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Hydrogen Peroxide Clusters: The Role of Open Book Motif in Cage and Helical Structures

M. Elango, R. Parthasarathi, and V. Subramanian*
Chemical Laboratory, Central Leather Research Institute, Adyar, Chennai, India 600 020

C. N. Ramachandran and N. Sathyamurthy*
Department of Chemistry, Indian Institute of Technology Kanpur, Kanpur, India 208 016

Receied: October 12, 2005; In Final Form: March 22, 2006

Hartree-Fock (HF) calculations using 6-31G*, 6-3t#G(d,p), aug-cc-pVDZ, and aug-cc-pVTZ basis sets

show that hydrogen peroxide molecular clusters tend to form hydrogen-bonded cyclic and cage structures
along the lines expected of a molecule which can act as a proton donor as well as an acceptor. These results
are reiterated by density functional theoretic (DFT) calculations with B3LYP parametrization and also by
second-order MgllerPlesset perturbation (MP2) theory using 6-31G* and 643tG(d,p) basis sets. Trends

in stabilization energies and geometrical parameters obtained at the HF level using-63{d,p), aug-
cc-pVDZ, and aug-cc-pVTZ basis sets are similar to those obtained from HF/6-31G* calculation. In addition,
the HF calculations suggest the formation of stable helical structures for larger clusters, provided the neighbors
form an open book structure.

I. Introduction side of the 3-O—0—0 plane. The trimer and the tetramer were
also shown to form closed cyclic structures, with the tetramer
being clearly nonplanar. To the best of our knowledge, there
has been no other report on HP clusters. Therefore, a systematic
investigation of (HP) clusters, wheren = 1—-15, 22, and 28,

has been undertaken using different quantum mechanical
methods. It is shown that the hydrogen peroxide tring)(
structure plays an important role in building larger clusters and
that it acts as a structural motif in building helical structures.

Hydrogen-bonded molecular clusters have been studied
extensively over the years because of their importance in
physics, chemistry, and biolody. The water dimer is a classic
example used to illustrate hydrogen-bonding interaction. The
amount of literature available on the dimer and larger clusters
of water molecules is enormous (for examples, see ref 3 and
references therein). While the water dimer is known to form a
linear structure with a single hydrogen bond, the trimer prefers
a cyclic arrangement in which each water molecule acts as a | Computational Methodology
hydrogen donor as well as an acceptor. The tetramer and the
pentamer also seem to prefer cyclic structures. The transition Optimized geometries of HP and its clusters (KHR)= 2—15,
from two-dimensional structures to three-dimensional structures 22, and 28, have been obtained without imposing any constraints
occurs for (HO),, atn = 6.4 Detailed quantum calculations at different levels of theory [Hartreg~ock (HF), density
show that the water hexamer has a number of conformers suchunctional theory (DFT) using B3LYP parametrization, and
as ring, nonplanar open book, closed cage, and prism that aréVigller—Plesset second-order perturbation (MP2) theory] with
close in energy.While early experiments suggested a cage @ manageable basis set 6-31G* using aussian 98W\suite
structure at 5 K, more recent experiments suggest that the operPf programs’ Our past experience has shown that such a basis
book structure is preferred at cluster temperatures between 505€t leads to the right conclusion regarding the structure and
and 60 K46 relative stability of hydrogen-bonded molecular clusei!!

One of the closest relatives of water is hydrogen peroxide €ven if it does not lead to quantitatively correct stabilization
(HP). The monomer of the latter is a textbook example of a €nergies. Effect of larger basis sets on the stabilization energies
small molecule exhibiting a nonplanar open book structure. It @1d geometrical parameters has also been probed using
is also perhaps the smallest chiral molecule, which can donate8-311+G(d,p), aug-cc-pVDZ, and aug-cc-pVTZ basis sets at
a proton and also accept a proton. Although HP is a highly the HF level. Stabilization energies (SEs) of all the clusters have
reactive species, its dimer has been studied experimentally using’&en calculated using the supermolecule approach
matrix isolation spectroscopgnd compared with the theoretical SE=—(E B (1)

predictions. Extensive ab initio calculations have been carried
where Egyster and Emonomersfefer to the energies of the cluster

out for the trimer and the tetramer also recefitly.has been
and the monomers, respectively. The results have been corrected

shown that HP forms a cyclic dimer and that the structure with
two non-hydrogen-bonded-&H bonds pointing away from each for basis set superposition error (BSSE) following the procedure
adopted by Boys and BernardiStabilization energies for the

other -UD, U = up, D = down) is slightly more stable than
(HP), clusters, where = 2—15, were also corrected for zero-

the one 2-UU) with both the hydrogens pointing in the same

* Authors for correspondence. E-mail: subuchem@hotmail.com; nsath@ point energy (ZPE). .T.O en.sure that the Optlmlze.d geometries
iitk.ac.in. Tel: +91 44 24411630491 512 2597390/2597367. Fax:91 correspond to true minima in energy space, vibrational frequen-
44 24911589491 512 2597390. cies were computed by the HF method for all the (Hf)sters

