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ABSTRACT

The structure of two superacids in the liquid phase, hydrogen fluoride and
fluorosulfuric acid, have been determined by neutron and high energy X-ray diffraction
in this study. In addition the structure of a molecular Lewis acid, BF;, has been
determined for the liquid state as well as the supercritical state. Experiments were also
performed on solutions of the hydronium ion in fluorosulfuric acid by neutron and X-
ray diffraction as well as by Raman spectroscopy.

In addition this thesis presents the design and construction of sample cells for
neutron and X-ray scattering experiments and the design and construction of a high
vacuum/fluorine line capable of handling hydrogen fluoride as well as other fluorine

containing species.
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CHAPTER 1: INTRODUCTION TO NEUTRON AND HIGH ENERGY X-RAY SCATTERING AND
THE CHEMISTRY OF SUPERACIDS.

This chapter is divided into two parts. The first part summarizes diffraction
theory, the interaction of neutrons and X-rays with matter and the application of these
sources to condensed matter. The second part gives a brief introduction to the structural
aspects of superacids. More detailed introductions about each superacid studied are

provided in the appropriate chapter.

All neutron data presented in this thesis were measured on the Glass Liquids
and Amorphous Diffractometer (GLAD) at the Intense Pulsed Neutron Source (IPNS)
at Argonne National Laboratory (ANL), Argonne, Illinois; high energy X-ray
diffraction data were collected at the 11-IDC beam line at Basic Energy Sciences
Synchrotron Radiation Center (BESSRC) at the Advanced Photon Source (APS), also
located at ANL."

Part A of this work is referenced sparingly but details that are not explicitly

mentioned in the text can be readily found in the literature.*'®

PART A: NEUTRON AND HIGH ENERGY X-RAY SCATTERING
1.1 DESCRIPTION OF THE NEUTRON

Evidence for the existence of a neutron was announced by Chadwick in
1932."%7 Prior to this discovery, Bothe had shown that when beryllium was bombarded
by « -particles, it emitted a radiation of “great penetrating power”.'® Webster had also
reported the observation of particles with energies of approximately 7 MeV, more
energetic than any known a -ray. He interpreted this as high speed corpuscles
containing a proton and an electron.'® Chadwick repeated the experiment on beryllium
and showed that similar particles were ejected from helium, lithium, carbon, nitrogen
and argon. Chadwick noted in these experiments that the particles ejected from the
different nuclei, assuming the conservation of energy and momentum, could be
explained by the existence of a neutron, an uncharged particle with a mass similar to

that of a proton.



The neutron is a fermion (spin !2) and a constituent of atomic nuclei. It obeys

the wave-particle duality relationship given by de Broglie

A=— (1.1)
p

where A is the wavelength of the neutron, 4 is Planck’s constant and p is the
momentum of the neutron,
p=myv (1.2)
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where m,, , the mass of the neutron, is 1.674 x 10’ kg and v is its velocity.

The kinetic energy, E, of a non-relativistic neutron is given by

2
Ek =lmNV2 = h 2
2 2myA

(1.3)

Table 1.1 shows a list of conversion factors between neutron wavelength,

velocity and the kinetic energy of the system, determined from the relations in equations
1.1, 1.2, and 1.3.

Neutrons and the production of neutrons have found several uses in the modern
world - nuclear energy applications among others - and with the advent of these energy
sources, thermal or ‘slow’ neutrons have become an increasingly powerful tool for

probing the structure and dynamics of condensed matter.

1.2 NEUTRON PRODUCTION

Neutrons can be produced by several methods, but most commonly are produced

either from a nuclear reactor source, such as the High Flux Isotope Reactor (HIFR) at

Table 1.1: Conversion factors for neutrons

AIA v/ms? E /meV
wavelength,A 1 2197.8 45.447
velocity, v 3956 1 52x10°
Energy, E 9.045 4374 1




Oak Ridge National Laboratory, or at a spallation source such as IPNS. Accelerator
sources are sometimes used to produce neutrons either by using a synchrotron to create
photoneutrons, or by a beam of deuterium or tritium atoms. Nuclear reactors produce
neutrons through a neutron-induced nuclear fission process which releases fast neutrons
giving rise to a chain reaction and the production of high energy neutrons (~200MeV).
Spallation sources produce neutrons through the interaction of an accelerated proton
beam with a heavy metal target, such as 2®U or Ta. The work presented here is

concerned with the application of spallation-produced neutrons.

1.2.1 SPALLATION SOURCES

Spallation generation of neutrons relies on the collision of a beam of energetic
protons with nuclei that have a high atomic number. The production of neutrons by
spallation occurs by two processes. First, when a nucleus is struck by a proton, the
collision releases “weakly” bound neutrons immediately. Secondly, neutrons are
released by an evaporation process, in which the previously excited nuclei release
neutrons as they transition into lower energy levels. Approximately 15-20 neutrons are

produced per incident proton.

1.2.2 REACTOR SOURCES

Nuclear reactors produce neutrons through a process knows as neutron-induced
nuclear fission. In the process a nuclei, typically 25y, 28y, B2py or B2Th, captures a
neutron and subsequently splits, or fissions, into two daughter nuclei, releasing at least
two high-energy neutrons and a large amount of kinetic energy, typically 200 MeV for -
each fission. By sustaining a controlled chain-reaction, it is possible to produce
neutrons with energies much higher than for a spallation source. As is the case with
spallation produced neutrons, reactor neutrons must be slowed down or moderated in

order to be useful to most condensed matter applications.



1.3 SLOW NEUTRON MODERATION

Moderators are used to produce “thermal neutrons” which have sufficiently low
energies and therefore long wavelengths, to be useful as probes for the structural and
dynamical properties of materials. Neutrons are moderated to different temperatures to
provide the appropriate velocities for different experimental techniques. Moderators
reduce the energy, and therefore lengthen the wavelength and lower the velocity of the
produced neutrons, through collisions between the incident neutrons and the nuclei
present in the moderator. In the case of thermal neutrons, the moderator source is
typically held between 30 K and 350 K, and normally contains either D,O or methane.
Hydrogenated substances are most often used as moderator materials, as hydrogen has a
large absorbance cross-section which is essential for the energy exchange process.
Conventionally, thermal neutrons are defined as those with a mean velocity of 2200 ms’
I.

In addition to the temperature and composition of the moderator, the thickness
plays an important role in the spectrum of moderated neutrons. When the moderator is

sufficient in thickness, the neutron flux can be described by a Maxwellian distribution

which is given by

®(v) «c v* exp| —2— 1.4
(v) xp( " J (14)

B

where ®(v)dv is the number of neutrons through unit area per second, k, is

Boltzmann’s constant and T is the temperature of the moderator. The mean velocity is

given by

1
v=(3kBT)2 (15)

my

where probability conservation implies
[ n(vav=1. (16)

where n(v) is the number of neutrons at a velocity, v.
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The Maxwellian velocity distribution can be expressed as an energy or

wavelength distribution, using
n(v)dv = n(4)dA = n(E)dE . (1.7)

GLAD is equipped with a methane moderator at a temperature of 30 K, which
produces a distribution of thermalized neutrons with a peak maximum at ~2.95 A,
corresponding to a velocity of ~745 m/s. The distribution of wavelengths for the flux
on GLAD is shown in figure 1.1, for the empty instrument for 40,000 pulses. The
moderator on GLAD is not sufficiently thick to produce a perfect Maxwellian

distribution, but instead shows a high-energy “tail” at shorter wavelengths.

Spallation-produced neutrons are under-moderated in order to maintain a pulsed
spectrum, which allows for the use of time-of-flight (TOF) techniques. This would not

be practical with a thicker moderator.

For a comparison with the spectrum produced by the moderator on GLAD, an
incident neutron spectrum from the SANDALS instrument at the ISIS facility is shown
in figure 1.2, for a single pulse. In this case, the moderating material is liquid methane

held at a temperature of 110 K. A higher temperature moderator produces higher

1.6x10’ /Elithermal neutrons
1.2x10° | 2954
I(0) Maxwellian neutrons
8.0x10"-
4.0x10°
0.0 i : , ' ' '

VA

Figure 1.1: Incident neutron spectrum on GLAD.
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Figure 1.2: Incident neutron spectrum on SANDALS.
energy neutrons, where in this case the moderator produces conventional thermal
neutrons, A ~1.81 A and v=2200ms”. It should be noted that the stability provided
by the solid methane moderator on GLAD is advantageous for applications to
condensed matter. The liquid methane moderator as seen on SANDALS, though it
produces higher energy neutrons, does not have the same stability as its solid
counterpart. The details of this are beyond the scope of this discussion but are given in

the literature. 2%

There are several crucial reasons for the utility of thermal neutrons probes of
condensed matter. First, thermal neutrons have wavelengths that are comparable to
typical interatomic distances, allowing the details of the atomic structure of condensed
matter systems to be directly probed. In addition, the energies of slow neutrons are
comparable to the energies of most excitations, including magnetic excitations, in

condensed matter, allowing the dynamics of most systems to be directly probed.

14 NEUTRON DETECTION

Neutron detectors are designed to measure the flux of neutrons produced in a

scattering experiment. Detector responses are governed by the energy spectra of the
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incident neutrons - some detectors are most efficient for slow neutron detection, while
others are more sensitive to fast (non-moderated) neutrons. Slow neutron detectors are
normally proportional detectors, such as *He on GLAD, fission counters or scintillators.
3He detectors consist of cylindrical tubes filled with pressurized (~2.5 bar) helium, in

which neutrons are detected through a p,n reaction with thermal neutrons, that is
‘He+n®*——*H+p" (1.8)

As the proton possesses a positive charge, it can act as a charge carrier in order

to electronically record the scattering of the neutron from a sample.

The GLAD instrument is described in more detail in section 1.10.1.

1.5 NEUTRON SCATTERING CROSS-SECTIONS

The probability of an interaction between a specific nucleus and a neutron is
defined in terms of the cross-section, o (bamns), which describes the effective scattering
target area for a reaction between nucleus, X and an incident neutron. Each element
has a different associated neutron scattering cross-section for the each of the neutron-
nucleus reactions that can occur. These can be summed together to give a total cross-

section, and can be written as

to (1.9)

led cap

(o)

twial — Y scan

where o, is the scattering cross-section and o, is the neutron capture cross-

scatt

section. Because neutron capture leads to a compound nucleus by absorption of the

neutron, this is usually termed the absorption cross-section, &, .

1.6 SCATTERING THEORY

Neutrons are scattered by fixed nuclei either due to a direct strong interaction
between the incident neutron and the nuclei present in the sample, or through and

electromagnetic dipole-dipole interaction between the magnetic moments of the neutron



and the sample. Conversely, X-ray scattering occurs electromagnetically through an

interaction between the incident X-ray and the electrons in the sample.

In any scattering experiment, the incident wavefunction can be approximated as

a one-dimensional plane wave,
Y’(r) = exp(ik - r) (1.10)

where k is the momentum vector of the incident particles and ris the position
vector. After scattering from a fixed nucleus, the outgoing wavefunction can be

approximated by
¥'(r)=c exp(ik’-r) (1.11)

where c is a complex constant scattering amplitude that depends on the incident
probe as well as the composition of the sample from which the scattering occurs, k' is
the momentum vector of the scattered wave and ris again the position vector. In
thermal neutron diffraction, the scattered waves are approximated by a three

dimensional S-wave as the scattered waves are isotropic.

1.6.1 INELASTIC AND ELASTIC SCATTERING

Scattering can be classified as inelastic, where energy is transferred to or from
the probe to the sample, or elastic, where there is no energy transfer in the system.
Elastic scattering or diffraction gives structural information about a scattering system or

sample, whereas inelastic scattering yields dynamical information about a system.

Inelastic neutron scattering occurs when the incident neutron excites a normal
mode in the material being probed, leading to the emission of a scattered neutron with a
different energy than the incident neutron energy. Inelastic photon scattering (Raman
scattering) also occurs by normal mode excitation. In elastic scattering, the kinetic
energy of the collision is conserved and in the case of a fixed nucleus no energy is

exchanged between the incident probe and the sample.

In terms of the relationship between the incident wavevector, k and the

scattered wavevector, k', in elastic scattering there is no change in magnitude between
8



k and k' but there is a change in the direction of k'. Conversely, in inelastic scattering

there is an exchange of energy as well as a change in the magnitude and direction of the
wavevector.

Figure 1.3 shows a graphical representation of this scattering process as a
scattering triangle.

In general the transferred wavevector is given by

Q=(k'-k) (1.12)

where Q is defined as the scattering vector and #Q is the momentum transfer.
When k =k’ the scattering is elastic and when k # k' the scattering is inelastic.

From figure 1.3, the magnitude of k and k', Q and the scattering angle, 8, are

related by

sin0=QT/2 (1.13)

which implies through equation 1.1
IQI =4xsinffA (1.14)

where A is the wavelength of the scattered neutron.

k’

20

sample

position
Figure 1.3: Geometrical relationship between the incident
wavevector, k and the scattered wavevector, k'.



1.6.2 DIFFRACTION

Diffraction measured using any probe is the interference between the elastically
scattered waves from each atom. In a diffraction experiment the scattering intensity

observed is a function of momentum transfer, which has the general form

100)=Y. £.f,expliQ-F,) (1.15)
ij

where f; and f; are the scattering factor for atoms i and j, respectively. As

stated above, the scattering that arises from X-rays or neutrons occurs by distinctly

different scattering mechanisms.

X-ray scattering is an electromagnetic process where photons which scatter
directly from the electron charge density of the atoms being studied. Because heavier
atoms have higher electron densities, they give rise to a greater intensity in an X-ray
diffraction pattern. The scattering intensity observed in an X-ray scattering experiment

depends upon the product of, the atomic form factors, f (Q), as well as the
concentration of each atom present in the sample. f (Q) a function of Q, and at
0=0A", f (Q = 0) is equal to the atomic number, Z, of the element being probed.29
The strong Q dependence of X-ray scattering arises from the fact that the size of the

scattering target for most elements is typically ~1 A and at the X-ray energies most
often employed the wavelength is ~1 A and with high energy X-rays is ~0.1 A. This
ensures that the wavelength of the incident X-ray beam is comparable to the same

length scale as the target itself, leading to an angular dependency to the scattered wave
or f(Q).

The scattering intensity observed in a neutron diffraction experiment is a
function of the concentration of atoms in the sample and the bound coherent scattering
length, b, of each atom present in the sample.3**! In contrast to X-rays, the intensity of
the scattering from a single nucleus is constant over all values of Q. This is also due to
the incident wavelength-target size relationship. The size of the nucleus is similar to the

range of the strong nuclear force. The nuclear boundary is where the attractive strong
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nuclear force and the repulsive (Coulombic) force are approximately equal. As a
consequence of the strength of the nuclear force, the size of the nucleus and the
scattering length of the isotope are generally comparable in magnitude. Given that the
radius of the nucleus is a few femtometers or fermis, the range of the nuclear force is
extremely small compared to the length scale of the atomic separations in condensed

matter, which is a few A.

Thermal neutrons, like X-rays, have wavelengths of ~1A and as the length scale
of the scattering is ~10"°’m. This neutron-nucleus size relationship implies that the
nuclei are essentially point sources, which results in no angular dependence of the

scattered wave.

Scattering cross-sections, o and scattering lengths, b are related by
o = 4nbh? (1.16)
b, like o, is different for each different nucleus and therefore must be

measured independently for each isotope. Coherent scattering lengths do not follow
any simple patterns with respect to the Periodic Table and are different for isotopomers.
Neutrons are strongly scattered by light elements such as hydrogen and deuterium,
which are virtually transparent to X-rays, and the isotopic dependence of b plays a
fundamental role in neutron scattering, as isotopic substitution can yield structural
information that cannot be as easily obtained in an X-ray experiment (anomalous X-ray

scattering being the exception). Figure 1.4 shows the differing values of b across the

32 40 48 56 64 72 80 88 96
Atomic Number

Figure 1.4: Bound coherent scattering lengths of the
first 96 elements in the periodic table.



periodic table and a comparison between neutron scattering intensities and X-ray

intensities is shown in figure 1.5.

The length scale of the scattering nuclei is evidently negligible in comparison to
the length scale of the separation between the scattering sources in space. This allows

the effective scattering potential for the sample to be written as a simple dimensionless

intensity factor, the bound coherent scattering length, b, together with a mathematical
description of the density of these points in space, the Dirac delta function. In this

approximation the neutron scattering potential for the sample can be written as

V(r)=Vemi(r) = 2 b,8(r - 1) (1.17)

where V. is known as the Fermi pseudo-potential and is written for the
sample, b, is the bound scattering length (so called because it relates to a fixed nucleus
as is the case in condensed matter) of atom i, (r—7,) is the distance between from the
neutron to the ith nucleus in the sample and &(r - ;) is a Dirac delta function, which
prescribes a scattering event.

It is also noteworthy that long-range forces such as the interaction between the
neutron spin and the nuclear spin do not significantly depend on the size of the scatterer

as the forces are long-range and the spin interaction has no obvious angular

L] (4 o n Fe NI 1)

Figure 1.5: X-ray scattering intensities compared with neutron scattering
intensities. The blue shading represents a negative neutron scattering
wavelength the numbers are the atomic masses of the elements.

12



dependency. Given that most materials are diamagnetic and their thermally accessible
nuclear spin states have energies comparable to their ground states, then the spin states
of the nuclei in question can treated as a spin average. This nuclear spin average is
implicitly included in the scattering lengths, where most elements are in an averaged

spin state.

1.6.3 BRAGG VS. NON-BRAGG DIFFRACTION

Crystalline systems are defined by long-range order and periodicity. Because

the atomic positions an ideal crystal are fixed, measurement over all values of Q give a

diffraction pattern which is non-zero only at certain Q values, which are identical with a

vector in reciprocal space that exists within the sample.

In a single crystal, the allowed Q values are defined by a vector in reciprocal
space, which can be indexed by h,k,! values; these values correspond to the space

between atomic planes in the crystal lattice. This is known as Bragg scattering and was

first observed by Bragg and von Laue.>? Bragg’s law is specified by the constraint
nd= Zdh.k',(—Q;c/—g-J =2d,,,sin8 (1.18)

where A4 is the wavelength of the incident probe, d,,, is the spacing between
lattice planes and the angle @ is defined in figure 1.2.

A polycrystalline powder, like a single crystal, satisfies the Bragg condition,

however all the absolute directions of the individual h,k,! values are lost as crystalline

powders contain an isotropic distribution of many small single crystals. Polycrystalline

powders give rise to Bragg peaks in the diffraction pattern, where the intensity of the

Bragg peaks are proportional to the number of reflections with identical |IT &k ,I_I , as the
random orientation of the crystals in a powder gives degenerate h,k,! values.

Both powder diffraction and single crystal diffraction contain information not

only about the average periodic structure of the powder but also contain information

13



about the local structure of the system. However, in many cases diffraction from single
crystals or powders are analyzed only in terms of understanding the average structure of
the system in question without any assessment of the local structure. A notable
exception to this rule is the Pair Distrubtion Function (PDF) technique, which is used
increasingly to study the local structure present in polycrystalline powders.’ 63543 1 pcal
structural information arises, in addition to the scattering observed from the Bragg
peaks, from the diffuse scatter, which appears as long, broad oscillations in the
diffraction pattern. Diffuse scatter is not always observable in a powder diffraction

pattern as it usually has much less intensity than the Bragg scatter.

Diffuse scatter contains only information about the local structure of the system
and is sometimes referred to as elastic non-Bragg scattering. Liquids and amorphous
systems have no long-range order and therefore no periodicity or lattice and the Bragg
formulation is inapplicable. In a liquid diffraction experiment, only diffuse scattering is
present and as such only information conceming the local structure and intermediate
range order is possible by diffraction. Liquid diffraction is discussed in more detail in

section 1.9.

1.7 NEUTRON SCATTERING MEASUREMENTS

Neutron scattering experiments typically measure the intensity of the scattering
as a function of energy and solid angle, through the double differential scattering cross-

section. This is defined by

neutrons scattered per unit time into the
d’oc _ | solid angle dQ with energy between E and E’
dQdE BIQJE

(1.19)

where @ is the flux of the incident neutron beam, E is the energy of the

scattered neutrons and Q is the solid angle where the neutrons are detected.

Van Hove derived a general expression for the intensity of neutrons scattered

from a multi-component system in terms of an intermediate scattering function 1(Q, @),
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where o is the energy transfer between the initial energy, E,, of the incident neutron

and the final energy, E,, of the scattered neutron, and @ =E , —-E,. This is defined by

1(0,0)= d g %%Zb,b ; L(exp(—iQ-'r‘j (0))exp(iQ-;‘;_(t)))exp(— ion)dt
' (1.20)
where ¢ represents the time component, b, and b; are the bound scattering
lengths of nuclei i and j, respectively, and the sum is over pairs of nuclei and the

nucleus i is at positionr, at time ¢ and the jth nucleus is at position r; at £=0. The

brackets () denotes a thermal average over all states of the system.

Although [ (Q,a)) is expressed in terms of quantum mechanical operators, it

may be conveniently expressed in terms of a single plane wave using the identity

;b‘bj exp(- iQ.;j(o))exp(iQ.;i(z))=§: AR r.())exp(=iQ - r)de
(1.21)

where the delta function represents the distance between r; and ;.

1.7.1 TIME DEPENDENT PAIR CORRELATION FUNCTION AND TOTAL SCATTERING
FUNCTION

G(r,t), the time-dependent total pair correlation function describes the
correlation between a particle at position r' at time ¢’ and a particle at a position r' +r
at time ' +¢ averaged over all r'. G(r,t) is a Fourier transform of the total scattering
function S(Q,w). S(Q,co) and subsequently G(r,t) can be derived directly from

equation 1.20 as

1 (l2 _ ! d 2
NiQdo " k2 m/:,b,s,, (0, w)+ gb S:(0,w) (1.22)
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where N is the number of atoms in a scattering system which contains n

different chemical species, S ;(Q,w) is the distinct total scattering function and

S; (0, w) is the self-scattering total scattering function. S(Q,®) is related to G(r,?) by

S(0,w)= % [expli(Q - 7 - wIG(r,t)drds (1.23)
and
G(r,t)=m [explitar - @ P)1S(Q,0)dQdw (1.24)

in the limit of N—— 0 ,G(r,t) is equal to the number density, p.

1.7.2 COHERENT AND INCOHERENT SCATTERING

As is seen in equation 1.20, the intensity observed in a neutron scattering
experiment depends on the scattering length, but even in a scattering system that is
composed of only one element, the scattering lengths are usually not all identical. The
scattering length not only varies from one element to another, but also depends on

nuclear spin and the presence of isotopes. This may be addressed by separating the

mean elemental scattering length b can be subdivided where f; is the frequency of

finding each distinct isotope or spin state. The conservation of probability implies

2 fi=1 (1.25)

and the average scattering length for a single component system is

b= > fib, (1.26)
i

The average value of b is

b*>=Y fb’ (1.27)

Since there is no correlation between the values of & for each nucleus, the

probability of finding a specific value of b; is f;.
16



When a system has a large number of nuclei present, it can be assumed that the
there is no correlation between b, values on different nuclei, so that the measured

intensity is given by the average scattering length exhibited by any element. For a

single element system, equation 1.22 becomes

d’c - —
ode " k byb, [ (', j)exp(-iar)at (1.28)

where (j', j) = (exp(— iQ-T, (0))exP(iQ F (e ») .

There are only two possibilities in this one component system namely, 5,1;, =(E)2

when j'# j and b,b, =b* when j'=j.

This allows equation 1.28 to be divided into two parts

Lo s 6 [ (7 dexpl- zax)d1+—2(b BF [ (' f)expl- it

dQdw k
(1.29)

The first term is known as the coherent scattering cross-section and the second is

the incoherent scattering cross-section.

2 2 2
d’oc _ d°o N dc (1.30)
dQdw \dQdw N dQdw .

Coherent scattering describes the scattered waves produced by the interference

of scattering from different nuclei. Incoherent scattering, in contrast, gives rise to

scattered waves from different nuclei that do not interfere with each other. In terms of

the total scattering function S(Q, w), equation 1.29 can be written as

1 be s, (0.0)+— Z(b )2)5,.’(Q,a)) (1.31)

N de ij=l i=l

where the first term on the right hand side of the equation defines the coherent
scattering function and the second term on the right hand side of the equation defines
the incoherent scattering function. What it noteworthy about equation 1.31 is that the

distinct scattering term in this equation is the summation is taken over all pairs that all
17



atoms, i and j atoms and that in this case i can equal j. In this formula, it is clear that the
scattering between distinct atoms of the same type give rise to intensity in the

interference function.

1.7.3 STATIC APPROXIMATION

In a diffraction experiment, S(Q), the static structure factor, is the quantity
sought as its Fourier transformation gives rise to the time independent pair correlation

function, G(r,O) = G(r). G(r) yields only structural information about the sample

being probed as S (Q) is confined to the elastic coherent scattering that arises from the

sample.

Time invariance in the pair correlation function is important when regarding
interference terms or distinct terms in order to provide accurate atomic distances, as it
provides the time averaged structure of the material in question. All diffraction probes
give rise to scattered waves and the interference between scattered waves at different
atomic positions provides structural information about the scattering system, which is
often interpreted assuming fixed atomic positions. In order for the static approximation
to be valid, it must be assumed that the scattered waves travel at sufficient velocities so

that the atomic motion can be neglected

In the case of conventional X-rays (1=1A), the static approximation is a
clearly justified assumption. Scattered X-rays travel at the speed of light (~2.998 x 10°
ms™') and typical interatomic distances are several angstroms. Therefore, the time for
the scattered waves to interact locally is approximately 10'® seconds. In most
condensed matter systems the relaxation time from an excited state is approximately 10

%5 to 1035, which is much larger than the characteristic X-ray scattering time.

In thermal neutron diffraction by thermal neutrons the velocity of the diffracted
waves is ~10° ms™, giving an interaction time scale of approximately 10™'* s. Here the

static approximation is not justified in general.
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In neutron diffraction, the differential scattering cross-section, which gives a

system whose scattering is solely dependent on Q, is performed by integrating the

double differential cross-section over all values of wto give the differential scattering

cross-section per solid angle

1.32
I dea) (132)

The differential scattering cross section is related to the total static structure

factor S(Q) by

1d ' —z)..,
ng N-[dea) Uznlb”su +k§(b' ‘(”)2)5-'(9) 5

_ (d_a) ,,(d_GJ
dQ distinct dQ self

where distinct refers to coherent scattering and self is incoherent scattering.

1.7.4 PARTIAL STRUCTURE FACTORS AND PAIR CORRELATION FUNCTIONS

From equation 1.33, the incoherent scattering term or the self-scattering term,

S/ (Q) is equivalent to the proportion of nuclei, i, and their respective intensities in the

]

scattering system that is S7(Q)=c,b,>. S; (@), the coherent term can be defined as

$,(0)= Y cie,b5,(4,(0)-1) (1.34)

ij=1
where A; (Q) are the Faber-Ziman partial structure factors.* Thus equation 1.33

becomes

g = e hb (a,0)-1)+ S ek (1:35)

i=l
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In all the above equations S, (Q) refers to the total static structure factor. It is
convenient to redefine S (Q) as the interference term or distinct term, F(Q) and

A, Q) ass f (Q) as is shown in the following equation
F (0)= 3 cacsbubs(Se(0)-1) (1.36)
a.p

In this equation i, j is replaced by a, S, respectively in order to avoid confusion
with the original §; (Q). F(Q), the intermediate scattering function is related to the

total structure factor by

tota F 1
O S, " S 50 07
where §“(Q) is the total static structure factor and Sas (Q) are the Faber-
Ziman partial structure factors.
Just as S(Q,) is related to G(r,r) by direct Fourier transformation, the total
static structure factor, $“*“(Q) and the time independent total pair correlation function,

G"(r), are related by the following equations

5 (Q) =1+4% [rlc™ ) - 1)sinc@r)ar (1.38)

and

G (r) =1+ —2— [ols* (@) - thsin(@r)dQ (1.39)
(27) or

where p is the number density (atoms/A™3) of the scattering system or sample.

By virtue of the Fourier transformation, the total radial distribution function can
be described as the sum of partial radial distribution functions weighted appropriately as

an analogous equation to equation 1.36 as
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total l

- -1 1.40
") > c,cab,b, ;c”c"b“b”(g"”(r) ) (149
ap

The partial structure factors and partial pair correlation functions are also related

to each other by direct Fourier transformation.

1.8 HIGH ENERGY X-RAY SCATTERING

High energy X-rays, produced from synchrotron sources, yield diffraction

measurements analogous to the neutron diffraction measurements. Conventional X-

rays, where 1=0.7 A are limited in the depth which they can penetrate and as such

are not useful for determining the structure of polymers or liquids. High energy X-rays
on the other hand, have enough energy to easily penetrate yielding measurements
analogous to neutron scattering data. High energy X-rays ,A=0.1 A
(E,

mazem = 100 keV'), provide adequate penetration of X-rays through both the sample
and container in transmission geometry. Additionally, the static approximation applies
in X-ray diffraction (section 1.5.3).** In a high-energy X-ray experiment, the differential

scattering cross-section can be written as

do do do
—_— + —

d—a _— = 2
dQ dg)Camplon dQ self + demw’ CX (Q)+ ;cafa (Q)+ IX (Q) (141)

where c,and c, are the concentration species @ and S, respectively and

£, (Q) is the atomic form factor for species a@. C,(Q) is the Compton scattering

function which like the atomic form factor is dependent on Q. Compton scattering is
incoherent X-ray scattering, that is, there is no phase relationship between scattered

waves in the case of Compton scattering.

The X-ray total structure factor or the pseudo-nuclear function, S, (Q) can be

obtained from the differential scattering cross-section as
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a.p

The X-ray total structure factor can also be written in terms of the Faber-Ziman

partial structure factors as

l D fa @y f(QNS (@) -1  (1.43)

S -
x(@) D s [ (D5 &7
a.p

1.9 SCATTERING FROM LIQUIDS

The liquid state is the most complex phase of matter. Densities of liquids are
comparable to densities of the solids, implying that the forces between particles in the
liquid are of the same magnitude as those forces present in the solid. However, there is
no simplification due to the presence of a lattice and no satisfactory analytic theory of
the liquid state exists.**®3? Although liquids have no intrinsic long range order
however, atoms and molecules in a liquid possess local structure and are subject to
attractive and repulsive forces. Liquids are an example of a many body problem, where
even if the interaction between particles is known the exact structure is impossible to

exactly predict.

1.9.1 NEUTRON DIFFRACTION FROM LIQUIDS

In a neutron diffraction experiment, because of inelasticity, multiple scattering
and attenuation, all instruments measure only an approximate S (Q) and as such all of
these effects must be cormrect for in order to accurately obtain the static S(Q) for the

system being studied. In liquid diffraction, the inelasticity effect is exacerbated by the
fact that liquids possess a large number of low energy translational and rotational modes

which are excited by virtue of the neutron scattering process leading to a large number
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of inelastic scattering events. In these systems inelasticity is the most prominent effect

that must be corrected for to obtain a good approximation to the static S (Q)
Inelasticity effects, experimentally, cause neutrons to either arrive earlier or later

to the detector than they would have if the scattering was purely elastic. In the absence

of multiple scattering and attenuation, the measured structure factor, S,, (Q) is related

toS (Q) by the following equation.
Su(0.6)=5(0)+ P(Q.9) (1.44)

where P(Q,6) is the inelasticity or Placzek correction and is a function of the
momentum transfer Q as well as the angle & at which the neutrons are detected.
Practically the Placzek correction is the difference between the static approximation,
S(Q) and the measured differential scattering cross-section. In order to determine
P(Q,0) exactly, S(Q) must be accurately known and as is obviously the case in

diffraction experiments this is not possible or the experiment would be merely
superfluous. Moreover, inelasticity effects are present in both the distinct and self-
scattering components of the measured differential scattering cross-section and using
equation 1.36 can be written as

299 _ S e b [(4,@)-1)+ B, (@.6)+ 3 cbi+ B(0,6)] (145)

]
NdQ R =

and as such the Placzek correction must be applied to both distinct and self-
scattering terms in order to obtain an accurate S(Q) or as in the case in equation 1.45,
accurate partial structure factors. In the case of the interference term, it is normally not

possible to evaluate the inelasticity effects which are expected to be small.'**8

For neutron diffraction experiments on liquids containing light atoms such as
hydrogen or deuterium, as is the case with much of the data presented in this thesis,
there are further difficulties due to the presence of hydrogen, either stoichiometrically

or, as an impurity.
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The scattering cross-section that arises from a neutron diffraction experiment is
simply the integral of the differential scattering cross-section at a particular wavelength
summed over all angles of detection as is shown in equation 1.32. In the static
approximation, and after the employment of the Placzek correction, the scattering
intensity measured should be exactly proportional to the concentrations of the atoms
present in the samples and the bound coherent scattering lengths of these atoms. In
reality, the measured intensity deviates from the values for the bound coherent
scattering lengths and is different depending on the angle of detection and the
wavelength in question. For many systems this is calculable but with light atoms, in

particularly hydrogen, this is difficult to calculate.

The differential scattering cross-section measured for samples containing
hydrogen and deuterium “fall’ or drop off in intensity at higher values of Q, the shape
of which is dependent on the nature of the sample itself, the energy of the neusron probe
and whether or not the neutrons are TOF neutrons or monochromatic neutrons. In these
cases, the differential cross-section measured for a deuterium or a hydrogen containing
sample, the effective value for b is somewhere between the bound coherent scattering
length and the unbound or “free” coherent scattering length and the value of b deviates
from the bound scattering length to the largest degree with high energy neutrons. At

high energies the actual coherent scattering length observed can be approximated by

2
M
b, = b (1.46)
effective (M + l)

where M is the mass of the nucleus and for hydrogen the bound coherent
scattering length observed is approximately 25% of that calculated and for deuterium
44%, indicating a large fall in the differential scattering cross-section observed. An
example of this is shown in figure 1.6 for 0.9FSO3H:0.1H,0 and 0.9FSO;D:0.1D,0 for
two different detector banks on GLAD. This light atom effect, in addition to the
inelasticity effects, must be corrected for in a deuterated or hydrogenated sample in

order to obtain S(Q).
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Figure 1.6: Differential scattering cross-section for

0.9FS03D:0.1D,0(bottom) and 0.9FSO3H:0.1H,0(top). The left graph shows
both data sets measured in the first detector bank on GLAD and the right
graphs shows both data sets in the nineteenth detector bank on GLAD.
0.9FSO3H:0.1H,0 data is scaled by 0.1 in right graph for clarity.
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1.10 INSTRUMENTATION FOR LIQUID DIFFRACTION MEASUREMENTS USING
NEUTRONS

To accurately measure a diffraction pattern for a liquid, a sufficient range in Q
is needed as the scatter is confined to diffuse scatter which have long broad oscillations
in reciprocal space. S (Q), measured over a long range of Q, leads to better resolution
in real space and a more accurate Fourier transformation. Reactor instruments typically
only measure to approximately Q =16 A™! whereas spallation source instruments extend

over larger ranges of Q.

Most TOF liquid diffractometers are equipped with many detector banks at
different scattering angles around the sample position. GLAD is typical of this type of
instrument and a schematic of GLAD is shown in figure 1.7. GLAD has 19 detector

banks covering angles from 125° to -47° where the detector angle corresponds to 26.

As Q o Sin % the lower angle detectors measure lower values in Q, corresponding to

lower energy, longer wavelength neutrons. Each detector bank covers a different range

in Q and must be summed together in order to give a single diffraction pattern for the

sample measured. Figure 1.8 shows the differential scattering cross section files

measured for SiO, for each of the 19 detector banks on GLAD.

1.11 PRACTICAL NEUTRON DIFFRACTION DATA ANALYSIS

For each diffraction experiment, in addition to the measured samples, data is
measured for the empty container and appropriate sample environment equipment, the
empty instrument and a vanadium rod or plate, depending on the geometry of the
sample container. For each of these, the raw data is in the form of a number of
diffraction patterns, one for each detector, consisting of counts as a function of time of
flight. In order to first obtain the differential scattering cross-section, the following

steps must be taken'**%:
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Figure 1.7: Schematic
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Figure 1.8: Differential scattering cross section files for SiO,
measured on GLAD. Each detector bank is offset by 0.5 in
do/dQ with detector bank 1 at the top of the scale.

1. For each data set data from equivalent detectors are summed and then
normalized to the beam monitor count from the instrument. In addition,

corrections are made to account for the detector efficiency of the instrument.

2. Each sample and vanadium spectrum is corrected for background and

container scattering and attenuation.

3. The vanadium spectra are corrected for multiple scattering and used to put the

sample spectra on an absolute scale.

4. The sample spectra are corrected for multiple scattering and absorbance.

5. The inelasticity and self-scattering corrections are applied to the sample

spectra expressed as a function of 0 and when hydrogen or deuterium are

present the sample spectra are corrected for these effects.
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6. The different spectra from the different detector banks are combined,
producing an experimental F(Q) and thereby the associated pair correlation

function in real space through Fourier transformation.

Multiple scattering arises when a neutron interacts with more than one nucleus
to produce additional scattering that cannot be correlated to distinct atom positions. The
amount of multiple scattering that occurs in the diffraction pattern is dependent upon
the nature of the sample. Absorption is also dependent on the elements in the sample
while attenuation is dependent on the elements present in the sample as well as those in
the sample container. It has been found that while the multiple scattering and
absorption effects have a significant Q-dependence, the attenuation coefficient is

usually relatively constant with momentum transfer at high energies.6I

Neutron diffractometers, such as GLAD, are calibrated with a vanadium
standard, of an analogous geometry to the sample container, in order to put the

measured sample spectra on an absolute scale. Vanadium is used because it has a large

incoherent cross-section (av =5.08 bams) in addition to a very small bound coherent

scattering length (bv =-0.3824 fm). As incoherent scattering has no angular

dependence, the scattering from pure vanadium allows for an accurate calibration of the
instrument. Vanadium is used for this purpose as the density is well known and the
scattering per atom can be calculated. Attenuation, absorption and multiple scattering
can be calculated to a high degree of accuracy and are done so in standard analysis
procedures.”’60 In addition normalization via the vanadium calibration standard is
achieved directly in the analysis procedures. Multiple scattering and attenuation
corrections have been described in detail by Soper and are described in more detail in

chapter 6.5%3

After steps 1-4 are complete, the differential scattering cross-section is obtained.
At this stage in the analysis, it is necessary to complete the self-scattering corrections as

well as the Placzek correction and in the case of hydrogen or deuterium containing
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samples, a light atom correction in order to obtain the static structure factor, S (Q) The
self-scattering as well as the Placzek correction to the self-scattering for many samples
with heavier atoms can be directly calculated and is proportional to the scattering cross-
section of the sample measured. In the case of light atoms, this cannot be calculated but

rather must be obtained empirically.

