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We are reporting density functional theory results for the binding energies, structures, and
vibrational spectra of (H-C}_g and (H-F),_4, clusters. The performance of different functionals

has been investigated. The properties of HF clusters predicted by hybrid functionals are in good
agreement with experimental information. The HCI dimer binding enargy is underestimated by
hybrid functionals. The Perdew and Wang exchange and correlation funct@wel) result for

AE.is —9.6 kmol !, in very good agreement with experiment9.5 kJ mol ). However, PW91
overestimates binding energies of larger clusters. Hydrogen bonding cooperativity depends on the
cluster sizen but reaches a limit for moderately sized clusters=@ for HF). The average shift to

low frequenciegAv) of the X-H (X= CI,F) stretching vibration relative to the monomer is in good
agreement with experimental data for HF clusters in solid neon. However, some discrepancies with
experimental results for HCI clusters were observed. The behavibr af a function of the cluster

size provides an interesting illustration of hydrogen-bond cooperative effects on the vibrational
spectrum. The representation of the electronic density difference shows the rearrangement of the
electronic density induced by hydrogen bonding in the clusters and supports the view that
hydrogen-bond cooperativity is related to electronic sharing and delocalizatia?008 American
Institute of Physics.[DOI: 10.1063/1.1528952

I. INTRODUCTION dispersion interactions are the dominating contribution to the
intermolecular interactions® This feature is different from
Clusters of hydrogen-bonded molecules are extremelyhe well-known role played by electrostatic interactions in
important as model systems in the study of intermoleculag|assical hydrogen-bonded systems, as, for example, water,
interactions and chemical reactivity.One particularly rel- and hydrogen fluoride.
evant aspect of these aggregates is hydrogen-bonding coop- geyeral experimentl®® and theoretical studi&&20-24
erativity. This means that due the nonadditive character ofyr the HCI dimer have been reported. Theoretical studies for
the polarization effects involved in hydrogen bonding, the|yger HCl clusters are still relatively scarce. Latajka and
structure and energetics of the aggregates are very depend heiner analyzed the structure, energetics and vibrational

on the size of the system. One important issue concerns thg ectra of dimers, trimers and tetramers ofK HX

dependence of structu_ral ANchElEclionic propert_|es I Cl,Br,1).8 Chandleret al. studied reactions involving hy-
number of monomers in the clusten)(or cluster size and

the possible extrapolations to larger clusters. This must rel{/ihrogen ha(ljlde(sj poll\il/n]:ers ir;d ZZ:IFT;)Z(;? (Hl%") clll:ster?sS at
on the expectation that for clusters larger than a size it € second-order Malier—ries eoretical levet.

the importance of these nonadditive effects are significantly Numerous works on HF clusters have been carried out

. . . . . 6_30 .
reduced. The study of clusters can be also very useful t§1cluding experimental investigatiof and theoretical

o 24,31-39 - Hati -
understand condensed phase properties. Clusters are strGélculations’ Extensive compilation of thermodynami-

tures intermediate between the isolated species and the bufil data including enthalpies and entropies of HF cludters
phases. Thus, it is reasonable to assume that some featured'gve been published.
condensed phases are already present in the aggregates. ~ An important aspect characterizing hydrogen-bonding
The nature of hydrogen bonding is still controversial. cooperativity inX-H clusters K=F,CI,Br, .. .) is ashift to
Charge transfet,electrostatic effect$® and more recently, low frequenciegAv) and the increase in the intensity of the
partial covalent contributiofishave been invoked to explain fundamental X-H stretching vibration relative to the
the structure and binding energies in hydrogen-bonding sysnonomer: This aspect has been investigated by several vi-
tems. One specific aspect of hydrogen bonding concerns tHwational spectroscopy works on H®Refs. 15-19and HF
relative importance of different contributions to the interac-(Refs. 28—3Dclusters. A recent theoretical stifdyanalyzed
tion energy. Thus, for hydrogen chloride it is expected thathe vibrational properties of HXX{=F, CI, and Bj dimers.
However, a theoretical investigation on the vibrational prop-

3Author to whom correspondence should be addressed. Electronic addres%rties of larger clusters seems to be miSSing still.
ben@adonis.cii.fc.ul.pt In the present work we report a theoretical study of the
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TABLE . Binding energiegin kJ mol!) for (HCI),_g clusters. BSSE is the basis set superposition error correction to the electronic binding &Betgy

