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a C4T S. C. a r. L., Università di Roma, ‘Tor Vergata’, V. d. ricerca scientifica, I-00133 Roma, Italy
b Dipartimento di Chimica, Ingegneria Chimica e Materiali, Università dell’Aquila, Loc. Coppito, I-67100 L’Aquila, Italy
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Abstract

The structure of Furan and thiophene neat liquids is discussed. Energy dispersive X-ray diffraction spectra were successfully inter-
preted with molecular dynamics models. A detailed description of liquids at molecular level is obtainable, provided that a suitable
and complete all-atom force field is employed.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Furan (C4H4O) and thiophene (C4H4S) are two of the
simplest etheroaromatic analogues of benzene. As in the
case of pyrrole, the other member of the family of mono-
substituted unsaturated five-atom ring molecules, ‘aroma-
ticity’ is provided by conjugation of the unpaired p-electrons
of carbon atoms and one lone pair of N, O or S atoms.

Furan can be obtained from wood oils. It is used as a sol-
vent as well as in the synthesis of furfural and other organic
compounds. It is converted to one of the most important
solvents, tetrahydrofuran (THF) by hydrogenation. Furan
is also used in the formation of lacquers, and in the produc-
tion of agricultural chemicals (insecticides), stabilizers, and
pharmaceuticals [1]. From the polymerization of furan
derivatives, thermosetting resins (furan resins) are obtained.
The furan ring within the resin structure provides very high
resistance to chemicals. Sulfur-substituted furan derivatives
are used as flavouring agents; the importance of furan fatty
acids in the diet has recently been reported [2].

Thiophenes, as well, are recurring building blocks in
organic chemistry [3], with applications in pharmaceuticals
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and electronic materials (e.g. polythiophene)[4]; their
importance as biosensors has recently been reported [5].

The molecular structure of furan was investigated by gas-
phase electron diffraction [6], rotational spectroscopy [7],
vibrational spectroscopy in liquid and solid phase [8–10],
NMR in liquid crystal [11], and inelastic neutron scattering
[12]; some of these studies required theoretical calculations
to interpret experimental data. A few works describe high-
level ab initio calculations only [13,14]; theoretical studies
of liquid furan have been reported [15].

Fewer experimental [6,7,10] or theoretical [13] studies
dealt with structure determination of thiophene.

In a recent Letter [16], we demonstrated that structure
function and radial distribution function of pyrrole neat
liquid obtained from EDXD (energy dispersive X-ray dif-
fraction) could be readily interpreted with molecular
dynamics to derive a plausible model of the structure; the
method was applied to pyrrole homologous in the present
study.

2. Experimental

2.1. Sample preparation

Liquid furan (melting point: �85.6 �C, boiling point:
31.4 �C, density = 0.936 kgL�1) and thiophene (melting
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point: � 38 �C, boiling point: 84 �C, density = 1.051 kgL�1)
were purchased from Aldrich.

2.2. X-ray diffraction: data treatment

We performed our experiments using the non-commer-
cial energy-scanning diffractometer built in the Department
of Chemistry, Rome University. Detailed description of
both instrument and technique can be found elsewhere
[17–20]. The experimental protocol (instrument geometry
and scattering angles) of the data acquisition phase is anal-
ogous to that used for pyrrole [16]. The appropriate measur-
ing time (i.e. number of counts) was chosen so as to obtain
scattering variable (q) spectra with high signal to noise ratio
(500,000 counts on average). The expression for q is:

q ¼ 4p sin h
k

¼ E � 1:014 sin h; ð1Þ

when E is expressed in keV and q in Å�1. The various angu-
lar data were processed according to the procedure de-
scribed in the literature [21–23] and in a few Letters from
Fig. 1. Experimental structure functions – black versus theoretical functions –
IV thiophene (GAFF). (For interpretation of the references to the color in th
our group [17,19,20], normalized to a stoichiometric unit
of volume containing one C atom and combined to yield
the total ‘(static) structure function’, I(q), which is equal to:

IðqÞ ¼ Ie.u. �
Xn

i¼1

xif 2
i ; ð2Þ

where fi are the atomic scattering factors, xi are the number
concentrations of i-type atoms in the stoichiometric unit
and Ie.u. is the observed intensity in electron units (elec-
trons2). Fourier transformation of I(q) led to radial distri-
bution functions (RDF)