1.11.1 PLACZEK CORRECTION

In 1952, Placzek showed that for heavy nuclei, the inelasticity correction for a
neutron diffraction experiment has a form that is dependent only on the mass of the
nucleus, the temperature and the incident neutron energy.59 Most importantly Placzek
showed that at neutron energies higher than the energy states of the sample itself that

the inelasticity effects for the interference term are negligible.

Because thermal neutrons have energies that are on the same order of magnitude
as dynamical energies in condensed matter, the Placzek correction to the self scattering
must be applied as is the case with liquids. There have been several attempts at to
modify this procedure for TOF neutrons which usually either involve a power series
expansion to express the correction in terms of the moments of S(Q, aJ) where the first

few moments are known, 4586465

The Placzek comrection is much larger with low energy neutrons, at high
temperatures and with light elements. For most heavy atom systems this correction is
easily calculated by standard analysis procedures; however, with samples that contain

hydrogen and deuterium, this is not the case.

The light atom effect, which appears in hydrogen and to a lesser extent in
deuterium, contributes to the inelasticity observed in the measured differential cross-
section data (figure 1.6). For this reason, the Placzek correction for the self-scattering
in light atom containing samples is obtained by fitting the differential scattering cross-

section data with a Chebyshev polynomial and the subsequent subtraction to create the
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interference function, F(Q) for each detector bank.®® This is shown graphically in

figure 1.9 for 0.9FSO;D:0.1D,0, again from two different detector banks on GLAD.

In Figure 1.9, the self-scattering inelasticity correction is estimated by a first
order Chebyshev polynomial in each case. For any liquid sample containing hydrogen
or deuterium this technique is used to produce the interference function for each

detector bank. The banks are subsequently merged together, weighted by the vanadium

calibration, to produce a single F(Q) for the entire sample.

1.11.2 ERRORS IN THE MEASURED DATA

Measured S(Q) data using neutron diffraction contain a distribution of distances

in reciprocal space which can be described by a Poisson distribution. Random errorin a
Poisson distribution is defined as the square root of the measured counts and can usually
be estimated to be of the same order of magnitude as the scatter of the data points. For

this reason no error bars are shown in the data measured in this thesis.

The relative size of systematic errors in the data are more problematic to
evaluate, and arise from inaccuracies in the background, attenuation, multiple scattering
and the Placzek corrections for liquid diffraction data (as well as other experimental
problems). The background error for a liquid sample contained in a polycrystalline or
partially crystalline material, mostly appear as sharp peaks or dips in the spectra. This
arises from problems occurring from the attenuation of the beam by the sample, leading
to a shift of the container Bragg peak position when the sample is present and so

manifests itself as additional noise on the measured data.
The Fourier transformation of any measured S(Q) to G(r) contains certain error
as S (Q) can never be measured to infinity and there is error generated upon truncation

of the data. Experimental measures of S(Q) also contain error arising from the

inaccuracies in the absorption, multiple scattering and Placzek calculations. Smoothly
varying systematic errors results in unphysical low-r values in the real space Fourier

transfornn.
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Figure 1.9: Differential scattering cross- section data for 0.9FS0;3;D:0.1D,0
(circles), the estimated inelasticity correction (line) and the resulting
interference function, F (Q) The left graph is the data from detector bank 1
on GLAD and the right graph is the data from detector bank 19 on GLAD
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These systematic errors together with Fourier transform artifacts decrease
rapidly with increasing r, but may also appear as an additional slope in G(r). In order
to minimize these effects, all of the S(Q) data presented in this thesis were Fourier
transformed using a Lorch modification function. Error in measured neutron data and

its effects to the Fourier transformation are discussed in detail in several sources.>®'**8

1.12 NEUTRON DIFFRACTION WITH ISOTOPIC SUBSTITUTION (NDIS)

A key advantage of neutron diffraction is that isotopes of the same element
exhibit different bound coherent scattering lengths. This allows the extraction of partial

structure factors from data measured from isostructural but isotopomeric samples. The
structure of any multi-atomic system may be expressed as }é(m(m+l)) partial

structure factors, where m is the number of unique atoms in the sample. The total
structure factor is the weighted sum of the partial structure factors, and in the case of a
many atom system, all partial structure factors contained in one measurement. For
example, FSO3H contains 10 partial structure factors contained in S(Q) for the entire
sample. NDIS is a technique by which some, if not all, of the partial structure factors
can be isolated and therefore analyzed. One of the most common isotopic substitutions
takes advantage of the contrast in scattering lengths between hydrogen
(bY, =-3.373 fm) and deuterium (b2, =6.671 fm). It is possible to isolate only the
partial struc'ture factors related to hydrogen by subtraction of two data sets that only
differ isotopomerically with respect to the hydrogen site. The subtracted data is termed
the first order difference function. For example, in FSO3H, the first order difference

can be taken by subtracting the measured differential cross-section for FSO;H,

(d_a) , from the measured differential cross-section for FSO;D, (22'_) to obtain
dQ ), ),

AS,, where X =F,S,0,H. This subtraction eliminates the partial structure factors

concerning only the heavy atom positions AS,, where X =F,S,0. This technique
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has been widely applied to diffraction studies of pure liquids and liquid mixtures®®%%as

well as other disordered systems.”'101

1.13 HIGH ENERGY X-RAY DIFFRACTION DATA ANALYSIS

The use of high energy X-rays allows for experimental access to a large
momentum transfer, #Q , range. The 11-IDC BESSRC beam line has one moveable
detector that scans from 0.1 to 30 A”'. The incident X-ray beam on BESSRC is

monochromated using Si [311] to give E,_ ., =115keV.

The high energy X-ray data measured must first be corrected for detector
deadtime, the radiation polarized out of the scattering plane and the geometry of the
detector path in order to obtain I,(Q). At high energies absorption and multiple
scattering are assumed to be negligible in the limit of a small sample size, less than
~6mm, and are therefore neglected. The intensity of the scatter is measured in counts
per second. This measured quantity is shown for FSOsH plus the borosilicate glass

container in figurel.10.

3x10°*-
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Figure 1.10: Measured intensity for FSO3H + borosilicate
glass container using high energy X-rays.
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As is shown in equation 1.43, in order to obtain a pseudo-nuclear function for X-
ray scattering, S, (Q), the measured I, (Q) must be corrected for Compton scattering
for each element as well as being normalized to the concentration weighted form factors
for each element. Q dependent form factor and Compton scattering values have been
compiled for each by Hubbell et al?® s X (Q) for high energy X-ray diffraction is easily
obtained with standard analysis procedures using the program ISOMER-X.'? All of

the S, (Q) data presented in this thesis show representative error bars from 15 to 20 At

1.14 EXTRACTION OF PARTIAL STRUCTURE FACTORS

Much of the data presented in this thesis is a combination of neutron diffraction
measurements and high energy X-ray measurements, used in concert to elicit both the
hydrogen positions as well as the heavy atom positions through determination of both
the nuclear and the electron distribution in the sample. By taking linear combinations
of diffraction patterns, the structure factor equations can be solved explicitly isolating

individual structure factors.

In the case of anhydrous hydrogen fluoride, in which there are only two atom
types, it is possible to extract all of the structure factors using a combination of high
energy X-ray and neutron diffraction measurements. The results of this experiment are
discussed in detail in chapter 3, though here the exact subtractions are delineated as an

example.

In a neutron diffraction experiment, equation 1.36 can be written for deuterium

fluoride as follows

Fé’r (Q) = Czbésoo (Q)+ 2cpCebpbeS o (Q)‘*' ci'bi'srf (Q) (1.47)

and similarly equation 1.38 as

SN (Q)= Cf,bf,SDD(Q)-i-Z chFbDb,,-SDF(Q)+ci.bi.SFF(Q)
o (c3b% +2 c,c, byb, +cib2)

(1.48)
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where N signifies a neutron measurement. Upon substitution of the
concentration of each atom and the scattering length for D and F equation 1.47

becomes:

F}(0)=0.11126 S,,(Q)+0.18859 S,.(Q)+0.07992 S..(Q) (1.49)

and equation 1.48 becomes

S¥.(Q)=0.293 5,,(0)+0.497 S,.(Q)+0.21 S..(0) (1.50)

Similarly for hydrogen fluoride, equation 1.36 can be written as:

F,r(Q)=0.03495 s,,(0)-0.1057015 S,,(Q)+0.07992 S,.(Q) (1.51)

The first order neutron difference can be taken by subtracting the measured
differential cross-section for HF from the measured differential cross-section for DF
obtaining F._, . (Q), the first order difference function. This is only possible when the

measured isotopomers are structurally equivalent, and exhibit no isotope effect.”!+103-106

This subtraction eliminates the partial structure factor concerning the fluorine-fluorine

interaction, S, (Q), giving

FY _.-(0)=0.07631 §,,(0)+0.29429 5,.(0) (1.52)
and
Sy .(0)=0.2059 §,,(0)+0.7941 §,.(0) (1.53)

High energy X-ray diffraction measurements on both DF and HF give rise to the

same intensity and upon numerical substitution for the form factors at Q=0 A"
equation 1.44 can be written as A

$*(0)=0.815 - (Q)+0.095,,(0) +0.01S,, () (1.54)

where the predominant amount of scattering arises from S,,(Q) and the hydrogen-
hydrogen interaction is negligible. The atomic form factor curves for the F and H are

shown in figure 1.11.
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Figure 1.11: X-ray form factors for hydrogen and fluorine.

By taking linear combinations of three simultaneous equations, in this case
equations 1.52, 1.54 and 1.56, it is possible to extract each individual partial structure
factor and thereby the individual pair correlation functions for this two component

system, allowing a complete picture of the liquid to be ascertained.

1.15 COORDINATION NUMBER ANALYSIS

In order to understand the average local structure of a liquid, integration of

gas (r) gives the coordination number of atoms o around P atoms between two

distances, r, and r, as
r2
nf(r)=4r c,p Igaﬂ (r)ridr (1.55)
rl

where p corresponds to the atomic number density of the sample and ¢, is the

concentration of atom f.

In the case of a pair correlation function which contains only one g, (r), this is

most easily obtained by a running coordination number curve. A running coordination
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number is the integral over the entire g, (r) function multiplied by the constant seen in
equation 1.58. An example of this is shown for the g .. (r) function derived from
measurements on hydrogen fluoride in figure 1.12.

In the case of a pair correlation function which contains more than one partial
pair correlation function, the coordination number can be obtained by

ancﬂbab,, 2

ap 2
@ d
2b,bc, ,!g"” (ryrdr

nf(r)=4np
(1.56)

The difference between equation 1.55 and 1.56 is equation 1.55 applies for a

function with only contains two atoms, such as g .. (r) In equation 1.56, the total pair

correlation function is assessed for only the coordination number with respect to one of
the partial pair correlation functions and is only applicable for a peak in the total pair

correlation function that corresponds to only one atom-atom correlation.

4-

/A

Figure 1.12: FF pair correlation function, g (r) and
corresponding running coordination number curve.
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In practice, the coordination number at any point in r is obtained either by
integrating over the entire pair correlation function, as is the case with the running
coordination number seen in figure 1.12, or by fitting individual peaks in the total pair
correlation function with a Gaussian function on order to obtain the area. Both of these

methods are used in the work presented here.

PARTB: STRUCTURAL ASPECTS OF SUPERACIDS

Superacids are a class of fluids which possess extremely high acidities that far
exceed those observed for the swongest aqueous acid systems. Superacids can
protonate almost any known chemical bond and as such the normal range of bases are
augmented in superacidic media by species such as methane, xenon, hydronium ion and

first row diatomic molecules.

The term “superacid” was introduced by R. J. Gillespie to define this class of
acids.'”'%® Superacids may then be classed as highly electron poor hydrogen bound
systems, in contrast to 'normal’ hydrogen bound systems such as water, ammonia and
alcohols, which are comparatively electron rich. Sulfuric acid, H,SOs, fluorosulfuric
acid, FSO;H, trifluoromethylsulfuric acid, CF3SO;H and HF, when anhydrous, are the
common molecular superacids. The strength of the acidity in these compounds can be
increased by the addition of Lewis acids such as BF3, SO; and MFs (M=Sb, Nb, or Ta).
In general, superacids are regarded as those which have an acidity greater than or equal
to 100% Hz‘SO.g.

In 1994 George Olah was awarded the Nobel Prize in Chemistry for his
investigation of “superelectrophiles” such as carbocations, onium cations, nitronium
cations as well as many other electron deficient species which can be formed in
superacidic media.'®!'® It is the ability to protonate the C-H bond that gives these
fluids their industrial and academic importance. They are used extensively for
hydrocarbon management - the isomerization and cracking of petroleum products as
well as the investigation of reactive and otherwise transient intermediates in organic

chemistry. Although the majority of Olah’s work concemns organic reactions in

39



superacidic media, superacids are also useful as inorganic solvents; they are able to
stabilize transition metal oxidation states which are unattainable in aqueous media.'''"?®

In the known solid state structures of superacids and salts of superacids,'¥'%!

there is nothing to suggest the extraordinary strength of acidity that these fluids display.

The structure of these fluids is a classic example of a light-heavy atom problem,

to which the complimentary nature of neutron and X-ray scattering may be applied.

Prior to this work there were very few structural studies on this class of
liquids.'**'*> We therefore sought to characterized the pure fluid structures of HF, BF3
and FSOsH, before characterizing the structures of solutes in these fluids. This work is
therefore comprised of the determination of the structure of liquid HF, BF; and FSOsH,

as well as the determination of the structure of the water as a solute in a FSOsH solvent.
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CHAPTER 2: THE STRUCTURE OF LIQUID FLUOROSULFURIC ACID

Part of the work reported in this chapter has been published in the Journal of

Chemical Physics'** and is included in its published form the appendix.

All calculations included in this chapter were performed by Dr. R. J. Hinde of

the University of Tennessee.

2.1 INTRODUCTION

An overview of the structure of superacids is provided in chapter 1. Here a brief
description of fluorosulfuric acid, FSO3H, is given. Fluorosulfuric acid can be prepared
from HF and SOs gases to give the liquid at standard temperature and pressure and its

physical properties have been investigated in detail by Gillespie.'m

Lewis and Brgnsted-Lowry acid-base descriptions are not always adequate to
explain the acidicity observed either in organic solvents or in anhydrous liquids.
Indeed, the concept of pH becomes meaningless in some systems such as the
protonation of an organic molecule in a pure superacidic solvent. For this reason, the
Hammett acidity function, Hp is used as it can give a comparison between different

1% The bases used are compounds

acidic solvents by protonation of a basic indicator.
which are usually non-basic in aqueous solution such as trinitrotoluene, trinitrobenzene
and dicholorotrinitrobenzene to name a few. The equilibrium between a protonic acid

and a base can be written as follows
B +H'=== BH" 2.1)

where the equilibrium constant is

[BIlHY _
IBH’l = I\BH+
(2.2)

and the Hammett acidity function is defined as

Hy=pKgy, =-Ig —[ 3]
(2.3)
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Hp is equivalent to pH in aqueous solution. Table 2.1 shows the Hammett acidity

functions of anhydrous superacids relative to other anhydrous acids.

Fluorosulfuric acid is the swrongest of all complex molecular superacids known,
with a Hammett acidity function of Hp=-15.07. The acidity of FSO3H is increased by
ten-fold on the addition of SbFs and SO3—SbF5.'°7 The Hammett acidity function of
FSOsH is comparable with the molecular superacid HF, however the addition of the

SbF;s to HF gives rise to much higher acidities than seen in the SbFs-FSOsH system.'"!

Fluorosulfuric acid is a strongly hydrogen bound fluid which is to be expected
given the electronegative nature of the ligating atoms around the central sulfur atom.
Physically, it is a highly mobile liquid with a liquid range of 253.8 K, this long liquid
range being attributable to the hydrogen bonded nature of the fluid. For comparison,
the melting and boiling point of sulfuryl difluoride, O,SF,, are 137.2 K and 217.6 K

respectively - a liquid range of 80.4 K. Table 2.2 lists some physical properties of
FSO;H.

The electrical conductivity of FSO3H at 298 K is primarily attributable to
autoprotolysis of pure FSO;H

FSO3H + FSO3H FSO3H2+ + FSO:{

(2.4)
In the case of the pure liquid the ionic product is Kpgo,, =4x10*mol’kg? and

subsequently the concentration of each ion is ~2 x 10 molkg™.!” The concentration of

ions in pure fluorosulfuric acid is higher than that of HF (chapter 3) but much lower

Table 2.1 Hammert acidity functions for common
superacids compared with H;PO4 and H,C 0"

Acid -Hp Acid -Hy
1:1

FSOs;H 15.07 FSO;H:SbFs 17.3

HF 15.1 1:1 HF:SbF; 209

CF3SOsH 14.33 H;PO4 5.0

H,SO,4 11.9 H,CO; 2.2
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Table 2.2 Physical properties of FSO3H.'!!

Boiling point/K 435.7
Melting point/K 184.07
Density at 298 K/gcm’3 1.743
Viscocity at 298 K/cP 1.56
Specific conductance at 298 K/ohm™'cm'™ 1.805 x 10™

than H,SO4 which is heavily ionized as a pure fluid and contains a variety of ionic
species. The evidence of a greater autoprotolysis constant in H,SOj, is also reflected in

the electrical conductivity constant (1.043 x 10 ohm"cm").

2.1.1 GASPHASE AND SOLID STATE STRUCTURE OF FSO3;H

The molecular structure for FSOsH consists of a pseudo-tetrahedral sulfur atom
ligated by oxo-, fluoro- and hydroxyl ligands and is shown in figure 2.1 with
appropriate atomic labels. That FSOsH is strongly associated is evident in all phases.
FSO;H is strongly dimerized at temperatures as high as 333 K in the gas phase,
although measurements at 393 K yielded only monomeric species with no evidence of

association. '

From infrared measurements on FSO;H, Savoie proposed that two FSO;H
molecules were associated either by virtue of O-H---F bonds or by O-H--O bonds.'¥

The possibility of O-H-F bonds was discounted by Chackalackal er. al who stated that

“the shift in the S-F stretch to lower frequency as the acid passes from the
associated to monomeric state indicates that the fluorine atom is not

directly involved in hydrogen bond fonnation”l'“’.

The authors justify this statement by comparison with infrared spectra collected
from H,SO,, where the shift in the O-H--O stretching frequency from dimerized H,SO4
to the monomeric species is increased by 60 cm™.'*® However, upon careful
examination of the FSOs;H infrared data, the S-F stretch is also lowered in frequency

from the gas phase to the liquid phase, as are both the asymmetric and symmetric SO,
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Figure 2.1: The
molecular structure of
FSO;H.

stretches. In FSOsH, the asymmetric SO, stretch decreases in the liquid from the
monomeric gas measurements by 40cm”. In addition the symmetric SO, stretch
decreases by 13cm™' and the S-F frequency decreases by 10cm™ while the SO; rock and

SO; bending frequencies remain unchanged from the liquid phase to the gas phase.

Unsurprisingly, it is evident that, in both systems, the stretching frequencies
decrease from the monomeric species to the presence of more associated species.
However, it is not evident from these measurements that O-H--F association in FSO3H
does not occur. A large shift in O-H-+O frequency in H,SO,4 upon association does not
necessarily indicate a shift between associated and non-associated FSOsH need be of
the same magnitude. In light of the shift decrease of S-O and S-F frequencies, it cannot
be discounted that hydrogen bonding by virtue of O-H:F bonding or by O-H--O
bonding is equally plausible. Moreover, these spectroscopic measurements do not

provide a direct structural measurement of the system in question.

The structure of fluorosulfuric acid has been determined in the solid state by X-
ray diffraction'®? and is shown in figure 2.2. At 123 K, FSOsH crystallizes in the
orthorhombic space group P 2,22, with 4 molecules in each unit cell. In this crystal
structure, the heavy atoms (F, S, and O) form slightly distorted tetrahedra which are

linked by O-H---O bonds to form infinite chains along the c-axis.

Salient bond lengths and angles from the solid state X-ray diffraction of FSOsH
as well as structures that contain the fluorosulfate anion and the bifluorosulfate anion

are shown in table 2.3.'”



& &

of FSO;H.'#

ructure

Figure 2.2: Solid state st
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Table 2.3: Interatomic distance and angles for

Sfluorosulfuric acid, Sfluorosulfate and
bifluorosulfate. !
Distances/ A
FSO3H  [SOsF]" [FSO;HOsSET
r(S-Oy) 1.518(1) 1.458 1.471
r(S-02) 1.412(1) 1.437 1.406
r(S-03) 1.420(1) 1.436 1.399
r(S-F) 1.540(1) 1.569 1.531
r(O;-H) 0.63(3) - 1.210
r(H<03") | 2.02(3) - -
Angles/°
FSO;H  [SOsF]" [FSO;HO;SF]
0:-S-03 | 107.2(1) 112.7 113.8
02-S-0; | 120.9(1) 113.6 113.0
0:-S-02 | 113.1(1) 113.6 116.3
O:-S-F 100.7(1) 102.3 104.8
O2-S-F 106.6(1) 106.3 105.3
0;-S-F 106.2(1) 107.8 101.7
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It should be noted from table 2.3 that the hydroxyl O-H bond length, r(O;-H), is
exceedingly short, a determination that is most likely due to the inherent insensitivity of
X-ray scattering to the presence of hydrogen. This bond length is shorter than the bond
distance seen in H, and is almost certainly non-physical. Finding a hydrogen atom in a
hydrogen bond is difficult in a conventional X-ray experiment due to the asymmetric
nature of the electron density associated with the hydrogen atom position. In addition,
the authors measured the crystal encased in a Teflon® capillary, which gives rise to a
high background (see chapter 6) which would add to the difficulty of determining an

accurate hydrogen positions.

Table 2.3 also shows intra atomic distances from the fluorosulfate anion,
[FSO3], and bifluorosulfate ion, [FSO3;HO3;SF], as determined by X-ray
crystallography where the counter ion in each case is cs*.'» Again, both of these
structures show a slightly distorted tetrahedron of oxygen and fluorine atoms around a

central sulfur atom.

Until this work, the structure of liquid FSO3;H had not been investigated. Here,
neutron and high energy X-ray experiments are presented, elucidating the structure of
FSO3H in the liquid state. In addition Raman measurements and density measurements
are reported. This study provides the first direct evidence for the structure of

fluorosulfuric acid in the liquid phase.

2.2. EXPERIMENTAL
2.2.1. SAMPLE HANDLING AND PREPARATION

Fluorosulfuric acid is an exceedingly aggressive material and the presence of
water will slowly hydrolyze fluorosulfuric acid, liberating HF and forming H;SO4
causing glass storage vessels to corrode over time. However, when FSO;H is pure, it
can be easily handled in rigorously dried glassware or in Teflon apparatus. Krytox®
LVP grease, a fully fluorinated vacuum grease, was used at all times and minimal
contact between the vapor or liquid was ensured, especially at high temperatures, where

FSO;H attacks Krytox®. Bums from fluorosulfuric acid are excruciatingly painful but
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can be treated with sodium bicarbonate solutions and prolonged irrigation with water.
Face shields and heavy duty butyl rubber gloves were used at all times, in addition to

usual laboratory safety measures.

All manipulations of FSO3H and FSO;D were carried out under an argon
atmosphere or under vacuum on a Schlenk line (pmiz < 10 mbar). All glassware was
flame-dried under vacuum at least four times and allowed to cool under an argon
atmosphere. FSO;H (Allied Chemical Co.) was quadruply distilled under vacuum from
H,S0s4, which has a considerably higher boiling point (603 K), in a 1:1 molar mixture of
the two acids. The use of excess H,SO4 caused FSOsH to be impossible to distill as
upon heating, oleum was formed (H,SO4:xSO3) and HF was subsequently liberated
from the reaction mixture. FSOs;D was prepared by the exchange with D2SOq4 in a 1:1
molar ratio, where the two acids were stirred with a Teflon®-coated stir bar prior to
distillation. The deuteration of FSO3;H has previously been described in the literature, '*
however instead of the recommended single exchange the exchange between D,SO4 and
FSOs;H was performed four times to ensure maximum deuteration. NMR measurements
and neutron analysis vide infra revealed that the incorporation of D for H was greater
than 99.6%. NMR data were collected either using a 400 MHz Bruker Instrument or,
using a 300 MHz Varian instrument. The spectrum of pure FSOsH is shown in figure
2.3. As there is only one proton present in the system, a single peak appears at
6=10.95ppm. In this spectrum no solvent peak is present as the spectrum was

acquired only on the pure fluid without a lock solvent or an internal standard. The

known literature value for FSOsH is & =10.47 ppm at 298 K relative to TMS.'*® The

'H spectrum for pure FSOsD is not shown as no peaks were present.

2.2.2 RAMANMEASUREMENTS

The purity of FSOsH with respect to water content was assessed by Raman
spectroscopy. The Raman data are shown in figure 2.4. The spectra recorded from pure

FSO;H at 298+2 K were in good agreement with previous measurements.''

There are nine fundamental vibrations for the heavy atoms present in FSO;H,
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Figure 2.3: 'H NMR spectrum for FSOsH.
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Figure 2.4: Raman spectra for FSO3H and FSO;3;H with varying amounts of
H,0 added.
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these are listed in table 2.4. In addition, there are three O-H vibrations present, though
the O-H stretching modes, estimated to appear at ~3000 cm™ were not distinguishable
as FSOsH exhibited a high fluorescent background. The peak assignments for the pure

FSOsH spectrum are shown in table 2.4.1!

In addition to the measurement of FSOsH, varying molar concentrations of H,O
were added to the pure fluid in order to determine the effects of known quantities of
water to the Raman spectrum. Figure 2.4 also shows the Raman spectra for pure
FSOsH and FSOsH with the addition of 0.1 mol % H;0O, 0.5 mol % H,O, 1.0 mol %
H,0, 5.0 mol % H,0 and 10 mol % H,0.

With the addition of 0.1 mol % H;O, a new vibrational peak appears at 1080
cm’, and the peak intensity continues to increase at higher water concentrations as
shown in figure 2.4. At the same time, the peaks corresponding to the O-H bend, the S-
OH stretch, the S-F stretch and the SO, symmeteric and asymmetric stretches in pure
FSOsH decreased in intensity. In a solution of FSO3H, H;O is fully protonated, thus the
decrease in the O-H bend and S-OH stretch seen in the spectra are likely due to the loss
of a proton from fluorosulfuric acid. The S-F stretch and the SO, symmeteric and
asymmetric stretches also decrease in intensity, implying that the hydrogen bonding

present in pure FSOsH has been perturbed.

Peak position/ em’! Possiblg vibrational
assignment
O-H torsion
388 S-F wag
SO, bend
537 SO, rock
S-O wag
837 S-F stretch
S-OH stretch
950 SO; sym. stretch
1196 O-H bend
1436 SO asym. stretch

Table 2.4: Observed Raman frequencies and peak
assignment for FSO;H at 298+2 K. b
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Assessment of this peak afforded a determination of the quantity of H,O present
in the neutron samples. In order to determine this, the area of the 1080 cm™ peak was
determined for each water containing sample. The peak area compared to the molar
concentration of water is shown in figure 2.5 and extrapolation shows the mol % H,O
present in FSO3;H neutron samples to be below the detection limit of these spectra. All
Raman spectra were acquired on a Dilor XY Raman spectrometer (Instruments S.A.,

Inc, Edison, NJ) using a 5 14nm Rayleigh line.

2.2.3 DENSITY MEASUREMENTS

In order to accurately determine the density of FSO3H at low temperature, a
glass pychnometer was constructed from borosilicate glass for use on a glass high
vacuum line (Pmin < 10°mbar). Borosilicate glass has a significant coefficient of
thermal expansion and therefore must be calibrated in order to ensure accurate
measurements. The pychnometer was standardized using anhydrous methanol
(CH3OH), which has a well-known density,'* in order to extract a correction factor to
account for the changes due to the pychnometer itself. This was subsequently applied

to the measured density of FSOsH to determine the actual density of FSOsH. The
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Figure 2.5: Peak area versus H,O concentration in FSO3H.
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density of both CH3OH and FSO3H were measured at several different temperatures

using a variety of cold slush baths.

In Figure 2.6 the raw corrected data for methanol and FSO3;H are shown. The

corrected density for protio-fluorosulfuric acid yielded values of p =1.743 gcm’ and

p =1.891 gecm® at 300 K and 193 K respectively.

2.2.4 NEUTRON MEASUREMENTS

Samples for neutron diffraction were prepared by distilling FSO3;H and FSO3;D
into SiO; tubes (0.4cm ID, 0.5cm OD). Each sample was flame-sealed under vacuum to
give a sample volume of approximately 0.478 cm’. The small sample thickness
minimizes multiple scattering effects due to the large amount of incoherent scattering
from hydrogen. In addition, both tubes were blown from the same cane of tube to
ensure that their wall geometries were virtually identical in order to minimize

systematic errors in the difference experiments. The small error between the quartz

2.0

1.84 _

164

; actual FSO,H density

1.4- — measured FSO H density
p/ g'cm3 corrected CH,OH density

1.2 —— measured CH,OH density

1.0

0.8-

200 220 240 260 280 300
T/K
Figure 2.6: Density measurements for CH;OH and FSO;H.
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tubes was additionally checked by comparison of the calculated intramolecular
scattering contribution to the measured data. Both neutron differences agreed to within

5% to the expected intramolecular nearest neighbor atoms, vide infra.

Data sets were collected for both FSO3H and FSO3;D at 300+2 K and at 193+2
K. The neutron diffraction data were corrected for container scattering, attenuation,
multiple scattering and inelastic scattering using standard analysis procedures which are
described in detail in chapter 1.'* Given that isostructurality between both isotopomers
is assumed for the subtraction method to be applicable, the density values for protio-

fluorosulfuric acid were used for all the data corrections.

2.2.5 HIGH ENERGY X-RAY MEASUREMENTS

High energy x-ray diffraction data from FSO;D and FSO;H were measured at
300+2 K. These data were corrected for detector efficiency, instrumental geometrical
effects, polarization, empty container scattering and subsequently normalized to the sum
of the atomic form factors plus Compton scattering to yield a pseudo-nuclear structure
factor.'%? The corrections for high energy X-ray diffraction measurements are described

in detail in chapter 1.

X-ray experiments were performed on both of the isotopomers at the same state
conditions and showed no significant isotopic quantum effect, within the limits of
experimental error (~1%), supporting the use of the isotopic substitution technique in

neutron diffraction in this case.

2.2.6 DFT CALCULATIONS

In order to analyze the various pair correlation functions determined in these
diffraction experiments, the structure of a single fluorosulfuric acid molecule was
calculated using density functional theory (DFT) calculations at the B3LYP/aug-cc-
pVDZ level of theory using the Gaussian 98 package.'** In addition the monomer was
calculated by the same program at the MP2/aug-cc-pVDZ level of theory which

incorporates interactions between electrons.
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The distances and angles for these calculations are shown in table 2.5 with
respect to the atomic positions in figure 2.1. In addition, fluorosulfuric acid dimers
were also calculated using DFT at the B3LYP/aug-cc-pVDZ level of theory the results

of which are discussed in detail below.

2.2.7 EXPERIMENTAL DATA

The total measured neutron structure factor for FSOsD, SY(Q) at both

temperatures is shown in figure 2.7. The pseudo-nuclear functions, S (Q), from the

high energy X-ray data for both the FSO;H and FSO3D data are shown in figure 2.8.

The total pair correlation function for FSOsH, G (r) where A is the radiation
source used, can be written as:
G: (’) = za:pgr (r) =Gy 8 un (")"‘ 20}, 8 r (")"' 2055 8 s (r)+ zazogno(")'*'
a.p
2"‘.?ogso (")"' 2“?1-‘85&' (")"' 2a4:8or (r)+ ago 8oo (")'*' are 8 er (")"' ag gss (")

(2.5)

Table 2.5: Interatomic distance and angles for FSO3;H

calculated by DFT.
Distances/ A
MP/aug-cc-pVDZ|B3LYP/aug-cc-pVDZ
r(S-0y) 1.628 1.629
r(S-0) 1.456 1.463
r(S-03) 1.465 1.455
r(S-F) 1.636 1.636
r(O,-H) 0.977 0.974
Angles/°
MP/aug-cc-pVDZ |B3LYP/aug-cc-pVDZ
S-0,-H 106.8 107.9
0,-S-03 107.2 107.4
0,-S-03 125.8 125.4
0,-S-0, 110.3 110.2
O,-S-F 97.6 97.8
0,-S-F 106.6 105.9
05-S-F 105.7 106.6
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Figure 2.7: Measured total structure factor for FSO;3;D using neutrons,
S¥(Q)+1 at 300 K and S¥(Q) at 193 K.
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Figure 2.8: High energy X-ray total structure factor measurements for
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where a;‘,, is the weighting from atoms aand £ for radiation source A, where N

signifies a neutron measurement and X signifies a high energy X-ray measurement.

These constants are listed in table 2.6 for all of the measurements obtained.

Gy (r) and G} (r)are the sum of the partial pair correlation functions, although

in the case of the high energy X-rays the intensity of the scatter arises mostly from the

heavy atom positions.

The total pair correlation functions from the neutron data at the two

temperatures measured, G~ (r), are shown in figure 2.9.

In this figure the hydrogen distances beyond the intramolecular O-H distance are
overlaid with the heavy atom distances, rendering the structure related only to the
hydrogen site indistinguishable from the rest of the molecular structure. FSO;H
contains 10 partial structure factors and as such the total pair correlation function
contains all intra- as well as inter-atomic positions. From table 2.4 it is clear that the
high energy X-ray diffraction measurements essentially measure only the heavy atom

positions and G (r) in this case can be written as

G¥(r)=0.96g,, +0.04g,, (2:6)
where X=F, O or S. This formula is given for the values at Q=0 however with X-rays,
as discussed in chapter 1, the form factors vary with Q which, is not easily expressed in
real space. The total pair correlation function, G (r), from the high energy X-ray

diffraction measurements is shown in figure 2.10.

2.2.8 FIRST ORDER DIFFERENCE FUNCTION AND NULL SCATTERING FUNCTION

In order to elucidate the structure related only to the hydrogen positions,
hereafter termed the [H,D] site, independent neutron diffraction measurements for
isostructural and isotopomeric samples of FSO3H and FSO;D allowed for the first order
difference function to be obtained as described in chapter 1. The first order difference

function, in this case, only contains the partial structure factors with the respect to the
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Table 2.6: Neutron and X-ray weighting factors for FSO3H and FSO;D.

FSOsD FSOsH X-ra X-ra X-ra X-ray X-ray

neutron neutron Q=0A' Q=1A' Q=2A"' Q=5A"' Q=10A"
aj, | 0.0123 0.0039 0.028 0.021 0.010 0.000 0.000
aj- | 0.0210 -0.0117 0.500 0.415 0.251 0.028 0.002
2aj | 0.0106 -0.0059 0.889 0.717 0.417 0.058 0.004
2aj, | 00645 -0.0361 1.334 1.092 0.6422  0.067 0.004
2aj, | 0.0275 0.0275 21.334 18462 12929  3.965 1.259
2aj | 0.0089 0.0089 8.000 7.013 5.055 1.651 0.464
2aj; | 0.0547 0.0547 12,000 10.679 7.793 1.903 0.456
af | 00023 0.0023 7.111 6.062 4.193 1.719 0.641
aj. | 0.0089 0.0089 2.251 2.028 1.524 0.396 0.0841
aj, 0.0842 0.0842 16000 14.058 9.963 2.286 0.618
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Figure 29: Neutron total pair correlation function for FSO;3D,
Gy (r)+1 at 300 K and G} (r) at 193 K.
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Figure 2.10: High energy X-ray total structure factor measurements for
FSOsH, G} (r)+2 and FSO;D, G} (r).
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[H,D] site, namely ASY, (Q).

The extracted AS}, (Q) function is shown for both measured temperatures in
figure 2.11. The Fourier transformation ASJ, (Q) yields the real space counterpart,

AGY, (r) which shown in figure 2.12. Explicitly, AGJ, (r) may be written as

AGY, (r)=0.636g,,(r)+0.207g,,(r)+0.104g ,; (r)+0.054g ., (r) (2.7

The structure factor derived from scattering for all non-hydrogen sites,

AS 1% (Q), was extracted from the data by subtraction of AS® (Q) from the measured

neutron total structure factor for FSO;D. AS¥, (Q) is hereafter termed the null structure
factor and is shown in figure 2.13. The corresponding pair correlation function,
AGY, (r), which contains only information about the heavy atom (S,0 and F) positions

can be written as

AGY, (r)=0.147g,(r)+0.048g - () +0.293g -, (r) +0.451g 5, (r)

(2.8

AGY, (r) is shown in figure 2.14 together with the high energy X-ray data for

FSOsH, with each peak labeled as to the information it contains. Both the high energy
X-ray data and the null pair correlation function contain the heavy atom positions and as

such both show peaks at the same positions.

2.3 DISCUSSION

Data analysis was performed by empirically fitting the AG/;, (r) function at both
temperatures with Gaussian functions in order to determine the coordination number as
is described in chapter 1."** One of the most prominent features in AGjy (r) (Figure
2.12) is the OH intramolecular peak at 0.98 A, which has a coordination number of

Coy =1.11£0.1 at 300 K and at 298 K. No reliable estimate for the O-H

intramolecular distance could be obtained from the measured X-ray data, scattering

associated with the hydrogen correlations only accounts for ~4% of the scattering
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Figure 2.11: Partial structure factor for hydrogen distances in FSO3H, AS}, (Q)

+1 at 300 K and AS}},(Q) at 193 K. The lines represent the smoothed fit to the
data.
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Figure 2.12: Partial pair correlation functions for the hydrogen distances
in FSO3H, AGyy(r)+1 at 300 K and AG,, (r) at 193 K. A Gaussian fit
to the first peak in r is also shown (see text).
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Figure 2.13: Partial structure factor for heavy atom distances in FSO;3H,
ASY (Q)+1 at 300 K and ASY, (Q) at 193 K.
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Figure 2.14: Partial pair correlation functions for the heavy atom
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AGY (r)ar 193K
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intensity.

