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Hydrogen bonding in cubic (H,0)g and OH-(H,0)- clusters
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A systematic study is presented for QH»O) clusters derived from the cubiél,O)g octamer by replacing
one water with a hydroxyl radical. The system is a prototype for atmospheric water clusters containing the
environmentally important OH species, and for OH adsorbed at the surface of ice. The full set of 39 symmetry-
distinct cubic OH(H,0), clusters is enumerated, and the structures are determined alsiimifio quantum
chemical methods. Graph invariants are employed to obtain a unified analysis of the stability and structure of
cubic (H,0)g and OH (H,0)-, relating these physical properties to the various hydrogen-bond topologies
present in these clusters. To accomplish this the graph invariant formalism is extended to treat a hydrogen
bonding impurity within a pure water network.

DOI: 10.1103/PhysRevA.71.013204 PACS nuntber36.40.Mr, 02.10.0x, 36.40.Cg, 31.25.Qm

[. INTRODUCTION standing how OH fits into the water network, has not been
addressed. In order to approach these questions systemati-

Understanding how gas-phase reactive species in earthilly, in this study OH is examined into the hydrogen bond-
atmosphere become incorporated into cloud droplets or aering network of cubic water octamer. The choice of water
sols is essential to determining the complete chemical budsctamer is motivated by the fact that the water octamer is
gets of these species. Unfortunately, how chemical budgetsnown to be well ordereffl2]. There are 14 uniqgue symme-
of reactive species such as gas-phase radicals are impactied structures of the cubic water octamer, each with their own
by clouds or aerosols is not well understood. Nor has it beespecific hydrogen-bonding topolog$3,14.
systematically addressed. The hydroxyl radi€H) is a ma- The OH{H,0); cluster with oxygen atoms in a roughly
jor species in the HQchemical family. In fact it is the most cubic arrangement can be constructed in multiple waysi-
important species responsible for the oxidation of pollutantgnerated below such that all water oxygen atoms are
in the atmosphere. A number of field studies are currently3-coordinate and the hydroxyl radical is involved in two
addressing the question of what is the abundance of OH iki-bonds. This type of hydrogen-bond isomerism, fixed oxy-
the atmosphergl—3]. These studies have focus on the gas-9€ns connected by a variable H-bond arrangement con-
phase OH concentrations in the atmosphere. To address tig@ined by the ability of the water molecule to donate to at
question of the heterogeneous uptake of OH radicals bj'©St two H-bonds and accept at most two H-bonds, occurs
clouds or aerosols requires that it is understood how O n many aqueous systems. It is responsible for the zero-point

. : i entropy of ice-1h[15,16], and is also found in ice-VII and
g‘;g&?ﬁfj d mg][ E?:Ztﬁ; dlrréxly?E\a/vlét(frcgc?r?]f;reir\:\?ag%ﬁggﬂs ice-1l1 [17,18. As mentioned above, the cubic water octamer
structure. Balint-Kurti and co-workefi$] showed that the ;ﬂg ;orgoinélelrzorr;%reﬁlsétﬂ,oogsvgmgz t‘fpg?nigﬁgl%azﬁ
most stable geometry was OHOH,. A later study by Xie y )

. has long been recognized that the topological arrangement of
and Schaef€6] proposed that the OH-OH, is the strongly H-bonds can be summarized by oriented grajiies-26. It
bound OH/water complex. It is only recently that the OH- u 'z y or g g

lex has b . v identified in_ th has also been noted that physical properties, such as the en-
water complex has been experimentally identified in t €ergy, of H-bond isomers can be linked to the topology of the
laboratory from matrix isolation infrared spectroscopic stud-

) : . . -bonds[13,21-23,27,2B In these works, the topological
|ez_[7,E|3]. Recent th_e(r)]renc?! SltUd'eS have exargmed how(? eatures of the H-bond network that were correlated with
ra 'lcasg |r11tler(::1rcr:]t wit rgg tip ?j dwatersh up to ; Wa]Eehr m%'I_Physical properties were identified in ad hocfashion.

ecu eg9-11]. ese studies address the question of how Recently, we introduced a systematic way of identifying
radicals are energetically stabilized by multiple waters. How

he k ) h ad h OH radi pological features of an H-bond network in water clusters
ever, the key question that addresses how an OH radic 4] and periodic ice crystal®5]. Scalar physical properties
interacts heterogeneously with water is understanding ho

the hydrogen bonding of OH incorporates itself within thetiO%Stotfjetﬁgngyggx_rejet::?é atrﬁeln;;\glr%rrl)tri;esyf/;nar&ergz (c))fpeirr]ae
hydrogen.bondin_g topolqu of water in cloud droplets, aero pond topology, which we’calj;raph invariants are linear
sols and ice. This question, which is fundamental to underz, 1inations of variables describing the H-bond topology
that are unchanged by all symmetry operations. The graph
invariants can be arranged in a hierarchy of increasing com-
*Email address: francisc@purdue.edu plexity, providing a sequence of approximation that can be