(HCI), (HCl)4 (HCl), (HCl)s (HCl)g
B3LYP/aug-cc-pvVDZ
AEg -1.9 —10.2 —20.8 —26.6 -31.9
AEonn-1 -1.9 -8.3 -10.5 -5.8 -53
AE, —6.2 —21.4 —-37.5 —47.9 —-57.9
BSSE 0.7 1.9 3.4 4.4 5.4
AEenn_1 -6.2 -15.1 —-16.1 —-10.4 -9.9
B3PLYP/aug-cc-pVTZ
AE, —-55 —19.0 —-329 —41.9 —50.5
BSSE 0.7 1.9 3.4 4.4 5.4
AEenn-1 -55 —135 -13.9 -9.0 -8.6
B3LYP/aug-cc-pVQZ
AE, -53 -18.5 -31.9 —40.5 —48.8
BSSE 0.06 0.17 0.29 0.36
AE¢nn-1 -53 -13.2 —-13.4 -8.7 -8.2
B3PW91/aug-cc-pVDZ
AE, -0.38 =-7.7 -17.2 —22.2 —26.7
AEgnn1 -0.8 -6.8 -9.6 -5.0 —4.4
AE, -51 —19.0 -343 —43.7 -52.9
AEenn-1 -51 -13.9 -15.3 -95 -9.1
MPW1PW91/aug-cc-pVDZ
AE, =29 —-13.6 —26.1 —41.0
AEgnn-1 -2.9 -10.7 -12.5
AE, -7.2 —25.0 —43.2 —54.8 -67.3
AEgnn-1 -7.2 -17.8 —-18.3 -11.3 -12.8
MPW1PW91/aug-cc-pVTZ
AE, —6.2 —-21.9 —-37.7 —47.2 —58.4
AEenn-1 -6.2 -15.7 -15.7 -9.6 -11.3
MPW1PW91/aug-cc-pVQZ
AE, -59 —-21.1 —36.1 —45.3 —55.8
AEgnn-1 -5.9 -15.1 -15.0 -9.2 -10.5
PW91/aug-cc-pVDZ
AE, -10.4 -35.5 -61.2 —78.3 —-95.3
AEgnn-1 —-10.4 -25.1 —25.6 -17.2 —-16.9
PW91/aug-cc-pVTZ
AE, -9.7 -32.9 -56.3 -72.0 —87.6
AEgnn-1 -9.7 —-23.2 -23.4 —-15.7 -155
PW91/aug-cc-pVQYZ
AE, —9.6 —32.4 —55.3 —-70.7 —85.9
AEenn-1 -9.6 —22.8 -229 -15.4 —15.2
AE, -2.3°¢-1.3¢
AE, -59°f-6.7f -7.5
Experiment
AE, -5.1
AE, -95

aGeometry of the pentamer optimized at B3LYP/aug-cc-pVDZ.
bSingle-point energy calculation with the B3LYP/aug-cc-pVDZ geometry.
‘MP2/6-311G(2df,p) (Ref. 29.

4QCISD/6-31H G(2df,p) (Ref. 24.

*MP2/6-31G(,p) (Ref. 1.

'B3LYP/6-31+ G(d,p) (Ref. 22.

9B3LYP/6-31+ +G(d,p) (Ref. 22.

"From Pine and Howar¢Ref. 10.

properties of hydrogen chloride (HGl)s and hydrogen fluo-  its dependence on the cluster size. We also analyze the elec-
ride (HF),_oclusters, which is based on density functionaltronic density rearrangement induced by hydrogen bonding
theory. We discuss the energetical, structural, and vibrationdhrough the representation of electronic density difference
properties of the clusters, hydrogen-bond cooperativity, andsosurfaces.
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0 v - have verified that BSSE corrections to binding energies at
X BOLYPlatgca-VT2 the B3LYP/aug-cc-pVQZ level are typically-1% of the
A ARA Ay A (#CD 1 uncorrected valuesee Sec. I)L For other functionals, bind-
g R - EWSI?:ES:EKS% ing energies were not corrected. To minimize finite size basis
e & — 4 PWO/aug-cc-pVQZ g set effects we have carried out single-point energy calcula-
:: -10 1-}} tions with the largest affordable basis set for the present sys-
m Mg . tems(aug-cc-pVQZ.
4 $mmmm b For HF and HCI dimers only the linear structures that
' contain one hydrogen bond were studied. The cyclic dimers
o0 | are transition state structure® We report results for the
cyclic (HCl);_g and (HF)_;oclusters. There is theoretical
and experimenta! evidence that these structures are more
stable than open chains.
%0, 3 4 5 6 IIl. BINDING ENERGIES AND STRUCTURAL
n PROPERTIES

FIG. 1. Stepwise binding energyE, , ,_; (in kJ mol ) vs the cluster size A, Binding energies
n in (HCI),_g clusters. o . .
Binding energies for (HChH_g clusters are reported in

Table I. Good agreement between our results and other the-
Il. COMPUTATIONAL DETAILS oretical predictions is observed. For exampleE, from
1 - .

