𝐥𝐧
― 𝐥𝐧 [𝒇𝒊(𝜶)] = 𝐥𝐧 𝑨𝒊 ―
(𝟒)
𝒅𝒕
𝑹𝑻

( )

5

D1

1/2𝛼 ―1
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6

F1

1―𝛼

7

A4

4(1 ― α)[ ― ln(1 ― α)]3/4

8

A3

3(1 ― α)[ ― ln(1 ― α)]2/3

9

A2

2(1 ― α)[ ― ln(1 ― α)]1/2

10

D3

11

R3

3(1 ― α)2/3

12

R2

2(1 ― α)1/2

13

D2

[ ― ln(1 ― α)] ―1

3/2(1 ― α)2/3[1 ― (1 ― α)1/3]

―1

For each reaction model, lnAi and Ei values were evaluated
respectively from the slope and intercept of the linear plot of
left-hand side of Equation (4) vs the reciprocal temperature.
Obtained sets of Eα and Aα values were further used for
determination of the reaction model for the solid state
polymerization of the synthesized cyanate ester. The reaction
model was determined in the numerical form of Equation
(5).29,30
𝑻𝜶
― 𝑬𝜶
𝟏
𝒈(𝜶) =
𝑨𝜶
𝒆𝒙𝒑
𝒅𝑻 (𝟓)
𝜷
𝑹𝑻
𝑻𝜶 ― ∆𝜶

∑ ∫
𝜶

( )

Results and discussion
It is well-known that polymerization of cyanate esters is a
highly exothermic process leading to formation of cyanate
(cyanurate, triazine) resins containing aromatic 1,3,5-triazine
fragments as a cross-links. Thus, due to high exothermicity of
the polymerization, the differential scanning calorimetry was
chosen to investigate kinetics of the process (Figure 3). The
absence of the endothermic signal of melting indicates the
solid-state nature of the polymerization. In our case, the
average reaction heat is 374±17 J g-1 (420±19 kJ mol-1), which
corresponds to 70±3 kJ per 1 mole of OCN group. The reaction
heat values reported for other cyanate esters are typically lager
varying in the range 80-110 kJ per 1 mole of OCN group.17 A
possible reason for lowering the reaction heat value is provided
further.

Table 1. Some of the kinetic models used in the solid-state
kinetics.
#
Code
𝑓(𝛼)
1

P4

4𝛼3/4

2

P3

3𝛼2/3

3

P2

2𝛼1/2

4

P2/3

2/3𝛼 ―1/2
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Figure 3. DSC curves of the cyanate ester 2 polymerization at
different heating rates.
Fourier transform infrared (FTIR) spectroscopy shows the
presence of characteristic absorption bands at 2265 and 2360
cm-1 (Figure 4) in synthesized monomer, which are attributed to
stretching of cyanate group triple bond.17 Their disappearance
in the spectrum of the polymerization product (Figure 4)
evidences that polymerization is complete. The FTIR spectrum
of polymer also demonstrates the significant increase in
absorption at 1360 and 1560 cm-1, which corresponds to
different modes of 1,3,5-triazine ring stretching. It should be
noted that weak absorption band at 1360 cm-1 in monomer
spectrum is attributed to complex O-C-N stretching vibration of
cyanate group.31,32

Figure 5. XRPD spectra of cyanate ester 2 and product of its
polymerization.
The morphology of the synthesized cyanate ester 2 was
studied by SEM that reveals plate-like crystals with well-defined
faces and thickness of 7-10 µm (Figure S5 in SI).
The dependence of the effective activation energy (Eα) on
the extent of conversion for polymerization is shown in Figure
6. It is seen that for this process Eα is practically independent of
the extent of conversion below α = 0.8. After that the activation
energy sharply drops to ~190 kJ mol-1. The ratio of [Eα(max)Eα(min)]/Eα(average) in aforementioned conversion range does not
exceed 0.1 with an average value of activation energy equals to
380±10 kJ mol-1. This constancy of the activation energy on the
extent of conversion indicates that the kinetics of
polymerization in that conversion range is likely to be
determined by a single step.

