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ABSTRACT

The purpose of this study was two fold. The determination of hydrogen atom
positions by X-ray diffraction methods is widely underused. @With advances in
instrument and computing technology, the use of X-ray diffraction experiments to
accurately image the electron density associated with a hydrogen bond has become
feasible. Secondly, general crystallographic computing programs analyze diffraction data
by employing a spherical atom model. However, no such atom can be defined solely by a
sphere when bound in a molecule. The use of spherical harmonics to model diffraction
data enables a more complete description of the electron density in a molecular system.
The use of these types of programs has allowed a detailed analysis of a variety of both
hydrogen bonded and non-hydrogen bonded systems.

This dissertation details the experimental information for charge density and
hydrogen bonding studies. The experimental results are analyzed in depth to yield a
more complete understanding of a variety of bonding motifs. In some cases, the DFT
calculations were performed to augment the experimental results. A series of other
experimental components are added to yield a more complete structural model of each
molecular system.

Chapter one presents a solid background to X-ray diffraction and the solid state.
The information presented in the chapter describes the development of X-ray diffraction,
various techniques and the experimental methods available to model diffraction data.
Chapter one also develops the basic concepts for understanding the crystalline solid state.

Chapter two gives a detailed introduction to hydrogen bonding and the use of
diffraction techniques to model the electron and nuclear density as well as define the
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distribution of these densities in a three-center four-electron bond. The first molecule
analyzed is urotropine-N-oxide-formic acid, which consists of a short, strong, symmetric
hydrogen bond. Variable temperature X-ray diffraction studies were used to model the
total electron density in the hydrogen bond through the use of Fourier difference maps,
while neutron diffraction experiments were used to confirm the proton position in the
hydrogen bond. The second system analyzed was pam-iodobenzo{c acid. Variable
temperature X-ray diffraction experiments revealed a split-site population of the electron
density associated with the proton position, as is evident by the use of difference Fourier
maps.

Chapter three contains the detailed charge density analysis of a material
containing a short, strong, asymmetric hydrogen bond, namely cobaltocenium 3,5
bis(trifluoromethyl)phenoxide 3,5-bis(trifluoromethyl)phenol. High resolution X-ray
diffraction data were collected to give insight into the chemical bonding both in the
hydrogen bond as well as in the organometallic segment.

Chapter four focuses on the charge density studies on a novel heterocyclic alkene,
1,2,3,4,5,6,7,8-octahydro-2a,4a,6a,8a-tetraaza-cyclopenta[fg]acenaphthylene. ~ Accurate
determination of the electron density in this system demonstrates a delocalization of the
electron density on the p orbitals on nitrogen over the & system.

Chapter five is a detailed experimental section for all material covered in this

body of work.
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Chapter 1: Introduction to X-ray diffraction and the solid state

1.1 Periodicity and the crystalline state

The theory of crystalline solids is simplified by translational symmetry, which
means that there is a set of basis vectors, a;, a;, a3, in which the atomic structure is
invariant under any translation which is an integer multiple of a;.' The theory of
translational symmetry implies that periodic functions dominate the structure and
properties of fully stoichiometric crystalline systems. A periodic function, f{r) is defined
as

()=l +1). (1.1)
This holds true for all points in space, r, given the translation L' Periodicity is an inherent
physical property of crystalline materials. Crystalline materials are built up of a regular
array of atoms in three dimensions in which all translationally identical points are termed
lattice points. A vector drawn from one lattice point which is chosen as the origin to
another lattice point is termed a lattice vector. A plane which contains the lattice point
hy, h, h; passes through an infinite number of lattice points as given by the Diophantine
equation:?

x'h =1 (1.2)
in which all planes with this property are called lattice planes. The summation over i is

2 In

implied in equation (1.2) which is described by the Einstein summation convention.
equation (12), ¥’ are the real space coordinates of any point X, which is the covariant

quantity, and h; are the reciprocal space Miller indices of the plane, which is the



contravariant quantity.”> The distance between translationally identical planes is then
given by the equation:

o 1
Ihl‘l +h,a, +h3‘3|

(1.3)

The lattice planes are numbered according to three numbers known as Miller
indices. The three points that define a plane are represented by fractional indices, which
are coordinates in the a,, a;, a3 coordinate system, with a description of the fractional
indices given in Figure 1.1. The planes defined by hk! are a set of equidistant planes, one

of which passes through the origin. The equidistant planes are in tumm given by the

intercepts %“72"1—3 in which h, k and I are the Miller indices and the reciprocal of the

fractional indices define the Miller indices of the lattice plane, (hkl). A set of planes
which are equivalent, due to symmetry, are defined as {hkl}. If a line is drawn that
passes through the origin which is parallel to the direction in question is given by [hkl].
The vector which is perpendicular to the 4k! plane is given by H,,,, where magnitude is
the reciprocal of the spacing, d given in equation (1.3).>

If the reciprocal lattice vectors, b; b, b3, are directly related to the crystal axes by

‘2 Xa3 al xa3 al Xaz

b, = by = (1.4)
al '82X33 al'azxas

bl = 9
al 'az X33

then it follows that the vector H ,,, in terms of the reciprocal lattice vectors is
The vector H,,,, is therefore normal to a set of hk/ planes and the spacing of the planes,

djs, is perpendicular to the distance between planes, given by the equation’

2
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Figure 1.1. Schematic representation of lattice
planes and fractional indices.

a, (mby+kb, +M;) 1
h 1: 1:

dyy = (1.6)

The repeat unit of the atoms or groups of atoms in a crystalline material is known
as the unit cell, which is defined through translational symmetry and the repeat of the unit
cell makes up the crystal as a whole. Representation of the unit cell may be conveniently
defined in several different ways. If there is a center of symmetry at some point in the
structure, it is often convenient to depict the center of the unit cell at a center of
symmetry. This type of representation is called the Wigner-Seitz cell, which is
constructed by drawing the perpendicular bisecting planes of the translation vectors from
the chosen center to the closest equivalent lattice site in three-dimensional space.! The
reciprocal lattice is most often dealt with in terms of the Wigner-Seitz cell, which is called
the Brillouin zone, and is depicted in Figure 1.2.'

The three-dimensional unit cell is defined by one of seven crystal systems, which

are triclinic, monoclinic, orthorhombic, tetragonal, trigonal (rhombohedral), hexagonal



Figure 1.2. Wigner-Seitz cell.

and cubic and are constructed based on restrictions of lattice symmetry.* The definitions
of the crystal systems are given in Table 1.1. These lattices may also be centered in 4
different ways. A primitive unit cell describes one in which the basis lies in an ordinary
position in the unit cell. A face-centered unit cell describes one in which the lattice
points are centered on faces of the unit cell. A body-centered unit cell describes one in
which the lattice points are centered in the unit cell. A end-centered unit cell describes
one in which the basis is centered on one of the opposing three sides, A, B or C. The
combination of the lattice centering with the crystal system present defines the Bravais
lattice, of which there are 14. The symmetry operations are subsequently used to
describe the repeat of the basis throughout an infinite amount of space. There are three

different types of point symmetry which are observed in crystalline materials; rotation

axes (n), inversion axes () and mirror planes (m ), in which the value of » ranges from
1 to 6, with the exception of 5, which may occur individually or in combination. The

combination of these symmetry elements leads to point groups, in which there are a total



Table 1.1. Definition of the 7 Bravais lattices."

~ Crystal system
Triclinic azb#c a#EPFY
Monoclinic azb#c o =7y=90°B #90°
Orthorhombic azb#c a=B=y=90°
Tetragonal a=b#c a=B=y=90°
Trigonal (rhombohedral) a=b=c¢ a=p=
Hexagonal a=b#c a=pf=90°%y=120°
cubic a=b=c a=B=y=90°

of 32, crystallographically. The combination of the Bravais lattice and the symmetry
operations present in the crystalline materials are all described by one of 230 possible
space groups. Space group theory contains all of the elements of point group symmetry,
with additional component operations due to the presence of translational symmetry.
Due to translational symmetry, the additional symmetry operations present in space group
theory include glide planes and screw axes. A glide plane is one in which the basis is

translated through space. A screw axis is defined as an operation in which a point is

rotated by . and translated by some distance r parallel to that axis and is shown in
n

Figure 1.3.*

1.2 Theory of X-ray diffraction
Materials are capable of diffracting radiation when the radiation has a wavelength
that is similar to the length scale of the distribution of scattering density in that material,

approximately 1 A. There are three such radiation sources which obey this criterion; X-
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Figure 1.3. Depiction of a 3, screw axis parallel to c.

rays, neutrons and electrons. X-ray diffraction is the most widely used of these three
applications due to the accessibility of X-ray sources.

Scattering can be broken down into two main types, inelastic and elastic
scattering. Inelastic scattering occurs when the there is energy transferred either to or
from the sample by the scattering probe, whereas elastic scattering results when both
incident and scattered energies are equal, which leaves the wavelength constant after
scattering from a sample. While inelastic scattering yields dynamical information about
the system, elastic scattering is the most useful tool to probe the structure of the system.
In an elastic scattering experiment, while there is no change in energy between the

incident and scattered wavevector, there is a change in direction. The incident beam is

represented by STG’ with a length of 711-, which terminates at the origin of the

reciprocallattice. The scattering vector s may then be defined as

_6-8)

> (1.7)



in which Sy is the incident scattering vector and S is the diffracted scattering vector. In
equation (1.7), with a scattering angle equal to 20, the relationship between the scattering
angle and the scattering vector becomes

2sin6
S =
A

(1.8)

The results of an X-ray diffraction experiment are a combination of the scattering
by individual atoms as well as the interference that occurs between scattering from
different atoms. The amplitude of a scattered wave from a single electron is given by the

equation’

A=f 4, co:[2zv(t—£)—¢:| (1.9)
{ &

in which fis the atomic scattering factor, @is the scattering phase shift and r is the
distance from the origin. The intensity, /, in a diffraction experiment is given by the

square of the modulus of the amplitude, or
1=\ =44 (1.10)

where A" is the complex conjugate of the scattering amplitude.

1.3 Generation of X-rays

X-rays are electromagnetic radiation with a wavelength of approximately 1 A.
They are typically generated when electrons are accelerated through a high voltage
source and collide with matter. The electrons are then slowed down by this collision and
the deceleration generates bremsstrahlung, which is depicted in Figure 1.4. This specific

type of electromagnetic radiation is white radiation which is shown in Figure 1.5.° In
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Figure 1.5. Target spectrum for an X-ray
source.



addition to bremsstrahlung, collision with a metal atom may ionize some 1s, or K shell,
electrons of the metal. An electron from on outer orbital, in the case of transition metals,
the 2p or 3p, then drops down to occupy the vacant 1s orbital. The energy that is released
upon this transition is in the form of X-radiation. Depending on where the electron drops
from, this radiation is called either o or B radiation. The wavelength of the emitted

radiation is directly related to the atomic number, Z, of the ionized metal, such that
c 2
v=|—|xZ 1.11
<] (L11)

where v is the frequency and A is the wavelength, as stated by Moseley’s Law.” Table
1.2 lists the ionization potentials for some of the elements commonly used in X-ray
tubes.®

In a typical X-ray tube, current is passed through a metal filament. The
thermoelectric electrons produced are accelerated through a sealed tube, in a vacuum,
towards an anode which has a potential difference of approximately 30 keV. The
generated X-rays exit the tube through beryllium windows. Beryllium is used due to its
low Z and therefore the X-rays may easily exit the sealed tube. A schematic

representation of a typical X-ray tube is shown in Figure 1.6.

Table 1.2 Ionization potentials for some commonly used elements

in X-ray tubes.
Element A (K ) ) /A Ionization Potential /eV
Cr f 2.2909 5412
Mo ' 0.71069 17442
Cu 1.5418 8040
Fe 1.9373 6398
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A
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e
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vacuum

W filament

p———

i et

X-rays

Figure 1.6. Schematic for a typical X-ray tube.?
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1.4 Scattering of X-rays from a single electron and from a single atom

When an X-ray comes into contact with an atom, there are two processes which
may occur. The X-ray beam may be absorbed or the beam may be scattered. Also, there
are two ways in which electrons may scatter from an atom. In an elastic scattering event,
the resulting scattered photon is emitted with the same wavelength and energy as the
incident beam, resulting in elastic scattering. Inelastic scattering occurs when there is a
change in energy between the incident and resulting beam and therefore a change in
wavelength. If the scattered photon has a wavelength that is longer than the incident
wavelength, the result is called Compton scattering. Compton scattering is completely
incoherent and yields a diffuse background. In classical terms, the intensity of X-ray

scattering by a free electron is given by Thomson’s scattering equation’

4 2
i e (1+cos 0] (1.12)

m*c*R? 2
where c is the velocity of light, ¢ and m are the charge and mass of the electron,
respectively, R is the distance from the scattered electron to the observation point and the

2
term (W) is the polarization factor for an unpolarized primary beam.

However, scattering by an atom is more complex. There is an instantaneous

electric field, €, , which is produced when an X-ray beam interacts with an atom, which

is due to only one electron in that atom.

c = E°—e2e2d[w'(§)] je(glﬂ Joo¥ pdV (1.13)

mc?R

11



The term defined by the integral in equation (1.13) is f, or the scattering factor per

electron. By substituting

o 4zsind (1.14)
A
then the scattering factor per electron is
fo=| [ plrRm? singdpdr (1.15)
r=0 ¢=0
and integrating with respect to ¢, the scattering factor per free electron is equal to
il J‘4m2p(r)s‘:rk’dr. (1.16)
0

A more useful equation in X-ray diffraction is the atomic scattering factor, £, which is the

sum over all electrons in the atom.

f=¥1n=Y ?4m2pn(r)s’.:rkr dr (1.17)
n n 0

where the quantity Z I47zr2 p,,(r)dr is equal to Z, the atomic number, it follows that f
n o

approaches Z at small values of s_12g

1.5 Scattering from a periodic array of atoms
X-ray diffraction by a single crystal is much more complex than the simplification
that comes with assuming diffraction by a single electron or an atom. Because the

electron density is periodic in a crystal, E is equal to the amplitude of the electron density

12



at a specific point of observation, given by the product of the electric field times its
complex conjugate in the following equation:

E? =e €. (1.18)

p

Multiplying the amplitude, A, by 8i provides the intensity at that point
4

7 _Ezc

===, 1.19
e (1.19)

The intensity at an observation point due to scattering by a single crystal is given by the

summation of Thomson’s scattering equation of a free electron, such that’
sinz(z)(s ~50)-N,a, sinz(—z](s ~5,)-N,a, sinz(z)(s ~59)-N,a,
1, =1 P > 2 .

p = e
.s'inz(ai—)(s—so)-a1 sinz(%)(s—so)-a2 sinz(%)(s—so)-a:,

(1.20)

where N,a, are edges of the crystal which are parallel to the crystal axes a,. The quantity

F2 is the product of FF', in which F is termed the structure factor, given by

E)(,.,o ¥n

F=Zf,,e[’1L

(1.21)

and is the summation over n atoms at positions r,. The intensity of a reflection is

conditioned by the structure factor. Thus, the structure factor, written where r, is

periodic with indices, 4kl, r, = (hx, + ky, +1z, ), is given by

Fyg =Y f, e lonbonslen) (1.22)

13



Under various conditions in which F,,; =0, the lattice centering for the crystalline

material is determined. These systematic absences give rise not only to the lattice
centering, but also symmetry operations involving translation present in the lattice. The
intensity, I, of any given reflection is equal to the square of the structure factor.

In the case of a periodic system, the analysis of scattering data is aided by the
convolution of the unit cell structure which contains the molecular structure and the
lattice. Scattering from a periodic system is described by Bragg’s Law or the Laue
equations and is a more specific use of general theory of scattering. Bragg’s Law
assumes crystalline materials to be built up of a series of layers. In an X-ray diffraction
experiment, some X-rays are scattered off of these planes with an angle of reflection
which is equal to the angle of incidence and the rest of the X-rays are transmitted through
the planes, to be scattered by subsequent planes. A pictorial description of Bragg’s Law
is shown in Figure 1.7. As seen, the beam defined by 22’ must travel an extra distance
defined by the distance xyz. For 1’ and 2’ to be in phase, the distance xyz must be equal
to a whole number integral of the incident wavelength, A.

The distance which defines the interplanar spacing, d, is known as the d-spacing
and the angle 0, the angle of incidence, is lmmown as the Bragg angle. The mathematical
description of Bragg’s Law follows as

2dsin3 =nd (1.23)
In order for Bragg’s Law to be satisfied, 1’ and 2’, the reflected beams, must be in phase
and interfere constructively. When there is deviation from Bragg’s angle, then either

destructive interference or complete cancellation occurs.

14



2 A
Y \’3(6_5 Sl
y X \:/ Z
y B
Figure 1. 7. Derivation of Bragg’s Law for X-ray diffraction.

1.6 Ewald sphere construction
In reciprocal space, Bragg’s Law may be represented by the sphere of reflection,
also known as the Ewald sphere. A schematic representation of the Ewald sphere in two

dimensions is shown in Figure 1.8. The incident beam, in reciprocal space is represented
by %, with a length of %which terminates at the origin of the reciprocal lattice. A

reciprocal lattice point, hkl, which falls on the surface of the Ewald sphere represents a

set of planes, (hkl), which satisfy Bragg’s Law.

1.7. Debye-Waller temperature factor

At this point, variations in temperature have not been accounted for. However,
the atomic position in a crystal is actually the average positio around which the atoms
oscillate. This is a result of the thermal vibrations of atoms. The average position, R, of
atom / is given by

R, =R, +5, (1.24)

15
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Figure 1.8. Schematic representation of the Ewald sphere.

where 6, is defined as the instantaneous displacement due to thermal vibrations. The

equation for the intensity is then given by

=1,y ﬁe(%)*‘”)(&+5’)z fl.‘e—(%! o) . (1.25)
1 i

Although the results from the preceding equations imply that structural dynamics may be
determined, all of the information in these equations results from an elastic scattering
experiment in which the information available is on the Bragg average. The thermal
vibrations of atoms increases with temperature and it is the time averaged information
that is available in a diffraction experiment. To account for the temperature dependent

displacement of atoms, the Debye-Waller temperature factor, W, is incorporated into the

equation for the diffracted intensity, which is given by

W =exp

(1.26)

(_ 1672 sin® 6 AX?
L e 3
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where A is the wavelength of the scattered X-ray and AX is the displacement. With the

incorporation of the temperature factor, the structure factor may be modified as follows:’

Fug =Y Fexpl=2w,) . (1.27)
J

A physical representation of the thermal displacement of atoms is given by the

displacement parameters. The isotropic displacement parameter is given by

B=8n2<u2) (1.28)
in which <u2> is the mean displacement of the atom.” The six independent components

of B, given as Uj;, are the anisotropic displacement parameters, or ADP’s. These six
parameters may be visualized using ‘thermal ellipsoids’ which are the three-dimensional

representation of the six U;; components.

1.8 Development of X-ray scattering
1.8.1. Discovery of X-rays and diffraction

X-rays were first discovered by William Rontgen in 1895* and applied to
scattering experiments in 1912 with von Laue. M. von Laue theorized that crystalline
materials could be used as natural diffraction gratings, which he proved by
experimentation. His results showed that effects of X-rays diffracted by crystalline
materials could be interpreted based on the diffraction of electromagnetic waves by the
three-dimensional grating of the material. M. von Laue’s development helped prove both
the wave nature of X-rays as well as the concept of periodicity in crystalline materials.

W.H. and W.L. Bragg further developed experimental techniques. Their initial

v



experiment on materials such as CaF, and NaCl provided a more complete understanding
of diffraction of crystalline materials from a white beam.'*!! Additionally in 1913,

experiments on rock salt helped institute the concept of Bragg’s Law.°

1.8.2 The Laue method

The method developed by von Laue is the oldest method of X-ray scattering. The
Laue method can be divided into two subsets of experiments: transmission and back
reflection. Both methods use a beam of continuous spectrum with a fixed crystal
orientation. For a single orientation, the relationship between the incident beam and the
hkl planes is fixed and only specific wavelengths satisfy Bragg’s Law. The collimated
primary beam passes through a slit in a piece of foil and strikes the sample and
subsequently, the diffraction pattern is collected by a Laue camera. The Laue method is
common for many single crystal neutron instruments, such as SXD (at the ISIS Facility
located at Rutherford Appleton Laboratories in the United Kingdom) and SCD (at the

Intense Pulsed Neutron Source located at Argonne National Laboratory in the United

States).

1.8.3 Rotation method
The rotation method is useful in the determination of the unit cell dimensions as
well as indexing of reflections for single crystal samples. The two available rotation

methods include a stationary film or by use of a Weissenberg or precession photographs.

18



1.8.4 Further developments

With increasing advances in technology, including computer development and
programming, the capabilities of diffraction equipment has dramatically increased over
the last few decades. A data collection that just a few years ago would require a week,
can now be completed in a few hours. The advent of ccd (charge coupled device)
detectors is a large contributing factor in this change. These are area detectors that allow
for a number of reflections to be collected and read by the computers in a matter of
seconds, whereas the previous point detectors collected a significantly less amount of

data in space.

1.9 Refinement of scattering data
1.9.1 Fourier methods

The general definition of a Fourier series which is periodic in the x direction and a

period length of a, is given by’
- x ) x
fx)=Y {A,, cos 27m; + B, sin2mm ;} (1.29)

where A, and B, are the cosine and sine coefficients, respectively, for each value of n.
One manner in which to represent the crystalline state is by a continuous electron density
function, p(xyz), which is triply periodic. Therefore, the function p(m) may be
expressed as a triple Fourier series with distances x, y, z which are perpendicular to the
unit cell axes, a, b and c.

