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An analysis of the conformational properties and hydrogen bonding in the condensed phases of glycerol is
reported using the same model as adopted in Part I (Phys. Chem. Chem. Phys., 1999, 1, 871). Structural
properties of the liquid and glassy states are analyzed in relation to the molecular backbone conformation of
the glycerol molecule. The e†ects of hydrogen bonding and of temperature on the conformational distribution
are analyzed. The structural and dynamical properties of hydrogen bonding in glycerol are also investigated.
The results are consistent with available experimental observations and clarify many important and
interrelated aspects of the microscopic structure of liquid, glassy and crystalline phases of glycerol.

1 Introduction
In Part I (ref. 1) we have presented a molecular dynamics
(MD) simulation of the static and dynamic properties of glyc-
erol in the crystal, glass and liquid phases. With the aid of a
suitable potential model, we have computed several properties
of the condensed phases as a function of temperature, includ-
ing the static structure factor, the molar volume, the density of
vibrational states, the mean square displacements of the atoms
and the speciÐc heat. The calculated quantities gave an excel-
lent agreement with experimental data from incoherent
neutron di†raction and calorimetric experiments.

In the present paper we report an extension of the previous
MD simulation aimed at understanding the structure of the
H-bond network and the interplay of intra- and inter-
molecular interactions on the equilibrium conformational dis-
tribution in the condensed phases of glycerol. We show that
the conformational distribution has a signiÐcant role in deter-
mining the properties of the super-cooled liquid and in driving
the glass transition.

Glycerol is a highly Ñexible molecule forming both intra-
and inter-molecular hydrogen bonds. Liquid glycerol exhibits
an anomalous temperature behaviour of the viscosity
coefficient2,3 and of dielectric relaxation times4,5 due to the
existence of an extended H-bond network.4,6h8 Glycerol easily
forms a super-cooled liquid which, by lowering the tem-
perature, undergoes, at about 187 K, a transition to a glassy
state9 whose nature has been the object of several investiga-
tions.9h14 Crystallization, occurring at 291 K,15 cannot be
directly reached from the liquid but requires special pro-
cedures.16,17

The conformational space of the glycerol molecule is quite
complex : six types of backbone conformers exist, classiÐed in
the literature on the subject, according to the dihedral angles
involving the two CCCO torsions. Each backbone conformer
may in turn exhibit di†erent preferential arrangements of the
hydroxy hydrogens.

¤ Part I, ref. 1.

Early electron di†raction studies on the liquid state18 sug-
gested the presence of mainly unfolded conformers of aa and
ac type (for the notation of the conformers see Fig. 1 and
section 2). The aa backbone conformation, typical of crys-
talline glycerol,16 was also invoked in neutron scattering
studies6,7 to explain the observed structure factors at large
wave vectors. However, in a recent neutron scattering investi-
gation of the glassy state,19 a preferential unfolded conforma-
tional structure of the bc type has been proposed for the best
Ðt of the experimental structure factor. Di†raction studies
provide valuable information on the structural properties of
the condensed phases but the subtle details of the conforma-
tional structures are usually inferred by Ðtting procedures
based on a weakly selective function such as the structure
factor at large wave vectors. Hence, computer simulations
using a realistic atomistic model of glycerol can give valuable
insights into the microscopic details of the structure of the
condensed phases. Early MD studies by Root and Stillinger20

Fig. 1 Backbone conformers of the glycerol molecule. Prochiral
partners (see text) for ab, bc and ac are not displayed.
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focused on the structure of the liquid but the signiÐcance of
the results was limited by the small size of the samples (32
molecules) and by the short simulation time of less than 1 ps.
More recently Root and Berne21 studied the e†ect of pressure
on H-bond interactions in liquid glycerol. In general, however,
little attention to the problem of the conformational structure
of glycerol has been given by past MD studies.

In this paper we present a thorough analysis of the structur-
al and dynamical properties of the liquid and glass phases in a
wide temperature range, using a MD simulation. The poten-
tial model proposed in Part I,1 which reproduces very satis-
factorily the structural and dynamical properties of glycerol in
the condensed phases, has been adopted. The data obtained in
the present computer simulations are consistent with all avail-
able experimental observations and clarify many important
and interrelated aspects of the microscopic structure of liquid,
glassy and crystalline glycerol.

