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INFLUENCE OF COOPERATIVITY
ON HYDROGEN BOND NETWORKS
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Université de Lille-1, Batiment PS5, 59655 Villeneuve d’Ascq Cedex, France

( Received April 1999, accepted May 1999)

Cooperative effects are known to strongly affect the geometrical, energetic and vibrational
properties of hydrogen bonded systems. In particular, such effects strongly favor molecular
arrangements where each molecule is simultaneously a donor and an acceptor of hydrogen
bonds (HBs), regardless of the chemical nature of the monomer subunits. In the particular case
of water systems, it has been shown that the more a molecule is a proton donor in HBs, the
more the HBs where it is a proton acceptor are reinforced. Such a property could be at the
origin of the equilibrium between the two species of hydrogen bonded water molecules in liquid
water (one with a strong hydrogen bonding character, and one with a weaker one), as ex-
perimentally evidenced and as a molecular dynamic study of the small (H,0),4 cluster clearly
suggests,

Keywords: Hydrogen bonds; cooperativity; clusters

1. COOPERATIVE EFFECTS
AND HYDROGEN BONDED SYSTEMS

Hydrogen bonding corresponds to a weak interaction (less than 10
kcalmol™! per hydrogen bond, HB) involving usually two electronegative
atoms and a hydrogen with the pattern X-H—Y (however, recently, H—H
HBs have been proposed [1]). This interaction is characterized by a strong
directionality (usually the X-H—Y angle has to be close to 180°). This
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interaction is fundamental in biochemistry (in particular, to understand
the properties of proteins, DNA, efc., supress) and also in many fields of
physical-chemistry because of the fundamental role played by water on
earth. However, because of the weakness of this interaction, it has until
recently been difficult to experimentally observe small isolated hydrogen
bonded clusters, and, therefore, to test theoretical hypotheses regarding the
properties of this interaction. In the particular case of water clusters, using
infrared and far-infrared spectrometry techniques, it has been recently pos-
sible to observe and to characterize the structural and vibrational properties
of small water clusters from 2 to 8 molecules [2—4], and several theoretical
studies have been devoted to them to interpret the experimental results.
Other types of HB clusters have been also experimentally investigated (such
as the NH; homo and (CH,0, H,0) hetero dimers [5, 6]). However, the
greatest efforts were devoted to water systems, and, by comparing ex-
perimental results to theoretical studies, it has appeared that many-body
effects strongly affect the geometrical, vibrational and energetic properties of
water clusters, and, therefore, they have to be accounted for to thoroughly
describe larger water systems. In the following sections, cooperative effects
correspond to the sum of all of the many-body contributions greater than
the second order, defined as follows:

BE=Y AE;+> AEj+ Y AEu+-- (1)
i,j ij.k ijk,d

>l

~
Cooperative effects

In Eq.(1), BE corresponds to the cluster binding energy and AEj to
interactions between each dimer subunit of the cluster.

2. COOPERATIVE EFFECTS IN SMALL
HYDROGEN BONDED CLUSTERS

2.1. Theoretical Difficulty in Describing
Hydrogen Bonded Systems

To theoretically characterize the properties of chemical systems, quantum
computational methods (in particular, the ab initio ones) are the most ac-
curate. However, the description of HB systems needs a high level of theory
which is highly computationadl expensive. In particular, it has been shown
that electronic correlation effects have to be accounted for (using, for in-
stance, MPx methods, x=2 —4) and very extended and flexible basis sets
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have to be considered during the computations [7]. However, even using
very extended basis sets, the basis set superposition error (BSSE) remains
large. In the particular case of the water dimer, even using the 6 — 311 +
G(2df, 2p) basis set (representing about hundred orbitals for this dimer),
the BSSE still represents from 10 to 20% of its BE [7]. Recently studies
have concluded that the BSSE becomes negligible if computations are
carried out with basis set containing up to 500 orbitals [8].

At the difference of BEs, computations carried out using medium size
basis sets at the MP2 level (such as the 6 — 311+G(2d, 2p) or the aug-cc-
pVXZ, with X=D, Q or T) were shown to provide an accurate enough
estimate of the incidence of cooperativity on small HB clusters. In parti-
cular, the estimate (from Eq. (1)) of the cooperative contributions remains
quite unchanged when considering BEs and two-body AE;; contributions
BSSE corrected or not (¢f. Refs. [9—11]). Hence, such MP2 ab initio com-
putations can be considered as enough accurate to provide meaningful in-
formations regarding cooperative phenomena in HB systems.

2.2. Water Systems: Cooperative Effects and the HB
Donor - Acceptor Pattern

From a MP2 ab initio study, Mo et al. [12] exhibited that cooperative effects
affect the properties of isolated water trimers in a different way, depending
on their HB network pattern. If we consider the three trimers presented in
Figure 1, cooperative effects were shown to be stabilizing and to represent
about 17% of the BE of the cyclic trimer 32, while they are slightly de-
stabilizing for 31 and 32. Cooperative effects have strong incidence on the
geometrical and vibrational properties of 32. As compared to the water
dimer, its interoxygen R(O—QO) distances are contracted (up to 0.08 A)
and its OH stretch voy frequencies (corresponding to OH groups involved

)
0 o H M
H H, P O
H . "a ~\ _“\H H, “‘ , a s\
U0 0‘ / \ H H
H H 7/
O-.o.. _ 0‘ Hur,,. o o‘
B - H H H
31 32 33

FIGURE 1 Definitions of trimers 31, 32 and 33.
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in HBs) are redshifted up to 120cm™". For 31 and 33, the trends of both
parameters are clearly different: R(O—O)s are increased (up to 0.1 A) and
voy values are very close to those observed in the water dimer (cf. Tabs.
I and I0).

