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A recent high-level ab initio studyd( Phys. Chem. 2002 106, 567) analyzed the formation of cooperative

mH- and oH-bonding motifs in MP2/6-311+G(2d,2p)-optimized complexes of either one or two water
molecules with ethene, propene, or allyl alcohol. The present study explores energetics and electron density
redistributions associated with hydrogen bonding interactions in these clusters. Despite a substantial correlation
component in the binding energy, the nonadditive three-body term, a descriptor of cooperative effects, is
completely accounted for at the Hartrefleock level. Natural bond orbital analysis attributes this cooperativity

to the nonadditive character of charge-transfer interactions among local bond orbitals. Topological analysis
of the electron density performed using Bader’s theory of atoms in molecules confirms the closed shell,
hydrogen-bonding nature of OHx interactions and indicates their additional floppiness compared to
conventional hydrogen bonds. The extension of these calculations to larger molecular systems validates the
formation of a cooperative network ofH and oH bonds between the interfacial region of ceramide and
water molecules. The OHx bond serves to tether a water molecule to the trans double bond of the
sphingolipid, extending the hydrophilicity of the interfacial region. This may contribute to the differences in
biological activity between ceramide and its saturated counterpart, dihydroceramide.

1. Introduction and OH--O interactions in clusters of water oligomers with
systems was also notéd®

The focus of our previous theoretical stdyas an assess-
ment of the cooperative enhancement of both-@# and
OH---O interactions in the presence of a second water molecule
and the alcohol functionality next to the double bomdH-
bonded complexes of water (W) or the water dimer)With
ethene (Eth), propene (Prop), or allyl alcohol (AOH) were
studied in terms of local bond orbital interactidhghis study
explores further the energetics and electron density redistribu-
tions associated with cooperativéd and oH bonds in these
complexes and describes the contribution of bathand zH
bonds to the conformational preferences of sphingolipids. The
energetic analysis allows us to estimate the nonadditivity of
intermolecular interactions, whereas the topological analysis of
the electron density gives deeper insight into the properties of
OH:--r and OH--O interactions.

The presence of weak, bonding interactions involving unsat-
urated aliphatic and aromatic systems as proton acceptors,
denotedzH bonds, has been demonstrated experimentally in
gas and liquid phases as well as in crystal structur€se
difference between these interactions and conventional H bond
(denoted here agH bonds) is a matter of strength and
symmetry, not kind. It was recently shown that batH and
oH bonds can participate as full members in the formation of
cooperative H-bonding networks.

Relevant to our research is the analysigbfandszzH bonds
that could stabilize the structural motifs adopted by the
interfacial region of hydrated ceramides (Cers). NMR studies
showed two tightly bound water molecules, one of which is
likely to be tethered by the OHu interaction to the trans
double bond between carbons 4 and 5 of the sphingoid base.
Water molecules are not able to remain in the vicinity of carbons
4 and 5 in the saturated Cer analogue, dihydroceramide
(DHCer), because this interaction is eliminafddterestingly, 2. Computational Methods
Cer has been identified as a second messenger in a variety of
signaling pathways that mediate cell growth and differentiation, ~ Optimized geometries for all complexes and isolated mono-
cell cycle arrest, and apoptodisyhereas DHCer is inactive in ~ Mers were obtained by ab initio Mer—Plesset second-order
these processésThe proposed variations in H-bonding interac-  Perturbation theory (MP2) calculations with the frozen core (FC)
tions exhibited by the two lipids could account for their different approximation using the Gaussian 98 electronic structure
biochemical behavior. packagé?* The 6-31G(d,p) split-valence doublé-basis set

Intra- and intermolecular O+ bonding interactions have ~ With polarization functions on all atoms and diffuse orbitals on
been already studied theoretically by a variety of methods heavy atoms was employed for ceramide and dihydroceramide
ranging from early semiempirical calculations to more recent models (CerM and DHCerM) and theaCerM complex. For
high level ab initio optimizations using extended basis sets and the other smaller complexes and isolated monomers, the split-
electron correlatioRS13 The flatness of the potential energy ~Vvalence, triples 6-311++G(2d,2p) basis set with a double set
surface in these clusters and the role of the dispersion forces in°f diffuse and polarization functions on all atoms was used.
the binding were emphasized. Strengthening of both-©H The rationale for using this basis set and level of theory was

given in our previous papér.The smaller basis set was

* To whom correspondence should be addressed. Phefie502-852- employed for larger molecules as a reasonable compromise
5976. Fax: +1-502-852-8149. E-mail: d.dupre@Iouisville.edu. between quality and feasibility of such calculations. This choice
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is justified by comparable results obtained at both computational ~ Morphy9&% and AIM200G7 programs were used for the AlM
levels for the W---AOH complex. All optimized geometries  analysis of the electron density from MP2(Full)/6-31tG-
were identified as local minima by the absence of imaginary (2d,2p) calculations employing Cartesian-type d and f functions
normal-mode frequencies. in the basis set, as well as densitycurrent and SCF tight