10.1021/jp055818r CCC: $33.50 © 2006 American Chemical Society
Published on Web 04/25/2006

cluster




Hydrogen Peroxide Clusters J. Phys. Chem. A, Vol. 110, No. 19, 200&295

TABLE 1: Geometrical Parameters and Relative Stabilities of Various Conformers of Hydrogen Peroxide Calculated at
Various Levels of Theory

relative stability (kcal/mol) geometries of open book structure

level a b c O-H(A) 0-0(A) O—0—H (°) H—0O—0—H (°)
HF/6-31G* 0.0 9.2 0.9 0.949 1.396 102.1 116.0
HF/6-31H+G(d,p) 0.0 8.6 0.9 0.943 1.385 102.9 117.6
HF/aug-cc-pvVDZ 0.0 7.5 1.2 0.943 1.387 103.1 111.6
HF/aug-cc-pVTZ 0.0 7.8 1.2 0.945 1.389 102.8 111.2
B3LYP/6-31G* 0.0 8.9 0.7 0.973 1.455 99.7 118.7
MP2/6-31G* 0.0 9.4 0.6 0.975 1.468 98.6 121.3
MP2/6-31H+G(d,p) 0.0 9.0 1.0 0.965 1.450 99.6 121.5
experimentdf 0.965 1.464 99.4 111.8

aRefer to Figure 1 for definition of a, b, and c.

TABLE 2: Dipole Moments, Geometrical Parameters, and
Relative Energies of Two Conformers of Hydrogen Peroxide
Dimer Calculated at Various Levels of Theory

dipole momentelative energy O—0O—-0-0

(Debye) (kcal/mol)  dihedral angle9)

@ Op&‘ Hack (b)gr“s (cg:i's level 20U 2-UD 2-UU 2-UD 2-UU 2-UD
Figure 1. Different conformers of hydrogen peroxide, along with the :E;ggi§+6 d gj 88 8? gg ggg 88
point group classification. Large spheres represent the oxygen atomsHF/aug-cc-le(Dip) 3'3 O'O O 1 0 0 35' 5 O'O
and small spheres the hydrogen atoms. HF/aug-cc-pVTZ 33 0.0 01 0.0 350 0.0
B3LYP/6-31G* 29 0.0 0.6 0.0 3.6 0.0
MP2/6-31G* 3.1 00 06 00 2.9 0.0
2 oﬂ =0 - _ MP2/6-31#+G(dp) 34 00 02 00 243 00

; 2.UU Two cyclic conformations for the HP dimer are illustrated in

Figure 2. As reported by Kulkarni et &lthe dimer has two
% = energetically close conformers denot2dJD and 2-UU. The
- 0—‘ x J position of the lone pairs on the oxygen atoms of the dimers is
-’ -’ also indicated in Figure 2. It is clear that the lone pairs are on
2-UD (side view) 2-UU (side view) one side of the @0—0—-0 plane in2-UU and on opposite
Figure 2. Two different conformers of hydrogen peroxide dimer. sides in the2-UD conformation. As reported by those authors,
the 2-UD conformation is slightly more stable than tReJU
studied except = 22 and 28. The vibrational frequencies were by 0.5-0.6 kcal/mol at HF, DFT (B3LYP), and MP2 levels of
scaled® by a factor of 0.8929 for comparison with experiment  theory (Table 2). Larger basis set calculations at the HF level
wherever applicable. The theory of atoms-in-molecules (AIM) also reaffirmed that thelD conformer is more stable thasU.
has been used to characterize the hydrogen-bonding interactiomhe dipole moment 02-UD is 0, whereas that &-UU is 3.4
using topological properties of the electron density at the D atthe HF/6-31G* level of calculation. HF/aug-cc-pVDZ, HF/
hydrogen bond critical points (HBCPs) using théM2000 aug-cc-pVTZ, HF/6-31++G(d,p), B3LYP/6-31G*, MP2/6-

packageé: In addition, molecular electrostatic potential (MESP) ~ 311++G(d,p), and MP2/6-31G* calculations predict comparable
map$® of various clusters have been generated uSiagssView dipole moments foR-UU.