Figure 4. FTIR spectra of cyanate ester monomer and product of
its polymerization.
The X-Ray powder diffraction (XRPD) analysis reveals
crystallinity of monomer, but polymerization results in collapse

Figure 6. Activation energy as a function of conversion for solidstate polymerization of monomer.
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The preexponential factor A is also nearly constant in the
same region of conversions (Figure 7). Its averaged decimal
logarithmic value equals to 28±1 (A in s-1).

Figure 7. Preexponential factor Aα as a function of conversion
for solid-state polymerization of monomer.
We assumed that drop of activation energy at high extent of
conversion might be related to some degradation process
accompanying polymerization. To check this idea we used
simultaneous TG-DSC technique. Thermogravimetry reveals
two mass loss steps (Figure 8). The first step is characterized by
a minor mass loss of ca. 2-3%. It is encountered in the same
temperature range as polymerization represented by a large
exotherm. The second mass loss step is significantly larger and
also partially overlaps with polymerization (Figure 8). We assign
the minor mass loss to the monomer degradation, and the
major mass loss to degradation of the polymer. Thermal
stability of the obtained polymer is the same as for cyanate
resins made of commercially available monomers. Peak mass
loss rate of obtained polymer measured by TG at 10 °C min-1 is
488 °C, which is similar to that of other cyanate resins.31

Figure 8. TG and DSC curves obtained in simultaneous
TG-DSC
View Article Online
DOI: 10.1039/D0PY00554A
run of monomer at 10 °C min-1.
Mass-spectrometry of the gas released during the
polymerization process confirms our assignment. The major
signals at m/z = 56.1, 174.1 and 189.1 found in the massspectrum correspond to the structural fragments of the initial
cyanate ester (Figure S6 in SI), which formed during monomer
degradation process. An overlap of polymerization with
degradation of monomer and polymer can explain the reason
as to why the reaction heat for polymerization is somewhat
smaller than for other cyanate esters. Processes of degradation
of calix[n]arenes and cyanate resins in inert atmosphere are
endothermic,33,34 so that their occurrence simultaneously with
exothermic polymerization should be expected to result in the
overall reaction heat being smaller than the heat of
polymerization. The results of effluent gas analysis allows us to
suggest that degradation involves decyclization of cyanate ester
molecules followed by consecutive aromatic fragments
cleavage.35
It should be noted that acyclic analogues of the monomer
must possess lower melting temperatures. For example
cycloalkanes have higher melting and boiling temperatures
compared to their acyclic counterparts due to more effective
intermolecular interactions in condensed state, also acyclic
analogue of 4-tert-butylcalix[6]arene has melting temperature
of 250 °C,36 while 4-tert-butylcalix[6]arene itself melts at 373
°C.19 That means that acyclic products formed during
degradation of the monomer may react in the liquid state.
Based on aforementioned reasoning we summarized
possible reaction steps in a scheme that includes two competing
channels (Figure 9). The first channel represents solid-state
polymerization followed by degradation of the resulting
polymer. The second channel includes degradation of the cyclic
monomer to various acyclic products, which can then
polymerize in the liquid state. The final step in this channel is
also polymer degradation.

Figure 9. Proposed reaction scheme.
Generally, in the case of two competing reaction channels
the effective activation energy increases between the values
associated with the respective channels.37 However, for our
reaction system the activation energy is practically independent
of conversion at α < 0.80. This indicates that polymerization
kinetics is limited by a single step with activation energy of
380±10 kJ mol-1. It means that in the proposed reaction scheme

