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Abstract 
 
A methodology for measurement of activation parameters of a thermally driven chemical 
reaction by direct imaging and counting reactant molecules has been developed. The method 
combines the use of single walled carbon nanotubes (SWNTs) as a nano test tube, 
transmission electron microscopy (TEM) as an imaging tool, and a heating protocol that 
decouples the effect of the electron beam from the thermal activation. Polycyclic aromatic 
perchlorocoronene molecules are stable within SWNTs at room temperature, allowing 
imaging of individual molecules before and after each heating cycle between 500-600 oC. 
Polymerisation reaction rates can be determined at different temperatures simply by counting 
the number of molecules, resulting in an enthalpy of activation of 104 kJ mol-1 and very large 
entropic contributions to the Gibbs free energy of activation. This experimental methodology 
provides a link between reactions at the single-molecule level and macroscopic chemical 
kinetics parameters, through filming the chemical reaction in direct space. 
 
 
Reaction kinetics, mechanisms and activation parameters are traditionally studied using 
spectroscopy or diffraction techniques which provide signals indicating bond breaking and 
forming, averaged over a large number of molecules (e.g. 1018-1020 molecules reacting at 
the same time). These measurements of bulk kinetics, while invaluable, provide a view 
averaged over the number of molecules in the reaction. In contrast, single molecule imaging 
enables direct visualisation of the individual reaction pathway in direct space.1 Studying 
reaction kinetics at the single-molecule level can be achieved using ‘nano test tubes’, a 
concept that employs nanotubes as nanoscale containers and reaction vessels.2 The nano test 
tube’s yoctolitre volume allows researchers to sample molecules in very small quantities and 
study reactions at the single molecule level using transmission electron microscopy (TEM). 
TEM is an indispensable tool for imaging molecules in direct space and real time, providing 
snapshots of reactions3-8 or spatiotemporally continuous movies of molecular reactions.9-11 
However, TEM is an invasive technique with the electron beam transferring significant energy 
to the sample during imaging. When carefully controlled the electron beam can be harnessed 
to drive chemical reactions, an approach termed chemical TEM (ChemTEM), to provide a 
wealth of information on intermolecular reactions.12 In general, electron beam activated 
processes are superimposed on any thermally activated processes, as demonstrated for the 
cases of fullerene dimerisation and polymerisation in nanotubes using the SMART-TEM 
approach.6,13 The electron dose rate can be varied in a controlled fashion in order to 
quantitatively decouple thermal processes from those activated by the electron beam.14-16 
Here, we demonstrate a methodology that removes the impact of the electron beam on the 
reaction by using controlled variation of the sample temperature to thermally activate 



reactions. Chemical activation parameters are determined by directly counting individual 
reactant molecules in TEM images. 
 
Perchlorocoronene (PCC) C24Cl12 molecules are known to pack densely within carbon 
nanotubes, forming stacks with neighbouring molecules separated by van der Waals gaps (Fig. 
1a). Such a regular, predictable arrangement of reactant molecules presents excellent imaging 
conditions in which each molecule can be accounted for as a 1.41 nm sharp, high-contrast line 
(Fig. 1b). The molecules can be accurately counted directly from TEM images without requiring 
atomic resolution. Our previous investigation of electron beam activated reactions of PCC 
showed that chemical transformations resulted in the molecules being removed from the 
ordered stack and forming new structures (e.g. dimers, oligomers, nanoribbons) that do not 
stack inside the nanotube.10 The nanotube itself however is not involved in reactions with 
these guest molecules, due to a low reactivity of the concave side of SWNT17 which typically 
does not engage in reactions with polyaromatic molecules.18,19 There is no indication of a 
reactive species formed from PCC bonding with the SWNT in this or the previous studies.10 
Thermally activated reactions of PCC have been shown to occur in the bulk crystal at 
temperatures above 600 oC, and polymerisation of PCC stacks inside the nanotube can take 
place rapidly at 700 oC.10 In order to derive information about thermally activated reactions, 
it is important to minimise the effect of the electron beam. PCC is known to be highly stable 
under electron irradiation, with no measurable changes observed up to doses of 106 e- nm-2 
in the crystal and as high as c.a. 2×108 e- nm-2 when encapsulated in carbon nanotubes.10,20 
The lowest electron dose we observed to trigger a reaction between PCC molecules was 
5.43×106 e- nm-2 (SI Fig. 1). In our experiments the cumulative electron dose was carefully 
controlled so that molecules experienced an average dose of 1.92×105 e- nm-2 of 80 keV 
electrons, ensuring that reactions were driven entirely by thermal activation. The molecules 
experienced no irradiation prior to heating. Following heating, the products experienced a 
maximum dose of 2.74×105 e- nm-2, an order of magnitude lower than the minimum dose 
required to trigger a reaction at room temperature (SI Fig. 1). 
 