TABLEI Geometrical and energetic results for trimers 31, 32 and 33 and tetramers 40, 41, 42
and 43, estimated from ab initio calculations at the MP2/6 — 311 + G(2d, 2p) level, on geometries
optimized at the MP2/6-31 + G(d,p) level. Two-body (AE;) and cooperatlve (greater than the
second order, AEy > ) contributions in the binding energy (BE) are given in kcal mol =L, In-
teroxygen R(O—O) distances are given in A. Definition of HBs L, II, II or IV for 41 and 43
are given in Figure 2

Clusters HB R(O—0) BE AE, AEyN s>
(H,0), 2.91 —54
31 2.95 -9.7 -
32 2.83 —16.7 —138 -29
33 3.01 -7.8 -
40 2.76 -29.0 -19.6 -9.2
41 I 2.83 -20.0 - 18.7 -1.3
I 2.90
111 3.09
v 2.93
42 3.00 —-17.1 —-17.7 + 0.6
43 1 2.72 —23.6 —-21.1 -24
11 2.87
I 2.86

TABLE Il OH stretch vibrational frequencies at the MP2/6 — 31 + G(d, p) level for the isolated
water dimer, the trimers 31, 32 and 33, and the tetramers 40, 41, 42 and 43 (in cm™'). OH stretch
frequencies corresponding to hydrogen bonded groups are given below the dashed line. For
41 and 43, a tentative assignment of the frequency to the acceptor OH groups of a particular
hydrogen bond is given (¢f. Fig. 1). OH stretch v1brat10ndl frequencies at the MP2/6 —
314+ G(d, P) for the water monomer: 3865 and 4013cm™' (mean water OH stretch frequency:
3956cm

(H,0), 3 32 33 40 41 42 43
4002 4003 3969 3991 3955 3984 3987 3982
3983 4003 3968 3986 3955 3969 3987 3979
3863 3913 3965 3982 3955 3964 3949 3945
3954 3848 3925 3888
it
3787 3862 3732 3847 3626 3934 3853 3783
111 ’ 11
3860 3723 3827 3590 3776 3848 3769
v 111
3787 3671 3822 3590 3772 3816 3767
1I 1
3508 3705 3811 3490
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In 32, the HB network corresponds to a molecular arrangement where
each of its molecule is simultaneously a proton donor and a proton accep-
tor of HB, while different HB networks occur in 31 and 33. In an ab initio
study at the MP2/aug-cc-pVDZ level, Xantheas and Dunning [9-13]
showed that cooperative effects also strongly affect the properties of small
cyclic water clusters (from 3 to 6 molecules) where their HB networks
correspond to a donor —acceptor pattern: they are stabilizing (and represent
up to 25% of the cluster BEs), they are responsible for strong R(O—O)
contractions (up to 0.2 A) and for strong voy redshifts (which can reach
400cm ™! in the case of the cyclic water tetramer [13]).

In order to better characterize the relationship between the HB network
structure and the incidence of cooperative effects on HB clusters, we have
investigated the properties of four water tetramers (40, 41, 42 and 43, cf.
Fig. 2) corresponding to various molecular arrangements, using MP2 ab
initio computations with extended basis sets [10]. In 40 and 43, all of the
molecules adopt a donor —acceptor pattern (in 43, two molecules are respec-
tively double acceptor and double donor of HBs). Only two molecules

a Ho, v
g g
5 H W H
] it
""""" H'—O, O'_H"""""o:
P4 ° K1 mw M H
H H H
40 41
o \
VAN I
MHOh R
H\ O' ’ S RS H h "l 5\ J
H" R - H /H' LN “H
. el o H..
S o & ‘o
H\o/ H H I "H
42 43

FIGURE 2 Definitions of tetramers 40, 41, 42 and 43, and of hydrogen bonds I, IT, Il and IV
of 41 and 1, II and III of 43.
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adopt such a pattern in 41 and no molecule is simultaneously donor and
acceptor of HBs in 42. Tetramer BEs and their decomposition in two-body
and cooperative contributions are listed in Table I, as well as their
R(0O—O0) distances. Tetramers vogn frequencies are summarized in Table 11.

The energy ordering predicted by our ab initio computations is 40 > 43 >
41 > 42. Table I shows the cooperative effects to be the essential factor
responsible for this energy ordering. In tetramer 40, cooperative effects
give rise to a remarkably high stabilizing contribution (about 9 kcal mol™Y),
constituting the principal factor responsible for its preferential stabiliza-
tion. These effects are also stabilizing in tetramers 41 and 43, but to a lesser
extent than for 40. For 42, these effects are slightly destabilizing (by about
1 kcal mol ™).

Comparing the structures of tetramers 40, 41 and 42, we observe the
shortest R{O—O)s to occur in 40 and the longest in 42. As compared to the
water dimer, these distances are shorter in 40 by about 0.15;\, while for
42, they are greater by about 0.10A. For 41, R(O—O)s corresponding to
the HBs with a local donor —acceptor pattern (i.e., HBs I and I, ¢f. Fig. 2),
are more contracted than for the two others (HBs III and 1V, ¢f. Tab. I).