If the electron density is periodic in z but fixed in x and y, the function can be

written as’

19



Aore)= ¥ o —227 (1.30)

r=—ao k z
where C, (x.y) is the coefficient. Analogous equations can be written assuming

periodicity in x with fixed y and z as well as periodicity in y with fixed x and z

Combination of these three function yields the triply periodic function of the electron

density which is written as:
o) =35 C._exgf -2t ,{i)+ (-}i)+r(iﬂ (131)
i paq r il xp\ a ¥ b C ’

—a

The periodic electron density may then be substituted into the general equation for the

structure factor, with more common crystallographic notation, as®

Fy= Oj:jojp(m)exp %m{}{%) * k(yb—") + 1(%)]}"/ (1.32)

For axes which are not orthogonal, dV can be determined from

av__V (1.33)
dxdydz abc
Combining equations (1.32) and (1.33) gives
VCth = Fhkl (1 .34)

It can therefore be seen that the electron density, given in electrons per unit volume, is

defined by a triple Fourier series, in which the coefficients are the structure factors,

3,12

plx,y,2)= %Zh::szl:p'wexp[zm{;{%) + k(—yl-)—) ¥ 1(%)]} (1.35)

-0

Fhk.
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In a diffraction experiment, it is the integrated intensity that is actually measured which is
proportional to F,F,,;, the magnitude of the coefficients from equation (1.32) are

determined but not the phase. This leads to a less obvious means of structure solution
based on the Fourier series. However, if the phases of heavy atoms are known, then all of
the phases can usually be determined for each Fpy. It also holds true that all values for
the electron density function are positive values and thus leaves restrictions on the phase
of Fpuy. Combining these various restrictions allows the Fourier method to be useful in
structure determination.

There is a lack of phase information that is inherent in most X-ray diffraction
experiments.”‘ As previously stated, the integrated intensity is equal to the square of the

structure factor,
1=|Fyl (1.36)

where F, ,,2,,, is the product of the real and imaginary structure factors. The structure factor

is related to the electron density by Fourier transform, was seen in equation (1.35).
Therefore, the scattering density in a diffraction experiment is obtained through the

Fourier transform of the intensity, in which no phase information is present.

1.9.2 Spherical atom approaches

The most commonly used practice in the refinement of conventional X-ray
diffraction data is the spherical atom approach. As the name indicates, all atoms in this
type of refinement are assumed to be spherical. Atomic displacement parameters, or

ADP’s, are used in the refinement to account for “thermal motion” of the atoms. This
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allows for a slight deviation from the sphericity of the atomic model in these refinements.
In the Bragg averaged structure of these elastic diffraction experiments, there is no
dynamical information about the molecular system in question. However, the ADP’s are
used to model what is considered to be the anisotropic movement of the atoms, on

average, in the crystalline state.

1.10  Accurate modeling of electron density
1.10.1 Theoretical approaches to the aspherical atom model

The first improvements to the spherical atom, or independent atom model (IAM),
developed when the x-formalism was introduced in 1961." This formalism allowed for

charge transfer between atoms, in which the total electron density of an atom is given by

Patom = Peore + p;alence(”)': Peore + Pvakmxspvakm(n) (137)
where P,,,,. is the valence shell population parameter and x is the

expansion/contraction parameter for the valence shell. The parameter x scales the radial
coordinate, r. Therefore, when k > 1, the same amount of electron density is obtained at

a smaller value of r, and thus the valence shell is contracted. In equation (1.37) the term

x? is introduced to satisfy the normalization function

NAZ [y (cT)r?dr =1 (1.38)

These normalization functions were introduced with an atom centered multipolar function
which was an attempt to improve the ‘complete’ description of the charge density.'s'l7
Further developments to the accurate modeling of electron density were

established in 1969 by Stewart, which introduced a generalized spherical harmonic
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density function.'® The definition of the multipolar density function included a radial
function (r dependent) and an angular function (8, ¢ dependent), in which the angular

function is a spherical harmonic function y,,, (9,9)and accordingly, y,,.(9,9) is a
linear combination of the complex spherical harmonics Y,,,. This linear combination of

the spherical harmonic functions aids in interpretation of experimental electron density.
From experiment, the observed electron density is necessarily real and therefore is best fit
using a linear combination of spherical harmonic functions to produce a real function.
The complex spherical harmonic functions are given by

(21 +1)( —|m|
ar (1 +|m|)!

1 (5,0)=(- 1)"'[

) / 172
] P cos(9)exp(imp) (1.39)

where (~1)" is the Condon-Shortley phase factor and P,l"'l cos(9) is the associated

Legendre function.
The Hansen-Coppens multipolar density formalism was introduced in 1978,'*%°
which combined the x-formalism and the atom centered multipolar density function.

Using this formalism, the electron density of a single atom is**

lf l
Patom = Pcorepcore (r)+ Pvalenccxapvalence(n-)-" g’( 3R1 (K r)Z Pl"'idl'"i ('9’ ¢)

m=0
(1.40)

which is the current and most accurate way to model the total electron density in a

system. P, is the population of the core or valence electrons, p is the electron density

of the core or valence shell, « is the spherical expansion/contraction parameter, «' is the
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deformation expansion/contraction parameter, R, is the radial term and P,,,d,,.(9,9) is

the angular term of the spherical harmonic function.

1.10.2 Experimental approaches to the aspherical atom model

A basic definition of the anisotropic displacement parameter is, however, not
sufficient in describing the actual aspherical nature of the atoms. By the nature of the
covalent bond, in which electrons are shared between atoms, the distribution of electron
density necessarily deviates from the standard “spherical” atom. Aspherical atom
refinements have been implemented in a few programs, such as XD,? to utilize a
mathematically accurate refinement method which allows for deviation from the
spherical atom model approach. A combination of radial functions and spherical
harmonics in combination with the kappa formalism, allow for an empirical description
of the observed electron density in the molecular material, including the electron density
formed in a chemical bond. Aspherical atom refinements begin with an input of data
from the basic spherical atom refinement. These refinements are then built upon with an
expansion of the spherical harmonic expressions which define experimental fit to the
electron density.

There are several different ways to approach the deformation density model;
however, there are two which are quite common. Given experimental considerations of
the sample and temperature of the experiment, it is possible to calculate the deformation
density based on the density obtained in a neutron diffraction experiment being
subtracted from the electron density from an X-ray diffraction experiment, in which the

deformation density is given by
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Piaforwatin 7= %Z [|F i) |Fw_lc_~_\ Fm,c,N]cos(hH .r) (1.41)
H cale,N

where H is the lattice vector, V is the volume and F is the structure factor. The most

widely used application of the deformation density is the difference between the total

electron density and a calculated model from X-ray diffraction data. The deformation

density is then given by

p deformanon (r) Z( obsX -F cale,X ,highorder }Xp( 2mH -r ) (1.42)

H
The difference which results from equation (1.42) allows for a direct visualization of the
electron density in a bond as well as lone pairs of electrons.

There are several topological properties which are accessible through the
aspherical atom formalism which are well-behaved, functional forms. The deformation
density is defined as the difference between the total density and the density which is
calculated from a reference molecule based on unbiased positional and thermal

parameters.

1.10.3 Bader’s definition of atoms in molecules (AIM)

The definition of a bound atom in a molecule requires that its properties must be
able to be defined by the average properties in a material. Atoms are objects in real space
and therefore their topological properties are defined by space partitioning of the real
space charge distribution. The charge density, p(r), is a physical quantity which has a
definite value, which is a scalar quantity in three-dimensional space.”> These topological
properties can be summarized by use of a bomrd critical point. The gradient field vector,
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Vp(r), is a convenient way to analyze these topological properties, which associate
direction and magnitude to each point in space. The location of a bond critical point is
found where Vp(r) vanishes.” A gradient path begins at each critical point and

terminates at an atom center, in which the line that connects these two points is termed

the atomic interaction line.”

1.10.4 Topological properties from aspherical atom refinements

Important topological properties readily accessible through multipolar density

formalism are the gradient of the density, Vp, and the Laplacian, V?p, and their

applications in the definition of critical points. The gradient of the density is defined by

Volr)=i a’;x(’) +Jj a‘gy(') +k a‘;ﬁ’) (1.43)

which is equal to zero at a critical point. The bond critical points may be defined in terms
of the Hessian matrix.”> The Hessian matrix, H(r), is the symmetric matrix of the nine
d*p

Lhgad |

second derivatives of the density, , in which the eigenvectors of H(r) may be

obtained by the diagonalization of the matrix. The eigenvectors are the principal axes of

the curvature at a point r. The number of non-zero eigenvalues of the curvature is termed
the rank, w. The signature, o, is the algebraic sum of the signs of the eigenvalues.” A
critical point is then defined by (w,a). 2L23 There are four possible types of critical

points in this three-dimensional space. A (3,-3), or peaks, consists of all negative

curvatures and the electron density is a local maximum. (3,-3) critical points are found at
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the center of an atom. A (3,-1) critical point, termed passes or saddle points, consists of
two negative curvatures at which p is a maximum in that plane as is defined by the

aforementioned curvatures, and p is a minimum along the third curvature, perpendicular
to the plane. (3,-1) critical points are located between every pair of atoms linked by a
bond. A (3,+1) critical point, or pales, consist of two positive curvatures with p at a
minimum in this plane and p is a maximum along the third curvature perpendicular to
that plane. (3,+1) critical points are found at the center of a ring of atoms. The final type
of critical point is a (3,+3), termed pits. All curvatures in a pit are positive and the
electron density is a local minimum. This type of critical point is found at the center of a
cage of atoms.

The Laplacian of the electron density is a topological property which may be

extracted from the results of a multipolar formalism. The Laplacian is defined as

o? d? o2
V2p(r)= ai’fr)+ a:g’)+ a':z(') (1.44)

The numerical value of the Laplacian is indicative of the type of chemical bond present.
In a typical C-O bond, the value for the Laplacian in found in the range of approximately
-30 to -40 eA®, and in a typical C-C bond, this value ranges from -10 to -12 eA>.2! For
closed-shell, or ionic interactions, there is no accumulation of electron density along a
bond path. Instead, there exists a minimum along the bond path connecting the two
nuclei in which A3 has a positive value. However, A, and A, are negative because there is
no contraction of electron density which is perpendicular to the bond. A diagram

representing the paths of A; with respect to a pair of bonded atoms is shown in Figure 1.9.
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Figure 1.9. Definition of A with respect to a pair
of bonded atoms.

This results in a positive value for the Laplacian. For covalent bonds, the value of the
Laplacian is negative, due to a strong dependence on A; and A;. However, for second
row elements, a large positive value of A3 dominates and may therefore lead to a positive
value of the Laplacian. The Laplacian is useful in the classification of hydrogen bonds.
For X-H...Y, the X-H bond is covalent; however, H...Y is a ‘closed-shell’ interaction.

There is a small amount of electron density found along the H...Y vector. In a typical

o —5
strong hydrogen bond, as is present in the (H,0O), dimer, Vzp(r) =0.42¢eA and for a

o5
very short, strong hydrogen bond, as in (HF),, V2p(r)=0.8l1e4 .2

The ellipticity, €, is a measure of the amount of n-character present in a bond.

The ellipticity is defined by

A, 1.45
€ % (1.45)

where 4, is a contraction of the electron density perpendicular to the bond path. For a
perfectly symmetric o bond, the ellipticity equals zero. Any deviation from sphericity in

a bond necessarily yields a value for the ellipticity which is greater than zero. Typical
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values for the ellipticity of a bond are 0.0 for ethane, 0.23 for benzene and 0.45 for

ethylene.21
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Chapter 2: Experimental and theoretical studies of the electronic structure in

hydrogen bonded systems

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

Physical Chemistry A**% and is included in its published form in the Appendix.

2.1 Introduction

The earliest reference to a hydrogen bonding interaction dates from the early
1900°s,26?® and was used to explain simple inorganic systems such as ammonium salts.
A formal definition of hydrogen bonding was not developed until 1960 by Pimentel and
McClellan.”®

“A hydrogen bond is said to exist when: 1) there is evidence of a bohd,

and 2) there is evidence that this bond specifically involves a hydrogen

atom already bonded to another atom”.>

This is a loose definition that has been continually redeveloped and assessed since
its advent. From this definition, it is clear that the definition of a hydrogen bond is
unconventional with respect to the standard covalent two centered, two electron (2c-2¢)
bond. The hydrogen bond is a very complex interaction, spanning two orders of
magnitude from the ‘weak’ hydrogen bond to HF, at 163 kJ mol™. At the lower extreme
of energy, the hydrogen bond is equivalent to van der Waals and dispersion interaction
(16.23 kJ mol™ in 1,3,5,7-tetra-tert-butyl-s-indacene),”’ while at the higher extreme of
energy, the very strong hydrogen bonds have energies in the range of some covalent
interactions. For example, the bond strengths in F, and I, are 154.8(4) and 148.95(4) kJ
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mol™, respectively,’? in comparison to the hydrogen bond in [FHF]” which is 163 kJ mol
133

The structural simplicity of a molecule is related to the bond strength of a
hydrogen bond in an inverse manner. Some of the simplest structures, such as HF,*
have the strongest hydrogen bond energies, whereas very weak hydrogen bonds, such as
those often found in protein structures and DNA, are very structurally complex. A
graphical representation of these bond strengths versus bond angle as extracted from the
CSD is shown in Figure 2.1.3%%

A more precise definition was advanced by Steiner and Saenger where the
hydrogen bond is defined as any interaction, X—H Y, in which the hydrogen atom has a
partial positive charge and the atom Y has a partial negative charge.3 6 The hydrogen bond
is also defined as a group parameter, which indicates that in any description of a
hydrogen bond the definition necessarily combines all three atoms as one “entity’.

With advances in charge density analysis from experimental X-ray diffraction
data, the definition of a hydrogen bond has expanded further to include topological
properties extracted from these analyses in conjunction with Bader’s theory of atoms in
molecules (AIM).2'*"-8 The extracted values for the charge density and the Laplacian of
the charge density at a bond critical point have been incorporated into the definition of a
hydrogen bond. Along the H*'Y vector, there is a small amount of electron density and a
positive value for the Laplacian, which is characteristic of a closed-shell interaction.’!
Typical values for the Laplacian in a very strong hydrogen bond are 0.42 e’A” for the
water dimer and 0.81 e'A™ for (HF)z.21 However, some studies have shown in very short
symmetric hydrogen bonds, the value for the Laplacian at the bond critical point along
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Figure 2.1. Graphical representation of hydrogen bond lengths versus angle from the

CSD; X-H...Y, where X and Y are either C, N, O or F>!° (a) defined as X-H-Y, (b)
defined as X-H...Y, where H...Y is defined as a non-bonded contact.
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the H...Y vector indicates covalent character, with reported values between -5.9(9) and
-7.1(9) e A5.213940

Hydrogen bonding is a common interaction in many areas of structural
chemistry.*** In chemically simple systems, such as the hydrides of the first row

elements of the periodic table, hydrogen bonding is responsible for the strongly

45-51 53-55

associated nature of water, ammonia®? and hydrogen fluoride, as well as the
excellent solvent properties of these fluids. The physical and chemical properties of more
complex systems are also due to the presence of the hydrogen bond; highly complex
examples occur in structural biology, where the generation and maintenance of protein
secondary and tertiary structure are dependent on this interaction.***** Protein-protein
interactions,* enzymatic catalysis*>*® and the structural chemistry of DNA are yet more
complex examples.

The presence of a hydrogen bond is relatively simple to predict in the solid state.
The presence of two electronegative atoms, usually N, O or F, one of which is bound to at
least one hydrogen, normally ensures that a hydrogen bond will exist, assuming that there
is no structural motif that prevents bond formation. The ease of formation and the
predictability of the presence of hydrogen bonds have led to the exploitation of this
interaction in the intelligent design of crystal structures — the field of crystal
engineering.’®®

Apart from the importance and flexibility of the hydrogen bond as an important
interaction in the solid state, it is also of theoretical interest in the study of proton transfer
in several systems, notably carboxylic acid dimers, have been investigated theoretically

and experimentally towards this end.*"! It has been demonstrated both through variable
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temperature X-ray and neutron diffraction experiments, that in some molecular systems,
the hydrogen atom migrates to the center of the X-H-Y bond as the temperature of the
experiment is raised.®*$7%%72" It is notable that proton migration may occur in both
homonuclear (X-H-X) and heteronuclear (X-H-Y) systems.

Very strong hydrogen bonds are often intramolecular, as is shown in Figure 2.2,
or found to occur between conjugate acid/base pairs, with an example shown in Figure
2.3, and are often referred to as short strong hydrogen bonds, or SSHB. SSHB’s are very
important in chemical reactivity and often play a dominant role in crystal packing when
they are present and in this respect, it is a strong intermolecular interaction. As with all
hydrogen bonds, they contain a significant electrostatic contribution, or charge transfer
contribution.” However, based on the bond energies associated with SSHB’s, the
strength of these bonds are often equivalent to those with covalent character. The
hydrogen bond may be defined as a 3-centered-4-electron (3c4e) bond in which two
electrons are from the X-H bond and two electrons are from the lone pair on Y. A simple
molecular orbital diagram of the hydrogen bond is shown in Figure 2 4.

It has been stated that strong hydrogen bonds have very little covalent character
and are predominantly defined by electrostatic forces.”” Weak hydrogen bonds consist of
very little or no covalent character and are only moderately electrostatic, although they
are dominated by charge transfer components and dispersive forces. Some definitions of
the hydrogen bond state that the distance between H and Y should be within the sum of
the van der Waals radii.” However, a bond which is considered a weak hydrogen bond
often does not fit this criteria. Desiraju and Steiner” developed a system to classify the

‘cut-off criteria’ for hydrogen bonding, which has an 7™ energy dependence that breaks
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Figure 2.2. Example of an intramolecular hydrogen bond.

Figure 2.3. Example of an intermolecular hydrogen bond in an
acid-base pair.
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Figure 2.4. Molecular orbital diagram on the bonding in the

3c-4e hydrogen bond.
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down the intermolecular interactions into multipole terms contributing to the energy of

the bond. A list of the multipole interaction dependencies are given in Table 2.1.
Experimentally, the hydrogen bond may be studied by several different methods

including a variety of diffraction techniques, vibrational spectroscopy for both solution

and solid state,” gas phase rotational spectroscopy’® '®

and nuclear magnetic resonance
spectroscopy (NMR).79 In IR spectroscopy, hydrogen bonds are evidenced by the
reduction in the X-H stretching frequency coupled with an increase in the band width and
intensity as well as increasing the frequency of the X-H 'Y bending vibration decreases,
as compared to the non-hydrogen bonded system.”"”’75 Evidence of the hydrogen bond
in the gas phase is often studied by microwave rotational spectroscopy. These

experiments were used to deduce the potential energy surfaces of a X-H “n hydrogen

bond is relatively flat, in that it is a very broad minimum, and that for weak hydrogen

Table 2.1. ‘Cut-off criteria’ for hydrogen bonds.®

: r~* Ener ?

Interaction Type Peoeh den?y .

Monopole — Monopole ! '
Monopole — Dipole r2

Dipole — Dipole y3 ]

Dipole — Quadrupole £y et ]
Quadrupole - Quadrupole P>
Dispersive ro
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bonds that exist in © systems, the donor is located at the center of the multiple bond, or
the apparent center of the charge density, and not at an atom.” In both solid-state and
solution NMR studies, when a hydrogen bond is present, there is chemical shift of the
resonance.”*®® As the strength of the hydrogen bond increases, the shielding decreases,
resulting in an low field shift of the isotropic chemical shift.®! In the solid-state, the

presence of a hydrogen bond is evident by the broadening of the peak.”

2.1.1 Characterization of the nuclear and electronic structure of the hydrogen bond
Both X-ray and neutron diffraction techniques may be used to structurally
characterize the hydrogen bond. However, the general distribution of scattering density
differs between radiation sources, as is detailed in chapter 1. Neutron diffraction
determines the distribution of nuclear density in the Bragg average, whereas X-ray
diffraction reveals the distribution of electron density under the same prescription. In
most structurally simple systems, defined here as 2-centered-2-electron bonded species
(2c-2e), and therefore to understand the structure, there is a strong correlation between
the nuclear density and the maxima in the electron density. It has been shown that the
length of the hydrogen bond (X-H) as determined by neutron diffraction is slightly longer
than in X-ray diffraction experiments. Motion of the H nucleus in an X-H hydrogen bond
produces a foreshortening of the bond. This arises from the distribution of electron
density relative to the instantaneous position of the nucleus. ¥ It is common practice to
normalize hydrogen bond lengths in X-ray diffraction experiments to the known neutron
values, which is perhaps more accurate. However, these adjusted values are not

necessarily more chemically meaningful.
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2.1.2 Prior parameterization of the hydrogen bond

As was alluded to above, the hydrogen bond may be divided into three categories;
very strong, strong and weak hydrogen bonds. However, to clarify the hydrogen bond,
several methods of parameterization have been used. Figure 2.5 shows the relevant
structural parameters used to describe the strength of a hydrogen bond. Early definitions
were based on solely one geometric parameter, D, the distance between X and Y, due to
the inaccurate location of the hydrogen atom in these bonds. With an increase in the
accuracy of the location of the position of the hydrogen atom in the hydrogen bond, the
strength of the bond is now often correlated with three geometric parameters d, 6 and r.
A summary of the classification of the strength of hydrogen bonds, as compared with van
der Waals and dispersion forces, is represented in Table 2.2 given with examples.!>4183
A van der Waals interaction is said to be present when the distance from H to Y is less
than the sum of the van der Waals radii?® This implies that strong and very strong
hydrogen bonds contain van der Waals forces, though the distance in a weak hydrogen
bond is on the same order as that in a van der Waals interaction. The difference between

a van der Waals interaction and a weak hydrogen bond is that van der Waals interactions

Figure 2.5. Geometric parameters used to define a hydrogen
bond.”’
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Table 2.2. Classification of the strength of a hydrogen bond.”

Very Strong Weak Van der Waals
strong
B"”";’(’;’P’ * | 62-167 | 16-62 <16 ~4-21
Relative IR shift | >25% | 5-25% <5%
D/4 22-25 | 25-32 30-40
< Z vdw radius H
d/A T2 =15 | 1.3=22 2.0-3.0 Pt ey
1754
0/ = 130 - 180 90 - 180
FFL.F /| HOHUAGHY s v gl o, C-H...H-C
Example!*'3¢! 163kJ | 56 kJ mol’ S = ~4.18-20.9
-1 1 9 kJ mol 1
mol kJ mol
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are isotropic in that the interaction energy is independent of the angle 0 (Figure 2.5),
whereas hydrogen bonds are directional **

For many chemical systems, the determination of structure is based on the
assumptions of the existence of atoms within the molecules; in this sense, a molecule
may be defined as a bound ensemble of atoms and is therefore an extra hierarchical layer
over and above the structure of the atom in the description of matter. Though this
assumption is widespread in chemistry, a comprehensive definition of the atom within
this hierarchical structure that is quantum mechanically satisfactory has only been
derived in the last 25 years or so, predominantly due to the work of Bader.2>"#538 More
concisely,®

[t]he molecular structure hypothesis - that a molecule is a collection of

atoms linked by a network of bonds - was forged in the crucible of nineteenth

century experimental chemistry. It has continued to serve as the principal
means of ordering and classifying the observations of chemistry.

