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Liquid hydrogen fluoride is a simple but interesting system for studies of the influence of hydrogen
bonds on physical properties. We have performedab initio molecular dynamics simulations of HF
at several thermodynamic states, where we examine the microscopic structure of the liquid as well
as its static and dynamic properties. The results obtained show good agreement with well established
data, and, moreover, we were able to show significant changes within the structure depending on the
system’s temperature and density. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1539045#
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I. INTRODUCTION

During the last decades the importance of hydrog
bonds with respect to the structure of matter has beco
more and more obvious. The intramolecular shape of b
molecules, such as proteins or other macromolecules
DNA, is strongly influenced by hydrogen bonds, but the
termolecular structure is also affected. For instance, the p
erties of water and alcohols are strongly determined by
drogen bonds. As hydrogen fluoride~HF! forms the stronges
hydrogen bonds known, it has become a popular model
tem for investigations into this specific field of interest.

Solid hydrogen fluoride is constituted of parallel zig–z
chains1–3 and it is apparent from its properties that the
chains, to a certain extent, also persist in the liquid phase
describe liquid hydrogen fluoride, many simulations ha
been carried out; see e.g., Refs. 4–9.

Simulations based on effective potentials have show
limited ability to describe the liquid structure, although th
describe other properties well.Ab initio molecular dynamics
simulations carried out by Ro¨thlisberger and Parrinello,9 on
the other hand, have shown that the correlation function
liquid HF at ambient conditions can be well reproduced. T
simulation confirms the persistence of short linear chain
the liquid state.

Hydrogen fluoride is difficult to investigate experime
tally due to its toxicity and corrosiveness. It was only
1985 that Deramanet al. were able to perform a neutro
scattering experiment at ambient conditions. Very recen
this study has been extended to a broad range of therm
namical states by Pfleidereret al.10 who also performed neu
tron diffraction experiments.

The experiment showed that there are signific
changes in the pair correlation functions as pressure and
perature are varied. In the experiment atom–atom pair
relation functions were not resolved and only the scatter
3630021-9606/2003/118(8)/3639/7/$20.00
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length weighted total atom pair correlation functionG(r )
was determined. From these data it was inferred that
coordination number and the chain lengths decrease
function of temperature.

In view of the force field difficulties we have undertake
an ab initio study of fluid HF at three different thermody
namic states, at temperatures ranging from 373 K to 47
and particle densities form 24 nm23 to 19.5 nm23 ~see Table
I!. At state I HF is liquid, whereas states II and III are sup
critical.

Our results based on the method of Car and Parrin
show a good agreement between theory and experiment
at these higher temperatures and pressures and allow
gain a deeper insight into liquid HF behavior, confirming a
substantiating the predictions of Pfleidereret al.10

II. DETAILS OF THE COMPUTATIONAL SCHEME

The well-establishedab initio molecular dynamics
method of Car and Parrinello is described in detail in a nu
ber of publications~see e.g., Ref. 11!. Therefore we give
only the technical details of the simulations. For hydroge
Barth–Car-type pseudopotential was used.12 A soft pseudo-
potential according to the scheme of Martins and Troullie13

developed by Ro¨thlisberger9 was chosen for fluorine. The
gradient-corrected exchange correlation functional model
troduced by Becke14 for the exchange and by Lee, Yang, an
Parr15 for the correlation part~GC-BLYP!, which proved to
give good results for hydrogen fluoride,9 was used for all
simulations. All calculations were performed with the pr
gramCPMD.16

The sample consisted of 54 hydrogen fluoride molecu
arranged in a body centered cubic~bcc! lattice in the initial
setup. This is an improbable structure for hydrogen fluori
and it was chosen to speed up the melting of the system
MD simulations were performed at constant energy in a
9 © 2003 American Institute of Physics
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3640 J. Chem. Phys., Vol. 118, No. 8, 22 February 2003 Kreitmeir et al.
riodically repeated cubic cell. The volume of the cell~see
Table II! was chosen to represent the experimental den
taken from Refs. 17 and 18. A time step of 0.121 fs was us
a fictitious mass for the electronic degrees of freedom
m5800 a.u. and a plane-wave cutoff energy ofEcut560 Ry
was chosen. Due to the higher temperature of the state
vestigated, the chosen time step is smaller than the one
for the simulations at ambient conditions.9

