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We present a transition path sampling study of the dynamics of isomerization betweBnatig theD,y

cubic structures of the water octamer. The reaction mechanism involves a transition state characterized by a
distorted face exhibiting a diagonal hydrogen bond. Analysis of an ensemble of trajectories shows that the
isomerization requires concerted flips of double proton donor molecules and the interchange between dangling
and bonding hydrogens in single proton donor molecules. At a total eBergy 60.5 kcal/mol, we calculated

that the characteristic time for the interconversion is of the order of milliseconds. We have also investigated
pathways for the melting transition at temperatufes: 200 K. We find that the barrier for solidiquid
interconversions never exceeds® measured from the liquid side. Such transitions between liquid and
solid do not involve the passage over an energetic barrier; instead, the stabilization of the liquid phase is the
result of a cancellation between energetic and entropic contributions.

I. Introduction vast majority of the microscopic details characterizing both
environments comes from computer simulations. Melting transi-
tions can be localized either by determining the slope of the
energy vs temperature curve or by computing relative fluctua-
tions in the interparticle distancé$?In many cases, well below
‘the melting temperature, a second kind of structural transforma-
tion involving two different stable solidlike structures may also
occur. The present paper examines dynamical aspects of these
Ytwo different kinds of structural transitions, both taking place

in the water octamer.

The first process is the isomerization between$handDg

behavior. Under these conditions, their structural and dynamical solid cubic structures characterized by different connectivity
' patterns of the hydrogen bonds. Recently, these two stable

features do not differ substantially from those of polyatomic structures have been identified in infrared experiments on
molecules: fluctuations of interparticle distances much smaller ; P

than their average values and a dynamics characterized by smaI|S°|at6d water clustefSand in experiments involving benzene

amplitude vibrations. Depending on interparticle interactions and zttachgd lto me watfer tcr)]ctanﬂ?tr_.Sei:ond,_t_we :cnt\;]estlg?ted
size, molecular solid clusters may exhibit a manifold of stable ynamical pathways for theé meiting transition of the octamer.
Although there is a large body of investigations devoted to the

structures. As one moves to higher temperatures, but before ) 2
g P study of structures of small solid and liquid aqueous cluste?4,

evaporation becomes important, there is typically a thermal little is k bout the d ! d th hani
interval where cluster structures look similar to portions of very littie 1S known about the dynamics and the mechanisms
that drive the interconversion between them.

amorphous liquidlike bulk phases. Perhaps, the most clear .
manifestation of the liquidlike regime is the presence of ~ Our methodology relies on the recently developed path
intracluster diffusion. While the melting temperature of bulk Sampling method®~2° This approach not only provides a route

Clusters with sizes in the nanometer scale are normally
considered as intermediate entities between bulk matter and
isolated molecules. From a thermodynamic point of view,
clusters are inherently metastable since the most stable con
figurations for a handful of particles within a macroscopic
volume in contact with a heat reservoir correspond to fully
evaporated states. However, one may extract thermodynamicalll
relevant information, if clusters survive sufficiently long
compared to microscopic relaxation times.

At low enough temperatures, clusters exhibit solidlike

phases is well-defined, interconversions between sdilighid to the computation of rate constants but also allows the
structures in clusters take place spontaneously over an intervalcharacterization of reactive channels and transition stétes.
of temperatured:” contrast to other methods based on biased or constrained

At present, there is unambiguous experimental evidence of dynamics! this new methodology does not require an a priori
the existence of solid and liquidlike clustérs? however, the  definition of a reaction coordinate that may preclude proper
sampling of all relevant fluctuations governing the dynamics

of the reactive process. Instead, it is based on harvesting bias-
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description of the transition path sampling method. Results for

isomerization dynamics of [}D]s are presented in section lll. (g1 "Q (5 ‘Q ?“ @‘;Q

The melting transition is analyzed in section IV.