The supermo]ecu|e approach was used to Study energetiCSGaUSSian keyWOde. AIM partitions a molecular SyStem into its
of H-bonding interactions in these complexes. Interaction or atomic fragments separated by interatomic surfaces (IAS) of
binding energies (BE), defined as the difference between energyzero-flux in the gradient vector field (GVF) of the electron
of the complex and that of the isolated monomers (in fully density p.?2 The integration over resultant atomic basins (of
relaxed geometries), were calculated at both HartFeeek (HF) volume denoted b{R) provides values of various properties of
and MP2(FC) levels. The correlation energy is defined as the individual atoms. The atomic chargg2), total energy of the
difference between MP2 and HF binding energies. In a few atom, E(Q), atomic volume,»(€2), and dipolar polarization,
cases, BEs were calculated at the coupled cluster level with#(€2), are among the parameters most relevant to the current
single, double, and noniterative triple excitations, CCSDB{T).  study. Atomic integrations are very computationally expensive,
Basis set superposition error (BSSE) was corrected a posteorspecially at the MP2 levéf. Therefore, all atoms were
by the counterpoise (CP) method of Boys and Bernkrdi. integrated only in W, W---Eth, W,-+-Eth, W,:-+AOH clusters,
Because of possible overestimation of this correction for and corresponding monomers. Only atomic integration of
correlated method, values of BSSE are reported here also. hydrogen atoms involved in H bonding was performed in other
The zero-point vibrational energy (ZPVE) difference between complexes. The accuracy of integration was assessed by the
a complex and its isolated monomers was also taken into Magnitude of a function of the Laplacian of the charge density
account. CP corrected enthalpy changes for cluster formation,L(€2) defined as-(1/4)/oV?p dr, which should be zero for the
AHcp, at 298 K were also calculated. perfect integratiof? _ _

For anyn-fragment system, the BE can be partitioned into | "€ topological analysis of the electron density can be
one-, two-, ...n-body terms® The sum of one-body terms is accomph.shed by flndlng critical points whewp, the gradllent
the total distortion (or relaxation) energfds), which is a of p, va.nlshes..The existence, nature, and strength of intermo-
quantitative measure of the strain that results from the distortion !€CUlar interactions can be assessed by the analysis of the bond
of the monomer geometry upon the formation of the molecular ¢'itical points (BCP) formed between two interacting atGfhs.
cluster!8 The additive part of the BEAE2, is the pairwise sum A P&ir of unique gradient paths, originating at the BCP and
of the two-body terms. For trimers, the nonadditive contribution t€rminating at neighboring nuclei, defines a bond path. A
to the BE is represented by the three-body teE3", which molecular graph (MG) is a network of bond paths. For cypl_lc
thus can be used as a measure of cooperative effects. and cage-type structures, ring (RCP) and cage (CCP) critical

Natural bond orbital (NBO) theory is useful in understanding points are formed, guaranteeing consistent topofSg¥he

mol lar complex formation from th int of view of local Laplacian ofp, V?p, is defined as a sum of eigenvalués, ¢,
olecular compiex formation 1ro € pont ot view ot focal = g Az) of the Hessian matrix of the electron density. The
orbital interactions. The analysis transforms canonical multi-

. ) topology of V2o reveals regions of local charge concentration
center molecular orbitals into an orthonormal set of one- and pology p 9 g

two-center localized orbitals (NBOs) analogous to traditional and depletion and .thus can be used to further pharactgnze H
. ) . ) bonds??:38 All quantities derived from AIM analysis are given
Lewis-type core, bondings(andr) and lone pair (n) orbitals, in atomic units (au)
as well as sparsely occupied antibonding @nd =*) and '
Rydberg orbitald? In this approach, H-bond formation can be
viewed as a result of charge transfer from lone pair or bonding
orbitals of the acceptor into antibonding orbitals of the H-bond  The possibility of OH:-z bond formation in the complex
donor. The energetic stabilization due to CT interactions was formed between the water dimer and a model molecule that
estimated here by second-order perturbation analysis and issimulates the Cer interface will be discussed first. Energetic
denoted aE@.2® In the framework of NBO theory, atomic  and topological analyses of smalleH-bonded clusters per-
charges are determined by natural population analysis (NPA). formed at a higher computational level then will be presented.
Natural steric analysis (NSA) provides a numerical estimate of 3 A. #H Bonding in the Interfacial Region of Ceramide.
steric exchange repulsioAsThese calculations were performed (2S 3R 4E)-2-(N-Formylamino)-4-pentene-1,3-diol (denoted CerM)
using the Gaussian 98 implementation of the NBO 4.0 program  is the smallest molecule that contains all functionalities present
with the B3LYP hybrid functional and the same basis set as in the interfacial region of Cer. Its analogue, lacking the
was used for MP2 geometry optimization. C4=C5 double bond, is denoted DHCerM. To our knowledge,
A more thorough topological analysis of the electron density these are the largest ab initio optimized models of the Cer
was performed using Bader’'s theory of atoms in molecules interface yet reported. The optimized complex of CerM with
(AIM). 22 AIM analysis has been applied to study properties of the water dimer, \W--CerM, is shown in Figure 1. For isolated
a variety of H-bonded systems exhibiting both conventional and monomers, the starting orientations of ©011-C2—C3 and
nonconventional H bond&.1n particular, the topology of the =~ C1—C2—C3—C4 dihedral angles«)syn-clinal in both cases,
electron density was analyzed in complexes mofsystems represent the most populated staggered Cer and DHCer rotamers
(ethene, acetylene, benzene, and more complex ones) withinferred from NMR spectroscopic observaticior CerM, the
water?4 hydrogen fluoride, and hydrogen chloritfe?” as well orientation of 02-C3—C4—C5 and H-0O2—C3—C4 dihedrals,
as some €&H donors (methane, chloroform, HCR)28 The (+)anti-clinal and {)syn-clinal, respectively, were chosen to
cooperative enhancement of inter- and intramolecular H-bonding be the same as for the most stable conformer of allyl alc&hol.
interactions in a variety of molecular clusters has been describedThe most important geometric parameters for CerM, DHCerM,
using the AIM approach?-34 The combination AIM and NBO  and the W---CerM complex are given in Table S1 of the
methodologies used in this work was also proven to be useful Supporting Information.
in the recent analysis of GHO hydrogen bonding interactions Two intramolecular H bonds, NH:--:O1 and O+H---02,
by Sosa et at® are formed in these conformations of both CerM and DHCerM.