In Figure 3, the cooperative contributions in tetramer BE, the mean
R(O—O0) distances, and the mean vy redshifts corresponding to hydrogen

Energy, in kcal mol'

8 = 40
6 =
4 -
41
2
0_42
T T
0 4
n

cp

FIGURE 3 (a-—c) Cooperative effect consequences in water tetramers 40, 41 and 42. For all
Figures 2, n, is the number of hydrogen bonds corresponding to a cyclic pattern (¢f. text): (a)
Stabilizing many-body contribution energies in tetramer binding energy; (b) Mean interoxygen
R(O—0) distances; (c) Mean redshifts in the OH stretch frequencies (relative to the mean OH
stretch vibrational frequencies of the isolated water monomer) corresponding to hydrogen
bonded OH groups.
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R(0-0)in A

3.1

3.0

294

2.8
40

2.7

&

OH stretch red shifts, in cm’

350 =
300
250
200 =

150 —

cp

FIGURE 3 (Continued).

bonded OH groups, have been plotted versus the number ., of water mol-
ecules adopting a donor-acceptor pattern (i.e., n,,=4 for 40, 2 for 41
and O for 42). The trends observed in Figure 3 for the latter parameters
clearly suggest that the weight of cooperative contributions in those three
tetramers is related to the number of water molecules adopting a donor -
acceptor pattern. Hence, it appears that the more a tetramer has molecules
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with a donor—acceptor pattern, the more its HBs are reinforced by co-
operativity.

At the difference of tetramers 40, 41 and 42, one molecule of 43 is a
double proton donor in two HBs (and a proton acceptor in the 43 HB I,
cf. Fig. 2). From the results summarized in Table I, 43 is by 3.6 kcal mol~!
more stable than 41. Its cooperative contribution is by 1 kcalmol ™! greater
than that of 41, but significantly smaller than that of 40 (¢f. Tab. I).
Among the three different types of HB which can be defined for 43 (de-
noted as HBs 1, II and III in Fig. 2), the shortest R(O—O) corresponds
to its HB I (namely 2.72 A). This distance is even shorter than those found
in 40 (2.76 A). We may also observe that the voy redshift correspond-
ing to the OH group involved in the 43 HB 1 is larger than the greatest
vou redshift observed in 40, namely 449 and 431cm™' (¢f. Tab. II).
The corresponding properties (R(O—O)s and vop redshifts) of the 43
HBs IT and III (with the same HB pattern as in the cyclic trimer 32) are
intermediate between those of 41 and for 42 and are very close to those
of the trimer 32 (¢f. Tabs. I and II).

From the properties of the 43 HBs (and, in particular, those of its HB 1),
it appears thus that the more a water molecule is a proton donor in differ-
ent HBs, the more the HBs where it is a proton acceptor are reinforced.
The latter cooperative property suggests that water molecules in finite or
in bulk-like systems can be classified in three groups with distinct geo-
metrical and vibrational properties, depending on the number nyg of HBs
where their hydrogens are involved (in this paper, the following notation
is used: molecules with nyp=0 are called to be in the state PHB?, in
state PHB! for nyg=1 and in state PHB? for nys=2). Because of the co-
operative property described above, molecules in PHB? states are expected
to be more strongly hydrogen bonded to their neighbors than molecules
in PHB' and PHB? states. Hence, it is then expected that the energetic,
geometrical and vibrational properties of water clusters and of bulk-water
could primarily result from the number of molecules in each PHB™ state.
This hypothesis will be discussed in Section 3.

2.3. Other Types of Hydrogen Bonded Systems

As discussed above in the case of water systems, the cooperative effect
incidence on HB systems can be qualitatively predicted just by analyzing the
structure of their HB network. In the case of alcoholic systems, Mo et al.
[14], by investigating three methanol trimers (whose symmetries are sim-
ilar to those of the water trimers 31,32 and 33) using MP2 ab initio
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computations, showed that the same trend as in water systems is observed
for cooperative effects in alcoholic systems (i.e., the greatest incidence
of cooperativity is observed in the cyclic methanol trimer). Szczesniak
et al. [15], by investigating the properties of three ammonia trimer isomers
(one presenting a cyclic donor —acceptor pattern and two an open chain
one, similar to the water trimer 31 and 33) using ab initio computations,
also showed that the most stable trimer corresponds to the cyclic and that
results from stabilizing cooperative effects, whose contributions represent
about 10% of its BE. Hence, regardless of the chemical natures of the
trimer monomer subunits, it appears that strong stabilizing cooperative
effects are only observed in hydrogen bonded trimers with cyclic donor—
acceptor pattern.