3.0 software packag. The HP trimer has different possible conformations such as

open linear, cyclic, and prism structures. The optimized

lll. Results and Discussion geometries as obtained from HF/6-31G* calculations are

Although the open book structure of HP is well-known, it
was investigated through ab initio calculations to provide the
basis for further work in the present study. The calculated’H “‘1 { M
and O-O bond lengths, the HO—O bond angle, and the

torsion angle along with the experimental values are listed in
Table 1. The optimized structures of various conformers of HP

are provided in Figure 1. It could be seen from Table 1 that the it

DFT and MP2 results are in better agreement with experiment a r
than the HF results. MP2/6-31G* calculations show the planar

cis and trans conformations to be less stable than the most stable  Open linear trimer

nonplanar open book structure by 9.4 and 0.6 kcal/mol,

respectively. It is found from the larger basis set calculations H h

that there are no significant changes in the geometrical

parameters when compared to those obtained from HF/6-31G* & o-r‘ &o } # x?
calculations. Not surprisingly, the relative energies predicted

by the larger basis set calculations do differ slightly from the 3-prism 3-prism
HF/6-31G* results. However, the open book structure is found (top view) (side view)

to be the most stable conformer as predicted by HF/6-31G* Figure 3. Optimized geometries of linear, cyclic, and three-dimensional
calculations. structures of hydrogen peroxide trimer obtained from HF calculations.

3-cyclic
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TABLE 3: Stabilization Energies (SE in kcal/mol) for Different Conformers of (HP), Clusters?
6-31G* aug-cc-pvDzZ aug-cc-pvVTZ
BSSE BSSE BSSE
BSSE ZPE + ZPE BSSE ZPE + ZPE BSSE ZPE + ZPE
cluster SE corrected correction corrected SE corrected correction corrected SE corrected correction corrected
2-UD 8.2 6.7 2.0 4.7 6.1 5.6 2.0 3.6 5.6 5.4 1.9 3.6
2-UU 7.7 6.4 2.0 4.4 5.9 5.4 2.0 35 5.4 5.3 1.9 3.4
3A 15.9 13.3 3.7 9.6 12.3 11.3 3.8 7.5 121 11.3 3.6 8.5
3B 16.6 13.7 3.8 9.9 12.4 11.4 3.7 7.7 12.2 11.3 3.7 8.6
3C 16.6 13.8 3.9 9.9 12.6 11.6 3.9 7.7 12.3 115 3.7 8.6
3-cyclic 15.4 13.3 3.0 10.3 121 11.2 3.0 8.2 12.3 11.4 34 9.3
3-prism  15.4 9.6 4.3 5.3 9.9 8.3 3.8 45 8.9 8.2 3.0 55
4 24.2 20.4 5.6 14.8 18.9 17.2 5.6 11.6
4-cyclic  27.9 21.0 6.9 14.1 19.9 175 6.6 10.9
5 32.7 275 5.5 22.0 255 23.2 7.5 15.8
5-cyclic  37.9 30.7 10.6 20.1 28.0 25.6 8.7 17.0
6 41.1 34.6 9.2 25.4 32.0 29.2
6-cage-1 44.5 32.3 10.3 22.0 30.7 27.1
6-cage-2 43.9 32.9 10.1 22.8 30.7 27.4
aWheren = 2—6, calculated by HF method using different basis sets and corrected for BSSE and zero-point energy (ZPE).
TABLE 4: Stabilization Energies (SE in kcal/mol) for TABLE 5: Stabilization Energies (SE in kcal/mol) for
Different Conformers of (HP), Clusters? Different Conformers of (HP), Clusters®
HF/6-31G* DFT(B3LYP)/6-31G* MP2/6-31G* HF MP2
BSSE BSSE BSSE BSSE BSSE BSSE BSSE
cluster SE corrected SE  corrected SE corrected cluster uncorrected corrected uncorrected corrected
2-UD 8.2 6.7 12.0 9.2 11.8 8.3 2-UD 6.9 6.0 9.4 6.8
2-UU 7.7 6.4 11.4 8.5 11.2 7.7 2-UU 6.7 5.9 9.2 6.6
3A 15.9 13.3 238 18.1 21.4 16.3 3A 14.0 12.4 19.5 14.0
3B 16.6 137 249 194 24.6 175 3B 14.0 12.4 19.7 14.3
3C 16.6 13.8 25.0 20.6 24.5 17.3 3C 14.2 12.5 19.9 14.4
3-cyclic 154 133 27.7 17.9 27.2 16.1 3-cyclic 141 12.6 18.8 135
3-prism 154 9.6 21.1 15.8 27.2 13.7 3-prism 10.7 8.6 17.5 11.7
4 242 20.4 4-cyclic 4-cyclic 4-cyclic 4-cyclic 4 21.4 18.8 4-cyclic 4-cyclic
4-cyclic  27.9 21.0 47.8 33.9 46.7 29.7 4-cyclic 21.7 18.4 34.1 24.0
5 32.7 275 b5-cyclic 5-cyclic 5-cyclic 5-cyclic 5 28.9 25.4 5-cyclic 5-cyclic
5-cyclic 379 30.7 625 47.8 61.3 42.4 5-cyclic 31.0 27.2 48.3 34.2
6 411 34.6 6-cage-2 6-cage-2 6-cage-2 6-cage-2 6 36.3 32.6 6-cage-2 6-cage-2
6-cage-1 445 323 75.0 51.4 72.7 44.0 6-cage-1 34.1 29.0 55.8 37.1
6-cage-2 439 329 738 51.9 71.1 43.8 6-cage-2 34.3 29.4 53.6 35.7
7 494 416 7-cage 7-cage 7 43.7 41.0
7-cage 56.3 449 90.9 65.9 7-cage 50.7 46.5
8 57.8 48.7 8-cage-2 8-cage-2 8 51.1 47.8
8-cage-1 68.3 53.7 1111 83.1 8-cage-1 55.6 51.1
8-cage-2 67.4 53.6 106.5 79.7 8-cage-2 56.6 52.1
9 66.1 55.7 9-cage 9-cage 9 58.5 54.7
9-cage 775 63.6 1208 92.8 9-cage 68.2 62.9
10 74.5 62.8 109.8 87.2 10 65.9 61.6
10-cage 87.7 710 1403 108.0 10-cage 72.9 67.4
11 82.8 69.8 122.1 97.1 11 73.3 68.4
12 91.2 77.0 1344 106.9 12 80.7 78.6
12-cage 104.7 85.3 132.6 114.8 12-cage 87.0 80.7
13 99.5 84.0 146.7 116.7 13 88.1 103.9
14 107.9 91.0 159.0 126.5 14 95.5 112.4
15 116.2 98.1 171.3 136.5 15 102.9 121.0
22 1747 1475 2575 205.4 22 154.7 180.7
28 224.8 189.8 331.3 246.6 28 199.1 232.0