The paper is organized as follows. In section 2 the confor-
mational phase space of the glycerol molecule and its ener-
getics are described ; in addition the role of the intra- and
inter-molecular interactions in determining the equilibrium
conformational distribution in di†erent phases, as a function
of temperature, are discussed. In section 3 the microscopic
structure of the liquid and glass are analyzed, focusing on the
role and importance of H-bonding.

2 The conformational space of glycerol
In the glycerol molecule all bonds are single and hence there is
considerable freedom of internal rotations. The traditional
classiÐcation of the various molecular structures18 is based on
the concept of backbone conformer, deÐned by the structure of
the heavy atom skeleton irrespective of the positions of the
hydrogen atoms. The backbone structure can be unam-
biguously identiÐed by assigning the two dihedral angles

and involving the three carbon atomsO1C1C2C3 C1C2C3O3and the terminal oxygens (see Fig. 1). Choosing the dihedral
angle of the trans conformation as the zero with positive
clockwise rotation around the vectors and weC1C2 C2C3 ,
classify the dihedral angular ranges [60¡ \ h \ 60¡,
60¡ \ h \ 180¡ and 180¡ \ h \ 300¡ as a, b and c, respec-
tively.18 Since there are two dihedral angles, six possible back-
bone conformers can be identiÐed as shown in Fig. 1. For
example, in the aa conformer both dihedral angles are in the
[60¡ \ h \ 60¡ range. Glycerol is a molecule with no asym-
metric carbons. However, because of its property to be asym-
metrically metabolized,22h26 glycerol is frequently deÐned as
prochiral.27 From this point of view a backbone conformer of
the vf kind (the symbols v, f refer to the entire angular range,
while the symbols h,/ indicate a speciÐc value of the angle),
with has a backbone prochiral counterpart in fv. Con-v D f,
formers of the vv kind have no backbone prochiral partners.
The conformational space is further complicated by the pres-
ence of the three OH groups. Each dihedral angle HOCC
around the CO bond has several conformational possibilities
and therefore, in principle, a large number of all atoms con-
formers can be deÐned for each backbone conformer,
although most of these all atoms conformations are inhibited
due to steric hindrance.

For a correct understanding of the microscopic properties
of the condensed phases, two basic pieces of information are
needed : the energy and the structure of the stable conformers
and their relative abundance.

Ab initio calculations28h30 predict aa, ac and cc backbone
conformers as the most stable ones. To check whether our
potential model gives the same results, we have generated
7500 random conÐgurations for each di†erent backbone con-
former of glycerol molecules and minimized the structure
using the conjugate gradient method.31 The results agree with
the ab initio calculations and conÐrm the stability of the aa,

ac and cc conformers. We obtained the four aa, the seven ac
and the four cc minimum energy structures shown in Fig. 2.
Other conformers are not shown since they all have very high
energies, ranging from 84 to 113 kJ mol~1. The stability of the
aa backbone conformer is strongly supported by the fact that
it is the structure observed in the crystal.16

In order to answer the second question, i.e. the relative
abundance of the di†erent conformers, it is important to
understand whether the conformations existing in the liquid
and in the glass are stabilized by the inter-molecular inter-
actions, in particular by the H-bond formation, or if their
abundance is controlled essentially by the intra-molecular
interactions. This is particularly necessary in the case of the cc
backbone conformer, which, despite its stability, is weakly rep-
resented in the condensed phases. We have thus performed a
MD simulation in the NVT (constant particle number N, con-
stant volume V and constant temperature T ) ensemble of a
sample of 1000 non-interacting molecules for 1.5 ns. We found
that the running average energy for each class of conformers
belonging to the same backbone conformer shows strong Ñuc-
tuations due to the fact that in the limited duration of the runs
the conformational space cannot be explored completely.

The lack of energy exchange in the absence of collisions is
actually a strong limiting factor for a correct sampling of the
conformational space. Indeed, as shown in Fig. 2, minimum
conÐgurations within the same backbone conformation di†er
by several kJ mol~1.

