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Chemical Isomerism as a Key to Explore Free-Energy Landscapes in Disordered Matter
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The effects of a minor chemical modification on the microscopic structure of a material in its glass
and crystal phases are investigated by the concurrent use of neutron diffraction and computer simulation.
Significant changes in short-, intermediate-, and long-range order are found, resulting from the change
in molecular structure. These differences are explainable by a shift in the balance between directional
and excluded-volume interactions.
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The nature of intermediate-range-order (IRO) in amor-
phous matter, that is the existence of spatial regularities
at distances beyond those separating nearest neighbors,
remains to be fully understood. Within a glass (or liquid),
structural arrangements at short scales result from chemi-
cal and topological details of its constituent particles
and in fact, significant progress has been achieved in our
understanding of atomic arrangements in materials such as
chalcogenide [1], oxide [2], or molecular glasses [3]. How-
ever, the mechanisms responsible for ordering at distances
which are several times that of a characteristic unit forming
the glass await clarification. Here we report on how minor
chemical details such as a change in the position of a func-
tional group within the same structural unit leads to signifi-
cant changes in structure at scales well beyond those
involved in short-range packing. More specifically, we
have conducted neutron diffraction (ND) studies on
the glass and crystal structures of the two isomers of
fully deuterated propyl alcohol (CD3CD2CD2OD and
CD3CDODCD3 referred to as 1-Pr and 2-Pr hereafter)
which differ by the location of the OD group. Such an
isomeric change rather than altering properties such as
van der Waals volumes (124.8 and 127.7 Å3, respec-
tively) and electric dipole moments (about 1.66 debye)
to any significant extent, leads to a change in the over-
all molecular “shape.” The latter translates into rather
different macroscopic properties such as the crystal
melting points (Tm � 148 and 185 K, for 1-Pr and 2-Pr,
respectively), glass-transition temperatures (Tg � 98 and
115 K), and liquid densities which differ by some 2%
[4] at room temperature. Our first measurements of the
S�Q� static structure factors of both glasses and crystals
were performed using the D4c diffractometer at the
ILL (Grenoble). Crystal structure determination was
achieved using the GPPD powder diffractometer at IPNS
(Argonne). Although studies mostly dealing with the
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liquid have appeared [5], up to the authors’ knowledge
the crystal and glass structures of 1-Pr and 2-Pr are not
known. The samples were prepared in situ starting from a
deep quench into liquid nitrogen of room-temperature liq-
uids and subsequent placement into a precooled cryostat.
Data treatment and analysis followed standard routes for
correction of sample normalization [6]. While measure-
ment of the glass structure factors was straightforward,
those for the crystals were complicated by the disparate
crystallization kinetics of both isomers. As noticed previ-
ously [7], 2-Pr crystallizes spontaneously at temperatures
somewhat below Tm (achieved here at 130 K) while
complete crystallization of 1-Pr requires annealing over
several hours at temperatures within a narrow range about
135 K. The S�Q�’s are shown in Fig. 1(a) and the result-
ing D�r� total static pair correlation functions are given
in Fig. 2(a). Most of the diffuse patterns in S�Q�’s for
momentum transfers above Q � 6 Å21 are attributable
to details pertaining to the molecular form factors. Such
correlations are suitably taken care of by subtracting from
S�Q� an intramolecular contribution f1�Q� [8],

f1�Q� � 2
M�12X

i�1

MX

j�i11
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sin�Qdij�

Qdij
exp�2gijQ

2�2� ,

(1)

where bi stands for coherent scattering lengths of the ith
nuclei. The sum runs over i j atomic pairs which are
separated by equilibrium distances dij and the gij are
the mean-square amplitudes of atomic vibrations. The
intermolecular structure factors Dm�Q� � S�Q� 2 f1�Q�
resulting after fits to the large-Q part of S�Q� of f1�Q�’s
estimated from molecular force-field models contain
information about orientational and center-of-mass cor-
relations and are shown in Fig. 1(b). A first remark
concerns the close match between the positions Qp of the
© 2002 The American Physical Society 115506-1
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FIG. 1. (a) Static structure factors as measured on the D4
diffractometer and (b) the Dm�Q� intermolecular static struc-
ture functions derived after subtracting a f1�Q� molecular form
factor. Solid line: crystals; dashed line: glasses.

