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Ab Initio Hartree —Fock and Density Functional Studies on the Structures and Vibrations
of an Infinite Hydrogen Fluoride Polymer

Introduction

It is well recognized that the energetic and structural
properties of consecutively hydrogen-bonded systemX {
H-+-X—H---X—H---) exhibit “cooperative” or “nonadditive”
behaviort=8 For instance, the binding energy per hydrogen
bond increases as the number of constituentHXmolecules
increases. The intermolecular-HX distances shorten and the
intramolecular X-H bonds lengthen as the chain becomes
longer, which accompanies a decrease in the frequencies of th
X—H stretching modes. The dipole moments of hydrogen-
bonded chains are usually larger than a simple vector addition
of the dipole moment of a monomer would suggest. Quantita-
tive knowledge of the cooperativity is essential in studying the
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Structural parameters, binding energies, and frequencies of the infrared- and Raman-active vibrations are
calculated for an infinite zigzag chain of hydrogen fluoride molecules by ab initio crystal orbital theory with
the analytical energy gradient scheme. The Bedlee—Yang—Parr (BLYP), Becke3Lee—Yang—Parr
(B3LYP), and HartreeFock (RHF) levels are used in conjunction with the 6-3#G(d,p) basis set.
Molecular orbital calculations at the BLYP, B3LYP, RHF, and the second-order Mgtlieisset perturbation

(MP2) levels with the same basis set are carried out on linear HF oligomers containing up to six molecules,
to examine the chain-length dependence of the energetic and structural properties. The predicted chain-
length dependence is found to be significantly smaller in the RHF results than in the BLYP and B3LYP
results. The RHF level substantially underestimates the downward frequency shifts in the intramolecular
H—F stretching modes on going from the monomer to the polymer, while the shifts calculated at the BLYP
and B3LYP levels are much closer to the experimental findings, although they are slightly overestimated.
The RHF level strongly underestimates the intramolecularFHbond length and overestimates the
intermolecular F-H and F--F distances of the HF polymer, while the structural parameters predicted at the
BLYP and B3LYP levels are in good agreement with the experimental results. It is concluded that the RHF
level seriously underestimates the cooperative binding effects of consecutive hydrogen bonds, whereas the
BLYP and B3LYP levels slightly overestimate this behavior; but these latter levels provide much better
description than the former. Vibrational assignment of librational modes of HF crystals is reexamined on the
basis of the calculated frequencies. The observed frequencies of the librational and pseudo-translational modes
fall between the corresponding frequencies calculated at the RHF and density functional levels.

and Yanovitskiit*#1> They examined the chain-length depen-
dence of the HF and F--F distances, frequencies of the-f
stretching modes, and other properties for neutral, protonated,
and deprotonated HF clusters. In these studies, the authors
employed the HartreeFock approximation with the 4-31G,
6-31G(d,p), and 6-3H+G(2d,p) basis sets. The calculated
chain-length dependence was found to be systematic, and it
turned out that the calculated bond lengths and frequencies
gfonverged very slowly to the corresponding values of ¢HF)
Therefore, it is hardly possible to obtain the structures or
vibrational frequencies of (HE)by extrapolation from those

of oligomers with reasonably large basis sets or theoretical levels
which incorporate the effects of electron correlation.

structures and dynamics of hydrogen-bonded systems in the An alternative, and in principle more accurate and efficient,
condensed phase. method to calculate the structures and vibrational frequencies
The cooperative behavior is most clearly illustrated by the of infinite chains is provided by ab initio crystal orbital
linear or cyclic hydrogen-bonded chains of hydrogen fluoride theory?'~3* Several papers have been published so far which
(HF) molecule$5%17 The intermolecular binding in HF  have dealt with (HF) on the basis of ab initio crystal orbital
clusters is categorized into moderately strong hydrogen bonds, theory>#! or periodic density functional theory using local
and the crystalline HF is constructed from one-dimensional exchange-correlation functionafs** Among them, the paper
zigzag chains (HRE)of HF molecules®2°0 The intermolecular ~ written by Beyer and Karpféfi has been the only one which
F---F distance of (HF)is 2.49-2.50 A (refs 18 and 19), which  reported the optimized structural parameters and vibrational
is substantially shorter than the-FF distance (2.722.79 A) frequencies of (HF) obtained with reasonably large basis sets.
(refs 21 and 22) of the neutral dimer (HF)The frequencies  These authors employed the Hartrdeck approximation in
of the H—F stretching modes decrease by several hundreds ofconjunction with the Gaussian lobe basis sets. Thd-Hbond
cm~1 on going from (HF) (ref 23) to (HF), (refs 20, 24-30). length of (HF), calculated with the largest basis set they used
The most intensive investigations on the cooperativity of the was, however, significantly shorter than the experimental results.
hydrogen bonds in HF clusters were carried out by Karpfen Correspondingly, the calculated-H bond length was much
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longer than the experimental values, and the calculated frequen-the basis set superposition errors (BSSE) in the binding energies
cies of the H-F stretching modes were overestimated by more of the dimer and trimer by the function counterpoise method

than 700 cm?, of Boys and Bernardi® taking into account the structural
It is probable that these discrepancies are ascribed to therelaxation of the monomer upon the dimer or trimer formation.
neglect of electron correlation. Recently, Kargfehas ex- The BSSE correction to the binding energy of the trimer was