An issue arises when considering the structure of a crystalline material that derives
from the bipartile nature of the atom itself: it is not possible, by a single experimental
method to determine the structure of an atom or any ensemble of atoms. One may
determine the electron density or the nuclear density, but not both, using the same
radiation source. If the nuclear position of the atom and the electron density associated
with the atom are very strongly correlated, then it is certainly reasonable to assert that the
either the distribution of the nuclear positions or the distribution of total electron density

are good measures of the position of any atom within the system. It is notable that for the
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vast majority of atoms, the total electron density is dominated by the core electron
density.
There are at least two areas where this last generality is not true in molecular

systems: the electrides®®®?

and those systems that contain the hydrogen bond. In the
latter case, the valence density of hydrogen is also the ‘core’ density and in the hydrogen
bond, the delocalized nature of the electron density ensures that the normally strong
correlation between the distribution of nuclear density and the distribution of electron
density breaks down. Consequentially, the ‘atomic’ definition of a hydrogen bond is
more problematic.

It is well accepted that the most common diffraction technique for the location of H
atoms in a hydrogen bond is neutron diffraction. However, an important distinction must
be made, in that a neutron diffraction experiment simply describes the nuclear density in
the hydrogen bond and the distribution of electron density in a molecular system is only
measurable by X-ray diffraction experiments. In many heavy atom systems, the nuclear
and electron densities are strongly correlated; however, the density in a hydrogen bond is
not correlated in the same manner.? The distribution of density in a 3-centered-4-electron
bond such as the hydrogen bond, is often diffuse and anisotropic in nature; however, the
nuclear density is generally not diffuse in a 3c-4e bond. Therefore, the only way to
clearly demonstrate the distribution of electron density in a bond is through a series of
extensive X-ray diffraction experiments.

This chapter includes extensive experimental and theoretical studies of two
hydrogen bonded systems, which include urotropine-N-oxide-formic acid (I) and para-
iodobenzoic acid (II). Direct imaging of the electron density associated with the short,
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strong hydrogen bond is emphasized by the use of difference Fourier maps which are the
results of X-ray diffraction experiments performed at variable temperature, exploring the
possible methods of refinement of the electron density associated with the hydrogen bond
which is a useful method that is complementary to other, more usual methods of
refinement.” A neutron diffraction experiment is performed on urtropine-N-oxide-formic
acid to ensure the exact location of the nuclear density associated with the hydrogen
bond. By using both radiation sources, we thereby define all the scattering density in the
Bragg average associated with the hydrogen bond. It is notable that the neutron
diffraction data are not essential or even necessary in an a priori sense to define the
electron density distribution in the hydrogen bond, but as we shall show, the inclusion of
information about the distribution of nuclear density is instructive. The chemical
ramification of the results in an ‘atomistic’, chemical sense is explored and shows that
such a description of the hydrogen bond is not particularly illuminating. Both solution
and solid state NMR data were obtained to further enhance the crystallographic results.
In the case of para-iodobenzoic acid, thermodynamic data were collected to give insight

into the phase transition centered about 230.77 K.

2.2 Structural studies of urotropine-N-oxide-formic acid (I)

Urotropine is a molecular system that has had an important role in crystallography,
due in part to the similarity of this molecule to adamantane.**'” Whereas adamantane is
of great interest as an archetype for plasticity, urotropine is brittle,'%® despite the apparent
similarity between the molecular structures. Urotropine crystallizes in the cubic space
group /43/m, with one nitrogen atom, one carbon atom and two hydrogen atoms in the
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asymmetric unit, and is structurally related to adamantane. Due to the high tetrahedral
symmetry of the molecule, there is only one set of unique bond lengths for urotropine and
that bond length is C-N bond length is 1.4715(14) A. The simplicity of the asymmetric
unit and the lattice has ensured that urotropine has been investigated as a model for lattice

96,98,99,101,102,105,109

dynamics,'” molecular vibrations in the solid state and for multipole

reﬁnements,'oz’m’m

to name a few. Urotropine-N- oxide is a potentially polybasic, polar
molecule, and its adducts are interesting systems for the investigation of hydrogen
bonding. The molecule has two potential sites at which hydrogen bonding may occur;
the tertiary nitrogen centers and the N-oxide O atom, offering the potential for the
“engineering” of intermolecular interactions with appropriate adducts.

The molecular structure of urotropine-N-oxide, shown in Figure 2.6, has previously
been investigated by single crystal X-ray diffraction.!’® It is notable that the N-O bond
length is particularly short at 1.3951(12) A, in comparison to the normal range for the N-
O distance in hydroxylammonium cations which is 1.396 — 1.436 A.3***!1°It is a neutral

molecule, though there is a formal charge separation between the nitrogen and oxygen

atoms. The structure of several adducts of urotropine-N-oxide have also been

Figure 2.6. The molecular structure
of urotropine-N-oxide.
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reported;''!™'® where the first molecular and crystal structure determination of
urotropine-N-oxide-formic acid was first determined by Mak in 1978, from data
accumnulated at room temperature.''*'"*

There is a potential coupling between the distribution of electron density associated
with the hydrogen position and the structure of the formic acid residue in urotropine-N-
oxide-formic acid wherein a valence bond, atomistic description, this correlation
automatically is present. This possibility was alluded to by Mak in 1978 in an inverted
manner, by asserting that, due to the asymmetry in the C-O and C=0 bond lengths, there
was no formal proton transfer, though the quality of data collected at that time precluded
a detailed analysis of the structural behavior of the hydrogen atom. Correlation of the
bond lengths in the formic acid residue to the structure of the electron density, and
therefore the proton position, can occur in this material as full H atom transfer to the N-O
bond should result in the formation of a delocalized formate ion. Retention of Ogmae-H
bond order should make the delocalization less likely in the formate ion. Possible
equilibria of this type are shown in Figure 2.7.

Using a valence bond formalism, in principle, the N-oxide-formic acid adduct 1a
can equilibrate with 1b, the hydroxylammonium — formate salt, where the formate ion is
fully delocalized and therefore possesses equal C-O bond lengths or with 1c/d, the
hydroxylammonium formate salts where the bond lengths in the formate ion are not
resonance delocalized.

It is notable that the resonance structures illustrated in Figure 2.7 as intermediates
only have formal meaning within a valence bond description and that the description of
many main group and organic molecules is inadequate when the description is based on a
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Figure 2.7. Potential equilibria involving both proton
and electron redistribution in  urotropine-N-
oxide-formic acid.
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hybridizational or valence bond approach.!'®'> Herein, the method of analysis used
expressly employs a delocalized description of the electron density in order to shed light
on the precise nature of the hydrogen bonding network in urotropine-N-oxide-formic

acid.

2.2.1 Molecular and crystal structure: urotropine-N-oxide-formic acid

The symmetry of free urotropine-N-oxide is C;, and therefore the carbon-nitrogen
bond lengths are no longer equivalent. The carbon-nitrogen bond lengths adjacent to the
N-oxide portion are considerably lengthened compared to the carbon-nitrogen bond
distances which are further removed from the charge separated segment of the
molecule.**>!!* The three nitrogen-carbon bond distances (for the nitrogen atom of the
N-oxide portion) are elongated to an average distance of 1.5411(18) A and 1.5249(13) A
for the room temperature and 123 K X-ray diffraction study, respectively. The remaining
nitrogen-carbon bond distances are similar to those of free urotropine-N-oxide [1.441(2)
A and 1473(2) A, 298 K; and 1.4480(14) A and 1.4783(14) A, 123 K).!'%!"* Based on
the experimental neutron diffraction data, the carbon—okygen bond distances in the
formate segment of the molecule are 1.286(5) A and 1.230(4) A for the C7-02 and C7-
O3 bonds, respectively, and these distances are compiled in Table 2.3. These distances
coincide with the results extracted from the X-ray diffraction experiment at 123K,
1.2862(14) A and 1.2228(13) A, respectively. The C-N bond distances in the cage
correspond well with the distances obtained in the X-ray diffraction experiment, differing

by less than one thousandth of an angstrom.
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Table 2.3. Intermolecular structural parameters at variable temperature from the spherical atom
refinement. Neutron data is represented by an (N) and X-ray data by an (X ) for urotropine-N-oxide:formic
acid.

| o, | A /A IA | roo /A /A 1A | “omal | £, 0

| T/K | ™o, ToH, To,H, 00, To,c, To,c, 06,0,

| 123 1.3727(33) | 1.221(7) | 1.211(7) 2.428(6) 1.286(5) 1.230(4) 173.3(6) | 126.28(34) (N)
123 1.3984(11) | 1.24(4) | 1.19(7) 2.435(1) 1.2862(14) | 1.2228(13) | 173.1(5) | 125.17(10) | (X)
148 1.3956(11) | 1.25(3) | 1.21(3) 2.443(D 1.2818(15) | 1.2252(15) | 170.0(6) | 125.62(11) | (X)
173 1.3949(12) | 1.24(2) | 1.21(2) 2.439(1) 1.2778(15) | 1.2206(15) | 172.3(6) | 125.55(12) | (X)
198 1.3951(11) | 1.24(6) | 1.20(6) 2.438(1) 1.2786(15) | 1.2234(15) | 174.0(6) | 125.89(12) | (X)
223 1.3979(12) | 1.22(6) | 1.24(6) 2.450(1) 1.2757(16) | 1.2258(15) | 174.2 (6) | 126.05(12)  (X)
248 1.3933(13) | 1.26(3) | 1.18(6) 2.430(1) 1.2680(18) | 1.2147(18) | 172.7(6) | 126.00(15)  (X)
298 1.3940(14) | 1.27(6) | 1.18(3) 2.430(1) 1.263(2) 1.2107(19) | 171.4(1) | 126.47(16) @ (X)
298 | 1.388(6) T 2.435(4) | 1.281(6) | 1.200(6) 126.15) |
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The overall molecular structure, determined by spherical atom refinements of the
X-ray data collected at seven temperatures, ranging from 123 K to room temperature, is
unsurprising and the non-hydrogenous structure remains relatively invariant with
temperature. Relevant structural parameters are given in Table 2.3. A representative

structure of the asymmetric unit is shown in Figure 2.8(a)'**

with the corresponding
packing diagram in Figure 2.8(b). The latter shows the orientation of the four molecules
that are contained in the unit cell. It is notable that the packing segregates the more polar
parts and less polar parts of the complex; the polar portions, consisting of the N-oxide and

the hydrogen bound formic acid are mutually anti to each other across the sheet

composed of less polar cages.

2.2.2 Hydrogen bond structure: urotropine-N-oxide:formic acid
Urotropine-N-oxide has four potential sites at which hydrogen bonding may

occur: there is one electronegative oxygen atom and three tertiary amines which may act

(&
Figure 2.8. The molecular structure of urotropine-N-oxide-formic acid at 123K (a) and a
packing diagram (b)."*°
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as potential strong hydrogen bond acceptors. Examination of extended contacts in the

unit cell using Mercury*>%

revealed that the only substantial interaction was the short,
strong hydrogen bond present between the urotropine-N-oxide and the formate residue.

The observed hydrogen bond in this case is to the N-oxide O atom, with a short
oxygen- oxygen distance ranging from 2.4300(10) A to 2.4469(10) A based on the X-ray
data and 2.428(7) A in the neutron data at 123 K. This lies well within the standard
definition a short very strong hydrogen bond,” which is defined as a hydrogen bond
where the O...0 lies in the range 2.2 — 2.5 A.

In addition to the “very strong” hydrogen bond between the oxygen atom of the N-
oxide, Ol, and the oxygen atom, O2, of the formate segment, there are three other
hydrogen bonds present in this system. Each of the three tertiary amines form hydrogen
bonds to an adjacent molecules, which may be classified as a “weak” hydrogen bond,”
with N...H bond distances ranging from 2.68 A to 2.89 A3*!%> However, it is notable that
the van der Waals sum for N...His 2.75 A'?® and it may therefore be more appropriate to

classify the N...H interaction as a hydrogen bridge 2>

2.2.3 Nuclear structure of the hydrogen bond: urotropine-N-oxide-formic acid

The results of the neutron diffraction experiment at 123 K reveals the nuclear
position of the H atom associated with the hydrogen bond. The proton is located at a
distance of 1.221(7) A from the oxygen atom of the N-oxide segment of the molecule and
1.211(7) A from O2 of the formate segment, with an O1-H1-O2 angle of 173.3(6)°.
Therefore, with in the errors associated with the experiment, this results in a short
symmetric hydrogen bond.
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2.2.4 Discussion: urotropine-N-oxide:formic acid

It has recently been shown that direct imaging of hydrogen density from X-ray
diffraction experiments can be more reliable than parameters determined from
refinements;%*" this is particularly true in the case of elongated or highly anisotropic
electron density is observed in this system. In this case, X-ray data are not sufficiently
robust to allow fully anisotropic H atom refinements. However, our multiple-temperature
study, and the apparent invariance of the shape and position of the difference Fourier
peak representing the electron density associated with H1, allows the conclusion that in
this system the hydrogen atom strongly perturbed towards a position close to the centre of
the O...0O vector and its position appears invariant (within the accuracy of the X-ray data)
as a function of temperature. This is a significant observation, particularly in light of
several recent reports of migration of the H atom in such cases;***"%%™" the nature of
the hydrogen bond in urotropine-N-oxide-formic acid is robust towards such effects.

The distribution of electron density in the Fourier difference maps'?’ in Figure 2.9
(calculated in the absence of H1 from the model) in the region of the short, strong
hydrogen bond shows elongation of the density along the O1 — O2 vector, commonly
observed in short, strong hydrogen bonds. As seen in the Fourier maps, the maximum in
the electron density associated with the hydrogen bond is located approximately 1.16 A
from the formate segment of the molecule, representing a significant elongation of the O-
H “covalent” bond, where the electron density is distributed between O and H over a
length of ~ 1 A. This is indicative of a centered proton which is frequently observed in

short hydrogen bonded systems. However, this distribution is broad and full
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123K 148K
173K 198 K
223K 248K
298K

]

Figure 2.9. Fourier difference maps showing the electron density associated with the
proton position of the formic acid OH in urotropine-N-oxide-formic acid.** Contour
levels are drawn at 0.03 ed”.
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quantification of the O-H distances in this system is complicated by the uncertainty
introduced by the nature of the density representing this hydrogen atom.

Analysis of the neutron diffraction data at 123 K clarifies the position of proton
associated with the hydrogen atom in the hydrogen bond; the distance between the proton

position and the two oxygen atoms are ry, =1.221(7)A and r,, =1.211(7) A, with a
bond angle £ Y S 173.3(6)°.

The relative invariance of the hydrogen atom position with temperature is also
borne out by the trends in the other bond lengths present in this system. For example,
there is also a considerable change in the bond distances of the formic acid segment,
which tend to increase as the temperature is lowered (possibly partly due to thermal
parameter effects), and do not show a pattern consistent with transfer of the proton across
the hydrogen bond. At room temperature, the carbon oxygen double bond is 1.2107(19)
A and the C-O single bond is 1.263(2) A. These bond distances are in accord with earlier
studies of urotropine-N-oxide-formic acid as well as with free formic acid as seen in a
search of the Cambridge Structural Database (CSD).>**> As the temperature of the
diffraction experiment was lowered to 148 K, the carbon-oxygen bond distances in the
formic acid segment of the structure are both found to lengthen. The carbon-oxygen that
is formally considered a single bond is 1.2818(15) A, while the double bond is
1.2252(15) A. A comparison of the bond lengths in the formate segment of the molecule
are shown in Figure 2.10. These distances are closely related to a formic acid fragment

which is hydrogen bound to another species. i
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Figure 2.10. Comparison of the variation of the C-O and C=0 bond lengths
of the formate segment by neutron diffraction and variable temperature X-ray
diffraction experiments for urotropine-N-oxide-formic acid.
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At 123 K, the heavy atom positions and the bond lengths derived from the data
show a strong correlation between the X-ray and neutron data, though there is not a
strong correlation for the H atom. Given the experimental data, it may be assumed that
the correlation of the heavy atom holds true at all temperatures. The carbon — oxygen
bonds in the formate segment do not show any evidence of structures 1b or 1¢ shown in
Figure 2.7. We note that, in the presence of a short, strong hydrogen bond, a similar lack
of correlation in the carbon — oxygen bond lengths has been observed in other compounds
where H atom transfer is observed.* There is no distinct difference in the two carbon—
oxygen distances which is to be expected from a valence bond description of the
molecule. Additionally, the C-O bond lengths in the formate segment vary with
temperature, which is unrelated to any structural change in the hydrogen bond. This
indicates the presence of a resonance structure between structures 1a and 1d in Figure
2.7, indicating that assertions about the hydrogen bond based solely on heavy atom
positions and bond lengths are not reliable.

The partial “transfer” of the proton to the center of the short hydrogen bond,
indicated by the difference Fourier maps, is supported by analysis of the N-O bond
distance in the system. This is considerably longer than in free urotropine-N-oxide
(1.363 A) and slightly longer than previously known urotropine-N-oxide hydrogen-
bonded systems (1.380-1.391 A) as seen in a search of the CSD.*** The formation of a
significant bonding interaction with the partly transferred proton withdraws electron
density from the N-O bond, weakening the strength of the bond and therefore increasing
the bond length. The average bond distance for the N-O bond in hydroxylammonium
cations, as seen in a search of the Cambridge Structural Database, is 1.417(2) A, with a
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range from 1.396-1.436 A.>*** This bond length corresponds more directly to urotropine-
N-oxideformic acid than does the average bond length for a typical N-oxide system.
Once again the relative invariance of this N-O distance with temperature supports the
stability of the “partly-transferred” proton in this hydrogen bonding system.

For a comparative study of the bond lengths in the formic acid segment of the
structure, single crystal X-ray diffraction data were collected for rubidium hydrogen
formate at 173K using the data collection strategy as described in section 7.2. There is a
considerable amount of hydrogen bonding present in the solid-state structure of this
material where the hydrogen bonds exist between two formic acid segments, with an
oxygen-oxygen distance of 2.4360(13) A. In the crystal structure, rubidium atom is eight
coordinate, with bond distances to the oxygen atoms of the formate ranging from
2.8853(13) A to 3.1556(12) A. The bond distances for the C-O single and double bonds
were found to be 1.272(2) A and 1.2269(19) A, respectively. These distances are similar
with those found at the same temperature in urotropine-N-oxide-formic acid which are
1.2778(15) A and 1.2206(15) A. As expected, the O-C-O angle in rubidium formate,
125.06(15)°, is only slightly smaller than that in urotropine-N-oxide-formic acid
[125.55(12)°]. The lengthening of these bond distances is indicative of a stronger
hydrogen bond present between formic acid and urotropine-N-oxide as is the migration of
the electron density associated with the proton position as the temperature is lowered.

An anisotropic displacement parameter (ADP) may be defined as ‘the second moment of
atomic probability distribution function’.®® This essentially describes the average
displacement of atoms in crystals from the mean atomic positions in the Bragg average.

Figure 2.11 depicts the variation in U5, With temperature for the X-ray data as well as a
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Figure 2.11. Comparison of the results from neutron (Ugzis,) and X-ray (Uss,) data

Jor the hydrogen bound H atom, H1I, in urotropine-N-oxide:formic acid.
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comparison of the neutron data, for the atoms which are most effected by the presence of
the hydrogen bond, namely N1, Ol and O2. Upon comparison of the neutron and X-ray
data collected at 123K, it is notable that there is very little difference in Ugps, for any of
these atoms, the difference being approximately 0.001 A% The major difference in the
thermal parameters between the neutron and X-ray data is best shown in Figure 2.12

which represents H1, the hydrogen bonded H atom. Table 2.4 shows the anisotropic

thermal parameter tensor components, U ,f and U f’ of H1 extracted from the refinement

of the X-ray and neutron data, respectively, and it shows the difference in ADP’s between
the two sets of experiments. For a hydrogen atom, the valence electron density is also the
core electron density, leading to the diminished correlation between the distribution of
nuclear and electron density. From Figures 2.11 and 2.12 it is clear that the description
of isotropic displacement parameters for the hydrogen atom from X-ray data is
inadequate. Though results from the X-ray and neutron diffraction experiments showed
very similar positional parameters for H1 in that position of maximum electron density
from the X-ray data corresponds well to the position of the proton in the neutron data, the
ADP’s clearly differ. In the refinement of neutron diffraction data, the ADP’s of the
proton position associated with the hydrogen bond are consistent with the average
displacement over the thermally populated normal coordinates and lattice modes, and in
this respect the ADP’s of the proton are not anomalous when compared to the other
atomic ADP’s in the crystal. Therefore, given the broad distribution of electron density
associated with the hydrogen bond, the use of ADP’s to refine the structural parameters

of the electron density associated with the hydrogen bond is clearly not in accord with the
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Table 2.4. Anisotropic displacement parameter tensors for HI from neutron and X-ray
diffraction data for urotropine-N-oxide-formic acid. '®® The average Uy, for the H
atoms in the urotropine cage is 0.03404 A’ (neutron data) for urotrdpine-N-oxide:formic

acid.

Un Uiz Uis Uz Uzs Us; Uaniso
0.0434)  0.003524) 0.0048(29) 00201(29) 0.001325) 00284) 003032 e’: tlmn
Hl

0.151(22)  0.031(13) 0.051(14) 0.038(11) 0.018(8) 0.047(13)  0.08263 Sancy
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definition of the ADP. The neutron diffraction refinement of the O-H-O positions and
ADP’s effectively define the nuclear potential in which the four electrons associated with
the hydrogen bond are confined. From inspection of the ADP’s associated with the
nuclear potential, it is clear that the motion of the atoms are smaller in magnitude than
have been interpreted from the refined ADP’s for the “H atom™ associated with the
hydrogen bond. It is therefore clear parameterization of structural parameters of the
distribution of electron density using ADP’s is not physically realistic within the
structural definition of the ADP. Moreover, it is clear that a standard “spherical atom and
ADP” model is inadequate to describe this distribution. However, we note that the Bragg
scattering experiment is a priori an elastic experiment and contains no dynamical
information about the system.