(HCI),_g and (HF),_j,clusters have been studied at dif- MPWlPW91/aqg-cc-pVDZ{— 7.2 kJmol *) is in excellent
ferent theoretical levels. Density functional theoi@FT) — agreement ‘1’V'th the BSLYP/6-(§;1+ G(d,p) value
calculations have been carried out with several hybrid func{ ~7-5 kJmol*) reported by Guet al™" For B3LYP calcu-
tionals including the Becke three-paramé&téB3) with the lations and some clusters, electronic binding energies
Perdew and Warfd (PW91) and Lee, Yang, and P4F(LYP) (AE.'s) were corrected for BSSE and the corrections are
correlation functionals. Calculations with the Adamo and'ePorted in Table I. At the B3LYP/aug-cc-pVDZ level BSSE
Baroné® Becke style one-parameter functional using a modi-COTrections are~49% of the binding energies. They are re-
fied Perdew—Wang exchange and PW91 correl&tith duced to~1% of the uncorrected values when the calcula-
(MPW1PW91 have been also carried out. We have also intions are carried out with the !arger aug-cc-pVQZ basis set.
vestigated the performance of the Perdew and Wang exX2ur results for the (HCh blqdlng energy based on hybrid
change and correlation functioARPW92) for the predic- functionals are~ 5.3 kJmol * (B3LYP/aug-cc-pvVQZ and
tion of energetic properties of the clusters. —5.9 kImol (MPWlPW91/z_aug—cc—pVQ)Zv\;£he experi-

The geometries have been fully optimized with the Dun-MéNtal value reported by Pine and Howdrds —9.49
ning’s correlation consistent polarized valence double zeta 1-03kJmol=. For AEy, which 'nClUde ZPVE correc-
basis set augmented with diffuse functicasig-cc-pvDz4  tions, our best pr.edlc.:tlon is-2.9 kJmor (MP_WlPW91/
and by carrying out frequency calculations the optimized®U9-cc-PVDZ, \1/gh|ch is 56% above the experimental value
structures have been characterized as local minima. Singlé-_ 5-1,5i 0-?6)- . ) . )
point energies with the triple zetaug-cc-pVT2 and qua- Dispersion interactions are expected to contribute sig-
druple zetgaug-cc-pVQZ basis set are also reported. The nificantly to the energetical stabilization of HCI clusters.
calculations have been carried out with tbeussian 98 1hus, the deviation of the (HGl)disssociation energy pre-
program’® dicted by DFT calculations from the experimental result has

To analyze the energetics of the HF and HCI clusters it ideen related to the inherent deficiency of DFT methods to

convenient to introduce the binding energy and the stepwisgescribe the energetics of compounds where dispersion inter-
binding energy. The binding energy for a cluster with actions are dominart However, significant deviations from

monomersAE,, is defined as experiment are also observed #hE,'s based on MP2 and
’ guadratic configuration interaction including single and

AEqn=Eo[ (HX)n]=nE[ (HX)], (1) double substitution¢QCISD) methods** Recently, Tsuzuki
whereX = (F,CI). The stepwise binding energyE,, . ,is and Lithi®® discussed the performance of DFT for the pre-
given by . diction of intermolecular interaction energies of several com-

plexes where dispersion interactions are expected to be im-

portant including neon, argon, and hydrogen-bonded
2 complexes. This study suggested that for these systems, the
We also defineAE, , and AE, ,,_1, Which are similar to Perdew and Wang exchange and correlation functfonal
the previously defined quantities but do not include the zero(PW91) provided an adequate description of the interaction
point vibrational energyZPVE) corrections. energies.

B3LYP binding energies were corrected for basis set su-  Table | also presents binding energies for the HCI clus-

perposition errofBSSB by using the counterpoise metf8d  ters based on single-point energy calculations with the PW91
including the fragment relaxation energy contributih¥Ve  functional. For the HCI clusters PW91 binding energies are

AEO,n,nfl: Eol (HX)n]—Eol (H)X;—1]—Eo[(HX)].
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TABLE II. Binding energieg(in kJ mol™ ) for (HF),_,,clusters. BSSE is the basis set superposition error correction to the electronic binding&Bgrgy