To evaluate if the above property is also observed in other types of
hydrogen bonded trimers, we have investigated (using MP2 ab initio com-
putations) five trimers drawn from ammonia (N), water (W) and form-
aldehyde (F) monomers (c¢f. Fig. 4) [11]: the NH; homo trimer Nj, the
[(NH3),, H,0] (WN») and the [NHj, (H,0),] (W,N) hetero trimers, and
two possible [H,CO, (H,0),] and [H,CO, NH;, H,O] hetero trimer isomers
(W,F and WNF). From the energetic results summarized in Table II1, it
appears that cooperative effects are stabilizing for all of the five trimers

B
: ¥ HH
Q ; ,
S H O\H v N
Hl ‘\\‘ 'l ‘\\ ” 4 \\\
0/_ H—\ H, /H \ H /}1 \“
H” 1 SN‘ g N H— :Ny o N--=mnmmee H— N,
g H ;8 H vy
H
W,N
2 WN, N,
H H
H H H\ ________ H
\0—/ H----"""" 0\ N‘/ H ()\
. H H ™ H
c=0 Sc=0
H H
WaF WNF

FIGURE 4 Definitions of hetero trimers W3N, WN,, Ni, W,F and WNF.
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TABLE IIl Two-body and three-body contributions in trimer binding energies. Erepax
corresponds to the intramolecular relaxation energy of each trimer; AE,:total two-body
energy; BE : total binding energy of each trimer; AEj: total three-body contributions in trimer
BE; %coc?p:percentage of three-body contributions in trimer BE. All energetical results in
kcal mol™

Wi WyN WN, N3 WLF WNF
BE 16.40 16.4 14.3 10.9 14.5 12.0
AE, 13.54 14.20 12.61 9.88 12.70 10.62
AE; 2.86 2.23 2.03 1.01 1.78 1.35
Eretax 0.72 0.29 0.20 0.0t 0.14 0.11
%coop 17.5 13.6 14.2 92 12.3 11.3

and that they represent from 10 to 17% of their BEs. However, the cooper-
ative contributions for trimers where several non-typical X-H—Y HBs
occurs (such as C-H—Y, N-H—N [16] and N-H—O [16] HBs, occurring
in the N3, W,F and WNF trimers) are smaller than those observed in the
cyclic water trimer 32 (where three typical O-H—O HBs occur), by about
35%. For W,N and WN,, the cooperative contributions are also smaller
than for 32, but to a lesser extent than for N3, W,F and WNF. Appar-
ently, the less a trimer contains typical HBs, the less it is stabilized by
cooperativity.

Cooperative effects have also strong consequences on the geometrical
and vibrational properties of the X-H-—Y HBs of the five trimers consid-
ered. From the results presented in Ref. [11], the cooperative effect inci-
dence on the geometrical and vibrational properties of typical HBs (i.e.,
for (X,Y) = (0,0) or (O,N)) were shown to be very close, regardless of
the trimer type: R(X—Y) distances are contracted and vxy frequencies
are redshifted as compared to their values in isolated dimers. The mean
values corresponding to the R(X—Y) contractions (6R(X—7Y)) and to the
of vxy redshifts (6vxy) for a particular type of X-H—Y HB (estimated
from their values in all of the trimers where the HB occurs) are summa-
rized in Table IV for the above typical HBs. As observed in this table, the
consequences of cooperativity on a particular type of HB seems to pri-
marily depend on the chemical nature of that HB. For instance, the mean
parameter values corresponding to N-H—O HBs (as defined in the isolated
WN dimer) observed in the W,N and WN, trimers are: (SRIN—O))=
0.114+0.02A and (Svon)=136+28cm™". For O-H—O(sp®) HBs (as de-
fined in the water dimer), the reinforcements of their properties observed
in W,N, W,F and 32 are also very close: (R(O—O0))=0.11+0.01 A and
(6von) =113+ 13ecm™" (¢f. Tab. IV). Interestingly, it is worth noticing
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that the magnitude of the variation of the above parameter correlates
with the ordering in the BEs obtained for the dimers where those HBs
oceur (i.e., O-H—N(sp®) > O-H—O(sp> or sp*) > N-H—O(sp® or sp°) >
N-H—N(sp®), ¢f. Fig. 5 and Ref. [11]).

TABLE IV Mean values of §R(X—Y) (A) and bvxu(cm™") parameters, for “typical”
hydrogen bonds (cf. text). HB type: dimer where the X-H—Y interaction occurs (cf. Fig. 5 and
Ref. [11])

HB iype (BRX—Y)) (in)
W, 0.10£0.01 113£13
WN 0.11£0.02 136428
WF 0.03 87
N; 0.09 +0.03 5042
NW 0.17+0.01 2043
1'\ H
_____ He_ F»H
\\\\\"O- -------- B—0 H““"" N ~ /
" / H/
H W, (-5.4 keal mol) Ny (3.3 keal mol™)
b
N /{ o B—N
--------- —0
\\“/ H\\\\/
H H 1
NW (-2.7 kcal mol™)

e K Ii.. H
“a' /Il //' 'I'
N S H’\ .
/C'==0 c—0
H H/
WF (-5.8 kcal mol™!) NF (4.0 kcal mol'™!)

FIGURE 5 Dimer definitions (their binding energies as obtained from MP2/6 — 311+
G(2df, 2p) computations are given in parentheses).
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In Table IV, the R(C-Y) distances and the vcy frequencies correspond-
ing to the non-typical C-H—O(sp®), and C-H—N(sp?) HBs are not report-
ed. However, they were shown to be unaffected or to follow an opposite
trend from dimers to trimers. For instance, as compared to their values in
WF and NF dimers, the R(C-Y) distances are increased by about 0.16A
in both the W,F and WNF trimers; two of the WNF and W,F vcys
are smoothly blueshifted (from 6 to 23cm™'), one unchanged and one
redshifted (however, only by 6cm™'). Hence, the trends from dimers to
trimers for several properties of C-H—Y interactions are clearly different
from those observed in the case of typical HBs.