aWheren = 2—15, 22, and 28, calculated by different methods using aWheren = 2—15, 22, and 28, calculated by HF and MP2 methods
the basis set 6-31G* and corrected for basis set superposition errorusing the basis set 6-3%#G(d,p) and corrected for basis set
(BSSE). Whenever the geometry optimization results in another superposition error (BSSE).
geometry, the same is indicated.

change in the geometrical parameters in going from one basis
presented in Figure 3. Although the cyclic structure was reported set to another. It is important to note from TablesS3that the
in an earlier investigatioAtwo new stable conformations have difference in stabilization energy between the most stable cyclic
been predicted in the present study. The open structure isstructure and the open structures is within 1 kcal/mol. Both
predicted to be more stable than the 3-prism structure by 3.7,2-UU and2-UD conformers have been used to construct three
2.3, and 2.6 kcal/mol by HF/6-31G*, DFT (B3LYP)/6-31G*, different structures 3JA, 3B, and 3C) in the open linear
and MP2/6-31G* calculations. HF calculations using 6-811- configuration for the trimer. The planes containing the four
(d,p), aug-cc-pVDZ, and aug-cc-pVTZ basis sets for the trimers oxygen atoms of two adjacent HP molecules are &t\8ith
reveal that the cyclic conformer is the most stable, followed by respect to each other 8A, which leads to self-curling. Curling
open and prism structures. However, there is no significant in the other two structure8B and3C, is much less. II3A, the
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Figure 5. Optimized geometries of open linear helical structures of
(HP), clusters, wheren = 4—12 obtained from HF calculations.