(HF), (HF)3 (HF), (HF)s (HF)6 (HF); (HF)g (HF)g (HF)10
B3LYP/aug-cc-pVDZ
AEq -11.8 —44.3 -91.5 —129.8 —-161.0 —189.6 -218.7 —246.8 —274.6
AEpnn-1 —-11.8 —-325 —47.2 —38.3 —-31.2 —28.6 —-29.0 —28.1 —27.8
AE, —19.3 —65.4 —122.9 —169.0 —207.5 —244.4 —281.4 —-317.1 —352.7
BSSE 0.8 3.4 5.3 6.9 8.5 10.1 115 12.9
AEenn-1 —19.3 —46.1 —57.5 —46.1 —38.5 —-36.9 —-37.0 —35.7 —35.7
B3LYP/aug-cc-pVT2
AE, —18.8 —63.7 —121.6 —168.3 —206.8 —243.3 —280.2 —315.8 —351.4
BSSE 0.3 1.0 1.8 25 3.0 3.6 4.1 4.6
AEcnn-1 —18.8 —44.9 —57.9 —46.6 —38.5 —36.6 —36.9 —35.6 -35.5
B3LYP/aug-cc-pvVQZ2
AE, —18.9 —63.6 —120.9 —166.9 —205.2 —241.4 —278.0 —313.3 —348.6
BSSE 0.17 0.54 0.91 1.24 1.49 1.78
AEgnn-1 —-18.9 —44.7 -57.3 —46.1 —38.2 —36.3 —36.5 -35.3 -35.3
B3PW91/aug-cc-pVDZ
AEq —-8.7 —36.7 —80.1 —1151 —142.8 —168.5 —194.6 —219.6 —2445
AEpnn-1 —-8.7 —-27.9 —43.4 —35.0 —27.8 —25.7 —26.1 —25.0 —249
AE, -16.2 -57.7 -111.2 —154.0 —189.2 —223.0 —256.9 —289.5 -322.1
AEgnn-1 -16.2 —41.5 —53.6 —42.8 —35.2 -33.7 —34.0 -32.6 -32.6
MPW1PW91/aug-cc-pVDZ
AEq —-11.2 —43.0 —-89.4 —-127.3 —157.9 —186.5 —215.0 —242.6 —270.0
AEpnn-1 —-11.2 —31.8 —46.4 —-37.9 —30.6 —28.6 —28.4 —27.6 —27.4
AE, —18.6 -64.1 -120.7 —166.4 —204.5 —240.9 —2775 —312.8 —347.9
AE¢nn-1 —18.6 —45.5 —56.6 —45.7 —38.0 —36.4 —36.6 —35.3 —35.2
PW91/aug-cc-pVDZ
AE, —22.2 —76.9 —143.3 —196.6 —241.0
AEenn 1 —22.2 —54.7 —66.4 —-53.2 —445
PW91/aug-cc-pVTZ
AE, —-215 —74.9 —141.3 —194.4 —238.5
AEenn-1 -215 —-53.4 —-66.4 -53.1 —44.1
PW91/aug-cc-pVQY
AE, -214 -74.3 —139.9 -192.4 —236.1
AEenn 1 —21.4 —~52.9 —65.6 —52.4 436
AE, —11.7
AEed —21.3 —69.1 —129.7 —179.6 —221.0 —257.8 —2915
Experiment
AE, -19.7

aSingle-point energy calculation. Geometry optimized at B3LYP/aug-cc-pVDZ.
bSingle-point energy calculation with the B3LYP/aug-cc-pVDZ geometry.
‘B3LYP/6-311+G(2df,p) (Ref. 24.

9B3LYP/6-31+ + G(d,p) (Ref. 35.

®From Pine and HowardRef. 10.

significantly lower than the other theoretical methods. Forspectively. Our result for the dimer binding energy at the
the HCI dimer,AE, calculated at PW91/aug-cc-pVQZ with B3LYP/aug-cc-pVQZ level is—18.9 kamol !, which is in
the geometry optimized at B3LYP/aug-cc-pvVDZ is good agreement with experiment. By including ZPVE our
—9.6 kJmol !, which is in excellent agreement with experi- best estimation is—11.8 kdmol'?, which indicates that
ment. zero-point vibrational energies are reasonably accurate.
The importance of cooperative effects due to nonadditiveBSSE for HF clusters are reported in Table Il. They are simi-
interactions in HCI clusters as a function of the cluster size idar to the corrections for HCI binding energies and corre-
illustrated in Fig. 1, which shows the stepwise binding en-spond to~1% of the uncorrected values at the B3LYP/aug-
ergyAE, n—1 as a function of the cluster size AE.,,—1  cc-pVQZ level. PW91 results with geometries optimized at
increases by-40% from (HCI), to (HCl)3, shows a small the MPW1PW91/aug-cc-pVDZ level are also reported in
increase from (HCH to (HCI),, then decreases and seemsTable Il. The PW91/aug-cc-pVQZ prediction for the (HF)
to stabilize for larger clusters. binding energy is—21.4 kamol'!, in very good agreement
Binding energies for (HR) ; clusters are reported in with the result reported by Rinacet al>® (see Table )l and
Table Il. The experimental values for the dirtfewith and  experiment. Table Il also reports binding energies for larger
without ZPVE are—12.7 kdmol ! and—19.4 kIJmol !, re-  HF clusters. Good agreement between the present results and
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FIG. 2. Stepwise binding energyEe , ,_1 (in kJ mol'?) vs the cluster size
n in (HF),_qqClusters.

other theoretical calculatiofisfor clusters up to the octamer

Guedes, do Couto, and Costa Cabral

is observed. PW91 binding energies for larger clusters are
also reported in Table Il. They follow the same trend ob-

served in HCI clusters and are significantly lower than those n=4

predicted by other theoretical methods.