2.4, Origin of Cooperative Effects in Hydrogen
Bonded Systems

The origin of such effects in weakly hydrogen bonded systems (in particular,
in water clusters) is still far from being well understood. In the particular
case of water, cooperative polarization effects have been shown to represent
a sizeable part of these effects [17], and the explicit introduction of a many-
body polarization energy term was shown to provide a major improvement
in the quality of molecular simulations of liquid water [18]. Recent sim-
ulations on water aggregates using polarizable mechanics procedures such
as ASP-W,, [19] and SIBFA [20] also showed this term to be essential to
account for the cooperative nature of such aggregates, as well as their anti-
cooperative one in some cases.

However, a X-H—Y HB may be also considered as the result of a charge
transfer from the lone pairs of the proton acceptor Y (taken as an sp?
orbital, 1) towards the antibond ¢* orbital of the proton donor XH (and
was maybe proposed for the first time by C. A. Coulson in 1957 [21]). In
the particular case of water, this approach has been recently confirmed by
an X-ray diffraction experiment [22] regarding ice, which concluded that
the HB among water molecules is in part covalent. This HB approach
could explain the cooperative effect incidence on cyclic donor—acceptor HB
patterns. The charge transfer from a proton acceptor to a donor will
slightly destabilize the lone pairs of the proton donor. If this donor is also
acceptor in another HB, this destabilization will reinforce the interaction
between one of its lone pair and an antibonding orbital OH of the new
proton donor, and, as a consequence, the new HB. As all of the molecules
involved in donor-acceptor patterns simuitaneously act as donor and
acceptor, this suggest that a part of the cooperative effects related to those
patterns arises from the previous phenomena. Such cooperative topological
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effects are expected to have no influence for other type of HB pattern
(such as those observed in trimers 31 and 33), because no molecule in either
trimers is simultaneously donor and acceptor. However, as the amount
of charge transferred does not represent an observable, it is difficult to
quantify the influence of the cooperative charge transfer effects in weakly
hydrogen bonded systems in energetic terms. In a previous study [10], where
the possible incidence of charge transfer phenomena were compared to
those of polarization effects in the case of the four water tetramers de-
scribed in Figure 2, we have shown that both the latter possible coopera-
tive effects have the same trends in those tetramers (i.e., when polarization
effects lead to strong stabilizing cooperative effects then charge transfer
effects should also lead to similar ostabilizing effects, and vice-versa).

As a conclusion, regardless of their origin in terms of charge transfer
phenomena or polarization effects, cooperative effects appear thus to be of
importance to understand the energetic, vibrational and geometrical prop-
erties of systems where HBs occur. In particular, those effects could be
fundamental to understand the solvation processes in aqueous or alcoholic
solutions of biochemical systems (su as proteins and carbohydrates) and
also to understand the physical phenomena occurring at the interface of
solid/liquid and liquid/vapor systems involving water molecules. However,
accurate ab initio computations for such sizeable molecular systems are still
far beyond from the current computational resources, and, therefore, the
study of those systems can be made only by considering empirical or ab
initio derived models. However, the results presented in that section clearly
exhibit the necessity for such models to reproduce the great incidence of
cooperativity in systems presenting donor —acceptor HB patterns. Recently,
we have proposed one such model, called TCPE for topological and clas-
sical polarization effects [23], which is presented in Section 3.

3. THE TCPE MODEL FOR HYDROGEN
BONDED SYSTEMS

3.1. Analytical Expression
The potential energy function is taken as follows:
AE = Erep + qu + Epel + Epol + Enp (2)

E.ep, Eqq and E correspond to a repulsive, a charge—charge electrostatic
and an intramolecular relaxation terms (atomic charges for Ejq were
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assigned to reproduce the gas phase water dipole moment, and for the
analytical expression of the E., cf. Ref. [24]). E, stands for a molecular
many-body polarization term:

Epo = —3 Z i E, 3)

The sum runs over all molecules, E? is the electric field created by the
charges defined for Eyq and ji; the molecular induced dipole moment:

_ =0 1 _
fi; = o <E,- * dree > Tijﬂj) (4)
j#i

Ty is the polarizability tensor and o the water molecular polarizability.
Equation (4) is solved using a classical iterative scheme, with iterations
continuing until the root mean square of the difference in the induced
dipole between successive iterations is less than 107> Debye per molecule.
The Fyp term stands for an anisotropic function:

Ens =) _f(r)2(0)p(¥) (5
2
f(r} = D.exp (— %)
a2 2
g(8) = exp (— (*9_769_c)> + exp (— Qj’—y:;)) (6)
2
p(v) =exp (- 20

The geometrical parameters r, § and ¢ are defined in Figure 5 (the re-
maining parameters were given in a previous paper [23]). The influence of
cooperative effects on donor—acceptor patterns has been accounted for in
TCPE by altering the D, and r, parameters. For a molecule acting as a
proton acceptor, they are not constant but they linearly depend on the
Eyp value when the molecule acts as a proton donor in one or two HBs:

Do(R, W) = ( +&6 Y FR)G )
(7)
re{R, ) —rc( €ZZF )
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F, G, R and V¥ have the same definition as the f and g functions, and the
r and 1 variables (¢f. Eq. (6) and Fig. 6). d, and r, parameters of F and G
are constant. All parameters were assigned to reproduce MP2 ab initio
results on the water dimer and cyclic trimer [23].