A more e†ective method for enhancing the sampling effi-
ciency of the conformational space is based on the principles
of the umbrella sampling technique.32 The idea is to add to
the Hamiltonian an appropriate potential, U, that removes
the energy barriers between conformational states and to run
the MD simulation in this ensemble (indicated hereafter as the
p ensemble) at constant volume and temperature. The average
of any observable A, in the canonical ensemble with the orig-
inal Hamiltonian at the same temperature T , can be recovered
from the canonical averages in the p ensemble by inverse
reweighting using the well known umbrella sampling formula

SATNVT \
SAe~U@KBTT

p
Se~U@KBTT

p

(1)

A convenient potential U is the negative of the sum of the
Lennard-Jones of the electrostatic and of all HOCC(VLJ), (Vel)torsional interactions This(Vtors) : U \[VLJ[ Vel [ Vtors .

Fig. 2 Optimized structures and corresponding energies for all atoms
conformers of aa, ac and cc backbone conformers.
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potential clearly removes all barriers between conformational
states involving torsions around the CwO bonds and strongly
reduces the barriers between the backbone conformations,
while leaving at the same time the distribution of bonds and
bending angles close to the original canonical one.

Using eqn. (1), the probability of occurrence of a generic
backbone conformation vf in the canonical NVT ensemble is
given by
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(2)

where all averages are taken over the conÐgurations in the p
ensemble and the function is equal to one if the dihedralX

v
(h

i
)

angle for the i-th conÐguration is inside the range labeled vh
i(with v \ a, b, c) and zero otherwise. In Table 1 we report the

values of calculated from eqn. (2) for the six conformers inP
vzthe gas phase at 400 and 300 K. About 2.5 ] 106 conÐgu-

rations, taken at regular intervals from an NVT run of 5 ns on
a sample of 1000 glycerol molecules in the p ensemble, were
used. vf and fv conÐgurations must of course have equal
probabilities. This condition constitutes a very severe test for
the equilibrium regime. The probability of vf and fv confor-
mations, for all the prochiral pairs, di†er by less than 1%. The
average energies for the backbone conformations in the gas
phase at 400 and 300 K are reported in Table 2. The total
energy only partially explains the observed probabilities : the
Helmholtz free energy di†erences at, e.g., 400 K, calculated on
the basis of the probabilities of Table 1, are
A(aa)[ A(ac)\ [1.8^ 0.3 kJ mol~1, A(aa)[ A(cc) \
[4.3^ 0.6 kJ mol~1, while the corresponding di†erences of
the total energies (Table 2) are E(aa)[ E(ac)\ [0.5^ 0.6
kJ mol~1 and E(aa)[ E(cc)\ [0.4^ 0.9 kJ mol~1. There-
fore entropic e†ects play an important role in determining the
free energy when the torsional coordinates h and / span the
full conformational space.

2.1 Conformational distribution in the condensed phases

The problem of computing a reliable conformational distribu-
tion is less acute in the liquid state. Energy is in fact easily

Table 1 Percentage probability distribution of the glycerol backbone
conformations in the liquid and gas phasea

400 K 300 K

Conformer Liquid Gas Liquid Gas

aa 44 (3) 39.9 (5) 48 (1) 43.0 (8)
ac ] ca 45 (2) 47.0 (3) 46.0 (6) 46.9 (5)
cc 6 (1) 11.0 (2) 4.4 (6) 9.8 (4)
ab ] ba 3.8 (9) 1.40 (1) 1.4 (4) 0.22 (1)
bc ] cb 1.2 (5) 0.67 (1) 0.2 (1) 0.11 (1)
bb 0.01 (1) 0.03 (1) 0 0.002 (1)

a Errors in the last digit are given in parentheses.