This journal is © The Royal Society of Chemistry 20xx
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(Figure 9) one channel has a negligible effect on the overall
kinetics. It is reasonable to assume that the second channel
plays a negligible role. This channel includes three consecutive
steps so that the activation energy for this channel cannot be
larger than the activation energy of the individual steps.
Degradation of the monomer (M1) as well as the polymer (P2)
involves a C-C bond cleavage that in the condensed phase
usually occurs in bimolecular fashion and, thus, has relatively
low activation energy. For example, degradation of various
polymers (e.g., polypropylene, polyethylene, polystyrene,
polyvinylpyrrolidone,
or
phenol-formaldehyde
resins)
demonstrates the activation energy in the range of 70-250 kJ
mol-1.38-40
Similarly,
decomposition
of
calix[4]arene
demonstrates the isoconversional activation energies that do
not exceed 110 kJ mol-1.35 If the rate of this channel is limited by
the liquid state polymerization of M2 the activation energy of
this channel should be comparable to that found for the liquid
state polymerization of cyanate esters. The respective literature
values reported for liquid-state polymerization of various neat
cyanate monomers, including structurally-similar novolac-type
cyanate ester, do not exceed 150 kJ mol-1.18,41-43 Therefore, it is
highly unlikely for this channel to have activation energy as high
as 380±10 kJ mol-1.
On the other hand, such high activation energy is likely for
the first channel that occurs as solid-state cyclization. This type
of reaction is known to have very large activation energies. For
example, solid state cyclization of L-leucyl-L-leucine into
derivative of 2,5-piperazinedione possesses activation energy
of 434±1 kJ mol-1 (logA = 48.0±0.1 (A in s-1)).44 Even more
reassuring example of the solid state cyclization is trimerization
of sodium dicyanamide.45 In this reaction the same 1,3,5triazine fragment is formed, and kinetic parameters of the
process are 373±71 kJ mol-1 and logA = 29±1 (A in s-1).45 Within
the experimental error, these values are the same as for the
presently studied solid-state polymerization of cyanate ester
monomer (380±10 kJ mol-1 and logA = 28±1 (A in s-1). Note that
in both aforementioned cases the high values of the activation
energy have been explained by cooperative bond breaking,44,45
i.e., by simultaneously breaking more than one bond. It is, thus,
reasonable to propose that the unusually high activation energy
of presently studied solid-state polymerization is associated
with the mechanism that involves cooperative bond breaking as
the rate limiting step. Conversely, the liquid-state
polymerization of cyanate esters is usually characterized by the
activation energies that are about 3 times smaller, which is
consistent with the mechanism comprising consecutive
reaction of individual cyanate groups (Figure 1).
Thus, based on both literature and experimental evidence
we can conclude that heating of the synthesized cyanate ester
predominantly results in solid-state polymerization. In other
words, the reaction scheme shown in Figure 9 can be reduced
to the first channel. In this regard, we can also mention that a
quick decrease in Eα from 380 to 190 kJ mol-1 at α>0.8 is
consistent with a noticeable contribution of the polymer

degradation at the final stages of high View
temperature
Article Online
DOI: 10.1039/D0PY00554A
polymerization.
It should be noted that sometimes solid-state reactions may
actually include melting of the reactant that is immediately
followed by a reaction with the formation of a solid product.46
In this situation melting is strongly overlapped with reaction
and, thus, might be impossible to detect by conventional DSC.
To prove that the studied polymerization does indeed occur in
the solid-state we have applied fast-scanning calorimetry (FSC).
FSC is widely used for detecting of melting in highly reactive
compounds. The approach makes use of the fact that with
increasing the heating rate a chemical reaction shifts to higher
temperatures, whereas melting does not. Onset of melting of
the studied monomer was determined by FSC at the heating
rates varying in the range 6 000 – 60 000 °C min-1. As it turned
out even the use of the slowest heating rate of 6 000 °C min-1
allows us to detect melting of the monomer without any sign of
the exothermic polymerization (Figures S7 in SI). The absence of
systematic variation in the onset melting temperature with the
heating rate indicates that the results are not affected by the
thermal lag (Figures S8 in SI). The averaged onset temperature
of melting for our monomer is 403±1 °C, which is higher than
the temperature range of polymerization (Figure 3). Therefore,
we can confirm that the monomer cannot melt in the
temperature range of polymerization so that polymerization
does occur in the solid-state.
Next step of our study was to determine the reaction model
of the rate limiting step of solid state polymerization of cyanate
ester. The g(α) values of polymerization plotted against the
theoretical g(α) models (Table 1) are shown in Figure 10. It is
seen that none of these models fits the data well. It is also
remarkable that g(α) has linear dependence on α, viz.
g(α)=0.97α+0.06.