3. Results and Discussion



CooperativeoH- andrH-bonding Interactions J. Phys. Chem. A, Vol. 106, No. 44, 20020693

TABLE 1: Binding Energies?

o 0. J"""-... X AE;, %correl. BSSE Egst AZPVE AEy;  AHgp
XeeeW— X +W

o ethylene —2.27  71.0 0.57 0.01 127 —-1.00 —0.90

el propene —2.93 75.4 0.80 0.03 130 —1.63 —1.58

¥ allylOH —5.46 56.8 135 0.26 1.98 —3.48 —3.88

X water —4.45 28.4 091 0.04 221 —224 —-2.76
@’J X"'Wz—> X+ Wzb

ethylene —3.80 72.1 0.86 0.25 146 —-2.34 —2.37

J propene —4.54 73.4 1.13 0.25 141 —-3.13 —-3.12

allylOH —-7.77  55.0 190 135 2.06 —5.71 —6.15

water —9.46  35.2 167 112 3.32 —6.13 —7.42

a All energies are in kcal/mol. W is the water moleculdE;, is the
counterpoise corrected binding energy. BSSE is basis set superposition
error. Percentage of correlation energy, % correl., is determined from
the difference between MP2 and HF binding energies (not corrected
for BSSE).Egist is the total distortion energ\AZPVE is the zero-point
vibrational energy differencAE, is AEc, corrected for ZPVEAH,
is the counterpoise corrected enthalpy change for complex formation
at 298 K.P The water dimer (W) is considered as a single unit.

Figure 1. Minimum energy structure for the complex of the water
dimer with (25 3R 4E)-2-(N-formylamino)-4-pentene-1,3-diol used as
a model for the interfacial region of ceramide. Both intra- and
intermolecular H bonds are indicated by dotted lines, which are thinner
for intramolecular interactions. Notice that one of the water molecules
is tethered by the C4C5 double bond through OHx bonding.
of water from this region. Such conformational differences may

For the stronger O1H---O2 interaction, values far(H---02) contribute to the different signaling behavior of Cer and DHCer.
and0(O1—H---02) are comparable for CerM (1.998 A, 139.5 3.B.H Bonding in Smaller Model SystemsEnergetic and
and DHCerM (1.995 A, 131%. These results are not consistent  topological analyses of H-bonding interactions were performed
with the strengthening of the intramolecular H-bonding of at a higher computational level for the smaller systems used in
ceramide due to allylic resonance stabilization, which has also our previous stud$,i.e., complexes of water (W) and the water
been proposéfl as a possible mechanism for differences in dimer (W) with ethene (Eth), propene (Prop), and allyl alcohol
biochemical behavior of Cer relative to DHCer. (AOH). The cyclic water trimer (\) was used to compare the

The Ws:--CerM complex was optimized from the initial  cooperative effects in thaH-bonded complexes with those
arrangement with one water molecule (w1) placed in the vicinity where onlyoH bonds are formed. The global minimum structure
of the double bond and the other one (w2) H-bonded to both for the W, cluster found in previous stud#s''was used as an
w1l and the allylic alcohol functionality (see Figure 1). This is initial geometry for our optimization. In this cluster, each water
just one of many possible arrangements for bound water in the molecule acts as a single proton donor and acceptor with two
interfacial region of Cer. The proposed configuration is, nonbonded H atoms lying above and one below the plane of
however, plausible because the optimized geometry of this oxygen atoms. All complexes used in this study are shown in
complex is a local minimum, and the ZPVE corrected binding Figure S2, and the most important geometric parameters are
energy of the water dimer to CerM in this complexa.06 kcal/ given in Table S2 of the Supporting Information. The energetic
mol) is comparable to that in the water trimer&.38 kcal/ analysis of binding in these complexes, with emphasis on the
mol). An OH---r and two OH--O intermolecular H bonds occur  cooperative effects, will be discussed first.
in the Ws+--CerM cluster. TherH-bond distance (from the 3.B.1. Energetic Analysi8inding energies for dissociation
bound H atom to the center of mass of the double bond) in this of water from W--Eth, W---Prop, and W--AOH dimers and

complex (2.393 A) is smaller than that in-WEth (2.434 A)
and comparable to that in Y-AOH (2.390 A) optimized at
the same computational level. The Okt interaction in the
W,:--CerM cluster exhibits characteristic properties of H
bonds: lengthening of the-€H bond by 0.007 A and the red
shift in the symmetric and asymmetric stretching frequencies
by 82 and 55 cml, respectively, for therH-bound water
molecule relative to the isolated one. The intermolecular-Gh