tended the investigations of HF clusters to second-order Mgller estimated by using eq 6 in the paper of Turi and DannenfSerg.
Plesset perturbation (MP2) theory and several variants of density Polymer Calculations. The geometry optimizations and
functional theory with the 6-31+G(2d,p) basis set. However, vibrational frequency calculations of infinite zigzag HF chains
there seems to be no calculation on the structure and vibrationalwere carried out using the analytical energy gradients of ab initio
frequencies of (HF) using correlated theoretical levels with  crystal orbital theory. Density functional theory using the BLYP
reasonably large basis sets. Such calculations are of greatind B3LYP functionals as well as RHF theory was employed
importance, since they directly provide us with quantitative with the 6-31%+G(d,p) basis set. The formulas for the self-
information about the cooperativity of consecutive hydrogen consistent-field (SCF) procedures of ab initio crystal orbital
bonds in the solid state. This is especially true for (5IF) theories are given in refs 3134. Analytical energy gradient
because the structures and vibrations of the dimer haveformulas for crystal orbital theory were first derived and
thoroughly been investigated both experimentally and theoreti- implemented by Teramae et at the Hartree Fock level,
cally (see, e.g., refs 10, 17, 44, 45, and references therein). Theand recently we extended them to the density functional and
performance of a theoretical method as a means to study thehybrid Hartree-Fock/density functional levef8. In our previ-
hydrogen-bonded systems will be best judged on the basis ofous density functional crystal orbital studf@s®3 we expanded
the crystal orbital calculations, since the cooperative effects arethe electron density by auxiliary basis sets and evaluated the
more pronounced in the condensed phase than in small clusterscoulomb repulsion energies with two- and three-index electron
In this article, we present the results of ab initio Hartree  repulsion integrals (ERIs) instead of four-index EE4€5 In
Fock and density functional crystal orbital calculations on ¢HF)  the present study, however, we evaluated the Coulomb repulsion
The structural parameters are optimized, and frequencies of theenergies with four-index ERIs in order that we can compare
infrared- and Raman-active vibrations are calculated using thethe results of the crystal orbital calculations directly with those
gradient-corrected Beckd.ee—Yang—Parr (BLYP}¢ 48 and of the molecular orbital calculations. The contributions of long-
the hybrid Becke3 Lee—Yang—Parr (B3LYPJ°functionals as  range electrostatic interactions to total energies and to Fock
well as the spin-restricted HartreBock (RHF§° approximation  matrix elements were evaluated by the multipole expansion
in conjunction with the 6-31++G(d,p) basis set. Our choice technique developed by Delhalle et®&l. Accordingly, we
of the exchange-correlation functionals and basis set has beeremployed different formulas for the total energies and analytical
made on the basis of previous density functional studies of the energy gradients of density functional crystal orbital theory from
HF dimer?-%3 To examine the chain-length dependence of those given in our recent pag@r.For the sake of completeness,
the energetic and structural properties, ab initio molecular orbital the formulas used in the present study are given in the Appendix.
calculations at the RHF, BLYP, B3LYP, and MP2 levels using  az translational repeat unit of (HE)contains two HF

the same basis set are carried out for HF oligomers up to the j,qjecules. The geometry optimizations of the polymer were

hexamer in the linear chain configuration. The effects of e rformed with the analytical energy gradients by taking an HF
electron correlation, as taken into account at the BLYP and | it as the reference unit cell and by making use of the screw

B3LYP levels, on structural parameters, binding energies, and 5is symmetry. Four-index ERIs were evaluated by using the
V|brat|onal_frequenC|es are elucidated. The assignment of theSth, 10th, and 16th neighbor approximations for the BLYP,
o_bserved infrared an_d Raman bands of HF crystals is aIsoB3LYP, and RHF calculations, respectively. The use of
discussed on the basis of the calculated results. different cutoff radii for different theoretical levels is justified
) because the exchange-correlation matrix elements decay more

Method of Calculations rapidly than the exact-exchange matrix elements. The criterion

Oligomer Calculations. Ab initio molecular orbital calcula-  for the convergence of density matrix elements was set t8.10
tions on the linear HF oligomers up to the hexamer were carried The threshold value for the residual energy gradients was 10
out with the Gaussian 94 prograth. The geometry optimiza- ~ hartree/bohr.
tions and vibrational frequency calculations were performed at  In the vibrational frequency calculations, we adopted a
the RHF, BLYP, B3LYP, and MP2 levels with the internally translational repeat unit, i.e., an (Hfnit, as the reference unit
stored 6-31%+G(d,p) basis set. We specified the “6d” option, cell in order to obtain frequencies of all the infrared- and Raman-
which requests that six Cartesian d-type functions instead of active modes. Accordingly, we employed the 4th, 6th, and 10th
five pure d-type functions be used, to make the basis sets usedeighbor approximations for the BLYP, B3LYP, and RHF
in molecular orbital and crystal orbital calculations identical. calculations, respectively. Force constants were evaluated by
All the electrons were correlated in the MP2 calculations. numerical differentiation of the analytical energy gradients. Step

In the geometry optimizations of the linear oligomers, we size used in the numerical differentiation was 0.04 bohr. We
assumed the planarity of the molecules and optimized all the employed the Namur cutoff criterion with multipole expansion
remaining structural parameters. Anharmonic vibrational fre- corrections®®7 taking into account the dipotedipole and
quencies of the monomer were calculated by the three-term charge-quadrupole interaction corrections to total energies and
finite-difference method using one-dimensional potential to Fock matrix elements. The other parameters of calculations
energy curves computed by changing thefFHdistance at 0.04  such as the number of wave vector sampling points and the
A intervals in the range of 0-51.5 A. numerical quadratures and grids used in numerical integration

The intermolecular binding energy of the dimer (trimer) was Were the same as those used in our previous staHies.
obtained at each theoretical level as the total energy of the dimer The binding energy of (HE)was obtained at each theoretical
(trimer) minus twice (three times) the total energy of the isolated level as the difference between the total energy of the polymer
monomer at their respective optimized structures. We estimatedper HF unit and the total energy of the isolated monomer at
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TABLE 1: Equilibrium Bond Length (in Units of A) and
Harmonic and Anharmonic Vibrational Frequencies (in
Units of cm™1) of an HF Molecule

BLYP B3LYP RHF MP2 expt
H—F bond length 0.933 0.922 0.898 0.917 03917
harmonic frequencies 3939 4098 4491 4200 4138
anharmonic frequencies 3758 3919 4319 4021 8961
aReference 68 Reference 73.
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Figure 1. Linear hydrogen-bonded (a) dimer, (b) trimer, and (c)
polymer of hydrogen fluoride molecules.

their respective optimized geometries. The BSSE were evalu-
ated by function counterpoise meth®d>® We computed the
total energy of the monomer with the bond length being equal
to that of (HF), using the basis set of the whole polymer chain.
Ghost basis functions were placed within the third nearest HF
unit cells at both sides of the reference unit cell.