Il. Methods g’;

A. Molecular Dynamics. All trajectories were generated _ ) _
using classical molecular dynami#&Water-water interactions ~ Figure 1. SiandDy structures for the [bO]s. Also shown is a typical
were modeled using the TIP4P potenB&lThis model yields transition state for transitions between these two structures with the

. . olecular labeling described in section III.B.
reasonable estimates for the energetics and stable structures af g

the water dimer and other small water clusters as ¥eMll The rate constant can be computed from the plateau value of
simulations were performed at constant energy with vanishing the time derivativeC(t):

total linear and angular momentum. The velocity version of the

Verlet algorithn¥2 was used to integrate the equations of motion . . C(t)

with a time steps of 1 fs. To handle intramolecular constraints K= G = Me(g x = ) ™e S T (6)

in the water molecules, the RATTEEalgorithm was imple- 8 8

mented. Further details on how to implement the calculation of the two
B. Reaction Rate Constants from Transition Path Sam- factors in eq 3 can be found in ref 29.

pling. Consider the isomerization between two stable stétes

and B [ll. [H 2Q]s Isomerization

. A. Reaction Rates.Stable cubics, andDyq structures of the
A—B water octamer are shown in Figure 1. Both isomers present
hydrogen bond connectivities characterized by four double
The rate constark of the reaction is related to the long time proton donof-single proton acceptor (DDA) molecules bonded

behavior of the correlation function to four single proton donerdouble proton acceptor (DAA)
molecules. Interconversions between these two structures require

[, (0)hg ()0 flipping the four hydrogen bonds lying on the base of the cube.

Ci) = 1) Precise quantum calculatichshow that thes, isomer is slightly

(00 more stable AE ~ —0.05 kcal/mol) than th@®,4 one3b At E
~ —55 kcal/mol, spontaneous transitions between the two TIP4P
Here, ha(t) is unity if the system is at the stable staeat cubic forms occur at typical time intervals of-2 ns.

time t and zero otherwise, anis(t) is defined analogously. The path sampling procedure to determine the rate of

Angular brackets[l..[] denote equilibrium ensemble averages. isomerizationkis, requires a proper definition of an order

If there is a separation between the time scales characterizingParameters that unambiguously identifies stabl®q and &

the reactive procegseacand other microscopic processges., regions of phase space. Guided by the direct inSpeCtion of

the functionC(t) reaches linear behavior after a short transient trajectories that included several episodes of such interconver-
sions, we focused our attention on one of the cube faces and

<< T, ) d(f:fined an order parameter based on angular varia_bles associated
with the coplanar hydrogen bond of one particular DDA

molecule, hereafter referred to as molecule 1. To clarify our

notation, in what follows the four relevant DDA and DAA

In the transition path sampling method, the time correlation waters participating in the interconversion will be denoted as
function C(t) is calculated from an average taken over an = 1 2 andi = 3, 4, respectively. The order parameter was
ensemble of reactive trajectories of time length Various chosen according to

Monte Carlo procedures have been devised to generate a
properly weighted set of pathwa§%.28 & = cosgp,) — cosg,) @)
A convenient factorization dE(t) can be introduceé, namely

o) .
(1) ) cosp) = 12 9%

I w0, 00,

C)y~kt =

mic

from which it is possible to extract the rate constlant

where cosf) is defined in terms of the following scalar product

C(t) =[h X
(t) = () s (®)

wheret' is an arbitrary time between 0 and. In eq 3, the

“path average'Te(t)As is given by wherej = 3, 4 fori = 1, 2, respectively (see snapshot B in

Figure 4). In eq 8,4, = ri* — rj”, wherer;* denotes the position

, of sitea in theith molecule. With this definition, we character-
Os = (h, (0)hg(HHg(> )0 () ized S, structures by < —0.85 andDyq structures by > 0.85.

BY/TB [, (0)Hg(7 )0 Figure 2 shows the time evolution &flong a typical reactive

path of time lengthZ= 8 ps, computed at a total energy=

where the functioHg(7") is unity if the system reaches state —60-5 kcal/mol. Note that the passage fr&mo Dzq Structures

B at any timet within the time interval [0,7°] and zero includes an intermediate stage lasting of the order of 1.5 ps,
otherwise. That is ’ during which the order parameter remains close to zero. During
that period, there are large distortions in the original connectivity

T — pattern in one of the cube faces that exhibits two broken
Ha(7) = & () ®) hydrogen bonds and a new bond along the diagonal that joins
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Figure 2. Top panel: Time evolution of(t) for a representative t(ps)
trajectory atE = —60.5 kcal/mol (solid line) and&E = —63 kcal/mol
(dashed line). Bottom panel: Relaxation of the order parameter for Hj

the § — Dyq interconversion of [HO]s at E = —60.5 kcal/mol. Also
shown the relaxations of the angular variables ¢d<g6ee text).