"Email address: singer@chemistry.ohio-state.edu generated until suitable convergence is attained. To date, we
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FIG. 1. (a) Canonical bond directions adopted for description of the ciHig)g and OH (H,0) clusters. The vertex labels are in
regular type and the bond labels are in bold face next to the arfbyvd1,0)g isomer ofD,y symmetry.(c) OH -(H,0) cluster, designated
as ngH in the text, obtained by removing a dangling hydrogen from the left, upper front water of the @dp@g cluster.

have only applied graph invariants to either pure water clusphysical properties are sometimes captured by a reduced de-
ters (H,0), or pure ice. All other topological analyses of scription in terms of the H-bond topology of the structure—
water clusters have been limited ¢61,0), [21-23,27,28 specifying which waters are connected by H-bonds and the
This work provides the first topological analysis of hydrogendirectionality of those bondgl3,21,24. Physical properties
bonding near an impurity. beyond the topology, like bond lengths, bond angles, ener-
In this work we present a formalism for treating a mixture gies, an dipole moments, can then be linked to the H-bond
of more than one hydrogen bonding species with graph intopology.
variants. Besides the analysis of solutes in water clusters, To track the H-bond topology, we introduce bond vari-
current interest in impurities embedded in jd8,29-33 fur- ablesb for each hydrogen bond which takes the values +1 or
nishes another motivation for developing these theoreticatl depending on the direction of H-bond in a particular
methods. On the experimental side, self-trapping by reorienstructure relative to an arbitrarily chosen canonical direction.
tation of the H-bonds, involving the type of H-bond isomer- The canonical directions of H-bonds we chose fBiLO)g
ism we study in this work, has been invoked to explain theand OH (H,0); cubes are shown in Fig(d).
absence of observed diffusion of;&" in low temperature In Fig. 1(b), the physicalH,0)g cluster ofD,y symmetry
ice [34]. Theoretical treatments of point defects in ice at theis shown. Comparing the canonical bond direction given in
molecular level are beginning to app¢80—33. It has been Fig. 1(a) with the physical cluster of Fig.(lh), the H-bond
emphasized that distant shelésg., up to the 18th shelB3])  topology of theD,4 structure is specified by, =-1, b,=
surrounding a charged defect in ice must be included to cor+1, by=-1,b,=+1,bs=—-1,bg=+1,b,=+1,bg=+1, by
verge properties like the solvation energy. To date, the=—1,b;o=-1, b;;=+1, andb;,=-1.
H-bond topology has not been carefully considered in the Consider optimizing the geometry of@yy(H,O)g Struc-
treatments of point defect in ice. Given the large number oture specified by bond variablds, r=1, ...12 given above.
H-bond arrangements and large energy barriers separatinthen consider optimizing a second initial structure, also hav-
them, direct simulation of the possible H-bond arrangementihg D,y symmetry but with bond variables generated from
surrounding defects in ice would be difficult, pointing to the those specified above by one of the rotations or reflection
need for analytical methods to extend the reach of simulapperations of the cube. Clearly, the scalar physical
tions. The present work is an essential step in that directiorproperties—energy, magnitude of dipole moment, bond
The concept and use of graph invariants is explained inengths—of the original structure, and the rotated or reflected
Sec. Il. We then demonstrate how graph invariants link enstructure would be identical. Hence, if these properties are
ergy, dipole moment, and other physical properties with theinked to H-bond topology, they must depend on Hys in
hydrogen bond topology of the H-bond isomers of cubiccombinations that are invariant to symmetry operations of
(H,0)g, treated in Sec. I, and OHH,0), treated in Sec. the cube. These combinations, which we cakph invari-
V. ants are obtained by application of a group theoretical pro-
jection operator on any bond variale

48

II. GRAPH INVARIANTS 1
Il’(blv e vblZ) = 4_82 ga(br)a (l)
a=1

With the exception of high pressure phases of ice, the
hydrogen atom is not shared equally between hydrogegn any product of two bond variablésby,
bound water molecules. Hydrogen bonds are therefore direc-
tional, with the direction usually taken to point from hydro- 1
gen donor to hydrogen acceptor. As detailed in Secs. Il and lrs(by, ..., by0) = 4_82 da(brby), )
IV, many isomers of(H,0)g and OH (H,0), exist which o=l
have similar oxygen atom geometries but differ in the directhree bond variablés,bJ,, and so on. We call projections on
tion of the hydrogen bonds. In ordered aqueous systemsjngle bond variables likg first-order invariants, projections

48
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on products of two bond variables like, second order in- If H-bond topology predicts a scalar physical property,
variants, and so on. Since we expect some localization of théhen that property must depend upon the topology, i.e., the
topological properties that determine physical properties, wdond variables, in symmetry-invariant combinations like
expect the low order invariants to be more important tharEgs.(1) and(2). For example, the energy must be a function
high order ones, and to date this has been borne out in adif first-order invariants, second order invariants, third order
cases studied. invariants, and so on,

E(bl,bz,...) = g[lr(bl7b2’ "')9Is(bl7b2’ ...),..., rs(bl’bZ’ ...),Itu(bl,bz,...),...,...].

o o

first-orde;rinvariants second-orde‘rrinvariants (3)
In principle, the functior€ may take any form. In practice, we have found that the simplest linear expansion is adequate:

