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Figure 1: Graphical impression of the heterocyclic organic
molecules pyrazine (C4H4N4) and s-triazine (C3H3N3) ad-
sorbed on graphite.

1 Scientific background

In these experiment we measured the diffusion of pyrazine
(C4H4N2) and s-triazine (C3H3N3) on exfoliated graphite.
The project builds upon our long-standing interest in the dy-
namics of hydrocarbons and small molecules on graphite1–4.
For benzene (C6H6), in particular, we have been able to ob-
tain very detailed spectroscopy data, in recent years3,4. By
replacing some of the C atoms in benzene (C6H6) with N
atoms (Figure 1), as done in the described measurements,
we are able to compare those with the dynamics of aro-
matics having similar geometry, but different aromaticity
and electronic structure. The introduction of N atoms into
the ring reduces the electronic density around the carbon
atoms of the molecule and decreases the repulsion between
the π-orbitals of the ring and the substrate, giving rise to a
stronger bonding to the substrate, because the intensity of
the van-der-Waals (vdW) interactions is tuned by the polar-
isability and electrophilic character of the π-systems of the
molecules interacting with the π-system of graphite5–7.

Benzene adsorbs in a flat (face-face) configuration on
graphite and follows Brownian diffusion on this substrate as
shown in previous neutron scattering experiments3,4. Con-
trary to benzene, the behaviour of nitrogen containing hete-
rocyclic compounds such as pyrazine (C4H4N2) and triazine
(C3H3N3) on carbon surfaces is much less understood, al-
though previous theoretical studies confirm that, similarly
to benzene, these N-containing molecules adsorb with a hor-
izontal configuration at a distance of 3.00−3.21 Å5. Triazine
exists in three different isomeric forms and we concentrated
our study on the behaviour of the most common and more
symmetrical isomer, 1, 3, 5−triazine which is also known as
s-triazine. S-triazine is essentially as aromatic as benzene,
though less polarisable, while pyrazine on the other hand, is

slightly less aromatic (85-89%)8. Figure 1 shows the struc-
ture of both C4H4N2 and C3H3N3 adsorbed on graphite.
Indeed, as shown experimentally, the adsorption geometry of
all three molecules on flat metal substrates is in a flat con-
figuration9–11. Moreover, scanning tunnelling microscopy
(STM) measurements demonstrated that s-triazine adsorbs
parallel on highly oriented pyrolytic graphite (HOPG)10.
Hence, while the adsorption geometry of the molecules re-
mains the same for all three adsorbates, the intensity of the
vdW-interactions will be tuned by the number of nitrogen
atoms in the ring5–7.
The adsorption and diffusion of heterocyclic aromatic com-
pounds such as pyrazine and triazine is also interesting for
the modification / doping of graphene and graphitic sub-
strates as well as for gas sensing purposes7,12,13. It is known
that the electronic properties of graphene can be tuned by
noncovalent modification via adsorption of heterocyclic aro-
matic molecules such as pyrazine and triazine. The re-
versible adsorption of these organic molecules can be used as
an effective way to tailor the bandgap structure of graphene
(chemical doping of graphene) and it has been shown that
the adsorption of molecules such as triazine, pyrazine and
borazine on graphene results in a widening of the band
gap7,14. Hence, the chemical doping of graphene depends
strongly on the electrophilic character of the dopants.

2 Experimental details

2.1 Sample preparation

As a substrate we used exfoliated compressed graphite, Pa-
pyex, which exhibits an effective surface area of about 25 m2

g−1 and retains a sufficiently low defect density15,16. Due to
its high specific adsorption surface area it is widely used for
adsorption measurements. We further exploit the fact that,
exfoliated graphite samples exhibit a preferential orientation
of the basal plane surfaces and oriented those parallel to the
scattering plane of the neutrons. Each sample was prepared
with 13-14 g of Papyex exfoliated graphite of grade N998
(> 99.8% C, Carbone Lorraine, Gennevilliers, France). The
prepared exfoliated graphite disks were heated to 973 K un-
der vacuum before transferring them into a cylindrical alu-
minium sample cartridge. The amount of powder C3H3N3

and C4D4N2, required to reach the corresponding ML cover-
age, was weighed using a fine balance and then added to the
graphite disks. The aluminium sample holders were hermet-
ically sealed using a lid with a steel knife-edge. The samples
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were then heated in an evacuated furnace to 423 K to sub-
limate the powder and promote its adsorption in the whole
volume of the sample.

Figure 2: Left panel: Dephasing rate α = 1/τ versus mo-
mentum transfer Q as extracted from the neutron spin-echo
measurements for deuterated pyraine (C4D4N2) at different
temperatures. Right panel: Quasi-elastic amplitude y0.