The solid state values in the literature for intramolecular distances between
hydrogen and the heavy atoms in FSOs;H are unreliable as the reported X-ray crystal
structure shows the covalent O-H bond to be 0.63A, which is unreasonably short.'*2 On
the other hand the solid state X-ray data for the bifluorosulfate anion gives an OH
intramolecular distance of 1.210A.' This distance is for a bridging hydrogen and is
therefore much longer than would be expected for an O-H intramolecular distance. The
position of the first peak in AGy, (r) is predicted well by both DFT monomer

calculations (table 2.5).

The second prominent feature in the AG}, () function is a broader peak at
approximately 1.6 A in each data set which corresponds to the intermolecular hydrogen
bond. The solid state X-ray data estimates this distance to be about 2.02 A, presumably
due to the exceedingly short OH intramolecular distance, where this reported distance is

considerably longer than most common hydrogen bonds.

At 300 K in the liquid, the hydrogen bonding peak in AGJ, (r) is asymmetric
and can be more accurately fitted as the sum of two peaks centered at 1.48 A and 1.74

A, showing a 1:4 area ratio with respective coordination numbers of c,, =0.15+0.1

andc,, =0.61%0.1 with respect to oxygen or fluorine, as shown in figure 2.15.

It should be noted that the coherent neutron scattering lengths of oxygen and
fluorine are very similar and oxygen and fluorine cannot be distinguished in this
experiment. At 193 K, where the hydrogen bond peak is sharper, the two Gaussian
peaks are centered at 1.48 A and 1.73 A and have coordination numbers with respect to

oxygen or fluorine of ¢, =0.31%+0.1 and ¢, =0.80%0.1 with the areas showing a

1:2.6 ratio. The running coordination number plot is shown in figure 2.16. The 31%
increase in hydrogen coordination, calculated from the Gaussian fits and clearly
illustrated in the running coordination number plot, provides evidence of a significant
increase in the hydrogen bond chain length (and/or chain branching) upon cooling the

liquid. The shift to lower r upon cooling, and the development of more distinct
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Figure 2.15: Partial pair correlation functions hydrogen
bonding distances in FSOsH. AGjy(r)+1 at 300 K and

AGN. (r) at 193 K
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Figure 2.16: Running coordination number curve for FSO3H
first order difference function. The dotted line represents the
193 K data and the solid line represents the 300 K data.
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inflection point in the running coordination number (Figure 2.16) is consistent with the
presence of stronger, better defined hydrogen bonding structure at the lower

temperature.

These results imply that there are two distinct hydrogen bond distances, a
phenomenon that does not occur in any other hydrogen bound liquids such as water,
methanol or ethanol, in which only one hydrogen bonding atom type is present.?2!3155
This may be evidence that there are hydrogen bonds to both fluorine and oxygen in the
liquid phase. The Raman data shows that the multi-site hydrogen bonding cannot be

due to H;O contamination as shown in figures 2.2 and 2.3.

Hydrogen bonding to both oxygen and fluorine atoms is also supported by
B3LYP/aug-cc-pVDZ calculations performed on two sets of fluorosulfuric acid dimers,
one bound by virtue of hydrogen bonding between oxygen (OO dimer) and one via
hydrogen bonds to fluorine (FF dimer). Both dimer configurations are shown in Figure
2.17.

Figure 2.17: OO and FF dimer configurations
from DFT calculations. The red atoms are oxygen,
white atoms are hydrogen, green atoms are
fluorine and the gold atoms represent sulfur.
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Both cyclic dimers exist at the B3LYP/cc-pvdz level and give intermolecular
hydrogen bonds of 1.65 A in the case of the O-O dimer and 1.79 A in the case of the F-
F dimer and both give true energetic minima.'* Both of these dimer configurations
were originally proposed by Savoie as possible interpretations for infrared
measurements of dimerized FSO;H in the gas phase.'*” However, as described in

section 2.1.1 there is debate about the existence of an FF dimer in the gas phase.'*®

In the reported crystal structure of FSO3H, linear chains of molecules are bound
through S-OH:--O=S linkages only."”? The other heavy atom distances in this structure
include rs.on = 1.518(1) A, rs-0 = 1.412(1) and 1.420(1) A and rs.¢= 1.540(1)A. These

distances are not atypical, as revealed by a search of the Cambridge Crystallographic
data base (CCSD), where the mean distances for these values were found to be 1.54 =
0.04 A (S-F) and 1.54 £ 0.05 A (S-OH) and 1.42 A = 0.04 A (5=0).""'*® It therefore
appears that, from this study in the liquid state, a different hydrogen bonding structural
motif is present which is not found in the solid state but may indeed be found in the gas

phase.

Because the intermolecular OH bonding peak is better fitted by two Gaussians
and the distinct change in the profile of the intermolecular OH bonding peak with
temperature, the presence of two possible hydrogen bonding interactions, namely O-
H:-F and O-H-O is a reasonable conclusion. This evidence is supported by the DFT
calculations which show that dimers held together by O-H~‘F or O-H:-O both exist, and
show true energy minima. Moreover the hydrogen bonding distances from these
calculations, although a different actual configuration than in the measured diffraction
data, are noticeably different with the O-H~-O hydrogen bond showing the shortest
distance of 1.65A.

That F---H bonding may occur in the liquid structure is not surprising given that
fluorine is more electronegative than oxygen. The phase diagrams of the hydrates of
the hydrohalic acids are rationalized on the exceptional strength of the hydrogen bond
between H and F. The crystalline hydrates of HX (X=Br,Cl) have compositions written
as HX.nH,0 (n =l,2,3,4,6),159 whereas the crystalline hydrates of HF are of the form
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H,O.mHF (m =l,2,4).'°°"6' Indeed, the low pK, of aqueous HF has been attributed to
the strong hydrogen bonding interaction between H and F, which leads to the formation
of HF, even in the presence of a large statistical excess of water. Also, the strongest
hydrogen bond known is between hydrogen and fluorine in the bifluoride ion [F-H-F]’,
and the strongest known theoretical hydrogen bond is between formic acid and the
fluoride ion [HCO,H-F).'6%!%3

Intramolecular distances between pairs of heavy atoms were available from X-
ray crystallographic studies as well as from the measured high energy X-ray data.
Intramolecular contributions to AGyy (r) and AGS (r) were interpreted using distances
derived from the X-ray crystal structure data for the fluorosulfate ion, FSO3™ and the

[FSO3HO3SF]" anion (table 2.1), as well as those extracted from the DFT

calculations. ' %156

Although the experimental resolution does not allow for the assignment of
individual heavy atom distances, both the high energy X-ray data total pair distribution

function, AG}(r) and the derived neutron heavy atom pair correlation function,

AG}, (r) reveal two common features. First, both show an asymmetric peak with a
maximum at ~ 1.47 A. This peak corresponds to the S-O and S-F intramolecular bonds,
and in AGY, (r) shows a coordination number of ~c;, =4.16£0.1 fluorine or oxygen
atoms bound to sulfur (figure 2.14) at each temperature. The second peaks in both
AG)(r) and AGY, (¥) are located at ~ 2.41 A where this peak represents the O-O and
F-O distances present in the molecule. In the case of the neutron correlation function
this peak gives a coordination number of c¢,, =6.22+0.1 with respect to oxygen and
fluorine distances at each temperature.

It is interesting to note that at each temperature the neutron pair correlation
functions show identical peak maxima with respect to the heavy atom positions (figures
2.9 and 2.14). In addition, upon examination of the high energy X-ray pair correlation

function (figure 2.10) all of the heavy atom distances are also consistent. Moreover,

none of the heavy atom peaks are asymmetric. All of this suggests equivalent distances
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for each S-X (X=F, O) bond in the liquid phase and is inconsistent with the differing
distances that appear in the solid state or the DFT calculations (tables 2.1 and 2.3).

Using the peak position from the data presented here the calculated angles
between all heavy atoms in the molecule are OSX =110.1° £10°, X = O, F, showing a
tetrahedral configuration of the molecule. These distances are in accord with the values
in the literature,'> as well as those extracted from the CCSD, specifically cited above
for the directly bonded and non-bonded distances respectively. Given that the heavy
atom structure of fluorosulfuric acid is essentially unchanged at the two experimental
temperatures within the resolution of the experiment, the largest change in the structure
of the liquid is due to the change in hydrogen bond structure. Moreover, this change in
hydrogen bond structure may be due to a change in mol fraction of molecules bound by
O-H--F and O-H--O, as is shown by the change in coordination number for the double

Gaussian fits to the intermolecular hydrogen bond peak (figures 2.15 and 2.16).

24 CONCLUSIONS

The hydrogen bond peak profile in fluorosulfuric acid is asymmetric and the
asymmetry varies in temperature. The temperature variation, combined with the
changes in the running coordination number, imply that a multi-site hydrogen bonding
motif may be present in the liquid. Although, from these measurements alone, the
nature of the atoms involved in this O-H-X bond cannot be determined, due to the
similarity of the scattering intensity for O and F in both high energy X-ray and neutron
diffraction, the presence of O-H:-~F and O-H--O bonding cannot be excluded. This
conclusion supported by DFT calculations, in which O-H:F bonded dimers are shown
to be stable at the level of theory used in this work. In addition the heavy atom
positions in liquid fluorosulfuric acid are pseudo-tetrahedral to within the accuracy of
the measurements presented here, again supporting the conclusion that either O-H~F or
O-H--O bonding may be present in the liquid state as fluorine and oxygen atoms are

effectively indistinguishable.
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CHAPTER 3: THE STRUCTURE OF LIQUID ANHYDROUS HYDROGEN FLUORIDE

Part of the work reported in this chapter has been published in Angewandte

Chemie'® and is included in its published form in the appendix.

All RMC calculations were performed by Ms. J. E. Siewenie of Argonne National
Laboratory.

3.1. INTRODUCTION

Liquid hydrogen fluoride (HF) is an important chemical and it is widely used in
the petrochemical industry, as a catalyst for hydrocarbon management, and in the glass
and ceramics industries.'®>'% Academically, its superior properties as a solvent have
found application in both organic and inorganic chemistry, and the superacidic
properties have been exploited in both disciplines in the study of reactive intermediates
and reaction mechanisms as described in chapter 1.'®'"" That these highly desirable
properties are not more widely applied is largely due to the exceedingly toxic and

corrosive nature of the material,'®"'®

which is severe when anhydrous and only
somewhat lessened in solution. Hydrofluoric acid is an exceptionally dangerous
material to handle; it has a very high chemical toxicity and causes severe and highly
dangerous bums in contact with human tissue, even in aqueous solution. '6%'7
Anhydrous hydrogen fluoride is even more dangerous due to the high fat solubility and

volatility.

HF can be prepared by several different avenues such as by treating AgF, with
H, gas or by the reaction between C¢HsCOF and H,0."*'"! It was first prepared in its
anhydrous form by Gore and others by heating KHF; to “redness” to liberate HF in a
platinum apparatus.l72 Industrially it usually is prepared by the reaction between
fluorospar (CaF;) and coﬁcentrated H,SO,.'™ HF is a superacid with a Hammett acidity

function, similar to that of FSOsH, of H, =-15.1 as described in chapter 2.

HF, in comparison with the other hydrogen halides, has an anomalously high
melting point (189.5 K) and boiling point (292.5 K). In addition HF has a much longer

liquid range (103 K) than the other hydrogen halides which are 29.1 K, 21.5 K and 15.9
74



K for HCI, HBr and HI, respectively, in addition HF exhibits a high heat of vaporization
that is not seen in the other hydrogen halides. This is indicative of the strong hydrogen-
bonds present in hydrofluoric acid. HF is a volatile liquid at room temperature and has
a very high dielectric constant, indicating that the HF molecule is not only strongly
associated in the liquid state but that the dipole associated with the HF molecule is
locally ordered in the bulk. That the HF bond is very polarized is not surprising given
the difference in electronegativity between fluorine and hydrogen, namely

AE, =1.78 .17 Some of the salient physical properties for hydrofluoric acid are listed in

table 3.1 .I 11,173,175-178

Because the ionic species present in pure HF are complex the self-ionization

equation can be written most simply as

HF =—= [Hsolv]+ + [Fsolv]+ 3.1

where the ionic product is K,z =5x10"*mol*kg? and subsequently the

concentration of each ion is 7.08 x 10® molkg™.""'® The concentration of ions in HF is
much lower than that of FSO3H and H,SO4 (chapter 2). HF also has the lowest
electrical conductivity constant and therefore less proton mobility of all the molecular

superacids.

3.1.1 SOLID STATE AND GAS PHASE STRUCTURE OF HF

The hydrogen bond is the dominant feature of the structure of HF in all phases.

In the gaseous phase the structure of HF is complex and has yet to be unequivocally

Table 3.1 Physical properties of HF."!!

Boiling point/K 2925
Melting point/K 189.6
Density at 298 K/g cm’ 0.997
Viscocity at 273 K/cP 0.256
Specific conductance at 273 K/ohm cm™ ~10°®
Dielectric constant at 273 K/ ¢ &;' 83.6
Dipole moment/ Debye 1.961

75



determined. Spectroscopic measurements on HF in the vapor phase are consistent with
cyclic hexamers and tetramers.'®""'® Moreover, gas phase electron diffraction data are

best fit by a mixture of cyclomers, predominately hexamers, as well as monomers at

295 K and 254 K. In these measurements, the mean FFF angle was found to be 104°
with the average closest F-F distance to be r, =2.535+0.003 A and the second

neighbor F-F distance at 7, =3.88+0.06 A.'"*! In addition the H-F intramolecular
distance determined from the electron diffraction data is r,, =0.973+0.009 A. In this

study the authors note that the fit to the radial distribution function produced by these
measurements underestimated the height in the first peak, the HF intramolecular peak
by 34 % in the 295 K data and by 23 % in the 254 K data which was believed to imply a
longer H-F intramolecular bond that was greater than 1 A. The results of this study also
led authors to believe that there was a possibility that appreciable concentrations of

“chain-type” species could exist.'®!

HF, in the solid state, is composed of unbranched, zigzag chains and crystallizes
in the orthorhombic space group, Bm2;b.'®'* The structure of solid HF was first
studied by Gunther in 1939, who indexed powder diffraction photographs to give a

tetragonal unit cell with nearest neighbor F-F distance of r, =2.7 A®s

In 1954, Atoji and Lipscomb determined the structure of HF using single
crystalline X-ray diffraction.'? Initial attempts at determining this structure resulted in
the determination of ,SiFs4 as the authors placed the sample in a glass capillary.I86 After
finding suitable containment, X-ray diffraction measurements on crystalline HF at 148
K showed the solid state structure to be comprised of infinite zigzag chains with 4
fluorine atoms per unit cell. The electron density associated with the hydrogen site in
this structure could not be located and as such the authors chose the space group based
on a disordered model where the hydrogen positions could occupy two different
positions in the unit cell. For this reason the authors assigned the orthorhombic space
group Bmmb. Subsequent spectroscopic measurements on solid HF were in

disagreement conceming this result where some predicted a different hydrogen bonding
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structure in the solid state.'®'*° The bond distances and angles from this structure are

reported in table 3.2.

A later neutron diffraction study on deuterium fluoride (DF) in the solid state
showed that at 4.2 K and at 85 K DF crystallized in the orthorhombic space group

Bm2,b with zigzag chains parallel to the b axis.”® This structure is shown in figure 3.1.

The advantage of neutron diffraction in this case, as described in chapter 1, is
the large bound coherent scattering length of deuterium yielding a more accurate
determination of hydrogen (or deuterium) position. The distances and angles from the
DF at the two temperatures are listed in table 3.2.'2*° It is notable that the nearest
neighbor F...F distance in all of the crystalline structures is essentially invariant with
temperature and that the mean value of the three solid state structures, namely

ree =2.5020.01 A is only 0.03 A shorter than the F-F distance seen in the gas phase.

3.1.2 PREVIOUS STUDIES OF LIQUID HF

The evidence from the macroscopic properties (table 3.1) and the structure in the
gas phase and solid state indicates that HF is very strongly hydrogen bound. And
indeed the structure of liquid of hydrogen fluoride, like the gas and the solid, has long
been known to be complex.'gl Early infrared measurements on HF were thought to

indicate a large proportion of polymers present in the liquid that dissociate to monomers

Table 3.2: Distances and angles for HF and DF in

the solid state.'**'*°
Distances/ A
DFat42K DFat85K HFat 148 K
r(H-F) 0.97 0.95 -
r(H:~F) 1.53 1.56 -
r(F-F) 2.50 2.51 2.49
Angles/°
DFat42 K DFat 85 K HF at 148 K
F-H--F 180 180 -
F-F--F 116.6 116.7 120.1
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upon the addition of S0,."! This existence of polymers was concluded from a broad
peak in the spectra at 3450 cm™ for pure HF, which became sharper upon the addition
of SO,. This conclusion was supported by NMR studies which suggested that HF
depolymerized upon the addition of other liquids and when pure upon an increase in

temperature as evidenced by a change in chemical shift.'*?

In these early studies, only
the polymeric nature of HF was suggested; the exact form of these polymers, that is

whether they were hexamers, tetramers or chain structures, was not ascertained.

Inelastic neutron scattering studies also predicted that HF exists in a polymeric
form in the liquid state. In each of these studies a simple chain structure was
predicted.m'w:"194 In later Raman and IR measurements on the liquid, Desbat et al.

supported the chain model and stated that

“the most probable structure for HF at 293 K is zigzag chains with six
or seven molecules”

and that a decrease in temperature led to an increase in the number of HF

195

molecules in the chain.”™ The chain structure model is also consistent with the high

dielectric constant and its pressure dependence seen in HF.'”5"""7 Although all of the

Figure 3.1: Solid state structure
of DF at 85 K."*°
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measurements described above support a polymeric structure in the liquid none of these

data provide any direct evidence for the structure of HF in the liquid phase.

To date, only two diffraction measurements of the liquid state have been
performed on DF using neutrons that give the total structure factor of DF, S}, (Q) In

1985 Deraman et al. first measured the structure of liquid DF at 293 K.'** More
recently, Pfleiderer et al. extended this range to two liquid and four supercritical

states.'?

Deraman predicted the structure of HF in the liquid to be polymeric but, as t i~
207Blhe measurements were confined to the total pair correlation function, the
distinction between chains and cyclic polymers could not be ascertained.'*? In this
study, cyclic hexamers in the liquid state were favored as the most likely possibility,
given their presence in the gas phase, though it was concluded that a more detailed
study was needed to distinguish between the two structural possibilities. In addition,
the authors noted the underestimation in peak height by the electron diffraction results

and thought this might be due to the presence of anomalous protons.'*-!®!

In the more recent neutron diffraction study, the total pair correlation function
was interpreted as being consistent with (DF), chains under normal temperatures and
pressures, which forms a very different hydrogen bonding structure as pressure and
temperature increase.'* The actual change in the structure of liquid DF upon the
increase of temperature and pressure could not be determined as these changes could
only be ded‘uced from peak positions and heights in the total pair correlation functions

of the recorded data.

3.1.3 THEORETICAL STUDIES ON THE STRUCTURE OF HYDROGEN FLUORIDE

HF is the simplest archetype for the strong hydrogen bond and the molecular
simplicity of this molecule makes it an attractive model for strongly hydrogen bonded
systems. In view of the toxic nature of liquid HF it has also been stated that the

calculation of its properties is to be preferred over measurement.'*
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The microscopic structure of liquid HF has been the subject of many theoretical
investigations.'*®2 Before diffraction data on liquid hydrogen fluoride were available,
these simulations were based on either atom-atom (two site) potentials or three site
models. 2211213216 Most of these early studies predicted chain-like structures in the
liquid, which in most cases the chains were of infinite length. The peak positions from
the simulated peak pair correlation functions as well as the coordination numbers from

some of these simulations are shown in table 3.3,20%-211:213-:216

In these simulations many of the calculated values differed significantly from
the known experimental values for the gas phase dimers on which the models were
based. When the results of these simulations were subsequently compared to the total
structure factor data on liquid DF, many of the calculated values were found to differ
from the experimental values; in particular, most failed to accurately predict H:-F

intermolecular bond length in the liquid.

Since the appearance of liquid diffraction data for DF, Monte Carlo (MC) and

molecular dynamics (MD) simulations of the structure have been performed with a

varety of different potentials 2202182212273l a5 well as  Quantum
Mechanics/Molecular Mechanics (QM/MM) models.2!%220232
MC simulations performed by Jedlovszky and Vallauri** 273! using both

Table 3.3: Peak positions and coordination numbers for

early HF simulations,20%-211:213-216
THH/A r,;n;_“/A rFF/A
HF2 [ 23 1.7 76
HF3 [ 22 1.8 27
STO-3G | -2 L6 21
6-31G|  ~2.7 -1.9 26
Chn Chr. Crr
HF2 2 N >
HF3 2 1 ;
STO-3G - L4 6o
6-31G - 1.8 2.8

80



polarizable and non-polarizable potentials on both the liquid and the supercritical fluid
agree reasonably well with the HF dimer but again, do not accurately predict the
measured position of the hydrogen bonding peak. In each of these MC simulations, HF

is predicted to consist of hydrogen bonded chains in the liquid state.

Parrinello er al.?*?* have employed ab initio MD to simulate the structure of
liquid HF at various thermodynamic states and predict the liquid structure to consist of
bent hydrogen bonding chains of varying length with very little branching at room
temperature. Liem et al. have also employed MD to simulate the liquid using a quantum
electrostatic topological potential (QCT) which is comparable to the ab initio MD model
only with respect to the HH pair correlation function, g, (r).>

The MD results have been recently corroborated by Muiioz-Losa et al. using a

1219

QM/MM model.”"” In addition Wierzchowski et al. have employed both ab initio MC as

well as QM/MM to model HF at the different state points reported by Pfleiderer et
ql 142232233

In contrast to the chain structure seen in most simulations, MD simulations by

Yogi predict HF to be dimerized in the liquid,230 and a combination of MC and MD
techniques led Sun et al. to also predict clustering in liquid HF.*'® A similar view was
also suggested by Karmakar er al. by analogy with simulations on tert-butyl alcohol,
who noted that the diffraction data on DF indicated clustering even though this was

unsupported by most computer simulations at that time.?’

The fact that most computer simulations have predicted chain structures of some

description in liquid HF has led to the theoretical claim that
“Itis well known that in liquid HF the majority of molecules exist as
hydrogen bonded chains” 208

even though the detailed structure of the liquid has never been experimentally

determined.
One point of discrepancy among all of the simulations is the shape of the FF

partial pair correlation function g.-(r); this is discussed in more detail in section 3.3.
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210218219228 | Lile others do

Some models predict a peak or a shoulder around 3.2 A 2%
not. 2218235 parrinello et al. noted this discrepancy between simulations on liquid HF as
evidence that the structural prediction is extremely sensitive to the intermolecular

potentials chosen in a simulation”® The 8¢r(r) function appears to be the most
sensitive to this phenomena, in comparing simulations, as the g,-(r) and g,, (r)

functions remain similar in shape, though not peak position, between the extant

computer models.

A summary of the calculated inter- and intra- molecular distances and
coordination numbers, where reported, is given in table 3.4 for the computer simulation

studies published after the publication of the first diffraction data on liquid DF.

3.2 EXPERIMENTAL
3.2.1 SAMPLE HANDLING AND PREPARATION

In order accurately measure the partial structure factors of HF, high purity
isotopic samples of HF, DF and an [H,,D,/;]JF mixture were prepared. HF and DF were
prepared on a metal high vacuum line via the reaction of H,SO, or D,SO,4 with dry CaF,
in a metal bomb under static vacuum. Samples were purified by cryogenic distillation,
dried with F,, degassed, barometrically measured and subsequently transferred into
sample cells constructed from Alloy 400. The design of these cells and sample transfer
line are described in‘detail in chapter 6. All of the samples had chemical and isotopic
purities of > 99.9% with <0.1% H;O as confirmed by the neutron measurements
presented here, vapor pressure measurements and the purity of the starting materials.
The purity of DF was also assessed by vapor pressure measurements at varying

temperatures and were found to be in accord with reported literature values. 2%

3.2.2 NEUTRON MEASUREMENTS

Neutron diffraction measurements were performed on samples of DF (0.183
moles) and HF (0.0365 moles). DF was measured at 296 K, 286 K, 246 K and at 195 K
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Table 3.4: Peak positions and coordination numbers for

recent HF simulations.2*+2!8219228.235
rHHIA r,i,“,.-m/A ree 1A
QM/mMM ~23 1.65 2.5
ab initio MD 2.2 1.6 2.5
Non-polarizable
potential MC 20 1.5 24
Polarizable
potential MC 25 1.8 2.1
Sun 2.2 1.8 2.7
QCT 2.18 1.53 2.43
Chin Chr. Crr
QM/MM 224 1.00 2.24
ab initio MD .22 1.00 2.6
Non-polarizable
. potential MC 22 1.00 2.5
Polarizable
potential MC 245 1.00 2.25
QCT 2.0 1.0 2.0
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and HF was measured at 296 K and at 195 K, where all temperatures were recorded
with an error of £ 2 K. The corresponding pressure at the temperatures measured are
1.2 bar, 0.8 bar, 0.1 bar, and ~0 bar, respectively with an error of +0.1 bar.'3* The
neutron data have been corrected for detector efficiency, empty cell scattering,
attenuation and multiple scattering using standard methods as described in chapter
1."%% The number density at each temperature for HF at each temperature measured is

shown in table 3.5.

In order to enable an accurate background correction for each sample container
separate experiments were performed on each of the Alloy 400 cells. In another set of
experiments, both of the cells were measured filled with D,O in order to obtain the
correct normalization coefficients for each container and account for slight variations
between the cells. The D,O data were corrected using standard analysis techniques
without removing the residual Bragg scatter. In each case, the differential cross section
files were assessed to ensure that the interference function oscillated about the predicted
self scattering function, indicating that normalization of the can was correct. For the

D20 in DF container, the coordination number of the O-D intramolecular peak was

assessed in the total pair correlation function G(r), cpo =0.9810.10, to verify the

volume of sample in the neutron beam. The D,O-filled HF container was constrained to
give the same level of scatter in the oscillations at high Q as the normalized D,0 in the
DF container ensuring a correct normalization of the HF can. By this method a correct
sample container thickness was obtained for each individual sample cell and

subsequently used to normalize the HF and DF data collected.

Table 3.5: Number density of HF at

measured temperatures.
T/IK p/atomsA™
296 0.0600
286 0.0600
246 0.0625
195 0.0637
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The can normalization led to an unconstrained DF coordination number in the
D-F intramolecular peak was ~c,, =1.0+0.1, vide infra, at each temperature

measured. The first order difference data matched oscillations at high Q for the DF data

ensuring that normalization of the HF was correct.

3.2.3 BACKGROUND SUBTRACTION IN THE NEUTRON DATA

The primary difficulty in the corrections arises from contaminant Bragg
scattering from the polycrystalline Alloy 400 cell. This was largely removed by
standard analysis procedures, although careful additional empirical subtraction of the
individual contaminant Bragg peaks was required to extract the underlying diffuse
scatter from the samples. The subtraction was performed on 13 of the 19 detector banks
available on GLAD for each of the data sets measured in the differential cross section
files before the application of the Placzek correction, which is described in chapter 1.5
In the higher angle detector banks, the contaminant Bragg scatter proved too difficult to

remove with reasonable accuracy and were therefore omitted. Figure 3.2 shows the
measured DF, SX.(Q)at 296 K before and after removal of the Alloy 400 cell
background.

3.2.4 HIGH-ENERGY X-RAY MEASUREMENTS

ngﬁ energy x-ray diffraction data from DF (0.161 moles), HF (0.050 moles)
and [H;,;D:.]F (0.108 moles) and an empty Alloy 400 cell were collected at 296 K. In
separate experiments DF (0.030 moles), HF (0.059 moles) and an empty Alloy 400 cell
were measured at 195 K. The high energy x-ray data were corrected for detector
efficiency, instrumental geometrical effects and polarization using standard analysis

procedures described in chapter 1.1

As was the case with the neutron data, the primary difficulty in the corrections
arises from contaminant Bragg scattering from the polycrystalline Alloy 400 cells. The

empty container scattering was subtracted by first scaling the empty container to align
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Figure 3.2: DF neutron total structure factor measurements,

She (Q) after background corrections at 300 K. The insert shows
S(Q) for DF with the Alloy 400 background.
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with the Bragg peaks measured in the container with the sample. Further empirical
subtraction of the individual Bragg peaks was required in order to extract the underlying
diffuse scatter from the samples. After the removal of background the x-ray data were

normalized to the sum of the atomic form factors plus Compton scattering to obtain the
pseudo-nuclear structure factor. Figure 3.3 shows the measured DF, SJ- (Q) at 296 K

before and after removal of the Alloy 400 cell background.

3.2.5 EXPERIMENTAL DATA

The total measured structure factor, Sj.(Q) for DF at both temperatures is
shown in figure 3.4 with the smoothed S2.(Q) from Deraman et al. as a comparison.
The 286 K data has been truncated at Q,, =25 A! as the errors above this point only

added statistical noise into the Fourier transformation of the data. At this temperature,
the DF was measured for less time than the rest of the data, thereby decreasing the

quality of the data.

The pseudo-nuclear functions from the high energy X-ray data, S). (Q) are

shown for the average of DF, HF and [H,,D,,,]JF at 296 K and for HF at 195 K in figure
3.5.

3.2.6 PAIR DISTRIBUTION FUNCTIONS

The diffraction pattern of a sample of HF, collected with radiation source A and

written as S7(Q) and the Fourier transformation that gives rise to the total pair

correlation function G;‘(r) can be written in terms of the partial pair correlation

functions as

G;‘(’)= Zﬁa;}gr(r)= Ay 8 un (’)'*'a;"rgrr(r)'*' za;:rgﬂr(") (3.2)

where a:p (a, B = H/F) is the weighting of the scattering from a and £ from
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Figure 3.3: DF high energy X-ray total structure factor
measurements, S} (Q) after background corrections at 300 K.
The insert shows S (Q) for DF with the Alloy 400 background.
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Figure 3.4: Corrected DF neutron total structure factor measurements.
Sp-(Q)+4 at 293 K, SN.(Q)+3 ar 296 K, SY (Q)+2 ar 286 K
SY.(Q)+1at246 K and S}.(Q) ar 195 K.
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Figure 3.5: Corrected DF X-ray total structure factor
measurements. S).(Q)+1 at 300 K and SX.(Q) ar 195 K.
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radiation source A where N signifies a neutron measurement and X signifies a high
energy X-ray measurement. The weighting factors for these neutron and X-ray
experiments are shown in table 3.6.

Fourier transformation of the total structure factor gives rise to the total pair
correlation function, G, (r) in the case of the neutron diffraction data can be explicitly

written as
Gh:(r)=0.293g,, (r)+0.497g,,.(r)+0.210g - (r) (3.3)

GY_(r) is shown at each of the temperatures measured in figure 3.6.

The total pair correlation function in the case of the high energy X-ray
diffraction is dominated g, (r) function. The total pair correlation function for the

high energy X-ray measurements are shown in for the average of DF, HF and
[Hi2D12]F at 296 K and for HF at 195 K in figure 3.7.

For the 296 K data, X-ray experiments were performed on both of the
isotopomers at the same state conditions and showed no significant isotopic quantum
effect, within the limits of the experimental error (~5%), supporting the use of the

isotopic substitution technique in neutron diffraction in this case.

Table 3.6: Weighting factors for DF and HF neutron experiments and X-ray
experiments at Q= 0A" 147 247 54", and 104!

DF HF X-ra X-ra X-ra X-ra X-ray
neutron neutron Q=0A"' Q=1A"' Q=2A"' Q=5A" Q=10A"

ay, | 0.1113 0.0350  0.250 0.191 0.093 0.004 0.000
aj. | 0.0799 0.0799  20.250 18.253  13.715 3.569 0.435

0.1886 -0.1057 4.500 3.732 2.260 0.250 0.014
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3.2.6 FIRST ORDER DIFFERENCE FUNCTION

In order to elucidate the structure related only to the hydrogen positions,
hereafter termed the [H,D] site, independent neutron diffraction measurements for
isostructural and isotopomeric samples of HF and DF allowed the determination of the
first order difference function as described in chapter 1. The first order difference

function, in this case, contains only the partial structure factors with the respect to the
[H,D] site, namely AS}, (Q). The extracted function ASZ,(Q) is shown for both

measured temperatures in figure 3.8.

The Fourier transformation AS (Q) yields the real space counterpart, AG ,';x(r)
which shown in figure 3.9. As interference terms related only to the [H,D] site are.
present in AS /) (Q) AG} (r) shown in figure 3.9 represents only the pair correlation

functions associated with the [H,D] sites where

AGY(r)= 02068, (r)+0.794,,(r) (3.5)

3.2.7 EXTRACTION OF THE PARTIAL STRUCTURE FACTORS

By using complimentary information provided by both types of radiation, and by
performing measurements on three isotopic samples with identical structures, it is

possible to extract all of the partial structure factors for a two component system. Here
the partial structure factors for HF, S,,(Q), S,-(Q) and S..(Q), were extracted by
taking linear combinations of the diffraction patterns from both radiation sources. The
details of this procedure are presented in Chapter 1.

As is shown in table 3.6 and equation 3.4, the high energy X-ray diffraction
measurements are dominated by S, (Q) and the isotopic substitution neutron diffraction

measurements provide an accurate determination of the hydrogen interactions. The

extracted partial structure factors at 296 K are shown in figure 3.10 and the
corresponding pair correlation functions, g, (r), g(r) and g,r(r) are shown in

figure 3.11. It should be noted that S,,,,(Q) and S, (Q) were truncated at
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Q... =15 A" to obtain the g,,, (r) and g, (r) curves given in this work. The Fourier
transformation of both S,,(Q) and S.(Q) at Q,, =20 A7 yielded the same

coordination numbers within the experimental error as is shown below. The Fourier

transform at the larger Q,,, was consistent with the Fourier transformation at the

0.... =15A"! but contained a larger number of statistical error.

In order to ensure that the extraction of the partial structure factors was

consistent with the measured data, S,,(Q), S,-(Q) and S;-(Q) were summed to

reconstruct S} (Q). The comparison with the S}.(Q) and is shown in figure 3.12. In
addition, these reconstructed partials were subsequently Fourier transformed and

compared with G (r) and is shown in figure 3.13.

3.2.8 REVERSE MONTE CARLO(RMC) ANALYSIS

In order to provide a model for the collected data, Reverse Monte Carlo (RMC)

240-245

fits were obtained for the extracted partial structure factor data. RMC modeling has

been widely used to provide structural fits for scattering data to aid in the interpretation

in the case of disordered systems, 24124623

RMC generates a possible configuration that is consistent with the data, 24244243

and this model is often assumed to be the most disordered structure that is consistent
with the data.?® There is debate about the precise physical meaning of an RMC model,
given that when such a molecular configuration is used to calculate thermodynamic

properties, the energies that are calculated are often high.

However, if the assertion that the structure of the RMC model is one of the most
disordered consistent with the data is correct, then structure evolved in the RMC model
must be required in order to fit the observed data. It should be stressed that RMC gives

one or more possible configurations and that these configurations are not unique.*®

The RMC simulation was performed simultaneously on the three measured

partial structure factors at 296 K in a cubic box containing 5000 H atoms and 5000 F
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the difference.

101



atoms with each atom constrained to form half of an HF molecule. The second
constrained imposed on the RMC simulation was that the average coordination number
and peak position of the first peak in real space had to agree with the value obtained
from a direct Fourier transform of the measured partial structure factor data to within
the experimental error quoted below. The RMC fits in comparison to the experimentally

extracted partial structure factors at 296 K are shown in figure 3.14.

The corresponding RMC generated radial distribution functions are compared with the
experimentally extracted pair correlation functions in figure 3.15; the sum of the partial

structure factors derived from RMC compared with the total structure factor measured

for DF at 296 K S (Q) is shown in figure 3.16.

The agreement between the RMC generated partial structure factors and
the data derived partial structure factors is good except at low Q. This is due to the
Placzek correction employed by the method discussed in chapter 1. For spallation
sources the Placzek is manifested by a steep rise at low Q plus a gradual slope declining
towards higher Q values.'**® For this reason, the data is most difficult to accurately

correct for inelasticity effects in this region.

3.3 DISCUSSION

3.3.1 TOTAL PAIR CORRELATION FUNCTIONS AND FIRST ORDER DIFFERENCE
FUNCTIONS

3.3.1.1 INTRAMOLECULAR STRUCTURE

At each temperature measured the HF intra molecular bonding peak in G} (r)

(Figure 3.6) is centered at r,, =~ 0.93+0.02 A, indicating that the HF intra-molecular
structure is largely invariant with temperature, and in agreement with the previously
determined distances in liquid DF, which are 0.93 A and 0.925 A respectively.'*>!* It
should be noted however that in each of the previous measurements the authors

believed this to be an underestimation, based on comparisons with electron diffraction
of gaseous HF

102



1 M j I |

0 4 8 12 16 20
QA
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Figure 3.15: RMC fit (solid line) to the partial pair
correlation functions (circles) at 296 K.
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which gives r,- =0.973A,'"® and the solid state structure of DF, which gives

r,-=095 A at 85 K.' In the 293 K liquid structure, the authors applied a
furthermodification to their data to produce an HF intramolecular bond of 0.95 A.'#
Pfleiderer et al. did not modify their intramolecular bond length to adjust the data.
However, they did note that the intramolecular bond in HF decreased with increasing
temperature.142 It is of interest that the solid state structure of DF, determined by
neutron diffraction, was initially determined to have an intramolecular bond length of
ry- =095A at 4.3 K and r,. =0.93A at 85 K. These distances were revaluated to
shift each bond length by 0.02 A.'*

The coordination numbers with respect to the number of fluorine atoms around
deuterium atoms in the first peak in G- (r) was assessed at each temperature
measured. The coordination numbers are listed in table 3.7 along with the ry;, value for
each intramolecular peak and the peak maximum at each temperature recorded.

The coordination number of the first peak in AG,;, (r) with respect to fluorine

around hydrogen is ¢y, =0.78+0.10 at 296 K and ¢, =1.031£0.10 at 195 K, for
peak maxima at r,. =0.943+0.03 A and 7, =0.939+0.03 A, respectively (figure

3.9). The coordination number at 296 K is lower than expected, however this is well
within the experimental error due to the difficulty of the Placzek correction for HF. As
an HF sample contains 50 atom % hydrogen, the inelasticity effects are greatly

enhanced in this system. The inelasticity correction for HF on GLAD is not analytically

Table 3.7: Coordination number for intramolecular DF
peak in GN_(r).