Results and Discussion

Structures. In Table 1, the equilibrium bond lengths of an
HF molecule calculated at the BLYP, B3LYP, RHF, and MP2
levels are compared with experimental restitShe H-F bond
length calculated at the RHF level (0.898 A) is significantly

Hirata and lwata

are compiled in Table 2 along with the experimental data taken
from refs 21, 22, and 69. It is seen from Table 2 that the
calculated intramolecularHF bond lengths increase in the same
order (RHF< MP2 < B3LYP < BLYP) as the calculated bond
lengths of the monomer. The calculated intermolecularH

and F--F distances are dependent on the theoretical level
employed to a larger extent. The-H distance predicted at
the RHF level (2.826 A) is longer than that obtained at the
B3LYP level (2.748 A) by as much as 0.078 A, while the
F---F distances calculated at the BLYP and MP2 levels fall
between these two values. It is difficult to judge which
theoretical level yields the best-H- distance on the basis of
the comparison between the calculations and experiments due
to the large uncertainties in the experimental data. TieHh
angles calculated with all of four levels of approximation are
within the range of experimental errors. On the other hand,
the calculated f-H, angles vary substantially with the theoreti-
cal levels, and the RHF result seems to be too large as compared
with the experimental values.

The most stable structure of (HFn the vapor phase is a
cyclic configuration with theCz, symmetry, as has been
determined by experimental and theoretical studies (see, e.g.,
ref 17 and references therein). The trimer in the linear open
chain configuration (see Figure 1), therefore, corresponds to
either a local minimum or a saddle point on the potential energy
surface. The BLYP and B3LYP levels predict that the linear
(HF); oligomer is a local minimum, whereas the RHF and MP2
levels indicate that this configuration is a first-order saddle point.
The calculated bond distances of (HRye given in Table 3.
The calculated intramolecular+H- bond lengths depend on the
theoretical levels in the way parallel to that found in the
monomer and dimer results.

At each theoretical level, the calculated hydrogen-bond
distances of the trimer are substantially shorter than that of the
dimer. For instance, at the B3LYP level, the calculated
Hi-+F> and H++-F3 distances of the trimer are 1.771 and 1.743
A, respectively, which are shorter by 0.061 and 0.089 A than
the calculated H-F distance of the dimer (1.832 A). These
reductions in the hydrogen-bond distances can be regarded as

shorter than the experimental value (0.917 A), whereas the bonda manifestation of the cooperativity. We observe the similar

length predicted at the BLYP level (0.933 A) is too long. At
the B3LYP and MP2 levels, the calculated-H bond lengths
agree reasonably well with the experimental value. The errors
that are visible in the monomer description at a given theoretical
level are carried over to longer oligomers and polymer (vide
post).

It has been established by microwave molecular beam
experiment&-22that the lowest energy configuration of (HF)
is bentC;s structure with nearly linear+H---F hydrogen bond,
as illustrated in Figure 1. All the theoretical models employed
in this study (BLYP, B3LYP, RHF, and MP2) correctly
reproduce the bent configuration as the global minimum,
provided that the 6-3Ht+G(d,p) basis set is used (see also ref
51-53). The optimized structural parameters of the HF dimer

TABLE 2: Structural Parameters of an Open HF Dimere®

amounts of reductions at the MP2 (0.062 and 0.087 A) and at
the BLYP level (0.062 and 0.091 A). However, the values
obtained at the RHF level (0.054 and 0.074 A) are smaller than
those obtained at the correlated levels.

One of the normal modes of (HFalculated at the RHF
and MP2 levels has an imaginary frequency. That mode
corresponds to localized out-of-plane motion of the terminal
(non-hydrogen-bonded) hydrogen at&mEor longer oligomers,
some of the normal modes obtained at the density functional
levels as well as at the RHF and MP2 levels also have imaginary
frequencies. These imaginary frequencies are always associated
with localized motion of terminal molecules, and hence we can
safely expect that the structural parameters and vibrational
frequencies of the central part of HF oligomers approach the

structural
parametey BLYP B3LYP RHF MP2 expt
F,—H1 bond length 0.941 0.929 0.901 0.921
Hi---F, bond length 1.847 1.832 1.933 1.876
F,—H, bond length 0.936 0.925 0.900 0.920
F1---F> bond length 2,772 2.748 2.826 2.788 2479.05°2.724+ 0.0%
F.F1H; angle 8.5 7.9 6.5 6.5 1060743
F1FH; angle 113.6 116.6 126.8 121.0 14761204+ 2

a Atoms are numbered as+H;+-F,—H,. ® Reference 21¢ Reference 22¢ Reference 6% Bond lengths in A and bond angles in deg.
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TABLE 3: Structural Parameters of an Open HF Trimer ° of previous crystal orbital calculations of Beyer and Kargfen
structural at the RHF level. They employed three different basis sets,
parametey BLYP B3LYP RHF MP2 i.e., basis sets I, Il, and lll. Size of the basis sets is in the

Fi—H.bond length  0.944 0932 0903 0923 order I~ 6-31H+G(dp)> Il > 1.

H,-++F, bond length 1.785 1.771 1.879 1.814 First, we point out that the structural parameters obtained by
F>—H; bond length 0.948 0.935 0.905 0.926 Beyer and Karpfen with basis set Il are in reasonable agreement
Hz:++F3 bond length 1.756 1.743 1.859 1.789

with our result using the basis set of comparable size, i.e.,

Fs~Hs bond length 0.937 0.926 0.901 0921 6-31H+G(d,p). The effects of electron correlation, as taken

2 Atoms are numbered as+H;i:*+F>,—Hy**-Fs—Hz. ° Bond lengths into account at the BLYP and B3LYP levels, are profound on
in A and bond angles in deg. the structural parameters. The- bond lengths calculated at
0.98 L 4w the BLYP and B3LYP levels are 0.976 and 0.959 A, respec-
e tively, which are significantly longer than the RHF value (0.913
0.96- @ x i A). The measured HF bond lengths are 0.9% 0.02 A from
i X [ the neutron diffraction stud§and 0.95+ 0.03 A from the NMR
g 0944 X o°° R study’® The RHF level underestimates the-H bond length
S X o g o L of (HF)., as it does for the isolated monomer, while the bond
g 0.929 o - lengths obtained from the BLYP and B3LYP calculations are
< 1 o o® * within the experimental errors. Similarly, the RHF level
T 0904 * - substantially overestimates the-fH and F--F distances,
5 T T I whereas the BLYP and B3LYP levels yield calculated distances
& 1004 ® * i which are very close to the experimental data. TheRH
a g ® F---H, and F--F lengths calculated at the RHF level with basis
g 1.80+ D% I set | are apparently in good agreement with the experiments,
o 5, but this coincidence is fortuitous and is due to the cancellation
1.70+ w T of the errors arising from the small basis set used and from the
1.604 5 i neglect of electron correlation. The FFF angle obtained at the
RHF level (132.0 degree) is much larger than the values
1.50 — T+ determined by X-ray diffraction (120.1 degrees) or by neutron
1 2 343 ® diffraction (116 degrees) technique. The BLYP and B3LYP
CHAIN LENGTH calculations reproduce the experimental angles reasonably well.