dissociation of the water dimer from M-Eth, W,:--Prop,
W,---AOH, and W trimers are presented in Table 1,V all
trimers was treated as a single unit. Electron correlation
comprises a substantial fraction of the uncorrected MP2 BE for
all 7H-bonded complexes but is much smaller for water clusters
(see Table 1). The greater significance of dispersion forces
(described only at correlated levels) upoH-bond formation
compared to that fooH bonds was also emphasized in recent

interaction between the two water molecules is enhanced with studies on W:-Eth and W:--Eth complexes using symmetry
respect to the isolated water dimer as evidenced by the decreasadapted perturbation theory (SAPT)Binding energies (in

in r(H--+0) by 0.115 A. Both intramolecular H bonds are
strengthened in the W-CerM complex with respect to CerM
itself. For instance, the ++O2 distance is decreased by 0.052
A, the corresponding(O1—H---02) is increased by 3°0the
O—H bond is lengthened by 0.002 A, an(OH) is red-shifted
by 39 cnrl.

Our calculations thus confirm the possibility for the formation
of a cooperative network afH and:zzH bonds in the interfacial
region of Cer. The presence of water molecules in the vicinity
of C4=C5 of Cer results in the extension of its interfacial region

absolute value) increase upon the addition of a second water
molecule and/or alcohol functionality (see Table 1). This
increase may be traced to the presence of new intermolecular
interactions as well as strengthening of existinlg and oH
bonding. For the W--AOH complex, the CP corrected enthalpy
change at 298 K is comparable to that for the water trimer (see
Table 1) and is much larger thdd. This confirms that the
proposed arrangement is inherently stable at ambient temper-
ature.

Energies for the dissociation of M-Eth, W,---Prop,

as compared to that of DHCer. This arrangement is certainly W»+--AOH, and W trimers into isolated monomers along with
not static, as water molecules are able to move in and out of their decomposition into-body terms are given in Table 2.

the vicinity of the double bond. Saturation of the=€25 double

For all of these clusters, there is a substantial difference in total

bond results in the breakdown of such a network and removal binding energies calculated at MP2 and HF levels. The
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TABLE 2: Decomposition of Binding Energies for X-+-W, a b
Trimers?2
Wy--Eth  Wa--Prop  We+AOH Wi
AEg, MP2 —8.25 —8.94 —12.09 —13.95 Q
HF —4.56 —4.64 —7.18 —10.09
BSSE MP2 1.77 2.09 2.93 2.54
HF 0.58 0.71 1.01 0.96
Eqist MP2 0.12 0.15 1.18 0.37
HF 0.57 0.67 1.34 1.05
AE?® MP2 —7.59 —8.15 —11.46 —12.01
HF —4.28 —4.29 —6.69 —8.83
AESP MP2 —0.78 —0.95 —-1.81 —2.32
HF —0.85 —-1.01 —1.83 —2.31

a All energies are in kcal/mol. W is water, Eth is ethene, Prop is
propene, and AOH is allyl alcohohE, is the counterpoise corrected
binding energy. BSSE is basis set superposition eEgy.is the total
distortion energy (one-body term)\E?* and AE® are two- and three-
body terms ofAE, respectively.

decomposition of binding energies reveals that the effect of
electron correlation is largely concentrated in the additive tWo- kjgyre 2. Contour plots of the overlap of preorthogonalized natural
body component (see Table 2). The nonadditive three-body termpond orbitals (pre-NBOs): oxygen p-type lone pa{Q) (a) andz-type

is always negative and comprises 98.6% of the CP bonding orbitalz(C=C) (b) with OH antibonding orbitals*(OH) in
corrected binding energies at MP2 and 1826.5% ofAE, at the complex of ethylene with the water dimer. B3LYP/6-3HG-

the HF level. The substantial fraction of théE3 component _(2d',2p)//MP2(F_C)/6-311+G(2d,2p) calculations. Nuclear positions are
of BE is in line with cooperative strengthening of H-bonding indicated by C|rcl_ed crosses. The outermost contours are at 0.032 au
. - . . . and the contour interval is 0.05 au.

interactions in these complexes, revealed in the analysis of

structural and vibrational parameters in our previous péper.

Contrary to the total binding energy or its two-body component, enhanced in complexes afsystems with the water dimer. For
values ofAE® are similar at both HF and MP2 levels (see Table instance, pairwise steric exchange energies (provided by NSA)
2). Three-body terms calculated at the CCSD(T) level with the for interactions betweent(C=C) or n(O) orbitals with
same basis set for ¥-Eth and W clusters (-0.74 and—2.28 o(O—H) are increased in the W-Eth cluster by 0.80 and 0.69
kcal/mol, respectively) are also similar to Hartre€ock esti- kcal/mol, respectively, relative to corresponding values for
mates (see Table 2). Therefore, the match is not due to anw---Eth (2.94 kcal/mol) and the water dimer (6.88 kcal/mol).
inadequate treatment of electron correlation at the MP2 level.  The spatial overlap of interacting{C=C) ando*(O—H) as