The most interesting feature concerning binding energy

FIG. 3. Optimized structures of (HGl)¢ clusters.

in HF clusters is the strong nonadditive cooperative effect
that is observed when we move from the dimer to the trimeported in Table Ill. The CI-Cl internuclear distance for

and tetramer. This is clearly illustrated in Fig. 2, which pre-(HCl), calculated at the MPW1PW91/aug-cc-pVDZ level

sents the stepwise binding enemy¥,,, ,—; as a function of
n. AEg, -1 significantly increases froom=2 (dimer to
n=4 (tetramey, decreases up to=6 (hexamey, and appar-
ently reaches a plateau foe 8.

B. Structural properties

The optimized structures of the (HGI)s clusters are

(3.790 A is in excellent agreement with the experimental
value reported by Ohashi and Pif@797 A.° B3LYP and

B3PW91 calculations for the CI-Cl distance in the dimer
deviate from the experimental value by0.03 A. We have

verified that the structure of the HCI dimer predicted by the
PWO9L1 functional is not in good agreement with experiment.
For example, the CI-Cl bond distance is 3.693 A, which un-

presented in Fig. 3 and some structural parameters are rderestimates the experimental values by 0.1A.
TABLE III. Structural properties of (HCI)_¢ clusters. Distances ifngstroms. Angles in degrees.
(HCI), (HCh)3 (HC), (HChs (HCI)s
B3LYP/aug-cc-pvVDZ
H-CI 1.296 1.307 1.313 1.313 1.313
CIH:--Cl 2.537 2.410 2.336 2.326 2.324
CI-Cl 3.830 3.650 3.646 3.638 3.636
Cl-H-Cl 73.7 157.2 175.2 177.8 178.6
B3PW91/aug-cc-pVDZ
H-CI 1.299 1.307 1.314 1.313 1.315
CIH---Cl 2.552 2.475 2.336 2.326 2.258
CI-Cl 3.850 3.712 3.638 3.580 3.573
Cl-H-Cl 174.4 156.8 175.6 177.8 178.4
MPW1PW91/aug-cc-pVDZ
H-Cl 1.294 1.305 1.312 1.312
CIH---Cl 2.499 2.392 2.257 2.224
cl-cl 3.790 3.630 3.566 3.556
Cl-H-Cl 173.1 157.1 175.6 178.9
Experiment
cl-cl 3.74623.797

#From Elrod and SaykallyRef. 14.
From Ohashi and PingRef. 9.
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FIG. 4. Optimized structures of (HE),, clusters.

TABLE IV. Structural properties of (HR) 1o clusters. Distances imastroms.

(HCl),_g and (HF),_, clusters 1277

Some significant structural changes occur when we
move from the HCI dimer to larger HCI clusters. The average
CI-Cl internuclear distance is reduced 6% from (HCI),
to (HCI), and then seems to reach a nearly constant value
(~3.6 A) for larger clusters. A quite similar behavior can be
observed in the CIH-Cl hydrogen bond. At the MPW1PW1
level it is 2.499 A in the dimer and 2.224 A in the pentamer,
which means a 12% reduction. With the exception of the
(HCI); cyclic structure, the averagé Cl-H-Cl angle shows
a tendency to linearity in larger HCI clusters. For example, at
the B3LYP/aug-cc-pVDZ level,/ CI-H-Cl increases from
175.2° in (HCI), to 178.6° in (HCI). For the cyclic struc-
tures, as the cluster sireincreases, the need for the H bonds
to become nonlinear and be able to support high angular
strains diminishe& Deviations from linearity in HCI can be
related to the competition between dipolar interacti¢thst
favor linear arrangementand quadrupolar interactiorifa-
voring perpendicular configurationsThe structure of HCI
clusters clearly indicate that cooperative effects are very im-
portant. In agreement with the behavior of binding energies,
these effects increase significantly from the dimer to the tet-
ramer and apparently reach a limit in the hexamer.