3.2. Accuracy of the TCPE Model

As compared to high level ab initio computations, the TPCE model was
shown to reproduce most of their predictions on small water clusters from
two to eight molecules. For instance, as predicted by MP2 ab initio com-
putations [25], TCPE predicts the five water hexamers, corresponding to
arrangements called Cage, Prism, Book, Boat and Chair (¢f. [2f]), to be
isoenergetic within 1kcalmol™ (with BEs of about 48 kcalmol™' [23]). In
the case of water tetramers, TCPE is also able to reproduce the specific
incidence of cooperativity on the four tetramers 40, 41, 42 and 43 describ-
ed in Section 2.2, with results differing from ab initio ones at most by
1.5kcalmol ™" [26]. All of these results therefore exhibit the good accuracy
of the TCPE model in describing cooperative effects in water systems. It
has also appeared that the TCPE model provides one of the most accurate
description of the water dimer potential energy surface as described by high
level ab initio computations [7], and it has been able to predict the existence
of particular splittings in the water dimer energy levels (resulting from
tunneling motions [2a]), which no other model do [27]. The TCPE model
appears also to be readily transferable to other types of HB, just by adapt-
ing some of its parameters (¢f. Ref. [28] for the particular case of alcohols).

7
/Il"'u
1y,

FIGURE 6 Definitions of the r, § and 1 variables of the Fyg term. The X and Y axes are in
the molecular plane, the Z axis is orthogonal to this plane.
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As discussed in Section 2.2, the properties of water clusters and of bulk
water could be interpreted as resulting from the properties of the HB net-
works occurring in them in terms of PHB™ states (c¢f. Section 2.2). The
originality of the TCPE model arises from the presence of the specific many-
body HB energy term described in Egs. (5), (6) and (7), which has been
introduced to reproduce the remarkable incidence of cooperative effects on
the HBs resulting from molecules in those state. As the estimate of this
many-body term needs the knowledge of the molecular structure around
each water molecule, it can also be used to define a new local structural
index. In particular, as it will be described below, it is very easy to determine
the respective weight of molecules in each PHB™ state in the cluster using
this local index. The purpose of Section 4 is to evaluate this hypothesis by
studying the thermal molecular rearrangements in a (H,0),4 cluster, using
classical molecular dynamics (MD) techniques and the TCPE model.

4. STUDY OF THE HB NETWORK FLUCTUATION
IN A (H,0),4 CLUSTER

4.1. Molecular Dynamic Details

The starting (H,0),4 structure for the MD runs corresponds to the most
stable minimum obtained by systematic quenching from a high energy
MD trajectory. The MD configurations were energy-optimized using a
Conjugate-Gradient algorithm. The most stable quenched configurations
were then gradient-optimized and the second derivatives performed to
control the nature of these stationary points. The most stable structure so
obtained (corresponding to a minimum) is given in Figure 7. Its BE is
of —285.1kcalmol™"'. By comparing this value to that obtained with the
pairwise PW model [23] (derived from TCPE), cooperative effects appear
to be stabilizing for this cluster and to represent about 30% of its BE.
The propagator chosen was a two-stage canonical RKN method of
second order [29] with an integration time step of 0.4fs. The simulations
were performed from 600ps to 1ns (including an equilibration step of
200 ps, the longest trajectories correspond to a system around the melting
point or in the liquid-like state). No cutoff was imposed to the electrical
and the polarization term of TCPE. Translation of and rotation about
the cluster center of mass were both eliminated at the start of each MD
run. Configurations were sampled at every 10fs to compute the statistical
data, after having discarded the configurations of the equilibration step
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(the first 200 ps). Hence, from 40000 to 80 000 different configurations were
considered during the trajectory analyses. From the starting (H,0)4 struc-
ture described above, twelve MD runs, corresponding to total energies
regularly spaced by the equivalent of 25K, were performed in the (E,N)
ensemble.

4.2. Definition a New Structural Local Index

As observed in Eq. (6), the D (R, ¥) function of the Fyp term for a given
water molecule depends on the number of HBs where its protons are in-
volved. If none of its protons is involved in a HB, then D, (R, ¥) is equal
to d,, to dl +&) when only one of its protons is involved in a HB and
to d(1+42£) when its two protons are involved in two HBs. Obviously,
during a MD run, the exact value of the D, (R, ¥) function for each
molecule is expected to fluctuate around the latter ideal values.

