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Abstract

In this reply, we discuss some aspects of the comments in Phys. Chem.
Chem. Phys. D3CP05269A, by Grelska, about our work Phys. Chem.
Chem. Phys. 2021, 23, 19537. In this latter work, we have shown for the
�rst time that, at short times below the picosecond range, the uninter-
rupted hydrogen lifetime probability L(t) is composed of 3 peaks that are
universal across many hydrogen bonding systems. By de�nition, L(t) con-
cerns pairs (dimers) of hydrogen bonded atoms, typically oxygen atoms.
The �rst peak concerns the lifetime of strictly dimers, the second con-
cerns the in�uence of chain clusters on dimers and the third the in�uence
of their topology. The comment by Grelska contains a con�rmation of
our �ndings through similar calculations for other hydrogen bonding liq-
uids. However, this author claims that it is the (�rst) dimer peak which
concerns the topology of clusters, instead of the 3rd as we reported. Our
response is that the 3rd peak re�ects topology in the sense of branching,
hence the presence of trimer bonding in the cluster, while the �rst peak
shows clear species dependence at long times.

Hydrogen bonded entities di�er from covalent constituents, since they are labile
entities. It is therefore of paramount importance to know their lifetimes. The
time dependence of probability distribution of uninterrupted hydrogen bonds
L(t) between two hydrogen bonded atoms can be directly computed in computer
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simulations. Typically, these could be oxygen atoms, as in water or alcohols, or
nitrogen atoms as in amines, for instance. In any case, L(t) is about dimers,
isolated or within larger clusters. In a seminal paper [1] , Luzar and Chandler
showed that, for water L(t) has a kinetic tail for long times, above 1ps. Although
they mention small times features in L(t), they call these �transient behaviour�.
In Ref.[2], we focused on this transient part, in the range less than 0.2ps, and
found that the features were similar for several hydrogen bonding systems, such
as water, lower mono-ols and amines. In addition, we showed that the long time
kinetics were di�erent across these di�erent systems, contrary to the universality
of the small time features. In a follow up paper [3], we showed that these features
were equally preserved for mixture of hydrogen bonding liquids. Luzar and
Chandler did not focus on the small time range because L(t) depends in principle
on several hydrogen bonding criteria, such as the distance rc between the 2
bonding atoms and their mutual orientations θc. In contrast, the long time part
of L(t) describes the kinetics of the hydrogen bonding, albeit speci�c to a given
system, and subsequently non-universal. As a consequence, the uncovering of an
universal behaviour of the small time behaviour of L(t), despite the dependence
on rc and θc, is a remarkable feat. The features in question consist of 3 peaks.
The �rst peak depends strongly in rc and θc, both in its position in time and
its amplitude, hence changes with di�erent rc values, but this dependence is
universal. The two others are characterized by time independent positions,
about τ1 ≈ 20fs and τ2 ≈ 50fs, respectively.

In order to clarify our previous approach to the explanation of the short time
features of L(t), we show in Fig.1 the equivalent of Fig.1 in [3] but for the case
of 1-octanol, for which we have used the OPLS model [4].
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Figure 1: Illustration with 1-octanol (OPLS model) of the 3 peaks of L(t) (left
panel) and their correspondence with the position of hydrogen bonded atoms,
as lone dimers or dimers within chain-like or branched clusters, along with the
rc dependance in the oxygen-oxygen pair correlation function gOO(r).