TK pi‘;;‘ig;/alg e min/ A
296 | 0.928+0.030 | 1.05:0.10 | 1.8
286 | 094760030 | 1.03:010 | 131
246 | 0929+0.030 | 0992010 | 132
195 | 0940£0030 | 099010 | 120
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soluble practically at this time but, is merely estimated by virtue of the method
described in chapter 1. For this reason, the first order difference data were verified by
oscillations at high Q which corresponded to the same level of scatter seen in the DF
data. In addition, as noted in chapter 1 the inelasticity effects vary with temperature,

with higher temperatures showing a larger inelasticity effect.

3.3.1.2 INTERMOLECULAR STRUCTURE
In contrast to the intramolecular structure, the intermolecular structure, as seen
in G(r) and AGJ,(r), is clearly different at each measured temperature. In figures

3.6 and 3.7, the second clear peak at all temperatures can be attributed largely to the HF
intermolecular structure. From the total structure factor neutron measurement (figure

3.6), this peak becomes sharper as the temperature decreases and shifts significantly
from r,, =1.64+0.05 A at296Kto r, =1.56+0.02 A at 195 K which is identical
to the hydrogen bond distance in the solid state structure of HF at 85 K
(rye =1.56£0.03 A).m'm The shift to lower r with a decrease in temperature is
indicative of a more tightly bound hydrogen bond at lower temperatures. This is also
reflected at 246 K (figure 3.6) where the second peak is more well-defined than at the
highest temperature measured and shows a maximum at 7, =1.61+0.02A. It should
be noted however that this hydrogen bonding peak in the total structure factor contains
significant contribution from the g, () function and cannot merely be described as

hydrogen bonding distance as is described in more detail below.

At 296 K GU.(r) shows a third peak centered at 2.51+0.05A which can be
attributed in part to the g, (r) function (described below). This peak may also imply a
longer HF bonding distance. As the temperature decreases to 195 K this peak shifts to
2.34+0.05A , suggesting a closer contact between neighboring HF molecules. This
peak in the low temperature data is almost certainly attributable to an additional HF

interaction as the total pair correlation function for the HF measurement using high

energy X-rays at 195 K (figure 3.7) shows a clear peak at ~2.5A which can be attributed
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to the FF distance. At the intermediate temperature this peak in GJ. (r) becomes much
less well defined and the peak shape indicates there are two peak maxima contained
within this peak, one at ~2.3A and one at ~2.5A.

The assignment of this peak in the total pair correlation functions as an HF
interaction is corroborated by both AG,, (r) functions (figure 3.9). In AG,, (r) this
peak also appears at both temperatures measured and can be attributed to an additional
HF distance as ~80% of the scattering intensity arises from the g,.(r) partial pair
correlation function (equation 3.5). In the 296 K data this feature is located at ~2.5A.
and at 195 K the AG,,, (r) function shows a peak at r,, =2.37+0.10A.

3.3.2 PARTIAL PAIR CORRELATION FUNCTIONS

The peak maxima, coordination numbers and corresponding r, values are listed
for each partial pair correlation function, g, (r), g,4(r) and g.-(r) at 296 K, for
both the direct Fourier transformation of the data and the RMC fit to the data are listed in

table 3.8. The coordination numbers have been determined using the running

Table 3.8: Peak maxima, coordination numbers and ruin
value for HF pair correlation functions, g,.(r), 8uy (r)

and g (r).

e
8ur(r) 0.93+0.03 132 1.060.10
gue (r) RMC 0.93 1.01
8ur(r) 1.60+0.05 -~ 1.85+0.10
8ur(r) RMC 1.64 1.82
gun(1)* 2.07+0.12 247 1.710.10
8un (r) RMC 1.99 1.64
ger(r)* 2.5120.10 279 2.11+0.10
8¢ (r) RMC 2.48 221

* Fourier transformed from Qma=15
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coordination number method described in chapter 1.

The intermolecular peak position in g,.(r) is a relatively short distance is

indicative of a very strong hydrogen bond. Moreover, the average intermolecular
hydrogen-fluorine coordination number is consistent with the presence of hydrogen
bonded chains which are short and therefore not infinite. This result is in agreement
with Raman and infrared spectroscopy studies which have been interpreted using a
model with chains of six or seven HF molecules.'” This can be described

mathematically as
ciner 871 _ 085 n=667 (3.5)
n
where nis the number of molecules in the chain. The first peak in g, (r) hasa
coordination number, which is also indicative of short chains in the liquid which are on

the average 6 to 7 molecules long. This can be shown again mathematically by

_2(n-1)

Chy =

=1.71..n=690 (3.6)
n

where nis the number of molecules in the chain. It should be noted that the
errors in these chain length calculations are quite large given the ~20% error in the

coordination number assignments as is shown in table 3.8.

The first peak in g,,(r) extends into the region at lower r and overlaps with

the intermolecular hydrogen bond in GJ-(r). This phenomenon has also been noted in
the simulation literature, though at a different thermodynamic state point of the
liquid.??® The accurate separation of the overlapping peaks in g, (r) and 8ur(r) as
well as the extraction of the g, (r) function, is essential in understanding the complete

structure of the liquid.
The first peak in g.-(r) occurs at o =2.51+0.03 A in the 296 K. At 195 K,

Gl (r) the first sharp peak corresponding to the FF distance is rg = 2.53+0.05A

(Figure 3.7). As was seen in the intramolecular structure, the structure with respect to

the F---F distance is virtually the same at each temperature measured. It is notable that
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this invariance in the F-F distance is seen in all phases of HF-with an average

F-F distance in the crystalline structures of 7z =2.50+0.01A and the F-F distance in
the gas phase of rg =2.535%0.005 A. In addition, g.-(r) shows several peaks

occurring beyond the first peak as does Gj¢ (r) at 195 K. This indicates a large number

of longer intermolecular F-F contacts in the liquid at both temperatures measured.

The separation of the partial pair correlation functions is essential to comparing
the simulations on liquid HF. The partial pair correlation functions obtained by Fourier
transformation of the data are compared to ab initio MD simulations, the Muiioz-Losa
QM/MM model as well as polarizable and non-polarizable pair potential models in

figures 3.17,3.18 and 3.19 for g,-(r), g,e(r) and g, (r), respectively.2®206219.228

In figure 3.18, the first peak in g,-(r) was removed from the data derived pair

correlation function to show only the intermolecular structure. This was accomplished
by fitting this peak with an appropriate Gaussian function and then subtracting this

function from the real space data.

From figure 3.19, the best fits to the g,,(r) function are from the MC

simulation using a non-polarizable potential, the QCT model and ab initio MD

simulations.?®?%2% It should be noted however that g, (r) derived from the data is

the least accurate of the pair correlation functions obtained and that all of the models are
within the experimental error reported in table 3.8 with the exception of the polarizable

potential MC simulation which gives a distance of r,, =2.5 A 20206219228

Figure 3.18, only shows the intermolecular portion of the pair correlation
function with the QCT model and ab initio MD simulations showing the best fit to the
data.??®?* The ab initio MD simulations show the same peak position and shape as the
measured data but does not predict any features beyond the hydrogen bonding peak.
The QCT model has a distinct feature at ~3A which may correspond to the longer H-F

distance seen in the data.

As mentioned above, the shape of the g..(r) function shown in figures 3.17 is

important in distinguishing the accuracy of the different models. The first peak in
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ger(r) occurs at rm =2.5120.03A is in close agreement with ab initio MD

simulations and most models predict this distance with reasonable accuracy.+206209213-

216,219,228,235

Moreover, in figure 3.17 the data derived pair correlation function shown
several peaks occurring beyond the first peak ing (). A second F--'F distance was
first noted by Klein ef al. in an early pair potential simulation at ~3.3A.2% This was
discounted later by the same authors who found the first F---F distance to be at 2.7A
,which was thought to be strong evidence for the existence of dimers.*'°

A “shoulder” in g (r) was also found in the ab initio MD simulations, where

the authors noted that this feature was noisy due to their short simulation time and could
possibly be resolved into two peaks, one at 2.9 A and one at 3.3 A?*® This peak is

additionally seen in the QM/MM simulation and in the MC simulation using a polarizable

potentijal, 20420

This feature indicates strong interchain interactions which are similar to those

seen in solid HF and DF where second nearest F--F neighboris 7 = 3.2 A 129130

3.3.4 CHAIN CONFORMATION AND ANGLE ANALYSIS

Taking the peak maxima from the extracted pair correlation functions as the
basis for intermolecular angular calculations is instructive. The average H-‘F-H angle
gives an indication of the linearity of the chains and was calculated by the bond lengths
via

(ruw ) = (r,",‘,'." )2 + (r,‘}m' )2 - 2(r:,?° Xr,';‘,‘."“ )cos0 3.7)

where 0 = HFH .

At 296 K using the peak maxima from the partial pair correlation functions,

g,r(r) and g,,,,(r) this angle was found to be HFH =106+10indicative of bent

angles. The corresponding value from the RMC fit to the datais HFH avc =100°.
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The polarizable pair potential model predicts this value most accurately at
HFH =107°, although the bond lengths in this model vary from the present work.2*2%

The average F--H-F angle defines the degree of orientation between different

molecules in the chain and is calculated in the same matter as equation 3.7 that is

(" FF )2 ("ﬂr ) (" ;fn;“)z (" HF XrHF )0059 (3.8
where 6 = FHF .

At 296 K this value was calculated as FHF =165+10°. The corresponding
value from the RMC fit to the data is F’I"]I’mC =156°. The most accurate corresponding

simulation value, from the ab initio MD calculations is in perfect agreement with the

RMC fit to the data.??® Both non-polarizable and polarizable pair potential models predict
this angle as FHF =180° 204-206

The degree of chain branching that occurs in the liquid also varies widely
between the different models, ranging from 0%2'® to 20% branching.?'® A snapshot of
the RMC simulation shown in figure 3.20 indicates that short, winding, unbranched,

hydrogen bonded chains dominate the liquid state.

Integration of g™ (r) to r. =2.15 A, reveals only 8% of the molecules form

branched chains, this compares to values of 3.5% predicted by the ab initio

simulation®?® and 7% predicted by the polarizable potential model.?**2%

34 CONCLUSIONS

Despite the inherent difficulty of sample confinement, handling and extraction
of the diffuse scattering signal, we have presented the first experimental description of
the structure of hydrogen fluoride at the partial structure factor level. Liquid hydrogen
fluoride at the temperature and pressure of this measurement is consistent with the
presence of short, bent, strongly hydrogen-bonded chains, with strong interchain

interactions and very little branching. Despite the strength of the hydrogen bond in the
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Figure 3.20: Two representative molecular groups taken from the RMC
simulation show winding hydrogen bonded chains dominate the liquid
structure.
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liquid, the chains appear to be truncated at a length of around an average of 7 molecules

per chain.
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CHAPTER 4: THE STRUCTURE OF LIQUID AND SUPERCRITICAL BORON TRIFLUORIDE

Part of the work reported in this chapter has been published in the Journal of

Chemical Physics " and is included in its published form in the appendix.

All Reverse Monte Carlo simulations and the subsequent triplet extractions were
performed by Ms. J. E. Siewenie of Argonne National Laboratory. All molecular
orbital calculations were performed by Dr. J. F. C. Tumer of the University of

Tennessee

4.1 INTRODUCTION

Whereas the structural chemistry of the first row elements from carbon onwards
in increasing atomic number is comparatively simple in terms of the bonding types
present, it has been stated that boron displays the widest variation in bonding types and
structural motifs in the periodic table.'” The reason for this wide range of bonding
motifs is due to the electronic configuration of boron, namely 2s?2p'. The fact that
there are fewer electrons than energetically available orbitals ensures that neutral boron
compounds are automatically electron deficient in the sense that the completion of the
octet can only be obtained through the employment of multi-center multi-electron

bonding.

The boron halides are archetypes for electron deficient molecules. The o -

framework of the halides are composed of 2-center 2-electron bonds, accounting for the

6 bonding electrons.

The boron trihalides are prototypical Lewis acids and have wide application as
catalysts in industry and academic chemical research. They are common catalysts in
Friedel-Crafts alkylation reactions as well as in other Lewis acid-catalyzed
reactions.2>%° The simplicity of the molecular structure of boron trifluoride, together
with the small size of the component atoms, has ensured that BF3; has been widely

studied as an archetype for Lewis acidity.
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4.1.1 STRUCTURAL CHEMISTRY OF BX3 IN THE GAS PHASE AND SOLID STATE

The molecular structure of BF3, determined by electron diffraction in the gas

(260262 200262-265 consists of a rigorously

phas and confirmed by spectroscopic studies
trigonal planar structure of D3, symmetry with three fluorine atoms ligating the central
boron atom, as shown in figure 4.1. The boron-fluorine distance determined in these
studies is r5-= 1.3133 A, together with a fluorine-fluorine distance of rgr=2.2747 A.

BCls, BBr; and BI; also adopt D3, symmetry in the gas phase and only differ from BF3
in the B-X bond length.266 There is no notable difference between BF; and the rest of
the BXj series.

The solid-state structures of the heavier congeners of the BX3 group namely,
BCl;, BBr; and BI;, all crystallize in the hexagonal space group P63/m and adopt a
layered packing motif with few intermolecular interactions.?®’2’° These structures are
shown in figure 4.2. Moreover, solid BCl3, BBr; and BI; all have similar infra-red
spectra that are in accordance with the group theoretical predictions.”*?”' Infra-red
spectra of solid BF; are different, as the spectrum of the solid shows the presence of the

v, breathing mode, which is forbidden for a purely D3, molecule.”'?”® This result

allowed the prediction of B-F-~B bonds in solid BF; prior to the X-ray structural
determination as well as the prediction that BF; would crystallize in a lower symmetry

space group with more molecules per unit cell than the other boron trihalides.?”"?73%"¢

The published structures of boron trifluoride in the solid state are complex and

all show intermolecular interactions that are not present in the other BXj solid state

22747 &
Figure 4.1: The molecular

structure of BF; in the gas
phase. % 119



Figure 4.2 Crystalline structures of a)BCl;, b)BBr; and c) BI3.*"*™

120



structures.”’?752"" At 128 K, BF; crystallizes in the triclinic space group PT and
contains 8 molecules in the unit cell.’ This structure is shown in figure 4.3 and from
this along with a metastable phase of BF; at 142 K which is in the orthorhombic space

group P2,/c with 8 molecules in the unit cell.2’6?”’

The structure of BF; in the solid state at 128 K consists of a pseudo trigonal
bipyramidal [3+2] coordinate boron, forming a chain structure parallel to the ¢ axis.?””
In other words each boron atom has 3 intramolecular contacts from the molecule itself,
with an additional 2 intermolecular boron-fluorine contacts. It can also be seen that in

each structure there is one fluorine on each boron atom that has no intermolecular

contacts. The B-F bond length is in this structure is r, =1.279-1.300A and

FBF =118° -120.8°.

4.1.2 DESCRIPTION OF THE LIQUID STATE

In the liquid state there is some evidence of intermolecular association. Infra-
red spectroscopy measurements show that in liquid BF;, the formally forbidden v,
breathing mode is observed. This implies that the local symmetry of the molecule is
perturbed, allowing this transition to occur.?? It has also been noted that the viscosity

data for liquid BF3; may indicate some degree of molecular association as the viscosity

is reported as being ‘“unusually high” and the logr]—%, function, where 7 is the

viscosity measured in centipoises, has been reported as being non-linear.?2%"8

Trouton’s constant is an empirical measure which is defined as

AH @1
7 .

where AH, (J g') is the enthalpy of heat of vaporization and T represents the

temperature of the boiling point of the liquid in question in degrees centigrade. The
Trouton’s constant for BF; in comparison with other associated and non-associated

fluids is shown in table 4.1. From this table, it is clear that BF3 has a Trouton’s constant
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Table 4.1: Trouton’s constant for BF; compared with associated and non associated
Sfluids.

Trouton’s constant/ Trouton’s constant/
Compound Jg'c Compound Ig'ct
BF; 106.69 He 23.85
H,0 109.20 CH;0H 104.18
CH, 82.84 CH3;CH,OH 111.29

comparable to associated fluids such as water, methanol and ethanol whereas non-
associated fluids such as liquid helium and methane show have much lower

values.2827°

Later studies showed that the entropy of evaporation is not much larger than the

average for a non-associated fluid and that the measured viscosity of BFs in the liquid

phase shows a logn- %. function that is linear within experimental error.’2?®

Though there is some discrepancy in the literature concerning the degree of association
by these thermodynamic measurements, bulk thermodynamic measurements provide no
structural information about the liquid in question and do not discount the possibility of

association on a local level.

4.1.3 LEWIS ACID BEHAVIOR OF BX3

The strength of the Lewis acidity of the boron trihalides has often been assumed
to increase with the atomic number of the halide, with BF; being atypically weak. The
rationale for this chemical behavior is usually based on the assumed decreasing strength
of pz —pmr “back-bonding” interactions between the ligating halide and the boron
center with increasing halide atomic number. pz-pz back-bonding refers to the
donation of electron density associated with the p-orbitals from halogen atoms to an

unoccupied orbital at the boron center and is shown pictorially in figure 4.4.

The back-bonding model derives mainly from a valence bond description which

was first conceived by Pauling to account for the inaccuracy in the calculated covalent
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F-B BF; bond length which is much shorter than expected.?8'?%? This model is still used
extensively to explain bond strengths and stabilities observed in certain Lewis acid-base
complexes such as the boron trihalidecammonia series where BF3*NH3< BCl3*NH;<
BBry"NH3,'*?® however this explanation is not fully supported by group theoretical
considerations where bonding is shown to be delocalized over all of the atoms in the
molecule.”®*%¢ The molecular orbital diagram for any BX3 is shown in figure 4.5. It is
clear from this diagrams that the halogen ligands give rise to orbitals which do not have
any symmetry equivalent from the central boron atom. This indicates that the electrons
which occupy these orbitals, namely e’, e” and a;’ are not involved directly in bonding
but that the electron density in BXj is delocalized over the halogen ligands rather than
bonding to the boron center. Moreover, charge calculations based on an ionic model,
which is a justifiable model based on coordination arguments, show that the fluorine
atoms in BF; carry a significant charge indicating that a large degree of back-bonding to
the central boron atom is not likely.28® The experimental evidence for the trend of
acidity observed in the boron trihalide series is not uniformly supportive on close
examination as the Lewis acidity is base dependent. BF; has shorter stronger B-X
bonds the other boron trihalides, these bonds are necessarily lengthened upon
complexation with a Lewis base when considering a ligand close-packing model.2*”%°
In this model, the B-X bonds are more easily lengthened or distorted with the increasing
atomic number of the halide ligand where the larger halides give rise to much lower
bond energies. In the case of strong Lewis bases such as NHj3, the parent Lewis acid
must be heavily distorted from its monomeric D3, symmetry to accommodate the B-N

bond, therefore the stability of the BX3*NH3 complexes is in the order mentioned above.
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However, with weak Lewis bases such as CH3F, CO or CH3CN the parent Lewis acid is
virtually undistorted leading to an opposite trend in the strength of complexation
observed, where the acidity of BF; is the highest.®”?® This is shown pictorially in
figure 4.6. This evidence is also corroborated by the solid state structure of the BX3
series. The heavier congeners have fewinteractions that imply intermolecular Lewis
acid-base behavior. BF3; shows strong inter-molecular interactions in the solid state

suggesting that intermolecular Lewis acid-base behavior is indeed more probable in

comparison.

4.1.4 ASSESSMENT OF ASSOCIATION IN LIQUID AND SUPERCRITICAL BF;

In the liquid state there is evidence that the molecular D3, symmetry is
perturbed. In order to elucidate the propensity for intermolecular Lewis acid-base
interactions in a phase with no a priori ordering, the liquid structure of BF; was closely
examined in the supercritical state and just above the temperature of fusion in the
normal fluid using neutron diffraction. Other neutron diffraction data sets were also
recorded at two temperatures at which the sample is liquid and one at an additional
supercritical temperature. By structurally examining a sample where the densities are
of a similar magnitude to that of the solid but where there is an absence of long-range

order, the degree of association between the molecules may be assessed.

.
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Figure 4.6: Possible Lewis acid-base adduct
geometry for BX.
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In principle, completely isotropic arrangements of molecules may occur in the
absence of any intermolecular interactions. Given the observation of the [3+2]
structural motif in the solid and the spectroscopic evidence,?’” there is reason to believe
that these intermolecular Lewis interactions may exist in the pure liquid, implying that

this motif is energetically favorable.

This interpretation is additionally supported by infrared measurements in the

272 the spectrum of

liquid phase, which show no indication of strong dimer formation,
the dimer having been recorded from matrix isolation cxperiments.”"292 Though some
of the other bulk liquid evidence supports a non-associated fluid, the infra-red spectrum

recorded from the liquid phase shows the presence the forbidden v, band. It is

noteworthy that environmentally induced changes in transitions have been observed
before, especially on changing phase from, for example, the solution phase to the solid
state, where degeneracies are often raised due to a lowering of local symmetry. The
appearance of forbidden bands is rarer on phase change though recently, elegant
calculations have been used to determine the mechanism of the ingression of forbidden

bands, admittedly in very different systems.?*2%

4.2 EXPERIMENTAL
4.2.1 SAMPLE HANDLING AND PREPARATION

''BF; was purchased from Ozark Fluorine and used without further purification.
Mass spectroscopic measurements estimated the '°B concentration to be approximately
0.35% and the sample also contained a small amount of hydrocarbon contamination.
Using a Monel/316 SS high vacuum line described in detail in chapter 6, 2.368g (0.034
mol) of ""BF; were condensed into a volume-calibrated sample container constructed
from titanium-zirconium alloy,”® under high vacuum and sealed with a Swagelok®
1/8” stainless steel needle valve. The sample cell volume was found to be 3.11 cm® by
both water calibration and gas calibration measurements. As the BF; pressure in the

sample container was autogenous, the phase of BF3 measured was controlled by
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adjusting the temperature of the sample. Salient thermodynamic data for BF3 are shown
in table 4.2.

4.2.2 NEUTRON MEASUREMENTS

Diffraction data were collected at 300+2 K, 266+2 K, 253+2 K, 203+2 K, and at
153+2 K over a Q range of 0.3-40 A", The neutron diffraction data were corrected for

container scattering, attenuation, absorption, multiple scattering, and inelastic scattering

using standard analysis procedures.'* Because there was a small amount of hydrocarbon
present in the sample and a small proportion (0.35%) of highly absorbing '°B which
contributed to the background corrections, initially the 300 K data were constrained in
the first peak of the real space datato give a coordination number of 3.00+0.10 F atoms
around a single boron atom and 1.00+0.10 B atom bonded to each fluorine atom at ryq
of the first peak in real space. In order to satisfy this coordination number constraint,
the number density of the sample at 300 K was adjusted accordingly. The remaining

data sets were corrected by constraining oscillations at high Q in Sgp, (Q) to match that

of the 300 K data by adjusting the number density at each different state point. The
effective number densities for each data set are reported in table 4.2. This constraint

was verified by the coordination number of the B-F peak in the real space

Table.4.2: Thermodynamic values for BF ;.

T, /K 146 T, /K 173
Teea 1 K 260.8 P icu | MPa 26.55
p(T) 1 kPa
T/K 153 203 253 266 300

p 18.57 | 700.03 | 5152.90 | 7534.95 17113.57
p(T) 1atoms' A
T/K | 153+2 | 203+2 | 253+2 266+2 300+2

P 0.042 | 0.037 0.030 0.025 0.023
? calculated via \g P = 4.69215 -(%‘%) b effective density
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transformation of each data set. The coordination numbers with respect to the number
of F atoms around a single B atom are 3.01 £ 0.10, 3.03 £ 0.10, 3.00 £ 0.10, and 2.95 +
0.10 in 266 K, 253 K, 206 K and 153 K data sets, respectively. The coordination
numbers with respect to the number of boron atoms covalently bound to each F atom
are 1.00+0.10, 1.01£0.10, 1.00£0.10 and 0.98+0.10 in 266 K, 253 K, 206 K and 153 K

data sets, respectively.

4.2.3 RMC ANALYSIS

In order to analyze the data in a more quantitative manner, RMC modeling was
undertaken at 153K and at 300K using a system of 1000 boron atoms and 3000 fluorine
atoms, constrained to satisfy the neutronically determined densities and the structurally
determined intramolecular constraints of distance and coordination number. RMC
modeling and its necessary caveats are described in more detail in chapter 3, section
3.2.6.

4.2.4 EXPERIMENTAL DATA

The corrected diffraction data at the five experimental temperatures for ''BF3
are shown in figure 4.7 and the associated real space pair correlation functions in figure

4.8, shown as T(r)= 47prGg, (r) where p is the density (Table 4.2). RMC fits to the

diffraction data are shown in figure 4.9, with the associated real space pair correlation

functions in figure 4.10, again in terms of T(r). In addition, the partial structure factors

derived from the RMC fits are shown in figure 4.11 and the associated partial pair

correlation functions in figure 4.12.

4.3 DISCUSSION
The total pair correlation function for BF;, Ggg (r), with the appropriate

weighting factor for each partial pair correlation function is written as follows,
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Figure 4.7: Total structure factor data for BFs. S () at 153 K,
Ser,(Q) + 1at 203K, Sge (Q)+ 2 ar 253K, S, (Q) + 3 ar 266 K
and S (Q) + 4 a1 300 K. The circles are the data and the line is
the smoothed fit to the dara.
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Figure 4.8: Total pair correlation function for BFs;,

T(r)=4mprGyp (r). T(r) ar 153 K, T(r) + 2 at 203 K, T(r) +

4 at 253K, T(r) + 6 at 266 K and T(r) + 8 at 300 K.
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Figure 4.9: Total structure factor data for BF3 compared with RMC fits to
the data. Sg(Q)+1 at 300 K andSy, (Q) 153 K. The circles represent

the diffraction data and the solid line shows the RMC fit to the data.
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Figure 4.10: Total pair correlation function for BF3 compared
with RMC fits to the data. T(r)at 153 K and T(r)+3 ar 300 K.

The circles represent the diffraction data and the solid line
shows the RMC fit to the data.
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The circles represent the 153 K data and the solid line
represents the 300 K data (a = B,F and f = B,F ).
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G, (r) = 00798 55 (r)+0.4058 5 (r) +0.517g -, (r) 4.2)

From this equation, it is evident that the total structure factor is dominated by
the fluorine-fluorine and boron-fluorine pair correlation functions, gge (r) and g (r).

The measurement of the total structure factor is an appropriate method to investigate the
structure of the liquid, given the weighting constants for this system. This is fortunate
as an isotopic substitution experiment on BF; is impossible as F is monoisotopic and
'°B has a high absorbance cross section. The neutron scattering constants for boron and
fluorine are shown in table 4.3. As the diffraction patterns and their associated pair
correlation functions both contain contributions from both the intra- and intermolecular
structure, the discussion of the data and associated real space functions is divided into

the intramolecular structure and the intermolecular structure.

4.3.1 RADIAL INTRAMOLECULAR STRUCTURE

The radial molecular structure is easily identified in figures 4.8 and 4.10, with

the boron-fluorine and fluorine-fluorine intramolecular vectors apparent at
rge =1.32+0.02 A and r,=229+0.02 A respectively. The structure is also
consistent with the presence of a three-coordinate boron atom with D3, symmetry. Dj,
symmetry depends on rg. and r, as well as the FBF angle. The FBF angle is

calculated from the distances shown in figure 4.8 by the geometrical relation

(r FF )2 = (" BF )2 + (r BF )2 - 2(" BF X’ BF )cos £FBF

4.3)
and was found to be 120.32° atall temperatures measured. In addition, at each
Table 4.3: Neutron scattering constants for boron and fluorine.
Natural

Isotope abuic‘il;:ce beo/fm Ounco/bams | Oian/bams Gaps/bams

;! 0.20 -0.1-1.066i 3 3.1 3835

;! 0.80 6.65 0.21 5.77 0.0055

3 1 5.654 0.0008 4.018 0.0096
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temperature the intra-molecular bond distances are identical such that any temperature
dependence on the bond length is not detectable. In each total pair correlation function
there is a sharply defined minima after the appearance of the two intramolecular peaks
at 2.55+0.09 A (Figure 4.8). This distance corresponds with the radius of BFj;

calculated from the density and assuming it is spherical and that there is no isotope

effect on the structure from ''B (Tgensiy = 2.53A).

The associated contribution to the diffraction pattern from each intra-molecular
partial structure factor is shown in figure 4.13 from both the data measured and the
subsequent RMC fits to the data at 153 K and 300 K. In each case, these partial structure

factors are multiplied by Q for clarity.

D3y, symmetry is known to be lowered both computationally and experimentally
upon complex formation.®*?"3!% Gijven that the infrared spectroscopic studies on
weakly bound systems show a lengthening of rgr in all cases, the measurements
presented here at all temperatures show a distance which is in accord with the
unperturbed molecule. This can be interpreted qualitatively as indicating that any axial
interaction in the liquid and the supercritical fluid is weak and if the molecule is
structurally perturbed by this interaction, the perturbation to the molecule is below the

sensitivity of these diffraction measurements.

4.3.2 RADIAL INTERMOLECULAR STRUCTURE

The contribution of the intermolecular structure to the diffraction pattern is
shown in figure 4.14 with the real space counterpart shown in figure 4.15. From the
RMC model that best fits the data, the partial structure factors and the associated pair
correlation functions can be extracted, and these are shown in figure 4.16 and 4.17

respectively.

The greatest change occurs with the boron-fluorine and the fluorine-fluorine pair
correlation functions, whereas the boron-boron pair correlation function remains almost

unchanged with physical state. Given that the interaction between molecules will most
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Figure 4.13: }ntramolecular structure comparison, RMC (solid lines) and
data (circles). QSpe(Q)+1 at 300 K and QSi=(Q) at 153 K.
Intramolecular BF partial structure factor ng’,‘." (Q)+1 at 300 K and
0S™=(Q) ar 153 K. Intramolecular FF partial structure factor
0S(Q) +1 at 300 K and QS™(Q) ar 153 K.
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Figure 4.14: Intermolecular structure factor for BF 3, RMC (solid
lines) and data (circles). Sgr; (Q)+2 at 300 K and S35 (Q) at

153 K.
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Figure 4.15: Intermolecular pair distribution function for BF 3 RMC (solid
lines) and data (circles). Gy (r)+1 at 300 K and Gy (r)at 153 K.
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Figure 4.16: RMC generated intermolecular partial structure
factors, S, (Q) for BF;. The solid line represents the

supercritical fluid at 300K and the circles represent the liquid
phase at 153 K.
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liquid phase at 153 K.
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probably involve a B-F interaction, the changes in both fluorine-dependent pair

correlation functions is unsurprising.

The diffraction pattern for the two supercritical state points is also dominated by

the limit behavior of S(Q) and is mathematically described by

2
d
lim (—GJ = (Zbi) kgTpxr
Q0N (4.4)

where k&, is Boltzmann’s constant and y, is the isothermal compressibility at

temperature T. This observation is in accord with other neutron diffraction experiments

on supercritical fluids.”''>"

It is clear from the total intermolecular pair correlation function, that the liquid
is more structured than the supercritical fluid as the distribution of sites in the
supercritical fluid is far broader. The population of sites is also more nearly equal, so
that differences in spatial distribution of sites and the population of these sites in the
supercritical fluid is smoother than in the liquid; this is in accord with the conventional
picture of the structure of a gas, though the density of a supercritical fluid is greater than
a normal gas. With the increase in density, there must necessarily be an increase in
structure. However, the intermolecular contact remains almost identical in both phases
measured, though the occupancy of this closest contact is much lower in the
supercritical fluid. The liquid and supercritical phases are not simply the same
structure, séaled according to the density; there are significant changes both in the
occupied structural sites and the population of these sites whereas the closest

intermolecular contact remains the same.

Figure 4.18(a(i)) shows the difference in structure between the liquid state and
the supercritical state, where 47zorGy." (r) —47rprG;9,g" (r) is shown. The major
difference is the removal of structure in the first coordination sphere. Figure 4.18(a(ii))
is presented for comparison and shows 4zprGyg*(r)—47orGR"(r), i.e. the

difference between the two supercritical states. In this case, the change in structure is

far less and shows that the site distribution and site occupancy is more even in the
143



257 a)adrprG 0 0] Y i

Figure 4.18: Intermolecular differences for the total pair correlation functions
where AAmprGy. (r)=4mprGi(r)—4mprGan (r). i) AdmprGn¥(r) and ii)
A47tprG:,f3K( r) and b) RMC extracted partials

where
ABop (")= g:f;K(")“g?z?K(r) i) Agaa(")- ii) Agm-‘(’)' and iii) Agﬂ-'(’)
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supercritical state, as expected. Figure 4.18(b) shows the difference in RMC partial pair

distribution  functions between the liquid and  supercritical state,

A8 (r) =g (N =g ().

The diffraction pattern and in particular, the first sharp diffraction peak also

d,3 16317 in contrast to assertions made from

shows that liquid BFs3 is not a layered liqui
thermodynamic measurements of liquid mixture of Xe and BF; or BCl3.3'® In this study
Xe added to each of these boron trihalides is purported to result in a “breaking” of
structure from a layered liquid. Though the liquid does show structure in the first
coordination sphere, which is detailed below in the discussion of the angular structure
extracted from the RMC model and which implies a disposition for some quasi- coplanar
orientational preference of the BF; planes in the first coordination sphere only. There is
no evidence for intermediate range order, which, for the purposes of this discussion,

constitutes the definition of a layered liquid.

4.3.3 ANGULARINTERMOLECULAR STRUCTURE

The radial structure of the fluid is directly observable from the Fourier transform
of the diffraction data. As with any sample that displays macroscopic angular
invariance, there are no angular data that are directly measurable. However, from the
RMC model best fit to the data, it is possible to extract angular information from the
model, with.the same caveats as stated above for the reliability of the physical picture of
a RMC model. The configuration of molecules generated by the RMC model is shown in
figure 4.19 for the liquid at 153 K.

In order to visualize the angular structure from the RMC model, two sets of
angular distributions were extracted. Figure 4.20 and table 4.4 shows the angles,

distances and constraints that were used as parameters. & was either fixed at 90 +10°

or left unconstrained; @ and # were then varied in 1° increments from 0° to 180°. At

each angular section the number of boron or fluorine atoms at the intramolecular boron-

fluorine bond distance were counted. This extraction was then performed at steps of

145



Figure 4.19: BF3 molecules produced from the RMC model of
the liquid at 153K.
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Figure 4.20: Salient angles for nearest neighbor interactions between
two BF 3 molecules used as structural parameters for the extracted RMC
fit to the data giving the angular distribution of (a) the BF B triplet and
(b) the FBF triplet.
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Table 4.4: Parameters for the angular extractions from the RMC models of BF;.

Extraction Tor Teg a B )
BFB| 2.5<r,. 6.5 o
constrained o 0<a <180 90+10
BFBun- | 2.5<r, £6.5 unconstrained
constrained
FBF 25571, S6.5 .
constrained ? 0< /<180 9010
FBF. un- 25575 565 unconstrained
constrained

0.5+0.25 A along rge OF rey (figure 4.20), giving a picture of the angular distributions

in % A shells around the average molecule. This type of extraction was performed on
the fit to the lowest temperature data collected at 153 K and on the fit to the highest
temperature data collected at 300 K. The angular extractions and the parameters are

presented in table 4.4.

The results of these angular extractions are shown in figures 4.21 and 4.22.
Figures 4.21(a) and (b) show the unconstrained BFB triplets for the normal fluid and
supercritical fluid, respectively and figures 4.21(c) and (d) show the same for the FBF
triplet. Figures 4.22(a) and (b) show the constrained BFB triplets for the normal fluid
and supercritical fluid, respectively and figures 4.22(c) and (d) show the constrained

FBEF triplets in a similar manner.

At the longest distances examined around the average molecule, i.e. beyond the
first coordination sphere, in both the supercritical and normal fluid, the angular
distribution is isotropic, that is there is no net angular distribution. This shows that any
ordering in the liquid and supercritical fluid is confined to the first coordination sphere

of the molecule and that there is no layering or intermediate range order.
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Figure 4.21: Unconstrained triplet counts for BF3 at 153 K and 300 K. The graphs
show the anile between different molecules at rgr and reg intermolecular distances in
steps of 0.5
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a) constrained BFB triplets, {53 K b) constrained BFB triplets, 300 K

Figure 4.22: Constrained, with respect to @ in figure 4.20, triplet counts for BF; at
153 K and 300 K. These graphs show the angle between different molecules at rgr
and rrg intermolecular distances in steps of 0.5 A
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4.3.4 THE BFB TRIPLET IN THE LIQUID AND SUPERCRITICAL FLUID

The constrained BFB triplet (figures 4.22(a) and (b)) examines the axial
coordination of the average BF; molecule with a fluorine atom in the molecular nearest
neighbor. This triplet shows a distinct preference for coordination axially at both state

points and this preference decreases as r,. increases. Moreover, this structural

preference is far more evident in the normal fluid; it is unsurprising that the structure of
the supercritical fluid is less dependent on this interaction. At all temperatures there is a
significant isotropic component, the limits of which are constrained by the steric
imposition of the proximity of the average molecule at the particular distance.
However, it is evident then that the axial [3+2] coordination in the solid is retained in
the first coordination sphere, though, at both state points, there is also a significant
proportion of the molecules that display no orientational preference. The distances for

the axial ligation of B in the crystal structure are found at 2.78 - 2.85 AT

Once the distance between the B atom in the average molecule and the extracted
FB atom pair becomes sufficient that isotropic orientation becomes sterically possible,
past ~ 3.75 A, a proportion of the molecules assume this disposition, over which an

axial contribution is also added. In the supercritical fluid, this is far less apparent.

4.3.5 THE FBF TRIPLET IN THE NORMAL AND SUPERCRITICAL FLUID

At the closest distance of interaction between the average molecule and its
nearest neighbor, a dual distribution is observed, reflecting the tilted nature of the
molecule. The double maximum is observed due to the presence of F.x and Feng,, as

illustrated in figure 4.23.