2.2 Instrumental details

The measurements were carried out at the IN5 time-of-
flight (TOF) neutron spectrometer17 and the IN11 neutron
spin-echo (NSE) spectrometer of the ILL18,19. The TOF
spectra were converted to scattering functions, S(Q,∆E),
where Q = |Q| = |kf − ki| is the momentum transfer and
∆E = Ef − Ei is the energy transfer. NSE measurements
on the other hand, deliver the development of the space cor-
relation function with time t, i.e., the normalised intermedi-
ate scattering function I(Q, t)/I(Q, 0)20,21. The intermedi-
ate scattering function is related to the scattering function
S(Q,∆E) via a Fourier transform in time.

3 Results

Neutron TOF scattering The experimentally measured
scattering function S(Q,∆E) (normalised by Vanadium)
was fitted using a convolution of the resolution function
of the neutron TOF spectrometer Sres(Q,∆E) (scattering
function measured at base temperature) with an elastic term
Iel(Q)δ(∆E), the quasi-elastic contribution Sinc(Q,∆E)
and a linear background:

S(Q,∆E) =Sres(Q,∆E)⊗ [Iel(Q)δ(∆E)+

+A(Q)
1

2π

Γ(Q)

[Γ(Q)]2 + ∆E2
+ C(Q)

]
.

(1)

Here, δ represents the Dirac delta and the quasi-elastic
broadening is modelled by a Lorentzian function, where
Iel(Q) is the intensity of the elastic scattering and A(Q)
is the intensity of the quasi-elastic scattering. Γ(Q) is the
half width at half maximum (HWHM) of the Lorentzian.

Neutron spin-echo scattering The intermediate-
scattering function (ISF) obtained from the spin-echo mea-
surements was fitted using a stretched exponential decay
function (the so-called Kohlrausch Williams Watts func-
tion, KWW)

I(Q, t) = y0 + (1− y0) exp

[
−
(
t

τ

)β]
(2)

where y0 is the fraction of static signal and β is the stretch-
ing exponent (β ≤ 1, with β = 1 for a single exponential
decay).

The NSE measurements were performed for a 0.5 ML sam-

Figure 3: Extracted quasi-elastic broadening Γ(Q) for 0.2
and 0.5 ML C3H3N3 at several temperatures versus momen-
tum transfer Q.

ple of C4D4N2 adsorbed on exfoliated graphite. Dynamics
is already observable starting from low temperatures (100
K) up to 400 K as can be seen from the extracted dephasing
rate α = 1/τ in Figure 2. Upon plotting the the quasi-elastic
amplitude y0 (right panel of Figure 2) it appears that there
exist two different dynamical regimes, with the second dy-
namic process setting in at T > 300 K and thus giving rise
to larger quasi-elastic amplitude y0 at higher temperatures.
The diffusion of C3H3N3 was then measured with neutron
TOF, with a first initial test run of 0.5 ML C3H3N3 on IN6,
followed by a test run of both 0.2 and 0.5 ML C3H3N3 on
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IN5. Figure 3 shows the extracted quasi-elastic broadenings
Γ versus momentum transfer Q upon fitting (1). Again there
is evidence fro two dynamic regimes / processes as observed
in the NSE data of C4D4N2. From the lowest panel in Fig-
ure 2 it appears that for the 300 K data Γ is almost constant
with respect to Q which could e.g. be due to rotations of
the molecule. Further analysis of the experimental data at
60-200 K is required to confirm the reliability/goodness of
the fit and in order to provide a thorough analysis of the
temperature behaviour. We further note that fitting of the
low temperature data also seems to work quite well when
using a Gaussian instead of a Lorentzian shape.
From 300 - 400 K (topmost and central panel in Figure 3)

Figure 4: Arrhenius plot for the extracted quasi-elastic
broadening Γ(Q) for 0.5 ML C3H3N3 on graphite.

the broadening shows a much clearer trend in terms of the
momentum transfer dependence. The Arrhenius plot (Fig-

ure 4), extracted for the measurement at Q = 0.9 Å
−1

illus-
trates that at about 300 K an activated process seems to set
in with an activation energy of about 100 meV.
Thus we conclude from a first preliminary analysis that in-
deed the substitution of C atoms with N atoms in the ben-
zene ring gives rise to a different diffusive motion. The acti-
vated process starting to set in at about 300 K and probably
related to the actual mass transport on the surface, appears
at much higher temperatures compared to benzene diffusion
(Refs.3,4). After a more thorough analysis of the experimen-
tal data we expect to publish the results together with the
vdW corrected DFT calculations in an international peer-
reviewed publication.
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