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Main conclusions:

● The intercalation increases strongly the order of the sample 
● A proper annealing induces a 2D ordering transition of the 1-Pr molecular arrangement that 
triggers bilayer formation
● Once ordered 1-Pr evacuation produce a thermally stable very well ordered “dry” pillared sample 
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Pristine sample:
GO synthesized by the Brodie method 
Neutron scattering:
• High penetration allows for advanced 
sample environment (cryostats, furnace, 
gas handling ...)
• It probes nuclei as point-like scatterers 
(ideal probe)
• It can be calibrated in absolute units
• Corrections are well known

NIMROD – The general idea

Collimated Primary Flightpath 20m

Motorised Jaws and Monitors

Secondary Flightpath 5.5m

The subnanometer size of the interlayer space of graphite oxide (GO) offers exciting opportunities in the design of materials for separation technologies, hydrogen 
storage, gas capture, and 2D confinement studies [1-4]. Pillaring GO by intercalation of organic and inorganic molecules is an extended method to synthesize porous 
materials with a tunable pore size [2]. In the present work, we study the kinetics of intercalation and deintercalation of 1-Pr in a Brodie-synthesized GO by making 
recourse of the unique capabilities of neutron diffraction. A simple para-crystalline model allows us to obtain detailed structural information from the width and position of 
the first diffraction peak and its second order counterpart. The results show a remarkable improvement of GO structural order upon 1-Propanol (1-Pr) uptake, as well as 
a non-trivial dynamics of the 1-Pr intercalated in GO: we observed an ordering transition of the 2D molecular packing that triggers the formation of 1-Pr bilayers. 
Furthermore, upon 1-Pr desorption, a stable “dry” intercalate with excellent structural order is achieved, opening a promising procedure for the development of layered 
carbon nanomaterials with tailored pore sizes.
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1-Pr load & annealing
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Data analysis

ordered average lattice plus positional fluctuations. Scattering from the average

lattice produce Bragg peaks with a width limited only by the sample size while

the fluctuations yields the di↵use scattering between Bragg peaks. Whenever the

pair distances (of layers, planes, or ultimately atoms) accumulate deviation, as it

is the case of the graphene layers associated with the (0 0 1) GO peak, no long

range average lattice can be defined and the corresponding Bragg peaks display

an intrinsic width whatever the number of layers. Such so called paracrystalline

order can be characterized in a number of ways. Following [26] the relative width

of an h-order peak associated to a second kind distribution of Bragg planes can be

expressed as,
�Q
Qh
=

1
h N̄
+ h ⇡2g2 , (2)

where N̄ is the neat number of Bragg planes (graphene layers in our case) and g2 is

the relative variance of the interplanar distance d, i.e., g2 = d̄2/d̄2�1. Equation (2)

will be very useful in the analysis that follows.

In Fig. 4, the 1-Pr loading stage corresponds, as previously, to the evolution

before the dashed line. It is clear that, contrary to the visual inspection evidence,

within the precision of the quantitative analysis the loading process was not fully

accomplished since the peak width and center position was still evolving after

6 hours and a quarter of intercalation. On the other hand, a very clear regime

change is observed in the (0 0 1) intensity when the 304 K is reached. During the

previous heating, the unnormalized intensity follows its normalized counterpart in

a decreasing trend but only up to ⇠260 K, that is, up to where the 1-Pr load remains

essentially constant (see Fig. 2). The intensity itself diminish before reaching the

304 K, abruptly changing the trend at such a temperature. That is not the case for

the (0 0 2) peak whose intensity does not change appreciably during heating. This
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Figure 5. Schematic diagram of paracrystalline distance fluctuations increasing with the 
square root of the number of intermediary net planes. In contrast with figure 2, there is no 
thermodynamic equilibrium. 

4 to three-dimensional lattices, produces in figure 2 statistical positional fluctuations of 
(see equations (2) and (3)) 

A I  = g D  = 0.042 x 16.1 = 0.68 mm. (6) 

We would like to introduce another paracrystalline model (figure 5) which shows, 
contrary to figure 2, a left-hand boundary plane which is straight, while the rest of the 
planes are curved owing to increasing distortions in the right-hand direction. The nth 
plane will have according to the laws of probability, a horizontal fluctuation [lo] 

A,, = n’l2A1. (7) 
The mean net plane distance dof the vertical rows in figures 2 and 3 is defined by equation 
(2). These net planes can also diffract x-rays at the same angle 2 6  as a crystal according 
to the Bragg equations 

2dsin 6 = h 

b = h/d = (2 sin @/A 
where A is the wavelength of the radiation. The only difference from crystals is that the 
integral breadth 66 of the reflection is not constant at higher orders of reflection. In a 
crystal, 6b is the reciprocal of the size L:  

66 = 1/L = l/Nd (10) 
where N is the average number of reflecting net planes of the crystals in the sample 
whereas, for paracrystals, 

6b = l/d[l/N + ( ~ r g h ) ~ ] .  (11) 

A. M. Hindeleh & R Hoseman 
pracrystalline model of 
layered materials [5]

Time of flight diffractometer with unique characteristics:

• Very large momentum transfer range ( 0.02-100 Å−1 )
• Very high counting rate

Peak structure fitted with a split pseudo Voight 
(asymmetric profile)

• Good estimation of molar composition (1-Pr load)
• Intercalation/deintercalation followed in real time

peak FWHM

peak order

effective number of 
layers

relative dispersion of 
layer distance  

Ordering transition and 
bilayer formation

drying of inter-
grain 1-Pr

small 1-Pr 
deintercalation

After the initial fast deintercalation de order is greatly recovered and the pillaring remain 
thermally stable (no change during the cooling-heating cycle)

Final “dry” nanostructure compared with the pristine GO 

1-Pr “dry” load corresponds to a pillar density of 0.4 
1-Pr molecules per “graphene-like” carbon hexagon 

(the figure is only orientative)