Given the physical ambiguity implied in using ADP’s to define the structure of
the distribution of electron density in a system in which there is a poor correlation
between the nuclear and core electron density distributions, it is clear that direct imaging
of electron density via a Fourier synthesis gives good qualitative information in this case.

The results of spherical atom refinements using anisotropic atomic displacement
parameters to model the distribution of electron density in the bond are shown in Figure
2.13(a), together with an isotropic refinement of the electron density (Figure 2.13(b)) and
the result of the neutron diffraction experiment (Figure 2.13(c)). Though the use of an
anisotropic thermal parameter for a hydrogen atom from X-ray diffraction experiments is
not a realistic model for the distribution of the electron density, it demonstrates the
inherent lack of correlation between the nuclear position of an H atom and the electron
density distribution in a hydrogen bond.
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Figure 2.13. Comparison of X-ray and neutron data of
urotropine-N-oxide:formic acid at 123K:7(a) X-ray data with
anisotropic refinement of HI using GSAS,"”’7(b) X-ray data
with isotropic refinement from Shelxtl, 7! (¢) Neutron data with
anisotropic refinement of all H atoms from GSAS.

61



2.2.5 Conclusions: urotropine-N-oxide:formic acid

The electron density associated with a short, strong hydrogen bond may be
accurately modeled using difference Fourier syntheses. The proton in the short, strong
hydrogen bond (O...O separation ~2.44 A) in the molecular complex urotropine-N-
oxide-formic acid is partly transferred to the center of the hydrogen bond. The position
of maximum density associated with the hydrogen atom in the hydrogen bond, indicated
by difference Fourier syntheses, is found to be invariant with temperature in the range of
123 to 298 K. This invariance is a significant indication of the stability of this hydrogen
bond with respect to variations in temperature, in contrast to recent observations of
proton migration in several similar hydrogen-bonded systems. It is clear that trends in
bond lengths between heavy atoms are not necessarily a good indicator of hydrogen atom
behavior, but rather the subtle interplay of intra- and intermolecular forces and lattice

effects clearly mitigates in this case against motion of the proton along the bond.

2.3 Structural studies of para-iodobenzoic acid (II)

The carboxylic acid moiety is an important structural feature that occurs frequently
in crystal engineering and biology.'?'*? In general, structures of carboxylic acids in the
solid state are dominated by dimers in which the carbonyl oxygen and hydroxyl groups

130-

act as donors and acceptors, respectively.!**'** The structure of a hydrogen bonded dimer

is shown in Figure 2.14.
As also shown in Figure 2.14, the full, real space hydrogen bond scheme is often
developed via a crystallographic center of inversion.**3>1¢ However, the presence of a

147

carboxylic acid group does not always imply the presence of a dimeric structure ' and
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@ = position of center of inversion

Figure 2.14. A schematic representation of
a typical carboxylic acid dimer with the
crystallographically generated atoms as X'

two-dimensional networks and chains have also been observed in carboxylic acid
containing systems. In systems where the dimeric structure is observed, the degenerate
nature of the atoms involved in the hydrogen-bonded carboxylic acid dimer has attracted
the interest of the theoretical community as a model for proton transfer.%13!-148-156

The 4-halo benzoic acids crystallize isostructurally in the monoclinic space group
P2,/n!*T16013416L162 04 are dimeric in the solid state, a phenomenon that is also
persistent in solution.'®® The structure of 4-iodobenzoic acid determined by powder
diffraction was first reported in 1982,'®! and a subsequent single crystal diffraction

19 Here the structure of 4-

experiment confirmed the molecular structure and lattice.
iodobenzoic acid is investigated in order to characterize the intermolecular hydrogen
bond and to investigate the other forces that determine the structure of this material,
employing a series of X-ray diffraction measurements, solid state NMR and differential
scanning calorimetry in addition to spherical atom refinements of the diffraction data.

4-iodobenzoic acid is of interest as the molecular structure indicates the presence of

several identifiable forces existing in the lattice; the most obvious of these is the
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hydrogen bonding interaction, but ‘n-stacking’, van der Waals, dispersion and multipole
forces may all play a role. The formation of the crystal structure is dependent on several
of these factors, and a qualitative ordering of the strength of these interactions is offered;
moreover, the presence of these forces is confirmed by the unsatisfactory spherical atom
refinement of the diffraction data at any temperature. Given the interest in the structural
chemistry of the hydrogen atom, interests in the arrangement of the hydrogen atom

positions in the presence of a range of other possible interactions are explored.

2.3.1 Temperature variation and structure of the lattice: para-iodobenzoic acid
Diffraction data were collected at temperatures of 103, 123, 148, 173, 198, 248 and
298 K. from crystals of 4-iodobenzoic acid grown from slow evaporation of an acetone
solution. Initial spherical atom refinements were unsurprising and confirmed the
previously determined space group of P2,/n and the room temperature lattice parameters
were found to be similar to the previously reported values."”®!®! The two sets of
previously determined lattice constants are compiled in Table 2.5, together with the same

constants determined in these experiments.

2.3.2 Molecular structure from spherical atom refinements: para-iodobenzoic acid
The gross molecular structure, determined from spherical atom refinements, is
unsurprising with the non-hydrogenous structure remaining relatively invariant with
temperature. A representative structure of the asymmetric unit is shown in Figure 2.15(a)
together with the structure of the dimer evolved through the center of inversion. Figure

2.16 shows the unit cell for the lowest experimental temperature and Figure 2.17 shows
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Table 2.5. Lattice parameters (reduced unit cell) for the collected
data at variable temperature for para-iodobenzoic acid.

alA b/A c/A B/° T/K | reference
4.160 6.040 30.108 90.48 298 161

4.156 6.030 30.109 90.52 298 159

4.0567(12) | 5.9409(17) | 30.223(9) 91.019(4) | 103 this work
4.0688(10) | 5.9466(15) | 30.253(8) 90.982(4) | 123 this work
4.0778(11) | 5.9724(17) | 30.243(8) 90.893(4) | 148 this work
4.0960(13) | 5.9745(19) | 30.157(10) | 90.852(5) | 173 this work
4.1049(6) 5.9933(9) 30.179(5) 90.878(2) | 198 this work
4.1305(5) 6.0075(7) 30.143(3) 90.731(2) | 248 this work
4.1527(19) | 6.009(3) 30.037(3 90.623(7) | 298 this work
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@ (b

Figure 2.15. (a) The molecular structure of para-iodobenzoic acid, corresponding to
the asymmetric unit in the crystal, together with (b) the structure of the dimer at 103 K.

Figure 2.16. Packing diagram of para-iodobenzoic acid at 103K showing the
orientation of the dimeric unit within the unit cell.
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Figure 2.17. Representation of the asymmetric unit of
para-iodobenzoic acid at 103K (top) and 298K (bottom).

67



the asymmetric unit at the highest and lowest temperatures of measurement. Salient bond
molecular structural parameters are given in Table 2.6.

Solid state NMR spectra were consistent with the asymmetric unit, and are shown
in Figure 2.18. These spectra also showed a slight change in the relaxation time for the
ring carbon atoms, as determined from Lorentzian fits to the measured spectra. The

resonances at 6/ ppm =138.94, 6/ ppm=131.80 and 6/ ppm =127.86 are assigned to

the ring carbons (C2/3, C4/5 and C6 respectively), with the carboxylate carbon, C7,

resonating at 5/ ppm =173.48.

Differential scanning calorimetry showed a small and broad endothermic event
centered around 230.77 K; the onset of this transition is at 222.58 K and the transition

incomplete by 233.44 K. The temperature profile of the transition is shown in Figure
2.19 and the transition is characterized by a change in entropy (AS = -0.393 JK 'mol™)

and a change in enthalpy (AH = -91.77 Jmol™).

2.3.3 Discussion: para-iodobenzoic acid

In order to analyze and understand the electron density associated with the
hydrogen atom involved in the hydrogen-bonded dimer interaction and its temperature
dependence, diffraction data collected at a variety of temperatures revealed the expected
intramolecular structure which was not substantially changed. However, repeated
attempts at structure solution from the 223K data set were unsuccessful. Data were re-
collected at 223K several times, each time the reflections could not be indexed. When

the data was indexed using a known unit cell from the 198 K data collection, the
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Table 2.6. Selected intramolecular structural parameters at variable temperature for para-iodobenzoic acid.

T/K | ne/ A rec,! A rec,/ A rec, ! A rec,! A Tec. ! A Tec, ! A Teg,! A
103 | 2.096(5 | 1.389(7) | 1390(7) | 1378(7) | 1.380(7) | 1396(7) | 1.394(7) | 1.485(7)
123 | 2.097(10) | 1.390(14) | 1.385(14) | 1.376(15) | 1.381(14) | 1.399(14) | 1.389(14) | 1.487(14)
148 2.100(11) 1.385(14) 1.390(15) 1.379(16) 1.382(15) 1.404(15) 1.386(14) 1.488(15)
173 2.101(6) 1.373(9) 1.386(9) 1.381(10) 1.383(9) 1.395(9) 1.390(9) 1.487(9)
198 2.105(9) 1.375(12) 1.382(13) 1.388(13) 1.381(12) 1.395(13) 1.389(12) 1.485(13)
248 2.101(6) 1.370(9) 1.386(9) 1.382(9) 1.377(9) 1.391(9) 1.396(9) 1.487(9)
298 | 2.095(7) | 1.363(10) | 1.369(11) | 1.381(11) | 1.379(11) | 1.380(11) | 1.388(10) | 1.486(11)
T/K | 7o /A Toc, ! A 9/0 ¢/0 /0

103 | 1.300(7) | 1.233(7) | 123.0(5 | 1202(4) | 120.005)

123 1.295(13) 1.240(13) 123.2(10) 120.5(9) 120.3(7)

148 1.284(13) 1.248(13) 122.7(10) 121.2(10) 119.9(8)

173 | 1281(8) | 1.242(8) | 122.9(7) | 120.4(6) | 119.9(5)

198 1.282(11) 1.241(11) 122.9(9) 120.6(8) 119.9(6)

248 1.277(8) 1.241(8) 122.8(6) 120.6(6) 119.6(4)

298 | 1.268(10) | 1.234(10) | 122.6(8) | 120.47) | 119.9(5)
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Figure 2.18. ‘3C CPMAS SSNMR variable temperature spectra for para-
iodobenzoic acid.
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Figure 2.19. DSC data for para-iodobenzoic acid, with the temperature
transition centered around 230-233K.
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agreement in the reflections was poor. Of 800 reflections analyzed using Smart,'** all
800 were indexed in A and £, but only 205 were indexed in /. The final structural solution
from this attempt led to unreliable results with R-factors of greater than 35 % when using
the atomic positions and thermal parameters from the 198 K data set. The putative
molecular structure from this attempted refinement was unphysical with respect to
geometry, bond lengths and angles. Additionally, differential scanning calorimetry in the
temperature range 153K to 373K revealed a broad phase transition centered at 230K.
Analysis of the relaxation times of the C resonances of the para-iodobenzoic acid also
showed a change in T at the transition temperature for the phase transition. This phase
transition does not, however, cause any drastic change in the molecular structure. The
Bc isotropic chemical shift in the solid state (A8 = 29.293 Hz) show little variation,
though static wide line spectra were not recorded and so no determination of the
individual components of the chemical shift anisotropy are therefore given. That the
phase change is minor is clear from the magnitude of the thermodynamic parameters
where the change in entropy and enthalpy determined from the two DSC experiments are
AS =-0.393 JK'mol’ and AH =-91.77 Jmol” respectively. The differences
observed in the two sets of data are due to the residual solvent present in the first run
which was subsequently evaporated upon heating of the sample.

As is common in many carboxylic acids, the dimeric unit present in 4-
iodobenzoic acid is generated by the presence of a center of inversion and this center of
inversion lies in the plane of the carboxylate group. Figure 2.17 shows the two
asymmetric units for the low and high temperature phases. Unsurprisingly, these dimeric

units persist at all temperatures of measurement, with the only observable structural

72



difference between them being the hydrogen positions, vide infra. As such, the
description of the crystal is best discussed using the dimer as the basic chemical unit
present.

This dimeric unit is stacked in single stacks and a series of packing diagrams are
presented in Figure 2.20 showing the arrangement of these dimers. Interestingly, the
dimeric units are arranged in the maximum energy configuration with respect to the
dipole moment present on each acid moiety, though the net dipole moment of the dimer is
zero.

These one-dimensional lamelle are bound through interactions between the
iodine atoms. This interaction is strong and is the dominant structure-developing force in
the crystal, after the hydrogen bond interaction. The interaction between iodine atoms
occurs both between molecules in the layers as well as between iodine atoms of adjacent
layers. The interlayer iodine-iodine contact distance ranges from 4.075 - 4.153 A for the
available temperature range of experimental data. The van der Waals radius for I is 1.98
A'® which implies that there is a nonbonding contact between the iodine atoms.
However, the iodine-iodine distance between adjacent layers ranges from 3.932 to 3.992
A for the given temperature range, distances that are within the van der Waals radius sum
for two iodine atoms.

The strength of the I — I interaction are most easily seen in the spherical atom
refinements. The electron density at each I atom is highly distorted and cannot be
adequately described by a spherical atom model, therefore the residual electron density

surrounding the iodine atom ranges from -4.24 to 2.84 eA when an empirical absorption
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Figure 2.20. Packing diagrams of para-iodobenzoic acid from the
103K data set demonstrating the stacking of the dimeric units as well
as the I - I interactions.

74



correction is applied for the 173 K data set.”> When an analytical absorption correction
was applied to a data set at the same temperature, the residual electron density ranges
from -5.78 to 2.05 eA3® Figure 221 shows a difference Fourier map'?’ of the
distribution of the residual electron density around the I atom from an empirical
absorption correction at 103 K. The deformation of this electron density protrudes
perpendicular to the plane of the asymmetric unit. This raises questions as to the driving
force for the packing seen in the crystalline state. Though hydrogen bonding is an
obvious driving force for the formation of the dimeric unit, the iodine-iodine contacts
appear to be the interactions that drive the disposition of the lamellar structure. This type
of halogen - halogen interaction is found to be quite common for 1,4-substituted benzene
molecules, with the shortest reported contact distance for the I — I contact being 3.748

A 3435

In terms of the intramolecular structure of 4-iodobenzoic acid, all bond lengths

and angles are well within the normal observed range.**

The torsion angles described
by O1-C7 and C6-C4 [6.6(8) °] and by O2-C7 and C6-C5 [6.8(8) °] are typical for
benzoic acid derivatives. The oxygen-carbon-oxygen angle of the carboxylate unit has a
value of 123.2(5)°, which is typical of carboxylic acid units. A search of the CSD
demonstrates that the range for the O-C-O angle in 4-substituted benzoic acid molecules
is 113.6° - 128.4°34%

The dimeric unit is held together by the presence of a strong hydrogen bond. The

electron density associated with the H atom in this bond was located in Fourier difference

maps, p,., =F,, —F.,, with no placement of the H atom in the calculated model.

Fourier maps at successive temperatures are shown in Figure 2.22. Table 2.7 shows
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Figure 2.21. Fourier difference map of para-iodobenzoic acid showing
the residual electron density around the iodine position at 103 K
ranging from -3.64 to 2.87 e/4>.
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Table 2.7. Population of the major (A) configuration in the structure of para-iodobenzoic acid. The linear
region is in the low temperature range, up to 198 K. The SOF, sight occupancy factor, refinements are less
reliable for these split site H atoms than are the occupancies estimated from direct imaging from the Fourier
maps.39 [X4 is the population of the major configuration as determined from examination of the difference
Fourier maps. K = (Xy)/(1-Xy). ITF is the isotropic thermal factor.]

1- K In
Xas0F g Ky sor
103 0.578 | 0.422 |1.37 0.314 | 0.6779 0.3221 2.105 0.744 | 0.029
|

123 1 0.525 | 0475 |1.10 0.099 |0.6201 |0.3799 | 1.6323 | 0.490 | 0.022
148 0.491 | 0.509 | 0.96 -0.037 | 0.6861 |0.3139 | 2.1857 | 0.782 | 0.028

T[K] | Xar | 1-Xar | Kar |InKgr| Xasor ITF

173 0.457 |0.543 | 0.84 -0.171 | 0.6146 | 0.3854 | 1.5947 | 0.467 | 0.028

198 0412 | 0.588 |0.70 -0.355 | 0.638 0.362 1.7624 | 0.567 | 0.052

248 0.547 | 0453 | 121 0.190 | 0.5502 | 0.4498 @ 1.2232 | 0.201 | 0.037
298 0.503 | 0.497 |1.01 0.012 | 0.633 0.376 16835 | 0.521 | 0.034
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the site occupancy factors for each temperature for the distribution of electron density
associated with the H atom position and the 3-center 4-electron (3c-4e) bond between
dimers.

As seen in the difference Fourier maps in Figure 2.22, at 103K the electron
density associated with the hydrogen bonded proton position (H1) is strongly associated
with only one of the oxygen atoms in the carboxylic acid unit."?” However, this
correlation changes dramatically with temperature, in accord with previous studies in
similar systems.®> In the 173K data, for example, there appears to be a “split-site”
disorder associated with the electron density in the hydrogen bond. This trend is
followed with increasing temperature, but at room temperature the presence of thermal
motion and disorder does not allow us to image adequately the distribution of the electron
density associated with the hydrogen atom in the hydrogen bond.

It is reasonable to assume that the observed peaks in the Fourier maps are due to a
disordered population over two possible H atom sites. A valence bond representation of
the two possible forms I and II, shown in Figure 2.23, observed in the average structure
illustrates the hydrogen bond split-site equilibrium. Moreover, it is assumed there is no
order in the distribution of these valence bond representations from unit cell to unit cell
and that therefore the distribution is statistically random. No evidence of ordering of the
dimeric units with respect to I and II or any resulting superlattice was found in the
diffraction data. It should be noted if the only discrimination between the system of
valence bond isomers ordered over a superlattice and a randomly disordered situation

were the location of the hydrogen atoms, then these X-ray diffraction experiments would
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|_'<: :>——<\ >"—'—< :>—| II
0------- H—O
Figure 2.23. Valence bond representations of the split-site equilibrium in para-

iodobenzoic.

be unlikely to reveal them, given the scattering power of the electron density associated
with a hydrogen atom.

Taking a perfectly disordered system, as described above, as the model for the

data, then an equilibrium constant, X, , can be written as

X X

K, =—%= - 2.1
%5 X, ) @D
assuming a site occupancy over the disordered hydrogen atom sites such that
X, +X, =1 (22)

where X, is the population of the i* atom site.

Using the definition of X, , it follows that
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InkK, = 00 =— aH + £ at any temperature 7. (2.3)
RT RT R

where AG is the difference in Gibbs free energy for the two isomers with populations A

and B. Table 2.10 contains the results of the population analyses derived from the

obs

F,
integration of the Fourier map, with a data cutoff of ——=
O-(F ob.v)

=0 and the site occupancy

factors, SOF, from the spherical atom refinements of the data. A plot of In Ky Fourier) Vs.
inverse temperature for temperatures in the range 103-198 K is shown in Figure 2.24.

s 135.43

From the slope of the linear fit to the data, R , yielding a value for AH =1.13
kJmol™ for the enthalpy difference between the configurations. This value compares

d70,71 and

favorably with other similar measurements viz. 0.50(4) kJ mol™ for benzoic aci
1.64(9) kJmol! for p-chlorobenzoic acid'®'®’ obtained previously from neutron
diffraction data. Interestingly, in spite of the redistribution of proton occupancies
between the two oxygen atoms in the COOH unit, there is no parallel trend evident in the
C-O bond length differences; the simple I/II site model does not reproduce the bond
lengths observed in this study. By inspecting the literature for carboxylic acid dimers and
extracting the O-H, C-O and C=0O bond lengths, it is apparent there is no correlation
between these structural parameters; the accumulated data are shown in Figure 2.25.

The lack of correlation between these parameters implies that the simple I/I1
model is not supported by the data; if the I/II model were to apply, a bimodal distribution
would be expected. Moreover, an average bond length determined by rc.o and rc-0 and

subsequently weighted to the hydrogen atom populations does not account for the

observed variation of these carbon — oxygen bonds with temperature in this study.
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Figure 2.24. A plot of In Ky vs inverse temperature for the split-site
populations of the proton position in para-iodobenzoic acid, extracted from the
integration of the Fourier map with a data cutoff of Fopy/o(F) = 0.
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Figure 2.25: Comparison of the O-H vs. C-O and O-H vs. C=0 (red) distances,
ro-x and rco and rc-o, extracted from the CCSD, showing no correlation
between these structural parameters.
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It is evident there is a complex relationship between the H atom distributions and
the structural response of the [CO2] unit which is not adequately described by the I/II
model. Theoretical descriptions of hydrogen bonding show that the rearrangement of the
total electron distribution in the system must be considered, not simply that local to the
COOH unit. These fine details of the bonding picture are, however, inaccessible from
this study. The carboxylate moiety is not the only important interaction in the system as
the I-I interactions between adjacent molecules and between lamelle are also very strong

and determine the packing of dimers in the system.

2.3.4 Conclusions: para-iodobenzoic acid

Structural studies of para-iodobenzoic acid have been utilized in order to determine
the electron density associated with the hydrogen atom participating in an apparently
well-understood structural moiety,. A simple delocalized approach to the determination
of the hydrogen atom disorder is not as complete as might be desired. A split-site model
of the distribution of the electron density directly associated with the hydrogen atom,
obtained from difference Fourier maps, yields values for the enthalpy differences
between the two distinct molecular configurations in the lattice that is consistent with
previous measurements. However, the structural consequences of this model for the
carboxylate group in terms of a valence bond delocalized picture of the bonding are not
fully borne out in the observed C...O bond lengths determined from spherical atom

refinements of the data, suggesting further complexity.
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2.4 Experimental

Urotropine-N-oxide-formic acid was synthesized by addition of an excess of
hydrogen peroxide to an aqueous solution of urotropine. Single crystals suitable for X-
ray or neutron diffraction experiments were either grown by slow evaporation of the
reaction mixture or were recrystallized from concentrated aqueous solutions by passing a
current of air over a droplet of the solution that was placed on a glass plate made
hydrophobic by the application of a very small quantity of British nose oil.

4-iodobenzoic acid was purchased from Acros and was recrystallized from
acetone. The material crystallizes as thin plates from the slow evaporation of an acetone
solution (0.0534M).