—=— HF/6-31G*
45 —®— HF/aug-cc-pVDZ
—— HF/6-311++G(d,p)

Dipole moment in Debye
N
o
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Figure 4. Optimized geometries of cyclic and cage-shaped hydrogen :
peroxide clusters as obtained from HF calculations. 0.5 1

lone pairs on all the oxygen atoms are on the same side of the A e
plane, whereas in the other two structures, this is not the case. 4101 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17
It is important to note that the structuBA is similar to the No. of HP molecules, n
open book structure observed for the water hexamer. Figure 6. Variation of dipole moment with the numbe) (of hydrogen
With the 3A structure as the starting arrangement, more HP peroxide molecules in the helical structure as obtained from HF
molecules were added to construct open as well as closedcalculations using different basis sets.
clusters as illustrated in Figures 4 and 5. The tetramer has a
cubic configuration as the most stable geometry in which all The resulting optimized geometries for (HP) < 12, are shown
eight hydrogen atoms are involved in hydrogen bonding. Similar in Figure 5, and their stabilization energies are reported in Tables
to the tetramer, the pentamer also exhibits a cyclic structure 3—5. It is important to point out here that all the HP molecules
wherein all the hydrogen atoms patrticipate in the formation of exhibit open book conformation in the helical structure. As can
hydrogen bonds. Various cyclic and cage structures of larger be seen from Tables-3, the addition of each HP molecule
(HP), clusters up ton = 12 determined in this study are increases the stability of the helical structure. For (HRhe
displayed in Figure 4. The stabilization energies of these stabilization energy is 84.0 kcal/mol, and for (H®)t is 189.6
structures are listed in Tables-3. kcal/mol. The stabilization energy per hydrogen bond for the
Curling in the tetramer and the larger clusters suggests the2-UD dimer is 3.35 kcal/mol, and for (HR) it is 3.5 kcal/mol,
possibility of constructing helical motifs by adding more HP thus clearly illustrating that there is no dramatic change in
moieties. Hence, the possibility of formation of helical structures hydrogen bonding between two adjacent HP molecules in the
in larger clusters has been investigated using HF calculations.larger helical structures.
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8°

P=11.80 A at HF/6-31G*
P=1148 A at HF/6-311++G(d,p)

Figure 7. Schematic representation of the helix formation and the calculated [fjabf the helix forn = 28 cluster.
TABLE 6: O —H Stretching Frequencies and the Red Shifts

Relative to the O—H Stretching Frequencies of the Monomer
for Different (HP) , Clusters as Obtained from HF/6-31G*

q& Calculations
o) _'ii[ scaled frequencies red shift
% ‘fi v (cm") (cm-)
4 e I: o cluster ss as ss as
N &:\P a\:" “?:.,x 1 3653 (3599) 3655 (3608)

2 7 P 2 2-UU 3582 (3577  3603(3582) 73 53

¥ i 7. - 2.UD 3582 3603 73 52
o o o 94, 3A 3571-3574  3588-3605 8286  52-69
od; A 4 3563-3573  3580-3603 ~ 8293  53-76
,e o J:;P 5 3558-3575  3589-3602  79-96  53-65
A A A ‘1 6 3556-3572  3584-3602 8298  53-71
. s Kb 7 3554-3572 35813602  83-101 5374
?,_. o 8 3552-3571 35773602  84-103  53-78
w2 o “od™ ¥ 9 3552-3575 35823602  79-103  53-72
oF J “ud o 10 3552-3573 35813602 81103  53-74
w& 11 3552-3572 35773602  83-103  53-77
12 3552-3572  3576-3602  83-103  53-79
13 3552-3571 35743602  84-103  53-80
14 3552-3572 35753602  83-103  53-79
15 3552-3572 35773602  83-103  53-78

13-R 14-R 15-R 22-R

aThe corresponding experimental valtfesre given in bracketss:
symmetric stretch. as: asymmetric stretch.

is 11.8 A at HF/6-31G* level and 11.48 A at HF/6-3t1G-
Figure 8. Optimized geometries of helical structures of hydrogen (d,p) level, as illustrated in Figure 7.

peroxide clusters obtained from HF calculations. Top views are provided The equilibrium geometry of HP exhibits helical chirality.

at the bottom. - ’
There are two conformations possible for the open book

. . . structure, and they differ from each other only by the sign of
The dipole moment of the peptide bond is known to play & ¢ gihedral angle. As a result, it is possible to obtain right-

crucial role in the stabilization of the-helical structure. A spiral and left-handed helices in linear (HPdlusters. The helical
structure based on dipetelipole electrostatic interactions has iy cture of (HP) clusters, whera = 13—15, 22, and 28, are
been proposed for negatively charged large clusters of N-jjystrated in Figure 8.

monosubstituted amide molecules recefflylo analyze the

importance of dipole moment in the formation of the helical ejical water chains in aquapores of organic host lattices.

structure in (HP) clusters, the variation of the dipole moment DFT and MP2 calculations yield qualitatively the same result
with n, as computed from HF calculations, is plotted in Figure as HF for (HP), n = 2 and 3.2-UD is more stable thag-UU.