Table 2 Mean backbone conformational energies (kJ mol~1) in the
gas phasea

Conformer 400 K 300 K

aa 173.5 (4) 146.5 (4)
ac, ca 174.0 (2) 147.0 (1)
cc 173.9 (5) 148.2 (4)
ab, ba 190.6 (3) 163.8 (8)
bc, cb 192.3 (2) 166.0 (4)
bb 200.1 (8) 172 (2)

a For the vf and fv conformers (see text), the mean value is reported.
The error in the last digit is given in parentheses.

exchanged between molecules through molecular collisions
and a stationary value of the conformational distribution is
usually reached after a few hundreds of picoseconds irrespec-
tive of the starting conÐguration using conventional MD.

The e†ect of the inter-molecular interactions and of the
temperature can be inferred by inspection of Table 1. The gas-
phase distribution is only slightly perturbed in going to the
liquid state. In the liquid, the aa probability increases by
approximately 5% at the expense of the cc probability which
decreases by the same amount. A signiÐcant increase of the ab
and ba conformers occurs in the liquid, due to the fact that
these conformers have an open structure and can easily form
inter-molecular H-bonds. The fraction of ac and ca remains
practically unchanged, while all other conformations, like in
the gas phase, occur with negligible probability. In the glassy
state, due to the lack of ergodicity, the conformational dis-
tribution is identical to that of the super-cooled liquid near
the glass transition. The inter-molecular hydrogen bonds,
therefore, do not signiÐcantly stabilize energetically unfavored
gas-phase structures. In particular, the abundance of the bc
conformers, recently proposed as the most probable in the
glassy state,19 remains as negligible in the liquid as in the gas
phase.

We conclude therefore that the intra-molecular energy is the
prevailing factor in determining the average molecular struc-
ture in the condensed phases. The e†ect of inter-molecular
H-bond stabilization of unfolded structures, as aa and ac,
with respect to the folded cc conformer has been invoked in
the past19,29 to explain the experimental conformational dis-
tribution. In the present study, this e†ect appears small com-
pared to the intra-molecular energy e†ects.

The small changes with temperature in the conformational
distribution are in agreement with experimental di†raction
studies6,7,19,33 where the shape of structure factors was found
to be weakly dependent on the temperature and similar in the
super-cooled liquid and in the glassy state. It is indeed
remarkable that a steady stabilization of the aa conformation,
i.e., of the molecular structure observed in the crystalline state,
is observed during the cooling process from 400 K down to
the super-cooled liquid and glassy state. Near the crys-
tallization temperature (D290 K), the percentage of aa con-
formers is about 50% and this fact may explain the
difficulty16,17 in obtaining crystalline glycerol given that
nearly half of the molecules must undergo at least one back-
bone transition in the solidiÐcation process.

2.2 Conformational dynamics

The time evolution of a generic OCCC backbone dihedral
angle h(t) has been monitored to test the ability of a given
molecule to undergo conformational jumps. In the liquid
phase the angular distribution of h depends weakly on the
temperature and is characterized by three approximately
Gaussian distributions, peaked at about /

a
\ [5¡, /

b
\ 115¡

and with a half width at half maximum */ of about/
c
\ 244¡

16¡. If h(t) is in the angular range a/
i
[ */\ h(t) \ /

i
] */,

conformational jump is counted if at a later time t ] *t,
h(t ] *t) is found in a di†erent angular range /

j
[ */\ h(t

The e†ective duration of a conformational] *t) \/
j
] */.

transition is deÐned as the time needed for h to leave the
range to enter the di†erent range/

i
[ */\ h \/

i
] */ /

jThe number of conformational jumps[ */\ h \/
j
] */.

per molecule per nanosecond as a function of temperature in
the liquid phase is shown in Fig. 3(a). As expected the number
of jumps per molecule in the unit time increases steadily with
increasing temperature. At 400 K the average lifetime for a
backbone conformation is about 28 ps. The average jumping
frequencies can be Ðtted with an Arrhenius functional form
[see Fig. 3(a)]. The corresponding activation energy is esti-
mated to be 20.2 ^ 0.3 kJ mol~1.
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Fig. 3 (a) Average number of conformational jumps for liquid glycerol as a function of temperature. The full curve shows the Ðt using an
Arrhenius type function. (b) Time record of the OCCC dihedral angle for a generic molecule at 400 K in glycerol. The large jump at B30 ps is due
to a complete rotation of the group around the CC bond. (c) Distribution of the duration time of a conformational jump for liquidCH2OH
glycerol at 400 K.