This distribution reoccurs in the extraction at 4.25 A, with the distribution
between these two distances showing a quasi-isotropic distribution. Beyond this
distance from the average molecule, the distribution is smooth and becomes isotropic.
A diagram of the angular distribution at the maximum number density with distance is

shown in figure 4.24.
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Figure 4.24: Axial interactions in liquid and supercritical BF3, showing the density
derived radius to scaled relative to the BF bond length, and the orientation of the
maximum in the BF B triplet.
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4.4 CONCLUSIONS

The measurements presented here are in agreement with the viscosity and
entropy of vaporization data where both measurements support a non-associated fluid

model in the bulk fluid.?*°

Liquid and supercritical boron trifluoride both display orientational structure
within the first coordination sphere. Though there is no evidence of a layered liquid,
the [3+2] structural motif, present in all phases of the solid structure, is somewhat
retained in the liquid and in the supercritical fluid to a lesser extent. It is clear that there
is an intermolecular Lewis acid-base interaction present in the pure liquid and that there
is competition between the intramolecular F-B 7 back-donation and the intermolecular
F--B interaction. However, given that this intermolecular interaction is structurally

evident, it is clear that the intramolecular p —pr interaction is not sufficient to prevent

intermolecular F---B Lewis acid-base interactions in the absence of a priori orientational
constraints. This implies that the Lewis acidity of BF; is not solely a function of the
valence bond intramolecular F-B pz — pz back-donation. There is also no evidence of
adimeric structure in the liquid state. This lack of dimerization could be interepreted as

support for valence bond description where the pz —px interactions in BF; dictate its

strength as a Lewis acid. However, this lack of dimerization is also in agreement with
the ionic model calculations of the boron trihalide complexes where the strength of
acidity is base dependent.®*28%87 I addition the intermolecular interaction between
BF3; molecules, albeit weak, is in accord with the ionic model calculations but is not

consistent with a valence bond model.

The supercritical fluid also displays a slight orientational interaction between
molecules in the first coordination sphere; moreover, the intramolecular contact in the
supercritical phase is identical to that observed in the liquid. The supercritical phase is
characterized by a wider distribution of sites in real space than the liquid and the
population of these sites is also far more even than the normal fluid. Accordingly, a

model of the supercritical state that is either entirely unstructured, by analogy with a
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perfect gas, or is simply a liquid structure scaled by the density is not supported by

these measurements.

It is therefore concluded that liquid BF; is partially associated on a local scale
i.e. a scale that spans the first coordination sphere, in a manner reminiscent of the
crystal structures. Though the fluid is isotropic beyond this distance, as far as can be
determined by diffraction experiments, the interactions within the first coordination
sphere clearly dominate the behavior of the liquid. Accurate thermodynamic
measurements by Calado et al. have been interpreted on the basis that liquid BF; is a
“layered liquid”, a structural model that is refuted by these measurements if the
definition of a layered liquid is that conventionally used in discussions of liquid
structures and implies intermediate range order. There is some degree of ordering in the
first coordination sphere. Calado’s supposition, even though classical thermodynamics
is formally ignorant of the structure of matter, is intuitive as, in the absence of any long
range forces, the dominating interaction is that between nearest neighbors, the angular
and radial disposition of which imply a preference for a pseudo-planar disposition of

molecules not only in the first coordination sphere.
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CHAPTER 5: STRUCTURAL STUDIES OF WATER IN FLUOROSULFURIC ACID

5.1 INTRODUCTION

The hydronium ion, H3O", is a highly important species in aqueous solutions -
the presence of H;O" in aqueous media is the sole criteria for a material being defined
as an acid, using Brgnsted-Lowry acid-base theory.>'%3% Though the presence of the
hydronium ion is solution is invoked often, the direct structural observation of H;O" is
limited. In solution, this is due to the fact that the protonation of water is a dynamic
process leading to the formation of a hydronium ion that is short lived. Even in the
solid phase the direct structural characterization of H3O" is difficult. In the phase
diagrams of the hydrates of the hydrogen halides the composition can be written as
HX.nH,0 (n =1,2,3,4,6) where X=Cl, Br and L' In each of these diagrams the water
molecules form clusters which are difficult to structurally distinguish. The exception to
this rule the crystalline hydrates of HF, which are in the form HO.mHF (m
=1,2,4).'6°"6l It should be noted that HF is a superacid and that the isolation of H;O" is

usually only possible in superacidic solutions or in very dilute acidic solutions.

321-323

The evidence for the H;O" in solution includes NMR measurements that

have been used to characterize this species; this evidence is supported both in solution

and in the solid phase by Raman and IR spectroscopy.’****

5.1.1 BRGSTED-LOWRY ACID BASE THEORY

Aqueous acid-base theory was first introduced by Brgnsted and Lowry and is
based on the presence of hydronium ion, H;O". Brgnsted-Lowry acidity defines the
universal pH scale®'**? based on the autoprotolysis of water, where the equilibrium
value, Ky, is a constant.

H,0 + HO=—= H;0'+OH K,=[H;0"][oH]=10" 50

The pH scale is based in the H" or H;0" concentration, where pH=-log [H30"].

Brgnsted-Lowry acidity is essentially proton acidity that is all Brgnsted-Lowry acids
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contain at least one proton that can be transferred. In this theory, only the liquid phase

is considered, and the strongest acid can only be the hydronium ion by definition.

5.1.2 GAS PHASE AND SOLID STATE STUDIES

326-330 4hd the existence of

The hydronium ion has been observed in the gas phase
H*(H,0), has been quantified by various types of mass spectroscopy for pure water.*'
In these studies, it was shown that H" does not exist as a bare proton but is instead

solvated by a varying number of water molecules, even in the gas phase.

There have been several studies that have proven the existence of the hydronium
ion in the solid state. Before the emergence of any structural data, infrared and Raman
measurements on solid compounds indicated the existence of the hydronium ion. In
1953, Ferriso et al. measured solid state IR spectra for reactions between H,O and
HCL.>** In these spectra the authors noted a contribution which resembled neither ice
nor a hydrogen halide, but rather that of ammonia. They speculated not only the
possible existence of H3O", but also predicted a “symmetrical pyramidal” structure for
the hydronium ion. This result was corroborated by Taylor, er al. using solid state

Raman studies of the hydronium ion in hydronium perchlorate.*?

The only direct structural studies of the hydronium ion to date have been
confined to the solid phase, in which many of these compounds have been crystallized
from strongly acidic or superacidic solutions. Lundgren et al. have characterized the
solid state structure of the hydronium ion in trifluoromethanesulfonic acid or triflic acid,
[I-I3O]+[CF3803]','35'l38 and Mootz has isolated the hydronium ion in fluorosulfuric
acid, [H30]’“[FSO;]'.l33 At 223 K, [H30]*[FSOs;) crystallizes in the space group Pnma,

with 4 formula per unit cell, as shown in figure 5.1.

[H3O1*[FSOs] is characterized by strong O-H--O hydrogen bonds, in which the
O--O intermolecular distance between the hydronium cation and the fluorosulfate anion
is 1.83£0.05 A. Figure 5.2 shows appropriate atomic labels for molecular FSO;H and
fluorosulfate monohydrate in order to facilitate discussion. Table 5.1 shows a

comparison between the heavy atom distances in crystalline FSOs;H and in the
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Figure 5.1: Solid state structure of
[H30]*[FSO3] at 223 K.'*
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Table 5.1: Interatomic distance and angles for
fluorosulfuric acid and the fluorosulfate anion
in fluorosulfate monohydrate. 1321

Distances/ A
FSOs;H [FSOs)
r(S-0y) 1.518(1) 1.438(2)
r(S-0,) 1.412(1)
r(S-0s) 1.420(1) 1.418(3)
r(S-F) 1.540(1) 1.552(2)
r(O-H) 0.63(3) -
r(H~03) 2.02(3) -
Angles/°
FSO;H [SOsF]
0,-S-0, 107.2(1) -
0,:-S-0; 120.9(1) 113.3(1)
0:-S-0; 113.1(1) 115.9(1)
0,-S-F 100.7(1) 103.6(1)
0:-S-F 106.6(1) 102.8(1)
0;-S-F 106.2(1) -
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Figure 5.2: The molecular structure of FSOsH and [H;0]*[FSO;]". 133

fluorosulfate anion in crystalline [H30)*[FSO3)".!3%!33

Both structures presented in table 5.1 have heavy ion positions that can be
described as distorted tetrahedral. The only significant change in bond distances
between crystalline FSOsH and [FSOs] is the S-O, bond distances which decreases by
~0.1 A from the pure acid to the monohydrate. The bond angles in the [FSO3]" structure
more closely resemble a tetrahedron, although the tetrahedral configuration is evident in

both structures.

Table 5.2 shows all of the inter and intra-molecular distances between cation

and anion for the [FSO3) [H30]" structure with reference to figure 5.2.

Whereas the fluorosulfate anion remains pseudotetrahedral, the hydrogen
bonding structure between cation and anion is pseudo linear, with very short strong
hydrogen bonds of 1.86 A and 1.56 A. In addition the hydronium cation has very short
intramolecular bonds of 0.82 A and 1.01 A. As was the case in the solid state structure
of FSO3H which has an intramolecular bond length of 0.63 A, an O-H distance of 0.82
A seems unreasonably short. Although the other hydrogen distances appear reasonable,
it is useful to compare these results with a neutron diffraction study. In conventional X-
ray diffraction studies, as described in chapter 2, precise hydrogen atom locations are
extremely difficult to determine. This is compounded by the fact that this system, as
was the case with FSO3H, was measured in Teflon, which has a large amorphous

background and is described in more detail in chapter 6.

In regard to hydrogen bonding distances the neutron diffraction study on
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Table 5.2: Inter- and intramoleculazrl cgistances and
angles for [FSO] [H;0]* [FSO3J." >

Distances/ A
[SOsFT [H;0]"
1(S-0)) 1.438(2) -
r(S-02) 1.418(3) -
1(S-F) 1.552(2) -
r(O4-Hy) - 1.01(4)
1(O4-Hy) - 0.82(5)
r(Hy01) 1.83(5) 1.83(5)
r(H,0/)* 1.56(4) 1.56(4)
Angles/ °
[SOsF] [H;01"
0,-S-07 113.3(1) -
0,-S-0; 115.9(1)
0,-S-F 103.6(1)
0,-S-F 102.8(1)
H,-O4-H, - 114(4)
H,-04-H: - 109(2)
04-H,-0/ 172(4) 172(4)
04-H,-0y 160(5) 160(5)
S-0,-H,* 129(1) 129(1)
S-0,-H, 172(2) 172(2)
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[H3;0]* [CF;S0s] provides a useful comparison."’ Triflic acid has a Hammett acidity

function of H, =-14.3 and, although not as acidic as FSOH, it is still a superacid.'""

In the structure of [H;0]*[CF;S0;]" all of the O-H bond lengths for the hydronium ion
are ~0.9 A. In addition all of the hydrogen bonding distances, H;0*--O, are all between
~1.7A and ~1.5A. With the exception of the r(O4-H,) distance in [FSO3] H30]", all of

the distances appear plausible.

In addition to [H30]*[CF3SOs] and [H30]*[FSOs]’, Christie et al, have isolated
hydronium ion salts of [SbFe]" and [AsFe] in superacidic solutions.'?”'* In all of these

structural studies, the hydronium ion retains approximate C,, symmetry. All of the

available experimental and theoretical data support this geometry.'10'127"33"35'

139.159.324.332-335 The hydronium ion is shown in its C,, geometry in figure 5.3.

5.1.3 EVIDENCEIN SOLUTION

The earliest evidence for H;O" in the liquid phase came from measurements on

HBr + H;0 in solutions of sulfur dioxide®>***

where the solid state low temperature
vibrational spectra of these solutions supported the existence of the hydronium ion in
the liquid phase.** In this and similar studies, the hydronium ion was considered to be
too short-lived to be seen by vibrational spectroscopy.x“s'337 The primary difficulty in
these studies arose from the presence of swong water bands, which overlaid any
potential vibrational bands from the hydronium ion itself, as most of these studies were

performed in dilute aqueous solutions. In a later study by Giguére et al. on HBr + H,O
of varying concentrations, they discovered a peak attributable to the v, asymmetric

stretch for the hydronium ion.>® This peak, which was not present in HBr or H;O, is

+

O
\\\\\\

H
Figure 5.3:
Molecular structure
of H;0*
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located at 1050 cm™ for 45% mol H,O in HBr. Moreover, the authors observed that as
the molar concentration of H,O in the acid increased, the peak shifted to higher wave
numbers. The authors proposed that the increase in this stretching frequency was

attributable to the formation of H,O---H30" contacts in the more dilute solutions.

In the solution phase H30" is stable enough to be characterized through NMR

spectroscopy in the superacidic systems FSO3H:SbFs and HF:SbFs.!1033%

Early NMR studies of H,O in FSO3H:SbFs**® and HF-BF;**' showed two
distinct signals by 'H NMR that were attributed in each case to the acid and the

hydronium ion. In these studies, it could not be established that the water species was
H;0" and not H5O,".

In 1976, Gold et al. performed 'H NMR experiments on the
FSO3;H:SbFs:H,0:SO, system using combinations of isotopomers of the fluorosulfuric
acid and water, namely D,0, H,0, FSO3D and FSO;H.** In this study they observed
the hydronium ion as H;O", H,DO* and HD,0" showing that only the hydronium ion
was formed in these solutions, due to the isotopic spin couplings. In later studies on the
HF/DF:SbFs:H,0 system this result was corroborated by Olah ez al.>*

5.1.4 PREVIOUS THEORETICAL STUDIES

The NMR results show that there is H/D exchange between the hydrogen sites
on the water and the acid used as the isotopomeric species formed, eliminating the
possibility of the water merely being protonated. In order to explain this phenomena,
Olah noted that the only way isotopic exhange could occur in these highly acidic
systems was through the formation of the intermediate Hy0%*,''® and that this exchange

either took place by either a “deprotonation/protionation” mechanism, given by

-D* +H* .
HD,0" HDO=— H,DO (5.2)
or by a “protonation/deprotonation” mechanism, given by
2 -D*
HD,0* H;D;0 H,DO* (53)
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In order to evaluate these two possibilities and the stability of the H4O** dicasion
in solution, ab initio and DFT calculations have been performed.33*34%*# Ap initio
calculations indicated that HyO?* is unstable towards deprotonation; the kinetic barrier
for HyO%* to decompose to H30" is theoretically very high. This necessarily eliminates
protonation/deprotonation as a possible mechanism.*>***2 However, in the subsequent
DFT calculations, the deprotonation/protionation mechanism proved to be the most
thermodynamically favorable.>** Even though the calculations show that the protonation
of H;0" is unfavorable, Olah favors the mechanism in equation 5.3, as the calculations
were performed on gas phase molecules and do not fully describe the solution phase and
proposed that solvation or clustering of small dications might render HyO** more

thermodynamically accessible."'°

5.2 EXPERIMENTAL
5.2.1 SAMPLE HANDLING AND PREPARATION

FSO3;H and FSO3D were prepared as described in chapter 2. Neutron
measurements, vide infra, revealed that the incorporation of D for H was greater than
99.8%. The purity of FSOs;H with respect to water was assayed using Raman
spectroscopy and was determined to be greater than 99.9% pure with respect to H,O, as

is shown in chapter 2.

In order to prepare high purity water, deionized H,O was prepared by distillation
under an argon atmosphere from 0.05 mol % KMnO4 and 0.25 mol % NaOH, with the
distillation being repeated 3 times. D,0 (99.999 % D) was purchased from Aldrich
Chemical company and 0.07 mol % Na metal was added. This basic mixture was then
subsequently distilled under an argon atmosphere after the addition of 0.05 mol %
KMnO,. In order to measure accurate quantities, the FSOsH was first cryogenically
transferred into an empty, previously weighed ampoule, and the amount of H,O (or
D,0) needed was determined and transferred into a separate ampoule using a Hamilton
microliter syringe under an argon atmosphere. Both water and the corresponding acid

were cryogenically transferred into quartz tubing (0.4cm ID, 0.5cm OD) for the neutron
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experiments and to borosilicate tubing (0.4cm ID, 0.5cm OD) for the high energy X-ray
experiments, allowed to react and then flame sealed under dynamic vacuum to give an

approximate sample volume in each case of 0.5 cm’.

Raman samples were prepared by first adding pure FSO3D or FSOsH to an all
glass flat plate Raman tube equipped with a Kontes® Teflon-tap. After pure FSOsH
was measured, incremental amounts of H;O were added (0.1 mol %, 0.5 mol %, 1.0 mol
%, 50 mol % and 10 mol %) with a Hamilton gas-tight syringe and subsequently

measured.

5.2.2 RAMAN MEASUREMENTS

All Raman spectra were acquired on a Dilor XY raman spectrometer
(Instruments S.A., Inc, Edison, NJ) using a 514nm Rayleigh line, as described in
chapter 2. Figure 5.2 shows the Raman spectra for pure FSO3H and FSO3H with
addition of 10 mol % H,0.

As was shown in chapter 2, the addition of water to pure fluorosulfuric acid
decreases the peak intensities corresponding to the O-H bend, the S-OH stretch, the S-F
stretch and the SO, symmeteric stretch, signifying the loss of a proton from
fluorosulfuric acid. Also observable in figure 5.4 is the slight decrease in intensity from
FSOsH to FSO3H+10% H,0 in the peak at ~1450 cm™. In pure FSO;H, this peak
corresponds to the SO, asymmetric stretches. In addition, a peak at 1080 cm™ occurs
which most likely corresponds to a fundamental vibration from the protonated water
species present in the solution. As was the case with pure FSO3H, the FSO3;H-H,0
system showed a high fluorescent background from ~1700cm™ to ~3000cm™ so no

clear observations could be made in this region.

The most distinctive change in the FSO3H spectra upon the addition of water, is
the appearance of a peak at ~1080 cm™.3%®® By analogy with previous measurements on
HBr-H;O, this peak can be attributed to the v, asymmetric stretch for the hydronium
ion as stated above. The location of this peak at the same approximate frequency in

both the FSOs;H, H,0 and HBr, H,;O systems indicates that the same protonated water
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Figure 5.4: Raman spectra for FSO3H and 90 mol % FSO3H/10 mol
% H>0 +800.
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species is present in both samples. H;O* is the most likely species present in the

system.

5.2.3 NEUTRON MEASUREMENTS

Neutron diffraction experiments were at 300 K performed on 0.9FSO;H:0.1H,0,
hereafter termed FSO;H/H,0, and 0.9FSO;D:0.1D,0, hereafter termed FSO;D/D,0.
The neutron diffraction data were corrected for container scattering, attenuation,
multiple scattering, and inelastic scattering using standard analysis procedures as
described in chapter 1.' In addition, all of tubes were blown from the same cane of tube
to ensure that their wall geometries were as similar as possible, in order to minimize
systematic errors in the difference experiments. The small error between the quartz
tubes was additionally checked by comparison of the calculated intramolecular
scattering contribution to the measured data. Both neutron differences agreed to within
5% to the expected intramolecular nearest neighbor atoms vide infra. This clearly
indicates that the SiO, container corrections and the data normalization have been

performed correctly.

5.2.4 HIGH ENERGY X-RAY MEASUREMENTS

High energy X-ray experiments were performed on FSO;H/H,O and
FSOs;D/D,0 at 300 K. These data were corrected for detector efficiency, instrumental
geometrical effects, polarization, empty container scattering and subsequently
normalized to the sum of the atomic form factors plus Compton scattering to yield a

pseudo-nuclear structure factor, as described in chapter 1'%

X-ray experiments were performed on both of the isotopomers at the same state
conditions and showed no significant isotopic quantum effect, within the limits of the
experimental error (~1%), supporting the use of the isotopic substitution technique in

neutron diffraction in this case.
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5.2.5 RECORDED DIFFRACTION DATA
The total neutron structure factor S,",Dzo (Q)for FSOsD/D,0, compared with

S¥(Q) for FSO3D (both measured at 300 K) is shown in figure 5.5. The pseudo-

nuclear functions from the high energy X-ray data for FSO;D/D,0, S) D20 (Q) and
FSO;H/H,0, S, H20 (@) compared with FSO;D, S;¥(Q) are shown in figure 5.6 for the
300 K data and FSOsD/D,0, S7,,,(Q) and FSO;H/H;0, S;,,,(Q) at 193 K are
shown in figure 5.7. Measurements on FSO;D are described in detail in chapter 2.

The total pair correlation function for FSOsH/H,0, G, H20 (r), where A is the

radiation source used, can be written as:
Gr'1 (r)= za:pgr(") =ap, 8un (r)+ 204 8yr (’)‘*‘ 20558 us (”)"‘ 28468 1o (r)+
a.f

2a5,850 (")"'za:rgsr (")"‘2‘13;'80:7 (r)+agogoo(’)+ Arr 8 rr (")"'a?sgss(r)
(5.4)

here a:ﬂ is the weighting from atoms « and S for radiation source A, where N

signifies a neutron measurement and X signifies a high energy X-ray measurement.

Table 5.3 lists these constants for all measurements obtained.

As was the case in the FSO3H measurements, the Fourier transformation of the

high energy X-ray data and the neutron data, G" (r) and G* (r) respectively, contain

all of the partial pair correlation functions, although in the case of the high energy X-

rays the intensity of the scatter is mostly confined to the heavy atom positions.

The pair correlation functions for the neutron data are shown in figure 5.8 for
FSO;D/D,0 and FSO3D. As was seen in FSO3;D, the FSO3D/D,0 neutron total pair
correlation function contains 10 partials and as such, all of the hydrogen atom positions

are overlaid with the heavy atom positions.

G7')py0(r) can be written as

G pyo(r)=0.454g,, (r)+0.546g  (r) (5.5)
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Figure 5.5: Measured total structure factor for FSO3D and
FSO3D/D;0 using neutrons. S;(Q)+1 at 300 K and S}, 020 )
at 193 K.
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Figure 5.6: Measured total structure factor for FSO3;H/H-O,
FSO3D/D,0 and FSO;3D, using high energy X-rays at 300 K.

S¥ 0 @)+1, S¥,0(0) and SX(Q)-1.
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Figure 5.7: Measured total structure factor for FSO3H/H,O and

FSO3D/D70 using high energy X-rays at 193 K. S},,,,(Q)+1 and
S Tx 1D20 (Q) .
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Table 5.3: Neutron and X-ray weighting factors for FSOs3H/H,O and
FSO3D/D;0.

FSO3D/ FSOs;H/
D0 H,0
neutron neutron

X-ra?' X-ra?' X-ra X-ray X-ray
2A7  sAT 104

ajy 0.0209 0.0066 0.047 0.035 0.017 0.001 0.000

2a;. | 00245 -00137 0500 048 0294 0.033 0.002
2ap; | 0.0123  -00069 0.889 0.839 0.488 0.068 0.005
2ap, | 0.0811 -00454 1675 1371 0.806 0.084 0.005
2ay, | 0.0240 0.0240 18.551 16.054 11242 3.448 1.095
2ag. | 00072 0.0072 6482 5681 4.095 1.338 0.376
2a). | 00476 0.0476 10435 9.286 6.763 1.655 0.397

af 0.0018 0.0018 5762 5350 3398 1393 0.519

aje 0.0072  0.0072 1.824 1.643 1235 0.321 0.068

ab, 0.0786  0.0786 14930 13.118 9.297 2.133 0.577
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Figure 5.8: Total pair correlation functions for FSO3;H/H,O and
FSO3D/D:0 using neutrons at 300 K. G}, (r) and G (r).
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where g,, signifies the sum of the partial pair correlation functions that contain only
the heavy atom distances and g,, is the sum of the partial pair correlation functions

that contain only hydrogen related distances. As a comparison, G (r) can be written as
GY (r)=0.368g 4 (r)+0.632g 4 (r) (5.4)
Fourier transformation of the high energy x-ray total structure factor, S;, 020 (0))

yields G, 020 (r) where 93.7% of the weighting in FSOsH/H,0 and FSO3D/D,0 can be

attributed to the heavy elements present in the sample. This allows for the direct

evaluation of the heavy atom positions and can be written as
G000 = Grinao =0.9378 4 (r)+0.0638 4 (r) (5.5)

As was stated in chapter 2, this formula is given for the values at Q=0 however

with X-rays the form factors vary with Q which are not easily expressed in real space.
X X . . .
Gr ,Dzo(r) and Gr, 50 (r) are shown in figure 5.9, together with the total pair

correlation function for FSO3D G (r) at 300 K. G,,(r)and GJ),,,(r) are shown

in figure 5.10 for the 193 K data.

5.2.6 FIRST ORDER DIFFERENCE FUNCTION

In order to elucidate the structure related only to the hydrogen positions,
hereafter termed the [H,D] site, independent neutron diffraction measurements for
isostructural and isotopomeric samples of FSOsH/H,0 and FSO3D/D,0 allowed for the
first order difference function to be obtained as described in chapter 1. The first order

difference function, in this case, only contains the partial structure factors with respect

to the [H,D] site, namely ASjgy 4,0(Q).

The extracted first order difference function for FSO;H/H,0, AS;y 11120 (Q),

compared with the extracted first order difference function for pure FSO3H AS)), (Q)

function is shown in figure 5.11.
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Figure 5.9: Total pair correlation function for FSO3H/H,0,
FSO3D/D,0 and FSO;D, using high energy X-rays at 300 K.

GT",,,zo(r)+ 2, er,ozo (r)+1 and GX(r).
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Figure 5.10: Measured total structure factor for FSO3H/H;0 and
FSO3D/D:0 using high energy X-rays at 193 K. G}, 120 (r)+1 and

G;wzo (’)
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Figure 5.11: First order difference function for FSO3H/H,0 and
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The real space counterparts AGy,, 120 (r) and AGy, (r) are shown in figure 5.12

and represent only the pair correlation functions associated with the [H,D] sites.

Explicitly, AG/y ,u,0(r) is written as
AG iy 120 (r) = 0.6388 5 (r)+0.193g - (r) +0.097 g s (r) + 0.072g ,,, (r)  (5.5)

and AGY, (r) is written as

AG}Y, (r)=0.636g,,(r)+0.207g,,, (r) +0.104g .4 (r) + 0.054g ,,, (r) (5.6)

5.3 DISCUSSION

For all of the samples at all of the temperatures measured, the high energy X-ray
diffraction pattems:are extremely similar. In real space, each high energy X-ray total
pair correlation function gives the same peak positions for both the FSO3H/H,O system
at both temperature measured and pure FSOsH at 300 K. In each case the first peak is
located at 1.465+0.05 A and the second at 2.410+0.03 A as is seen in figure 5.8, 5.9,
and 5.10. As was shown in chapter 2, the first peak corresponds to the S-O and S-F
covalent bonds in the molecule, and the second peak corresponds to the O-F and O-O

distances.

The angle between the heavy atoms positions in these systems can be assessed by
in 2 in 2 in in
("o(r--.o))2 = (" s(tgr)) + (" s(gfr)) —2(r s(ga.r) rs('ng))cosH 3.7
where 8 = 0SX,X =O,F.

In each case the distances measured in the X-ray data gives an angle of

OSX =110.7° +£0.3°. This clearly indicates that the FSO; positions in each case form a
pseudotetrahedral structure and that the heavy atom structure of the FSOs;H molecule is
unperturbed by the addition of water. More importantly, from this analysis it is also
clear that the structures of FSO; and FSO3;H are identical with respect to the
intramolecular heavy atom positions, to within the sensitivity of this technique. This

indicates that the intramolecular structure of both FSO3H (as is seen in chapter 2) and
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Figure 5.12: Partial pair correlation functions for the hydrogen
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the intramolecular structure of FSO3H/H,O are different only with respect to the
position of the hydrogen atom. This is supported by inspection of the neutron total

structure factor measurements and their associated pair correlation functions (figure 5.5

and 5.8). In figure 5.8, the peak positions are similar in G}, Dzo(r) and G (r) , though

there are some clear structural differences. The supposition that most of these changes

are due to the hydrogen structure is reasonable as HX correlations account for 40% of
the peak intensity in G;', 020 (r) The primary difference between G, 020 (r) and G (r)

is the addition of new intensity between the peaks that cannot be accounted for by

FSOsH, and an increase in the height of the OD intramolecular peak.

5.3.1 COORDINATION NUMBER ANALYSIS
The coordination number of the first peak in both neutron total pair correlation
functions, G}, Dzo(r) and G (r), was ascertained by the running coordination number

method as described in chapter 1. With respect to the number of oxygen atoms around
deuterium atoms (O@D) ¢ =1.04+0.1 in GY(r) and P =1.00£0.1 in
G;v/ D20 (r ) .

The coordination number was also assessed with respect to the number of deuterium
atoms around the oxygen atoms (D@O). In this case, cgp* =0.34+0.1 in pure FSO;D

which is expected as 1 out of 3 oxygen atoms in the FSO3;H molecule have an OD
covalent bond. In FSO;D/D,0 cpi* =0.40+0.1, showing that 40% of the oxygen
atoms in this system are associated with an OD bond. The increase in intramolecular

OD coordination is expected as D0 has been added to the system.

Figure 5.13 shows four compositional models for species and their relative

concentrations that may be present in the FSO3H/H,0 system.

The D@O coordination number was assessed in each of the possible model
systems, to determine which model is most consistent with the data presented here. In

each of these models the total number of oxygen atoms in the system is 2.8, with respect
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I 0.8FSO;H +0.1 FSO; + 0.1 H,0"

II 0.7 FSO;H + 0.1 FSO3-H- -0,SF + 0.1 H;0*

Il 0.7 FSO;H + 0.2 FSO, + 0.1 H,0**

IV 0.5 FSO,H + 0.2 FSO; “H- -05SF + 0.1 H,0"

Figure 5.13: Models for the composition of
0.9FSO;3H:HO0.

to D@QO coordination number values. Table 5.4 shows the predicted D@O
coordination numbers at the position of the first peak in the FSO;D:D,0 data for each

model shown in figure 5.13.

It is clear from table 5.4 that it is not possible to distinguish between the four
models using only the coordination number from the neutron total pair correlation
functions. All of the models give results consistent with experiment within error for the
D@O coordination number. However, models I and III are can be discounted by
chemical arguments. An unsolvated FSOs™ ion in a solution of FSOsH is highly
unlikely given that ions dissolved in any solution are always solvated to some extent.'”
Moveover, in superacidic systems this is even more pronounced given the

electrophilicity of the hydrogen in these cases.'"'

The exclusion of models I and III leaves only models II and IV, which contain
the bifluorosulfate anion, [FSOs3;];H. Although the predicted D@O coordination

numbers of model II is closest to experiment, within error of the measured value.

The presence of H3O" is consistent with NMR data on small amounts of water
dissolved in a superacid.**3* Furthermore, though the Raman data (figure 5.4) indicate
the presence of H3;O" in the FSO3H/H,0 system measured here, it should be noted that
the structure of H4O?* has never been characterized, and no theoretical studies have

calculated the vibrational spectrum of this ion.
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Table 5.4: Calculated D@O coordination number for
models of the FSO3D/D,0 system.

co cl co co col#

FSO,D D;0* D, 0* total  oxygens
I 0.8 0.3 - 1.1 0.39
II 0.7 0.3 - 1.0 0.36
III 0.7 - 0.4 1.1 0.39
IV 0.5 - 0.4 0.9 0.32

5.3.2 [H/D] PAIR CORRELATION FUNCTION

In order to investigate these models further, all of the heavy ion positions for
F.,S, and O in the neutron total pair correlation function for FSO3D/D,0 (figure 5.8)
were fit with Gaussian functions. The Gaussian functions were subtracted from the data
in real space to give a resulting pair correlation function which contains not only all of
the hydrogenated distances, but any distances associated with the intermolecular
structure of the FSO;D/D,O system. Figure 5.14 shows the total pair correlation
function for FSO;H/H,0O without the intramolecular FSOsH (or FSO3) positions. In
addition, the first order difference function for this system is shown as a comparison.

This graph is only shown from 0.5 to 4 A for clarity.

From figure 5.14, it is clear that the first order difference pair correlation
function is similar to the total pair correlation function without the FSO3; heavy ion
positions. This indicates that many of the changes to the structure of FSO3;H upon the

addition of water occur with the position of the hydrogen atom.

There is a clear peak at ~2.1 A in figures 5.14 and 5.8 that does not appear in the

FSO;D total structure factor measurements. This is corroborated in AG), 120 (r),

where there is evidence of a small peak at 2 A.
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5.3.3 ANGLE AND COORDINATION NUMBER ANALYSIS OF THE [H/D] PAIR
CORRELATION FUNCTION

Assuming that model II is the most consistent with the data and that D;O"
retains C3, symmetry, it is possible to discount the peak at ~2.1 A in figure 5.14 as

being an HH correlation associated with the hydronium ion by

(’ DD )2 (’c';';)m) ("c";",, ) (ro,, Xr},‘},"‘ )cos [Z) for ry, =1 A and
@ =109.5° the calculated DD distance is 1.63 A.

It is also unlikely that this feature is due to an H-S correlation, as only ~4% of
the intensity in the total pair correlation function can be attributed to this correlation, as

is seen in table 5.3.

It is therefore likely that the distance at ~2.1A corresponds to a longer hydrogen
bonding distance in O-D-O or O-D-F, either in the bifluorosulfate anion or between

the hydronium ion and the FSO;D solvent.

Partial pair correlation functionsAG,'fx,,,zo(r) and AG), (r) for the hydrogen

distances in FSO3H/H;0 and FSO3H, both show an intramolecular OH peak at ~0.98 A
(figure 5.12). The second peak in both pair correlation functions is the hydrogen
bonding peak. In this peak there is clearly a different peak profile in the FSO3sH/H,;0O
hydrogen bonding peak compared to the peak seen in pure FSO3H. In pure FSO3H, as
is shown in chapter 2, this peak is best fit by two Gaussians, corresponding to two
distinct hydrogen bonding distances in the pure fluid. These peak positions are 1.48 A
and 1.74 A at 300 K. In the FSO;H/H;0 system this peak has one maximum at
rax =1.62£0.1 A,

The coordination number of the hydrogen bonding peak, using an integrated
area from r=1.28 A to r=1.91A (before the small feature at ~2 A) with respect to

oxygen or fluorine atoms with around the hydrogen site (O,F@H), is
inter

cix =1.0010.1, X = O, F, and the coordination number in the small feature at ~2 A,
using an integrated area from r=191 A to r=213 A for O,F@H, is
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ci =0.35+0.1. The coordination number with respect to H@O is c&y =0.12+0.1.

The presence of this addition peak in AG ,’}'x,,,zo (r) suggests another hydrogen bonding
peak which may be accounted for by the presence of a hydrogen bond between the
H30" molecule and the FSO3H solvent.

In comparison with FSO3H where the total coordination number in the hydrogen
bonding peak is cjjy’ =0.76+0.1,X = O, F, the FSO3H/H;0 system is more tightly

bound with respect to the hydrogen sites.

5.4 CONCLUSIONS

The data presented here are consistent with the H30" in a solution of FSO;H.
The coordination number analysis suggests that there is no appreciable concentration of

H40%*, though the error in this measure is substantial. The Raman data also suggest the

presence of only H30*. The presence of a longer hydrogen bond in the AGy, 120 (r)

function suggests hydrogen bonding from the hydronium ion to the fluorosulfuric acid

solvent. This is corroborated by the G}',Dzo(r) function, in which there is a shoulder in

the peak at ~2.5 A that is not accounted for by the structure of the heavy atoms in pure
FSO;H. The crystal structure of [FSO3]J[H30]* gives an O--O distance, between the

hydronium ion and the fluorosulfate ion of ~2.65 A.

If there is indeed a longer O-H-X bond present in this system the most likely
model for exchange is one in which a deprotonation/protionation mechanism is favored,
although it is entirely plausiable that the protonation and exchange of water takes place
via a transition state and that neither of the mechanisms proposed by Olah are valid as a
description of the ground state of the fluid. Figure 5.15 shows a potential scheme by

which the proton transfer may take place.
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CHAPTER 6: SAMPLE ENVIRONMENT FOR HYDROGEN FLUORIDE EXPERIMENTS

Part of the work reported in this chapter has been published in the Review of

Scientific Instruments** and is included in its published form in the appendix.

All machine work was performed by Timothy H. Free of the University of

Tennessee machine shop.

6.1 INTRODUCTION

In order to apply neutron scattering and high energy X-ray scattering to
chemically ambitious samples, sample environment (SE) equipment that satisfies the
chemical and experimental constraints must be designed and built. Recent advances in
SE equipment have lead to the development of facilities to study chemical reactions in
situ or in a time resolved manner.?*34*34¢ These include the hydrothermal crystallization

347-352 345

of dense phase materials and zeolites, chemical reactions™ and catalytic

processes.”®34¢

In this chapter, the design, construction and preliminary results using sample
cells are reported which allow the measurement of structural and dynamical properties
of highly aggressive and reactive samples with the conservation of both chemical and
isotopic integrity. Because of the toxic nature of anhydrous hydrogen fluoride, the

design of the equipment must meet very severe safety constraints.

There are stringent constraints to designing SE for anhydrous HF, given the
neutronic properties of hydrogen and the chemical nature of the sample. Moreover, the
interplay between sample structure and the structure of the material used in cell
construction is a vital consideration in order to apply X-ray and neutron scattering

techniques to these chemically difficult samples.
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6.2 DESIGN CONSTRAINTS
6.2.1 NEUTRONIC CONSIDERATIONS

Although the interaction between the nucleus and the neutron is very strong, the
low density of nuclear matter in a material of average density ensures that the net
interaction of neutrons with matter is extremely weak, as is described in chapter 1.
High energy X-rays yield information analogous to neutron techniques, also because of
their penetration ability. This gives neutron and high energy X-ray scattering one of
their major experimental advantages — that of great penetration. The range of materials
out of which SE equipment can be built is wider than that for analogous experiments
with X-rays of conventional energies (1 =1 A, Eincigent~ 45 meV). The penetration of
neutrons is such that almost any non-absorbing material may be used, allowing the
construction of high temperature and high-pressure apparatus that would be impossible
at an X-ray source. An exception to this generality is the use of diamond anvil cells in
X-ray diffraction experiments; such cells are only now being developed for work at
neutron sources. That diamond anvil cells can be used easily in an X-ray experiment is
a result of the large discrepancy in the fluences at current neutron and X-ray sources.
Samples for X-ray experiments can often be much smaller than are required at a neutron

source.

The range of physical variables that is accessible to investigations using neutron
scattering is often wider than the analogous X-ray experiment. The caveat to this lack
of proscription of construction material is that the background, which the cell material
presents in the scattering experiment, must be accounted for in the data analysis and

ideally considered beforehand in the design of the SE equipment.