E(bl’b2>-“) = E a’rlr(bl’bZ"“) + 2 arslrs(bl’bz’“') + 2 arstlrst(bl’bZ’“-) + o
r rs

rst
. o . -
v g

~
first-order second-order third-order (4)

The effectiveness of a linear expansion in the lowest order, 1

leading invariants is confirmed in this work. Below, energy 123 75(02b3+ D1 + bsg + by + bslg + bybg + bbio
and other physical properties are calculated by semiempirical

andab initio quantum chemical methods for a large number + bgbyg+ b3byg + bobyg + bybyo+ brbyy), (7
of H-bond isomers. This information constitutes the left-hand

side of Eq.(4). The right hand side of Ed4), containing far 1

fewer a-coefficients than data points for the left-hand side, is l15= Zl(_ byb, + byb3 + bob, — bgby — by bs — bybs + b, bg
determined by least squares fit. In this wal,initio data can

be interpolated, as we have done for the many isomers of the ~ — b3bg + D57 = bgby + b,bg — bybg + bshg — b7bg — bghg
(H,0),9 dodecahedrorf24], or extrapolated, as we have +babyo+ bybyo+ bebyy + bbyy — byghyy + bgbyp+ bgb

. . . - 3M10 44510 6M11 7M11 10M11 812 9M12
done to predict proton-ordering phase transitions in ice from
ab initio calculations for small unit cellg35]. Adding higher = bygbiz = b1ibyy), (8)

order invariants to the right side of E¢) will make the
least squares fit more accurate at the expense of greatercom- 1 5 5 5 5 5 o 5 5 o 5
plexity and the ability to predict many properties from asrplll_ 1_2(b1 + b+ bs+ by + b5+ b5 + b7 + b+ by + byo + by,
little data as possible. Eventually, when a complete set of )

invariants is added to the right side of Hd) the expansion +biy). (9)

is useless as an interpolation or extrapolation tool becaus@e have labeled the invariants by the indices of a bond pair

the number ofx-parameters equals the number of symmetryyhich generates the invariant by application of a projection

distinct H-bond isomers. . operator as in Eqgl) and(2). Since several different sets of
There are no first order graph invariants for #0)s  pond variables can generate the same invariant, there could

cube. In other words, application of the projection operatoye many choices for how to label the invariants, although the
on any bond variable as in El) gives zero. The second actyal invariant are indeed unique.

order invariant Eq. (2)] furnish the leading order descrip- g far we have only discussed the pure watdsO)g
tion of physical properties in terms of graph invariants. There,pes. When an OH radical is substituted for a water mol-
are five such second order invariants, given below: ecule, the bond still has directionality but is chemically dis-
1 tinct. In an oriented graph, we may introduce bonds of a
I, 7= =(byb; + bgbg + bgbg + bsh, o+ boby; + bybyy), (5) different color to indicate H-bonds containing an H-bonding
T 6 impurity like the OH radical. When constructing graph in-
variants, we introduce new bond variables to indicate each
chemically distinct H-bond. For the OKH,0), cluster, a

l1,0= Zl(_ b3bs — bybs — bybg + bbg — bob7 + bsbz — bibg second type of bond variabtg is used to represent the dif-
ferent colored bonds. We usg=0 to indicate the absence of
+ bsbg + b/bg — bybg + bybg + bghg + byb1g+ bobyg an OH radical, and, = 1 to indicate the direction of the OH

_ _ _ _ when the radical is present. Similarly, the absence of a water
b7b10 = Debyo+ 1011 = B4y + Debys = bgbyy + bzDy at therth H-bond is indicated by setting,=0. Hence, the
= bsby,+ bgbyp— bghyy), (6)  cubic pure water clusters are specified by 12 water bond
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variablesb,=+1, and all OH bond variables =0, while the  that involve more than one OH radical would be denoted by
OH-(H,0); cubes are described by setting one of the more than one non-zemvariable, and more than one type
variables equals zero and tleg variable at the same bond of hydrogen-bonding impurity would would call for other
equal to +1. types of bond variables. Thgl,0)s and OH (H,0); struc-

In Fig. 1(c) we show the physical OHH,0); cube ob-  tures studied in this work do not call for those extensions,

tained by removing a dangling hydrogen from the upper, leftalthough the graph theoretical formalism can treat these
front water molecule of th€H,O)g in the center. In our cases.

labeling scheme, to be explained below, this QH,0); The graph invariants for the OKH,0); cubes involve
cluster is designated ag’d'“”. The H-bond topology of the one nonzera variable. The leading order invariants for the
DM would be captured by setting;=-1,b,=0,bs=  OH-(H,0) structures are the second order invariants, Egs.