DðrÞ ¼ 4pr2q0 þ
2r
p

Z qmax

0

qIðqÞMðqÞ sinðrqÞdq ð3Þ

In this equation, q0 (in electrons2/Å3) is the bulk numer
density of stoichiometric units and

MðqÞ ¼ f 2
Cð0Þ

f 2
CðqÞ

expð�0:01q2Þ ð4Þ

is the sharpening factor. We used the value of 17 Å�1 as the
upper limit of integration.
red. I: furan (MMFF94x); II: furan (GAFF); III: thiophene (MMFF94x);
is figure legend, the reader is referred to the web version of this article.)
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3. Results and discussion

3.1. X-ray diffraction: structure functions and RDF

The measured structure functions at 25 �C (in the form
qI(q)M(q)) for furan and thiophene are reported in Fig. 1.
(Furan: I–II; thiophene: III–IV; note that the baseline is
down-shifted to accommodate all the curves in a single pic-
ture and facilitate comparison); in Fig. 2 (Furan) and Fig. 3
(thiophene) radial distribution functions (in the form
Diff(r) = D(r) � 4pr2q0), are reported. In all the figures,
experimental data are plotted in black, while model func-
tions are in red. (Two model functions are shown:
MMFF94X Fig. 1: I and III; Figs. 2 and 3: top and GAFF
Fig. 1: II and IV; Fig. 2 and 3: bottom – see models). As it
can be seen from the pictures, both liquids are significantly
‘ordered’, since they show well resolved peaks in the func-
tions. Peak positions are reported in Table 1. In fact, in
I(q) function, the ‘principal peak’, which is attributed to
long-range interactions and occurs at 1.42 Å�1 for furan
and 1.38 Å�1 for thiophene, is followed by three less intense
peaks. It is noteworthy that peaks are sharper, more intense
and that they occur at lower q values (about 0.3–0.5 Å�1) in
thiophene I(q). The Fourier transform of I(q) (from ‘reci-
procal space’ to ‘direct space’) confirms the higher stiffness
of thiophene. The Diff(r) curve shows, in fact, four well-
resolved peaks besides the first two ones (intramolecular
interactions) for both molecules (see Fig. 1), but in the case
of thiophene, a small shoulder is evident at 4.0 Å and all the
Fig. 2. Furan radial distribution functions (Diff(r)) – black versus theoretical fu
references to the color in this figure legend, the reader is referred to the web v
peaks are shifted (0.5 Å on average) towards higher values
of r. This fact can be qualitatively explained in terms of
stronger dispersion interactions by sulfur atoms with
respect to oxygen atoms, and accounts for higher melting
and boiling points in thiophene.

3.2. Models

Model building was carried out according to the proce-
dure described in [16], using two distinct all-atom force
fields: MMFF94X Merck force field [24] and the General
AMBER force field (GAFF) [25]. (see the references,
MOE manual [26] or Mackerell webpage [27]) for detailed
force field functional form. The protocol can be outlined as
follows:

� Furan and thiophene molecules (‘cleaned’ by a simple
builder) were first replicated in three dimensions, using
the routine ‘solvatebox’ of leap (AMBER) [28]. Two
‘pseudo-crystals’ of 39 (furan) and 53 (thiophene) mole-
cules were obtained, respectively (the different number
of molecules is due to the default values of the ‘bound-
ing’ box volumes for oxygen and sulfur in the program
leap).
� After topology (starting structure and atom types) defi-

nition, AM1 point charges were calculated with MOPAC

software [29] in the GAFF case, while no calculation
was needed for MMFF94X model, since charges are
automatically assigned by the software used (MOE [26]).
nctions – red. Top: MMFF94X; Bottom: GAFF. (For interpretation of the
ersion of this article.)