Figure 2. Calculated (a) intramolecular+= bond lengths and (b) At the RHF level, the translational period is also greatly
H'i'F hydllrogeg-bondfdustance? ?]f hydrogen fﬂur?r!del ohggmgrs and gverestimated as compared with the experimental results, owing
polymer plotted as a function of the inverse of chain length. Crosses: 1, the too large values of the-#F distance and FFF angle
BLYP; open circles: B3LYP; filled circles: RHF; squares: MP2. Only predicted at this level. The BLYP and B3LYP levels, in

the longest H-F and the shortest +F distances are used. . R
contrast, reproduce the experimental results quantitatively.

corresponding values of an infinite polymer with increasing _|f we take the H-F bond length determined by neutron
chain length. diffraction techniqu®® as a reference value, the discrepancy

In Figure 2, the intramolecular HF bond lengths and the between the calculated bond length and the reference value
H--F hydrogen_bond distances are plotted versus the inverseamounts-to abOUt 0.06 A at the RHF |eVe| -S|nce the RHF IeVel
of chain length. Only the longest-+H bond length and the underestimates the+H- bo_n_d Ier!gth of the isolated monomer
shortest H+F distance of each oligomer are used. The by about 0.02 /3\,_ the remaining dlsc_repancy of 0.04 A is ascribed
corresponding bond lengths of the HF polymer directly obtained t0 the underestimation of the chain-length dependence of the
from the crystal orbital calculations at the BLYP, B3LYP, and H—F bond length. This result indicates that the inclusion of
RHF levels are also included. It can be seen that thé&Hond electron correlation is essential in describing the cooperativity
lengths calculated at the BLYP and B3LYP levels change with Of consecutive hydrogen bonds quantitatively. Likewise the
increasing chain length to a greater extent than those calculatedliscrepancy between the--F= distance of the HF polymer
at the RHF level. The BLYP and B3LYP calculations indicate Ccalculated at the RHF level and the observed value is at least
that there is a substantial e|ongation in the |OngesF|-bond partly .ascribable to the underestimation of the COOperatiVe
on going from the hexamer to the polymer, while the RHF behavior.
calculations show that the bond lengths mostly converge at the Binding Energies. The calculated binding energies of (HF)
hexamer. The chain-length dependence predicted at the MP2and (HF} are listed in Tables 5and 6, respectively. The RHF
level seems to be intermediate between the density functionallevel predicts the weakest hydrogen bond for (H&hd the
results and the RHF result. The chain-length dependence ofB3LYP level the strongest hydrogen bond among the theoretical
the H--F hydrogen-bond distances is by an order of magnitude levels employed here. As a consequence, thef-hydrogen-
larger than that of the intramolecularHf bond lengths. The  bond distance calculated at the B3LYP levels is the shortest
H---F distances calculated with the BLYP and B3LYP levels and that at the RHF level is the longest (vide ante). Since these
coincide with each other. The RHF level again predicts smaller binding energies inevitably contain the BSSE, which amount
chain-length dependence than the BLYP and B3LYP levels do. to a few kJ mot?, all the calculated values for (HFnay be
The results obtained from the MP2 calculations seem to be too small as compared with the experimental res@ifts. In
closer to the density functional results than to the RHF results. particular, the BSSE in the MP2 result is roughly twice as large

The optimized structural parameters of the HF polymer as those in the RHF and density functional results. Although
obtained at the RHF, BLYP, and B3LYP levels are compiled the binding energies directly obtained from the MP2 calcula-
in Table 4 with the experimental data of crystalline HF taken tions, which contain BSSE, are apparently in good agreement
from refs 18, 19, and 70. In this table, we include the results with the experimental values, they become systematically
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TABLE 4: Structural Parameters of an Infinite HF Polymer "

crystal orbital calculation

BLYP? B3LYP? RHF RHP RHF RHF expt
H—F bond length 0.976 0.959 0.913 0.918 0.917 0.942 8:-970220.95+ 0.03
F-+-H bond length 1.519 1.524 1.705 1.69 1.660 1.526 #JBOZ
F--F bond length 2.495 2.483 2.618 2.60 2.577 2.468 Z5001¢2.49+ 0.01
FHF angle 178.5 178.6 177.9 178.0 178.1 177.7 €176
FFF angle 120.2 122.8 132.0 129.7 130.2 141.9 1), 9
translational period 4.326 4.361 4.783 4.707 4.675 4.666 4.00174.324+ 0.0

aObtained in this study using the 6-3&3G(d,p) basis set Obtained by Beyer and Karpfen (ref 37) with basis set Ill (see téx@ptained by
Beyer and Karpfen (ref 37) with basis set Il (see tek@btained by Beyer and Karpfen (ref 37) with basis set | (see teRference 19.Reference
70.9 Reference 18"Bond lengths in A and bond angles in degree.