The similarity between MP2 and HF three-body terms was also well as (O) and ¢*(O—H) preorthogonalized NBOs in the
found in the analysis of binding energies for other H-bonded \W,:--Eth complex is shown in Figure 2. The @Hr interaction
clusters including water trimefé:*3These findings are supported  is associated with weaker and more diffuse orbital overlap. The
by the negligible contribution of three-body dispersion and value of the overlap integraé(r,0*) = 0.167 is also smaller
dispersion-induction energies to the BE in small water clusters thanS(n,o*) = 0.250 for OH--O bonding in this cluster. Thus,

found in the recent SAPT analysis by Milet et*al. 7H bonding is expected to be less sensitive to the motion of
3.B.2. Natural Bond Orbital Analysis of DoneAcceptor the bound water molecule in the planesobond. This makes
Interactions.The origin of the cooperative enhancementrbf structural motifs involving Ok -7 interactions more flexible,
and oH bonding can be further explored by NBO analysis. which may also account for the preponderance of such contacts
Whereas aH-bonding interaction, such as G+, is viewed in crystal structures.
by NBO theory as a consequence of n(@p*(O—H) electron 3.B.3. Topological Analysis of Electron Densitthe theory
delocalization, the formation of thveH bond can be considered  of AIM is another useful tool which can be used to characterize
to be a result of CT from the-bonding orbital of the &C bonding in molecules and molecular clusters. Interatomic
double bond;z(C=C), into the antibonding*(O—H) orbital interaction manifests itself by the presence of a bond path and
of the water molecule, i.ez(C=C) — 0*(O—H). oH andzH corresponding bond critical point between respective atoms in

interactions are thus qualitatively the same, differing only in the equilibrium molecular geomet?y.Properties of the H-x
the symmetry of the electron donor orbital and the degree of BCPs for all of the smallerH-bonded complexes of this study
its overlap with the antibonding orbital of the proton donor.  are given in Table 3. The +tx bond path of the W-Eth
NBO analysis of stabilizing CT interactions discussed in our complex, shown in Figure 3a, terminates at the BCP of #+€C
previous papéris complemented here by the examination of bond rather than a nuclear attractor. This signifies a structural
unfavorable steric exchange interactions. Besides additionalinstability of the form of a conflict catastropR&Such topologi-
energetic stabilization (discussed above), the mutual strengthen-cal instabilities were observed in previous studies for complexes
ing of both OH--;r and OH--O interactions in trimers manifests  of hydrogen halides with ethylene and acetylene and were
itself in the decrease of corresponding H-bonding distaneed H  related to the flatness of the potential energy surfageAny
(wherell is the center of mass of the double bond) and-@ small displacement of the nuclei, or a reduction in symmetry,
(see Tables 3 and 4). This can be viewed as a consequence oivill result in an abrupt structural change in the topologypof
the intermolecular CT enhancement, which overcomes unfavor-In our models, therefore, the presence of a second water
able exchange repulsion interactions between monorié¥s. molecule, a methyl group substituent, and/or alcohol functional-
estimates for both n(O)> 0*(O—H) andx(C=C) — ¢*(O—H) ity switches the H-7 bond path towards one of the carbon
intermolecular delocalizations clearly demonstrate such in- atoms of the double bond. Then, th&l bond path is highly
creases. Unfavorable steric exchange interactions are alsccurved in the vicinity of the €&C bond as seen in Figure 3c.
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TABLE 3: Geometric, Energetic, and Topological Parameters Associated with the OH-w Interaction?

W---Eth W-++Prop W--AOH Wo++-Eth W,+++Prop Ws-++AOH
r(Hyee-ll)P 2.395 2.343 2.417 2.341 2.272 2.313
O(O—Hx-++ll)° 167.4 159.7 136.6 156.2 167.1 167.0

7(C=C) — ¢*(O—H) Charge Transfér
E®@, kcal/mol 2.48 2.79 2.14 3.25 4.46 4.27
Properties of k-x BCP?

Pb 0.0119 0.0134 0.0122 0.0134 0.0160 0.0157
V2pp 0.033 0.038 0.035 0.037 0.041 0.041
€ 0.589 0.540 0.629 0.619 0.506 0.365
[A1l/A3 0.220 0.220 0.210 0.225 0.244 0.235
Hp(x 10°) 1.16 1.15 1.20 1.11 0.75 0.74
r(H.) 1.63 1.59 1.68 1.59 1.51 1.51
r (o) 2.90 2.84 2.89 2.84 2.79 2.88
Ar(H,) 0.59 0.64 0.62 0.65 0.72 0.71
Ar () 1.11 1.16 1.17 1.16 1.25 1.23

aW is water, Eth is ethene, Prop is propene, and AOH is allyl alcdHdistances are in A, and angles are in degrees.;iHéonded hydrogen
is denoted as HIl indicates the center of mass of the double bdrietom NBO analysis, B3LYP/6-31+G(2d,2p) calculations on MP2 optimized
structures (same basis séetfzrom AIM analysis, MP2(full)/6-31++G(2d,2p) calculations. BCP is a bond critical point. All AIM gquantities are
given in atomic unitspy, is the electron density at the BCF?p, and e are the Laplacian and ellipticity gfp. |11//43 is the ratio of the largest
negative and positive eigenvalues of the Hessiap af the BCP H, is the total energy density at the BOPand Ar are the bonded radius and

van der Waals penetration of the, ldr =z bond. All definitions are given in the text.