 
 
Figure 1. a) Face-on and edge-on structural diagrams of perchlorocoronene (PCC). b) A phase 
contrast HRTEM image of PCC@SWNT where individual molecules can be counted. c) 
Thermally activated reactions of PCC produce oligomers and polymers that do not stack within 
SWNTs and thus can be easily distinguished from PCC reactant molecules. 
 



PCC@SWNT was deposited onto three separate TEM heating chips (DENS Solutions Wildfire) 
for each temperature (500, 550, and 600 oC). The local temperature of the sample is controlled 
by heating coils embedded in the TEM chip with 99.5% temperature homogeneity across the 
sample area. In each heating cycle, the temperature of the sample was ramped up to the 
desired temperature within a minute (either 500, 550, or 600 oC) and held at that temperature 
for 5 min, followed by cooling to ambient temperature (23 oC). The sample was allowed to 
equilibrate for another 5 min before un-blanking the electron beam to acquire images of fresh, 
non-irradiated areas. The heating-imaging cycle was repeated three times for each sample at 
the three temperatures (hence requiring three different heating chips), resulting in total 
heating times of 5, 10, and 15 min (Fig. 2). Under these experimental conditions, all observable 
changes in PCC are driven by the thermally induced reactions, described by a reaction rate 
constant of kT (Scheme 1). 
 

 

 
 
Figure 2. a) Each heating cycle consists of a quick ramp (tens of seconds) up to the desired 
temperature (either 500, 550, or 600 oC) and a dwell at that temperature for 5 min, followed 
by cooling to ambient temperature (23 oC) and equilibration for another 5 min. The electron 
beam is then un-blanked to acquire images of fresh, non-irradiated areas. The number of 
reactant molecules nPCC in a volume V of nanotube can be counted directly from the images. 
b) Separate heating chips were used for each experiment with a given elevated temperature. 
For each of the three temperatures, three heating cycles were carried out, giving three data 
points at each temperature corresponding to 5, 10, and 15 min of heating in total. 
 



High magnification TEM imaging demonstrates that reactions of PCC take place at all three 
temperatures to different extents. The resulting polymeric products are quite disordered and 
not well-defined structurally (Fig. 3a), reminiscent of Diels-Alder cycloadducts of PCC that 
precede the formation of nanoribbons during prolonged heating to 700-900 °C or extensive 
electron beam irradiation.10 Importantly, at all three temperatures, 500, 550, and 600 °C, 
intact reactant molecules of PCC can still be found (Fig. 3a). These observations are consistent 
with the previous report that the full thermal conversion of all PCC molecules and structural 
annealing to a zigzag nanoribbon can only be achieved by heating to 700 °C or higher for 24 
hours.10 

 

Images were first taken at 23 oC to determine the number of PCC molecules (nPCC0) per 
volume of nanotube (V), nPCC0/V, prior to reaction (SI sections 1 and 2). PCC was observed to 
stack densely within SWNT cavities with no extended gaps between the molecules (Fig. 1b) 
suggesting the same initial concentration of the reactant molecules in all nanotubes before 
heating. The number of molecules per nanotube volume, nPCC/V¸ was then determined after 
each stage of the heating cycle. These values were used to determine the thermally driven 
reaction rate constant kT, taking into account the length of time of the heating (SI section 3). 
Each value of kT  was directly determined from an average number of molecules per volume 
nPCC/V taken from 3-13 individual nanotubes at each temperature (500, 550, and 600 oC) and 
the length of time taken for heating (5, 10, and 15 min). 
 
The second order rate equation for the reaction shown in Scheme 1 can be written as 
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where nPCC0/V is the initial number of PCC molecules per volume of nanotube and x is the 
number of moles of Cl2. 
 
Loss of Cl2 during heating produces reactive species such as radicals and arynes of PCC. 
Reactions between such reactive species are highly likely to occur at elevated temperatures, 
even after loss of only one mole of Cl2. Therefore, the second order rate equation can be 
simplified to the integrated rate equation: 
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The Eyring equation can be used to interpret the temperature dependence of second-order 
rate constants: 
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where kT is the second-order rate constant, kB is Boltzmann’s constant (1.381×10-23 J K-1), h is 
Planck’s constant (6.626×10-34 J s), T is the temperature in K, ΔG‡ is the Gibbs free energy of 
activation, ΔH‡ is the enthalpy of activation, and ΔS‡ is the entropy of activation. 
 