The preparation of the system was carried out by hea
the system to an average temperature of 600 K, which
held for roughly 0.5 ps, such that the memory of the init
configuration is lost completely. Afterwards cooling w
started by rescaling the velocities of the nuclei with a fac
of 0.9998 per MD step until the desired temperature w
reached~see Table II!. After an initial equilibration time of
roughly 1 ps er state, the system was sampled for sev
picoseconds; see also Table II. For each state, localized W
nier functions19–21were calculated for a simulation period o
approximately 1 ps.

III. RESULTS AND DISCUSSION

A. Radial distribution functions

The total radial distribution functionG(r ), which is
measured in neutron diffraction experiments, is given by
linear combination of the individual pair correlatio
functions,10

G~r !50.4966gHF10.2104gFF10.2930gHH .

The coefficients of the pair correlation functions come fro
nuclear scattering lengths.

A comparison between theG(r ) obtained by the presen
simulations and recently published data from neut
scattering10 for the three thermodynamic states investiga
here is shown in Fig. 1. For reasons of clarity, only the
termolecular part of the pair correlation functions is sho
throughout this article. In the same picture we show the
sults from previousab initio simulations as well as a forc
field simulation. It is seen that the latter gives a poor desc

TABLE I. Phase point, temperatureT, number densityC, and pressurep of
hydrogen fluoride taken from Refs. 17 and 18. Diffraction experiments~Ref.
10! have been performed at these thermodynamic states. Values fo
boiling point are given as reference.

Phase point T ~K! C/nm23 p/bar

I 373 24.0 12.0
II 473 24.0 319.0
III 473 19.5 166.0
b.p. 292.7 28.7 1.013

TABLE II. Phase point, temperatureT, length of the edge of the cubic
simulation cella, and sampling timets ~without preparation and equilibra
tion of the system!.

Phase point T/K a/Å ts/ps

I 373 13.1037 3.3
II 473 13.1037 5.8
III 473 14.0428 2.1
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tion of the system while theab initio results faithfully repro-
duce theG(r ) and its variations with temperature and pre
sure.

By multiplying G(r ) by 4pr 2C we obtain and estimate
of the coordination number and the strength of the hydro
bond~Fig. 2!. From this indication a reduced probability fo
the formation of hydrogen bonds can be inferred.10

Having established the reliability of our model, we ca
now examine the origin of theG(r ) structures in greate
detail. In fact, in contrast to experiment, we can easily obt
the three atomic pair correlation functions. These are sho
in Fig. 3. As expected, the first peak in theG(r ) at roughly
1.7 Å comes fromgHF(r ) although alsogHH(r ) contributes.

SincegHF(r ) reflects the formation of hydrogen bond
more closely, the decrease of the peak heights is an ind
tion of a decrease in the number of hydrogen bonds, as
tulated by Pfleidereret al.

B. Analysis of molecular associations

The winding zig–zag chains are by far the most striki
feature of solid and liquid HF. We were able to observe t
characteristic property at all thermodynamic states inve

he

FIG. 1. Total radial distribution functions for states I, II, and III; see Tab
I for reference of states. Solid lines represent simulations, dashed lines
tering experiments~Ref. 10!. In addition, the distribution functions for am
bient conditions are shown; the broken line comes from a classical sim
tion ~Ref. 8!.

FIG. 2. Intermolecular total atom pair correlation functions weighted
4pr 2 and number densityC. Solid line represents state I, dashed line sta
II, and broken line state III.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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3641J. Chem. Phys., Vol. 118, No. 8, 22 February 2003 Ab initio molecular dynamics simulation of HF
gated. Figure 4 may serve as a qualitative impression for
bent, branched, and entwined chains of which the liquid
made up.

As HF molecules have a strong propensity to form a
gregates, we performed several different approaches fo
analysis of the system, enabling us to obtain a more deta
picture of liquid hydrogen fluoride, more sophisticated th
interpretations of the averaged data from radial distribut
functions allow. Therefore, we turn to a more molecular o
ented analysis of the system.