TABLE 4: Geometric, Energetic, and Topological
Parameters Associated with the OH:-O Interaction between
Two Water Molecules?

in values ofpp at corresponding BCPs upon addition of the
second water molecule and/or alcohol functionality (see Tables
3 and 4). This trend is consistent with the changes in structural

W, Wy--Eth Wee-Prop We---AOH ~ W3° parameters as well as cooperative strengthening of intermo-
r(Hy+-O) 1.958  1.929 1.910 1.847 1.915 lecular CT interactions revealed by NBO analysis (see above).
0(O—Hp--Op 171.7  162.0 168.0 163.6 1515 Values of the Laplacian of, V2pp, at corresponding BCPs

ny(0) — ¢*(O—H) Charge Transfér for both OH--r and OH--O interactions are small and positive
E®, kcal/mol ~ 7.07 7.86 8.77 11.43  8.30 (see Tables 3 and 4). This trend is typical for closed-shell

Properties of H-O BCH interactions accompanied by depletion of electron density

Pb 0.0231 0.0250  0.0261 0.0305 0.0264 between interacting nucléf.The values also lie within the range
Voo 0.082  0.088 0.090 0.102  0.092  typjcal for H bonds (0.020.14 au) The ratio of the largest
€ 0017 0.021 0.041 0016~ 0.013 negative and positive eigenvalues of the Hessiap, 0f1|/43,
[A1|/A3 0.213 0.217 0.223 0.232 0.217 . . - ! .
Ho(x 10%) 1.09 0.82 0.63 —020 054 is less than unity at botaH andzH bond critical points. This
r(Ho) 1.29 1.27 1.25 1.19 1.27 reflects the dominant contraction of the electron density toward
r(0) 241 2.38 2.36 231 2.36 the atomic basins found in closed-shell interacti&Ehe local
Ar(Hy) 0.93 0.96 0.98 1.05 1.00 statement of the virial theorem at the BCP (in ayy2o, =
Ar(0) 117 118 1.20 1.27 119 2G, + Vi, relates the Laplacian gf to the kinetic energy

aW is water, Eth is ethene, Prop is propene, AOH is allyl alcohol.
b Distances are in A, angles are in degrees. #Hebonded hydrogen
is denoted as K °From NBO analysis, B3LYP/6-31+G(2d,2p)
calculations® From AIM analysis, MP2(full)/6-31%++G(2d,2p) cal-
culations. The same notation as in Table 3 is us&esults for the
strongest OH-O interaction in the water trimer are presented only.
All definitions are given in the text.

Cyclic systems of bond paths are formed in all complexes of
systems with the water dimer as well as the thister, which
produces ring critical points with lower values of electron
density than any adjacent BCP (see Figure 3 parts b and c).

Figure 4 shows the projection of the-WEth molecular graph
to the plane of the double bond anti-bonded H atom, along
with the contour plot ofp and the gradient vector field. The
IAS passing through theH bond critical point is relatively
flat, which is typical for H-bonding interactiorf8.

Properties of thetH BCPs (see Table 3) place OHr
interactions within the spectrum of values proposed by Koch
and Popelier for H bonds with a range of strendthgalues of
p at these pointsyy, lie within 0.002-0.034 ad® and are about
one-half of the values op, at the BCPs of the O+-O
interaction between two water molecules (cf. data in Tables 3
and 4). Good correlation between valuepgand the strength
of corresponding intermolecular interactions for related series
of complexes has been foud#*>46The cooperative enhance-
ment of OH--;r and OH--O bonding is also seen in the increase

density,Gy, (necessarily positive), and the electronic potential
energy densityy, (always negative). For closed-shell interac-
tions, Gy is in local exces#? Thus, the values of the total energy
density, Hp, defined asvy, + G,,*” are positive at M-z and
most H--O BCPs as seen in the data of Tables 3 and 4. The
magnitude ofV, exceeds that o6y, but not Z5p, for stronger
OH:--O bonding in the W-+-AOH cluster, makindgH, negative

but keepingV?pp small and positive as for typical closed-shell
interactions.

The ellipticity of p at any BCPy, is defined asli/i; — 1
wherel; and 1, are two negative eigenvalueg, (< 1,) of the
Hessian ofo at the BCP. Values of provide a measure of the
extent to whichp is asymmetrically concentrated perpendicular
to the bond path, and thus can be used to determine the
directionality of interatomic interactiorf8. Low values ofe
characterize BCPs corresponding to ©B interactions (see
Table 4), indicating almost perfect cylindricalsymmetry. On
the other hand, relatively large values«ft the H--sr bond
critical points (see Table 3) imply greater concentratiorp of
along one eigenvector direction with respect to the other, similar
to that forsr bonds. Along with smaller absolute values/af
and/, (data not shown), the high ellipticity @fat H---;t BCPs
also indicates additional floppiness @H interactions relative
to oH ones. Large ellipticities ofp are also typical for
intermolecular BCPs in van der Waals compleX&sdicating
their similarity with zH bonds.
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Figure 3. Molecular graphs for someH-bonded complexes: waterethylene (a), water dimerethylene (b), and water dimerallyl alcohol (c).
Bond paths are denoted by pink cable like connections, nuclei are indicated by large spheres, and bond and ring critical points are denoted by red
and yellow small spheres, respectively.

TABLE 5: Integrated Atomic Properties of Hydrogen Atom
Participating in OH ---& or OH---O Interactions?