TABLE 5: Binding Energy (in Units of kJ mol ~1) of an TABLE 8: Vibrational Frequencies (in Units of cm~1) of an
Open HF Dimer Open HF Dimerd
BLYP B3LYP RHF MP2 expt mode BLYP B3LYP RHF MP2 expt
binding energy 19.9 212 182 19.6 1%l.2a v1(A’) 3901 (38) 4061 (37) 4455 (36) 4163 (37) 3929 (32)
binding energy+ AZPEE  12.6  13.9 11.3 12.6 12.740.06° vz (A) 3785 (154) 3962 (136) 4411 (80) 4106 (94) 3868 {93)
BSSH 2.3 2.2 1.7 38 v3 (A") 579 572 503 538
va(A") 455 456 435 421 370400

aReference 71° Reference 72 Correction due to the zero-point

vibrational energy? Basis set superposition error estimated by the ZS Eﬁg ié% iég i?j i?l:é igg
function counterpoise method. 6
o ) ) a Reference 23? Reference 74¢ References 7577.9 The values in
TABLE 6: Binding Energy (in Units of kJ mol ~%) of an parentheses are the frequency shifts from the monomer.
Open HF Trimer
BLYP B3LYP RHF MP2 to the underestimation of the chain-length dependence of the
binding energy 46.2 48.9 415 451  binding energies at the RHF level.
binding energyt A ZPE* ~ 31.5 34.0 277 310 Vibrational Frequencies. The calculated harmonic and
BSSE 4.9 4.8 3.8 89 anharmonic frequencies of the-HF stretching mode of an HF

aCorrection due to the zero-point vibrational energRasis set molecule are compared with the observed frequeffeiésn
superposition error estimated by the function counterpoise method. Table 1. The frequencies calculated at the RHF level are
overestimated by about 350 chwhich is consistent with the
Infinite HF Polymer too short H-F bond length predicted at_this level of theory. At
the MP2 level, the calculated frequencies become closer to the
BLYP® B3LYP* RHF RHP RHF RHF observed ones although they are still overestimated by 66.cm
binding energy  35.5 36.4 285 272 318 519 The frequencies computed at the BLYP level are too low as
BSSE 3.3 3.2 2.5 compared with the observed frequencies. The results obtained
aObtained in this study using the 6-3t+G(d,p) basis set.  atthe B3LYP level are between those obtained at the RHF and
b Obtained by Beyer and Karpfen (ref 37) with basis set Ill (see text). BLYP levels and are in reasonably good agreement with the
¢ Obtained by Beyer and Karpfen (ref 37) with basis set Il (see text). experimental results as well as with the MP2 results. The
¢ Obtained by Beyer and Karpfen (ref 37) with basis set | (see text). gitferences between the harmonic and anharmonic frequencies
¢ Basis set superposition error estimated by the function counterpmsepredicted at the BLYP, B3LYP, RHF, and MP2 levels are 181,
method. 179, 172, and 179 cm, respectively, and are in good agreement

smaller than the experimental values if we subtract BSSE from With the observed frequency difference of 177¢m
them. It should be kept in mind that the calculated structural  In Table 8, the calculated harmonic frequencies of gHffe
parameters and vibrational frequencies also contain errorscompared with the measured frequené@d:7” The frequen-
resulting from the BSSE in the binding energies. cies of the H-F stretching modes shift downward on going from
Binding energies per hydrogen bond increase with increasing the monomer to the dimer. All the theoretical levels reproduce
chain length, which is another manifestation of the cooperativity reasonably well the observed frequency shift fprmode (32
of hydrogen bonds. At each theoretical level, the calculated cm™1), which primarily consists of the stretching motion of the
binding energy of (HR)is substantially larger than twice the proton acceptor molecule. The, mode is approximately
calculated binding energy of (HF) The ratio of the binding regarded as the stretching motion of the proton donor molecule,
energy of (HF) to that of (HF} is the smallest in the RHF  and the large frequency shift (93 c#) observed for this mode
result (228%), whereas the ratios obtained with the BLYP, reflects the strong hydrogen-bond interactions between the two

TABLE 7: Binding Energy (in Units of kJ mol ~1) of an

B3LYP, and MP2 levels are within the range of 23282%. HF molecules. The RHF level predicts too small a frequency
We consider that this result also reflects underestimation of the shift (80 cnt?) as compared with the experimental value,
cooperativity at the RHF level. indicating that this level of theory underestimates the hydrogen-

The calculated binding energies of the HF polymer are listed bond interactions. The frequency shifts predicted at the BLYP
in Table 7. Again, we observe a reasonable agreement betweerand B3LYP levels are, on the other hand, substantially
the RHF/6-313%+G(d,p) result (28.5 kJ mol) obtained in this overestimated. The MP2 level provides the calculated frequency
study and the RHF/basis set Ill result (27.2 kJ mMpbf Beyer shift of 94 cnT! which is in good agreement with the
and Karpfen. The BLYP and B3LYP levels predict substantially experimental value. These results suggest that the BLYP and
larger binding energies than the RHF level does. The differ- B3LYP levels tend to overestimate the hydrogen-bond interac-
ences between the density functional results and the RHF resulttions, while the MP2 level describe these interactions reasonably
which amount to 78 kJ moll, are at least partly traced back well. The calculated frequencies of the intermolecular vibrations
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Figure 3. Vibrational frequencies of hydrogen fluoride oligomers and polymer calculated at the (a) BLYP, (b) B3LYP, (c) RHF, and (d) MP2
levels plotted as a function of the inverse of chain length.

increase in the same order (RHFMP2 < B3LYP < BLYP) the spectra has also been studied by Lee éf &ly, Jansen et
as the frequency shifts increase, except for the out-of-pbagle (  al.?° and by Pinnick et at® Boutin et al’® and Axmann et al?
mode. At all the theoretical levels, the calculated frequencies recorded the inelastic neutron scattering from HF crystals in

of the intermolecular vibrations are higher than the obsef¥&d. the region below 600 cnt. The experimental data in Table 9
It should be noted, however, that the “BSSE-free” frequencies are taken from refs 25, 26, and 30. The normal modes are
would be lower than these calculated frequencies. classified into stretching (S), librational (L), and pseudo-