Details of the data collection strategies may be found in Chapter 5. For
urotropine-N-oxide-formic acid, variable temperature data collections which analyzed
hydrogen bonding track section 52. Neutron diffraction data were collected on SCD at
IPNS and the experimental details follow section 5.5. For para-iodobenzoic acid,
hydrogen bonding data collections were performed as in section 5.2.

Details for the data collections strategies and refinements of the variable
temperature hydrogen bond data collections are found in Tables 2.8 and 2.9 for
Urotropine-N-oxide-formic acid and para-iodobenzoic acid, respectively. The respective
table of lattice parameters is Table 2.10 for I.

Differential scanning calorimetry was used to determine the thermodynamics of
any phase behavior of I, according to section 5.9 by Dr. M. Pyda.

CPMAS solid state NMR data were collected according to section 5.7, and
solution NMR data were obtained according to section 5.8.
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Table 2.8. Selected refinement parameters for the collected data on urotropine-

N-oxide-formic acid.
Temperature (K) 123 (Neutron) | 123 (X-ray) 148 173
0 range 2.10 to 28.34° 2.10t028.34° | 2.11t028.31°
Index range for data | -13<=h<=13 | 9<=h<=8 | -9<=h<=8 |-9<=h<=8
collection
[13<=k<=2 |-8<=k<=9 8<=k<=9 |-8<=k<=8
SBl<=1<=38 | -25<=1<=25 25<=]<=25 | 224<=1<=25
Reflections collected | 3771 9144 9144 o107
Independent 2144 2145 [R@int) = | 2145 [R(int) = | 2143 [R(int) =
reflections 0.0232] 0.0232] 0.0226]
Completeness to 97.1 % 97.1 % 97.1 %
theta=28.33°
Data / restraints / | 2144/0/313 2145/0/ 131 2145/0/ 131 2143/0/ 131
parameters
S 1.02 1.037 1.037 1.045
' Final R indices | R1 = 0. 151, | R1 = 0.0349, | R1 = 0.0349, | R1 = 0.0359,
[I>2$(I)]X wR2 =0.092 wR2=0.0990 wR2=0.0990 | wR2=0.0973
[1>3sm1"
iy Rl = 0221, | Rl = 0.0393 | Rl = 0.0393 | Rl = 0.0414
R indices (all data) | L p>— 0095 | wR2=0.1043 | wR2=0.1043 | wR2 =0.1025
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Table 2.8. continued

Temperature (K) 198 223 248 298
Hrange 3.10t028.27° | 2.10t028.34° | 2.10t028.29° | 2.10to 28.79°
Index range for data | -9 <=h <=8 -§<=h<=8 -8§<=h<=8 9<=h<=9
collection
9<=k<=8 9<=k<=9 9<=k<=9 9<=k<=9
25<=1<=25 | -25<=1<=25 | 25<=1<=25 |-25<=1<=25
Reflections collected | 8748 9329 9177 9415
Independent 2144 [R(int) = | 2176 [R(int) = | 2168 [R(int) = | 2195 [R(int) =
reflections 0.0216] 0.0279] 0.0216] 0.0252]
Completeness to | 96.6 % 97.3 % 97.1 % 92.8%
theta =28.33°
Data / restraints /| 2144/0/131 |2176/0/131 |2168/0/131 |2195/0/131
parameters
S 1.043 1.014 1.025 1.017
Final R indices | Rl = 0.0355, | R, =0.0379, R;=0.0398, R, =0.0409,
[I>2s(D)] wR2=0.0992 | wR,=0.1012 | wR;=0.1039 wR, =0.1056
- Rl = 0.0386 | R;=0.0490 R, =0.0501 R, =0.0555
Rindices (alldata) | \py—01030 | wR,=0.1120 | wR,=0.1126 | wR,=0.1153
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Table 2.9. Selected refinement parameters for the collected data on para-

iodobenzoic acid.

Temperature (K) 103 123 148 173

0 range (°) 2.70t028.33 | 1.35t028.28 | 2.69t028.20 | 2.70 to 28.24

Index range for

data collection S5<=h<=5 | -5<=h<=5 | -5<=h<=5 | -5<=h<=5
1<=k<=7 | -1<=k<=7 | -71<=k<=7 | -1<=k<=7
B9<=l<=|-9<=l<=| A<=1<=| 39<=]<=
39 40 40 | 39

Reflections '

collected 6519 6704 6783 | 7365

IndErentlit 175'9 175.5 174.8 | 178}

i gl [R(int) = | [R(int) = | [R(int) = | [R(int) =
0.0232] 0.0267] 0.0294] 1 0.0267]

Completeness  to i

theta = 28.330 96.30% 96.00% 95.70% 1 97.20%

Data / restraints / ‘

parameters 1759/0/93 | 1755/0/92 | 1748/0/92 |1781/0/92

S 1311 1.446 1.426 1 1.323

Final R indices R1=0.0335, | R1=0.0574, | R1=0.0613, | R1=0.0423,

[>2s(D)] wR2 = | wR2 = | wR2 = | wR2 =
0.0777 0.1492 0.1533 0.1011
R1=0.0366, | R1=0.0584, | R1=0.0627, | R1=0.0474,

R indices (all data) | wR2 = | wR2 = | wR2 = | wR2 =
0.0785 0.1495 0.1538 1 0.1025
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Table 2.9. continued

Temperature (K) 198 248 298
0 range 1.35 to 28.250 2.70 to 28.290 1.36 to 28.240
Index range for data
collection -S<=h<=5 S<=h<=5 S<=h<=5
-1<=k<=7 §<=k<=8 -1<=k<=8
-39 <=1<=39 -39<=1<=39 -39<=1<=39
Reflections collected 7325 7007 6917
1775 1789 1785

Independent reflections

Eor_nple_teness to theta =

_[R(int) =0.0291]

[R(int) = 0.0283]

[R(int) = 0.0312

2833° | 9620% 95.90% 96.10%

Data / restraints /

parameters 177510/ 92 1789/0/92 1785/0/92

S 1319 1358 1308
T R1 = 0.0550, Rl =0.0417, R1 = 0.0506,

Final R indices [I>25(D)] | ypo 01275 | wR2=0.1047 | wR2=10.1234

PR et e R1 =0.0607, R1 = 0.0457, R1 = 0,0589,

WR2=0.1292 | wR2=0.1059 | wR2 = 0.1260
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Table 2.10. Lattice parameters (reduced unit cell) for the collected data at
variable temperature for urotropine-N-oxide-formic acid. The superscript in
the reference column denoted X-ray (X) versus Neutron (N) data.

alA b/A c/A B/o T /| reference
K
6.845 6.847 19.480 95.06 298 | 92

6.726(1) | 6.732(1) | 19.418(4) | 95.391(16) | 123 | this work ™

6.7742) |6.790Q2) |19472(7) |95.1596) | 123 | this work ™
6.7679(19) | 6.7792) | 19.487(6) | 95.446(5) | 148 | this work™
6.770(3) |6.799(3) |19.433(8) |95.297(7) | 173 | this work™
6.787(2) |6.802(2) | 19.532(7) | 95.266(6) | 198 | this work Y
6.7852) | 6.8176(19) | 19.473(6) | 95.107(1) | 223 | this work™
6.7989(5) | 6.8226(4) | 19.4639(13) | 95.1020(10) | 248 | this work ™
6.8272(13) | 6.8456(13) | 19.484(4) | 94.983(3) | 298 | this work @
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Chapter 3:  Characterization of the electron density in the short, strong hydrogen
bond in cobaltocenium 3,5 bis(trifluoromethyl)phenoxide 3,5-

bis(trifluoromethyl)phenol

Crystalline samples of cobaltocenium 3,5 bis(trifluoromethyl)phenoxide 3,5
bis(trifluoromethyl)phenol were prepared by Dr. L.H. Doerrer and Ms. M.C. Buzzeo at
Bamnard College. Density Functional Theory calculations presented in part in this chapter

were also done by Dr. L.H. Doerrer.

3.1 Introduction

Short, strong hydrogen bonds found between phenoxides and phenols are
relatively rare.'®® In this chapter, a detailed experimental picture of the charge density in
an example of such a system is presented, together with theoretical aspects of the system
that complement this determination. As the system contains two basic elements, the
phenol-phenolate anion and the cobaltocenium cation, both are treated independently
with respect to their electronic structure.

There are a few phenol-phenoxide systems which are supported by a metal

169171 and others which are the counter anion of metallic complexes.'”? Most occur

center
with a third species present to support the hydrogen bond such as in the 2,2’-biphenol
supported structure, or in di-tert-butyl-(phenolato)-(pyrazine)gallium, phenol solvate
which is shown in Figure 3.1 172113

The molecular structure of cobaltocenium 3,5 bis(trifluoromethyl)phenoxide 3,5-

bis(trifluoromethyl)phenol, IIL, was first reported in 2003"® and consists of a hydrogen
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H76

Figure 3.1. Example of a supported hydrogen bond between phenol and
Pphenoxide moieties in di-tert-butyl-(phenolato)-(pyrazine)gallium, phenol
solvate. The atoms involved in the hydrogen bond are labeled.
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bonded phenol-phenoxide anion and a cobaltocenium cation. The hydrogen bonded
segment of the structure is shown in Figure 3.2. These complexes satisfy the criteria for a
short, strong hydrogen bond in that the distance along the O...O vector is less than 2.5
A.? This assignment is supported by the fact that the bridging proton between the
phenol-phenoxide moieties has a deshielded 'H resonance in the range of 16-22 ppm,
specifically 17.11 ppm in III. Moreover, the acidity constants for the XH and YH

segments, which are identical in the case of III,'6®

which is often observed in systems
that contain a short, strong hydrogen bond.
Phenoxide-phenol systems are acid base pairs, in which the O...H distance in the

hydrogen bond is found to decrease with increasing acidity of the hydrogen atom donor

and increasing basicity of the acceptor atoms.”® Acid-base hydrogen bonded species are

1748-177 178-181,

exemplified by such systems as bifluorosulfate and bisulfate ; in biology, acid-

base pairs are an important structural motif in nucleotides'¥ %, although they are often
symmetric.

In the case of hydrogen bonded systems of the type [O-H...O], in which the

F3C, CF3

F3C CF3

Figure 3.2. Representation of the asymmetric, short, strong
hydrogen bond between 3,5-bis(trifluoromethyl)phenoxide and
3,5-bis(trifluormethyl)phenol.
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O...H interaction can be defined as any type of non-bonded contact, there is a wide
distribution for the distance of the interaction. A search of the CSD showed a range of
1.214(5) A to 2.720(5) A, with the mean distance being 1.933(5) A.>**5 The distribution
of these distances versus the [O-H...O] angle (average angle, 153.4(3)°) is shown in
Figure 3.3. The distribution of the number of structures with respect to distance and
angles show that there are two maxima present, one sharp and one much broader,
although there is a general and even distribution of occurrence over the ranges of distance

and angle. A more general discussion of the hydrogen bond is found in section 2.1.

3.1.1 The distribution of scattering density in the hydrogen bond

A hydrogen bond has three atoms which contribute to the nuclear potential. The
distribution of the electron density in such a potential is often strongly anisotropic in
comparison to that displayed by a 2-centered-2-electron bond, especially in short, strong
hydrogen bonds.®

If the defining metrical parameter is taken as the distance along the X...Y vector,
then there are two general cases that describe the cross-section of the potential energy
surface along the X...Y vector: the potential surface can contain a single minimum or a
double minimum. In the latter case, the minima can be either symmetrical or
asymmetrical with respect to energy.

Hydrogen-bonded systems of the type O-H...O', are often short, strong hydrogen
bonds. When the O...O separation is in the range of very strong hydrogen bonds (<2.5
A), the potential energy surface is often relatively flat due to the nearly symmetric
hydrogen bond. In this case, the X-H covalent bond is elongated as compared to a non-
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Figure 3.3. Distribution of the O...H non-bonded contact distances versus O-
H...O angle in a search of the CSD.
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hydrogen bonded system, and the H...Y ionic interaction is shortened. Neutron
diffraction studies of systems that contain very strong hydrogen bonds are often
interpreted in terms of a the potential energy curve that displays a broad and flat
minimum and the proton then vibrates anharmonically in the well.® In the O-H...O short,
strong hydrogen bond, it has been shown that unless the position of the proton is
restricted by symmetry, such as placement on an inversion center, the two O-H distances
are unequal.9 In strong hydrogen bonds, the potential energy surface is more structured
and less symmetrical, in which the proton is most often located closer to one atom, rather
than being centered. Due to thermal vibrations in the bond, it is often very difficult to
accurately determine the precise location of the proton position. Therefore,
differentiating between a symmetric single well potential and a low-barrier symmetric
double well is often not possible. A schematic description of several different potential

energy well is shown in Figure 3.4.

3.1.2 Experimental investigations of the hydrogen bond

There are several experimental methods which have been used to illustrate the
hydrogen bond. Dynamic methods that reveal the excitation spectrum associated with the
hydrogen bond include inelastic neutron scattering experiments,'**!® Raman and IR

190197 and 'H NMR.'%22 [pelastic neutron scattering experiments

spectroscopy
measure all of the vibrational and rotational transitions in a molecule. Raman and IR
spectroscopy measure the vibrational transitions in a molecule. In IR spectroscopy, the
presence of a hydrogen bond results in the X-H stretching frequencies being lowered in

comparison with the free X-H frequency.””® There is often a concomitant increase in the
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Figure 3.4. Schematic diagram of several different types of potential
wells found in hydrogen bonds. From the top: symmetric double well;
asymmetric double well; low-barrier symmetric double well; symmetric
double well with nearly no barrier;, symmetric single well with a centered
proton position.

97



intensity and the band width. The chemical shift measured via NMR spectroscopy also
yields an indirect measure of the electron density at the proton.””® In addition, theoretical
methods have been used to calculate both the ground state structure as well as the excited
state, 190204-208

Diffraction techniques may also be used to characterize the distribution of nuclear
or electron density in the hydrogen bond. X-ray diffraction experiments can be used to
visualize the electron density associated with a hydrogen bond through the use of
difference Fourier maps.25’63’73. Neutron diffraction experiments reveal the nuclear
positions, yielding a direct measure of the nuclear potential in the Bragg average in which
the four electrons associated with the hydrogen bond are confined. 5*-6%66.68.6?

In this chapter the high resolution X-ray diffraction study of cobaltocenium 3,5
bis(trifluoromethyl)phenoxide 3,5-bis(trifluoromethyl)phenol (III), is reported. This

material is of interest as it is a rare example of a short, strong, asymmetric hydrogen bond

between a phenol and phenoxide moiety, which is unsupported by any other species.

3.2 Results and discussion
3.2.1 Molecular and crystal  structure of  cobaltocenium 3,5
bis(trifluoromethyl)phenoxide 3,5-bis(trifluoromethyl)phenol

The molecular structure of cobaltocenium 3,5 bis(trifluoromethyl)phenoxide 3,5-

bis(triﬂuoromethyl)phenol163’209

is shown in Figure 3.5. In III, the cobalt is coordinated
in an n5 manner to the cyclopentadienyl ligands (Cp). The average Ccp-Co bond distance
in III is 2.048(12) A, as compared with the mean distance in a search of the CSD being

2.022(2) A.>** The two Cp rings are nearly eclipsed, being offset by only 1.41°.
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Figure 3.5. Molecular structure of cobaltocenium 3,5
bis(trifluoromethyl)phenoxide 3,5-bis(trifluoromethyl)phenol, III, from a
SHELXTL refinement of the data collected at 16 K.
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Geometry optimized density functional theory calculations on the CoCp," segment are
excellent agreement with the experimental results in that the two cyclopentadienyl
ligands are offset from a perfect eclipsed geometry by 1.41° however, the calculated
bond length from Ccp to cobalt is slightly shorter than observed experimentally, that
distance being approximately 2.017 A.

There is a short, strong hydrogen bond present between the phenoxide and phenol,
which is in accordance with the definition of a very strong hydrogen bond, in that the
0...0 distance is less than 2.5 A.2? There are several other short contacts present in this
system, defined as a distance less than the sum of the van der Waals contact distance.
These interactions stem from the fluorine and oxygen atoms to the Cp ligands. The
phenoxide-phenol moiety bends around the [CoCp;]" unit, creating an angle of
149.54(5)°, as defined by C15-H25-C21 and is shown in Figure 3.6."%*

The electron density associated with the hydrogen atom in the hydrogen bond was

located from the difference Fourier maps®**>%"

, as shown in Figure 3712 The
maximum of the electron density associated with the hydrogen bond is asymmetric and is
located significantly closer to O1, with an approximate bond length of 0.98 A. The
location of the maximum of the electron density associated with the hydrogen atom was a
starting point for both the spherical and aspherical atom refinements. Full positional and
isotropic thermal parameter of this H atom in SHELXTL resulted in an O1-H2S5 distance
of 0.9790 A and an O2...H25 distance of 1.4824 A. These bond distances were held

constant for all aspherical atom analyses.
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Figure 3.6. ORTEP diagram of III demonstrating the bend of the phenol-phenoxide
moiety around the CoCp; segment.
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3.2.2 Discussion of the hydrogen bonded anion

Apart from the obvious covalent fragments present, the only structural motif of
note in the anion is the short, strong hydrogen bond between the phenol and phenoxide
moieties. In III, the measure of the O...0 vector at 16 K is 2.459(3) A. A search of the
CSD showed the average O-H distance for phenoxide-phenol hydrogen bond interactions
is 1235 A with an O-H-O angle of 163.417°3** The hydrogen bond distances and
angles in III are within the range of values for phenol systems given in the CSD.¥¥

Charge density analysis was performed to provide a more accurate model of the
total electron density in the system.” The electron density at the bond critical point along
the O1-H25 vector is 1.550(50) eA™ and along the H25...02 vector is 0.675(35) eA™.
The values of the electron density along the O1-H25 and O2...H25 vectors are typical of
the presence of a covalent and an ionic interaction, respectively, in strong hydrogen
bonds. There is a (3,-1) bond critical point (bcp) located along each of these vectors,
which indicates the presence of a bond, despite the disparity between the two values. The
bond critical points are located 0.7949 A from Ol in the O1-H25 bond, and 1.0028 A
from O2 in the O2...H25 bond. In both cases, the bond critical point is located closer to
the hydrogen atom than the oxygen atoms.

Where the O1-H25 and O2...H2S5 bonds differ significantly is in the values for

the Laplacian. Figure 3.8 is a representation of the Laplacian along the O-H...O vector.
The value of V2p at the bond critical point of the Ol1...H25 bond is -3.397(407) eA™
and 2.913(62) eA™ at the bond critical point of 02...H25.2 A positive value of the

Laplacian is typical of ionic bonds, whereas the negative value is indicative of covalent

bonds. The maximum of the electron density along the hydrogen bond in III is not
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Figure 3.8. The Laplacian along the O-H-O bond in cobaltocenium 3,5-
bis(trifluoromethyl)phenoxide 3,5-bis(trifluoromethyl)phenol (III). Contours levels
are drawn at 2 ed”. Positive values are represented by solid blue lines, negative
values by dotted red lines and the zero level contour is a green solid line.
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centered and leads to more typical values observed for the Laplacian in other known
examples of non-symmetric hydrogen bonded systems.

These topological properties extracted from charge density studies reveal a better
understanding of the chemistry of III. As is expected, the short, strong hydrogen bond
along the O1...02 vector consists of an ionic and a covalent part. The O1-H25 bond is
covalent, in which the charge density analysis reveals that the amount of density located
at the bond critical point is approximately 2.5 times greater than that found in the ionic
portion of the bond (H25...02). The Laplacian shows a positive value at the bond
critical point along the H2S...02 vector, which is indicative of a closed-shell interaction,
whereas the Laplacian at the bond critical point in the covalent O-H bond is negative. All
of these values are typical of asymmetric hydrogen bonds; however, in the case of short,
strong, symmetric hydrogen bonds, there is often a significant amount of covalent
character to both of the O-H bonds.

Both single point and geometry optimized DFT calculations were performed on
III by Dr. L.H. Doerrer at Barnard College. Further calculations were performed as
linear transit studies in order to map the potential well in which the hydrogen atom moves
along the O...0 vector and in the O...H...O angle. The first study systematically moved
the H atom stepwise along the O...O vector, with the O...H...O angle of 176.4° as shown
by the X-ray diffraction studies, calculating the energy at each point, to determine the
location of the H atom along the hydrogen bond in the minimum energy configuration,
with all other atoms in the system being held constant. The second and third studies kept
the O-H distance fixed at 0.98 A and 1.20 A while varying the H...O angle. The results
of the linear transit studies are shown in Figure 3.9, which show a broad-barrier single
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Figure 3.9. Results of linear transit studies with DFT calculations on II1.

106



well potential with a low angular dependence. These linear transit studies were
performed solely on the phenol-phenoxide segment of the molecule, with no allowance
for any interaction of influence by the cobaltocenium cation. As is shown in Figure 3.6,
the cobaltocenium cation clearly has an effect on the structure of the phenol-phenoxide
moiety. Further density functional theory studies which include this interaction may help
improve the correlation between the experimental results of an asymmetric hydrogen
bond and the theoretical results.

Plane-wave density functional theory calculations have been used to accurately

reproduce crystalline lattices.5>-1672102!1

Periodic density functional theory calculations
may help improve the correlation between the experimental and theoretical results in this
cobaltocenium complex with respect to the hydrogen bonded structure.

Deformation density analysis allows for a further visual description of the
hydrogen bond. The total electron density is subtracted from a core of a reference
molecule with no predisposed understanding of the position or thermal parameters. The

result is a visual description of the bonding density in the hydrogen bond. A deformation

density map in the O...O plane of the hydrogen bond is shown in Figure 3.10.%

3.2.3 Discussion of the electronic structure of the heavy atom moieties

Figure 3.11 shows the Laplacian and the deformation density maps for one of the
cyclopentadienyl (Cp) ligands. These maps show an even distribution of density
throughout the rings, as is expected based on the delocalization of density present in these
aromatic ligands. The average electron density in each bond of the cyclopentadienyl
ligand is 2.037(14) eA™. The average value of the Laplacian at each bond critical point
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O1—Hzs 02
Figure 3.10. Deformation density map of the O-H...O vector. Contour levels are

drawn at 0.05 ed>. Positive values are represented by solid blue lines, negative
values by dotted red lines and the zero level contour is a green solid line.
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/

Figure3.11. Laplacian (top) and deformation density (bottom) maps of the
Cp ring comprised of C1-C5. Contour levels are drawn at 2 eA” in the
Laplacian and at 0.05 eA” in the deformation density map. Positive values
are represented by solid blue lines, negative values by dotted red lines and
the zero level contour is a green solid line.