)  E©) wE€) v(Q) L(€)
0581 —0.370 0.169 223 —8.1x 107

w
OH-++7t (H2)

W--+Eth 0587 —0.361 0.162 19.7 -45x 105

W--Prop 0588 —0.359 0.161 19.0 —3.3x 10°°

W

W

W

«-AOH 0598 —0.353 0.163 198 —2.1x 108
»+Eth 0603 -0349 0.156 183  1.510°%
»-Prop 0605 -0347 0152 174 -35x10°
W,+AOH 0606 —0.346 0.152 175 —3.3x 108
OH+++O (Hy)
W, 0.622 -0.347 0133 148 -29x10°
WpEth 0628 —0.342 0131 143 -35x10°
Wy--Prop 0630 —0.340 0.129 13.9 —3.4x 105
W,+AOH 0645 —0.330 0122 128 —4.1x10°
Ws 0.640 —0.332 0128 140 —25x10°

aW is water, Eth is ethene, Prop is propene, and AOH is allyl
alcohol. All integrated properties are given in atomic unif) is
the atomic charge(Q2) is energy of the atomy(Q2) is atomic dipole
moment, and/(Q2) is atomic volumeL(Q) is defined in the text and
Figure 4. Contour plot of the electron density (solid thin lines) used as a measure of the integration accuracy.
superimposed with the gradient vector fieldeofdotted thin lines) for ] )
the complex of ethylene with water in the plane of the carbon atoms van der Waals radii? The total penetrationAr) is the sum of
and thesH-bonded hydrogen atom. Projections of bond paths and the penetrations for the H atom and the oxygenrdrond. Ar
interatomic surfaces onto this plane are also indicated by thick lines. is positive for both OH-O and OH--x interactions (see Tables
Bonq critical pojnts (BCP) are indica.ted by solid squares and nuclear 3 and 4). Penetration of the H atom upeH-bond formation
positions by solid or open circles for in-plane and out-of-plane nuclei, is, however, almost twice as small as that for ©8 bonding.
respectively. The outermost contourmfs at 0.001 au, and values of . . .
p increase as X 10", 4 x 10", and 8x 10" au wheren = —3, —2, ThIS.IS due to the “softness” of the electron cloud Qfmbond
etc. Lines of the gradient vector field are shown only for the atomic relative to that of the oxygen atom. At the same time, both the
basins of in-plane nuclei. The bond path connectirig-bonded m bond and the O atom are penetrated to almost equal extent
hydrogen atom to the BCP of the=€C bond signifies a topological by the H atom of water (cfArp or Ar values in Tables 3 and
instability of a conflict catastrophe structure. 4). Such trends are typical for H-bonding interactiéhgalues

of Ar for both types of interaction are also increased in

Another necessary AlM-based criterion for the intermolecular complexes ofr systems with the water dimer, which is also a
contact to be considered a H bond is the mutual penetration manifestation of cooperative enhancement.
of the electron densities of the H atom and acceptorsite. Changes in the integrated properties of the H atom participat-
The acceptor is the oxygen atom for OHD and thesr bond ing in OH---O (Hy) and OH--r (H,) interactions with respect
for OH--- interactions. Penetration takes place when the to corresponding monomer values were also evaluated. Selected

difference between nonbonded)(and bondedr( radii for both atomic properties of Hand H; are listed in Table 5. An increase
H (Ary) and acceptorAro or Ar;) atoms is positivé®46 The in atomic chargeg(?), is observed for both kand H, atoms
bonded radius is the distance of the nucleus (H or O) or the with respectd a H atom in the isolated water molecule. Such
C=C BCP from the corresponding-HO or H---zt BCP in the loss of electron density around the H atom is typical in

complex. The nonbonded radius is calculated as the distanceH-bonding interaction$>4¢Values ofq(Q2) for both H, and H;

from the same nucleus or=6C BCP in the isolated monomer atoms also increase upon addition of a second water molecule
(in the fully relaxed geometry) to a 0.001 au charge density and alcohol functionality, being the greatest for the-\WAOH
contour in the direction of theH or oH BCP. The choice op complex. In this cluster, the loss of charge is almost three times
= 0.001 au as a practical limit of the molecule gives molecular as great for the H atom involved in the ©FHD interaction
sizes and atomic diameters in good agreement with gas-phas€0.064 au) as that for H(0.024 au). These trends are in line
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Figure 5. Contour plots of the negative of the Laplacian of the electron dehéijyfor the complex of ethylene with the water dimer in the plane

of OH---O (a) or OH--r (b) bonded atoms. Solid contours denote positive valudgf regions of charge concentration, and dashed contours
denoteL(r) < 0, i.e., regions of charge depletion. Valued ¢f) begin at zero and increase or decreasg-2< 10", £4 x 10", and+8 x 10" au

wheren = -3, —2, —1, 0,+1, and+2. Bond paths are shown as solid lines connecting nuclei. Bond critical points are indicated by solid squares
and nuclear positions by solid or open circles for in-plane and out-of-plane nuclei, respectively. Maxima and minirhare denoted by solid

and open triangles, respectively.