1. Number of hydrogen bonds per particle

An important property of the system is the~average!
number of hydrogen bonds formed per hydrogen or fluori
This number is a function ofr max, the maximum value
where an intermolecular H to F distance is recognized a
hydrogen bond. According to this definition, no more th
two hydrogen bonds per particle were observed. Figur
shows the total probability for the formation ofonehydrogen

FIG. 3. Radial pair distribution functions forgFF , gHF , andgHH . The solid
line represents state I, the dashed line state II, and the broken line sta
See Table I for reference of states.

FIG. 4. Instantaneous configuration of liquid HF.
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bond per hydrogen or fluorine, whereas Fig. 6 shows
same probability for the formation of two bonds. It is cle
from Fig. 5 that the probability approaches a certain lev
which was reached at about 2.2 Å. There also the first m
mum ofgHF occurs, which is equivalent to the completion
the first coordination sphere. Therefore, this distance
been chosen as reference.

Figures 5 and 6 show that, going from state I to state
there is a decreasing probability for the formation of hyd
gen bonds. The strongest decrease is caused by temper
as can be observed from the graphs of states I and II, w
changes with density~see isothermic states II and III! are less
dramatic. This is in perfect agreement with the results fr
the discussion of the radial distribution functions in the p
vious section. At state I, the probability for the formation
at least one hydrogen bond, at a cutoff radius of 2.2 Å
80% for fluorine and 84% for hydrogen. For state II th
probability is 66% and 69%, for state III 58% and 61%

III.

FIG. 5. Probability for forming one hydrogen bond per particle,~a! hydro-
gen, ~b! fluorine. Circles represent state I, stars state II, and triangles s
III, respectively. See Table I for reference of states.

FIG. 6. Same as Fig. 5, but probability for formation of two hydrogen bon
per particle.
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respectively. The decreasing discrepancy between the va
from hydrogen and fluorine stem from the decreasing pr
ability of branching points, which amounts to about 5%
the fluorine sites for states I and II and about 4% for state
For the hydrogen sites, this probability is about 1% for
states investigated, decreasing while going from state I to

All states investigated show a feature that has alre
been observed by Ro¨thlisberger,9 the probability of the for-
mation of two hydrogen bonds per particle is much high
for fluorine than it is for hydrogen. This means that most
the branching points of the chains are at fluorine sites,
which the bigger size of the fluorine atom is the reason.9 In
other words, the hydrogen sites are simply too small to o
space for two hydrogen bonds. Figure 7 shows a branch
point of a hydrogen fluoride chain. The centers of the W
nier functions associated with the molecule, where
branch occurs, are pictured as light spheres. As one
clearly see, the function centers point in the direction of
hydrogen atoms connected via a hydrogen bond.

2. Analysis of aggregates

Previous molecular dynamics simulations have sho
that chains are by far the most important aggregates for
by hydrogen fluoride. Therefore, we have chosen to inve
gate the configuration with an algorithm capable of spott
chains. The algorithm chooses a random particle and w
to both ends of the chain the particle is in. Where branc
occur, the chain is considered to be continued with the str
gest bond, which is formed by the bonded particle with
shortest distance. This analysis has been performed for
ues of r max from 1.5 Å to 2.4 Å. As is the case for th
probability for forming hydrogen bonds~see previous sec
tion!, the results for 2.0 Å to 2.4 Å are very similar. Ther
fore, we have again chosen a value ofr max52.2 Å as refer-
ence.

Figure 8 shows the histogram of the distribution of cha
lengths determined with a cutoff radiusr max for the hydrogen

FIG. 7. A branching point of a hydrogen fluoride chain. Centers of Wann
functions of the central molecule are shown as light spheres pointing
the direction of bonded hydrogen atoms.
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bonds of 2.2 Å. From comparison of states I and II one c
see the decrease of the size of aggregates with increa
temperature. This decrease is also apparent as the de
decreases~by comparison of states II and III!, but the effect
is less intense~see also Fig. 9 and text below!.