To evaluate the number of molecules in PHB™ states during a simula-
tion, the dyp(f) function corresponding to the distribution function of the
D,(R,¥) term at time ¢ has been introduced. A summation of éyg(¢) func-
tions (obtained after a simulation time length of 10ps, representing 1000
configurations) is reported in Figure 8 (it was obtained from a MD run of
the (H,0),4 cluster corresponding to a total energy of — 7.0 kcalmol™' per
molecule, the system is then in a liquid-like state). As observed, the peaks
corresponding to the PHB! and PHB? state are well defined (and centered
at the above ideal values), while no peak corresponding to molecules in
PHB state is observed. The proportions of molecules in the PHB™ states

FIGURE 7 Starting (H,0),4 structure for the MD runs as obtained after systematic
quenching of a high energy trajectory of 1ns.
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FIGURE 8 Distribution function of the D(R,¥) term (summed over a simulation time length
of 10ps) as obtained from a MD run of the (H;0),4 cluster at the total energy of —7.0

kealmol ™' K~! per molecule. The ideal D, value for a molecule in a particular PHB™ state
are shown by an arrow.
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FIGURE 9 Fluctuations in the proportions of molecules in each PHB,, state around their
mean (nPHB,,) values along a trajectory of 0.2ns (after 0.4 ns of equilibration) with the same
characteristics as in Figure 7.
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at time 7, nPHB™(¢), are readily obtained by integrating the éyp(f) func-
tion. In Figure 9, nPHB™(¢) functions so obtained are plotted versus time.
One remarkable feature of Figure 9 is that the nPHB™(¢) functions
fluctuate around their mean (nPHB™) values, and the proportion of
molecule in the PHBO state is negligible. Similar results were obtained for
(H,0)5 and (H,0);, clusters [30].

This therefore suggests that the dynamical molecular rearrangements
among the PHB™ molecules in the (H,0),4 cluster are highly correlated, so
that the (nPHB™) values are constant for trajectories corresponding to a
given total energy. Hence, (nPHB™) values are characteristic of a MD run,
indicating that the Syg local index is very useful to describe a water cluster
structure in terms of PHB™ state. However, due to the small size of the
cluster considered in the present study, the fluctuation in the (nPHB™) val-
ues are expected not to be negligible and they were computed as follows:

Ax = Z(x -x)?

x corresponds to the proportion nPHB™ of water molecules in the PHB™
state at time ¢, X to averaged values, and the sum runs over all the simu-
lation time length. For the (H,0),4 cluster, the Ax are of 6.5% for the
PHB' and PHB? sta. However, from a comparisons of the fluctuations
obtained in the case of the (H,0); and (H,0),, clusters [30], it appears
that the Ax fluctuations are of the form 1/4/N, with N the molecular
size of the cluster.

4.3. Dynamical Results

To characterize the physical state of the (Hq),, cluster in terms of solid-like
and liquid-like state, the Lindemann’s index, defined as follows, has been
used:

=y o R ®)
J

R represent the distance between the centers of mass of the ith and jth
molecules. Usually, the system is considered to be in a liquid-like state
when 6z > 0.1 (and in the solid-like state when 6z <0.1). The Lindemann’s
index and the mean temperature (as classically defined from the kinetic
energy) are plotted in Figure 10 as a function of the total energy. The
proportions (nPHB™) of molecules in each PHB™ state are plotted versus
the total energy in Figure 11.
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FIGURE 10 MD run averages for the (H,0),4 cluster: Lindemann criterion (Top) and caloric
curve (bottom).
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FIGURE 11 MD run averages for the (H,0)4 cluster; PHB™ populations in percent. Squares
correspond to (nPHB?), lozenges to (nPHB'Y and triangles to (nPHB?).



18:59 14 January 2011

Downl oaded At:

HYDROGEN BOND NETWORKS 151

The proportions of molecules in the PHB? state is almost negligible as
compared to molecules in PHB' and PHB? states, they represent at most
about 1.7% for MD runs corresponding to the highest total energies. For
molecules in the PHB! and PHB? states, three domains with different trends
for (nPHB™) values are clearly observed in Figure 10:

1. At the lowest total energies, the proportions of molecules in each
PHB™ state is almost constant, reflecting the solid-like behavior of the
cluster in this range of energies (6z < 0.1). In that domain of energy,
the (nPHB™) fluctuations are small and represent less than 2%.

2. At the highest total energies, the (nPHB™) values corresponding to the
PHB' and PHB? states are linear functions (opposite in trends) of the
total energy:the (nPHB™) are growing functions for PHB' molecules
and decreasing ones for PHB®. This domain is also characterized by
a g index greater than 0.2, indicating that the cluster can be consid-
ered to be in a liquid-like state in this energy domain. The trends of the
(nPHB™) values in this energy domain exhibits the progressive dis-
organization of the cluster structure, from highly organized ones (with
an important proportion of molecules in the PHB? state) towards dis-
organized ones (with an increasing number of molecules in the PHB'
state). Not surprisingly, the (nPHB™) fluctuations are much more im-
portant than in the solid-like energy region. They are from twice to
four times greater, however, they were shown to decrease with the clus-
ter size (¢f. Section 4.2).