The optimized structures of the (Hf), clusters are
presented in Fig. 4 and some structural parameters are re-
ported in Table IV. The internuclear F-F distance in (K5
2.723 A at the MPW1PW91/aug-cc-pVDZ level, in excellent
agreement with the experimental value (2:7203 A)2’
B3LYP and B3PW91 results for F-R2.730 A are also in
good agreement with experiment. At the MPW1PWO91 level
the average F-F distance decreases from 2.723 A in (HCI)
to 2.444 A in (HCly, which means a 11% reduction. A
similar behavior can be observed for the average-H¥F
hydrogen bond. It is reduced from 1.804 A in (HR) 1.479
A'in (HF)g, which is a 22% reduction. The averagé-H-F

Angles in degrees.

(HF), (HF); (HF), (HF)s (HF)s (HF); (HF)g (HF)q (HF)10
B3LYP/aug-cc-pvVDZ

H-F 0.932 0.947 0.961 0.966 0.967 0.967 0.968 0.968 0.968
HF--H 1.806 1.737 1.569 1.519 1.506 1.502 1.500 1.500 1.499

F-F 2.730 2.586 2.509 2.482 2.455 2.452 2.449 2.449 2.449
F—-H-F 170.2 147.6 165.0 174.4 178.5 178.4 178.5 178.6 178.6

B3PW91/aug-cc-pVDZ

H-F 0.932 0.947 0.961 0.966 0.968 0.969 0.969 0.969 0.969
HF --H 1.806 1.806 1.569 1.520 1.487 1.483 1.480 1.480 1.480

F-F 2.730 2.586 2.509 2.482 2.455 2.452 2.449 2.449 2.449
F-H-F 170.2 147.6 165.0 174.4 178.0 178.4 178.6 178.6 178.7

MPW1PW91/aug-cc-pVDZ

H-F 0.927 0.943 0.958 0.963 0.964 0.965 0.965 0.965 0.965
HF--H 1.804 1.712 1.548 1.499 1.487 1.482 1.479 1.479 1.479

F-F 2.723 2.561 2.487 2.459 2.451 2.447 2.444 2.444 2.444
F—H-F 169.8 147.9 165.3 174.6 177.8 178.3 178.5 178.6 178.6

B3LYP/6-31+ +G(d,p)?

HF--H 1.810 1.744 1.562 1.496 1.477 1.474 1.476

F-F 2.732 2.601 2.500 2.463 2.449 2.445 2.445
F—H-F 175.9 145.0 162.9 172.6 178.5 182.3 185.0

Experiment
F-F 2.72:0.09

%From Rincm et al. (Ref. 35.
From Howardet al. (Ref. 27.
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TABLE V. H-Cl stretching frequencies and average frequency shift relative to the moridmén cm™1) in HCI clusters.

HCI (HCI), (HCI),4 (HCI), (HCl)s (HCl)g
B3PW91/aug-cc-pVDZ
121 2947 2934 2773 2697 2693 2694
v, 2851 2773 2671 2689 2686
V3 2722 2671 2653 2680
vy 2597 2652 2642
Vs 2591 2638
Ve 2590
(v 2892 2756 2659 2656 2655
Av 55 191 288 291 292
MPW1PW91/aug-cc-pVDZ
121 2971 2957 2795 2721 2714
Vs 2870 2794 2695 2706
V3 2743 2695 2701
vy 2621 2660
Vs 2658
Vg 2609
(v 2913 2778 2683 2674
Av 58 193 288 297
MP2/PSt+VPS(2d)S2
2 3095 3078 3009 2984
v 3042 3009 2968
V3 2979 2968
Vy 2931
(v) 3060 2999 2963
Av 35 96 132
Experimental HA (HCIy,© (HCly4¢ (HCIy,©

vy 2889 2856 2787 2763
v, 2818 2787 2748
V3 2760 2748
v, 2716
(v) 2837 2778 2743
Av 52 111 146

8 atajka and ScheingiRef. 8.
B(HCI), in solid Ne(Ref. 15.
Y(HCI),, in solid Ar (Ref. 17.

angle exhibits a tendency to linearity in larger HF clusters.  4q0 , , ,

At the. B3LYP/aug—cc—pVD_Z level/ F-H-F incrt_aa;es from BIPWO1
165° in (HF) to 178.5° in (HF), and then it is nearly r @@ MPW1PWO1 (HCL)2¢
constant in the larger clusters. Table IV also reports A e
B3LYP/6-31+ + G(d,p) results for (HF)_g clusters from a 300 - w-—mExp. . .
recent study by Ringo et al,*® which are in very good 7
agreement with our B3LYP calculations. E
Our results strongly suggest that cooperative effects in- 5 oqq bkt

duced by hydrogen bond are important in both HCI and HF
clusters. They also provide some evidence that these effect:
seem to reach a limit for a relatively small number of mono-
mers(eight in the case of HF In addition, our results also 100
show that the magnitude of these effects is more important

for HF than for HCI clusters.