A first look at Fig. 8 might lead to the assumption th
short chains and monomers dominate the structure of liq
HF. If, however, we weigh this probability against the num
ber n of molecules present in the chain, we find a differe
picture. In fact the almost uniform distribution of state I b
comes an exponential in the case of states II and III.

The fraction of free monomers per state is about 12
20%, and 25% for states I, II, and III, respectively. So, w

r
to
FIG. 8. Distribution of chain lengths for a cutoff distance ofr max of 2.2 Å.
State I on top, state II in the middle, and state III at the bottom. See Tab
for reference of states.

FIG. 9. Distribution of number of particles in chains of lengthn ~cutoff
distancer max of 2.2 Å!.
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the increasing temperature as well as decreasing densi
the same temperature, the occurrence of monomers is
vored. The amount of the fraction of monomers for all sta
investigated is much higher than has been found for amb
conditions, where it is only about 6%.9

The algorithm used for analysis is, in addition, able
detect rings and apparently infinite chains. These are form
because of the periodic boundary conditions and are du
the relatively small size of the system. The number
counted infinite chains decreased strongly between sta
and state III, where it was close to zero. In fact, there w
three short-lived infinite chains counted during the wh
sampling period. This is due to the shortening of the aver
chain length with temperature as well as the smaller num
density of state III. The number of rings formed seems to
independent of the state considered, and their total numb
very small. An inspection of the rings showed that they
often connected to a linear side chain, which makes
quantitative analysis of the ring size difficult. Neverthele
we found that, at states II and III, rings with 4 and especia
6 members are much more persistent than rings with dif
ent sizes, whereas at the liquid state I only rings with 7 a
8 members seem to be stable. This is in agreement with
liquid at ambient conditions, where rings with the same s
were observed to be the most stable, too.9

Orientational correlations of the liquid are also importa
and interesting properties of the system. Therefore, an an
sis of the anglea which is formed by two HF molecule
forming a hydrogen bond has been performed. The distr
tion histogram ofa is shown in Fig. 10 for state I~see Table
I for reference of states!. In contrast to the probability for
forming a hydrogen bond, we did not find any significa
dependence on temperature or pressure ofa, so only state I is
shown. The overall average ofa is 109°, whereas the maxi
mum is between 115° and 120°, which is in good agreem
to the value obtained for the solid which is 120.1°~Ref. 1!.

C. Other static properties

The bond length for hydrogen fluoride calculated fro
the ~averaged! distance of the bonded particles is listed
Table III. These values show good agreement with the va
from scattering experiments,10 where they were deduce
from the intermolecular part of the total pair distributio

FIG. 10. Distribution of anglea formed by two HF molecules.
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function G(r ). An average, almost state independent, va
of r HF50.93 Å has been found there. The small decrease
the bond length with temperature shown in Table III has a
been observed experimentally. There is a strong increas
the calculated bond length compared to the value for
monomer determined with the same density functional me
ods, wherer HF50.933 Å have been found.9 Experiments
~Ref. 13, and references therein! obtain a distance ofr HF

50.917 Å for the HF monomer.
As localized Wannier functions were calculated for

thermodynamic states investigated, we were able to de
mine dipole moments for liquid hydrogen fluoride using t
centers of the orbitals as centers of charge. The resul
values are also given in Table III.

The dipole moment for HF vapor ism51.91 D.22 Calcu-
lations for the monomer which also used DFT methods9 de-
termined a value ofm51.8 D. As has been pointed out b
Briegleb,23 the dipole moment of associated HF is rough
10% larger, e.g.,m52.2 D. The values resulting from ou
simulations are in good agreement with these from the lite
ture. There is a remarkable increase of the dipole momen
comparison to the monomer, as also found in water.24 Also,
the increase of the dipole moment with the degree of as
ciation seems to be faithfully reproduced by the value
states II and III. Although the bond length is hardly affect
by temperature and density, the electron density distribu
of the molecules is. This, in turn, should affect the assoc
tion of the molecules, e.g., size and kind of agglomera
formed, as could be shown in the previous section.