-1,b,=+1,bs=-1,bg=+1,b;=+1,bg=+1,bg=-1, by (1)—(9), which are obtained for OHH,0)- when the projec-
=-1,by;=+1, andby,=—1, the same as in Fig. 1 except that tor operates on a product of twbond variables, plus a set
b,=0. Also, to specify the OHH,0), configuration of Fig.  of second order invariants obtained when the projector op-
1, we setc,=+1 andc;=0 for j=1, 3, 4,..., 12. Structures  erators on the produdi,c,. This gives five more invariants:

1
l1201= 1_2(b1201 +1011C; + gCq + 7€, + 1 oC5 + bgCq + D4C7 + DgCg + D3Cy + DsC1o + DyCq + b1Cyo), (10

l10c1 = %3(‘ DgCy — bgCy + D1gCy + b1y = DeCa = b7Co +b10C + D12C; = bsC3 + D7C3 + bgCz = 01563 = bsCy +beC4 + DgCs = by1Cy
= D3C5 = byC5 + D11C5 + by 2C5 = DCq + byCq + DT = D12C6 = D2C7 + D3C7 + bgCy — D1oC7 — byCg + baCg + byC — by1Cg — b1 Co
+byCo + D6Co — D1oCo +01C10+ 02C10 = B7C10 = BgC10+ b1C11 = bsCyg + bsCyg — bgCyy + DyC12 = D3Cio + DsCro— PeCro), (11)
lge1= i(bﬁl +b7Cy +b3Cy + DgCy + byC3 +1011C3 + b1Cy +015C4 + DeCs + bgCs + DsCo + b1 oCe +D1C7 + b12C7 + bsCg + b1 Cg + byCo

+D11Cg + DgCro + DgCio+ D3Cq1 + DgCyq + 04C10 + D1Cy0), (12

1
l3c1= 4_8(_ D2Cy + D3Cy = DsCy + DgCy = D1C +DyCr — DsC; + DgCy + 03— 043 = DgC3 + 1C3 +02C4 = 3Cy = DgCy +D1C4 = D1C5

= b,Cs + b7Cs + byCs + b1C = b3Cs = b7Cs + D11C6 + DsC7 = DgC7 = DgC7 + D11C7 + D2Cg — byCg — byCg + 1 C5 + bsCy — b7Cy

—bgCq + 01 5Co + 03C10 + 04C10— 011C10—~ D12C10+ DeC11 + D7C11 — D1gC11 — D12C11 + DgCio + DgCio — D1 oCio— D11C10), (13
1
1= 1_2(b101 +10,C, + 03C5 + 044 + bs5Cs + DgCq + D7C7 + DgCg + DgCy + D1 C10+ D11C11 + D15C10) .- (14

Note that the bond variable function in Eq&)—(14) are  to multiple insertions of hydroxyl into the cluster, then more
invariant with respect to the placement of the OH radicalinvariants would need to be considered.
(nonzeroc-variable within the cluster. Even though the la-

bels in these equations reflect the fact that they could be

generated by projection with a nonzerwariable at bond 1, . (H,0)g
the complete invariant is symmetric with respect to the )
placement of the bond, as it should be. Some of the invari- It has been shown previously that there are 14 symmetry-

ants given in Eqs(5)—(14) have rather trivial values. For unique configurations for the cubic water octarf&3]. The
example,l; .; will always have the value zero for the physi- Stability of the 14 isomers was estimated using the empirical
cal clusters considered here because a water and OH radid@SS2 potential36,37, which compared favorably witab
cannot occupy the same H-bond position. However, mathinitio data available for a subset of the isomers from calcu-
ematically it is one of the second order invariants and forlations performed by Tsai and Jordg88]. In this work, the
completeness is listed here. If nonzereariables could ap- energy of the clusters was observed to depend most strongly
pear in more than one location, which would correspondingon a particular topological feature, the number of nearest
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TABLE I. Value of second order invariants for the 14 cubic
14 (H,O)g octamers.
0y 12]
g 0 ;A; Structure lg7 l19 lr 3 I3 l11
E L] 1 1
< 8 D2d 1 -3 -1 3 1
B q S, -1 1 _1 1 1
i b R . O B ? .
2 3 i’ 3 i’
2 G -1 : 0 z 1
2 1 1
olan Cs -2 : 0 z 1
Dy 8y & G & C Cipy Ciw Ci9 Cuw C10 1w Caw Camy Cio 0 0 —% % 1
FIG. 2. Relative energies of the H-bond isomers of cubic Cip) z -3 -2 z 1
(H,O)g (short horizontal linesand OH (H,0), (squares Unfilled C _2 1 0 1 1
. 1(a) 3 3 3
squares represent the energies of (M30), structures formed by 1 1 1
removing the dangling hyd fadi i i 10 3 6 0 3 1
g the dangling hydrogen of a dimer unit. The solid squares 3 6 3
represent the energies of OH,O); structures formed by remov- Cie 73 6 0 3 1
ing the dangling hydrogen of another site. Cyh) 3 -2 - z 1
: : o C 0 1 0 1 1
neighbor dangling hydrogen pairs in the cluster. In a more 19 6 s s
recent study14], in which ab initio optimizations were per- Caa) } 73 73 3 1
formed on each of the 14 structures, an order of stability was Can) -3 3 3 3 1

established and it was found that this order could be ex
t)lalnled_byl ;:outntlng ttl'r:et numhbers ]?f occurrehr?g_?s dOf certalr; The first part of the structural analysis performed by Be-
opological features that eacn coniormer exnibited, NoNe Ofyi. any Franciscg14] was based on the idea that it is pos-
which were identified explicitly as the number of nearest

neighbor dangling hydrogen pairs. Neither of these previou§IbIe to orient a pair of water mol_eculeg within a (_:up|c water
studies used graph invariants. In this section, we reanalyzfdamer. SO that they hgve an orientation very S|'m|lar to the
the water cube, and show how graph invariants provide ully optimized water d!mer. This dimer unit within the oc-
systematic alternative to what are otherwasthocanalyses. @mer framework consists of a double acceptor water mol-