The convergence behavior of the vibrational frequencies of translational (T) vibrations according to their vibrational patterns.
the HF oligomers is depicted in Figure 3. In the 28@®B00 Among them, the assignment of the observed bands has been
cm™! region, the lowest-frequency mode of each oligomer established for the stretching and pseudo-translational vibra-
corresponds to the in-phase-f stretching vibration, whose  tions2> For the librational modes, no consensus on the
infrared intensity is the largest in each oligomer. These in- assignment has been reached among the authars?.79.80
phase H-F stretching vibrations approach the symmetriciH In Table 9, we include the results obtained by Beyer and
stretching mode of the polymer as the chain length increases.Karpfen at the RHF level with basis sets | and Il. We can find
The highest-frequency mode of each oligomer, on the other systematic basis-set dependence of the calculated frequencies
hand, is the localized motion of a terminal HF molecule, and in the results of Beyer and Karpfen and our results; as the basis
its frequency is relatively insensitive to the chain length. The set becomes larger, frequencies of the stretching modes become
corresponding mode does not exist in the polymer. The absolutehigher, and frequencies of the librational and pseudo-transla-
values of the H-F stretching frequencies depend strongly on tional modes become lower. There are substantial changes in
the theoretical levels and are in the order BL¥PB3LYP < the vibrational frequencies on going from basis set Il of Beyer
MP2 < RHF. This order is determined by the errors that already and Karpfen to the 6-31-+G(d,p) basis set.
appear in the monomer results. The chain-length dependence In the H-F stretching region (30663600 cnt?) of the HF
is substantially smaller in the RHF results than in the results crystals, four infrared absorption bands have been obsétvet.
obtained at the correlated levels. The chain-length dependenceAmong them, two weaker bands were assigned as combination
predicted at the BLYP and B3LYP levels is almost the same bands of the other two intense fundamental absorption bands
with each other in magnitude, while that at the MP2 level is and a lattice band near 200 ch{ref 25). The two fundamental
again intermediate between the density functional results andabsorption bands in this frequency region are the symmetric
the RHF result. The vibrational frequencies in the region below S(A;) and antisymmetric S(B intramolecular H-F (D—F)
1200 cmt are primarily determined by the hydrogen-bond stretching vibrations, the former being more intense than the
interactions. The RHF level yields invariably lower frequencies latter.
for these modes than the other three levels. Among the BLYP, It is seen from the table that the frequencies of $(&nd
B3LYP, and MP2 results, in contrast, not only the absolute S(B;) modes calculated at the RHF level are too high as
values but also the chain-length dependence of the calculatedcompared with the experiments. The deviations between the
frequencies in this region agree well with one another. calculations and experiments are as large as about 1000 cm

The calculated frequencies of the infrared- and Raman-active for the S(A) mode of (HF). The splitting of these two modes
vibrations of (HF), and (DF), are compared with the observed is also greatly underestimated at this level. The observed
frequencies of HF and DF crystals in Table 9. Normal splittings are 340 cm' for (HF), and 230 cm? for (DF)s,
coordinates of these modes are depicted in Figure 4. Infraredwhereas the RHF level yields 172 and 123émThe predicted
spectra of HF crystals were first reported by Giguend too small splittings indicate that the RHF level underestimates
Zengirt* and subsequently by Sastri and Hofigind by the hydrogen-bond interactions. As expected from Figure 3,
Kittelberger and Hornig> Raman spectra were measured by the RHF level also underestimates the downward shift in the
Anderson et al?627 and the external-pressure dependence of stretching frequencies from the isolated monomer to the
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TABLE 9: Frequencies (in Units of cm™1) of the Infrared- and Raman-Active Vibrations of an Infinite HF Polymer

crystal orbital calculation expt
mode BLYP B3LYP?2 RHF RHP RHF infrared! Raman Raman
(HF)»

S(By) 3310 3521 4226 4170 3675 3406 3386 3376
S(A) 2874 3128 4054 3967 3357 3067 3045 3628
L(B1) 1112 1093 866 1007 1025 973025 943

L(B2) 792 795 665 716 867 792 742 7261
L(A2) 721 722 585 563 729 inactive 687 7221
L(Aq) 671 668 537 604 702 553 569 5661
T(By) 410 409 312 386 490 366 364

T(A1) 203 198 144 150 161 202 188 1882

(DF)e

S(By) 2400 2553 3063 3023 2666 2530 2511 2508
S(A) 2089 2272 2940 2874 2432 2294 2281 2278
L(B1) 803 790 627 728 741 720 703

L(B>) 574 576 482 519 628 572 552 5644
L(A>) 511 512 415 399 516 inactive 492 5353
L(A1) 478 476 383 429 498 403 417 4093
T(By) 402 400 305 378 479 355 359

T(A1) 201 196 142 149 160 210 190 1922

aObtained in this study using the 6-3&3G(d,p) basis set Obtained by Beyer and Karpfen (ref 37) with basis set Il (see tefptained by
Beyer and Karpfen (ref 37) with basis set | (see tekBeference 25¢ Reference 26.Reference 30.

° to only 49% of the experimental value. The BLYP level, on
. the contrary, yields the calculated splittings [436 and 311%cm
o/ for (HF). and (DF)., respectively], which are larger than the

S(By) 3521 cm™ experimental values (340 and 230¢h Therefore, the BLYP

level overestimates the hydrogen-bond interactions. Further-

° “~ / more, the downward shift in the frequencies of the-H
stretching mode from the monomer to the polymer is also
S(A,) 3128.cm_1 overestimated; the BLYP calculations predict too large a shift

of 1065 cnt! as compared with the experimental value (894
. / cm™Y), although the deviation becomes much smaller at the
\ BLYP level than at the RHF level. The use of the B3LYP
. functional leads to significantly improved agreements in this
L(8,) 1093 cm™ frequency region. The calculated frequencies of the; 5éAd
S(B;) modes seem reasonable as compared with the experiments.