By plotting the experimental data as ln(kT/T) against 1/T (using Fig. 3b), a clear thermal 
dependence of kT is revealed, giving ΔH‡ as 104.3 ± 10.2 kJ mol-1 (1.08 ± 0.11 eV per molecule) 
and ΔS‡ as -0.163 ± 0.185 kJ mol-1 K-1 (-39.08 ± 44.25 cal mol-1 K-1). ΔG‡ can therefore be 
calculated for each temperature used, resulting in the range 231-247 kJ mol-1 across 500-600 
oC (Fig. 3b; standard deviations for each parameter in SI section 3, Table 5).21 The activation 
energies of irreversible solid-state polymerisations are typically in the range of 33-330 kJ mol-



1.22 The barrier we have determined for PCC polymerisation in nanotubes falls at the upper 
end of this range, which is expected considering the high thermal stability of the PCC molecule 
in bulk.20 
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It is worth commenting on our use of the Eyring equation rather than the Arrhenius equation 
to calculate activation parameters. In addition to being more suitable for solid-state reactions, 
the Eyring approach has the advantage of explicitly giving separate enthalpic and entropic 
contributions to the reaction barrier, rather than a single empirical activation energy. While 
this is generally useful, for the type of nanoconfined reaction studied here it is crucial, as 
entropic effects play an important role due to the reduction in translational and rotational 
degrees of freedom of reactant molecules upon encapsulation into the nanotube.23,24 Across 
our reaction temperature range, we estimate that this effect would make the free energy of 
a reactant PCC molecule more positive by approximately 105-127 kJ mol-1. From our 
experimentally measured values, the entropic term is responsible for 126-143 kJ mol-1 of the 
Gibbs free energy of activation, corresponding to 55-58% of the barrier. An Arrhenius 
approach in this case would result in activation energies that are misleadingly low (only 63.5 
kJ mol-1) when conceptually taken as the reaction 'barrier'; this approach and further 
discussion of the entropic contribution is included in SI section 4. 



 
 
Figure 3. a) The polymerisation products after heating for 15 min at 500, 550, and 600 oC. 
Polymerisations occurred at several points along the SWNTs, as can be seen from products 
that are distinct from the reactant PCC molecules. The scale bars are 1 nm. b) The enthalpy of 
activation ΔH‡ and entropy of activation ΔS‡ can be calculated for the thermally induced 
polymerisation of PCC using a linear plot of ln(kT/T) against 1/T (Eq. 4). Error bars show the 
standard deviation of the average ln(kT/T) (details are in SI section 3 Table 4). 
 
We have measured the activation parameters of a thermally driven reaction by counting 
individual molecules in nano test tubes directly from TEM images. The effects of the electron 
beam – a substantial confounding factor in TEM studies of molecules – were minimised by 
designing a careful heating and imaging protocol in which the electron dose per molecule was 
kept an order of magnitude lower than the minimum dose required for the onset of electron 
beam induced reactions at room temperature. In contrast to molecular or atomic kinetics 
studies in the TEM in which the electron beam is the driving force of the reaction,13,25-27 here 
the reaction was driven by heat. This allowed us to obtain ΔH‡, ΔS‡, and ΔG‡, parameters that 



are relevant to traditional chemical kinetics on the macroscale, through direct imaging of the 
chemical reaction. A key advantage of this methodology over previous approaches14-16 of 
decoupling electron beam and thermal processes is that by only allowing the thermal reaction 
to take place and varying the temperature, we can directly measure the activation parameters 
rather than only the rate constant kT. There is no need for prior knowledge of the value of the 
Arrhenius prefactor, and consideration of the enthalpic and entropic contributions to the 
barrier provides additional insight into the chemical reaction. 
 
This method of directly counting reactant molecules is applicable to reactions where 
individual molecules can be clearly imaged by TEM, remain stable under the electron beam 
during image capture, and are sufficiently distinct from products of the reaction. As the key 
measurable quantity from the TEM images is the number of molecules per volume, the 
presence of a fixed volume imposed by a well-defined host (e.g. a nano test tube) is also of 
practical importance. Further developments in TEM camera technologies, such as direct 
electron detectors, have the potential to substantially extend the range of molecules and 
reactions to which this approach can be applied. The proliferation of accurate heating holders 
and chips is vital to enable the study of reaction kinetics in the TEM, while improvements in 
the accuracy, precision, and speed of temperature control will reduce the uncertainties in the 
measured activation parameters. Future development of low-dose TEM imaging methods, 
combined with heated sample supports, will allow for spatiotemporally continuous 
observation of thermally driven reactions at the single-molecule level, thus enabling the 
elucidation of atomistic mechanisms and discovery of new types of reactions. 
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