The energies of the 14 cubiél,0)g octamers calculated €cule donating one of its hydrogens to a double donor. In
with second order Moeller-Plesset perturbation thétp2) ~ Fig- 1(b), the four vertical H-bonds are in a dimer configu-
[39-43 using a 6-31G* basis set are indicated by the shorfation, while the other eight horizontal H-bonds are not
horizontal lines in Fig. 2. The 14 cubiti,O)g clusters that ~dimers. When one counts the number of these dimers in each
label thex axis of Fig. 2 are designated according to theirStructure, it is apparent that the most stable structures have
point group symmetry, and clusters with the same symmetrjhe greatest number of dimers.
are differentiated with additional lettéa), (b), .... Drawings McDonaldet al.[13] found the number of nearest neigh-
of each of the 14H,0)4 isomers can be found in Fig. 3 of bor dangling hydrogens was the most important factor gov-
Ref.[14]. The 6-31G* basis was chosen because it is a meerning the stability of théH,0)g octamer, while Belair and
dium quality basis set that can be used with the MP2 correFranciscd 14] identified the number of dimers as the crucial
lation method to produce reliable results for large open-sheltructural feature. Actually, these features turn out to be the
clusters. The Gaussian98 program was used for all the elesame topological property for cubftl,0)g. As shown in the
tronic structure calculatior{gl4]. Tabulated energies and pic- following analysis using graph invariants, both features are a
tures of each structure can be found in on-line supplementamjhear combination of second order invariants ange=4
materials[45]. —Nn.n.dangling H-

Before presenting an analysis of in terms of invariants, it The values of the second order invariants are obtained by
is useful to summarize how cubit,0)s was previously assigning the bond variables for each of the 14 structures, as
analyzed by two research groups. Within any of the conformwe illustrated for theD,4 isomer in the discussion of Fig. 1,
ers of the cubic water octamer, each water molecule is bounand then evaluating expressions E¢9—(9). The result is
in one of two configurations. It can accept a hydrogen at onlygiven in Table I. Each column in this table can be thought of
one of its lone pairs and donates both of its hydrogens foas a basis vector for describing physical properties of the
hydrogen bonding, like the water molecule at the top, rightcube in terms of H-bond topology. First, notice thag is 3
front in the(H,0)g cluster of Fig. 1b). Alternatively, a water  times|, ;. Even though the invariants area all algebraically
can accept hydrogens at both of the lone pairs of its oxygerindependent, linear dependences arise when evaluated for
and donates only one of its own hydrogens for bonding whileparticular structures because of the physical constraints of
the other hydrogen is dangling. The water molecule at thequeous hydrogen bondir(g.g., accepting and donating at
top, left front of Fig. 1b) is an example. These two cases aremost two H-bonds for neutral water molecules—what are
referred to as double donor and double acceptor, respecalled the “ice rules” in the solid pha§46)). If, for example,
tively. The number of nearest neighbor dangling hydrogen$1;0* or OH™ units within the octamer were allowed, some
pairs, tracked by McDonaldt al.[13], is therefore the num- of the linear dependences observed in Table | would be bro-
ber of nearest neighbor double acceptors. ken. For cubidH,0)g, we eliminate one of the linearly de-
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A . | i |
%0'015_ ] !§100— | FIG. 3. Comparison of semiempirical PM3
g - > 1 g . (open circley and ab initio MP2 results(filled
g oo} 4 & } g circles with fits to second order invariants for the
£ I | % % cubic water octamer. Energy is shown on the left
< = T 7 and squared dipole moment on the right. The en-
«0.005 = 1 9 | | ergy of the most stable octamer is chosen as the

- 1 zero of energy.

o 1 11 0 A | : | —
0 0005 001 0015 002 0 50 100 150
energy (a.u.) [dipole moment (Debye)]2