%);//
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in the Cp ring is -17.314(45) eA>. The average value for the ellipticity in the
cyclopentadienyl ligands is 0.13, which is greater than the value for a single bond, yet
less than that of a double bond?'*', is indicative of delocalization of electron density in
the cyclopentadienyl ligand.

A similar analysis can be made for the six membered rings; the phenol and
phenoxide systems. Maps of the Laplacian and deformation density of the phenol system
are shown in Figure 3.12. The average value of the electron density at the bond critical
point in the phenol ring is 2.076(13) €A™, and the average value for the electron density
at the bond critical point in the phenoxide ring is 2.049(12) eA™, which are equivalent
within the standard deviation. The value for the Laplacian at the bond critical point of
the phenol system is -18.766(33) eA™ and for the phenoxide system is -18.018(32) eA™.
The average ellipticity in the phenol ring is 0.28 and in the phenoxide ring is 0.27. The
C-O bond of the phenol system has an electron density at the bond critical point of
2.228(15) eA™, whereas the value in the phenoxide system is 2.260(16) eA>. These
densities are indicative of the hydrogen atom in the hydrogen bond being more closely
associated with one of the oxygen atoms, specifically in the phenol molecule, and not
being a symmetric hydrogen bond.

Analysis of the total electron density allows for explicit interpretation of the d
orbital population. The central cobalt atom has a total d orbital population of 7.29088
electrons. The population of the d-orbitals as well as the mixing terms are analyzed in
Table 3.1. The populations of d-orbitals are derived from a least squares analysis of the
coefficients of the multipole populations,?*and there have been several previous studies
analyzing the populations of d orbitals in inorganic and *'?'**'organometallic
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Figure 3.12. The Laplacian (left) in the plane of phenol system in II1. Contour levels
are drawn at 2 eA”. Deformation density map (right) of the phenol system. Contour
levels are drawn at 0.05 ed”. Positive values are represented by solid blue lines,
negative values by dotted red lines and the zero level contour is a green solid line.
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Table 3.1. d-orbital population summary for III.

Orbital Population
z -0.01638 (0.02366)
Xz 1.14265 (0.01713)
yz 2.09841 (0.01694)
x*-y 174487 (0.01502)
Xy 2.35881 (0.01503)
Z/xz -0.41377 (0.02707)
Zlyz -0.50068 (0.02419)
ZIx -y -1.29315 (0.02045)
Z’/xy -0.13794 (0.01810)
xz/yz -0.08756 (0.01971)
xz/x:-y* -0.30825 (0.02096)
Xz/xy 0.60703 (0.01956)
yz/xiy? -0.09232 (0.01965)
yz/xy -0.00755 (0.02074)
xt-yP/xy -0.23973 (0.01800)
total 7.32836
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complexes. The assumption is made that the overlap between metal and ligand orbitals is
very small and that the d-orbitals may be described by single Slater-type orbitals. Using

charge density analysis, the total electron density in a molecular is described by

I /
Patom = FcorePreore (r )+ P, valenceX : Phalence (IO' )+ f K 3Rl (K’ r )Z let dlm:t (.9, ¢)
1=0

m=0
@3.1)
as described in detail in section 1.10.1. In transition metals, the d-orbital density is

described by the second and third terms of equation (3.1).

Iniax . il
Patom = Pvalencexspvalence (IO‘)+ Z K 3RI (K’ r)z leidlmd: ('9’ ¢) (32)
1=0 m=0

The d-orbital occupancies, as products of individual pairs of d functions viz d}d; where

both i = j and i # j are allowed, are expanded in terms of the real, density spherical
harmonics. As the real density in the system must be independent of the description
used, the description in terms of populations and hydrogenic d functions, the atomic
description, and the description in terms of real, density spherical harmonics and
refinement populations must also be equal. Given that any product of spherical
harmonics can be expanded as a suitably weighted linear combination of other spherical
harmonics, the two descriptions are simply connected by an effective transformation
between the two ‘representations’, the transformation matrix being the weights of the

linear combinations that describe the conversion between the two descriptions. Thus,

P,=M'P_, (3.3)
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where P, is a vector containing the coefficients of the fifteen spherical harmonic

functions generated by the products of the d-orbitals, P; is fifteen element vector of the d-
orbital population coefficients, and M is the inverse of the matrix, M, which is defined
by the d-orbital populations and their mixing terms, for /=0, 2 or 4, which are specific to
a given point group.

Density functional theory calculations were performed on the CoCp," segment of
the structure, both as single point and geometry optimized calculations. The molecular
orbital diagram corresponding to these calculations is shown in Figure 3.13. The d
orbital populations from these calculations are slightly higher than those obtained from
the charge density studies. The total d orbital populations are 7.9185 and 7.9188, for the

single point and geometry optimized calculations, respectively.

3.3 Conclusions

High resolution X-ray diffraction experiments were performed on cobaltocenium
3,5-bis(trifluoromethyl)phenoxide 3,5-bis(trifluoromethyl)phenol. The results showed an
asymmetric, short, strong hydrogen bond between the phenol and phenoxide segments of
the molecular structure. The maximum of the electron density in the hydrogen bond was
located in a difference Fourier map as being approximately 0.98 A from O1. Charge
density analysis provided a complete description of the electron density both in the
hydrogen bond as well as the rest of the molecular structure, in which the position of the
maximum of the electron density in the hydrogen bond was refined to have an O1-H25

bond distance of 0.9790 A and an O...H distance of 1.4824 A.
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Figure 3.13. Molecular orbital diagram of the CoCp;"* based on single point
density functional theory calculations.
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On the basis of the simplest definition of a short, strong hydrogen bond?, the
phenolate-phenol moiety in III, clearly fits the criteria. The distance along the O...O
vector is less than 2.5 A and each O-H distance is less than 1.5 A. Direct visualization of
the electron density associated with the hydrogen bond was obtained through difference
Fourier maps from the high resolution X-ray diffraction data. Previous studies on this
system showed the 'H chemical shift in the NMR to be shifted downfield to 17.11 ppm,
which is typical for species with a short, strong hydrogen bond.'® All experimental
results support the presence of a short, strong, asymmetric hydrogen bond between the

phenol and phenolate molecules which is unsupported by any other species.

3.4 Experimental

Single crystal samples of cobaltocenium 3,5 bis(trifluoromethyl)phenoxide 3,5-
bis(trifluoromethyl)phenol (III) were synthesized by Dr. L.H. Doerrer and Ms. M.C.
Buzzeo at Bamard College. X-ray diffraction data were collected according to section
7.4, with a wavelength of 0.41328 A, a 1 second integration time and a 0.2° frame width
for IIL. Selected refinement statistics are given in Table 3.2.

Spherical atom refinements were performed using SHLEXTL.*> The location of the
maximum of the electron density associated with the hydrogen bond was located in
difference Fourier maps produced using Wingx.127 The position of the maximum of
electron density was used as a starting point for the spherical atom refinements, in which
the positional parameters of the H atom were refined freely as well as the isotropic
thermal parameter. The position and thermal parameter of the hydrogen atom was then
held constant throughout the aspherical atom refinement. Aspherical atom refinements
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Table 3.2. Selected refinement statistics for I11.

a=38.2263(16)
Unit cell b=35.610(7) P =102.58(3)
c¢=28.7012(17)
z 4
Space Group P2i/n
Absoption coefficient () 0.425 mm’’
-18<=h<=18
Reflections -91 <=k <=91
21 <=l<=21
Reflections 102396
Parameters 1151
R(F) 0.0351
wR(F) 0.0473
GOF 1.1916

were performed using XDLSM, part of the XD suite of programs.”? The cobalt atom and
the cyclopentadienyl carbon atoms, C1-C10, were refined with a hexadecapole
expansion. All other carbon atoms, oxygen and fluorine atoms were refined with an
octupole expansion. Most hydrogen atoms were refined with a monopole, H25 was
refined with a z-directed dipole. x and x’were refined for all non-hydrogen atoms. The
progress and stability of the refinement was checked by analysis of the residual electron
density using XDFFT as well as analysis of the difference means squares displacement

amplitude using Hirshfield’s rigid body analysis.?!”
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Chapter 4:  The experimental and theoretical electronic structure of 1,2,3,4,5,6,7,8-

octahydro-2a,4a,6a,8a-tetraaza-cyclopenta[fglacenaphthylene and its derivatives

Crystalline samples of 1,2,3,4,5,6,7,8,8c-Octahydro-1H-4a,6a,8a-triaza-2a-
azoniacyclopent[fg]acenaphthylene bromide, [IVH]+, 1,2,3,4,5,6,7,8,8c-octahydro-6a,8a-
diaza-2a,4a,-diazoniacyclopent[fg]acenaphthylene [IV]*" and 1,2,3,4,5,6,78-octahydro-
2a4a,6a,8a-tetraaza-cyclopenta[fglacenaphthylene, (IV), were prepared by Mr. AlJ.
Colvin or Mr. B.C. Harrison. Density Functional Theory calculations and photoelectron
spectroscopy measurements were performed by Mr. R.C. Lonsdale and Professor J.C.

Green, respectively, at the University of Oxford.

4.1 Introduction

Electron-rich alkenes have found use in several areas of materials chemistry as
reducing agents in the formation of organic metals and organic-based magnetic
materials.”’*?** A sub-class of electron-rich alkenes contains the tetrazaalkenes, which

possess the general framework shown in Figure 4.1.

/R R\ R R
R—N N—R R—eN)/ \N—R

>:< S \>J< + permutations
R—N N—R R—N N—R

N e/ N

Figure 4.1. The general tetrazaamine framework and one of the simple, polar
contributions to the ground state
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The electronic structure of compounds that possess this frame work is dominated
by the n-donation into the C=C bond, with polar resonance contributions to the ground
state structure expected on a qualitative, valence bond basis. Since the first synthesis of
this type of functionality, the electron-rich nature has been noted.”?!

The simplest and most widely used tetraazaalkene is
tetrakis(dimethylamino)ethylene (TDAE) (R = Me in Figure 4.1).?' The structures of
TDAE?' and [TDAEJ** 2°%2 are known and are shown schematically in Figure 4.2. In
the neutral species, the NoCCN, framework is almost planar, whereas, in the dication, the
two (Me;N)C moieties are staggered. A projection down the central C...C vector of
these two species is shown in Figure 4.3, which depicts the difference in torsion angles
between TDAE and TDAE**. '** The torsion angles described by N-C and C-N for these
species are 28.02° and 75.78°, for TDAE and TDAE?*, respectively.

The electron-rich nature of TDAE has been confirmed by early photoelectron
spectroscopic measurements,”* which show the first ionization energy of TDAE at 5.95
eV. The ease of ionization is also reflected in the chemical reactivity of the system;
TDAE is a highly reactive material that has been used in organic chemistry
extensively. #2242 Indeed it has been termed 'organic zinc',” due to its reducing
power in solution but belying the involvement of both ion size and ionization energy in
the reductive chemistry displayed. The reducing power of TDAE is also shown in the
reaction of TDAE with Cg, which gives rise to the salt [TDAE][C¢o), which displays
ferromagnetism at low temperature and thus constitutes a rare example of an organic

ferromagnet 2422

119



Figure 4.2. Schematic representations of the molecular structure of TDAE
(left) and [TDAEJ** (right).

Figure 4.3. Projections down the C-C vector of TDAE (left) and TDAE**
(right) demonstrating the difference in torsion angles in the two species.
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- The tetrazaalkene framework is also of interest due to the formal relationship with
the N-heterocyclic or Arduengo-Wanzlick carbenes, shown schematically in Figure 4 4,

the equilibrium being termed the Wanzlick equilibrium.*>*¢2

The equilibrium shown in
Figure 4.4 has been extensively investigated by Lemal,?**>** Denk®* and Alder,>***
amongst others; the equilibrium position has been found to lie extensively to the left hand
side as written from crossover experiments using closely similar tetraazaamines, though
the exchange has been found to be easily catalyzed by electrophiles. Indeed, the reaction
of tetraazaamines with transition metal complexes was one of the early methods of
synthesis for N-heterocyclic carbene-transition metal complexes.?*?"

The work presented in this chapter details the compete distribution of electron
density in IV, and compares the molecular structure of IV to two of its derivatives, [IV]**
and [IVH]", the chemistry of which is shown in scheme 4.1. Given the unusual pseudo-

planar nature of the N4C, core, vide infra, complete characterization of the bonding

situation in IV is investigated in both the ground state electron distribution

R R R
7 N

:N N: N
>:< = — 2 ‘ >;

N N N
\R R/ \R

= saturated or unsaturated
carbocyclic linkage

Figure 4.4. The Wanzlick equilibrium
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Scheme 4.1. Chemistry of IV.

experimentally using X-ray scattering to define the autocorrelation function of the
electron density in the crystal, which was then modeled using a charge density approach,
augmented by theoretical calculations using density functional theory on the observed
molecular structure. In order to gain information on the electronic energies,
photoelectron spectroscopy measurements of the ionization energies of IV were

undertaken in order to correlate the calculated with the experimental energies.

4.2  Results
4.2.1 Molecular and crystal structure of IV

X-ray diffraction data were collected on the in-house Bruker diffractometer as
well as at the Advanced Photon Source (APS) at Argonne National Laboratory. Initial
spherical atom refinements with SHELXTL? revealed the geometry and connectivity of
IV. In IV, the asymmetric unit is comprised of one half of the molecule and the molecule
is completed through a center of inversion which lies at the center of the C=C bond. The
molecular structure and labeling scheme is shown in Figure 4.5.

IV has a similar structural backbone to tetrakis(dimethylamine)ethylene, with the
major structural difference being that IV is polycyclic. The structure is shown in Figure
4.5. However, the two species are electronically very different. IV is an atypical
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Figure 4.5. Molecular structure of IV, with the asymmetric unit labeled. Thermal
ellipsoids are drawn at the 50% probability level and all hydrogen atoms have been
omitted for clarity.
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tetraazaalkene in that it is polycyclic; however, it is typical in the sense that it is very
electron-rich and contains the N4C; core. The molecular structure is unsurprising and
contains two imidazolinyl rings in mutually anti envelope conformations, fused with an
octahydro-pyrazino[2,3-b]pyrazine nucleus. The C4N; rings of the last residue are in the
standard conformation for general cyclohexenyl ring systems and imply that the lone
pairs on N are also mutually anti across the double bond, as imposed by the center of
inversion present in the space group.

The torsion angle described by N1-C1 and C1°-N2 is 10.6000(15)°, which is well
within the typical range for similar systems, as seen in a search of the Cambridge
Structural Database in which the mean torsion angle about an N-C=C-N fragment is
8.716 >**3 The two six-membered heterocyclic rings are in a chair-like conformation and
is shown in Figure 4.6.

Examination of the CSD revealed that the C-C double bond, 1.332(2) A is well
within the typical range for similar structural fragments, 1.320(7)-1.460(7) A, and is
directly comparable to the C=C bond length in tetrakis(dimethylamino)ethylene, 1.350

A 3% This bond distance is consistent with the presence of a formal C=C double bond,

Figure 4.6. Side view of IV, showing the chair-like conformation of the six
membered rings.
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with no evidence of conjugation as would be indicated by a longer bond length. The N-C
bond lengths (1.4096(15) and 1.4104(15) A for N1-C1 and N2-C1, respectively) are also
well within the normal range of 1.334(5)-1.408(5) A and are comparable to the C-N bond
length of 1.418 A in tetrakis(dimethylamino)ethylene. The distribution of C=C and C-N
bond distances in a NC=CN segment, as found in a search of the CSD, are shown in
Figure 4.7.34%

The intermolecular structure of the crystal is devoid of any strong contacts
between molecules apart from short contacts that are present between C2 and H3A
[2.872(19) A) and C3 and H3A (2.853(15) A] of the neighboring molecule. These
contacts create zig-zag sheets of molecules in the ab plane. There are no other apparent

intermolecular contacts present with the intermolecular distance between layers being

greater than 4 A, which is evident in the packing diagram shown in Figure 4.8.

4.2.2 Molecular and crystal structure of [Il?z+

Compared to IV, the molecular structure of C10H16N42+ is relatively planar and
retains the same connectivity. The molecular structure is shown in two orientations in
Figure 49. The torsion angle about the C...C vector in the N4C; unit is 0.22(5)°, as
compared to 10.6000(15)° in IV, and there are other clear and significant differences
between IV and [IV]**. The presence of the double bond in IV leads to the strain on the
molecule; conversely, the lack of a double bond in the dication reduces the amount of
strain on the molecular structure, which is evident from the values for the torsion angle.

However, a search of the CSD shows that for a NC=CN segment, the range of observed
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Figure 4.7. Distribution of bond distances in a search of the CSD on a
NC=CN fragment.
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Figure 4.8. Packing diagram of (IV)
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Figure 4.9. ORTEP diagram of the dication, [IWH, and a side
view of the molecule. Hydrogen atoms have been omitted for
clarity, thermal ellipsoids are drawn at the 50 % probability
level and the asymmetric unit is labeled.
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values for the torsion angle is zero to 180°, with the mean torsion angle being
approximately 2.004°, of which both of these structures fall in this range.3*** The
distribution of N-C-N angles and NC=CN torsion angles is shown in Figure 4.10 with a
comparison of the values observed in IV, [IV]** and [IVH]".

Under a valence bond description, the electronic structure of [IV]?* can be written
with several resonance contributions, outlined in Figure 4.11

In comparison to a similar valence bond scheme for IV, shown in Figure 4.12, the
resonance contributions are m-stabilized across the entire molecule, whereas the polar
contributions in the description of IV are not so extensive. In this respect, the

comparative planarity is unsurprising.

4.2.3 Molecular and crystal structure of [IVHJ'

The molecular structure of [IVH]" is shown in Figure 4.13 and is very different to
both IV and [IV]** molecular structures in the C-C back bone. The torsion angle
described by the central N-C and C-N bonds is 31.9 (2)°. The side of the structure that is
described by the protonated central carbon atom is bent out of the plane of the rest of the
molecule by 98.16(8)° as described by the angle C2-C1 and the centroid (Ct01) between
atoms C5 and C6, as shown in Figure 4.14.

Removal of the formal double bond from the central C...C vector lengthens the
bond distance in [IV}** to 1.4427(18) A compared to 1.3332(14) A in IV and is further
lengthened in [IVH]" to 1.516(3) A. In IV, the average C1-N bond distance is 1.411(10)

A, whereas the distance in the dication, (IV}**, in slightly shorter at 1.3074(8) A. In
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CI10

Figure 4.13. ORTEP diagram of [IVHJ'. Most hydrogen atoms have
been omitted for clarity. Thermal parameters are drawn at the 50 %
probability level.
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Figure 4.14. Description of the 98.16(8)° bend in [IVH]", which is defined by C2-
C1-Ct01.
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[IVH]', this bond distance for the protonated carbon, C1, is 1.450(2) A, but for the non-
protonated carbon, the average distance is 1.315(2) A, showing similarities to IVZ".

As in IV, there are no hydrogen bonds present in [IV]** or [IVH]". However,
there are several short contacts, defined by van der Waals interactions, present in each of
these structures. In [IV]2+, there is a contact between each iodide ion and the central C*
atoms, with a distance of approximately 3.629 A and this interaction may be seen in
Figure 4.15. In [IVH]", there are several contacts between the bromide ion and the non-
protonated side of the molecule, as is depicted in Figure 4.16. The distance of these
interactions ranges from approximately 2.972 A to 3.544 A.

The distribution of electron density in [IV]** and [IVH]" is very different to that
inIV. In IV2+, the double bond at the central carbon atoms has been removed, alleviating
the severe strain on the molecular structure of IV. This allows the molecule to adopt a
more planar configuration and results in a drastic change in the bond lengths and angles
in the structure. In [IVH], the protonation of one of the central carbon atoms again
drastically changes the molecular structure of the system. On the side of the molecule
where the protonation occurs, the five-membered ring bends to a 98.16(8)° angle, causing
changes in the overall molecular geometry. This angle is defined by C2, C1 and the
centroid (ct01) of CS5 and C6, which has been described in Figure 4.14. Based solely on
the argument of bond lengths, it would appear as though both [IV]** and [IVH]" contain
only a single bond along the central C...C vector. However, as is seen in the charge
density analysis of IV, vide infra, the determination of bond order based on the single
metrical parameter of the bond length is an inadequate and perhaps naive interpretation in
systems of this type.
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Figure 4.15. Diagram of [IV]?*, which shows the non-bonded contacts
between the iodine atoms and the heterocyclic structure.

136



Figure 4.16. Diagram of [IVH]', showing the possible non-
bonded contacts present in the structure.
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4.3  Description of the experimentally determined electron density in IV

A more comprehensive understanding of the total distribution of electron density
in IV is aided by high resolution X-ray diffraction experiments and charge density
analysis of the scattering density in the Bragg average, performed using the aspherical
atom refinement suite of programs, XD.2 Charge density analyses yields in-depth
information about the bond structure present in IV and provides an analytical model of
the density that is the best fit by least-squares analysis to the measured density. From the
best-fit model of the density to the data, other important features of the electron density
that cannot be directly accessed through experiment can be generated calculationally,
giving deep insight into the electronic structure of the material.

Analysis of the electron density present in this system shows a significant amount
of delocalization of the electron density formally localized on the four nitrogen atoms and
the two carbon atoms of the double bond. Except for the electron count and the nuclear
charges, there is a direct analogy between the n-system exhibited in IV and other systems
such as B,F,.

Selected bond properties for this molecule are presented in Table 4.1.
Unsurprisingly, each bond in this structure contains a (3,-1) bond critical point. The
presence of a center of inversion in the space group and the location of the asymmetric
unit within the unit cell constrains the bond critical point to lie at the center of the C-C
double bond. However, this is not the case in the remaining bonds. In the C1-N bonds,
the bond critical point is displaced towards the nitrogen atoms. Analysis of the individual
charge on each atom shows the unique nitrogen atoms, N1 and N2, possess a formal

charge of -0.034 and -0.037 net to the isolated atom model respectively, whereas C1 has a
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Table 4.1. Selected bond properties for IV based on aspherical atom refinements.