The time evolution of one OCCC dihedral angle for a
generic molecule in the liquid at 400 K is displayed in Fig.
3(b). Conformational jumps are very fast and occur in less
than half a picosecond. The probability distribution of the
duration time for conformational transitions in the liquid
evaluated at 400 K are shown in Fig. 3(c). The distribution of
the duration time is peaked at about 200 fs and is found to be
practically independent of the temperature.

3 Hydrogen bond in the condensed phases
In a classical MD simulation the deÐnition of inter-molecular
H-bond results is in some way arbitrary due to the lack of
information on the electron density. It is therefore necessary
to resort to geometrical arguments for the deÐnition of inter-
molecular H-bonds. In the present paper, the H-bond is
deÐned, according to previous papers on the subject,21,34,35
on the basis of the O É É É H distance, chosen to be less than
2.45 (corresponding to the Ðrst minimum distance in theÓ

distribution function), and of the OH É É É O bond angle,gOH(r)
chosen larger than 145¡. An H-bond is assumed to be formed
(destroyed) if the previously mentioned criteria are fulÐlled
(not fulÐlled) for at least21 180 fs. An intra-molecular H-bond
is deÐned in the same way, but without restriction on the
OH É É É O bond angle.

3.1 Intra- and inter-molecular hydrogen bond

Intra-molecular H-bonds in glycerol give rise to the formation
of rings with Ðve and six atoms closed by the H-bond. Five-
membered rings (HwOwCwCwO) can occur in the aa and
ac conformations, while six-membered rings
(HwOwCwCwCwO) are compatible with the less abundant
cc backbone conformation. In Table 3 we show the average
number of hydrogen atoms per molecule donated in inter-
molecular H-bonds by some conformers in the condensed
phases. The cc conformer donates, on average, signiÐcantly

Table 3 Number of hydrogen atoms per molecule involved in inter-
molecular H-bonds for the backbone conformers aa, ac (or ca), cc
and ab (or ba)a

Donated hydrogens per molecule

T /K aa ac, ca cc ab, ba

394.9 1.3 1.3 1.0 1.5
319.4 1.7 1.7 1.2 1.9
261.9 1.9 1.9 1.4 2.0
197.3 2.1 2.2 1.5 2.7
119.6 2.3 2.4 1.5 2.7
39.9 2.4 2.5 1.5 2.8

a For vf and fv conformers, the mean value is reported.

less hydrogen atoms with respect to the aa, ac and ab, due to
the stronger intra-molecular H-bond of the six-membered ring
with respect to the H-bond of Ðve-membered rings. The same
behaviour is observed for the oxygen acceptors. In fact, the
radial distribution functions for intra-molecular oxygenÈ
hydroxy hydrogen pairs show a maximum at about 2.0 forÓ
cc, while for aa and ac this maximum is at about 2.6 SinceÓ.
the formation of inter-molecular H-bonds requires the break
of the intra-molecular ones, it is clear that aa and ac, charac-
terized by a less constrained structure with weaker intra-
molecular H-bonds, can more easily form inter-molecular
H-bonds. The relative inability of the cc conformer to form
inter-molecular H-bonds is responsible for the observed
halving of its occurrence probability in going from the gas to
the liquid state. As can be seen in Fig. 4, the number of intra-
molecular H-bonds in the condensed phases slightly decreases
as the temperature is lowered. This is a consequence of the
fact that intra-molecular H-bonds are principally of Ðve-
membered ring type (aa and ac conformers) : as the tem-
perature decreases, more and more inter-molecular H-bonds
are formed at the expense of the weak intra-molecular
H-bonds of the Ðve-membered rings.

The oxygenÈhydroxy hydrogen radial distribution function
has been given in Part I (ref. 1) for di†erent tem-gOH(r)

peratures. The results are similar to those obtained in pre-
vious MD simulations20,21 and supply clear evidence of
inter-molecular H-bond formation.