By paying careful attention to the neutronic properties of the elements of which
the apparatus is constructed, several unique approaches to sample environment design
are available. Neutronically, vanadium or alloys such as Ti; ¢gZr, are common materials
for construction of SE equipment for neutron scattering experiments, due to the
mechanical and neutronic properties of the metals. Vanadium and Ti; 0sZr are chosen

because of the elastic scattering cross-sections these materials possess. The former has
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a very small elastic cross-section (b, =-0.3824 fm)*>' and is predominately an
y v P y

incoherent scatterer, whilst the latter exploits the opposite scattering length phases of

neutrons from Ti and Zr, which are b, = -3.438 fm;b,, =7.16 fm.***' As long as the

Ti and Zr atoms reside on the equivalent sites in the alloy, a cell constructed from
TiosZr has no coherent elastic cross-section and as such, contributes no elastic

background.

However, Ti, Zr, and V are chemically reactive, and being electropositive are
especially susceptible to oxidation. They are suitable for conventional chemical

353356 where the chemical

samples but not for acidic, protic or oxidizing samples,
stability of these elements is low and the sample may corrode or weaken the cells with
potentially unpleasant results. Given the possibility of neutron activation with certain
materials, the hazards are also not purely chemical. The material from which the SE
equipment is constructed requires a balance between safely containing hazardous,

reactive samples and minimizing the scattering background.

6.2.2 CHEMICAL CONSIDERATIONS

There are several commercially available materials which can safely contain
fluoride-containing samples, including polytetrafluoroethylene (PTFE)**” and Alloy 400
(Ni; g¢Cu). Of these, PTFE has the greater general resistant to fluorides at low
temperatures and pressures, especially in the presence of traces of water. Copper and
nickel are also both largely resistant to attack by fluorides, and can be treated with F; to
passivate the surface through the formation of a fluoride surface coating, which renders
these materials resistant to further attack.”® Indeed, Alloy 400 and nickel are used as
the material of choice in the construction of apparatus for the synthesis and study of
many high valent fluorides. Consequentially, the construction outlined below should be
applicable to any fluoride that is stable in Alloy 400 or nickel. For materials that
contain the hydronium ion, such as aqueous solutions of HF and FSOsH, this

containment is probably not suitable. The constraint of chemical resistance is required
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in experiments such as these in order to preserve both the chemical and isotopic purity

of the sample, as well as for radiological safety considerations.

6.2.3. ELASTIC BACKGROUND SCATTERING CONSIDERATIONS

PTFE is a partially crystalline material>>3

and the phase diagram is well
known. 3¢'%%? The diffraction pattern from this material, which forms the background,
contains Bragg peaks, which arise from the periodic crystalline lattice, together with a
diffuse component which arises from the local and intermediate range atomic
correlations. There also exists a phase transition in PTFE that occurs at 303 K, which is

an added factor in any consideration of the background signal.

Alloy 400 is a polycrystalline material, the scatter from which is predominately
Bragg in nature, with low levels of diffuse scatter. Figure 6.1 shows the diffraction
pattern recorded on GLAD; figure 6.2 shows the comresponding pair distribution
function for both materials. The high energy X-ray data would produce a similar

pattern, differing only in regard to peak intensities and is therefore not shown.

The samples for which this suite of SE equipment was designed were liquids,
and as such exhibit a complete absence of Bragg scatter, due to the absence of any
lattice; the diffraction intensity is confined to diffuse scatter. The choice of material is
therefore crucial if the subtraction of background signal is to be successful. In the
subtraction of a diffuse background from diffuse sample scatter, there is no simple a
priori method for determining from what source the diffuse signal is recorded — sample
or cell. In this respect, the material most suitable for sample containment in a liquid

diffraction experiment of this type is alloy 400, even though both Cu and Ni have a

large neutron scattering cross-section (by =10.3 fm), (bg, =7.718 fm)**' and

therefore have Bragg peaks of very high intensity. However, subtraction of the
prominent Bragg intensity is possible both through standard analysis proceedures'*'®

and through empirical subtraction, as is shown in chapter 3.
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Figure 6.1: The diffraction pattern of alloy 400, S(Q)+ 2 and
PTFE, S(Q).
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Figure 6.2: Total pair correlation function for alloy 400,
G(r) +3, and PTFE, G(r).
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6.2.3. ATTENUATION AND MULTIPLE SCATTERING CONSIDERATIONS

When running neutron diffraction experiments on samples containing a large

amount of hydrogen it is necessary to reduce the thickness of the sample in the

beamsince the high incoherent scattering cross section of hydrogen (o;.,,m,, =80.3 barns)

leads to large multiple scattering effects. Even a 1 mm thick sample of HF has a

significant multiple scattering contribution of ~20% and an absorption coefficient of
~5% neglecting the container at 20 =20"and 1.8 A. Therefore, a flat plate geometry is

optimal as it maximizes the number of atoms in the beam whilst minimizing the
multiple scattering. ®* In comparison for a 6.6 mm thick flat plate DF sample the total

scattering cross section is 5.82 barn/atom yielding multiple scattering contribution of

~15% and an absorption coefficient of only ~2% at 26 =20and 1.8 A. The low

absorption and respectable coherent scattering cross section of DF allows relatively
large samples to be placed in the beam without significant attenuation or multiple
scattering effects. Considerations for the HF sample thickness in high energy x-ray
experiments (~115 KeV) are also based on the minimization of multiple scattering and
attenuation effects. It has been found that whilst the multiple scattering effects have a
significant Q-dependence, the attenuation coefficient is usually relatively constant with
momentum transfer at high energies.®’ However, it is expected that these effects will
show a greater angular dependence for a flat plate geometry sample, than for a
cylindrical one. For a 115 KeV incident x-ray beam the calculated attenuation
coefficient (obtained using the method described by Soper, et al.)®® from a 4 mm HF
sample is approximately 6% and the multiple scattering contribution only ~2%. The
multiple Bragg scattering and attenuation due to the heavy elements in the alloy 400
container are far greater than that from the HF sample. However, since the sample is
small and is comprised of light elements, the single and multiple scattering effects from

the metal container do not differ significantly with or without the presence of a sample.

In order to minimize multiple scattering in inelastic and quasielastic
experiments, the total scattering strength of the sample including the sample cell is
typically restricted to ensure 90% to 92% total transmission.’®® In the case of HF, the
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macroscopic cross-section is approximately 2.7 cm™ at the elastic energy of the
spectrometer, ~4.3meV (o-i',:f‘,h X pur =90 barnx 0.03 H atoms/ A’). For a 92%

transmission, this results in an ideal sample thickness along the beam direction of 0.3
mm. The sample cell will provide a relatively strong, additional signal centered at zero

energy transfer.

6.3. SAMPLE CELL DESIGN FOR STRUCTURAL AND DYNAMICAL MEASUREMENTS
6.3.1. DIFFRACTION CELLS

All parts of the diffraction cells used in this work with the exception of the
valves and the ‘o’-rings are machined from Alloy 400. They all consist of two
separable parts; a cell head which allows for transfer of hydrogen fluoride via the
vacuum line described below and a sample cell body in which the sample is contained
during the diffraction experiment. The two parts are joined using a 1” SwageLok® nut
and a PTFE ‘o’-ring seal. The sample cells constructed for the diffraction experiments

are shown in figure 6.3.

The body of the sample cell head was machined from Alloy 400 bar stock. In
order to load the samples into the body of the cell the top portion of the cell head was
drilled with a 6.35 mm bore that turns 90° in approximately the middle of the head. A
piece of 6.35 mm O.D. Alloy 400 seamless tubing was welded onto the outside top of
the cell in order to connect the needle valve. The lower portion of the head was
additionally machined with threads to fit a SwageLok® 1” nut, which allows for the
connection with the body of the sample cells. At this interface, a knife-edge was
machined to present a sealing surface to the ‘o’-ring. Appropriately sized PTFE ‘o’-

rings were machined to effect the vacuum seal.

In order to minimize background container scattering, the wall thickness of each cell
body was machined as thin as possible, while still maintaining the integrity of the
container. The composition of the sample and the type of radiation used constrained the

cell body design further. It is necessary to have a cell body of sufficient length so that
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Figure 6.3 Neutron and high energy X-ray diffraction sample cells.
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only sample and the thinnest part of the can encounters the radiation beam while
keeping cell head from adding to further background contamination.

The design and dimensions of the X-ray and DF neutron cells are also shown in
figure 6.3. In the case of all of the X-ray samples and the deuterium fluoride neutron
sample, the cell bodies were machined as large as possible within the wall thickness,
multiple scattering and attenuation constraints. This allowed for a 6.60 mm sample
thickness in the case of the deuterium fluoride neutron measurement and a 4 mm sample
in thickness in the high-energy X-ray experiments. The hydrogen fluoride neutron cell
body was of a different design (figure 6.3) this cell was constructed by soldering
individual pieces of alloy 400 tubing (1.5 mm O.D. 1 mm I.D.) to an alloy 400 frame
using Safety-Silv® 45% silver cadmium-free silver solder in a Stay-silv® black high

temperature flux.

6.3.2. QUASIELASTIC CELLS

In a quasielastic experiment, which utilizes the incoherent scatter from
hydrogen, the sample cell has a limited volume to minimize the large signal from
hydrogen. The cell body and cell heads, shown in figure 6.4, are of a similar
construction to the diffraction cells where the two portions can be joined by a
Swagelok® 2" nut. The cell head is of the same design as the diffraction cell heads

(figure 6.3) but on a smaller scale, with the bore in the cell being 3.14 mm.

Because the of the small sample size thickness (~0.3 mm for HF and ~1.9 mm
for H0.04D0.96F), the cell bodies were fabricated from available alloy 400 seamless
tubing, to form an appropriately sized annulus. In each case a 6.41 mm O.D. x 4.93 mm
ID tube was used for the outer portion of the annulus and smaller sized tubing was used
to give the appropriate sample thickness. In the case of HF, the inner tube was 4.76 mm
OD and in the case of H0.04D0.96F, the inner tube was 3.18 mm OD. For each set of
samples the thickness was somewhat less than ideal, but the calculation ignored the
scattering from the seamless alloy 400 tubing. In order to effectively vacuum transfer

the samples into the cell bodies, a split Y bore was drilled into the top of the cell body
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to allow for access to the annulus created by the tubing. The tubing was welded to the
top of the cell body by the same method described above. The neutron and X-ray
experiments for which these cells were designed required the preparation of
isotopomers of hydrogen fluoride of known composition. Not onlymust the chemical
purity of the sample be retained at all times, but also the isotopic nature of the samples
needed to be similarly conserved. Given the lability in reaction of the H/D site in
anhydrous hydrogen fluoride, ingress of water and other proton-containing materials
had to be minimized. The basic techniques for satisfying these requirements are mature
in the field of inorganic chemistry.>® For this reason a fluorine/high vacuum line was

constructed and is described in detail in section 6.4.

6.4 DESIGN OF THE SYNTHESIS AND GAS HANDLING APPARATUS

In order to prepare and handle hydrogen fluoride and deuterium fluoride in the
laboratory, both synthetically and in order to prepare samples for the neutron
experiments, a high vacuum line was constructed from alloy 400 and stainless steel
tubing and equipped with SwageLok® fittings and needle valves. As a further
precaution against contamination, and to allow the manipulation of liquids via Schlenk
methodologies, an argon gas line was incorporated into the design. The synthetic
equipment is therefore a hybrid Schlenk — high vacuum line and is hereafter termed the
gas handling line. The gas handling line consists of five major components: vacuum,

argon, fluorine and hydrogen fluoride circuits, connected to a central manifold.

6.4.1 MANIFOLD DESIGN

The 214.2 mm x 51 mm x 51 mm manifold is machined from alloy 400 bar
stock. A 37.8 mm diameter bore is drilled into the center of the manifold and finished
as closely as possible to a mirror finish so minimize any adsorption of gas and potential
reactivity problems on passivation. The ports are drilled and then tapped with NPT
connections; the NPT connections are sealed using Teflon tape. The manifold is shown

in figure 6.5. Prior to assembly, the manifold was closely examined for burr and any
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residual imperfections were removed, for the same reasons as the finishing of the
interior bore. A port to the low pressure MKS 626A Baratron allows the pressure in the

manifold to be measured.

6.4.2 F, AND HYDROGEN FLUORIDE CIRCUITS

The fluorine circuit and hydrogen fluoride circuit are constructed from 6.35 mm
O.D. (4.57mm 1.D.) seamless alloy 400 tubing and are equipped with Swagelok® %"
alloy 400 or 316 stainless steel needle valves. The hydrogen fluoride circuit is shown
with the reaction block in figure 6.5. The fluorine circuit is shown in figure 6.6. In
order to provide a large constant volume, 2000 ml Hoke® bottles, constructed from 316
stainless steel, are introduced in the circuit. The fluorine circuit is additionally
equipped with a higher pressure (1000 psi) MKS 870B baratron for measurement of

higher pressures of fluorine than the manifold baratron will allow.

6.4.3 VACUUM CIRCUIT

The vacuum line, shown in figure 6.7, is constructed entirely from 12.7 mm
O.D, 10.9 mm I.D 316 stainless steel seamless tubing and is equipped with SwageLok®
443" 316 stainless steel needle valves. There are two traps in place on the system. The
first contains pelletized Al,03, used as a scrubber trap for fluorine; the second trap is a
removable glass liquid nitrogen cryogenic trap for the removal of volatiles before the
pump, attached to a 316 SS trap head and sealed with Apiezon® W black wax. The

scrubber can be bypassed for faster pumping and is fitted with a sintered steel 320 #m

particulate filter down stream. The scrubber can also be removed and recharged

without interruption of the line function.

The vacuum system is connected to the manifold (figure 6.5) and to the fluorine
system (figure 6.6). The line is evacuated using a diffusion pump with Fomblin® as the
working fluid, with a two-stage rotary pump as a roughing pump, the latter using
conventional hydrocarbon pump oil. The diffusion pump is fitted with a by-pass valve

to allow for evacuation using only the roughing pump.
200



& Swegelok Whiey needle valve

G SwegelokUsion T

# Swagelok 4. way connector

MKS 8708 Baretron
vacumn

.
1.4
— X,

to flucrine tank

U Hoke single ended cyinder

Figure 6.6: Fluorine circuit.

201



& Swagelok Whitey needie valve
P Swageioknion T

:{P Swagelok 4-way conneclor

)=

Figure 6.7: Vacuum circuit.

202

Pfistter Compact Ful Range Guage

2,

Algnina trap

i
to Fiuorine tns



Pressure measurement was conducted using two electronic manometers, with
ranges of 0 — 1000 Torr and 0 — 1000 psi (1 Torr = 0.001333 bar; 1 psi = 0.068948 bar)

respectively. The magnitude of the vacuum was measured using a combination Pfieffer

Pirani — cold cathode ion gauge, with a range of 0 — 10® mbar. All wetted parts

of the gauges were constructed from Inconel®.

6.5 CONSTRUCTION OF THE SYNTHESIS AND GAS HANDLING APPARATUS

Before commencing with assembly and use, all tubing was thoroughly
degreased using ‘gum solvent’, a mixture by volume of 1:1:1 toluene:acetone:methanol
until evaporation of the solvent left no visible residue. The tubing and other
components were then freed of traces of solvent and other oxidizable volatiles by fast
passage of O, and the line was then assembled, according to the designs described

above.

The line was then both vacuum leak-tested and pressure tested with Ar. All
portions of the line, except the vacuum line, were volume calibrated with Ar repeatedly,
so that each segment can be used as a constant volume, allowing the barometric
measurement of molar quantities of gas. It was found to maintain a static vacuum of 10’
5 mbar over a period of weeks. After leak testing and calibration, and in order to pre-
dry the line prior to drying and passivation with F,, the line was evacuated and dried by

heating the system strongly under high vacuum.

Passivation is an important aspect of the construction of any fluorine line and
the portions of the gas handling line that would be wetted by F; or hydrogen fluoride
were passivated initially by evacuation and then pressurization at ambient temperatures
to sub-ambient pressures with a 5% solution of F; in N,. After any pressure drop had
ceased, the line was evacuated and the procedure was repeated at slightly higher initial
pressure. Once atmospheric pressure had been attained and no further decrease in
pressure was observed, the cycle of pressurization and evacuation was repeated with F;
until atmospheric pressure had been reached. A pressure of 1.5 bar of F, was then

admitted and the line left under this pressure for 24 hrs. Finally, the line was evacuated.
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Reaction vessels and synthesis bombs are attached to the outlets from the

manifold and volatiles are transferred by standard cryogenic techniques.238

6.6 DISCUSSION

Neutron diffraction experiments performed on samples of DF, HF and
[Hi2D1n2)F, prepared using the above equipment and cells showed that the conservation
of the isotopic nature of the samples was essentially that of the materials used to prepare

d.3* Given

the samples and that no measureable ingression of adventitious [H] occurre
that the isotopomers of HF were dried with a pressure of F; prior to charging the sample
can, this finding is a measure of the total [H] ingression, as H,O is oxidized by F, to HF
and O,. Neutron scattering is particularly sensitive to the presence of hydrogen due to

the large incoherent scattering cross-section, as discussed above.

Figures 6.8 and 6.9, show the diffraction pattern of the sample can for DF with
and without the presence of the sample for both X-rays and neutrons, respectively.
Whereas in figures 6.8 and 6.9 the presence of the sample is not immediately
noticeable, in the Fourier transform of the diffraction pattern, the structure due to DF
can be clearly seen overlayed with the local structure of alloy 400 for both diffraction
patterns. This is shown in figures 6.10 and 6.11 for neutron measurements and X-ray
measurements, respectively. This figure shows the advantage of using a crystalline
material as the material from which the cells were constructed. The background
intensity is confined to the pair correlation function expected from a cubic crystalline
system and subtraction of the diffraction pattern of the cell in both high energy x-ray
experiments and neutron experiments proved to be tractable, though laborious, using a
combination of standard methods and empirical methods. The DF sample data after

corrections for both x-ray and neutron scattering measurements are shown in chapter 3

Previous, unpublished neutron diffraction data using PTFE cells proved to be far
less tractable, with structural results that are less reliable.’®* The reason for this is clear
when figures 6.1 and 6.2 are considered. The determination of the source of scatter

from alloy 400 is far more distinct than from PTFE, both in reciprocal and real space.
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Figure 6.8: Neutron diffraction pattern for alloy 400, S" (Q)
and alloy 400 plus DF, S"(Q)+0.5.
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Figure 6.9: High energy x-ray diffraction pattern for alloy 400,
S*(Q) and alloy 400 plus DF, S *(Q)+0.5.
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Figure 6.10: Fourier transformation of alloy 400, G" (r) and alloy
400 plus DF, G" (r)+1.
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Figure 6.11: Fourier transformation of alloy 400, G X (r) and
alloy 400 plus DF, G* (r)+1.
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Though the intensity of the background in a crystalline sample container is far
more dramatic in reciprocal space than for a polymer-based cell, it is the source of the
diffracted intensity that is important when considering a sample container. With a
crystalline system, almost all of the background intensity, beyond that from the
ubiquitous local structure, is confined to Bragg intensity, whereas for a partially or
completely amorphous cell, this is not the case. The periodicity in a crystalline system,
inherent due to the presence of a lattice, limits the local structure to a minimum, as in
the presence of a lattice, only a small number of unique distances are required to
describe the structure in real or reciprocal space.'®*¢2%*3% Eor liquid samples, it is clear
that minimization of diffuse scatter, beyond the local structure, is the most important

consideration.
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The results ofan investiyation into the liquid structuee oF thiecosal lurie acid measured using ncutron
Jdillfraction with isatopic substitwtion are eeperted. The tirst-order ncutron dilerence function is
extmcted from data recorded at 300 and 193 K fromy isotopically kabeled FSOsIL and FSO;D.
Analysis of thwe derived radial distribution functions shows that unique, multisite hydrogen bonding
is prosent in the liquid. These nsults suggest hydrogen bonding beaween the hydrogen and fluorine
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varses with tempeeature, with the 193 K dut showing a more tightly bound systam.
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I. INTRODUCTION

Superacids are a class of Tuids that possess extremely
high acuditics, which lar exceed those observed g the suon-
gest agueats aeid systems, = NMR spectroscopy has shown
that the neanal mnge of bases can be augmentad in supera-
cidic media by species such as mcthane, xenen, hydronivm
1o, wnd liect-ton diatomic wolevubes =1 [t is the ability 1o
protenate the C-11 bond that gives these uids theie indus-
trial and. i part. scademic importance. They are used exten-
swely e hydascarbon managemient - the isomerization qunld
craching ol petrolenm producty—as well as the investigation
ol reactive,  carbecationic  intermediates  in onganic
chemistey. 0 Mo recently, they have become popular as sol-
vent sy stems for monganic syathesis. where high salkent and
extramely=clectren-poor matal centers cim be synthesized
and studicd. 2113

Supvracis abo ditter from other hydrogen-bound <ys-
e, such as water, ammuoniy, atd aleohols, in that they are
hvghlyeclectranepoor hydrogen-butiud systems. Previons sys-
tems on superacids and ather actdic systems have wually
rclicd on xeray diftruction in the solid state o determine
structre. 7 Swdies of the structure of superacids in the
liguid ste have s tae been contined o tweo total sinkwire
factor detenninations of DF.222 [q this paper. the detennina-
tion of thw {H:D] tirst-order diffsrence function in ncutron
dutrscten tor a complex superacid are eeported tor the lirst
ume.

*Author 10 wham corespandence should be addrasal. Email addraar
Jumery povellchem uticedu
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L. NEUTRON DIFFRACTION THEORY
AND EXPERIMENT

A. Theory

‘The lack of corrclation between ZL the atomic number,
and the strength of the ncutron -nucleus interaction ensures
that icutron scattering is the premier technique for the sinsc.
wiral invuestiyation of samples that are partially or tully com-
posed of “light atoms,”™ e, those with low Z [lydrogen-
bound systems leive been the lius of the majority of liquid
neutron chlraction swedies due 1o, in part. this hghteatom
swsitivity 30 Morcover, istopes exhibit Jdilerent seatter-
Mg Cross seetiona ™ which allows the extraction of
specics-specilic structure lactens and their assaciated pair-
distribution lunctions From it measured from tsostructural
but isvtepomeric samples.

“Ihe quanlity meusured in a neutron dilfraction expen-
ment is the ditterential scatlering crss section:

u"lf (I!I + t’lf < I‘[’ )0 +F )i
——— ] e S e— 2 ) 0 i), o .
0 My’ Mgy & el rEon

il

swhere PUO.N is the inclastic contribution and F Q) is the
total seattering structure lacter arising (rom the **distinet
wattering ™ contribution, ¢, is the alemic cencentration, and
b, the seattering length ol isolope a. Information abowt the
atemic structure of the sample is contained in the sum of the
rartial sianture fxetons, Syt ) swhere

£ 2002 Amesican Institute of Physics
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TABLE 1. Fabier-Ziman coeflickents fue FSO,0 3nd FSO,-FSO,Il in
units ¢f bam,

ciby? 0.00838 yehib, 002754
oi'by’ 0.0022% 2ewpbdn -0.00591
cotb’ 0.08419 b -0.03616
cp'hy® 0.00333 by 000848
Jegeshyby 0.00894 2eperPnn 003270
Qepcbrbo 0.05457 2escppdon 001647
lrlql"bn -0.0117¢ 2cocpbodn 0.19063
Fyh
Spr= —E=—y
i 2 "-vbul
« )
|
= . E‘, cobacabpl Sagt =1 i

| 2 Caby ! -

Thwe fist-order difference stinctuee lictor with the ree
st o the labeled site s caleulated by subtraction of
F0) tor isosniturl and isoteponteric samples. In thewe
cxperiments, the isotopomers used were FSOsH and S030)
and savthe corresponding sintuee factor is thal related to the
hydroygen-deutcrium site, hereatier (emmed the [H.D] sie,
namely 3 Frd ). where X includes hydawen as well as the
other heavy atoms. In a similae aanaer the structue factor
derived [rom scaltering lor all nonhydrogen sites, 3t ().
was eximcted from the data by subtrachion of AFyd @) tram
the measured total tructure fuctor for FSOy0D.

The Fuuricr transiorm of any Sructure tactor vickds the
iseviated radial distribution fuaction Ger). which is the
sum of the respective wtom atom cornclition  functions,
Kaat ). cach weighted by concentration and the buund o
herent scattering length of the atomie specics. The measured
S0 is eelated to the wial cadial disteibution tunction Gr)
 the Jollowing cquation:

dmp [
S“"""“’T"Jo rdrlGiry=\[sim{Jr). (RY]

Fourier wranstormation of 3F il Q) yichls the realespace
counterpant 3Gy ). Asonterference tenns eclated only e
the [ILD] site ure present in A Fpd ). 3Gt r) represents
only the ruhal distribstion (unctivns associated with  the
1D sites. Explicitls, AGyd ) may be written as

AG i r1=22¢pcobot bp—bydepair)
+2epcphp bo— bunr
+2eneshsi ho— byrgustr
+('||:(hnz-h"!Ig““in. i
Fouricr iransVormation of 3F ¢ d @) yields 3G ¢ r):
AG ey r1=2cscohshortsot 71 + 2csepbghpprgp r)
+2cpeobphoirpg 1 +Feotho’ ool £t
+cs:bsz;:,-5|n +¢-;3hr2g“| ri. ]

See Table | lor a hstmg of the Faber- Ziman cocllicients
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appearing i Egs.idiands 51, The distances that coniribute 1o
A6 yytr) are dweciore those between the heasy atons S, O,
and F.

In general. integration of g,4(r) gives the conrdiion
number of atums ¢ and g atoms beteen two distances, 7y
and ry:

re
Apri=d Ec‘,pJ g,,,,tr.\r"dr. itn
n

whae p cemespatds to the atemmic number density, which, in
FSOsHL s Q.0629 and 0.0683 awms A2 at 300 and 193 K.
respectively.

B. Experiment: Sample handling and preparation

Fluorosulturic acid is an aggressive matenial and must be
handled with caunon only in rigorously dricd glassware or
Tetlon apparats. All manipulativns of FSOsH and FSO3D
were carricd out under an amgen amosphere or under
vacuum on a Schienk link (g <1072 mbar). All ghssware
was thame-dricd under vacuum at kast four tmes il al-
lowed to cool under an argon stimosphere. FSO30D was pre-
parcd according to the licratune with the exclange etween
D280 and FSOJI being pestormed three dmes.® NMR
measarements and ncutron analysis (vide infirud res caled that
the meorporation of D for H was greatcr sthan 99.6%, Fhe
purity off FSO,ll with respect to water was assayed using
Raman speciroscepy and datiennined 1o be greater than
W% 1h0O-frce. The Raman spectm wene acguired on a
Dilor XY Raman specinonteter éInstruments S\ Edison,
NJ) using a S14-un Raykigh linc. The density of FSO;ll
was measured using 2 custom designed glass pyenomeier.
which was standurdized agains the denssty of methanal.
which is well known™ FSO;H and FSOD wene distilled
it guartz tubes (0.4 cm 1D, 0.3 cm OD) and were tame-
saled under v tu give a sumple volume of 0,478 cm®,

Difraction experiments were performed on the Glass
Liquid and Amomphous Materials Ditlisictometer e the Ine
wnse Pulsed Neuron Svurce facility at Argease National
Laboratory. Data sets were collected at 300 and 193 K, The
ncuton diltraction data were comected for container scatter-
my. attenuation, multiple scattering, and inclastic scattenng
using standard analysis procedures.® The data were not eor-
rected for isvtope quanium eflecls, swhich have recently been
shown to be small for hydroxyl hydrogens m other
hydrogen-bunded hiquids such as methantol, moreover. they
are expented 1o be smaller i this heaviee molecute?®

The small sample thickaess minimizes multple seitiees
my cfleets Jdue ta the brge amount of incoherent scantering
from hadingen. In addiion, both bes were blown trom the
same cane of tube to ensure that theie wall geomatries were
as similar as possable. in order to Minimize systematic mon
n the difference experiments. The simall eror between the
quanz tubes was additionally checked by comparison of the
calealated suramalecular seattcemg contnbution to the e
sured data, Both neutron diflferences agreed o within $ to
the ¢ypected imrmoleeular nearest-neighbor atoms Jas dis-
cussed m the Tolkssving sections e Figs. 4 and 3:]. Thas
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TADBLE 1. Interatomic distances and anghes foe tlevrosalfaric acid, tigor-
sulfate. and hiflusrosudfate.

Crntal
(FSOJIN®  MP-gug~c-pyde® {SO,F|* [FSOHO,SF| *

Iateratomic distances' A

nS—0,) 1.51 18 1458 [ }/]
1 S—03) 1.4 1456 1437 1.406
ri$—0,) 142 1465 1436 139
7(S—F1 1S 1636 15 1531
10 =11) 0.6} 0977 1.2
(il O 202

Interbond anghes Weg)
Se(—H 1068
O, —S—0, 1072 1072 nz 1n3s
0,—S—0, 1209 125.8 1136 1130
0=S—0, Nl 1103 113.6 116.3
0—S—F 100.7 97.6 1023 1048
0. —S—F 106.6 1066 106.3 1053
0 —S—F 106.2 105.7 107.8 101.7
“Refareace 2
"Reference 33
‘Refcresce 18

clearly indicates that the SiO3 container corrections and the
duta nonnalization have been performed corretly.

C. Pravious studies on the structure of flucrosulfuric
acld

The structure of fluercsuliuric acid has been detenmined
in the sulid state by x-ray diffraction.? The molecular struc-
wre consists of a peeadotetraliedral solfur alom ligued by
oxo-, tlusro-, and hydroxyl moicties. Salieal bond lengths
and angles Trom x-rav dilfgactometey are showa in Table (1
The muwlecule ts showa in Fig, 1, wygcther with atom labels
used in this paper. h may be nuted from Table 11 that the
hydroxy 1O [Ebond length, 70O} H), is very short, and this
nuy be dive o the inherent insensiuvity of x-ray scattering 1o
the presence of hvdrogen.

. RESULTS

In order to analvze the various eadial distribution func-
tions determined in these diffction oxperiments the struc.
ture of a single Nucrasulluric avid molecule was calcubated
using Moller-Plesset perturbation theory (MP2) with an aug-
mented correlativn consistent polarized valence double zeta
ng~ce-pVDZs tasis set with GAUSSIAN 98. The relevant cal-
culated distances and angles are shown in Table 11

[
>

01

wwF

N

O'\H

FIG. 1. Mokvulsr sinscture of FSOH.
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FIG. 2. Total structure factar: a» Fp( Q)+ | at 300 and o FiuQ) at 193K
for FSO,D.

Measurement of ilxe density of Huorosutfurie acid n o
high-vacuum pychnometer, previously calibrated with anhy -
drous methanol, yiclded values of py= 1743 gem ™ and
prea=1.891 g\:m". Given that isostructurality between both
isoloponers is assuined for the subtraction methad to be ap-
plicable. these values ofthe number density were used tor all
the data analysis procedurcs.

The comected mial structuee factors, Fyt Q). tor FSO;0
for both temperatures are shown in Fig 2. Figure 3 shows
the hydrogen structure factors AF(O). extracted as de-
seribed above, again lor both wmperatures. The radial disiei-
bution functions at 300 and at 193 K around the [ILD] site
are shown in Fig. 4 and the exirmcted mdial distabution tune--
tions for the heavy atoms. AG ydr). ot 300 and 193 K, in
Fig. 5.

Data analysis was periormed by empirically fitting the
derived AGdr) tunction with Gaussian tunctions in order
to detenmine the consdination number.® Although approsi-
omie intramalecular distances between pairs of heavy atoms
were availuble from <-ray onystullographic sudics. there was
nw reliable estimate in the literatuee tor intramolecular dis-
tances between hydrogen and the heavy atoms in FSO;stL
For indance, the x-ray structure indicates the covalent O-11

0 2 4 6 8 B 2 W I I8 D
WA‘.

F1G. 3. Pantial stnxture facter:aar 3Fya( Q1+ | a1 300 K and bt 3F gy @)
3t 193 K. The squll s spurivus poirts a1 S A ¥ are d to background
features and &b not contribute significaatly to the diffuse scatier.,



J. Chem. Phys.. V6l 117, No. 8, 22 August 2002

H p—au

! IR

¢ ;’ 11 qam

It u

T L

a1 o
LN

2J ’ % : BIK

0 15 20 25 30 35 40
vA
FIG. 4. 621 AGe171+ 3 3t 300 K and 1b) 3G r) al 193 K The oxyaen

numbers correspond o the inRmolecular anature shown i Fig. | The
boad disances were calasfated wing densiry fanctional thaury Ref. 390,

bund 1o be 0.63 A which & unrcasenably short. Thereture.
the equilibrium structure of un isolated FSOsH molecule us-
ing Beeke's 3-parameter exchange DFT and the Lee-Yang-
Parr comelation function (B2LY P with an aug-ce-pV'DZ ba-
sis set and the intranwlecular disranees between hydrogen.
ad the I, S, wnd O atoms were taken from this stnwcture.™
Intromolecular contributions o AGxydr) were litted using
distances taken (rom the x-ray erywal stricture data lor the
Muurosullinte ion. FSO3™. and the [ FSO3HOSE)™ amon
(Tuble I0.'8 as well as those extrteted from the density-
functional calculations.®

The most impontant features in AGr) (Fig. D ane the
O imiramoleculor peak iz 098 A and a broader peak
approximately 1.6 A thit corresponds tu the intermolesular
hydrogen bond. The solidestate xeray data estimate this katee
distance w be about 2.02 AL presumably due to the excecd-
ngly short OH intramoleeular distance, and this distance is
consideruhly leager than most commoen hydrogen bands.

AL 300 K in the liguid. the hydrogen-bonding peak in
AGyts) is asymmietric and can be more aceurately tited as
the s oftwo peaks centered atl L4S and 174 .\ showing o
1:4 arca matio with respective courdination numbers of 0,15

v

50 ¢4 5P
3.0+ I

e Q) 324 O-F
254 Q-0

2.04

1.34 b 193K

AG, (1)
1.0 T

0.5+ R

A

FIG. $. 131 3Gyrei ) +1 2t 300 K and +b1 3Gyyir) at 193 K. The CGauss-
aas were lited empircally.
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18 20

14 16
oA

FIG. 6. AGiwin hpdropro-busd paak fit with two Gaussias: 130
AG | (r)» 1.5 21 00K and 1b1 AGpir) 21 VA K

ira 0.1 and 0.6l =201, with respect to oxygen or
Ruonnc as shovn in Figs 6 and 7. ltshould be neted that the
coherent neutron seaticring lengths of oxygen and iluarine
are vy similur and oxyyen and tluorine cannet be distin.
guished in this experiment. At 193 K. where the hydnogen-
bond peak is shamper, the two Gaussian peaks are cenicred al
1.4% and 1.73 A and have coardination numbers with respect
o oxygen of Nuorine ot .31 ig==0.1) and 0.80 1= (L 14,
with the arcs showing a 1:2.6 mtiv. The 31% mcnase in
hydrogen covedination, calculated from the Gaussian tits and
clearly illusrated in the running coordination number plot.
provides evidence of a signilicunt increase in the hy drogen-
buond chain kength iand/or chain branching ) upon couling the
liquid. The shil w lower 7 upon covling and the develop-
mem of a mure distinct inflection point in the running covr-
dination number (Fig. 7) are consistent with the presence of
stronger. batterdelined hydrogen bonds at the lower tem-
periure.

FIG. 7. Ruoniag i ber cune for the wiarmokcular O-H
bunl, showinyg the average awnber of oxyyen of furine atoms arvund a
<entral hydrogen 2oim 3t a gives distage, . The solid line represents the
30K dara and Uwe Botted line reprascats the 193 K b1a.
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FIG. 8. Ramaa specta of 120 FSO,M 3nd 1be FSOJ1+ 10 mol % 1,0,

#FSON«10%HO

Insensity (a )

These results imply that there are twe dintinct hydeoygen
bond distanes, o phenmnenon e does st oveur in ntest
wiher hydrogan-botard hguids such as water, methanel, o
cthanol whwre unly une hydmoygen bumding atom  1ype
enists 25573 Thiy may be evidence that there ane hydrogen
tunds to hoth Beine and oxygen m the liguil phase.

In the reported asystal steucture of FSO;HL latea chuins
of malecules are bound exclusively twough S—=OH---O=$
linkages The other heavy-atom distances in the ory stal unie-
wee includes rg_op= LSS A\, reno= 1.412(1) and
13200 A, and rg_g= 1L.330( 11 A. These distnces are ant
atypical. i revealed by a search of the Cambrishge Crystal-
lographic Suuciural Database, wheee the niean distances for
these values were famd to be 1542008 A 1S—F) and 1.4
=0.05 \ 1S=O1, and 1.4220.03 \ ¢5=0.9 It theretiee
appeans. from this study in the liquid state. thot o different
hydeogen-tnauting structaral motil s presan at v et
fowmd in the solid stuae.

The Raman data, shown in Fig. 8, shows that the muhi.
sate by drogen bondunyg cannot be due to 1140 conmimation.
The Raman data wken from FSO4l1 uiul in this expenanmt
i cumsistent with former measurements®! and with the suldi-
o of 0.1 awlee 110 a new vibrativml peak appears at
1080 em ™Y, and this pmk CONLIMICS B jereasye in inensity at
higher watvr conccmintion. The variation of the arca of this
reak with concentieation s il the mal®a 1150 presem
m FSOM 1o be viewally zero by extrapolation.

IV. BISCUSSION |

Flusnnullirie wid is a sirangly hadregen-bound thuid
that is to be cxpected given the slecirercgative nawre of the
ligatimg atoms routd S, Phyacally. itis a highly mobile
biquid with 2 lguid moge of 2338 K iboiling point
21655 7C: aclting pointsa =83.3°Ch. this lng thjusd ange
being i o the hydmgen-bound aature of the ekl Foe
comparnan, the melting aind balmg points of sulfuryl Jif-
lworide.  Oy8Fy  are =138¥7C and  =3547C.
respawinely - a liquid soge of 30.4 K.