pendent invariants, chosen with no loss of generality to bere given below in Table Il in conjunction with a discussion
1 3, to obtain 4 linearly independent vectors. Hence, the seoof the transferability of parameters betweéH,0)s and
ond order invariants provide 4 independent parameters foPH -(H,0),.
describing scalar physical properties of the 14 octamers, of After establishing the number of dime(propertyD of
which 1, ; is a constant. In terms of second order invariantstheir Table ) as an important topological feature, subsequent
parts of Belair and Francisco’s analysis sought a more accu-
Ngimer= 6119~ 6123 Nnndanglingn =4 = 6l1 9+ 612 3. rate relationship between topology and physical properties
(15) by considering additional topological features of the water
octamer [14]. Unlike parameters generated by invariant
A description at the level of second order invariants, wouldtheory, these topological features were chosen im@moc
have automatically accounted for dimers or nearest neighbaind more complicated fashion, although we will show that
dangling hydrogens, and two other topological features at théhey were nearly as effective as the second order invariants.
level of second order invariants. Incorporating higher orderTo describe this portion of Belair and Francisco’s analysis, it
invariants would involve more topological features, althoughis necessary to view the cubic water octamer, in each of three
these higher order invariants do not appear to be importardirections, as a pair of cyclic water tetramers bound together
for the case at hand. by 4 hydrogen bonds where each of the four hydrogens are
Having discussed the relationship between graph invaridonated by one or the other of the tetramers. That analysis
ants and previously used topological parameters, we nowevealed that the least stable cubes have, in exactly one di-
turn to least squares fitting of physical properties as derection, all four of the donated hydrogens coming from one
scribed in Eq.(4). The plots in Fig. 3 give the results of of the tetramers, and that the most stable cubes have, in all
fitting the energy and squared dipole momentt#$O)gto a  three directions, two hydrogens donated by each tetramer,
linear combination of the leading order graph invariants, theand that the remaining cubes have, in 1, 2, or 3 directions, 3
second order invariants. We treated the dipole moment tbydrogens donated by one tetramer and 1 by the other. This
illustrate that scalar properties besides the energy could be fitumber is listed as property in Table | of Ref.[14].
with graph invariants. The choice of fitting the squared di- The order was further resolved by counting, whetook
pole moment is based on a bond dipole model: If the totathe value of either 2 or 4, the number of directions in which
dipole moment can be written as a sum of dipoles whosehe pairs of donated hydrogens coming from a particular tet-
direction is controlled by the bond variabldég, then the ramer were on adjaceicross an edgeor diagonal(across
squared dipole moment is a symmetry-invariant that is quaa face water molecules. It was found that the more stable
dratic in the bond variables, i.e., a second-order invariantstructures exhibited more occurrences of the diagonal con-
The fit given in Fig. 3 confirms thdfl) physical properties of figuration. This is propert of Table | of Ref[14]. WhenA
cubic (H,0)g can indeed be correlated with the H-bond to-took a value of 3, the group of octamers with intermediate
pology, and(2) that a linear combination of the second order stability, the number of directions in which three of the hy-
invariants compactly describes the link to H-bond topology.drogens were donated by one tetramer was reported as prop-
Energy and squared dipole moment from PM3] and  erty B in Table | of Ref.[14]. From this, it was found that, of
MP2[39-43 level calculations of the 14 octamers are com-this middle group, the most stable structures had this prop-
pared with a linear fit to the 4 linearly independent seconcerty in only 1 direction while the least stable structure had
order invariants, one of which is an overall constant. Itthis property in all 3 directions.
should be noted that Fig. 3 represents the lowest level invari- Although Belair and Francisco did not attempt a linear fit,
ant description, in that we are taking the lowest order nonFig. 4 shows that a fit with 4 parameters, the topological
zero invariants(the second order invarianfsand using a propertiesD, A, B described in their work plus a constant,
linear fit. In other situations, description of physical proper-does yield a reasonably good description of the dependence
ties might require higher order invariants or might depend orof energy on H-bond topology. Propeiy (dimers is a sec-
invariants in a nonlinear fashion. In view of the success ofond order invariant, while propertigsandB are not second
the linear fits in Fig. 3, we did not seek to improve the order invariants and must be higher order invariants. Com-
description beyond the simplest level. The fitting coefficientsparing with Fig. 3, the accuracy is close to second order
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TABLE II. Coefficients obtained by fitting energy and squared dipole moment of oij©)g and
OH-(H,0); isomers to a linear combination of graph invariants. Invaridnts |, g andl, 3 are used in the
fit of both (H,O)g and OH (H,0); isomers. Comparison is made between the fitting coefficients for these
three invariants when just the 1#,0)g isomers are fit, versus fitting across the entire setHb)g and
OH-(H,0); isomers. The last five invariants are only used in the fit of ®HO); properties. Invariank; 3
is a constant for all théH,0)g isomers, but does change value for the @#,0); topologies. Therefore,
even thougHh 3 only involves H bonds of water molecules, it only appears in the simultaneous(Fit,0f) g
and OH (H,0); properties. When properties of OHH,0), calculated at the MP2 level are fit, the two
isomers shown in Fig. 6 are not included because their H-bond topology differs from the rest of the clusters.

Energy(a.u) Squared dipole moment
(D?)

Invariant parameter PM3 MP2 PM3 MP2
147 [(H20)g only] 0.00332 0.00599 57.7 97.4
l47[(H20)g and OH (H,0)/] 0.00314 0.00671 51.3 87.7
l1.9[(H20)g only] —-0.00986 -0.0143 -1.64 -0.230
l19[(H20)g and OH (H,0)/] —-0.00993 -0.0150 -9.61 -18.9
1,3 [(H20)g only] 0.0160 0.0260 117 191
I3 [(H20)g and OH (H,0)/] 0.0157 0.0283 113 191
(H,0)g and OH (H,0)

l13 0.0205 -0.00710 155 227
l12c1 0.00437 0.0105 131 212
l10c1 -0.0225 -0.0208 -35.1 -76.4
l4c1 0.0314 0.0431 295 492
I3¢1 0.0173 0.00903 207 366

invariants. The number of fitting parameters is 4 in bothOH-(H,0); cubes were produced using automated graph
cases. While the parameters for Fig. 4 were chosen iadan theory techniques as described previougl,24,48. We
hocfashion, the invariants used in Fig. 3 are generated by also found that the same structures can be ascertained in

systematic procedure. another way: Each configuration of the cubic water octamer
contains 16 hydrogens but only 12 hydrogen bonds; this