first sharp diffraction peaks of S�Q� (FSDP’s) for both
glasses which appear at 1.56 and 1.52 Å21 and the period
of the broad oscillations in the respective D�r�’s which
come out to be 2p�Qp � 4.03 and 4.13 Å, respectively.
This provides direct evidence linking the FSDP with the
presence of IRO as manifested by long-period oscillations
in D�r� which persist up to r # 20 Å involving 4th
and 5th neighbors. Since 1-Pr is significantly denser
than 2-Pr, our data suggest to relate the position of the
FSDP for molecular materials to the role played by
the SCOM�Q� structure factor for molecular centers of
mass (COM) [8] in treatments derived from liquid-state
theories. To ascertain such a hypothesis, the SCOM�Q�
has been evaluated for both glasses by means of com-
puter molecular dynamics using transferable interaction
potentials following steps analogous to those taken for
other alcohols [9]. The results displaying DCOM�r�
that is the transform into real space of SCOM�Q� are also
displayed in Fig. 2(a). There one finds a fair agreement
between the features exhibited by DCOM�r� and those of
D�r� for distances above �5 Å. Particular attention merits
the presence of a double peak in the first oscillation of
DCOM�r� for 2-Pr which is partially borne out by shoulders
visible in the leading and trailing edges of the first D�r�
broad oscillation. These findings thus give support to the
115506-2
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FIG. 2. (a) Total pair static correlation functions D�r� as de-
rived from experiment [solid line: crystals; dashed line: glasses;
crosses: DCOM�r� as derived from computer simulations] and
(b) the intermolecular pair correlation functions versus the scaled
variable r�rm for the glassy phases (see text).

assignment of IRO as dominantly due to center-of-mass
correlations. The Dm�Q� intermolecular structure factors
displayed in Fig. 1(b) show how close the positions are of
the first peaks of glassy and crystalline 1-Pr as well as a
clear offset for 2-Pr, which according to what has just been
discussed should be attributable to a difference in density
as confirmed below. The broad diffuse background seen
in the glasses for 2 Å21 # Q # 6 Å21 could be ascribed
to short-ranged orientational molecular correlations as
found for related materials [10]. To verify this, recourse is
again made to simulation results. Several quantities which
serve to quantify orientational correlations have been cal-
culated. From within those Fig. 3 shows the orientational
correlation function �Pl�cosu�� where Pl stands for a
Legendre polynomial and u is an angle between molecule-
fixed reference vectors which in our case are made to
coincide with the direction of the O—D bonds. The result
vividly shows how orientational ordering is enhanced in
2-Pr with respect to 1-Pr (i.e., larger absolute values)
for distances up to �5 Å whereas that for 1-Pr covers a
somewhat larger extent. In both cases these correlations
vanish for r . 6 7 Å. The crystal Dm�Q�’s appear as a
pattern of Bragg peaks superimposed to diffuse patterns
akin to those of the glass. We attribute such similitude
to the relatively close short-range structures of glass and
115506-2
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FIG. 3. Orientational correlation function �Pl �cosu�� for
1-propanol (continuous line) and 2-propanol (dashed line).
The figure shows the first (upper box) and second (lower box)
Legendre polynomials.

crystal since at such distances structural correlations are
governed by fine details of the orientation-dependent
intermolecular forces (i.e., electrostatic and van der Waals,
vdW) which will ultimately drive the glasses towards
the fully ordered states. The data at hand thus show that
for distances corresponding to first neighbors ordering is
enhanced in 2-Pr. This gives us a clue about the origin
of its splitted first peak in DCOM�r�. In fact, detailed
analysis of partial pair distribution functions derived from
the simulations shows that 2-Pr has a first coordination
shell (r # 4.9 Å) with most molecules participating in
hydrogen bonds while bonding at larger distances becomes
far less pronounced than in 1-Pr. In contrast, 1-Pr shows
a more extended ordering pattern of both orientational
and positional (COM) nature which may well explain the
difference in macroscopic densities (0.95 and 0.90 g cm23

for T � 100 K). Such structural change is rationalized as
resulting from a shift in the balance between electrostatic
and vdW forces induced by the isomeric change which
changes the molecular “shape” from globular (2-Pr) to
elongated (1-Pr) leaving basically unaffected the strength
of the electrostatic interactions.