Because the ntermolecular € Il bomding pad is st
demcribed with two Gaussians and the distant change in ihe
prefite of dw intennokeculur € -H bonding peak with tem-
peratae, the provemy oftwo pusaible hydregarboading in-
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tegactionns, aamely O—Il1++F and O—11-+-0 s 2 rearnable
conclusion, That Fr<-H bonding may eceur in the liyuid
structury is fod surprising as Thaerine is more electroncgative
tun oxyyen. The phase diagrams of the hydrates of the hy-
drebialiv seids aee rationalized en the exceprional sirength of
the hydrogen bond between 11 and 1. The crystalline hydeaes
ol 1LY e V= BrCh have compinitions weisten as 1LY -all4)
(221.2,3.4.6),% whereas the erystalline hydrates of HIE an
o the T 10-milE (=134 1594 Indond. the low
pK, of syeus NE s been suribated 10 the strong
hydrogen-bouding intcizction ntween 1 and F, which leads
w the fomwtioa of WF:" cven in the presence of a large
statisaeal exeess of wake. In addition, the strongest hydre-
gen boad Koown is betvwevn hadregen ond luorins in the
billeoride won |F-1-F}~. and the strongess cakesbated hy-
dragen bq.tw.cn fonmic acid and the Nuorine ion
[ HCOz-H-F~ ) 44

Nowxrver, the parmal charye awigned te tlotine @ ise-
haed FSO 11 sde ) from u molecular electrodatic pa
wntial analysis, CHELIG, at she BILYE auge-pVDZ lesel
of theory P 15 only =020 clevttons. while ithe panial charges
asshgmed o the uxygen aloms 2 sutwtuntially langer in may-
nitude, at =36 chectrons (S=L b=11} aml =042 and =0.H
clectrons (S=0), It may be noted that the Jintribution of the
cleciron density may ditlier in 2 hivdrogen-bound of whemvise
condensad systenn, where the feemal Nwring of clectronden-
ity between mnlecules, in a 3e-de manaer, and the presence
ul'a diclevtnic may be g aul por ¥ fackrs,

Wheeens the experiniental resolution does aot allow for
the asdgnment ol individual heavy-atom distances, Gyate)
reveals two leatures, an asvateteic peak with a nsaximum at
~ 147 A\ with & coordimation aumber 1" .16 (2= 20N
Nuonne « oxyyens baund to sulfur s a seoond peak with o
maximum st - 241 A with a coonlinatica number of 6.22
(r=%0.0) with respect o ovygen and thorine distanacs
These disances are in sceard with the licratune values, 'S as
well as those envimcted frem the Cambridge Cry wallographic
Stuctural Datatase and the ather literature sources and cale
culations specitivally cited above Jor the dircetly: bonded and
nenbonbkal distances ceapectinely. Given et the sy
atuan strucuns ot tluseosulfuric acid s essentially urchanged
at the o cxypenme ntal iempesisures within the sessluiton of
the cxperintent. the argest change in the stanture of the
liquid is Jue mainly to the change in hvdrogen-bond struce
were. Morcover. this change in hydrogen-head wnture may
be die w o cdunge i the moke feaction wf molecubes hound
as O—11-F and O=L1++0), as 1s shown by the change in
covtdimatten mamber tor the dueuble Gaunsian lits o the in-
tetmoleculzer hydnwencbund peak.

Pecliminary density-lunctiondl theery (iDET) caleutaions
on an islaed domer of tharasuliune acid show thas the
dimer is stable i contigaranons where bath O<tl-+F and
O—H---0 ane prese between e molecukes?? However,
given the multiple aumber W possibls hydagen-bonding
sitex 0 the FSO5HE mulevule, the liquid strusturs s likely 10
b comprised ol'a threseds il istwork. Conseguanly,
whils the DFF calculamws show the inherent stability of
these vpes of linkages, caleulanng the eelative strengths of
these bonds and their temperature dependawe is dilticult due
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to the efieets of nxny-body mtcamolecular interactions n the
liguid state.

Further experinwental and thearctical sk is acaded 1o
claetty the relotine importance of O==bl--0) and O—11-+F
bydrogen bending 0 liguid FSO;EL Modeling ¢Morts to-
wards this cnd are currenuly in progress, utilizing molecular
dymanics and V.7 ensemble Momte Ciarle simulations
that employ perivdic boundary conditions and a custemized
wnam of the optimized potential for liquid samulations
WIPLS) mtermolecular potential uleredd w the change Jdisri-
bution in I'SO;lL

V. CONCLUSIONS

Tiwe hy drogen bond peak profile in the masuned radial
Jistribution meutron dilference tunctien lor liguid lusrosul-
lurte acid is asymmetric and the asymmetry varies in tem-
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reriture. The temperature variation of the mcutron iffe
lunction. combined with the changes in the cunning ceordi-
natien number. imply thar a multi-site hydrogen-bonding
moti Fmay be present in the liguid. Although frum thewe mea-
sureiments the nature ofthe atoms involved in this O—I1+-.Y
boid cannut be detemnuned. due to the sinlarity of the wai-
tenng cross section for O and F, O=dl---F imd O=ll---0)
bonding being simultancou. by present cannot be exclided.
Indeed. a multisite hydnogen-bonded stncture involving only
O woukl imply a frustrated hydrogen-bonded picture.
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The results and reverse Mante Carky analysis of Bilfraction neaarements of BE; in the higuid and
supercritical state are pressnted. Liquid BFy displays order only in the fint coordination sphere
atound the average molecule and there is no intemiediate range order. Liguid BFy s s oot a
luyered liquid. Angular analysis using revere Monte Carlo nwdeling shows that the dominant
strwctunal motil’ in the solid stae. that o predo trigonal bipyeamidal (14 2] cosrdination at B3 is
partially retained in both the kyuid and supercritical phase. though o the latter, this wructural
prclerenee is grealdy redueed. The structune of the supereritical phase  retains  the same
intemmulecular cuntat as the liquid phase, though the structural sites and population of these sites
i» much more widely distributed. < 2003 American Institue of Pysics.

[POL: 10.106371.1604382]

I. INTRODUCTION

The baron trihalides are protetypical Lewis actds and
have swide application as ctalysts in industry and academic
chemical research. The simplicity of the molevular structure
of buron irillucride. together with the small size of the cony-
ponent atoms, has ensurad that BF3 has been widely studied
as an archetype for Lewis actdity.

Thw mlecular structure of BF 3, determined by clevtnon
Jdiffiaction in the gas phase’™> and confirmed by spectrae
wopic studies'?7 consists of a ryoeously trigonal planar
structure of D3, symmeiry with theee tliorine stoms ligating
the central borun atum, as shown in Fig. Wla). The boron -
luegine  distuwe  determined  in these studies s rgg
S L3R A, together with a Huorine Aluvtine distance of
rpp=2.2747 A In the liguid state, infrarcd  spectvacopy
shows that the furmally forbidden breathmg mode is ob-
served. implying that the local symmeiry of the innlecule has
been perturbed. allowin} the teansition. [n addition. the vis-
conity data for liquid BFp islicates some degree of mokeculor
wawviation®? Hlowever, the entropy af evaporation is
much larger than the average fur a aonassviated uid. '

In compafison with the solid-state strustures of the
heavier congencrs, which sdopt a layenad hexagonal pawking
maetil with hittle intenmolecular interactions that imply an in-
temioleenlor L ewis acid-hase interaction V"3 the thiee pub-
lished sructures ot horon iritluoride in the solid state are
complex. -1 The sruetune of BFy inthe solil sate s 128 K
consists of 4 psexde ingonal bipsramidal |3+ 2] cosrdmate

“Elxtroaic mail: jumeraatom.chem uk.ods

A021-5606/2003119¢1316671:0:$20.00
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twon, [omiing a chain structure parallel 1o the ¢ axis'* and is
shown schematically in Fig. libi. This [ 3+ 2] coordination at
boron is found in all solid phases.

The srcagth o the Lewis acildity of the horon trihalides
Iras ublen been assumed to incrcase with the stomic number
of the halide. with BFy heing atypicalty weak.!? The -
male for this chemical behavior is usmally based on the as-
sumed deercasiny sircngth of p= px interaction between
the lignting halide and the boron center with incrensing ha-
lide atomic number. This madel derives mainly from a vae
lence bond deseription and is not fully suppuorted by qualita-
tive group theoretical considerations. where boading s
comiderad as delovalved over conmributing atoms. or more
quantitative studies.® ¥ Morcorver, dn experimental i
dence Jor this trend is not uniformly supportive on clow
cxaunindtion: the Lewis acidity is base dependent. Using the
bond arength of the complex s u measure of Lewis acidic
strength, with weak Lewis basex, the acidity of BFy is the
highest, with BCly being uncemplexed in contain cxses 3142
There is debate as o the reaswn fue the observed acidity.
Argrnents spxa from the thermodynamic, where the ground-
state clectronic structure and the degree of p p o interac-
tion between Fand B is the detinmg fuctor for the obsenved
wrder and bund steength. to the Kinctic shere the rearrange-
ment of the ligating alems at boren controls the Lewis acid
.uu'cnglh.""o

In order W clucidate the prepensity for intermoleculor
Lewis avid-hase aueractions i o phase with o o priori or-
dening. the Liquid sirsciure of By s closely exammed in the
superenitical state :ud iust shos e the temperatune ol fusion n

< 2003 Amesrican Institute of Physics
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FIG. 1. The mulecularstructure of BF, in the s phase (Refs. 1-Miarand
in the solid staze 1 Ref. 90 1b¢, togetber with ibe stnctwre of BBr, inthe swlid
e,

the nuemal fluid using neutron ditTraction. Other diltracuen
data ane also recorded at two temperatiures at wheeh the
sample is liquid and one at a superentical emperature. By
structurally examining o sample where the densitics are of' a
similar magmitude to that of the solid but where there is an
absence of long-range order. the degree of association be-
tween the molecules may be axsessed. In principle. com-
pletely isotropic armangements of melecules nxy occur in the
absence o any inteawleculur interactions. Given the obsers
sation of the |3+ 2] stcteral monf in the solid and the
apectruscopic evidenwe, ™ there is neason to belivae that these
ntermuolectilar Lewis interactivns may cxist in the liguid,
implying that this motif is encrgetically lavorable. Evidence
15 presented from the measurentent and analysis ol the total
structune tiwtor that, locally, this <tructural motit” is indecd
partially retained in the liquid state within the tiest coordina-
tion sphare of the average molecule, but is last or strongly
decreased in the supercritical state. The analysis is under
taken usmy reverse Monte Carlo 1 RMCY modeling. 2

Il. NEUTRON DIFFRACTION THEORY
AND EXPERIMENT

A, Theory

The lack of comrelation between the atomic nunber, Z,
and the sgength «F the ncutron aucleus mtersctien anisiees
that ncutren saltening is the peemier technique for the struc-
ral investigation of samples which are partially or Tully
composed of “light atoms.” i.c.. those with low alomic
numbe3!-3

The quantity meaared in a settron ditfmelion experne
ment s the differential seattering crons section, o J1),
where

do  da dr

T e 3 P EPOUN+F()
a4

th

PaQ.0 s the inclastic contribution. £ Q) is the tolal
stctctune Factor arising from the “distinct scattering ™ contri-
bution, ¢, 1s the atomiv concentration and b, the scattering
length of satope . Fyt Q) s eelated to the Fuber Zinan
ronil siructure Jacters, $,4000 by the tollowing cquation:
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The Fuurier wansfurm ol any stanture factor sichds the
assovitted radial distribution function, Goggyt r). which is the
sum of?the respective atom- atem  somvlation  functiens,
Sastry. cach weighied by concentration and the bound co-
hereat scattering length of the alomic apecies. Syl 1 os
related to the 1otal rdial distribution Tunction Gyt 11 by the
Iollovemy eguation:

dap [
Spaat (15 | 4 —mn J Pl Gry = Dsin Qr 3.
P Jo

‘e

Cgr,try isshown in Eq. (41 with the apprapriate weight-
ing tor cach partial pair corrclation function

Ceng,l 13000805t r) +0.403¢ e +0.51 Tegpr e,
id
From By, )it is evident that the ttal steucture factor is
dominated by ggptr) and geptr). The measurement of the
wtal steucture factor s, theretore. the mast appropriate
methed 1o ivestigute the structure ot the liquid, given the
weighung camstunts for this systan.

B. Experiment

1. Somple handling and preparation

UBE, wus purchased thom Ozack Fluorine and used
without [urther praitication. Mass spectruscopic measure-
wents ostimated the B concentration to be ~0.33% and the
sample alse contained a small amount of hydrocarbon con-
mination. Using a Moncl316 S8 high vacuum line.’®
236Xy (1.634 mol) of "BE) was condensed inte a volume-
calibrated. null-scatiering simple container>® constructed
trom uwaivm  srconivm alkw. under high vacuum and
waled. The ample cell volume was luund 10 be 301 cm™3,
Prewsure i the sample container was awtogenous and, there-
tore. controlled through 1he temperture of the sample. Sa-
licat thermuady namic data fer B3 are shown in Table [

2. Diffraction experiments

Diffraction experiments were performied on Glass Liguid
and Amerpheus Matersals Di Nectometer” at the IPNS tixcil-
ity at Argonne National Laboratory. Data sats were collected
at M=) K 26622 K, 25322 K, 20322 K, and a 153%2
K wwr a Q range ol .3 40 AL [he neuteon dittrastion Jata
were corrected for container saattening, attemsation. absorp-
iten. muluple seartering. and inclastic scaitering using stin-
dard analysis procedures.® Because thene was a small
amunt of” hydrocarbon present in the sumple, mitially the
300 K Jdata was constrained in the fina peuk ol the real spawce
data to gne @ covndinalion manber of J80=0.10 F atems
around a single boron atom. Integration o' g, 4(r) gises the
covrduwtion number of atoms a arouml /3 aloms Iiweun
e distianees. £y and ra:



J. Chim. Phys.. Vol. 119, No. 1. 1 October 2003

TABLE |. Therrmodynamic values for BFy.

Tu K 146 To K m
| Y 3 2608 P oaen ' MP2 2658
PR galic]
X 153 203 285 26 00
P 18.87 700.03 51582.9 783408 1711387
ol Nhateast A
TR 15322 203=2 1322 2622 Wo=2
» 0.042 0037 0.030 0028 0023
Cakndsied vir by P= 692 1 5~(063463:T~ 30.VS).
YEffective Jensity,
K By .
agiry=dze p , Zagirwdr. i
- 'l
3

where p corresponds to the atomic number density.

In order o stisty this coordinaion number condrain,
the number density of the sumple at 300 K was adjusied. The
remining data sets were cemveted by constraining oscilkae
tions at high €2 in Sgg, () 10 match that of the 300 K Jdata by
udjusting the munmber density at eachudiferent state point, the
cIfctive number densities for each data st are reperted in
Table 1. This contmmt was venified by the coordimtion
numher of the B F peak in the real space imnsturmation off
vach Jaw set. The coordinution numbers are 3.01£0.10, 3.03
=£01.10, 3.0020.10, and 295 20,10 in 200, 233, 200, und 133
K data scts rospectively.

ll. RESULTS

The corrected diftfraction data at the tive experinwenial
wmperatuncs fur Y'BE) are showa in Fig. 20a). with the as-
sowviated real space rdial distribution functions in Fig. 2¢b),
shown as 47 prGggtr) where p s the density (Tuble I, [n
order to walyvze the data in a mare quantitative axuwer,
RMC madeling was winlentaken using a system of {0 bo-
ron atoms aad SO Nuorine atoms, coastrained to satisly the

0 4 8 120604
QA*

FIG. 2. 92 Tutal sinxcture Bxctor: 1) ;g () a1 153 K ¢iid Sip (01 + ) at
03 K st Spp,(Q1+2 at 253 K tivd Sy (143 2t 266 K and ow
Sar,(@)+3 a1 200 K. The circles ane the dt 2 and the ¥ne i dre smootked
it tothe dana. ibi Total digribusion finction: 1iv & =p rGre (1) 21 153 Koo
170Gy (+2 a2t 208 K viib d7wGry (n+d 2t 25} K aive
707Gy (N +60 2206 K 3nd W 470 rGur (1) +8 21 300 K.
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FIG. 3. ¢31 Tenal stnactune Bactar tiv Sgy (@142 2t 300 K 30d 43 Sgr, (Q)
153K.+b) BB panial anxture factor peoerated fom RMC vitSpu Q1+2
300 K aad did Spd Q) at 153 K, «c» BF partial structure factor generated
frorm RMC (i1 Sip( Q1+ 2 21300 K and iiis S Q) 3t 153 K.« FF pantial

snature BxctrSp<Q) genersied Froay RMC iy Syrd Q)+ 1 8 200 K and ¢ e
Si{0) 1 18IK.

neutronically Jetenmuited densitics and the structurally deter-
minvd intramolecular constroints of distunce amd coovdina-
ticn numbxr.

RMC modcling has heen widely used tor ihw interpretae
tion of disurdercd systems 247 RMC generates a possible
cunfigurdtion that is consistent with the data I 50 this
mudeld 15 often assumed 10 B the most disordered structune
that is consistent with the Jdata.*® There is debate about the
precise physical meaning ol an RMC moded, given that when
such a molecular conliguration is used to caleulate theano-
dyaamic propertics, the encrgies that are caleulated are witen
high. owever. it the ascertien that the struciune o) the RMC
modeld is vae of the most disordered consistent with the data
1s comeet, then structure evolved in the RMC avedel must be
required in order W it the ohwened dat. It should be
stressed it RMC gives mxe possible configuration wiul thal
this conliguration is aot inque. RMC tits to the ol strue.
e factor at MM and 153 K are showa in Fig. Ma and the
RMC exiracted panial sructure lactors, Spgt@). Sgri Q).
Ser). are shown. respestively. in Fige Jba- .

V. DISCUSSION

As the difraction pautems and pair correbation fioxtions
contain contributions from both the iiras and intermolecular
structure, the discussion of (he data and asseciated real space
lunctions is divided inta the intranselocular structure and the
intemmolecular structure. Figure 4ia) shows tx intamolecu-
lar portion of Gar(r). the assaciated contribution to the
dilaction pattem teom cach intremolecular pactial steucture
luctor is shown in Figs, Sib--dud).

A. Radial Intramolecular structure

The rudial molecutar strtcture is casily identilicd in Fig.
Jdia), with the buren -tluerine and lucrine - tluorine intrano-
lecukir vectors apparent at L3220.02 A and 2.2920.02 A,
repectivedy, aml is consistent with the presnce of a theee-
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FIG. 4 | tecu P RMC 130lid Gnet and chna
scirchen), 121 Teaalpair comrelation fimstion +is Gye (£3+ 1 31 200 K and «ibs
Giwdr) & 153 K 1bt inmulacdlar struchae facter mulliplicd by @ fr
clarity iis QXSTT(Q)+ 1 4 300 K and »iis QxS:::tQ) at 153 K «wr
Inirzmokecular BF partial stnucture fctor vis QX SO+ 1 a1 300 K and
4 @x SN @) ar 153 K and 1dr | \culy FF pastal Extor
 OXSIYNP)+1 2 300 K and b OXSFIQ at 153 K.
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0
QA

coordinate Rvon atom with Dy ssmmary, when the FBF
angle is caleulated trom the distances shown in Fig. 4. At
cach temperature the intriemwlecular bond  distances are
identcul, showing o temperature dependence of bond
length. Alse of note are the sharply delined mimmma in all the
data at 2.5520.09 A. This Jistasce comesponds with the r-
dius off BEFy caleulated tfrom the density and assuming no
isotupe ctleet on the sructure from boron-l 1 (7 geniny
=135A).

Dy, symmatry is known 10 be lowered both computa-
tivnally and experimenwally upon cemplex lomuation. -4
Givem that the inlrared spectroscopic studies on weakly
haud systans show a kngthening of 7gp in all casex, the
measurenients presented kere at all iemperatures show a dise
ance which ts in accord with the unpenurbed molecule. Thas
wun be interpreted qualitatisely as indicabing that any axial
interaction in the liqud and the supereritieal luid is weak
and i the molecule is stmicturally perturbed by this interace
tivn. then therpenturbation of the molecule that is below the
seasitivity of these dilraction measurements. This interpee-
tatten is additienally supported by infrared measurements in
the liquid l\hasc. which slow no sdicanon ol sieng Jimer
formanion,'® the spectrum of the dimer having been vecorded
frem mulrix isolation experiments.®* The infrared spectrum
of the wlid shows the presence ol the ay breathing mode,
which is forbidden Tor a purely Dy, molecule. ¥1%¢% 5 reault
shich allowed the prediction of Be «<F++<B bonds i salid BF,
poor 0 the x-ray stroctwoul daemination®® e infrarcd
spectrum reorded trom the liquid phase also dows the pres-
cace of this band. Envirommnentally wuduced changes in tran-
sitions hase been abserved betore, ospecially on changing
phase from, tue cxample, the solution phase to the solid sate,
where degeneracies ane ollkn rused due 10 a lowenng of
tocal symmenry: the appeariunce of torhidden bands is rarer

AcLain ot ot

L=

0 ¢ 8 13 16
QA

FIG. $. Inemolocalar stnxtaze canparison. RMC isotid linese and daa

wircless. 1a» Intamol ccular strectiure factor +id SErX @)+ | 31 300 K and vid

SO a1 153 K and obe o kxubir paie disribotice fanction ¢

Ggiir) =1 2 W0 K and vt Gy a1 153K,

on phase chunge though recently. clegant caleulations have
been used 1o deteamine the mechanism ol the ingression off
forbidden bands. admittedly in very different sysiems. -4

B. Radial intermolecular structure

The courribution of the intermolecular structere to the
ditTraction pattesn is shovwn in Fig. 3@ with the real space
counterpart shown in Fig. Sibi. From the RMC model that
best fits the duta the partial struciure focton and the associe
ated pair corclation functions can be extrnied. and thewe ane
shown in Figs. e and Giby, respectively.

The greatest change ocours with the borow - 1luarine and
the flusane - tluonne pair correlation functions whenss the
boron buron pair corrclation function emains almost une
changed with physical siate: given that the interaction be-
tween malecutes wiall most probably involve i B-F interuce
tion, the changes in bath Buodne pair correlation fuactivns is
unsurprising. The ditfraction patteen tor the twa supereritical
state puints is alse domigated by the limit behas tor of (O,
i.¢.. thut

2
2 1 keToxr. i6)
i

dr:
Jinm | —t =

p—o dit
whvre &g is Boluman's constant and yp s the isothenmal
vompressaibility i accord with other geutron dilfraction ox-
periments on superesitical Muids. -7

Iis lew from the ot intermolecular pair cornclation
function that the liguid is more structuned than the supereritie
cal tluid as the disteibution of sites in the supererical Muid is
far broader. The population of sites is also more equal and se
dilterences in spatial Jistnbution of sues and the population
of these sites m the supereriticul Nuid s smaother than i the
liquil: this is in secord with the conventtonal picture of the
structune ol a pas, thatgh the deasity of a supereritieal tluid
is greater than o nommal gas. With the increase in density.
there must necvssarily be an increase in structure. Howaer,
the mtermolecular contact remains almost identical i both
phises. thoeugh the ocvupancy of this closest contint is much
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FIG. 6. RMC generted panial emactare 2o S, Q). for BF;, with ihe
slid lize representing 1he suporeritical floid 21 300 K and the drcles repre-
senting the Kquid praac 3t 153 K @) SgaQ). 1515 (@) 30d 161 St Q).
RMC genarated pair distritutioa functicos, g, 4(7). for BF,, wilh the sclid
line representing the supereritical taid at 300 K and ike circles represeating
the liquid phase 2t 153 K. Wb g 7). 1e) gua{r). and @ grir).

lowee in the supereritical Hluid. The liquid and supercritival
rhases are not simply the same structure, scaled iceording 1o
the density  there are signiticant chemges both in the occw-
pred tructural sites and the population of these sites whercas
the closest intennulecular contact remains the same,

T difiTaction patiern and in particular, the i sharp
diffraction peak, also shows that liguid BFy is nut a layered
liguid. ™ in commst 1o assertions made trom thermody-
e measurenients.® The liguid Joes show structure my the
list covrdination sphere, which is detailed below in the Jis-
cussion of the angular structure extracted frum the RNIC
madel and which implics & disposition For same quasicopla-
nat vsrivntational pretveence of the BEy plaws in the lirst
counlination sphere enly. There is o evidence for intermes
diawe range order. which, for the pumwses of this discussion,
constitutes the Jetinition of a layered liquid.

Figure Tiannd shows the difference in structure betwesn
the ligquid sate and  the  supereritical  state,  where
dmp r(in’;"‘ Kry—dmp r(;f{‘;”:"(n is shown. The major dil-
terence is the cemoval of structure in the tirst coordination
sphere. Figure Tiaiih is shown tor comparison and shows
dzp :'Gg?“(n—'twp r(ig’fln. ic. dilfenence between
the wvo superenitical states. [a this case, the change is struc.
ture is bar less and shows that the site distmbution and site
cecuputey is more even in the supereritical siate, as ex.
pweted. Figure 7ib) shows the dilTerence in RMC pastial pair
distnbution lunctions, g, 5 r)=g§,‘} N r)-gff,'n(r).

C. Angular intermolecular structure

The radial ganictre of the fluid s directly obsenvable
Irem the Fourier trunstonn ol the Jiflraction Jata, \s with
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25,

A

8) 34m01G,, (0 il8g™ 0

"

4 oA &

FIG. 7. latermolecular differences for iav ictal pir Astritutica (uactions
uhere M 70rGRtr)=37 rGRSF1= 320G “(r) oiv
3425 rGay. “tr) a0d i 3320 rGy} Str) 3nd 1B RMC catrated ponials
where 3g.,(r)=gly 5in) = L3 Tir) it Sgadr), 6D dgatr), and dib
Agsvlr).

any sample that displavs macroscopic angulas invarianee,
there is no angulur dats that is Jirceily measurable. However,
from the RMC el best it w the data. it is possible (o
cxtract angular infonmation 1tem the model. with the some
caveats as stated above for the reliability of the physical
picture of @ RMC muodel. In order to visualize Ww angulur
structure Irom the RMC model, two sets of angulor disinbu-
tions were extructed from the madel. Figure 8 shaws the
angles. distances and constraints that were used as param-
Clars.

# was ¢ither fixed a1 90% 10 or IRt unconstrained: e andl
B were then varied in 17 ingrements from 07 1o ERO?, and the
mmber of boren or Muorine atoms a1 the intramoleculas
boron-uorine bond distance were counted. This extraction
was then perfenned at steps o 1.520.25 A alung ryp ot rpg
1Fig. Ni. giving a picture of the angular disiribulions in | 2\
shells arcund the average molecule. This tvpe oF extraiction
wits perfomied on the fowest temperture data at 153 K.
when BFy is liguid, and 2t 300 K, in the supervritical siate.
The angular extractions and the purameters ane collected in
Table 1L

The results of these angular extmctions are shown in
Figs. 9 and 10, Figures Xa) and *Nbi show the unconstrained

B ERR )

{a)

®)

FIG. 8. Salka) angles for amrest nighbor iataxctions between two BF,
melacules ascd as stractiera ) paramxcters for the evlracted RMC 6t 1o the dara
@ving the angular distribution of 13 the BFD teiplet and b the FRF triplet.
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TABLE (1. Pasuneters for the angular cxtrations fom the aue awdels of BF,

Mclain of 35

Eunctica o i o 8 i
HFR conuraioed 28 rp 0.8 [URPRESE 1] w10
BFA uncorstaainad 35 rw08 unonstrained
FBF comstrmnad e 2808 03180 v =x10°
FBF uncoasmiced pA LY AN ¢ unccasraized

BEB weaplets for the nonnal Nuid and supercritical luid, re-
spactively, and Figs. Her and Hd) show the same lor the
I'BF tiple. Figures Wvar and 10k show the constrained
BFB eriplets for the aormal thind and superentical tnd, re-
spectisely. and Figse 1) and 106dh show the constrined
IBF wplets in o smilar manner.

M the longest distinees examined around the average
mulecule, i.c.. beyord the tird courdinativon sphore, in bath
the supereritical and normal tluid. the angutar distributien is
ssotropic, Lo thers is no netangular distabutien., Chis disws
that any ordering in the liquid and superceineal luid is con-
tined 1o the tin cosrdination sphore of the molecule and that
there is o fay ering or intermediate range order.

D. The BFB triplet in the nommal
and supercritical fluid

The constrained BEB inplet [Figs. 1 and 10i0)] ex-
amines the avial courdinativa ol the avmge BFy molecule
with a llwonee wem i the molecular swarest acighbor. Thes
triplet shows a dismet preterence fur coondoation axially st

both sate peints and this preference deereases as rgg in-
creases. Mageos er. this structural preference is far more evi-
dentin the nermal uid: it is unsurprising that the stacture
of the peecnnical 1tuid is fess dependent oo thes interaction.
At alb temperatures there is 2 significanl isslrupic comsas-
nent, the limils of which are constrained by the steric impo-
sition o’ the proximity of the average molecule al the -
teular diskawe. However, it is evident then that e avial
[342] soordinamen in the solal is rewined in the 1o cove-
dination sphere. thougly at both state points, there s also o
signiticant proportion ol the muolecules that display ae onicn.
tational preference. The distanees lor the axial ligation of B
in the crystal sanicture ane found m 2.78-2.85 A\ 18

Onee the Jistee between the B atom in the averige
muleculs amd 1he extracted FB atom pair bevones sullicient
that mateopic oficntation becomes sierically possible, past
~3.75 A a proporion ofthe molecules assume this disposi-
ton. over which an avial contetdution is also adided. In the
supeeceitical Huid. this s Far less appareat.

FIG. 9. Unconsirainad tplt counts
for BF, x 153 aad MO K ¢Areing e
angle betaven diffenaz tmokrouks 3t
g 304 1y, nteroolccudar distanies in
Heps of 05 A.
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b) connrained BFD wiplets, 300 X

Structrs of lIquid and suparcritizal BFy 6577

E. The FBF triplet in the normal and supercritical fluid

AU the closest distance that the imteraction between the
awverage molecule and the nearcst aeighbwr, a dual disteibu-
ten is obseryed. retlecting the tilted nawre of the molecule.
The double nusunum is obsen ol dueto the presence ot Fg,
and Fg,. as illustrated in Fig. L.

This distnbution reoceurs in the extraction a1 4.25 A,
with the distribution benween thwse two distances showing a
yuasi-istropic distribution, Bevond this distance trem the
average mwlecule. the distribution is smooth and becomes
isotropiv. .\ diagram of the angular Jdistribution at the maxi-
mum number density with distance is shown in Fig. 12,

V. CONCLUSIONS

Liqwd and supereritical boron trilluonide both display
orivnttial structure within the tirst courdimation sphere.
The steuctural motil, present in all phases ol the solid struc-
twre. is retained in the hquid 1o same extent. {tis clear that
the intermaoleculor Lewis acidebase interaction is lavorable in
the liquad. showing that competition between the intermo-
levular F B wadonation is competitive with the intmamolecu-
lar Fe-+B mtcraction. However, given that this is steucturally
evident. it is clear that thw inteumolecular ps p= interaction
is ot sullicient to prevent intermolecular 17«8 Lewis acid-
hase interactions in the abvwenee ofa priori oricntational con-
sty implying that the Lewis acidity of BE 3 is not sulely
a function of the valence bond intemoiccular B pe pw
denation. There is also no evidence of a dimeric structure in
the liquid state,

258

FIG. 10. Ccrutrained iwith rapest lo
« in Fig 31 tripkt caunts for BFX at
153 and 300 K showing the angle be.
tueen differemt mokecules at 7BF and
rFB intermolecular dislances in steps
of0S A

The supereritical thud also displays a slight orientational
nteraction between molectlles in the  lint coordination
sphere: morcover, the intramolecular contact in the super-
crilical phase 1s identical 1o that observed s the liguid. The
supereritical phase is characterized by a wider divribution of
sites in real spaice than the liquid and the population of these
sites is also far mare even than the normal Muid. Accordingly.
a model of the superentical state that is ¢ither entirely un-
structured, by amalogy with a pertect gas, or is simply a
hiquid nucture scaled by the density is not supported by
these mesurements.

We. theretore, conelude that liquid BFy is partially ass-
ciated on 3 local seale i.e. a seale that spans the fiest coordi-
nation sphere, in a manner reminiscent of e crystal sie-
wres. Though the tluid is isotropic beyond this distance, as
far as can be determined by dilfraction experiments. the in-
teractions within the lirst coordination sphere clearly domi-
nate the behavior ol thwe liquid. We note that accurate and

Fexa

a8

Foots

Fum

F.

. "'llwa

FIG. 11, Axial BF, imermolecidar interactions,
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NA 1234 ANA aMA oA

FIG. 12. Axial intcractions in liquid and superailical BF,. showing b
drasity dorivd radius, acaled relative 10 the BF bond Iength, aad the
vricntation of the aaximum io the BFB (ripkt.

clegant theanady nomic measurements by Calado have been
interpreted on the basis that liguid BFy is a “layered liguid.”

a structural medel that is retited by these measurements it

the detinition of a kyvered hyuid is that conventionally used
in discussions ol liquid structures and implics intermediate
eange order. However, there is some degree ol wrdering in the
1inst coordination sphere, Calado’s supposition, ¢ven though
classical thermodyvixunics is formally ignorant of the struc-
ture of matter, is inuiive as. in the absence of any long
range forees. the dominating interaction is that betwween near-
oSt neighbors, the angular and radial disposition of which
nply a preferment For a psendo-planar dispwsition of mol-
ceules not valy in the tirst coordination sphere.
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Structure of Liquid HF

On the Structure of Liquid Hydrogen Fluoride®s

Sylvia E. McLuin, ChrisJ. Benmore, Joan E. Siewenie,
Jucob Urquidi, und John F. C. Tumer®

The liquid state is the most complex phase of mattes.
Deasities of Jiquids are comparuble to deasities of the
solids, implying 1hat the forces between particles in the
liquid are of the same magnitude as thase [orces presens inthe
solid. However, there is nosimplificaticn due to the prescoce
of a lattice and no satisfactory analytic theory cf (ke liquid
state exists. However, despito this complexity, the liquid state
is an cutstandingly important chemical milieu in which many
1eactioas take place.

Strongly assaciated fluids are panticularly complex and
the structwe and propentics of these fluds provide an
exacling and stringent test of theory. Here, we report the
fint investigation of the strocture of hydrogea fluvaride ot the
level ofthe distrihutionsof pairwise interatomie distances the
partial pair correlation functions.

Liquid HF is an important chemical and it is widely used

Y

in the petrochemial industry, as a catalyst for hyd: n

Angewandte

simplicity of HF makes it an attractive model for strangly
hydrogen-b That hydrogen boading should be
s0 imporaat to understand aced not be reilerated, once the
impartance of this interaction in structural binlogy. materials
science. chemistry and physics is appreciated.” ¥ This impor-
tant, directional strectunl intcraction is responsible. inter
alia. forpsoicin coaformatioas, the stability of tbe structure of
DNA acd the propertics of water and other msodated fluida

Both the bulk propertics'**! and microscopic stroc-
turd™ ™ of HF have been the focus of intenso theoretical
investigation; thero have been many caloulativnal approaches
to the structure and properties of HF using a variety of
methods* @ * The overarching fealure of these aloulativns
is the camplete lack of experimental data with which to
compare (bo results of cakulation at the pair comrelation
function level. The oaly structural data reported to date ase
twotodal structure factor measurementsfor DF at a variety of
thermodynamic state points™ > Given that the total struc-
tuze factor is the weighted sum of the pastial structure factors,
it is unswprising that there is a varance in the results of the
cakulated structural models of HF at the pair conrelation
function level.

The hydrogen bond is the dominant feature of the
structural chemistry of HF in all phases: the solid is camposed
of unbranched, dgag chaind? while the vapor is compased

A

management. and in the glass and cpomis industries !
Academically, ils superiar propertics as a solvent have
found application in both organic and isorganic chemistry,
and the superacidic properties have been explaited in both
disciplines in the study of reactive intermediates and reaction
mechanims*4That 1hcse highly desirable propertics are not
more widely applied i maialy doe (o the cxcoxdingly taxic
ond corrusive nature of the material!¥ which is severc when
anhydrous and only somewhat | d in solution. ledced
given the propestics of liquid HF. it has been stated that 1he
calculation of its properties is 1o be preferved over nicasure-
ment.¥

The true imporance of this fluid Joas not solkely rest with
its industrial asd academic applications: it is the smplest
archetype for the strang hydrogen boad, and the melecular

1) Dr.}. £. C Tumer'
" P Consants
Unrversity of Townessee
Cnoxville, TN, 37996-1600 (USA)
Fas: (+1)863-974.3434
E-mail; jturner@atom.chem.utk.edu
S. €. Mclain
] of Chemistry, Uns y of T
Kncmi¥le, TN 379961600 (UsA)
S. €. Mclain, C. ). Bounore, ). €. Siewenie, ). Urgwdi
Intense Pudsed Neutron Source, Argonna National Labovatory
South Cass Avenue, Argpnne, IL 604394814 (USA)

[**] ‘Theauthors thank Ms, 8. Marzec (IPNS), Ms §. Linton (APS), Mr.C.
Kurez (APS), and Mr. T H. Free (University of Tennesses) for help in
:hfadmuonofd-«capdmmn and Or M. L. Wetn snd D¢
P. E Egesrfifor hughly 8 and stirudaing d
This wark wes funded mmhmowdm No. W
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and Depars

of cyclic oligomers and clusters!™ 1n the liquid, the macro-
scopic propertics are consisient with strong hydrogen bonds
thaugh untit this report, there has been no experimental data
to confirm this at the pair correlation fuaction level

To determine the atemic siructure and therefore the
hydmogea-banded nature of HF. highcnergy X-ray and
neutron diffction mcaswrements were perfisrmed on sam-
ples of HF and DF a1 296 £ 2 K and 12 £ 0.1 har. Botb ypes
of radiation were used (o provide mpkmmlarymlnmmum
on the structure.FY X-mys scatier from clect y,
weighting the contribution of each atom (o the scatiering
pattem by Z the atomic number. In contrad, the interaction
of neutrons with maltes is dependent on the composition of
the nucicus and therefore the isolopic aature of cach sxmple
defines magnitude of the scattering interaction. Assuming
isostructunlity between istopomeric samples, it is possible,
by waking linear combinations of diffractioa patterns, to soive
the structure (actor equations asd explicitly detemnine cach
of the individual structure (sctors. This technique bas been
widely applied w0 diffractiva studies of liquids® 'Y as well as
other disardered systema!”! The pair correlation function is
telated to tho scattesed intensity by Fourter transfommation as
given in Equation (1), where p is the atomic nwnber density.