The distribution of the OH É É É O angles is peaked at 180¡
with half width at half maximum of 19¡, 23¡, and 26¡ at 200,
300 and 400 K, respectively. These results are consistent with
the calculations reported by Root and Berne,21 which predict
a preferential linear conformation for inter-molecular
H-bonds in glycerol, and are consistent with di†raction
data.6,7,19

Fig. 4 Intra-molecular H-bond distribution. Percentage of molecules
forming zero (ÈÈÈ), one (È È È È) and two (È ÉÈ) intra-molecular
H-bonds.
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The average number of single H-bonds per molecule as well
as of multiple H-bonds is shown as a function of temperature
in Fig. 5. According to the convention adopted by Root and
Berne,21 an H-bond is deÐned as multiple when the hydrogen
atom is involved in more than one inter-molecular H-bond or
when the oxygen atom is involved in more than two inter-
molecular H-bonds. At room temperature our values agree
with those reported by Root and Berne.21 Both curves of Fig.
5 show a clear inÑection at the glass transition.

The average lifetime q of an H-bond as a function of tem-
perature is shown in Fig. 6. q increases with decreasing tem-
perature and diverges approaching the glass transition. The
lifetime at room temperature is similar to that found in other
H-bonded liquids. The inverse of the lifetime q~1, i.e. the
number of H-bonds broken per unit time, can be Ðtted very
accurately with an Arrhenius functional form (see inset in Fig.

Fig. 5 Number of single (ÈÈÈ) and multiple (È ÉÈ) inter-
molecular H-bonds per molecule in liquid and glassy glycerol.

Fig. 6 Average lifetimes of the inter-molecular H-bond in liquid
glycerol. The inset shows a Ðt of ln(1/q) vs. 103 K/T . The calculated
lifetimes satisfy an Arrhenius law equation 1/q\ Aexp[[B/(RT )]
where ln(A)\ 1.99^ 0.05 and B\ 6.3^ 0.1 kJ mol~1.

6). The calculated value of the activation energy for the
H-bond break is around 6.3 kJ mol~1, comparable to the
energy found in a computer simulation of liquid methanol.34

3.2 Hydrogen bond network

Glycerol in its condensed phases is characterized by a high
degree of association due to H-bonds. The viscosity2 and the
boiling point15 in glycerol are unusually high ; dielectric relax-
ation times are also extremely high in super-cooled glycerol4
compared to other H-bonded liquids36,37 and diverge near
the glass transition.5 The anomalous behaviour of the product
of ion mobility and viscosity (Walden product) of KClÈ
glycerol solutions4 has been ascribed to the existence of the
H-bond network. Recently the existence of an H-bond
network has also been invoked to explain the molecular reori-
entational mechanism investigated by nuclear magnetic reso-
nance.8 It is then of interest to investigate the extension of
H-bond networks in liquid and glassy glycerol and to charac-
terize their structural and dynamical properties.

At a given instant, two molecules are deÐned to be con-
nected if at least one H-bond exists between them. Molecule A
and molecule B belong to the same hydrogen bond network if
one can go from A to B by crossing any number of connected
molecules.

In the temperature range examined in the present study,
glycerol tends to form a single network covering the entire
sample. On average, 95% of molecules in the liquid at high
temperature are connected. This network is very stable and,
very seldomly, especially at high temperature, releases a few
short living (less than 0.5 ps) monomers, dimers or trimers. In
the glassy state, only one H-bonded network (100% of
molecules) is observed throughout the sample during the
entire simulation. The connectivity of the network can be
further characterized by evaluating the average number of
connected neighbors per molecule. In Table 4 we report the
percentage fraction of molecules belonging to the networkx

ias a function of the coordination number i (i \ 1, 2, . . . , 8) and
of the temperature T . The mean coordination number, Nc \

increases as the temperature decreases. In the glassy;
i/18 ix

i
,

state, the H-bond network is frozen into a conÐguration
where the average coordination number is about 4.6, larger
than the coordination observed in the crystalline state, where
each molecule has four neighbors.16 Several molecules are
found to be tetra- (30%) and penta-coordinated (43.4%) with a
less important fraction of molecules with i \ 2, 3, 6 and 7 and
virtually none with i \ 1 and 8.