D. Dynamic properties

1. Proton transfer and self-diffusion

The configurations from our sample were checked
possible proton transfer processes, which could result in
formation of protonated complexes and FHF2 anions. But
the investigation of the covalent HF bond showed that
bond was broken or formed, and joint atoms did not
arrange during the simulation runs, although the relativ
high autoionization constant of hydrogen fluoride, t
sample size, and the simulation time were too small to
serve the rare event of a proton transfer~see Ref. 25 for an
investigation of water!.

Self-diffusion coefficientsD were determined from the
slope of the mean square displacement, which was calcul
separately for hydrogen and fluorine. At all thermodynam
states the different species moved on the same time scale
diffusion coefficients were equal within the range of es
mated error, which was to be expected since the system
fully molecular. The values calculated are given in Table
The value at 373 K increases compared to the liquid at a

TABLE III. Phase point, bond lengthb, dipole momentm, and ~averaged!
diffusion coefficientD of hydrogen fluoride.

Phase point b/Å m/D D/@cm2/s#1025

I 0.955~64! 2.49~65! 33~65!
II 0.950~64! 2.29~65! 67~65!
III 0.949~65! 2.29~64! 83~65!
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3644 J. Chem. Phys., Vol. 118, No. 8, 22 February 2003 Kreitmeir et al.
bient conditions@731025 cm2/s ~Ref. 26!# by roughly a
factor of 4. A further increase to 473 K approximate
doubles the diffusion coefficient, and, as expected, it
comes larger still for lower densities.

2. Vibrational spectrum

The large mass difference between hydrogen and fl
rine leads to a strong separation of high and low freque
modes. The high frequency modes are associated with hy
gen movement and the low frequencies with fluorine mo
ment, respectively. Therefore, we show the contributions
the different atom types to the vibrational spectrum for h
drogen and fluorine separately; see Fig. 11 for spectra
states I and III~state II omitted for reasons of clarity!. The
spectrum was obtained by a Fourier transformation of
normalized velocity autocorrelation functionsc(t), where
the hydrogen motion can be observed asbeats, as can be
seen from Fig. 12 for state III.

The fast decaying fluorine spectrum is mostly associa
with intermolecular processes, whereas the hydrogen s
trum shows a more detailed structure. Two features
clearly be separated for all investigated states, a high
quency mode at around 3300 cm21 and a band at about 500
600 cm21. The band associated with the intramolecu
stretching mode, the high frequency mode, does not cha
very much in position and shape, and it is in good agreem
with Raman and IR experiments,27 which show a broad ab
sorption between 3000 cm21 and 3600 cm21 centered at

FIG. 11. Vibrational spectrum of hydrogen fluoride, contributions of hyd
gen and fluorine shown separately. Solid line represents state I, broken
state III; see Table I for reference of states.

FIG. 12. Detail of the normalized velocity auto correlation function f
hydrogen at state III; see Table I for reference of states.
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3400 cm21. This once more shows good agreement, wh
molecular properties of HF are concerned. These prope
do not seem to be affected very much by temperature.

Otherwise, the center of the second absorption b
moves to lower frequencies. As this mode is associated w
intermolecular HF•••H stretching modes, one can deduce t
decrease of the related force constant. This is in per
agreement with the conclusion from previous sections, t
the hydrogen bonds in hydrogen fluoride become weake
higher temperature.

IV. SUMMARY AND CONCLUSIONS

Ab initio molecular dynamics simulations of hydroge
fluoride have been performed for several thermodyna
states, including supercritical states. The structural data
duced from these simulations have shown good agreem
with experimental results, especially recently published d
from neutron scattering experiments. The intermolecu
structure, which is characterized predominantly by zig–z
chains, could be reproduced with good accuracy. We co
show that the average length of these chains decreases
temperature as well as density at isothermic states. The s
dependence was observed for the probability for the form
tion of hydrogen bonds.

In contrast to the changes in the intermolecular structu
the molecular properties of HF are much less affected
temperature and density and are in good agreement with
perimental data and simulations of liquid hydrogen fluori
at ambient conditions.

The data presented show once more thatab initio mo-
lecular dynamics simulations based on density functio
theory are a powerful tool for the investigation of hydrog
bonded systems, also over a broad range of thermodyna
states.
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