[
1.3 131 132
r(C1-H) (4)

IV. VIBRATIONAL SHIFT AND ELECTRONIC DENSITY

DIFFERENCE
. . . FIG. 5. Average frequency shifhv (in cm™1) vs the cluster sizen in
A. Vibrational shift in HCI and HF clusters (HCI); _¢ clusters. The inset showsw vs the average CI-H distancia A).

. . . FT optimizations were carried out with the aug-cc-pVDZ basis set. The
Spectroscopic studies of hydrogen halide clusters arghifted curve corresponds to a shift of 82 chin the monomer and dimer

freql-_'ently Carried_OUt in _Condensed phases, Usua”)_’ inert 9a&quencies. The MP2 curve is based on the (HGl)frequencies from
matrices. Interactions with the matrix atoms may influenceLatajka and ScheingiRef. 8.
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quency HX (X=CI,F) of the clustefv) and the frequency
of the monomer. Table V reportsv's and frequencies for the

HCI clusters. DFT frequencies were not scaled. Some
, authors*%® suggested that DFT zero-point energies should
be scaled. However, the empirical scale factor depends on

1200 T

—x B3LYP (HF)zfm
& @ MPW1PW91

1000 r w—au Exp.

800 -

Av (em™)

600

400 -

0.93

094 0.95
r(F-H) (1)

096 097

FIG. 6. Average frequency shifiv (in cm™!) vs the cluster size in
(HF),_o clusters. The inset showsv vs the average F-H distanca A).

The experimental curve has been derived from the frequencies reported b
with experiment is observe@ee Fig. 5. In Table V we also

Andrewset al. (Ref. 29.

sociated with the guest vibrational motioh.

We define the average frequency shift for each clus-

9 10

the specific theoretical level.

Harmonic frequencies for HCI and (HGl)are higher
than experimental values. At the MPW1PWO91 level the de-
viations from experiment are 82 ¢rh (HCIl) and 76 cm*
for (HCI),. This is possibly related to the neglect of anhar-
monicity for the isolated speciédgor (HCI); theoretical fre-
quencies are in very good agreement with experiment. How-
ever, for large clusters, gas phase frequencies are lower than
experimental values in solid argohlt is possible that con-
densed phase effects are more important for larger clusters.
This could explain the deviation v from experiment that

is illustrated in Fig. 5. We remark that if the theoretical har-
monic frequencies of the monomer and dimer are shifted by
g= 82 cmi ! to correct for anharmonicity, a better agreement

presentAr's based on frequency calculations by Latajka and

the vibrational structure of the hydrogen-bonded complex. Scheinet at the MP2 level with pseudopotential plus valence

There is also theoretical evidence supporting that these intepolarization functions MP2/PSVPS(2d)* level. Good

actions modify the shape of the intramolecular potential asagreement with experiment, which is slightly improved for
larger clusters, can be observiesge also Fig. b Our results

for larger HCI clusters also indicate, in agreement with the

ter as the difference between the average stretching fraesults for the binding energies and structural properties, that

TABLE VI. H-F stretching frequencies and average frequency shift relative to the mor{@dmén cm™1) in HF clusters.
HF (HF), (HF)s (HF)4 (HPF)s (HF)s (HF)7 (HF)s (HF)o (HP) 10
B3LYP/aug-cc-pvVDZ
2 4059 4016 3686 3481 3393 3395 3384 3389 3383 3386
123 3882 3686 3396 3392 3350 3382 3357 3381 3371
V3 3546 3395 3258 3349 3311 3357 3338 3368
Vg 3163 3257 3195 3310 3271 3333 3317
Vs 3014 3195 3157 3270 3243 3308
Vg 2978 3148 3118 3241 3222
vy 2967 3117 3100 3211
vg 2955 3091 3076
Vg 2954 3076
V1o 2953
(v) 3949 3639 3358 3263 3243 3237 3229 3229 3229
Av 110 420 701 796 816 822 830 830 830
MPW1PW91/aug-cc-pVDZ
2 4129 4084 3726 3503 3408 3410 3397 3401 3395 3397
v, 3943 3726 3412 3407 3360 3396 3367 3393 3382
V3 3577 3412 3264 3360 3319 3366 3347 3379
vy 3164 3263 3195 3317 3274 3341 3324
Vg 3002 3195 3154 3274 3245 3313
Vg 2964 3144 3110 3243 3222
vy 2950 3109 3091 3210
vg 2935 3081 3066
Vg 2935 3065
Y10 2933
(v) 4013 3676 3372 3269 3247 3239 3229 3230 3229
Av 116 453 757 860 882 890 900 899 900
Experiment
(v) 3992 3884 3431 3276 3200 3150 3239
Av 108 561 716 792 842

4(HF), in solid Ne (Ref. 29.