1.00 T r T T
& ;D‘Ha 9, "zg.Hz
075 }
- A B C
,jj: 050 F Figure 4. Relaxation of several ©0 distances (in A) for th&, —
;a DZd_ inte_rconversion of [IQD_]g at E = —60.5 kcal/mol. Also shown
v typical instantaneous configurations of the relevant face of the cube
025 t=—1ps (A);t =0 ps (B) andt = 1 ps (C).
0.00 kcal/mol. Accordingly, the corresponding transition path en-
0 semble consists of all pathways starting from phase space points
with E = —60.5 kcal/mol located in regio& and reaching
T T T regionDyg within 5 ps. Results fothg(t)[As (A = S3, B = Dyg)
N T are shown in the top panel of Figure 3; the linear regime that
_ characterizes the time scale separation is attained after an initial
= 5T 1 transient of~4 ps. To compute the time-independent portion
T of eq 5, we first calculate®(§';t') defined as
T -0} -
Mao(E(t) — &0
s . PEt)y=——"—— 9
-15 . . ) (&) M0 ®)
-2 -1 0 1 2
3 where&(t') is the value of the order parameter at titheC(t')
Figure 3. Top panel: Path averagés(f)lds for the S; — Da can then be expressed as
interconversion of [HO]s at E = —60.5 kcal/mol. Bottom panel:
Probability distributionP(&;t") (see text) for the same interconversion. c{t) = ;maxp(g;t') dé (10)

the two original DDA molecules (see structure TS in Figure
1). A structure with similar characteristics has been already where &min and &max represent the boundaries of the order
reported as a secondary minimum lying approximately 2 kcal/ parameter interval that characterize the stéllgproduct state.
mol above the global minimum of the cubic octamer in ref 23. Results forP(&';t") for t' = 4 ps are shown in the bottom panel
A similar inspection of a lower energy trajectory computed at of Figure 3; the curve was constructed using the umbrella
E = —63 kcal/mol also shown in the top panel of Figure 2, sampling procedure described in ref 29 by matching five
reveals that the residence time in this intermediate state increasesistograms spanning the following intervals of the order
up to~6 ps. This time interval much longer thagc suggests ~ parameter.§ < —0.75;,-09=< £ < -0.2,-0.3=< £ = 0.3;
that the interconversion at low energies proceeds via a two step0.2 < § < 0.9; andé = 0.75. The two local maxim#(&,t)
“reaction” mechanism, including a marginally stable intermedi- correspond to the two long-lived stable states between which
ate state characterized by a diagonal hydrogen bond. the transition occurs. The resulting valueG(t') = /3 oP(&;t")
Using the transition path sampling method, we have computed d = 2.1 x 1076 yields an interconversion rate kf=5 x 10*
the rate constant for th& — D,q interconversion aE = —60.5 s 1
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2.75 A andp, ~ ¢, ~ 83°. The deactivation from the transition
state into products proceeds by three sequential flips (see
shapshot C): (iv) molecule 2 recovers its DDA status by rotating
its dangling hydrogen ktoward molecule 3; (v) a rotation of
molecule 4 restores its bond with molecule 2 via;tnd (vi)

a final rotation of molecule 2 establishes the connectivity with
molecule 4. Summarizing, the overall interconversion mecha-
nism can be formulated in terms of two in-plane rotations of
hydrogens of DDA molecules, with amplitudes®30ward (Hy)

and 270 outward (H) and two rotations of DAA molecules
with an interchange in the original status of their hydrogens as
donor/dangling atoms (H> H';, fori = 3, 4).

IV. Melting Pathways

Solid (S)—liquid (L) transitions in the water octamer have
been extensively studied by Wales etaPhase coexistence
was investigated not only in terms of structural and energetic
criteria but also by analyzing short-time averages of the total
kinetic energy. The presence of a bimodal profile in the
histograms of the temporally averaged kinetic energy revealed
the alternation of liquidlike and solidlike episodes along the

) T length of the simulation experiments. The melting transition for
Figure 5._Top_pane|: probability distributiorP[R] for the_ o_rder the TIP4P octamer was located at a total energy cloge o
parameteR at different energy valueg = —55 kcal/mol (solid line); -

E = —50.5 kcal/mol (dotted line)E = —48 kcal/mol (dot-dashed 0 kcal/mol, which corresponds to a temperaflire~ 190
line). Also shown the transition state distribution of the order parameter K.
at E = —50.5 kcal/mol (dashed line). Bottom panel: Free energy  In a similar spirit, we considered temporally averages of

profiles for the order parameter. Same labeling as in the top panel. All different observable®(t) computed as
curves were brought to zero at their respective minima.