To check whether there are some common features in
the IRO of these glass-forming materials once the differ-
ence in molecular “sizes” and “shapes” is accounted for,
we now compare the Fourier transforms of Dm�Q� which
give the intermolecular radial distributions versus the di-
mensionless variable r�rm. Here rm stands for an effective
molecular diameter and as a measure of it we take the po-
sition of the first intermolecular peak in D�r� (5.19, 5.16,
and 4.68 Å for 1-Pr, 2-Pr, and ethanol [10], respectively).
Such a scaled D�r�’s versus r�rm shown in Fig. 2(b) for
the three materials are now fully in phase. In other words
IRO, at least in these materials, can be understood in terms
of packing of equivalent sphericlike entities defined by a
characteristic parameter rm and extends up to distances
3–4 times longer than correlations of orientational origin.
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Let us now compare the glass and crystal structures
as measured by D�r�’s. From Fig. 2(a) one sees that
while the oscillations of glass and crystal in 1-Pr show
a clear phase relationship extending beyond first neigh-
bors, those for 2-Pr follow a rather disparate pattern.
To understand such distinct behaviors the crystal struc-
tures of both isomers have been determined from high-
resolution powder diffraction patterns some of which
are shown in Fig. 4. Indexing of such complex patterns
required extreme care and labor. To do this the peak
positions are first determined and powder indexing is
subsequently performed [11]. The relevant structural
parameters defining the unit cells of the two materials
are given in Table I. From the unit cell diagrams shown
in Fig. 4 together with structure data one sees that the a
lattice constant for 1-Pr is roughly one and a half that for
2-Pr, which makes the number of molecules per unit cell,
Z, to be 6 and 4, respectively. The space group P1 for 2-Pr
with Z � 4 indicates that the asymmetric unit consists of
two independent molecules. Such unit for 1-Pr is consti-
tuted by two independent molecules located at the general
Wyckoff positions 4f ��x, y, z�, �2x, y 1 1�2, 2z�,
�2x, 2y, 2z�, �x, 2y 1 1�2, z�	 and the special position
2e ��x, 1�4, z�, �2x, 3�4, 2z�	, respectively. Moreover,
the P21�m symmetry imposes that such a molecule
must have an m mirror symmetry plane, that is the
crystal is composed of molecules having the C-C-C-O-D
skeleton within a plane. In contrast, the structure of 2-Pr
corresponds to a lower symmetry lattice, a somewhat
counterintuitive finding, account made of the more globu-
lar molecular shape of this isomer.

Using the crystallographic information as a constraint
we have carried out a series of crystal energy minimiza-
tions using for that purpose the Cerius system. The
minimum-energy structures are found to be formed by
hydrogen-bonded (HB) chains along the crystal c axis
with two HB per molecule. 1-Pr fits three chains within

FIG. 4. Powder diffraction patterns as measured on GPPD.
The insets show schematic diagrams of the two unit cells.
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TABLE I. Crystal lattice parameters. The results correspond to indexing of 20 Bragg reflections and the relevant figures of merit
are the I20 and M20 statistics alongside the standard deviation s.

Structure Space group a b c a b g s I20 M20 V (Å3) r�g cm23� Z

1-propanol Monoclinic P21�m 9.326 12.951 5.039 · · · 96.38± · · · 1.98 3 1023 20 24.0 604.91 0.99 6
2-propanol Triclinic P1 6.612 12.891 5.653 96.58± 110.44± 97.85± 4.59 3 1023 20 12.6 440.43 0.91 4
the cell whereas 2-Pr just accommodates two, which
explains the significantly less dense-packed structure of
the latter. The calculation also predicts that crystalline
2-Pr is more stable than 1-Pr (by some 12.5 kJ mol21), a
result qualitatively borne out by the difference of 37 K in
melting temperatures as well as by experimental entalpies
of fusion DHf [7] of 5.4 kJ mol21 and 6.4 kJ mol21, for
1-Pr and 2-Pr, respectively. This difference in stability
explains their disparate crystallization kinetics and indeed,
evaluation of the nucleation rates of critical clusters
within the supercooled liquid (SCL) now made possible
by data at hand by means of classical nucleation theory
[12,13] shows that formation of critical clusters in 2-Pr
is favored some 50 times with respect to 1-Pr. These
distinct behaviors unveil large differences between the
potential energy surfaces of both isomers since the forma-
tion of crystallites within a melt involves an exhaustive
exploration of the free-energy landscapes (FEL). From
the very concept of energy landscape [14], one expects
that particles forming the SCL will mainly stay within
the environment of energy minima which are not too
far above the global minimum defined by the crystal
configuration. Experimentally, access to some details per-
taining to molecular configurations which determine the
incipient clusters can be provided from information on the
temperature dependence of the nucleation rate versus
the chemical potentials Dm � DHf�Tm 2 T��Tm along
the lines suggested in Refs. [15]. In addition, some gross
features of the FEL are also amenable to experiment such
as the time lags observed for nucleation and growth which
are highly sensitive to details concerning the local viscos-
ity as recently emphasized [16]. In summary, our findings
exemplify how a shift in the balance between highly
directional (electrostatic) and vdW interactions induced
by a small change in molecular topology gives rise to a
whole set of differences in structure and thermodynamics.
Geometric arrangements involving nearest neighbors
are found to be governed by the gross features of the
interaction potential. However, contrary to oversimple
assumptions our results show that changes in ordering pat-
terns induced by the isomeric effect are far from trivial as
illustrated by the enhanced short-range ordering exhibited
by the material having the smaller macroscopic density.
For larger distances, IRO in these materials is finally
understood as a purely geometric effect, accountable in
terms of packing of effectively spherical entities.
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