Bond | B /Z;% bap i{ 231‘ fk e
CI-Cl | 2.507(22) | -27.276(38) | (3-1) | 1.3382 | 0.6691 | 0.6691 | 0.55
CI-N1 | 1.950(35) | -14.411103) | (3-1) | 1.4062 | 0.7845 | 0.6218 | 029

|CI-N2| 2.02726) | -16437(79) | (1) | 1.4060 | 0.7796 | 06264 | 0.1
NI-C2 | 1.752(16) | -12.955(48) | (3,-1) | 1.4661 | 0.8337 | 0.6324 | 0.10
NI1-C3 | 1.729(17) | -12.891(54) | (3,-1) | 1.4792 | 0.8603 | 0.6190 | 0.10
N2-C4 | 1.721(18) | -12.052(55) | (3,-1) | 1.4876 | 0.8621 | 0.6255 | 0.12
N2-C5 | 1.751(18) | -12.320(54) | (3,-1) | 1.4690 | 0.8289 | 0.6401 | 0.07
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formal charge of -0.013 in the same manner. In the remaining N-C bonds, not adjacent to
the double bond, the location of the bond critical point is displaced towards the carbon
atoms which, in the case of these bonds, are the more negative atoms in the bond with an
average charge of approximately -0.629, net with respect to the isolated atom model of
the system. It is notable from these charge density results that the location of the bond
critical point is displaced toward the more electronegative atom.

The amount of electron density at each bond critical point is also given in Table
4.1, which shows a significant difference in the amount of electron density in the N-C
bonds adjacent to the double bonded carbon atoms as compared to further removed C-N
bonds.

Deformation density maps allow for visualization of the bonding density in this
system. The deformation density map of IV in the N1-C1-C1’ plane is shown in Figure
4.17. There is an accumulation of electron density in the carbon-carbon double bond as
compared to the adjacent carbon-nitrogen bonds, which is evident in this figure.

The delocalization of the electron density is also emphasized by the values for
ellipticity, or €. As seen in Table 4.1, the value for € in the carbon-carbon double bond is
0.55, which is similar to previous reported values for double bonds.?'*'? However, the
ellipticity values for C1-N1 and C1-N2 are 0.29 and 0.21, respectively. These values are
significantly greater than for the adjacent carbon-nitrogen bonds, for which the ellipticity
ranges from 0.07 to 0.12, which are characteristic values for single bonded species.”’212
Consequently, the ellipticity values for C1-N1 and C1-N2 in this system demonstrate a

significant amount of delocalization of the electron density from the lone pairs of

electrons on nitrogen distributed over the n bond.
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Figure 4.17. Deformation density map in the N-C-N plane. Contours are
drawn at 0.05 e A”. Positive values are represented by solid blue lines,
negative values by dotted red lines and the zero level contour is a green
solid line.
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It is common practice in the assignment of bond type to use bond lengths as the
determining metrical parameter. However, as shown by the ellipticity values, bond
lengths are not always the best indicator of bond order. In 1951, Coulson provided a
detailed analysis of the correlation of bond order versus bond length from both theoretical
and experimental results.2”’ These results show an error in the experimental bond lengths
of only 0.02 A when compared to theoretical calculations of bond order. In this work, the
systems of comparison were hydrocarbons and are therefore homopolar; the method is
not necessarily applicable to heteropolar bonds, due to the Coloumbic contribution to the
bond energy.

A general determination of bond order is better performed by inspection of the
topological properties of the total charge density at the bond critical point.>*? Indeed,
the application of this method to neutral and charged hydrocarbons by Bader provides
almost identical results to ideas based on the Lewis structures and the bond order - bond
length correlation. 2”27

In the molecular structure of IV, the carbon-nitrogen bonds adjacent to the central
C-C backbone, have an average bond distance of 1.4100(15) A, which is well within the
range of typical single C-N bonds as seen in a search of the fragment C3C-NC; (1.362 —
1.719 A) with the mean distance being 1.493(1) A. Although the C-N bond distances in
IV correspond to a single bond based purely on length, a significant amount of =-
character is present due to delocalization over the p orbitals on nitrogen as is evident by

the ellipticity.
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The Laplacian, V2 p, is also used as an indicator of the type of bond present in a

molecular system. A negative value for the Laplacian is typical for covalently bonded
species and is directly related to the bond character. A map of the Laplacian for IV is
shown in Figure 4.18. Noticeably, the concentration of density in the double bond is
significantly more than that of the adjacent bonds. The value for the Laplacian at the
bond critical point in the C-C double bond is -27.276(38) eA™ as compared to the values
for C1-N1 and C1-N2, which are -14.411(103) eA™ and -16.437(79) eA~, respectively.
The C-N and C-C single bonds in IV have values for the Laplacian that range from
approximately -9.8 eA™ to -12.9 eA™.

Of the four possible types of critical points, a (3,+1) critical point is found at the
center of a ring of atoms or at the center of a cage. There are two (3,+1) critical points
that were located in IV. One is found at the center of the five membered ring composed
of C1, N1, C3, C4 and N2 and the other is at the center of the six membered ring
comprised of C1, N2, C5, C1’, N1’ and C4’. These (3,+1) critical points are displaced

off the center of the rings being in closer proximity to C1.

4.4 Calculation of the electron densities in IV, [IVF’* and [IVH]"

Geometry optimized DFT calculations were performed on IV, [IV]** and [IVH]"
by Professor J.C. Green’s group at the University of Oxford. Table 42 lists selected
bond lengths and angles for comparison between the geometry optimized calculated
structure and the experimental structure for IV. The most pronounced difference
between these two structures is the C-C double bond length. In the experimental

structure, the C1-C1’ bond distance is 1.3332(4) A, whereas in the calculated structure,
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N4

Figure 4.18. Laplacian in the N-C-N plane. Contours are drawn at 2 e A”.
Positive values are represented by solid blue lines, negative values by dotted
red lines and the zero level contour is a green solid line.
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Table 4.2 Selected geometric parameters for the experimental and
calculated structure of IV.

experimental calculated

Bonds /A
Cl1-Cr’ 1.3332(14) 1.341
C1-N1 1.4106(11) 1.411
C1-N2 1.4107(9) 1.408

Angles /°
NI1-C1-N2 109.89(6) 110.3
C1-N1-C3 103.42(6) 103.0
N1-C1-CI’ 124.70(8) 124.5
N2-C1-C1’ 124 .69(9) 124.2
C2-N1-Cl 110.55(6) 111.0
C5-N2-Cl1 109.92(6) 110.8

this distance is lengthened to 1.341 A. The remaining bonds and angles in the molecular
structure of IV are relatively similar between the experimental values and the geometry
optimized calculated structure.

The optimized geometries of IV, [IV]** and (IVH]" are shown in Figure 4.19.
These calculations proved reliable in reproducing the molecular structure and geometric
parameters obtained from the experimental data. A comparison of selected geometrical
parameters between the calculated and experimental molecular structures for [IV]** and
(IVH)" are given in Tables 43 and 4.4, respectively. In [IV]*", the most pronounced
difference between the experimentally determined structure and the calculated model is
less than 0.001 A, clearly demonstrating a reliable interpretation of the molecular
structure based on the density functional theory calculations. However, in the case of
(IVH)", there are striking differences between the two molecular structures. The most

pronounced difference is found in the bond length of the central C-C bond. This
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Figure 4.19. Geometry optimized molecular structure of 1V,
[IVF* and [IVH]" from Density Functional Theory
calculations.
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Table 4.3. Comparison of selected geometric parameters of the
experimental and calculated molecular structure of [I Vf+. Indicates
the average distance or angle in the calculations.

experimental calculated
Bonds /A
C1-Cr’ 1.4427(18) 1.445
CI-N1 1.3074(8) 1315
Angles /°
N1-CI1-N1 117.48(9) 117.3"
N1-C1-CI’ 121.26(5) 121.4°

Table 4.4. Comparison of selected geometric parameters of the
experimental and calculated molecular structure of [IVHJ'. Indicates
the average distance or angle in the calculations.

experimental calculated

Bonds /A

Cl1-C2 1.516(3) 1470

C1-N3 1.450(2) 1.482

C1-N4 1.450(2) 1.445

C2-N1 1.314(2) 1.318

C2-N2 1.315(2) 1.309
Angles /°
N3-C1-N4 103.64(16) 108.9
NI1-C2-N2 113.35(19) 114.0
C1-C2-N2 123.13(16) 123.0°
C2-C1-N3 110.09(15) 111.7
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experimentally determined bond length is 1.516(3) A, whereas the calculated structure
shows a significantly shorter bond distance of 1.470 A. However, the difference in the C-
C bond lengths is not reflected in the subsequent bonds and angles in the calculated
structure, which is reasonably reproduced from the geometry optimized density

functional theory calculations.

4.5  Experimental measurement of the ionization of energies of IV

He I and He II photoelectron spectra for the neutral alkene are displayed in
Figures 4.20 and 4.21 with a comparison of the experimental and calculated vertical
ionization energies in Table 4.5. Assignment of the bands is also given in the Table 4.5.
The adiabatic ionization energy was calculated as 5.625eV (cf. 5.3eV). The first band, A,
is assigned to ionization of orbital 38, which is the highest occupied molecular orbital
(HOMO), of which a diagram is shown in Figure 4.22. The intensity pattern of bands B-E
suggests assignment of B and C to ionizations of orbitals 37 and 36 respectively, D to
ionization of orbital 35 and E to the ionization of orbital 34, which is a m-orbital.
Calculated ionization energies are in good agreement with the experimental values. Even
though the geometric structure of IV is drastically different than TDAE, in that it is
heterocyclic, there is a striking resemblance in the ionization energies. Strain on the
molecular structure of IV is perhaps compensated for in the ionization when the molecule
‘flattens out’, increasing the orbital overlap, and thus resulting in an ionization energy

that is very similar to TDAE.
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Figure 4.20. He I photoelectron spectrum of IV.
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Figure 4.21. He II photoelectron spectrum of 1IV.
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Table 4.5. Ionization energies for IV.

Ionization

Orbitaleneriy Ionization energy nersy Photoelectron
Orbital (calculated) ] spectrum
(eV) (eV) (experimental) Sy

eV &

39 (LUMO) 0.112
38 (HOMO) -3.013 6.142 6.031 A
37 -4.939 7.875 8.204 B
36 -5.088 8.239 8.553 C
35 -6.255 9.189 9.590 D
34 -7.806 10.749 11.330 E
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Figure 4.22. Highest occupied molecular orbital of IV from density functional
theory calculations.
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4.6  Conclusions

The total electron density in 1,2,3,4,5,6,7,8-octahydro-2a,4a,6a,8a-tetraaza-
cyclopenta[fg]acenaphthylene was determined by high resolution X-ray diffraction. The
results of these experiments show a significant amount of delocalization of the electron
density in the © bond over the p orbitals on nitrogen. The delocalization is evident by
analysis of the results of aspherical atom refinements as seen in the values for the
electron density at the bond critical point and the ellipticity. The dication derivative of
1,2,3,4,5,6,7,8-Octahydro-2a,4a,6a,8a-tetraaza-cyclopenta[fglacenaphthylene shows a
relatively flat molecular geometry, whereas the protonated monocation is bent at an angle
of 98.16(8)° at the protonated carbon. Analysis of these three molecular structures shows
drastic changes in molecular geometry with the removal of the formal double bond

character by protonation of the molecule.

4.7  Experimental

Samples of IV, IV2* and [IVH]" were prepared by either Mr. AJ. Colvin or Mr.
B.C. Harrison.

Experimental charge density data for IV were collected according to section 5.4.
Selected refinement statistics for IV are given in Table 4.6. X-ray diffraction
experiments for IV?* and [IVH]" were collected in accordance with sections 5.3 and 5.1,
respectively. Selected refinement statistics for IV?* and [IVH]" are given in Table 4.7.

Geometry optimized DFT calculations were preformed at the ICL at Oxford
University using ADF by Professor J.C. Green and Mr. R. Lonsdale.””?"”  The

generalized gradient approximation (non-local) using the local density approximation of
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Table 4.6. Selected refinement statistics for IV.

a=17.3861(15)
b=4.8808(10) B=

Unit cell 102.11(3)
c=13.042(3)

z 2

Space Group P2/n

Absoption coefficient (u) | 0.057 mm”
-14<=h<=14

Reflections -10<=k <=10
=27 <=1 <=27

Reflections 2536

Parameters 146

R(F) 0.0358

wR(F) 0.0254

GOF 2.2465
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Table 4.7. Selected refinement statistics for [IV)** and [IVH]".

v* IV'H
Temperature 173K 173K
Unit cell a=13.4372) a=7.763(3)
b=28.9005(11) B=115.141(4)  b=18.653(3) P =99.407(6)
c=6.1153(8) ¢ =16.255(6)
Z 2 4
Cell setting Monoclinic Monoclinic
Space group C2/m P2y/c
| Theta range 2.84 <=0 <=51.16 2.54 <=0<=26.05
| Index range for data -28<=h<=29 9<=h<=9
collection
-18<=k<=19 -10<=k <= 10
-13<=1<=13 20 <=1<=19
Reflections collected 17139 9255
' Independent reflections | 3618 [R(int) = 0.0332] 2129 [R(int) = 0.0413]
Completeness to theta | 95.4 % 99.7 %
Data/restraints/paramet | 3351/0/41 2129 /0 /140
ers
| Extinction coefficient | 0.0166(8)
'Fe =kF[1+0.001 x
F A\Y/sin(20)1
Absorption coefficient | 4.732 mm”’ 3.789 mm”
'S 1.147 1.069
Final R indices R1 =0.0237, wR* = 0.0579 R1 =0.0273, wR* = 0.0769
| [1>2s(D)]

| R indices (all data)

R1 = 0.0261 wR* = 0.0605

R1 = 0.0291 wR*= 0.0779
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Vosko, Wilk and Nusair*’® was employed together with non-local exchange correction by
Beck?” and non-local exchange correlation corrections by Perdew. 280 TZP basis sets
were used with triple-€ accuracy Slater orbitals and a single polarization function added
to the atoms.

Photoelectron spectra of IV were obtained at the ICL at Oxford University by
Professor J.C. Green using a PES Laboratories Ltd. model 0078 spectrometer with a
helium discharge lamp capable of producing both He I and He II spectra. The
spectrometer was interfaced with an Atari processor which enabled the acquisition of the
spectra by repeated scans. The sample was held between 368 K and 371 K and was
calibrated using He, Xe and N2.

Vertical ionization energies were calculated using the optimized structure for the
molecule and carrying out single-point spin-unrestricted calculations on the mono-cation
in the ground state and various excited states found by creating holes in the top occupied

orbitals of the molecule.
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Chapter 5 Experimental Section

5.1.  X-ray diffraction of non-hydrogen bonded systems

Single crystal X-ray diffraction data were collected using a Bruker AXS Smart
1000 Diffractometer equipped with a CCD area detector and graphite monochromatized
Mo source (Mo Kg, 0.71073 A), with a crystal-to—detector distance of 5.0 cm. For low
temperature data collections, a Nicolet LT-2 cooling device was used, in which the
crystals were coated in paratone oil and mounted on a cryoloop. For room temperature
data collections, the crystals were mounted to the end of a glass fiber using epoxy. 2424
frames of data were collected, resulting in more than a hemisphere of data, using frame
widths of 0.3° with a 20 second integration time.'** A multi-scan absorption correction
was made using SADABS.**' The structures were solved by direct methods
(SHELXTL),” refined by the full matrix least-squares method and completed by a series
of difference Fourier syntheses. All non-hydrogen atoms were refined anisotropically,
with hydrogen atoms being introduced at idealized positions and refined using a riding

model. Weighted R-factors, wR?, and all goodness—of-fit values are based on F.

5.2.  X-ray diffraction of hydrogen bonded systems

Single crystal X-ray diffraction data were collected using a Bruker AXS Smart
1000 Diffractometer equipped with a CCD area detector and graphite monochromatized
Mo source (Mo Kg, 0.71073 A), with a crystal-to—detector distance of 5.0 cm. For low
temperature data collections, a Nicolet LT-2 cooling device was used, in which the

crystals were coated in paratone oil and mounted on a cryoloop. For room temperature
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data collections, the crystals were mounted to the end of a glass fiber using epoxy. 2424
frames of data were collected, resulting in more than a hemisphere of data, using frame
widths of 0.3° with a 40 second integration time.!®* A multi-scan absorption correction
was made using SADABS.?! The structure was solved by direct methods (SHELXTL),”
refined by the full matrix least squares method and completed by a series of difference
Fourier syntheses. All non-hydrogen atoms were refined anisotropically, with most
hydrogen atoms being introduced at idealized positions and refined using a riding model.
Hydrogen atoms involved in the hydrogen bond were located in difference Fourier
maps'?’ with unconstrained refinement of position and isotropic thermal parameters.

Weighted R-factors, wR?, and all goodness—of—fit values are based on F>.

5.3.  Charge density studies using the in-house X-ray diffractometer

Single crystal X-ray diffraction data were collected using a Bruker AXS Smart
1000 Diffractometer equipped with a CCD area detector and graphite monochromatized
Mo source (Mo K, 0.71073 A), with a crystal-to—detector distance of 5.0 cm. Low
temperature data collections were completed using a Nicolet LT-2 cooling device, in
which the crystals were coated in paratone oil and mounted on a cryoloop. A full shell of
data was collected in three data set covering an angular range of approximately 5° <
20 <120°. The data were collected using a frame with of ~0.3° and an exposure time
ranging from 15 to 45 seconds per frame.'®* Data reduction and spherical atom analyses
were carried out using Saint?®? and the General Structure Analysis System (GSAS). 2 A
multi-scan absorption correction was made using SADABS.”*' The spherical atom

structures were solved by direct methods (SHELXTL),” refined by the full matrix least
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squares method and completed by a series of difference Fourier syntheses. All non-
hydrogen atoms were refined anisotropically, with hydrogen atoms being introduced at
idealized positions and refined using a riding model. Data were input into XD? using the
instructions file (name.ins) and reflections file (name.hkl) generated using SHELXTL.*?
The input files were converted to XD format using XDINI. Least-squares refinements
were carried out using XDLSM in the following manner: The aspherical atom
refinement was initiated by refining the scale factors and the positional and anisotropic
thermal parameters. This was followed by refinement of the monopoles for all atoms in
the structure. Stepwise, the /=1, 2, 3 and in some cases the /= 4 multipoles were refined
for all nonhydrogen atoms. The difference mean-square-displacement amplitude was
checked in accordance with Hirshfield’s rigid body analysis throughout the refinement to
check the validity of the refinement?'’** The refinements were completed with the
refinement of x and x’ for nonhydrogen atoms. Residual electron density maps were
generated and analyzed to just the progress of the refinement using XDFFT. Analysis of
the dipole moment as well as generation of electron density, gradient of p, the Laplacian

and deformation density maps were generated using XDPROP.

54. Charge density studies using synchrotron radiation

Single crystal X-ray diffraction data were collected at the Advanced Photon
Source (APS) at Argonne National Laboratory using Sector 15, ChemMatCARS (15-ID-
B). Double diamond (111) reflections were used to obtain a monchromated wavelength
of 0.48595 A or 0.41328 A radiation from the synchrotron source and higher order

harmonics were eliminated with mirrors. Data were collected at a temperature of 16 K
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using a Pinkerton-type cooling devise.?®’

Micron sized single crystals were glued to the
end of a quartz fiber and inserted into a bronze pin. The pins were mounted on the
goiniometer of a Bruker Huber 4-circle diffractometer equipped with a 4 chip mosaic
CCD area detector. Between 3600 and1800 frames of data were collected, resulting in
more than a sphere of data, using frame widths of either 0.2° or 0.1° with a 1 second
integration time. The crystal-to—detector distance was 6.26 cm or 6.475 cm.

Data reduction and spherical atom analyses were carried out using Saint*®? and the
General Structure Analysis System (GSAS).?®® A multi-scan absorption correction was
made using SADABS.?®! The spherical atom structures were solved by direct methods
(SHELXTL),” refined by the full matrix least-squares method and completed by a series
of difference Fourier syntheses. All non-hydrogen atoms were refined anisotropically,
with hydrogen atoms being introduced at idealized positions and refined using a riding
model. Data were input into XD? using the instructions file (name.ins) and reflections
file (name.hkl) generated using SHELXTL.” The input files were converted to XD
format using XDINI. Least squares refinements were carried out using XDLSM in the
following manner: The aspherical atom refinement was initiated by refining the scale
factors and the positional and anisotropic thermal parameters. This was followed by
refinement of the monopoles for all atoms in the structure. Stepwise, the (=1, 2, 3 and in
some cases the /= 4 multipoles were refined for all nonhydrogen atoms. The difference
mean-square-displacement amplitude was checked in accordance with Hirshfield’s rigid
body analysis throughout the refinement to check the validity of the refinement.?!"?* The

refinements were completed with the refinement of x and ¥’ for nonhydrogen atoms.

Residual electron density maps were generated and analyzed to just the progress of the
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refinement using XDFFT. Analysis of the dipole moment as well as generation of
electron density, gradient of p, the Laplacian and deformation density maps were
generated using XDPROP.

ChemMatCARS Sector 15 is principally supported by the National Science
Foundation/Department of Energy under grant number CHE0087817 and by the Illinois
Board of Higher Education. The Advanced Photon Source is supported by the U.S.
Department of Energy, Basic Energy Sciences, Office of Science, under Contract No. W-

31-109-Eng-38.

5.5.  Neutron diffraction

Neutron diffraction data were obtained at the Intense Pulsed Neutron Source
(IPNS) at Argonne National Laboratory using the time-of-flight Laue single crystal
diffractometer (SCD).2%?¥" At the IPNS, pulses of protons are accelerated into a heavy-
element target 30 times a second to produce pulses of neutrons by the spallation process.
Because of the pulsed nature of the source, neutron wavelengths are determined by time-
of-flight based on the de Broglie equation

_hm
t

’

where A is Planck's constant, m is the neutron mass, and ¢ is the time-of-flight for a flight
path /, so that the entire thermal spectrum of neutrons can be used. With position-
sensitive area detectors and a range of neutron wavelengths, a solid volume of reciprocal
space is sampled with each stationary orientation of the sample and the detectors. The

SCD has two ®Li-glass scintillation position-sensitive area detectors, each with active
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areas of 15 x 15 cm’ and a spatial resolution of < 1.5 mm. One of the detectors is
centered at a scattering angle of 75° and a crystal-to-detector distance of 23 cm, and the
second detector is at 120° and 18 cm. Details of the data collection and analysis
procedures have been published previously.z’m’287

A crystal of urotropine-N-oxide-formic acid with approximate dimensions of 1.8 x
1.3 x 0.6 mm® was molded into an aluminum foil “sandwich” and was glued to the end of
a standard aluminum pin with epoxy adhesive. The sample was placed on the
DISPLEX® cold stage in the SCD, cooled to 260 K in a helium atmosphere, and then
cooled to 123 K under vacuum.