= 1 o o

B. Reaction Mechanism The analysis of a large number of o) =5 f;_ro o(t') dt (11)
reactive trajectories permits the characterization of an ensemble 0
of transitions states. A configuration on a reactive trajectory is |nstead of resorting to an energetic criterion to determine
configuration with random initial momenta have equal prob- gijther a solid or a melted structure, we found it more appropriate
ability to reach either stable state after a certain transient time 15 choose a structural order parame®ét), whereR(t) is the
that we set to 2 ps. We analyzed sets of 50 trajectories for eachyatio petween the biggest and smallest moments of inertia of
trial initial configuration. Once a transition state was identified ne cluster at time. The direct analysis of several melting
in eaph trajectory, we com.putled relaxation profiles of o!lﬁerem transitions revealed that liquid clusters exhibit rather asymmetric
physical observables by aligning the ensemble of reactive pathssiryctures with values & much larger than those corresponding
so that the their time origins coincide at their transition states. g 3 cubic shape, wheR= 1. In the top panel of Figure 5 we

The qualitative characteristics depicted in the single trajectory show three histograms for the order parameter at the vicinity
of Figure 2 coincide with those observed from the study of an of the melting transition collected during rather long 10 ns
ensemble of temporally aligned reactive paths. In the bottom gimulations with 7o = 0.5 ps. Also shown in Figure 5 is
panel of that figure, we present resu_lts for the relaxatlon of the yistrioution of the order parameter in the transition path
order parameter and the angular variablesgpsptained from  ansembple (dashed linel and L structures can be roughly
an ensemble of 150 trajectories. Note that transition states aresparacterized bRs ~ 1.25 andR_ ~ 1.8, respectively.
characterized bjgosg)Ls, (i = 1, 2) close to~0.12, yielding Furthermore, a thermodynamic interpretation of these results

(L ~ 0, whereLl.[s denotes an average taken from the set can pe obtained by considering the free enefgiy) defined
of trajectories at their respective transition state.

The complementary analysis of relaxation of several inter-

atomic distanceslj = |rog| is helpful to unveil details of the B.F(R) = —InP(R) (12)
mechanisms and the structural transformations that take place B ~
along the interconversion. where P(R) is the probability distribution ofR. St is

The results presented in Figure 4 indicate that the transforma-Boltzmann constant times a temperature of the ord@yof he
tion proceeds according to the following sequence: (i) a gradual free energy profiles are depicted in the bottom panel of Figure
enlargement/reduction of the distanahs and ds4 involving 5 where we clearly see th& — L transitions present small
pairs of DAA and DDA molecules (see top panel of Figure 4); free energy activation barriers located&fs ~ 1.55, which
(ii) at t ~ —1 ps, the hydrogen bonds between pairs (1,3) and never surpasskgTn,, measured from the liquid side. Accord-
(2,4) break down (see middle panel and snapshot A of Figure ingly, the solid-liquid interconversions will not be characterized
5); (iii) during the next picosecond, the hydrogen bond between by a clear time scale separation betwegpandreae precluding
the pair (1,3) is recovered via {see snapshot B). At the same the possibility of describing the kinetics of melting with a simple
time, a diagonal hydrogen bond is established between therate constant.
molecules 1 and 2; note that only the former molecule retains  Yet, one can still exploit the idea of sampling over an
its DDA character since molecule 2 exhibits a dangling hydrogen ensemble of reactive paths to gain further insight about the
H,. The transition state is characterizeddiy ~ di3 ~ di4 ~ mechanisms that drive the melting transitions. To that end, we
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of the total number of hydrogen bonds, discriminating contribu-
tions from single and double donor molecules. We see that the
melting transitions involve a gradual reduction from 11.3 down
to 10.6 hydrogen bonds, which is the result of a gain of 0.7
single donor molecules and a similar loss of double donor
molecules. Moreover, the passage over the different transition
states does not include intermediate structures with a lesser
extent of hydrogen-bond connectivity. This suggests that the
liquid state is stabilized by an entropy increase related to the
breaking of hydrogen bonds and associated increase in disorder.
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