*- o+ The calculated splittings of these two modes [393 and 281.cm
o o+ for (HF).. and (DF),, respectively] become much closer to the
L(B,) 795 cm™ experimental values (340 and 230 cfy and the calculated
downward shift (970 cmt) is also in better agreement with the
. observed value (894 cm) than that obtained at the RHF or
- o+ BLYP level. Therefore, the chain-length dependence predicted
.- at the B3LYP level is reasonable although it is still slightly
L(A;) 722 cm™ overestimated.
° / There are two pseudo-translational vibrations in the region
below 400 cm®. In the T(A) mode, the HF units move nearly
° \ perpendicular to the chain axis, while in the TYBnode, the
L(A,) 668 cm™ displacements are along the chain axis (see Figure 4). The
frequencies of these modes calculated at the RHF level are lower
- < than the experimental values, while those obtained at the BLYP
- and B3LYP levels, which agree with each other, are higher than
o~ the observed. As expected from their vibrational patterns, the
T(By) 409 cm frequencies of the pseudo-translational modes are relatively
insensitive to the deuteration. The observed frequency of the
V e 4 T(B1) mode of (DF), is slightly lower than that of (HE) The
i calculated frequencies are consistent with this observed small
T(A)) 198 cm™ downward shift upon deuteration. In contrast to J)(Biode,

Figure 4. Normal _coordinates of the infr_ared- gnd Raman-active mc_)des Ephe frequen((:jy Ot:.;rt(&‘) modte E ecom(|e§ h'%hir utr;]on d.eutleratﬁlorj.
of hydrogen fluoride polymer. Larger filled circles represent fluorine IS “Pwa'f shi Cann(? ,e éxplaine . y e.S|.nge C,am
nuclei and smaller ones hydrogen nuclei. The numbers indicate the @PProximation employed in this study; the interchain interactions
frequencies calculated at the B3LYP level. probably play a role in this upward shift.

polymer. From the experimental side, the frequency shift is  The T(A;)) mode can be regarded as the in-phase stretching
894 (=3961-3067) cm! for the S(A) mode of (HF). The motion of the H--F hydrogen bonds. This motion is expected
shift calculated at the RHF level is 437 chwhich amounts to couple strongly with the intramolecularHF stretching (S)
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modes, because the changes in the-H hydrogen-bond B3LYP level are 795 cmt for (HF)., and 576 cm? for (DF)s,
distances substantially affect the shape of the potential energyrespectively, and are in good agreement with the observed
curves along the HF stretching coordinates. The weak bands frequencies of these modes. This result seems to support the
observed in the 20604000 cn1? region of HF and DF crystals  view of Pinnick et al.

are combination tones of S¢Aand T(A) and of S(B) and

T(A1).2> Marechal and WitkowsRt have analyzed the broad  Conclusion

and complex infrared spectral band profiles of general hydrogen-
bonded systems in terms of the coupling between the intramo-
lecular high-frequency XH stretching modes and the low-

Optimized structures and vibrational frequencies are obtained
for linear HF oligomers and an infinite zigzag HF polymer using
frequency X-H--Y hydrogen-bond stretching modes. The ab initio molecular orbital and crystal orbital theories. It is

demonstrated that electron correlation, as taken into account at

theoretical model developed by Marechal and Witkowski is
capable of predicting the spectral band profiles and their changesthe BLYP and B3LYP levels, has profound effects not only on

upon isotopic substitution, and Wik has successfully applied the absolute values of the structural parameters, binding energies,

the model to various hydrogen-bonded complexes and crys-gnOI vg)ratlonal greﬁuenculets ?Ut alfﬁ on their t‘?h?'n'l?n?ﬁh
tals8283 We point out that this model can also be invoked to 2€PENdence, which resulls irom the cooperativity of the

explain the observed behavior of the combination bands in HF consecut_ive hydrogen bonds_. . The RHF level significanty
and DF crystals. For instance, the phenomena that theunderestlmates the cooperativity. .TOO short aﬁFHbonq
combination bands in DF crystals are much less intense than inlffggtg’néggs l(?fn%e':':"; Zgg S_];Hst?;éinncesr{m%lds ;[)(;o Hhégh
HF crystals and that the combination bands associated with quenci Ing (HE)

. ..and (DF), predicted at the RHF level are at least partly
'Ir;]((lfdl)elmodes are not observed are readily accounted for by this ascribable to this deficiency. The chain-length dependence of

. . the structural parameters and vibrational frequencies predicted

_ Four fundamental normal modes are expected in the libra- 5 the Bl YP and B3LYP levels is reasonable as compared with
tional (400-2000 cnt”) region. However, there have been ihe experimental data or the results obtained from the MP2
found more than four peaks in the observed infrared and Ramancgcylations. The BLYP level yields too low frequencies for
spectra in this region, and some of these peaks are very broadine —F stretching mode of the isolated monomer, and this
which complicates the assignments. The frequencies of thetendency is carried over to the results for (HENd (DF).
librational modes calculated at the BLYP and B3LYP levels The B3L'YP functional reproduces the+ stretching frequen-
are in good agreement with each other, while those calculatedgies of the monomer and polymer reasonably well. The
at the RHF level are significantly lower than the density gownward frequency shifts in the stretching modes are over-
functional results. The assignment made on the basis of thesesstimated at the BLYP and B3LYP levels, but the agreements
calculated frequencies is given in Table 9. The observed gre significantly better at the BLYP and B3LYP levels than at
frequency of each librational mode falls within the frequency the RHF level. The BLYP and B3LYP levels reproduce the
region bracketed by the density functional and RHF results. The stryctural parameters of (HEith considerable accuracy. On
RHF level invariably underestimates the frequencies of the this basis, we conclude that the BLYP and B3LYP levels
librational modes. The frequenCieS calculated at the BLYP and descnbe reasonably We" but S“ghtly Overestima‘te the cooper-
B3LYP levels are in reasonable agreement with the observedativity of the consecutive hydrogen bonds, whereas the RHF
frequencies, although some of them are significantly overesti- |eve| greatly underestimates this property. The overestimation
mated. These results are consistent with our previous conclusiongt the BLYP and B3LYP levels is at least partly ascribable to
that the RHF level underestimates the chain-length dependencesssE.
of the frequencies, whereas the BLYP and B3LYP levels slightly  The resuits obtained from MP2 calculations for the binding
overestimate It. energies, structural parameters, and vibrational frequencies very