6. Itis near'ly. sinusoidal. It becomes a maximummat 3 and Forn = 3, the stability increases marginally in going fr@A

10 and a minimum when = 6 and 13. Such a change is clearly 5 3B 1o 3C. The cyclic structure is comparable in stability to
due to coiling in the structure. The dipole moment values the Jinear, and the prism structure has the least stability. For
obtained from HF/6-31++G(d,p) and HF/aug-cc-pVDZ cal-  poth n = 2 and 3, BSSE corrected stabilization energies
culations show a similar variation with for (HP),, n = 1-6 predicted by the MP2 method lie between the HF and DFT
(see Figure 6). An analysis of the local structure of HP trimers results. Fon = 4, 5, and 6, all three methods predict the cyclic
in the helices reveals the crucial role played by the open book structure to be marginally more stable than the open linear
configuration in forming the helical motif. It is also clear that (helical) structure. Fom = 7—15, 22, and 28, only DFT
there are about six molecules per turn and the pitch of the helix calculations were carried out (in addition to the HF calculations

It is worth pointing out that Saha and Nantjiaave reported
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Figure 9. AIM features for (HP) clusters, wheren = 2—7, as obtained from HF/6-31G* calculations. The small red dots represent the bond
critical points and the small yellow dots the ring critical points.
; : i ; TABLE 7: Electron Density and Laplacian of Electron
mentioned above), and they confirm the stabl!lty of the.hellcal Density for (HP)n Clusters. wheren = 2—7 Obtained from
structures fon = 10. Forn = 4—9, DFT calculations predicted  HF/6-31G* Calculations
structures that tend to coil, resulting invariably in the cage

electron density Laplacian of electron density

structures. cluster (elasd) (elao’)
Vibrational frequencies for (HR) n = 2—15, have been 20U 0.021 0019

computed to ensure that all the structures presented in this paper o_yp 0.021 0.018

do correspond to minima on the potential energy surface. The 3A 0.021-0.022 0.019-0.020

calculated red shifts in the frequencies of the I stretching 4 0.026-0.022 0.018-0.020

mode in going from the monomer to the various oligomers are 8-83&8-8% 8-8138-858

listed in Table 6, and they demonstrate clearly the presence of 5 0.020-0.023 0.018-0.020

hydrogen-bonding interaction in all the clusters and its impor-

tance in the stabilization of the helical structures. IV. Concluding Remarks
The presence of hydrogen bond critical points in (KHB)= Hydrogen-bonded clusters of (HPwheren = 1—15, 22,

27, cluster.s is. shown as red dots in the electron density and 28, have been investigated using HF, DFT(B3LYP), and
topographs in Flgqre 9. _The value of e"?C‘TO” density at the MP2 levels of theory using the computationally manageable
hydrogen bond critical point serves as an indicator of the nature 5_31 5+ pasis set. The geometrical parameters and stabilization
and strength of the hydrogen-bonding interacédmhe calcu- energies for (HR) n = 1—6, clusters have also been studied
lated electron density values at the HBCPs range from 0'0199using 6-31%+G(d,P), aug-cc-pVDZ, and aug-cc-pVTZ basis
100.0227 au, as illustrated in Table 7. The Laplacians of electron ge(s at the HF level. There is no significant change in the overall
density at HBCPs are positive, confirming the formation of rands revealed by HF/6-31G* calculations. In all these clusters,
hydrogen bonds in the different clusters. each molecule of HP participates as a donor as well as an
The molecular electrostatic potential map is quite useful in acceptor of hydrogen atoms. The HP clusters form nonplanar
revealing the sites of hydrogen-bonding interaction in different open book, cyclic, cage, and helical structures. In the helical
clusters. The calculated MESP isosurfaces of some of thestructure, each HP trimer exhibits an open book conformation
clusters are shown in Figure 10. The electrostatic potential akin to that of the water hexamer. The strength of the hydrogen-
minimum at the lone pairs of the oxygen atoms clearly dictates bonding interaction is analyzed with the help of AIM topological
the direction of growth of the HP clusters. parameters and red shifts in the OH stretching frequency. The
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