In Refs.[2, 3], we have argued that the �rst peak (dots in Fig.1) represents
the lifetime of strictly dimers, hence depends on rc and θc. The fact that this
peak is seen to move to larger times with increasing rc values is explained in
the following way, in relation to the �rst peak of the bonding atoms (oxygen
atom in Fig.1) pair correlation function gOO(r), which expresses the conditional
probability of atom-atom contact. For very small rc values (e.g. rc ≈ 2.5Å), the
contact probability is small, hence lifetime distribution is very narrow. However,
since the underlying Coulomb interactions are higher at short distance, the
lifetime probability is also highest. As rc is increased, contact probabilities
gOO(r) increase as well as Hbond life time. However, such bonds can now
be broken by thermal agitation and the amplitude of L(t) decreases, and its
width also increases. However, as rc increases, to the left of the widening of
L(t) one witnesses the appearance of a second peak at about τ2 ≈ 20fs (blue
square in Fig.1), a time smaller than the position of the corresponding �rst peak.
Moreover, it is observed that the position of this second peak does not change as
rc is further increased, while its amplitude is seen to increase. When rc is even
further increased, this second peak is accompanied by a third peak (triangles in
Fig.1) with smaller amplitude, positioned at about τ3 ≈ 50fs, which is equally
invariant with respect to rc, while its amplitude increases, albeit with smaller
trends that that of the second peak. This 3rd peak appears �rst when rc is
rather close to the �rst minimum of gOO(r), suggesting more complex libration
modes.
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These 2 secondary peaks are not easy to understand on the sole basis of a
dimer of Hbonded atoms. If we consider that hydrogen bonding systems tend to
produce larger aggregates than just dimers, then there is a di�erence between
the lifetime of dimers in such cluster and that of isolated dimers. A cluster can
only break and reform as dimers within break and reform. Therefore, the cluster
lifetime in a strict sense is smaller than that of any dimers within. Since there is
a measurable statistical quantity such as mean cluster lifetime, we believe that
τ2 ≈ 20fs is such a time, as related to that of the mean lifetime of any dimer
within. In Ref.[2], we showed that this argument was consolidated by the study
of L(t) in our weak water models [5, 6] . Lifetime τ1 must be independent of
choice of rc, since it is intrinsically related to the mean cluster lifetime, which
is a physical observable under certain conditions [7], and this is exactly what
we observe in Fig.1. In this context, what could be the origin of a third peak
at τ3 > τ2 ? Our argument is that this situation is similar to the cluster size
s1 under the cluster distribution peak and the mean cluster size s2. These two
quantities need not be the same, and one has s1 < s2 as can be seen in our study
of mono-ols [4]. We base our reasoning on the fact that τ3 appears for rc values
greater than that for which τ2 appears (see Fig.1). Allowing for larger rc values
is allowing for more dispersion of the cluster shapes. The fact that τ3 exist in the
calculations indicates that cluster shapes play a role, hence the name topology
peak that we coined for τ3. Herein, we would like to bring a new precision, that
this 3rd peak might be related to the presence of branching in chain clusters,
hence the presence of trimers (or higher). Indeed, branching becomes possible
for rc values close to the minimum of gOO(r), which means that when the entire
�rst peak of the correlations are accounted for. It is important to note that both
τ2 and τ3 are independent of the rc values greater than the threshold values at
which the corresponding peaks in L(t) appear. This is not the case for τ1, which
is strongly dependent on the rc cuto� value.

We come now to the comment by Grelska. We �rst note that, on the positive
side, this author has recovered results identical to our, with similar τ2 and τ3
values, while using di�erent force �elds for the same alcohols as well as newer
ones, and more importantly, while using Canonical ensemble simulations with
constant NVT, in contrast to our isobaric ensemble simulations with constant
NPT and ambient conditions. For �nite N, the �uctuations in both ensembles
are not the same[8, 9], and in addition it is not obvious that the average densities
and pressures in both works are exactly the same. This demonstrates that our
�ndings are relatively robust to simulation modeling conditions, suggesting that
the 3 peaks might be genuine features of realistic systems, and not artifacts of
simulations techniques and molecular models.

Grelska suggests that it is the �rst peak which represents the cluster shape
and topology, instead of the third, as initially suggested by us. To support
this argument, this author point to the fact that di�erences between mostly
chain cluster forming alcohol and closed loop forming ones can be seen in the
tail of L(t). We observe that, in our �rst paper [2], similar di�erences can be
observed between methanol (Fig.5 in Ref.[2]), ethanol and 1propanol (Fig.6),
for instance in the blue (rc = 2.8Å) or the yellow (rc = 2.9Å) curves, in the
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range t > 0.08ps. Such di�erences take the form of additional modulations in
the tail of the �rst peak. We believe that such di�erences are attributable to
molecular di�erences, and not topological di�erences, since all these 3 alcohols
have very similar clustering tendencies [4]. Indeed, although being universal,
each rc dependent curve also depends on the system considered. We believe that
it is these di�erences that the author has mistaken for information of topology
in the sense as we mean it. In addition, we note that Grelska does not propose
any alternative explanation for the appearance of the 3rd peak.

To conclude, in this reply to Grelska's comment, we have reminded the facts
behind the universal features of the short time behaviour of L(t), and we have
explained our interpretations of the second and third peaks, in terms of dif-
ferences between simple chains (clusters) and branched chains (topology). This
version complements our original interpretation in terms of cluster and topology,
since hydrogen binding liquids tends to form chain-like clusters with possibil-
ities of branching which leads to richer topology. Finally, we recognize again
that we do not provide any theoretical arguments to support these interpreta-
tions. Such a theory cannot be solely based on kinetic considerations, such as
in Ref.[1], which ignore molecular details, and which are part of usual theoret-
ical framework on the kinetics of clustering [10]. The requirement of having a
theory which incorporates the microscopic kinetics through the dynamical van
Hove correlation function GOO(r, t), with molecular details, is quite challenging
[11, 12], and is currently being pursued.
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