S0 =1 - [ dGin)- s Oryer n

Extractivn of the partial structure facton therefore allows
the determination of the distribution of paireisc atomic
distances—the pair comrclation {unctom

The dilfraction pattem of a sample of IF, callected with
radiation source A and written as SN(Q). is related to the
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partial structure factors according to Equation (2). whesedy,-

SNQ) ~ o SUAQ) + SN + 20, S0 (0)

(Y.Y" =aH F) is the weighting of the scattering from Y and Y’
due to number density and the inherent strength of the
scallering interaction.

For neutrons this (actor is @riticn as a3y =cy 6y byby: for
X-rays it is a3y = Yo Sy (@) fv(Q), where cy is the qumber
density of nucleus Y, by is the elastic coherent scattering
length.™ and £,(Q) comesponds o the form factor, The
weighting factors for these neulron and X-ray experiments
are shown in Tabk 1.

Our measured neutron diffraction pattern of DF is
presented in Figure |. The diffraction pattemn from our
experiments is in good agreement with that of Deraman
ctal} Given that the structure of the fluid at the partinl
structure factor kevel is determined solely by Sy0(Q). Sur(Q@)
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Figum 2 2) Parthal suuciurefacion, Se(Q). 5,0{Q. and 5,(Q). b)
partial pair carrelation Ancsions, L.o(Q): £ (Q). 3nd £u(Q).

Table 12 Weighting faciors for DF and HF ep and X.ray

»

DF HF
nevuron nevtron

xny
0A”

Xy
1A

the pair cormrelation function level.
2us(r) illuminates the key structural
feature of the liquid, (e intermo-

Xeray
10A

[ AR} a.0350
00739 Q0799
0.1886 -Q.1057

0230
20250
4300

0.191
1233
1M

B8P

0000
Q438
00

lecular hydrogen bond. The inter-
molecular peak position in gyy(r).
Py was found t be 150+ 0.04 A.

05

R R
P

“d

Agure 1. Tatal structure f acser for DF measured by neutron diffraction
(cirdes) compared with previous diff raction measurements(solid
ine).?*

and $1p(Q). the collection of X-ray and neutran diffrction
data un three isotopomeric sumples allows the extraction of
the partial structure factors and therefore. by way of Fourier
transfarmation, the pair comelation functiont These are
shown in Figure 2a in reciprocl space and in Figure 2b in
real space.

In the Fuurier transform of the diffraction pattern of DF,
the intramolecular H-F peak pasition in the Gly(r) is found at
Ay =093£0.02 A, in good agreement with the previousty
determined  distonces in liquid DF, namely 093 and
0925 AP

‘The pastial pair correlation fuactions, giu(r), gur(r), and
£ () (Figure 2b), define the radial structure of the Nuid at
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This relatively short distance is
indicative of a very strong hydrogen
bond. Morcover, the average intormolecular hydrogen—{luo-
rine coordination number, detarmined (rem integration of

Bia(rh where cyp = 439 [ Fy(ridris given by cyp 2 0.86 &
)

0.10 which consistent with the presence of hydrogen-boaded
chains which are short and therefore not infinite. This result is
in agreerpent with Raman and IR spectosanpy studies which
have been interpreted by using a mode) with chains of six or
seven HF maleculest™

Bun(r) shows a large peak ot ry=21+01 A with a
coordination number of ¢y = 1.69 £ 0.10. This peak extemis
intotheregioa at lowerr and overlapswith the intermolecular
hydrogen boad in G (7). This phenomenon has also been
noted in the simulation literature. though at a different
thermodynamic stale point of the liquid.™! The accurate
scpartion of the overlapping peaks in g,y(7) and gio(r) as
well as the extraction of the g, (r) function, is essential in
understanding the complete structure of the liquid as well as
in making accuratc comparisons between calculational
nuxdels.

The first peak in gye(r) (Figure 2h) occurs at 7 =251+
0.03 A with a coonlination number cpp=21£01 A. tn ad&-
tion. gry(r) shows severalpeals oaaring beyond the first peak,
these peaks having been predicied to some extent by scveral
simuhtions -2 wijth the abinitio molecular dymmics and
@u/aM simulations showiog the closest agreeroent.

Angular information is availsble from a diffrction
patemn from a liquid in a limited manoer and represcats a
statistical average of the bulk configuration of the fluid.

Taking the pcak maxima from the extracted pair come-
Iation functions as the basis for intermolecular angular



calculations i instructive. The average H-F-H angle gives an
indiction of the lincarity of the hydrogen bonds and wos
found (o be By, < 1048+ 8%, indicative of bent hydrogen
bonds. The polarizable pair poteatial model predicts this
value most accurately al Oy, < 107°, although the bond
lengths in this model vary from the present work ™!

The average F-H-F angle is found (0 be 8,y¢= 165+ 10°
and defines the degree of oricatation between different
molecules in the chain. The most accurate coiresponding
simulation value, from the ab initio MD calculations, is 0y i =
156°.f4! Both non-polarizable and polarizable pair potential
models predict this angle (0 be 8,y = 180° 1

The degree of chain branching that accurs in the liquid
alsovaries widely between the differeat models, ranging from
0%% w 20% branching*! To viawlize cur data and to
assess the degree of branching we chase 1o model our data
using reverse Monte Carlo (RMC) modelingt* <! Widcly
used in structurl studies of disordered systems. the RMC
madel is thought to give the most disordered cunfiguralions
that are consistent with the data!** * and has the advantage
that no pateatial is prescribed in the calculations. The RMC
simulation was performed simultancously on the three
measured pantial structure factors using a cubic box contain-
ing 5000 HF motecules with the constraint that the average
coordination numberand peak pasitions in the simulation had
to agree with the values obtained fram direct the Fourier
transfarm of the measured partial structure factor data. A
comparison between the RMC partial structure factors (solid
line) and the experimental partial structure factors (drcles) is
shown in Figure 3.

s

A T
o 4 ] 1”2 16 N
YA —
Figure 3. RMC fit (solid line) to the experimental partial structure fac-
tors (cirdes).

A snapshol of the RMC simulation (Figure ) indicates
that short, winding, unbranched. hydrogen-bonded chains
dominate the liquid state. Integration of ghy*(r) to 7o, ~
215 A. reveals only 8% of the molecules form branched
chains this compares to values of 35% predicted by the ab

90,0

Mxm 4 Two representative molecular groups taken ffom the RMC
{ show winding hydrogen.b d chelns d the liquid

structure.

initio simulation and 7% predicted by the polarizable
potential model."**!

In summary, diffraction data from liquid hydrogen
floaride at the temperature and pressure of this measurement
is consistent with the presence of shont, bent. strongly
hydrugen-bonded chains. with sirong interchain interactions
and very little branching. Despite the strength of the hydro-
gen bond in the liquid, the chains appear (o be curtailed in
length at around an average of seven molecules per chain.

As well as defining the structure of liguid HF at the partial
pair comrelation function level for the first time, these data
provide the theoretical community with detailed experimen-
al information required to improve simulaticas of HF and the
methods for the calculational investigation of strongly
associated fluids.

Experimental Section
Isotopic sampics of HF, DE. and an HE, (DF,; mixture wereprepared
as descrihed dsewhere. ™! The demical and isotopic purity of all the
samples was >99.9°% with <0.1% H.Q.

A scrics of aesuon md bighenergy X-ry diffrction mesurc-
ments were conducted on the liquid at 296 =2 K ond 12 = QI bar.
Neutroa diffradtion data (fom DF ued HF were reconded on the

Glma qumd and Amorpbous Difl at the lat Pubed
New Nutional Labx Y ('\NL). UsA. Hi;h-
energy X-ray difraction dzia from anal were

on the 11.1DC fine 1t BESSERC-CAT. Advanced Photon Source ot
ANL. The neutron Jata were correed for dewector of fciency.
autenuation, multiple ing. and inclastic sattcring using sian-
dand methads ™ The primary difficultiesin the data comreation amse
from Bragy scattering (rom the cell and achicving corrad aormal.
iestion. Accondingly euch empty cell was measurcd separately and
filled with D,0. to curred each data st and (o account for variations
in the cells used. Carcful compirial subtraction of the individuzl Bragg
peaks was thea performal.

High-energy X-ray data were comrected for detector dﬁ:inq.
instrumeniat geametrical e ccts poluriztion. and empy container
scattering, and were thea mmmlued 10 the sura f the (orm facloes

plus G 2 X-aayexp were perf d oa all of
the uouapk mixtures u the wme sute mudnms as the nculron
expetiments cnd sh d no significant isotopic qusntum cflca,

within the limits nfthe cxpcnmauul crror(-5%), supponing the use
of the isolopic substitution technigue in neutron diffraction in this
case.

Received: November 100 2003 [253289)
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The design of’a suite of sample cells and sample preparation Ecilitivs to inv estigate the stircture
amd dynamics of chemically reactive mwlecular Tuorides, using high-cacrgy xeruy and ncutron
seatiering. is reponed A\ detailed discussion of buth the neutnenic and chemical considerations 1
peovided. in suppon of the chuice of the matenal ofF el constructivn tor both structural and
dvtamical experiments. The discussion ol this siite of equipment also includes a detailed design off
a hybrid high-vacuum Schlenk line for sample preparation. These cells were specifically designed
o Mudy hydrogen luvride but may be used for other species that exhibit similar chemical reactivity.
Background considerations for liquid dilliaction expeaimants are il discussed and show that in
designing cells (or liguid amples. or samples that comain a lange structurally amurphous fraction.

cnalline samplke containment atlirds far more tctable data analysis. & 2003 Americon Instinate

of Physics. [DOL: 1L1863:1.1611990)

I. INTRODUCTION

Fluonde-tased materials are amoeng seme ol the nwst
interesting syatans available and display o wide muge of
structural. chemical. and bonding properties which lead 10
their application both i indusry, syathesis.?® and m more
fundamental, academic studies ™

Fluorine, as a ligand to both transition imetals und main
group <léments is unique in the range ofF high ovidation
states that it will suppont. The theemody namie reason fuor this
lies in part in the bund enangy of the F - F hond.>~" which is
low in comparisun to the vther halugcna""z [ Dot F2»
= I3K.IN K mol™ L 0o(Clay= 24238 k) mol =1 Dt Bryy
= 102,807 k) mol~ :De( 1= 13 1LOKK KJ mol™ | and. alse,
in the strength of the heteroatomie bonds formed in a reac-
tion with Mevrine. which are almiost always strang. The savall
steric cacumbrance of the F atem also ensures that eorine is
3 vory strong @ donor: ia transition metal chemistey, it is a
weak lield ligand, consistent with strong & Jdonation under
the moleculur orhital and ligand ticld theory of transition
metal chemistine!? These electronic and  thenmedynamie

propertics enstire that the properties of Muoride complexes of
an clement are often anomakus when compared to the gen-
cral trends ol the chemistry of that clanent. The best ox-
amples of this are o be found in the chemistry of the noble
wases. Indeed. it was oxidation of Xe by PtF, (Refs. 14 and
13 that opened up an entircly new group in the Periodic
Table 10 chemical discovery, a chemical event sot witaessed
since the isolation of the alkali and alkahine canly nwtals by
Dav . Examples ol the anigque structures and bonding motils
are to be found in the respective structunes of ():Fz."’
XeFe.'2 and Fall™. 222 Mureover. lluoninated inorganic
Nuids, such as HE IFSBEg, FSO,H, and FSO\LSbEF are
the strungest acids known wnd ase lughly mpoenant tluids
toth academically and industriatly. 37 Recent work into the
structure of supesacids and superacidic solutions~ using
neutron ditiraction from Liquid samiples has ceguined the
dosclopment  of appropriate semple  envicomnent (SEs
cquipment.

I order 10 apply ocutron seattering and  high-cneryy
Neray wattering (o chemicully ambitions samples, SE equp-
mant that satistics the chemival and experimental constiraints
must be desigtwed and built. The werk reponted in this article

“Auhor to whom camespuad should be add k el ic mall:
jasmenganaichon.ukob contnhutes 1o this ellort. and indecd. revent adsances in SE
00349748, 200%74(10): 4410:2/$2).00 410 £ 2003 American inslitute of Physics
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cquipment have lead to the developman ol lacilities to s}udg
chemical eeactions in sitw of in a timesresolved manner.**
These include the hydrothemnal crystallization ol dense
phase materials and znmlih:s.z"""z chemical neactions® and
catalytic processes7=3 [n this article. the Jesign. construc-
tion. and preliminary results using a suite of handling appa-
ratusand sample cells anre reported which allow the measure
ment of structural and  dynamical pawerties of  highly
ageressive and reactive samples with the conservation of
buth chanical and isotopic integrity. Specilically, the expori-
menkil development awelved ay the imeasureman of'the dy-
namics and structure of isstopamiers of anhydrous liguid hy-
drogen tluoride is desenbed.  EHydvotluoric acid is an
exeeptionally dangerous material to handle: it has u veey
high chemical tonicity and causes severe and highly danger-
otis hbums I contaet with human tissie. even i aguevus
solution 34 Anhydrous hydrogen fluoride is cven more dan-
gerots due te the high 131 solubility and velatility, In the
design ol the cquipment. the chemical conainment must,
therelore. mect very severe salety constraints.

This article also demenstrates that the stongent con-
stramts ol the acuteonic properties of hydrogen. of the inter-
play between sample siructure and the structure of the mate-
nial used in cell construction and those of the chemical nowre
o the simple can be satisfied and that ncutron and high-
cnergy Yeray seuttering can be applied to chemically difticult
sumples.

Current Nucnees™ and new instruments™? recently:
built ut neutron sources and third-generalivn x-ry soureey
have stgniticamly widened the range and complexity ol
chemical <amples for which these types of scattering cun
prasvide detviled steuctural and dynzunical infermatien. The
projected invecase in 1ux at the Spallation Neutron Source?
presently under construction, wall only amplity this tirend.
With respect to ncutron seattering. this is a highly desicable
development: acutnon sattering is o aricularly atractive
technigue chemically s the method is highly: sensitivity 10
light atoms. delined as thase with a low atomic number. This
seasitivity s geneeal for clastic neutron scattering oxperi-
ments and is true for quasiclastic and inclastic acutron scat-
tering spectrsscepy in a mere (ualilied nvnner.

Information from clagic ncutron scatiering experiments
is ollen complementary tu that frem the Xeray scattering anie
log. The complementary nature ol the two teehnigues is due
1o the diffining nature of the neutronematter and x-ray-malier
interaction:* 24! ¢lastic neutron seatiering reveals the distribu-
tion of auckear density 10or magnctic spin density in cenain
aoest in the sample whereas the seattering density in an
X-gay scaltering experiment is the disteibution of the electron
density. Particulurly well known is the sensitivity of clastic
neutron seattering to hydrogen and daterium but in general
acteas the Penodic Tuble, atoms with tow atomic awnber
scatier as strongly as those with high atomic number.$>4 in
direvt contrast with x mys, where the scattering power in-
creases with the atomic number.? Inclastic and yuasiclsiie
expenments are extraordinarily sensitive 10 nomial modes
that invelve the motion of pratons in the system wixther the
protons ace buund chemically or are tminstatienally free. In
centrast to vihrational of rotativnal spectroscopivs, such as

HF containmeént 10 scattaring 441

inrarcd or microwave spectroscopies. of Raman scottering.
there are i general no selection rules that govem the evis-
tenee of a nomial mode transition,

These features of elastic, ixkistic, mtd quasiclostic neu-
tron waltering are. in themselves. highly desirable: this de-
sitability is only amplilied by the complementary natre ol
the data from a natron scaltering experiment to that col-
levted lrom x-ray amd clectromagnetic spectnvseopics.

High-enengy synchrotron seray dilTraction, and its pre-
cunsor ymy scattering, sharcs many of the features of neu-
ron scatering in tens of the level of penxication possible in
condensed mattor. 34 Recently, this wehnigue has begun o
be applicd 10 the investigation  of  <lectron  &ensity
distributions”-% and quantum ctfects en the structure ofF
liquidy, $547-4951-55

Il. DESIGN CONSTRAINTS
A. Neutronic considerations

Although Ihe interaction hetween the nucleus and the
neutron is very strong, the low density of nuclear matter in a
material ol average density ensures that the act interaction off
ncutrens with matier is extremely weak, Coupled with the
lack of charge on the neutron, this gives neutron scaltering
one ofits major experimental advanlages—that of great pen-
ctration. Not only dows this mean that structures and dynam-
tes measwed by neulron scaltering are genuime representas
tions of the structural and dynamical characteristics of” the
thermodynamic state ol the sumple. but also thit the range of
nxtenals out of which SE equipment can be built is wider
than that Ter analogous experiments with x rays of conven-
tional enengies. The penctration ol acutrons is such that al-
muwst any nunabsorbing material may be used. allowing the
consteuction of highacmperanire and high-pressure appura-
tus that would e impuessible it an X-ray source. An exeep-
tion 1o this generality is the use of dhamond anvil cells in
x-ray Jillruction experiments: such cells ane only new beng
devetoped for work at neutrun sourses. That diamond il
cells can be used casily in xerry experiment is a feature of
the large discrepancy in the flucnces al current ncutrun and
x-ray sources. Sample sizes for X-ray experiments necd olten
be much smaller than at a nanron source.

The range of physical variables that is. therefure, acees-
sible 10 neutron scattering investigation is ollen wider than
the analogors xery experiment. The caveat to this lack of
proscription of construction material is that the background.
which the ¢ell matcrial presents in the seattering experiment.
must be acecunted lor i the data analysis and ideally con-
sidered betorchand in the design of the SE equipment.

By paying carelul attention to the nenronic propertics ol
the clements o which the apparatus is constructed, several
unique apprciches to sample enviconment design ure avail-
able. Newtronicully. vanadium or allays. such as Tiygg/r, are
conunan materials for construstion of SE cquipment fur ncu-
tron seattering experiments, due to the mechanical and ncu.
tranic propeetics of the metals. Vanadium and Tisee/r ore
chosen becatse of the clastic seativring cross sectiens these
materials possess. The former has a very stall clastic eross
swetion (hy==0.3I824 Imp (Ref's. 42 and 43} and is pre-
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dominately an incoherent xeatterer, while the latier exploits
the oppasite phase of the seattered neutrens when awattered
from Ti or Zr. which is denoted by a ncgative kength toe I
(b= = 3438 linibz,= 710 m). 3 As long as the Ti and
Zr atoms reside on the same site in the alloy, a el con-
structed from TigggZr las no cohereat chastic cross section
and as such. presents no clastic background.

However, T Zr. and V oare chemically reactive, and,
bring electropostiiv e, are espucially suscepuible to oxidation,
‘They are suntable tor conventional chemical samples but aot
for acidic, protiv. or oxidizing samples. & whene the
chemical stability of these clements is low and the sample
may corrade or weaken the eells with poteatially unpteasiun
results. Given the possibility of neutron activation with cere
win matkerials, the hazards are alse not purcly chemical. The
material from which the SE equipman is constnuted re-
quircs a balance belween salely containing hazardous, reac-
tive samples and minimizing the scattering background

B. Chemical considerations

There are several commercially available  materials
which can safely contin tluoride-containing samples, amony
themy  polytetralluonswethylene  (PTFE) and  alloy 400
{ Nig3eCu). % OF these. PTFE has the greater gencral resistant
to fheorudes at low temperatures and pressures, especially n
the presamee of traces of water. Copper and nickel are also
buth largely resistant to atack by tluorides and can be treated
with Fy to moancte the surface through the fomiation of a
Muoride surtace coating which renders these matenals resis-
tant to limher attack.®! Indevd. Alloy 400 and nickel are used
as the material of choice i the construction of many high
valent uondes. Consegquently, the construction outhaed be-
low should be applicable to any luoride that is stable in
Aoy 400 or nickel. For materials that contain hydroniam
iens, such as aguevas solutions o HE and FSOyLLL this con-
imment is probably 1ot suitable, The constraint of chemical
resistanee is required in experiments such as these in order to
preseny buth the chanical and sotopic puray of the sanple.
as well as Tor mdiological considerutions.

C. Elastic background scattering considerations

PIFE is a portially crystalline material* and rhe
phase diagrom is known. %8 ‘The dilfraction patteen trom
this mawerial, which forms e background. contains Bragy
peaks, which arise from the peandic crvstalline latoee, to-
gether with a Jdittuse componeit which arises from the local
and intermediake ringe atomic comcltions. There alse exists
a phase transition i PTFE thin ocoons at 303 K. which is an
added factor in any consideeation of the hackground signal,

Alloy 400 i« a polyerystalline mitersal, the seatter Irem
which i predominately Bragy in nature. with low levels of
ditYuse seatter. Figure 120 shows the diffraction pattern eee
worded on the glass, liguids, and amomphous matenals Jif-
fractometer 1GLAD) a1 the [ntense Pulsed Neutron Seurce:®?
Fig. 1hib) shows the corresponding pair diribution function
lor both materials. The high<energy x-ray data would pro.
duce a similar pattem. dtlenng only in regard o peak inten-
sttics and is, therelore, not ahown.
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FIG. |. 13» Diftrxtion patiern of i) alloy 400 [(S(Q)+ 2] and (ii» PTFE
[{SI@V). 162 Fawsier trmasforration of the diffraction pattem of 1 alloy
100 |1G(r) + 3} and tiis PTFE [(G(r)|.

The santples. lor which this suite of SE equipment was
designed. were liquids and as such, exhibit a complete ab-
scace of Bragy scatter. due to the abseace ofany Iattice: the
diffraction inmensity is confined to diffuse seatter. The choice
ol material is, therefore. crucial if the subtraction of kack-
ground signal is to be successtul. {n the subiraction of
dilfuse buckground from diffuse sample scatter, there s no
simple a priori method for dstermining from what simwrce the
difluse signal is recveded-- sample or cell. In this reepect. the
material mod suitable tfor sample comainment in a liguid
diftfraction experiment ol this type is alloy 4(X). even though
Cu and Ni bath haw a large ncutron scattering cross sectivn
(b 103 fm). (he,=7.718 fm), %4 and thertiore hove
Bragg peaks of very large intensity. However, subtraction of
the prominent Bragy intensity is possible, both through
stapdard  analyds  provedurcs and through cmpirical
subtriction,

D. Attenuation and multiple scattering considerations

When running  neuron  Jiffraction  experiments  on
saniples containing a kirge amount of hydrogen it is neces-
sy o reduce the thickness of the sampke i the beam sinee
the high inccherent scattering cross section of hwdrogen
(Pinead =803 by leads 10 lrge multiple scattering etfeets.
Exen a |-mm-thick sample of HE has a significant muluiple
scattering contribution ol ~20% and an absomtion coeffi-
cient o ~5% awglecting the container at 20=20° and |8 A
Thenctore. a flat plate geometey is optimal as it maximizes
the number of atoms in the beam while minimizing the mul-
tipke ‘cauering‘“ In comparison for a 6.0-nun-thick 1lat plate
DF sunple the total scattering cooss section is S22 b atom
viclding muliiple «attering contnbution off ~ 15%% and an
absorption coctticient of valy ~2° at 20=20° and 1.8 A
The by absorption and respectable coherent scatiering cross
section of DF allows relstively large samples 1o be placed in
the beam withaut signiticant attenuation or muhiple scauer-
ing <llects. Considerations fur the HE sample thickness in
high-axergy x-ray expenments (~ LS keViare also baswd on
the minimization o) muluple scattering and attenuation of-
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fects. It has been found that while the muhiple scattering
cllects have a signiticunt @ dependence. the sitentation co-
ellicient is ustally relatively constant with momentum irins-
ler at high cncq;ics.m However, it is expected that these of -
fects will show a greater angular dependence for a tka plste
geumetry sample. than tor a cylindrical one. For a 11§ keV
ine dett xeray beam tlw caleulated attenuation ceetlicient
tobtaincd using the methwl described by Soper et al 17! from
a 4 mm F sample is approximatcly 6% and the multiple
seattering contribution only ~2%, The multiple Bragy scat-
teang and attenuation due W the heavy clements in the alloy
400 contrinet are far greater than that from the HF sample.
Howes ¢r. sinee the sample is small and is comprised of light
clements, the single and multiple seattening effects from the
nwtal continer do not JilTee signilicantly with or without the
presenee of a sample.

In order 10 minimize multiple scanering in inclasiic and
quasiclastic experiments, the total scattering steength ol the
sample including the sample cell is typically resuicied to
cnsure NPe-92%4 total ansmission.” In the case of HF, the
macroscapic crossesection is approximately 2.7 em™ wt the
clastic energy of the spectrometer, ~4.3 meV (ug@xmﬁ
=H bx 0.0} Watems'Ad). For a 922 vanunission, this re-
sults in an ideal sample thickness along the beam direction of
0.3 mm. The sample cell will pawide a relatively srong.
additional signal centered ut zero encrgy transier.

Ifl. SAMPLE CELL DESIGN FOR STRUCTURAL AND
DYNAMICAL MEASUREMENTS OF HYDROGEN
FLUORIDE

A. Diffraction cells

M eues ofthe dilfraction cells with the exception of the
vulves and the “0” rings are machiaed from alloy 3. They
all consist of two scparable parts: o ¢cll head which allows
for transier of hydrogen fluonde via the vacuum line de-
scnbed below and a sample ecll body in which the sunple is
contiined during the ditfraction: experiment. The twa pans
are joined using a 1 in. Swagel.ok® nut and o PTTE oring
scal. The sample cells constructed lor the dithiuction experi-
ments are shown in Fig. 2.

The body of the sample cell head was machined from
alley 300 bar steck. In order to load the wamples into the
budy o the cell the top portion of the cell head was drillcd
with o 6.35 mm bore that wms 9° in approximately the
middle ofthe head. A pivee o1 6,353 mm OD alloy 400 wam-
less tubing was welded anto the outside top of the eell in
vrder o coaneet the needle valve. The lmaer portion of the
head was adiditicnally machined with threads to lit a
Swagelok® 1 in. nut. which allows for the conncctivn with
the budy of the sample cells At this intertiee, a knife cdge
was machined to present @ scaling surfice to the o-ring. Ap-
propnatcly sized PTEE venngs were machined 1o cflect the
sacuum seal.

In order 1o minimize background container seattering,
the wall thickneas ot cach cell bady was machined as thin as
psible. while still maintaining the mtegnly of the cun-
tainer. The compusition of the siunple snd the type of radia-
tion used constrained the cell body design lurther. It is nece
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FIG, 2. Neutron and high ¢aergy x-ray diffacton suophe celbs.

essary o have a cell body of sutficient length s that enly
samphe and the thinnest part of the can encounter the cadia-
tion beam while keeping cell head from wdding to lunher
background contamination.

The design and dimensions ol the x-ray and DF ncuteon
cells sre shown in Fig. 2. In the cuse of all of the t-my
samples and the deuterium 1lueride neutron ample. the cell
bodics were machined as large as possible within the wall
thickness, mwultiple scattering, und atienuation constraints.,
This allowed tor a 0.60 mm saple thickness in the case off
the deuterium tluoride acutron meawrement and a2 4 mm
sample in thickiess in the high-energy x-ray cxpenments,
The hydrogen Ruonide neutron coll body was of a diffirent
design (Fig. 2) this cell was constructed by soldering indi-
vidual picees ot alloy 400 tubing (1.5 nun OD, | mm 1D w
an alloy 300 fiume using Sufety-Sihv® 45% silver calminm
frve silver solder in a Stay=silv-® black high temperatune s

B. Quasialastic colls

In a quasiclastic experiment. which wtilizes the incoher-
ot seatier from hydrogen. the sample eell has a limited vol-
ume o minimize e large signal from hydrogen. The ol
banly cmd el heads 1Fig. 3 are o' a similar construction to
the dilraction cells winee the two portions can be juined by
a Swagehok © $in. aut. The celt head is of the same design as
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FIG. 3. Quasdasic cdls.

the diftraction cell heads (Fig. 20 but on a smaller scale, with
the bore in the cell being 3.14 mm.

Because the of tie anall sample stze thickness (0.3
mm for HF and ~ 1.9 mm tor HygDg ek 1. the cell bodies
were fabricated from aviulable alluy 400 weamless 1ubing, 1o
form an appropriately sized annulus. In each case o
6.41 mm ODX4.93 nun 1D 1wbe was wed lore the vuter por-
tien of the annulus and smaller sized tubing was used to give
the appropriute sample thickness In the e of HF. the waner
tube was 4.76 mm O and in the case of llggyDogsh. the
wner wbe was 2R mm OD. Foar cach st of samples the
thicknese was somewhin less than ideal. buwt the caleulation
ignoaad the scattering lrom the scamless alloy 400 wbinyg. In
onter wy etlectively vacuum tnsler the saumples into the cell
Rudics, a split Y bere was drlled into the top of the cell by
10 allow lor aceess to the annulus ereated by the tibg. The
tubing was welded o the wp of the cell bady by the sune
methad deseribed ataose.

IV. DESIGN OF THE SYNTHESIS AND GAS
HANDUNG APPARATUS

The neutron and xeray experiments tor which these cells
were designed required the prepanation: of isolopomens of
hydregen tluoride of kiown caompusition. Not oaly must the
chemical purity of the saple be retained at all tmes, but
alse the isstopic rattre olihe samples needed to be aimilarly
consenved. Giiven the lability in ecaction of the LD site in
anhydrous hydrogen thaortde, ingress of water and sther
proton-centaining materals had o b minimizcd. The basie
technigueh fur satisiving these requinements are mature in the
tictd of incrganic chemistryS!

In onkr to prepare and handle hydeogen fuoride and
deuterium AQuoride in the laboratory, both svatlktically and in
arder 1o prepare sumples Tor the ivutron experiments, « high
vacuum Ime was condructed from ally 00 and sainless
steel whing wnl cqupped with SwageLok® titungs and
necdie valses. As a Turther precaution against contamitiation,
amd o allow the iwnipulation of iguids v Schlienk meth.
adologies, an anpen gas line was incorporated e the Jde-
sign. The syathete cqupment is therefore a hybrid Schienk
high-vacuum o and is horeatier tenned the gas handling
line.

The gas handling line censists of live major conspenents:
vacuum, angort. luvriye, and hydrogen ucride circuits, can-
nected o ceniral maniloll.
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F1G. 4. Rexction manifold for the bighovacuwra bne.
A. Manifold design

The 214.2mm X3 mmX 31 mm manifuld s machined
lrom alloy 400 bar saock. A 378 aum diameter bose s drilled
into the center of the nmanitold and linished as closely as
Possible o a mirror finish to minimize any adsoeption of gus
and potential reactivity: problems on passivativn. The pores
arc Jrilled and then tapped with NPT conncctions: the NPT
connections are scaled using Tellon tape. The manitold is
shown in Fig. 4. Priur ta assanbly. the mamlold was clowly
cuaminad lor buer and any residual imperlections were re-
maed. tor the same reasons as the finishing of the intedor
bore. A port W the low pressure MRS 626\ Baratron allws
the pressure in the Told o by nd.

B. F2 and hydrogen fluoride clrcuits

The flucaine circuit (Fig. 3+ and hydrogen ihsoride circuis
Fig. 4 ane constructed feom 6,35 mm OD 13.57 mm (D
wambess alloy H) wbing and are equipped with Swagelok®
{in. alloy 40 or 16 stainless steel medle valves, In order
to pawide 2 lanpe constant volene, 2000 mi Hoke® bottles.
constructed foan 316 stamless steel. aee ntroduced in the
cireut. The Nucrine circuit is addivenally equipped with a

3 RS Ty e e
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FIG. S. Fluwsine circuit,
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FIG. 0. Vaauur circuit.

higher pressure (1000 pai) MKS 8708 baratron for meastire-
ment ol higher pressures of fluorine than the mani fold bara-
won will allow.

C. Vacuum circuit

The vacuum line (Fiyg. () is constnxted entirely from
12.7 nun O, 10.9 mm 1D 16 stainless steel scamless (58)
tubing and is equipped with Swagel.ok® 4 in. 216 stainless
steel needle valves. There are two traps in place on the sys-
tem, The find contains pellvtized A3, used as a scrubber
trap tor fluorine: the sceond teap is o emovable glass kyuid
nirogen cryogenic e for the emoval of volatikes hetore
the pump. uttached to a 316 SS trap bead and saled with
Apiczon® W black wax. The seribber can be bypassed for
taster pumping and is fitled with a sintered steed 320 gm
ronticulate tilker down sieam. The scrubber can also be
renuved and nchagged without intermuption of the line
lunction

“Tixe sacuum system is connected to the manifold (Fig. 4
amd 1o the worine systam (Fig. 51 The line i< evacuated
using i Jiluswon pump with Fomblin® as the working Muid.
Wwith a two-stage rotany pump as a toughmg pump. the later
using conventiunal hydrocarbon pumip il The difusion
rump is dilted with @ bypass valve 1o allow tor evacuation
using vnly the raughing pump.

Pressure: measwremient was conducted using two elee-
tronic manuimeters, with ranges o 01 1000 Toer and 0 - 1000
M Tore= 0,001 333 barz | psi=0068 MR bar).  respec-
tively. The magnitude of the vae wis measined using a
combimtion Pliclier Pironi cold cathod: ion gauge, with a
range of 0-- 107% mbar. Al wetted parts of the gauges were
constructed from Inconel®,

V. CONSTRUCTION OF THE SYNTHESIS AND GAS
HANDLING APPARATUS

Belure commencing with asswmbly and use. all wbing
was thoroughly degreased using “gun sohent.”™ a nixture
by volume of 1:1:1 wluencacetone:methanol until cvapota-
tivnd of the sohent ket no visible residue. The wbing and
ather compuieants were then treed of trces ol sobwent and
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otlwr axidizable volatiles by tast passage of O and the line
wus then assembled, acvording to the devigns deseribad
above.

The line was then both vucuum leak-tested and pressure
tested with Ar. All portiens of the line, except the vacuum
lute, were volume calibmited with Ar repeatedly, so that cach
scgment can be used as a constant volume, allowing the
barumetric measurcmient of molar quantities of’ gas. It was
found to maintain a static vacuum of 10™% mixr over a pe-
riod ot"'weeks. After keuk testing and calibration. and in order
to pre~dry the line prior to drying and passivation with I,
the line was evacuated and dricd by Iwating the system
strengly under high vacium,

Passivation is an impornt aspeet o the construction of
any lluorine hine and the portions of the gas handling line
that would be wetted by F; or hydrogen tluaride were passi-
vated initially by cvacuation and then pressurization at am-
bient lemperaturcs b sub-ambient pressures with a 3% solu-
tion ol Fa in N . Alter any pressare drop had ceased. the line
was ovactated and the procedune was repeated at shighily
highur initial pressure. Omce aimospheric pressure bad ben
attuined and no fualer decrense in pressure was vhserved.
the cycle of pressuicizamon and evacuation was repeated with
F until atntospheric pressiuc had been reached. A presane
ol 1.5 bar of I'3 was then admitted and the line lelt under dus
pressure for 24 h. Finally, the line was evacuated.

Reaction vesscls and synthesis bombs are attached to the
owtlets from the manilold and volatites are wansferned by
standard cryogenic techniyues.

V1. DISCUSSION

Neutran diffraction experiments performed on samples
of DF. IIF. and HosDqsF. prepared using the above equip-
ment and cells showed that the conscervation ol the isotopic
nature of the samples was esaentially that ol the materials
usad to prepare the sumples and that no measurable ngrese
sion of adventitious [H] vecamed 22 Given that the isoto-
pemers of HF wene dricd with a pressure of Fy prior w0
charging the sample can. this findiny is a awasure of'the total
(1] ingression. as 11,0 s oxidiacd by Fy 1o HE wid Oy,
Neutron scattering is particularly sensitive to the presawe of
hydrogen due o the lange incoherent scattering crossesection,
as discussed above,

Figure 7 shoavs the dilfmction pattem of the sample can
lor DF with and without the presence of the sample [or both
L ys and ieutrans. Wherens i Figs, 7(a) and 74¢), the
presence ol the ple is not immediately noticeble. in the
Fuurier transtonn of the diffaction pattem, the siructure due
to DF can be cleatdy seen averlaved with the local stcture
of alloy 400 [Figs. Tiby and 71d}]. Figun: 7 shows the advan-
tge of using a cnvstalline matenial as the material Mom
which the cells were constreted. The background intensity
v vonfined to the pair correlation function cxpected trom a
cubic cnsalline sysiem ad subtraction of the diffiaction
prttem olthx cell in bath high encrgy xemy expanents and
ueutren expxriments preved W be tractable, thouzh labaereie
ous, using a combaation ol standard mclhmls""“'ﬂ and ¢m-
pirical methads, The DF ample data atier corrections for
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FIG. 7. 13+ Neotron diffractica paitern for alloy 400. Sv Q) aad for alloy
400 plas DF. Sy @)+0.3. 1 Fouricy transformaion of alloy 400, Gy(ri
aad aloy 400 plas OF, Gr) + 1. 4. High eergy s-azy diffraction partem
for alloy 400. Sy( Q) and for alloy 200 plus OF, Sy Q)+0.5. idi Faurier
transformation of alloy 400, G (r) and alloy 400 plus DF Gy r)+1. e
Correcied DF diffration pattern using & rays, Syl Q) and using acutmos
Spal(2)+ 1. (D Cuerexled DF Fourier trmsformuation asing t @ys, Geydr)
aad asiag acumons Gpgd 7 + |,

hoth x-ray and acutron sattering mesurements are shown
in Figs. 7éei and il Previous. unpublishicd neutron ditlrac-
tlion data using PTEE cells proved to be far less tractable,
with structural results that are less reliable.”™ Phe reason Tor
this is clear when Fig. | is considered. The deteenunation of
the source of scatter from alloy 30U s Lar more ddistnet than
lrom PTFE, both n reciprocal and real spoce.

‘Though the intensity ol the background in a coyslalline
sample containwer is far more deansatic in reciproval space
than fur a polymer-based cell. it is the wwurce of the Jil-
fiucted mitensity: that 1s important when considering a sample
containe. With a crvstalline systenn almost all of the back-
ground intensity. beyond that from the ubiquitous fecal struc-
lure, 1 conlined to Bragy imensity, whercas tor a purially: or
complerely amuorphous celll tlus is non the case. The period-
ity in acrystalline system. inherent due to the presence of'a
Iatce. limits the local structure to 3 nuinimtam. as in the
presence of a ki, vnly 2 small numbxer of unigue dis-
tances are regquined to deseribe the structure in weal or eecip-
rocal smcc.’ ™ For hguid samples. it is clear that mnimi-
sation of diffuse scatter, bevead 1w local steucturs, is the
maeat impoestant consideeation.
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