IV. OH- (H20)7 leaves 4 dangling hydrogens on each cube. Therefore, there

A. Unique configurations of cubic OH(H,0)-, are a total of 56 dangling hydrogens among the 14 cubes

Oriented graphs, which can be used to generate startinWhICh could be removed to generate QH,0); from

structures for quantum chemistry optimizations, for theg_bo)s’ only 39 of Wh".:h are symmetry-unlque. Pictures Of.
each structure are available in on-line supplementary materi-

02— T T T als[45]. For example, removal of any of the four dangling
hydrogens from théH,0)g cubes ofD,q, S,, or C4, symme-

B try produces symmetry-equivalent OfH,O); structures.
This is illustrated for thé,4 isomer in Fig. 1. Each dangling
- . hydrogen removed frorfH,0)g of C; symmetry generates a
distinct OH{H,0); isomer. This is illustrated for th€,,
isomer in Fig. 5.

The C; and C, (H,0)g structures each give rise to two
0.005 - - distinct OH {H,0), isomers, while theC, isomer generates
three OH(H,0), isomers. In the following discussion, we
will identify the OH-(H,0); using a notation based on the

0.015

2nd order invariant fit

0f - (H,0)g isomer from which they were generated by removal
P 1 | 1 | 1 | 1 H H H H
0 0005 001 0015 0.02 of a hyqlrogen. TthZO)s isomers are .|nd|cated by their
energy (a.n.) names introduced in the previous section. We refer to the

FIG. 4. Fit of the MP2 energies of the 14 octamers using topo-OH "(H20)7 structures with the symboISOH(R) whereP is
logical propertieD, A, andB from Ref.[14]. The filled triangles the name of the parent structure aRdis a number that
are fits using Belair and Francisco’s topological properiess,  distinguishes OHH,0); structures generated from the same
and B. The open circles describe the fit using second ordeH,O)g isomer. The enumeration problem for OHi»0) is
invariants. equivalent to that for HF complexed with seven waters in a
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@ oo Cfi‘*,m@
% —

FIG. 5. The parentH,0)g isomer ofC; sym-
metry (designated asC; in our notation is
shown in the center of the figure. Removal of
each of the 4 dangling hydrogens produces a dis-
tinct OH -(H,0), isomer.

cubic structure, previously considered by Kuo and Klein,ters produced by disruption of a dimer unit are indicated with
who found 39 symmetry-distinct structures of #;0);  open squares. They are almost uniformly higher in energy
[49]. than the other OHH,0), clusters(filled squareg

Quantum chemistry optimizations were performed on all These features strongly suggest that the structural proper-
OH-(H,0); structures as described above for the pureies responsible for the stability of the OfH,0); structures
(H,0)g clusters, and are tabulated in the on-line supplemenare the same properties discussed in Sec. Il that are respon-
tary materialgd45]. Each structure resulting from the initial sible for the stabilities of théH,0)g parent structures. In
PM3 optimization was equivalent in hydrogen bonding to-terms of invariants, it suggests that there will be a high de-
pology to its corresponding starting structure. The same wagree of transferability between the parameters (fd50)g
true for MP2 level optimizations that were started from theand OH (H,0), an issue which is explored in the following
PM3 structures in all but two cases. Not surprisingly, thesesection.
two cases were the two highest enefélpO)g isomers. The
fate Of these C|USterS upon Optimization at the MP2 |eVe| iS B. Simultaneous graph invariant ana|ysis Of(HZO)8
shown in Fig. 6. We were unable to locate local minima with and OH-(H,0),
these topologies. Instead, these two structures optimized to a
different hydrogen bond topology than the other 37 opti-

mized OH (H,0); structures, and therefore were not in- ‘ _ 1
cluded in the graph invariant analysis. these 10 second order invariants are linearly dependent when

The relative energies of the fully optimized Of#,0),  €valuated over the 53H;0)g and OH (H;0); isomers.

structures are plotted in Fig. 2 along with the relative ener-
gies of the correspondingdd,0)g structures. The zero of en-

ergy for these two sets of data are taken to be the energies o

DS and Dy, respectively. From this plotted data, it can be

seen that, in general, the relative energies of the (GED);, 04(0) Cf(f)
structures follow fairly closely to the relative energies of

their (H,0)g parents(except for the two structures shown in

Fig. 6). More precisely, the energy difference between a

given radical structure anﬁgdH is similar to the energy dif-

ference between the parent of that radical structurezpd

For example, the energy difference betwd2sy and C, is

3.7 kcal/mol, whereas the difference betwedgl’ and the C

two radical structures formed froi@,, namely,CS"™ and 4(b) (COH
C"@ are 4.0 and 3.2 kcal/mol, respectively. This trend is 4i@)
preserved for nearly all of the other structures. The stability

of dimer arrangements within thé,0)g is reflected in the

relative stability of the OH(H,0); clusters derived from the FIG. 6. The two highest energy,0)s isomers,Cy(s andCyp,)
same (H,0)g parent. When removal of a hydrogen from (shown on the left broke their starting H-bond topology upon op-
(H,0)g disrupts a dimer, the resulting OHH,0); cluster is  timization at the MP2 level. The displacement of hydrogen atoms in
less stable than when the hydrogen is removed from anothetie OH (H,0); structures from the positions that would have main-
part of the cluster. In Fig. 2 the energies of GH,0), clus-  tained the topology is indicated with arrows on the right.