with an increase in NPA charges for, ldnd H, atom$ and tions in the W:--Eth complex. In clusters ot systems with
greater polarization of the(O—H) orbital toward oxygen in the water dimer, the flow of electron density is more complex
these clusters. The increasaj(f2) is also accompanied by the  because of formation of the cyclic networksdfl andoH bonds.
energetic destabilization of the bonded H atoE{2) goes up In the W5:--AOH cluster, the oxygen atom of the allyl alcohol
because of the loss of electrons (see Table 5). This trend is alsanoiety experiences the greatest gain of charge (0.061e) which
typical for H-bonding interaction®:46 The degree of destabi- makes it a better H-bond acceptor. This accounts for the
lization parallels the strength of H bontfsThus, the increase  strengthening of the intramolecular ©HD bond, taking place
in E(Q) is greater for i than for H; atom in wH-bonded in the W,+--CerM complex (see above). Such trends are in
clusters. As a consequence of the loss of electron density, thequalitative agreement with results of NPA on these clusters (see
dipolar polarization,|u(<?)|, of the H-bonded atom decreases Table S4 of the Supporting Information) used in our previous
in these clusters (see Table 5). The atomic dipole moment paper® However, the magnitudes of AIM-derived charges, as
typically opposes the direction of the charge tran3¥éEThus, well as the amount of CT, are usually greater than those derived
the decrease iu(€2)| removes electron density from the bonded from orbital based partitioning schemes. When calculating bond
region facilitating mutual penetration of the H and acceptor dipoles, discrepancies are reduced because opposing dipolar
atoms?® The loss of the dipolar polarization is much greater polarization within atomic basins must be includéd®
for the H atom involved in the OH-O interaction because of The topology of the functioh(r) defined as the negative of
greater removal of charge caused by the “harder” O atom the Laplacian ofo, —V?0,38 allows further characterization of
compared to the “softer’r bond (see Table 5). The atomic OH---7 and OH--O interactions. In the valence shell (VS) of
volume,»(Q), of the H-bonded hydrogen atom goes doifff atoms in molecules, this function is positive for regions of charge
The decrease im(Q2) is related to the formation of the new concentration (VSCC) and negative for regions of charge
IAS, which results in the removal of the outermost charge depletion (VSCD)85° The contour plots ot (r), along with
density fran a H atont*® As a result of the stronger and more projections of molecular graphs, for both ©HD and OH-x
directional OH--O interaction, the shrinkage is more pro- bonded atoms in \/--Eth cluster are shown in Figure 5. As
nounced for K than for H, (see Table 5). typical for closed-shell interactions, regions of VSCC for
The electron density redistribution in these clusters can be interacting atoms are separated--+t and H--O BCPs are
analyzed by comparison of atomic charges for all atoms in the located in the VSCD zone (see Figure 5). Local maximia(in
complex with those in isolated monomers (see Table S3 of the within regions of VSCC can be mapped to the bonded and
Supporting Information). In terms of AIM-derived charges, the nonbonded (lone) electron pairs of Lewis and VSEPR (valence
flow of negative charge from the Lewis base (H-bond acceptor) shell electron pair repulsion) modéfsEurthermore, structures
to the acid (H-bond donor) is relatively small, e.g., 0.024e in of H-bonded clusters can be predicted by the alignment of the
the W---Eth complex and 0.019e in the water dimer. However, maximum inL(r) of the Lewis base (H-bond acceptor) with
charge redistribution within monomers is much greater and the minimum inL(r) for the Lewis acid (H-bond dono?f.The
results in a loss of electron density from the tail of the base OH---O interaction between two water molecules in the

and a comparable gain of charge by the head of the‘a€idr W,---Eth cluster can be viewed as a combination of the
instance, in the W-Eth complex, the water O atom gains nonbonded charge concentratido(r) = 4.855 au, 0.653 au
0.024e, whereas 0.016¢ is lost from each H atom 4 Bicting away from the nucleus) of the Lewis base oxygen atom with

as a base in W Such charge redistribution facilitates further the electron density depletioh(f) = —0.216 au, 0.649 au away
H-bonding capabilities of these atoms. This results in the from the nucleus) of thesH-bonded hydrogen atom. The
cooperative enhancement of both ©#0 and OH--x interac- alignment of these critical points in(r) is reminiscent of the
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n(O) and o*(O—H) NBO overlap (cf. Figures 2a and 5a). betweent(C=C) bonding antdb*(O—H) antibonding orbitals
Similarly, the OH--x interaction can be viewed as a result of revealed by NBO analysis. Thus, both methods predict additional
the combination of the charge depletion (0.650 au away from floppiness ofrH vs oH bonding: water molecules tethered by
the nucleus) of therH-bonded H atom with bonded charge the OH--7 bond are expected to be more flexible than those
concentrations of the €C bond. This is reminiscent of the  bound by the OH-O interaction. This implies a relatively wide
m(C=C) and o*(O—H) NBO overlap discussed above (cf. range of optimal angles of approach of®or other polar agents
Figures 2b and 5b). There are two bonded maximzihalong to the double bond.
the C=C bond of much smaller magnitude (1.266 and 1.271  This study demonstrates that both AIM and NBO methods
au) and located further away from the nuclei0(97 au) than are valuable complementary tools to elucidate the nature of
the nonbonded oxygen maximum (see above). This accountsintermolecular interactions in H-bonding networks. AIM pro-
for the “softness” of ther bond electron density and additional vides a very sophisticated analysis of the electron density within
floppiness of the OMH-z interaction with respect to the a molecular system. NBO helps to understand the most
conventional OH-O bond. Therefore, the displacement of important routes of electron delocalization that produce this
bound water molecule in the plane of the double bond is barely density distribution. The results of this study have not only
restricted. In the W-Eth complex, the two maxima in the VSCC  theoretical but also practical importance. They confirm the
of the C=C bond are equivalent, accounting for the formation relevance of thertH bond in the formation of structural motifs
of the conflict catastrophe structure and its breakdown upon that differentiate ceramide from its saturated analogue and may
reduction of molecular symmetry (see above). be helpful in the elucidation of structural/functional relationships
4. Conclusions that contribute to the signaling properties of sphingolipids.
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