Our assignment generally agrees with the previous one madeoften fall between the RHF and density functional results. The
by Anderson et a1%27 except for a few modes. In the paper MP2 results are generally in good agreement with the experi-
published in 1980, Anderson et#lassigned a Raman band at mental data for HF monomer and dimer. Thus, we are inclined
742 cnt!to L(B1) and a band at 943 cthto L(B,) for (HF), to expect that the crystal orbital calculations at the MP2 level
and likewise for (DF). Pinnick et aP® supported this assign-  would provide us with good structural parameters and vibrational
ment. Our calculations indicate that the frequencies ofi).(B  frequencies for (HR). However, considering that a relatively
modes are higher than those of the k{Biodes, and accordingly  large part (about 20%) of the binding energies at the MP2 level
in the table we have reversed the assignment of these modess BSSE, we expect that the “BSSE-corrected” MP2 results for
made by Anderson et al. In the paper of 1981, Anderson et (HF). will probably be better than the “BSSE-corrected” RHF
al2” changed their assignment in the librational frequency region, results, but they will not be as good as “BSSE-corrected” density
such that the assignment of L{Band L(B;) modes is the same  functional results. This expectation does not necessarily
as ours. However, they also reversed the assignment off L(A contradict with the previous conclusion that electron correlation
and L(A;) modes on the basis of their normal coordinate plays an essential role in cooperative binding effects.
analysis. Our calculations suggest, however, that their previous  Vibrational assignment of the infrared and Raman bands in
assignment for L(A) and L(A;) modes is more reasonable. The the librational frequency region is reexamined on the basis of
intensities of the infrared bands at 792 ¢hof HF crystals and the present calculations. We reversed the assignment qj L(B
at 572 cm! of DF crystals are strongly dependent on the and L(B) modes made by Anderson et?8l.The frequencies
conditions of crystallization. Kittelberger and Horfigsug- of the librational and pseudo-translational modes calculated at
gested that these bands manifested itself due to the formationthe RHF levels are lower than the observed. The BLYP and
of imperfect crystals and are disorder-induced modes. Pinnick B3LYP levels reproduce the experimental results reasonably
et al.3% however, argued that these modes are true fundamentalwell, but they tend to overestimate the frequencies of some
librational modes on the basis of the morphology of the crystal modes. Consequently, the observed frequency of each mode
growth. The frequencies of L@ modes calculated at the falls between the corresponding frequencies calculated at the
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RHF and density functional levels. These results are consistenttechnique®® The matrixH in eq 5 is the one-electron part of
with the underestimation of the chain-length dependence of thethe Fock matrix, whose elements are given by
vibrational frequencies at the RHF levels and the slight
overestimation at the BLYP and B3LYP levels. H;ﬂ,) _ fX(O)(r) (——V) (Vq)(r)dr _
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Appendix where the summations are over all the occupied states in the
first Brillouin zone. Two-electron integralg@v(@|A(Ng() in

In the framework of spin-restricted hybrid Hartreleock/
eq 5 are

density functional crystal orbital theory of polymé&f$*Kohn—
Sham crystal (Bloch) orbitals are expressed as linear combina-

(@70 56y = @D = s)
tions of atomic orbitalg?(r) in the form WO0C) = [ [ (rl) X (r )y ar ydr,
)
1
My =— Z z Cl¥ expkaa)y(r) (1) Parametersn; andmy in eq 5 denote the mixing ratios of

exchange-correlation energy and exact-exchange energy, re-
) ) ) ) ) spectively. In practice, more than one exchange-correlation
wherea is the translational period, aritlis the number of unit  fynctional is used in hybrid exchange-correlation functionals
cells in the system. The crystal orbitgl!(r) and crystal  such as in the B3LYP function&). We assume that the

orbital coefficientc”ﬂ are characterized by energy baménd exchange-correlation functional has the form
quasi-momentunk, which are indicated by subscripts and
square-bracketed superscripts, respectively. The atomic orbital f="1(p, Vp) (10)

7(r) is a real spatial function centered in unit cell

By using the above-mentioned symmetry-adapted basis
functions and applying Ritz variation principle to the total energy
expectation value, we obtain the followirkgdependent Har-

tree—Fock—Roothaan equatidf34
] X9 = [ {0 + V002 + 100, VO ar (1)

where p and Vp are electron density and its gradient. The
elements of the exchange -correlation pz(ﬁ) of the Fock
matrix are given b

FCM = gMEiK K @ with
whereel¥ is a diagonal matrix of one-electron energies. The of
elements of thek-dependent Fock and overlap matrixes are vxc=a— (12)
defined as P
of |1 of
K — (@ +-—V 13

F ZF exp(kga) ) e = {ayw 2 ayaﬁ} P (13)
and Yaa = VPo"VPy (14)

gi="> s exp(kaa) (4) Vop = VPu'VPg (15)

d wherea and denote spins.
where The total energy per unit cell is then expressed as
FO=HY+ z PE (O @11069) + my X0 — E— zz PO HO + Z S PO
,0 IS
oqr.s
- (0),,(@); 1 (1) (S) —
- S PO S) + MY (5) TV )+ml ST (o, Vo) dr
,0I,S rnZ 3
and Z ZZZ Pﬁﬂ,) Pflsa g (ﬂ(o)/lmw(q)a(s)) + Eve T Exr (16)
wy 4,0qr.s
§q> = fxff)(r)x(q)(r)dr (6) where Eye and Exr are multipole expansion correction and

nuclear repulsion energy per unit cell, respectively. The energy
Lattice summations in eq 5 are truncated after several terms, gradients with respect to an in-phake= 0) nuclear coordinate
and the long-range electrostatic contrlbutlcmg to the Fock Q can be obtained by directly differentiating eq 16. The
matrix elements are estimated by the multipole expansion evaluation of the derivatives of orbital coefficients can be
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avoided by using the orthonormality condition of crystal

orbital$9-61
(q) 1
R (Q) +_ Z P (s r) X
zz " aQ 2; aqzs
9 (@)
ONCIFIONO (@ <0) v
@200 + m, ZZ Par J {2 ot
P 0) P (@) IV 0)
A 0@+ Vg xr + Ha 9.9 +
BQ X XC 8Q 8Q X
aVXE}Q) aX (0)
X(O)gxc @rdr —
“n 8Q
m, 8 0ENr
_° ZZZ P}(ﬁ/) p(s r) (u(o)/l“)w(q) ©) 4 ——
4 u,v A,00q,r,S BQ

<9
ZZ V\/q’— (17)

whereW s the energy-weighted density matrix, whose elements

are defined as

occ.BZ

“)— ZZ M ¥ cl expkaa) (18)

: , . R 86
Since the first (and higher) derivatives of total energy are
expected to converge much faster than the total energy itself,
we neglect the gradient contributions from the multipole
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