Fig. 3. Thiophene radial distribution functions (Diff(r)) – black versus theoretical functions – red. Top: MMFF94X; Bottom: GAFF. (For interpretation
of the references to the color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Experimental Structure function I(q) (top) and radial distribution (bot-
tom) principal peaks

Furan Thiophene

q (Å�1)
1.42 1.38
3.80 3.50
6.00 5.32
9.62 8.30

14.82 15.26

r (Å)
4.00 (hump) 4.00
5.55 6.00
9.90 10.10

14.45 15.10
19.15 19.55

L. Gontrani et al. / Chemical Physics Letters 422 (2006) 256–261 259
� The structure was first minimized up to a gradient of
0.05 and then simulated with molecular dynamics
(MD). A trajectory of 1100 ps (100 ps heating+1000 ps
production) in NVT ensemble was produced, with coor-
dinates dumping every picosecond (1100 frames in
total). Both values are enough to get a good agreement
with experimental data. No periodic boundary condi-
tions were applied, and SHAKE algorithm was used
throughout all the simulation.
� For every dumped configuration, a model structure

function was calculated, according to the Debye equa-
tion for pairs of interactions:
imnðqÞ ¼
X

fmfn
sinðrmnqÞ

rmnq
exp � 1

2
r2

mnq2

� �
ð5Þ

� The same sharpening factor, the same qmax value as for
experimental data were used. rmn factors are normally
added to the calculation to account for thermal fluctua-
tions in the interatomic distance which result in peak
broadening. The same r values are generally attributed
to distances falling within predefined ranges (see, for
instance, [17]). Since we used molecular dynamics
(which simulates the evolution of the system at a given
temperature, and incorporates such effect) to build our
models, all rmn values were put equal to zero. All the
model functions of the configurations sampled during
‘production’ phase (i.e. the 1000 ps after heating) were
averaged, thus obtaining a single ensemble structure
function. The curve was extrapolated to zero below
1.1 Å�1 using experimental data, and then Fourier
transformed into the model radial distribution function
(‘theoretical peaks’).

Model curves are reported in Fig. 1–3. As it can be seen
in Fig. 1, the structure functions I(q) obtained from the
molecular dynamics trajectories are both able to fit
the experimental data after the principal peak, but only
the MMFF94X models reproduce the ‘direct space’ curves
(Figs. 2 and 3) after the two molecular peaks (low r values).
In fact, as a general rule, it can be stated that accurate
reproduction of the I(q) principal peak is needed to
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correctly describe long range interactions. An ‘empty’ peak
leads to too short distance peaks in RDF (Figs. 2 and 3,
bottom). MMFF94X model (top), gives an overall good
reproduction of peak positions, shapes and intensities.
Visual inspection of GAFF trajectory snapshots confirmed
the observation that the molecules are too close to each
other, while the analogous MMFF94X images show a
complex aggregate of interacting molecules at great dis-
tance. This result is compliant with the existence of
CAH� � �p, CAH� � �O, and H� � �H interactions between
adjacent molecules, already described in a recent inelastic
scattering experiment in solid furan [12].

In Fig. 4, two pictures of the ‘transient’ configuration
generated during MD run are shown. The snapshots shown
correspond to step #500 (half trajectory). As it can be seen,
Fig. 4. Comparison between the two molecules configurati
the furan aggregate (top) is more ‘compact’ than thiophene
one. The molecules can roughly be inscribed into a cell
(centered in the center of mass of the system) of dimension
20 · 20 · 20 (cubic angstroms) while the dimension is
30 · 30 · 30 for thiophene.

4. Conclusion

In this work, we report the application of the previously
described EDXD/MD method [16] to two aromatic molec-
ular liquids, furan and thiophene. Both liquids show a fair
complexity in their long-range structure; the measured
structure functions and distribution functions are well
reproduced by molecular dynamics simulations with
MMFF94X, a complete and widely tested force field.
ons at half trajectory: furan (top), thiophene (bottom).
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Poorer agreement was found using another force field,
GAFF. The superior behavior of MMFF94X was noticed
in the pyrrole models [16], too, and can likely be ascribed to
the presence of explicit atom types for pyrrole nitrogen,
furan oxygen and thiophene sulfur, and to well parame-
trized (through high level ab initio models [27]) non-bond-
ing terms in the force field, while GAFF lacks completely
the corresponding atom types. Comparing the three ether-
ocycles studied so far, we can state that the agreement
between theory and experiment is satisfactory in all cases,
in the order pyrrole . furan > thiophene, approximately.

Anyway, the use of a complete and all-purpose force
field can be regarded as mandatory for this kind of studies.

The EDXD/MD method described in this report could
as well conveniently help in the parametrization process
of a force field, given its high-level structural insight.
Future measurements on non-aromatic molecular liquids
and molten solids are planned in our lab, to further confirm
the method validity, as well as to consider different theoret-
ical techniques and force fields.
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