The 10 second order graph invariants needed to describe
(H,0)g and OH (H,0); are given in Eqs(5)—(14). None of

-/
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FIG. 7. Comparison of semiempirical PM8pen circlesandab E 0956 _ L 1
initio MP2 result(filled circleg with fits to second order invariants & o 178 .
for cubic (H,0)g and OH (H,0);. Energy is shown on the left and g " 2 ] | i
squared dipole moment on the right. The energy of the most stableg0952 | i
(H,0)g octamer is chosen as the zero of energy. The two isomersg ’
that are unstable as cubes at the MP2 level are excluded from thos - 8 . [ i

; . . P N B

X . . | |
flts and are not shown in these plots. Those structures are include 0952 0.056 % 17 18,
in the PM3 data. OH radical bond length (&) H - - O hydrogen bond length (A)

. FIG. 8. Comparison of bond lengths associated with the OH
However, |, ., evaluates to the zero vector because physi-

I OH f t d hvd | radical d " radical with second order graph invariant fits. Filled circles are MP2
cally an rom a water and hydroxyl radical do Not 0C- g5 \while open circles are from PM3 calculations. The graphs in

cupy the same H-bond simultaneously. As a result, there arge |eft-hand column depict the bond length of the OH radical,
9 independent second order invariant parameters available {gjje the graphs in the right-hand column show the distance from
describe the 58H,0)g and OH (H,0); isomers. The quality the hydrogen of the OH radical to the oxygen of the water molecule
of the second order invariant fit to all the cubic structures iso which it is hydrogen bonded.

depicted in Fig. 7.

The energy and ;qugred dipole m(.)me.nt of b6#H0)g by the local geometry surrounding the hydrok§l. Despite
and OH (H,0) are fit simultaneously in Fig. 7. The trans- ¢ aqditional complexities of the situation, we find that the
ferability of invariant parameters is confirmed by the COM-gnergetics and structure of O#H,0), clusters is well cap-
parison.in Table Il for the fitting coefficignts for the 14 g by simple features of the local H-bond topology. This
(H,0)g isomers versus those for the 53 isomers for bothg reflected in the fact that the energy of GH,O); isomers
(H20)g and OH (HZO_)T ) _ relative to their(H,0)g parent correlates with the number of

We have emphasized that graph invariants are capable fimer ynits(a double-acceptor donating to a double-dgnor
describing how any scalar physical property depends ORyqken upon removal of a dangling hydrogen in the parent to
H-bond topology. An additional example of this capability IS ¢ the OH (H,0), structure. These findings are consistent
the dependence of bond lengths. In Fig. 8, two types of bon ith recent work by Belairet al. on interactions between
lengths associated with the OH radical are fit with secon 0, and water[50]. They find that the H-bond topology

?trotlertrl]nvgrlants. glrsta th? bon_d I?n?r:htof th? rad|::a! |'gself Isimmediately surrounding the radical species determines the
it to the 8 second order invariants that are linearly indepenc, i.ai.water binding mechanism.

dent over the 39 OHH,0); isomers. In addition, the length As shown in Fig. 2, the correlation of O¥H,0), with

of the H-bond connecting the OH radical to the oxygen Qf @dimer units broken is rather strong, but the trend is not per-

water molecule is correlated with H-bond topology Usinggect and there are clearly other factors at work. The graph

invariants. Th? OH -O hydrogen bpnd Igngth actually O™ invariant formalism[{24] provides a route to a more quanti-

relates best \_Nlth the second ord_er invariants. The OH _rad|c_q tive relationship between local H-bond topology and physi-

bond length IS not as \.Ne." described by second orde_r INvariz g properties. We have found that the lowest level graph

ants, suggesting tha.t Itis contrqlled by many-body INteracs ariants provide an excellent description of scalar physical

tions _an_d requires higher order invariants for a quam'tat'veproperties of cubi¢H,0)s and OH (H,0)-. It is encourag-

description. ing that there is a high degree of transferability between
shared parameters fdiH,0)g and OH (H,0),, indicating

V. CONCLUSIONS tha_lt topolo_gical features of the H-bond ne_tworl_< may provide
guidance in more complex and challenging situations, such
Incorporation of a hydroxyl radical in an aqueous systemas larger clusters, or the surface or interior of ice.

opens new theoretical issues compared to pure water net-

works. OH binds more strongly to a water molecule as a

hydrogen bond dondi6] than as a hydrogen bond acceptor ACKNOWLEDGMENT

[4]. Unlike the case of pure water, implicit in all the

OH-(H,0); structures we have calculated is the accommo- S.J.S. gratefully acknowledges the support of NSF Grant

dation of a half-filled orbital whose orientation is determinedNo. CHE-0109243.
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