3. Lastly, in the finite range of energy located between the above do-
mains and around the melting point, the (nPHB™) trends for the three
clusters are characterized by abrupt changes from their values in the
solid-like region towards their values in the liquid-like region, as do
the Lindemann’s index éz. The analysis of short time averaged temper-
atures (STAT) performed in this domain of energy show a multimodal
distribution of the STAT for the (H0),4 cluster. Such multimodal
distributions of the STAT in a finite range of energy were previously
evidenced by Wales and Ohmine [31] in the case of small (H,O)g and
(H,0),, clusters (theoretically investigated using a pairwise model).
The existence of such STAT distribution is usually interpreted as
resulting from the existence of a dynamical coexistence between solid-
like and liquid-like forms. According to this hypothesis, the unusual
trends of (nPHB™) in this finite range of energy (as compared to the
trends observed in the solid-like and liquid-like energy domain) can be
interpreted as resulting from the coexistence phenomenon.
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The oxygen—oxygen gOO distribution functions were also computed
using classical formula. Some of those functions are represented in Figure
12 (they are derived from trajectories corresponding to mean temperatures
of about 167, 197 and 258 K). In the liquid-like energy domain, the position
of the first maximum of those functions increases with temperature from
2.70A (lowest energy MD runs) towards 2.74A (highest energy MD runs).
Those values have to be compared to the position of the first maximum
of the gOO function of liquid water at ambient conditions (about 2.80 A).
The shorter distance for the first gOO peaks observed for the (H,O),4 clus-
ter as compared to liquid water can be due to the stronger mean mole-
cular total dipole moment for this cluster (2.9 £0.2 Debye for the highest
energy trajectory) than for liquid water (2.6 Debye). Stronger molecular
dipole moments lead to stronger polarization interactions in the (H;0)x4
cluster which can be at the origin of its more compact structure as com-
pared to water.

<T>=258K

‘k—/\ .

<T>=167K

| I

~] =

{ I I 1
2 3 4 S 6
Distancein A

FIGURE 12 Oxygen—oxygen distribution functions as obtained from trajectories corre-
sponding respectively to mean temperatures of 167, 197 and 258 K.
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4.4. Thermodynamic Properties
of the PHB,/PHB, Equilibrium

From the results regarding the proportions of molecules in each PHB™
state, it appears that the dynamical rearrangement in the (H,O),4 cluster
can be interpreted as resulting from a dynamical equilibrium between mol-
ecules in PHB! and PHB? states, because:

1. molecules in the PHB® states are negligible in the range of temperatures
here considered.

2. the proportions of molecules in the PHB' and PHB? states are constant
for each trajectory. (even if the fluctuations in the mean (nPHB™) pro-
portion values in the liquid-like domain are strong, they were shown to
decrease with the cluster molecular size).

In order to evaluate the properties of the PHB%/PHB!' equilibrium, the
parameter K>4 has been defined as follows:

(nPHB?)

(nPHB') (10)

2=

In Figure 13, the R.In(Kys) function (with R,=0.0199kcalmol™') is
plotted versus the inverse of the mean temperature for MD runs where
the cluster is in a liquid-state. From this Van’t Hoff plot, it appears that a
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FIGURE 13 Logarithm of the ratio of the evolving concentrations of molecules in the PHB?
and PHB' states, plotted vs. the inverse of the (T') temperature, from trajectories corresponding
to the liquid-like energy domain ({T') greater than 160 K). The enthalpy change AH (slope) is
of 1.1kcalmol ™! and the entropy change AS of —4.0calmol™' K. The correlation factor is
of 0.987. The uncertainties have been respectively estimated at 0.2kcalmol™' (AH) and
1calmol 'K (AS, ¢f. Ref. [30]).
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linear relation exists between R,In(K»,) and 1/(T) (the correlation factor
is of 0.99). From the existence of such a linear relationship, the enthalpy
(AH) and entropy (AS) changes corresponding to the PHB?/PHB! equi-
librium for the (H,0),4 cluster have been computed to respectively 1.1 £
0.2kcal mol~' and — 4+ 1calmol™' K™\,

Such an equilibrium between two species of hydrogen bonded molecules
could be related to that experimentally observed in the case of liquid water
at ambient conditions. From the analysis of Raman and infrared spectra,
Walfaren et al. [32] and more recently by Libnau et al. [33] argued that
water molecules arrange themselves in two different classes of hydrogen
bonded molecules which are in equilibrium. The experimental enthalpy
change corresponding to this equilibrium estimated by the latter authors
is respectively of 2.6 (Walfaren) and 2.2 kcalmol™' (Libnau) and the en-
tropy change of — 6.2 (Walfaren) and — 7.3 calmol ™' K~' (Libnau). Hence,
it appears that both the theoretical AH and AS for the (H,O),4 cluster
are of the same order of magnitude than the values experimentally report-
ed for liquid water at ambient conditions, suggesting that the equilibrium
observed in the case of liquid water could correspond to a PHB?/PHB!
equilibrium.

Hence, the results regarding the small (H,0),4 cluster exhibits that the
analysis of water HB networks in terms of PHB™ states represents an
encouraging way of characterizing the properties of such systems. Such an
approach may also be usefully considered to explain the different proper-
ties of supercritical water as compared to liquid water at ambient condi-
tions. In particular, because of the lower molecular density of supercritical
water as compared liquid water, the different properties of supercritical
water can result from the existence of a PHB!/PHB® equilibrium instead
of a PHB?/PHB' one.

5. CONCLUSION

From the results discussed in the present paper, it appears that cooperative
effects have a strong incidence on hydrogen bonded systems, in particular,
those presenting X-H-—Y cyclic patterns, and from the MD simulation
study devoted to a small (H,0),4 cluster, it appears that this incidence could
be at the origin of the dynamical properties of bulk-water and could also
explain the unusual properties of water in supercritical states. Regarding
systems of biochemical interest (such as proteins and DNA), cooperative
effects could also be of importance to understand their solvation processes
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in aqueous solutions as the results presented in a previous paper [34] sug-
gest in the particular case of ethane-1,2 diol.
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