Downloaded 27 May 2007 to 194.117.6.7. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



1280 J. Chem. Phys., Vol. 118, No. 3, 15 January 2003 Guedes, do Couto, and Costa Cabral

the electronic density differenggy(r),%® which is calculated
from the electronic density(r). For a cluster of sizen,
pp.n(r) can be defined as:

HCI HF

pD,n(r>:pn<r>—g1 pi(r), @)

b _ wherep,(r) is the density associated with a cluster with
9 4 o 2 monomers and the sum involves the electronic density of the
"Qk - monomers in the equilibrium geometry of the cluster.
' . \'%w R We have selected isosurfaces corresponding to a total
Qg Oiw @ . electronic density difference of 0.001e A2 (dark and
@ ¥ K +0.001e A ~2 (white). The isosurfaces are shown in Fig. 7.
They suggest a significant electronic density reorganization,
which increases from the dimer to the tetramer but seems to
be stabilized in larger clusters. This conclusion is also sup-
ported by the maxima values pf, ,(r), which are reported
in the caption of Fig. 7 for the different clusters. For HF they
increase from the dimer (0.@8A %) to the pentamer
AN (0.08e A ~3) and apparently reach a limit (0.4 %) in
< the larger clusters. The reorganization is characterized by a
shift of electronic density from hydrogen to halide atoms. In
) particular, the density associated with the central hydrogen of
,f’” the XH---X bond (X= CI,F) is shifted to the proton acceptor.

@?; i~ 1 However,pp o(r) also indicates that the redistribution of the

; electron density involves the entire cluster.
& p.- Comparison between HCI and HF clusters shows a more
240 w..$ important electronic density redistribution in the HF dimer
% wa %f’ and trimer. The results fopp ,(r) suggest that hydrogen-
£ ‘ bond cooperativity can be also related to the redistribution of
the electronic density in the clusters.

FIG. 7. Electronic density differengs, (r) in the clusters. The isosurfaces
correspond to electronic density differences-06.001e A2 (dark and V. CONCLUSIONS
+0.001e A2 (white). Some maxima opp (r) (in e A~3) for clusters of

sizen are (@) HCI 0.04 (n=2), 0.08 (i=3), 0.11 f=4), 0.12 o=5), This work reports theoretical results for the binding en-

(1"}31 (8:12); _“2 Hgl(;'03_(’;=20)’120'07_§‘=3)' 010 p=4), 0.08 @ ergies, geometries, and vibrational spectra of (HGJ)and

=9). 012 0=6), 0.12p=7). 0.12 ©=8). (HF),_1oclusters. The results are based on density functional
theory. Geometry optimizations have been carried out with

hydrogen-bond cooperativity increases from (HCRo hybriq functionals. For HF clusters a good agreement yvith
(HCI),, but seems to reach a limit for larger clusters. This isexperimental results for the energetics, strucure and vibra-

illustrated in Fig. 6, which showAw versus the cluster size 0@l spectrum has been observed. Hybrid functionals
n. The inset shows the linear correlation betwéenand the  (B3LYP, B8PW91, and MPW1PW9keem to underestimate

average H-Cl bond distance in the clusters. Table VI reportf1e (HCI), binding energy. Our best result for the dimer
Av's and frequencies for the HF clusters. binding energy  (MPW1PW91/aug-cc-pVQE is

l - - 1 .
For (HF), our results are in very good agreement with —5.9 kdmor =, which is 3.6 kJ mol* above the experimen-

experiment® For exampleA »=110 cm * (B3LYP/aug-cc- tal result reported by Pine and HowaftThis discrepancy

pVDZ), in excellent agreement with the experimental valueS€€ms to reflect the fact that dispersion interactions, which

(108 cnl). Av's for (HF); seem to be underestimated by &€ determined by polarization and correlation effects, are

theory. However, for larger clusters a good agreement wit/iot 2dequately gaken into account by the present set of hy-
experiment is observed. Fig. 6 shows the behavickoas a  Prd functionals?® By carrying out single-point energy calcu-
function of n for (HF)_1. The inset illustrates the linear lations for HCI clusters with the Perdew and Wang exchange

correlation betweer» and the average F-H bond distance. @1d correlation functionalPW91), the HCI dimer binding
The present results fak» in HCl and HF clusters provide a €N€rgy is in very good agreement with experiment. We have

clear illustration of hydrogen-bonding cooperativity that also verified that for the HF dimer the PW91 binding energy

complements the data for binding energies and structure. 1S i good agreement with experiment. However, for larger
clusters, PW91 binding energies are apparently overesti-

mated.
Our results illustrate the importance of hydrogen-bond
The electronic density reorganization in the clusters, in{HB) cooperativity in the determination of the energetics,
duced by hydrogen bonding, can be analyzed by introducingtructure, and vibrational properties of HCI and HF clusters.

B. Electronic density difference
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