With increasing temperature and beyond the glass tran-
sition, shows a marked temperature dependence : highlyx

icoordinated molecules tend to disappear, whereas molecules
bi- and tri-coordinated become more abundant. It is remark-
able that the fraction is almost independent of temperaturex4over the entire examined range.

Table 4 H-bond network connectivitya

T /K x1 x2 x3 x4 x5 x6 x7 x8 Ncb

394.9 5.5 19.0 32.0 27.4 12.5 2.6 0.2 0.0 3.3
366.3 3.4 14.4 29.0 31.0 17.1 4.3 0.4 0.0 3.6
319.4 1.4 8.6 23.7 34.2 23.6 7.5 0.9 0.0 4.0
278.1 0.7 4.6 17.8 33.2 31.8 10.5 1.3 0.1 4.3
238.9 0.2 3.2 13.8 33.9 34.3 11.5 2.9 0.2 4.5
197.3 0.1 2.0 13.4 30.1 42.2 9.6 2.3 0.3 4.5
119.6 0.3 1.1 11.9 30.2 43.6 10.6 1.8 0.3 4.6
39.9 0.3 1.1 11.6 30.0 43.4 10.6 2.0 0.4 4.6

(with i\ 1, 2, . . . , 8) is the fraction of molecules belonging to the H-bond network and connected (see text) to i neighbors. is the meana x
i

b Nccoordination number.
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To characterize the dynamical properties of the H-bond
network, we deÐne the following correlation function :

C(t)\
SL(t) Æ L(0)T
SL(0) Æ L(0)T

(3)

where L(t) is a vector of length N(N [ 1)/2, N being the
number of molecules in the sample. The generic element L

k
(t)

refers to one pair of molecules, and is equal to one if the two
molecules are connected at the time t, and zero otherwise. For
a completely rigid structure the scalar product SL(t) Æ L(0)T is
equal, at any time, to the total number of connections in the
network. The values of C(t) at di†erent temperatures for the
liquid (400, 360 and 320 K), for the super-cooled liquid (280
and 240 K) and for the glass (200 K) are shown in Fig. 7. As
previously stated, in the glassy phase, only a single conÐgu-
ration of the network is observed throughout the entire simu-
lation and C(t) does not decay. As extensively discussed in
Part I,1 the liquid was properly equilibrated and therefore the
C(t) function exhibits a temperature dependent decay giving
quantitative information on the lifetime of the network. At
temperatures near and below the freezing point the runs are
too short to give reliable estimates of the characteristic time
scale for the observed relaxation regimes. In the liquid state,
on the contrary, the calculated C(t) for a time run of 63 ps can
be perfectly Ðtted using a superposition of three exponential
decays. The three relaxation times and and the corre-t1, t2 t3sponding preexponential factors obtained from the Ðt of C(t)
at 400, 360 and 320 K are reported in Table 5, along with the
corresponding s2 deviations. We infer therefore that the
H-bond network breaks down through three distinct mecha-
nisms, each with a characteristic time scale.

The faster mechanism is due to the vibrational motion of a
molecule in the cage formed by its neighbors and is hence
related to the inverse of the Einstein frequency. The Ein-qE ,
stein frequency can be estimated from the function

D(t)\
1

6t
So R(t)[ R(0) o2T (4)

where R(0) and R(t) are the vector position of a generic molec-
ular center of mass at the zero time and at a later time t

Fig. 7 Network connectivity correlation function as deÐned by eqn.
(3) for liquid and glassy glycerol. Dashed lines are the results of the
triexponential Ðt (see text).

respectively, and the brackets indicate the average over the
ensemble. At short times, D(t) increases rapidly, reaches a
maximum and, for t ] O, tends asymptotically to the trans-
lational di†usion coefficient38 The position of theD

T
.