Figure 10. Dependencies of g(α) on the extent of conversion for
the models listed in Table 1 (solid lines) and experimental g(α)
data for solid state polymerization of the studied monomer
(purple diamonds).
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The existence of a linear dependence of g(α) on α means
that the following holds true:
𝜶 𝒅𝜶
𝒈(𝜶) ≡
= 𝑩𝜶 + 𝑪 (𝟔)
𝟎 𝒇(𝜶)
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∫

Differentiation of g(α) with respect to α leads to:
𝒇(𝜶) = 𝑩 ―𝟏 ≡ 𝑩 ―𝟏𝜶𝟎 (𝟕)
Since B is constant, the reaction model f(α) and, thus, the
process rate at constant temperature should be independent of
α, as in the case of the so-called zero-order kinetics. Ideally, for
zero-order kinetics, the value of B in eqn. 7 should be 1, rather
than 0.97. However, one should keep in mind that g(α) has been
determined experimentally by eq. 5 so that it contains an error
due to the uncertainties associated with the experimental
values of Eα and Aα.
The isothermal rate of polymerization has been measured
at temperature of 338 °C. The results are displayed in Figure 11A
along with the fit of experimental results to zero-order reaction
model while using the values of E = 380 kJ mol-1 and log(A in s-1)
= 28.6 determined earlier. It is seen that the reaction rate
indeed weakly depends on conversion in the range of α from 0.1
to 0.8. The corresponding α vs tα curve shows linearity inherent
to zero-order reaction model (Figure 11B).

Figure 11. dα/dt vs α and α vs tα plots for isothermal DSC runs
of the cyanate ester 2 polymerization at 338 °C.

In chemical kinetics of homogeneous systems,
the zeroView Article Online
DOI: 10.1039/D0PY00554A
order dependence of reaction rate on concentration
of one of
the reactants is typically observed in one of the two cases. The
first case is when one of the reactants has significantly higher
concentration than the other ones in reaction mixture. Then,
the concentration of this reactant changes negligibly during the
reaction so that the reaction rate is practically independent of
this reactant concentration. Such situation can be illustrated by
some enzymatic reactions, e.g., alcohol oxidation by liver
alcohol dehydrogenase,47 decomposition of phosphine on hot
molybdenum filament,48 tautomerization of vinyl alcohol
catalyzed by trace amount of water.49
In the second case apparent zero-order kinetics originates
from complex reaction mechanisms. For example zero-order
dependence on the monomer concentration observed for
polymerization of ε-caprolactone in presence of tin50 or
yttrium51 compounds has been explained by the reaction
mechanism that includes a slow rate-determining step of
propagation proceeding in the coordination sphere of a metal
complex followed by fast regeneration of this complex.50 The
same mechanism has been invoked to explain zero-order
kinetics for ring-opening metathesis polymerization (ROMP) of
norbornene catalyzed by titanacyclobutanes.52 Likewise, ROMP
catalyzed by third-generation Grubbs catalyst (G3),
demonstrates zero-order kinetics because G3 dissociates
releasing one equivalent of pyridine ligand, which inhibits
polymerization and cancels out the catalyst concentration in the
rate law so that the rate has zero-order dependence on the G3
concentration.53
Because all aforementioned cases apply to reactions that
include at least two reactants, none of the respective
explanations can be used to understand the origins of zeroorder kinetics in the presently studied single reactant
polymerization of cyanate ester. In this circumstance, an
explanation should be sought in the solid-state nature of the
reaction. In general, reactions of solids are topochemical,46
which means that the reaction front is localized at the interface
between the solid reactant and a product that can be in the
solid or another aggregate state. The topochemical kinetics are
quite complex and, thus, give rise to a broad variety or reaction
models, some of which are listed in Table 1. The reaction order
type of models (R2, R3) represent the situation when the
reaction centres (nuclei of the product phase) are formed
rapidly and extensively throughout all solid surfaces. Then the
rate is controlled by the growth of the product phase or the
contraction of the solid reactant. Depending on the
dimensionality of the reacting solid contraction the reaction
order takes on different numerical values of n. The 3D
contraction (contracting sphere) is represented by n=2/3, the
2D contraction (contracting cylinder) by n=1/2, and 1D
contraction by n=0.53 Zero-order kinetics are not common in
the topochemical reactions. Yet, a number of cases is
documented.54 One such case is the reaction on the surface of
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rate of a topochemical reaction is proportional to the surface
area, the contraction of a plate-like crystal should occur primary
in the direction perpendicular to the top and bottom surfaces,
i.e., in one dimension (Figure 12).
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Solid-state polymerization of cyclic cyanate ester shows zero-order kinetics and proceeds through
cooperative breaking of C≡N bonds.