maximum of D(t) gives an estimate of the inverse of the Ein-
stein frequency. The calculated values of at 400, 360 andqE320 K are reported in Table 5. Comparison with the values
obtained for shows a reasonable agreement and the samet1trend with temperature. Due to the strengthening of H-bonds
as the temperature is lowered, the Einstein frequency isqE~1
expected to increase correspondingly and thus to decrease.qEThe second mechanism for the breakdown of the H-bond
network can be correlated to the time for neighbors toqCexchange in the cage. In order to estimate this time, we have
computed the average time needed to replace all neighbors of
a molecule. The values obtained for are given in Table 5qCand agree almost quantitatively with the times.t2The third and slowest mechanism for the breakdown of the
H-bonded network is due to translational di†usion. The time

that a molecule takes to travel a distance d equal to theq
D

,
average distance between neighbors in the cage, correspond-
ing to the peak in the center of mass pair distribution func-
tion, can be obtained from eqn. (4). For the calculation of qDwe have computed the di†usion coefficients and the dis-D

Ttances d at 400, 360 and 320 K. The calculated values of D
Treported below are in good agreement with the experimental

data of ref. 39.

D
T

^ 6.99] 10~2 Ó2 ps~1 and d ^ 5.4 Ó at 400 K

D
T

^ 3.62] 10~2 Ó2 ps~1 and d ^ 5.3 Ó at 360 K

D
T

^ 1.14] 10~2 Ó2 ps~1 and d ^ 5.2 Ó at 320 K

Using these data, we obtained for at 400 and 360 K aqDperfect agreement with the values of given in Table 5. Att3320 K the agreement is less satisfactory, probably because the
length of the run is not sufficient for a reliable estimate of qDand The time is even smaller in the glass with respect tot3 . qEthe liquid and to the super-cooled liquid, due to the increase
of the Einstein frequency as the cage becomes more rigid. In
the super-cooled liquid the time scale for the cage breakingqCthrough neighbors exchanging is extremely slow while qDbecomes virtually inÐnite. In the glass, also the neighbor
exchange mechanism becomes too slow to be detected and qCis inÐnitely large.

4 Conclusions
The e†ects of inter-molecular interaction on the conforma-
tional distribution were investigated in a wide temperature
range and for various phases at normal pressure. We found
that in the gas phase in the range 300È400 K glycerol exhibits
practically only three backbone conformations, namely aa, ac
and cc. Inter-molecular interactions slightly stabilize the aa
conformation and destabilize the cc one as the temperature
decreases. In the liquid near the freezing point, about half of
the molecules are found in the aa conformation. The activa-
tion energy for a conformational transition was estimated
from the temperature dependence of the number of conforma-
tional jumps in the unit time and was found to be around 20

Table 5 Parameters of the triexponential Ðt for the time decay of the H-bond network reported in Fig. 7a

T /K A1 t1/ps qE/ps A2 t2/ps qC/ps A3 t3/ps qD/ps s2 b

394.9 0.35 0.43 0.34 0.34 4.3 3.5 0.29 69 69 8.68] 10~6
366.3 0.32 0.38 0.30 0.37 6.5 5.0 0.31 129 129 2.34] 10~5
319.4 0.20 0.32 0.25 0.39 18.3 11.0 0.38 489 395 1.45] 10~5

a Symbols are based on the expression See text for details of and b s2 is the square of thef (t)\ A1 e~t@t1 ] A2 e~t@t2 ] A3 e~t@t3 . qE , qC qD .
standard deviation.
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kJ mol~1, i.e. much higher than RT at the freezing tem-
perature. The high activation energy and the fact that nearly
half of the molecules must undergo at least one conforma-
tional transition to reach the aa structure typical of the crys-
talline state are responsible for the remarkable stability of
super-cooled glycerol.

The hydrogen bond structure and dynamics were also
investigated. The average number of H-bonds per molecule
ranges from about 2.1 in the glassy state to 1.2 in the liquid at
high temperature. The average lifetime of the H-bond was
found to be around 0.9 ps at 400 K and 2.0 ps in the super-
cooled liquid at 280 K. The temperature dependence of the
inverse lifetime yielded an average activation energy of 6.3 kJ
mol~1 to break the H-bond.

We found that a highly ramiÐcated network of molecules
connected through H-bonds exists in all phases and at all tem-
peratures. The network dynamics, as probed by an appropri-
ate correlation function, can be rationalized in terms of three
distinct and increasingly longer time scales due to vibrational
motion, to neighbor exchange and to translational di†usion.
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