For each setting of the diffractometer angles, data were stored in three-
dimensional histogram form with coordinates x,y, corresponding to horizontal and
vertical detector positions and the time-of-flight, respectively. Data were analyzed using
the ISAW software package®® in addition to other local IPNS SCD programs. For
intensity data collection, runs of 6 hours per histogram were initiated, arranged at  and ¢
values suitable to cover at least one unique quadrant of reciprocal space. With this
counting time, 17 histograms were completed during the 5 days available for the
experiment. The recorded histograms were indexed and integrated using individual
orientation matrices for each histogram, to allow for any misalignment of the sample.
The intensities were corrected for wavelength dependence of the incident spectrum and
sample absorption (p (cm™) = 4.205).

Bragg reflections were integrated about their predicted location and were
corrected for the Lorentz factor, the incident spectrum and the detector efficiency. A
wavelength-dependent spherical absorption correction was applied using cross sections
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from Sears’®® for the nonhydrogen atoms and from Howard et al.®®° for the hydrogen
atoms. Symmetry-related reflections were not averaged since different extinction factors
are applicable to reflections measured at different wavelengths. The GSAS software

28 The atomic positions of the X-ray diffraction

package was used for structural analysis.
structure were used as a starting point in the refinement. All atoms including hydrogen

atoms were refined with anisotropic thermal parameters.

Work done at Argonne was supported by the U.S. Department of Energy, BES-

Materials Science, under contract W-31-109-Eng-38.

5.6. Density Functional Theory

DFT calculations for chapter 3 were performed at Barnard College using ADF,
the Amsterdam Density Functional program.?’>?”” DFT calculations for chapter 4 were
performed at the ICL at Oxford University using ADF, the Amsterdam Density
Functional program.>”>?"" Data in the form of name.cif or name.pdb files were input into
MOLDEN.?® For crystallographic information obtained from X-ray diffraction data, the
hydrogen bond lengths were adjusted to the values determined by neutron diffraction.

MOLDEN was used to create an input file for ADF.

5.7. Solid state nuclear magnetic resonance experiments

CPMAS solid state NMR data were collected at a frequency of 100.550 MHz
using a Varian INOVA 400 NMR spectrometer. The 90° pulse of proton resonance was
4 ps, the contact time was 5 ms and a MAS rate 6.555 KHz was used. 400 transients
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were collected with a relaxation delay of 3s and an acquisition time of 45ms. A liquid

nitrogen cooling system was utilized for variable temperature experiments.

5.8. Solution nuclear magnetic resonance experiments

Solution NMR data were obtained using a Varian Mercury 300MHz spectrometer,
at which field the resonant frequency of *C is 75.454 MHz, with the 'H frequency being
300.088 MHz, from solutions of the recrystallized material in de-DMSO. Chemical shifts
were referenced to tetramethylsilane via residual 'H residues in the solvent or the *C

shift of the solvent.

5.9 Differential Scanning Calorimetry

Differential scanning calorimetry was used to determine the thermodynamics of
any phase behavior, using a Mettler Toledo DSC 820 with a temperature range of —120°C
to 100°C and a heating/cooling rate of 10°C / minute. DSC measurements were made by
Dr. Marek Pyda at the University of Tennessee. The samples were prepared in aluminum
pans. For the measurement of heat capacity, the basic lines of the empty pan and
sapphire reference were measured and compared to the heat flow measurements of the

sample. The heat capacity of the sample was measured in two runs.
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The solid-state structure of 4-10dobenzoic acid has been confirmed by variable temperature X-ray diffracuon.
variable temperarare solid-state NMR and differential scanning calonimery. 4-iodobenzosc acid crystallizes
in the space group P2;/n, and dimenzes in the solid state about a center of inversion Using extensive X-ray
crystallographic data collections. the placement of the carboxylate H atoms from the residual electron density
in difference Foucier maps was determined. The position of the electron density associated with the proton
is found to vary with temperature in that the population of the disordered sstes changes with varying temperature.
Determination of the crystal structure between the temperatures of 248 and 198 K was not possible due to a
phase transition, an endothenmic event occuming at 230.77 K. The phase transition is also indicated by a
change in the relaxation ume of the ning casbon atoms in the solid-state NMR data. Thoogh the dominating
force in the dimeric unit in the solid state is the presence of strong hydrogen bonds, there are also van der
Waals forces present between the iodine atoms. In the lsyered suucture, the iodine—iodine distance 1s within
the van der Waals contact radii. an interaction which causes a deformation in the electron density of the

iodine atoms.

L Introduction

The carbaxylic acid mosety is an important structural feature
that occurs frequently in crystal engineermg and biology.!~ In
genenal. structures of carboxylic acids in the solid state are
dominated by dumers in which the casbooyl oxygen and
trydroxy! groups act as donoes and acceptars. 232 The structure
of this hydrogen-bonded dimer 1s shown in Figure 1.

As also shown in Figure 1, the full, real spac e rydrogen bond
scheme 15 often developed s a crystallographic center of
imersion +1¢ However, the presence of a carbuxylic acid group
doesnmnlw:yxmlymepesmofadamcsmn“
two-cmensional netwarks and chains have also been observed.
In systems where the dimenic strucrure is observed. the
degenecare nature of the atoms imolved in the hydrogen-bonded
carbuxyhe acid dimer has attracted the mterest of the thearetical
commmaty as a model for proton trasfer. 334

The 4-balo benzoic acids c?mll.u! " 10 the
wnonoclinic space group P2y/nP1-354. “mdmdm:mmtbe
solid state. a phenomenon that is also persistent in sotuhon ¥
The structure of 4-xdobenzox acid has been known since 1982,
when the powder diffrachon partem was first reported 3! A single
crystal diffraction experiment two years later also substannially
confinmed the molecular structure and latuce. In tus paper,
we examnoe the structure of 4-1odobenzoic acid to charactenze
the intermolecular hydrogen bond and to imestgate the other
fiorces that determine the structure of this matenial
a senies of X-ray diffraction measurements. solid-state NMR.
and differential scanning calorimetry in addition to sphenical
atom refimemenss of the diffraction dara.

1 Department of Gl y. Universaty of T
$ University of Glasgow.

§ Neutron Sciences Comortiuen and Depastment of Chemistry, University

of Temmessee.

10.1021/§p047189% OCC: $30.25
i

@ = position of center of inversion

Figure 1. Sch ic Tep of a typical carboxyhie acsd dimer
with the arystall hically d atoms a5 X'.

(ol

4-Iodobenzoic acid is of inferest as the molecular structure
ensures that there are several possible idermfiable forces that
may exist 10 the latnce: the most obvious of these is the
hydrogen-bomding interaction, but “x-stacking”, van der Waals,
dispersion, and amitipole forces may all play a role. As we shall
show, the structure that 15 evolved on crystallizanon is dependent
oa severat of these factors, and we offer a qualitative ardering
of the strength of these mteractions; moreovyer. the presence of
these forces is confinned by the ansansfactory spherical atom
refinement of the diffraction data at any temperarure. Given our
nterest 10 the structural chemis®y of the hydrogen atom. wee
were interested in the arrangement of the hydrogen atom
posifians 10 the presence of a range of other possible imeractioas.

It 15 well acceped that the most common dffracuca techmigque
for the location of H atoms in a hydrogen bond is neutrop
diffraction. However, an mmparamt distinction nmst be made,
m that a neutron diffraction expenmere simply describes the
muclear density in the hrydrogen bond and the distmbation of
elecoon densify 10 a molecular system 1s only measurable by
X-ray diffraction experimeents. In many heatvy atom systems,
the puclear and electron densities are strongly comelated;
however, thedumtymnlxydmgmbondnnmcmlmdm
the same manner ¥ The distiburian of densify in a 3-centered—
4-electron bond such as the hydrogen bond is often duffisse and
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TABLE 1: Selected Refinement Parameters for the Collected
I'® 103
6 range (dag) 2.70-28.33
index range for data collection -5shsS
-1sks?
-39sis39
po. of reflns collected 6519
po. of md reflns 1759
[R{int) = 0.0232]
completeness to 6 = 28.33° 96.30%
data’restraims paramete 1759:0'93
S 1311
final R indices [ > 2s(D) R1 = 0.0335,
wR2= 00777
R indices (all data) R1 = 0.0366,
wR2 = 00785
T®) 198
0 range (deg) 1.35-28.25
index range for data collection -5shsS
-Tsks?
-39s1s139
0. of reflns collected 7325
0. of md reflns 1775
[R(ins) = 0.0291]
completaness © 0= 28 33° 96.20%
data Testraints prameters ;737]59-0"92
§ 3
final R indices [I >2s())] R1 = 0.0550,
wR2 = 01275
Rindicex (all data) R1 =0.0607,
wR2 = 01292

anisotropic in nature; however, the muclear density is generally
not diffuse in a 3c—4e bood. Therefore, the only way to clearly
demoastrate the distribution of electron density in a bood 15
through a series of extensive Xuy diffraction expenments.
IL Experimental Section

4-Jodobenzoic acid was purchased from Acros and was
recrystallized from acetone. The material cry<allizes as thin
plates from the slow ev ion of an acetone soltion (0.0534
M). Fox the temperature range 103—198 K the crystals were
mounted 10 a loop in Paratoge otl. For temperarares of 223 K
to room temperature, the crystals wrere mounted with epoxy on
a glass fiber. Smglecrystal X-ray diffraction data were collected
nsing a Bruker AXS Smart 1000 diffractometer equupped with
2 CCD area detector and ite cxonochromanzed Mo source
(Mo Rox. 0.71073 A) and a Nicolet LT-2 cooling system The
arystal-to-dewctor distance was 5.0 an. The parameters of each
data collection are collated in Table 1.

More than a bemsphere of data were collected over the
angular range 0f2.70 < 20 < 28.33 (103 K).5! Frame widths
of 0.3° were used for the data collection of 6519 reflections.
comtmg 40 s per frame. Danmdtxuouandﬁphnlatom
analyses were camied out using the Bruker program Samt’? and
the General Structure Apatysis System (GSAS).”? The unit cell
dmnensions weere refined on the basis of 5544 reflections. A
omitscan absorption comrection was made using SADABS 5
The data collection for 173 and 298 K was repeated and an
amalytical absorptian comrection’ was used to ensure the results
of the preceding experiments were valid, considermg the habit
of the crystal as well as the presence of 10dine in the molecular
structure. The results from these expenments showed little
change in the bydrogen bond motif or in the residual electron
density distnbuted around the iodine.

Systematic absences were consistent with the space group
P2i/n. A total of 6159 reflections were collected. and merging
of equivalent reflecticns gave 1759 umque reflections (Re =
2.32%), with 1622 classed as observed (|Fo] > 4op). The

Data
123 148 173
1.35-2828 2.69-28.20 2.70-28.24
-5shsS -SshsS -S5shsS
-1sks? -7sks? -1sks?
-39s1s40 -40sis40 -39s1s39
6704 6783 7365

1755 1748 1781
[R(int) = 0.0267] [R(int) = 0.0294] [R(int) = 0.0267]

96.00% 95.70% 97.20%
1755/0:92 1748'092 1781/092
1.446 1.426 1323
R1 =0.0574, R1 =0.0613, R1 =0.0423,
wR2 = 0.1492 wR2 = 01533 wR2=0.1011
R1 = 0.0584, R1 =0.0627, Rl = 00474,
wiR2 = 0.1495 wR2=01538 wR2 = 01025
248 298
2.70-28.29 1.36-2824
-SshsS -SshsSs
-8sks8 -7sks8
-39s1s39 -39s1s39
7007 6917

1789 1785
[R(m) = 0.0283] [R(int) = 0.0312

95.90% 96.10%

1789092 1785092
1.358 1.308
R1 =0.0417, R1 = 0.0506,
wR2 = 0.1047 wR2 = 01234
R1 =0.0457, R1 =0.0589,
wR2 = 01059 wR2 = 0.1260

structure was solved by direct methods (SHEL XTL),% refined
by the foll matnx least-squares method and completed by a
senes of difference Founer symtheses. All non-bydrogen atoms
were refined amsafropicaily. with the aramatic hydrogen atoms
being introduced at 1dealized posstions and refined usmg a nding
mode! Weighted R-factors. wR2 and all goodnessof-fit values
are based on F2.

Differential scannmg calonme@y was used to deterurme the

of any phase behavior, nsing a Mettler Toledo
DSC 820 with a temperature range of —120 to +100 °C and a
beating/cooling rate of 10 °C/min_ The samples were prepared
10 alumman pans. For the measurement of heat capaaity, the
basic lines of the empty pan and sapphire reference were
mmedmdoan;m!dnmelzalﬂowurasmofthe
sample. The heat capacity of the sample was measured in two
funs.

CPMAS solid-state NMR data were collected at a frequency
of 100.550 MHz using a Vanian INOVA 400 NMR spectrom-
eter. The 90° pulse of proton rescnance was 4 us, the contact
time was 5 ms and a MAS rate 6.555 kHz was used. A total of
400 transients wrere collected with a relaxation delay of 3 s and
an acquusition time of 45 ms.

Sotution NMR data weze obtained using a V.anan Mercury
300 MHz spectrometer. at wiuch field the resonant frequency

of I3C is 75.454 MHz. with the 'H frequency being 300.088
MHz. ﬁunsohmonsofm:mysamndmmmmDMSO-
ds. Chemical shifts were referenced to tetramethylsilane via
residual 'H resadues in the sohvent or the BC shift of the sohvent.

II. Results

A. Temperature Variation and Structure of the Lattice.
Diffraction data were collected from crystallme specimens of
4-iodobenzoic acid. grown from evaparstion of an acetone
solution, at exmperatures of 103, 123, 148, 173, 198, 248, and
298 K. Initial sphenical atom refinements were unsmrpnising and
confirmed the previously determined space group of P2i/n, and
the room t=mperature lattice parameters were found to be stmalar
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dmmer ar 103K.
f o ms o= =ng £ Y
S A&
Sya Ao €
E 2 > .' 3 "'."g
{C = __\ y e X —

Figure 3. Packmg diagram at 103 K showing the dimeric anit withm
the unit cell

to the previously reparted valves. 23! The two sets of previously
determined lattice constacrs are compiled in Table 2, together
with the seme coostants determined 10 these expermments.

TABLE 2: Lattice Parameters (Reduced Unit Cell) for the
Collected Data at Variable Temperature

a(\) A c(d)
4.160 6.040 30.108
4.156 6.030 30.109
4.0567(12) 5.9409(17) 30.223(9)
4.0688(10) $5.9366(15) 30.253(8)
4.0778(11) 5.9724(17) 30.243(8)
4.0960(13) 5.9745(19) 30.157(10)
41049(6) $99339)  30.179(S)
4.1305(5) 6.0075(7) 30.143(3)
4.1527(19) 6.00%(3) 30.037(3

B. Molecular Saucture from Spherical Atom Refinements.
The gross molecular structure, deternuned from sphenical atom
refmements, is wmapnsing with the non-hydrogenons structure
remammng selstively mmmnant with terperature. A represemative
structure of the asymmetric unit 1s shown m Figure 2a together
with the sttucture of the dumer evolved through the center of
inversion. Figure 3 shows the unit cell for the lowrest expen-
mental temperature. and Figure 4 shows the asymmetric unit at
the highest and lowest wmperatures of measuremert. Salient
bond molecular structural parame®ers are grven in Table 3,

together with the labeling scheme.

TABLE 3: Selected Intramolecular Stiuctural Parameter's
at Variable Temperatare

£ (deg)

90.48
90.52

91.019(4)
90.982(4)
90.893(4)
90.852(5)
90.878(2)
90.731Q)
90.623(7)

®
298
298
103
123
148
173
198
248
298

Hy—0,4 Co—Cs
S
Cr—0Cy Cr=—=—Hh
BoA Becyms
= =G
103 1.300(7) 23307y
123 1295013) 1.240(13)
148 1.284(13) 1.248(13)
173 1.281(8) 1.242(8)
198 1.282(11) 1.241(11)
248 1.277(8) 1.241(8)
298 1.268(10) 1.234(10)

ic umt at 103 K (top) and
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Figure 8. 1C CPMAS SSNMR vmabh tempenature spectia.
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/R A B T

Solid-state NMR spectra were cansiste with the asymmetric
it and are shown in Figure S. These spectra also showed a
shight change in the relaxstion time for the nng carbon atoms.
as determined from Laremzian fits to the measured spectra. The
resocances at 5/ppm = 138.94, é/ppm = 131.80 mnd 4 ppm =
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Figure 6. DSC data for 4-10dobenzoc acid, with the temperanore
Tansition centered arvund 230—233 K.

127.86 are assigned to the ring carbons (C2/3, C4/5 and C6
respectvely), with the carbaxylate carbon, C7, sesanating at
dippm = 173.48.

Differennal scamzing calomme®y showed a small and broad
endothermic event centered around 230.77 K; the onset of this
transition is at 222.58 K and the transition 1s camplete by 233.44
K. The temperature profile of the transition is shown in Figure
6 and the oransitionis characeniasd by a change m eafropy (AS
= -0393 J K-! mol™!) and a change m enthalpy (AH =
—91.77 J mol ™).

IV. Discassion

The inteation of thus study was to analyze and ucderstind
the electiun density associated with the hydkogen atom imvolved
in the kydrogen-bonded dimer interaction and follow these
changes with temperature. Diffraction data collected at vanable
temperature revealed the expected inframolecular structure with
appwently little change in this strucfure with temperature.
However, repeated attemprs at strucrure solution from the 223
K data set were unsnccessful. Data were re-collected at 223 K
several times, each nme the reflections could not be wndexed.
When the data were mdexed uting a knowmn unit cell from the
198 K data collectian, the agreement in the reflections was poor.
Of 800 reflections analyzed using Smart 3! all 800 were indexed
in h and k, but oaly 205 were indexed 10 L The final strucnuare
sohution from this attempt led to unreliable results with R-factors
of greates than 35%% when nsmg the atomic positians and thermal
parameters from the 198 K data set. The putatrve molecular
structure from this anempted cefinemery was uaphysical with
respect to geameqy, bond lengths, and angles. Differential
scanning calorimetty 10 the temperature range 153—373 K
revealed a broad phase fransition centered at 230 K. Analysis
of the relaxation times of the 13C resonances of the 4-iodoben-
zoic acid also showed a change in T'; at the transition tempes-
atuce for the phase transition. This phase transition does aot,
however, cause any drastic change in the molecular strocture.
The BC isotropic chemical shuft in the solid state (A = 29.293
Hz) show little vanation, though static wide kne spectra were
0ot recorded and so no determiration of the wdividual com-
ponents of the chemical shift amsotropy are therefore given.

That the phase change i3 minor is clear from the magnirude
of the thermodynammc parameters. The change m enfropy and
enthalpy deterimoed from the two DSC experaments are AS =
-0.393 JK-! mol~! and AH = —91.77 J mol~!, respectively.
- The differeaces observed in the two sets of data are dve to the

J. Piys. Chem. 4, Tol 109, No. 11, 2005 2589

Figure 7. Packmg diagrams from the 103 K data set demonsrating
the stacking of the dimenc units a5 well a5 the I-] mmractons.

-2 -1 L] |

Figure 8. Founier difference map .hawmghnndnﬂdmmdnmy
around the jodme positian at 103 K ranging from —3.64 t0 +2.87 =AY

residual solveat present i the first run that was subsequently
evaporuted upon hestmng of the sample.

In common with many carboxylic acids, the dimenc oait
presem in 4-iodobenzoic acid 13 generated by the presence of a
center of inversion and this center of mversion lies in the plane
of the group. Figure 4 shows the two asymmetnic
units for the low and high semperature phases. Unsmpnsingly.
these dumenc units perust at all temperatures of measurement.
with the cnly obsenvable structural difference between them
being the hydrogen positions, vide infra. As soch, the description
of the crystal is best discossed using the dimer as the basic
chemmcal unit present.

'nns&mmtmtusuchdmmgkmcbmdamof
packing diagrams are presented in Flgut 7, showing the
ammgement of the dimers. Inecestingly. the units are
amranged in the maxinmim energy configuration with respect to
the dipole moment present on each acidmoiety, thongh the net
dipole moment of the dimer is clearly zero.
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Figure 9. Fouier difference maps showing the carboxylate proton position m the dimeric unit fom the sphencal ator refinemen: ® Contowr

levels are drawn a1 0.04 ¢ A%,

These one-dimensional lamellz are bound through mmrerac-
tions between the jodine atoms. This mteraction is strong and
is the dom:nant stnxcture-developing force in the crystal, after
the hydrogen bond interaction. The interaction between jodine
atoms occurs both between molecules in the 1syers and between
iodine atoms of adjacent lsyens. The i 10dine—iodine
contact distance ranges from 4.075 to 4.153 A fior the available
temperature range of experimental data. The van der Waals
radius for 1is 1.98 A,5? which implies that there is a nonhomding
contact betweeq the iodine atoms. However. the 10dine—iodine
distance between adjacent Layers ranges from 3.932 t0 3.992 A
for the given temperature range. distances that are within the
van der Waals radms sum for twio iodine atoms.

The strength of the I-I interaction is seen in the sphencal
atom refinements carried out; the electron denssty ar each I atom

1s lughly distorted and cannot be adequately described by a
sphencal atom model. The residual electron density surounding
the 1odine atom ranges from —4.24 to +2.84 ¢ A~3 when an
enpinical 100 comrection was applied for the 173 K darta
set.* When an apalytical absorption comrection was applied to
a data set at the same mperanwre. the residnal electron deasity
ranges from —5.78 to +2.05 e A-35¢ Figue 8 shows a
difference Founer map of the distnbution of the resical electron
density around the I atom following an empirical absospticn
cormrection at 103 K. The deformation of this electron density
protrudes perpendicular to the plane of the asymmetnc umt.
Tlus raises questions as to the driving force for the packing.
Though hydrogen bonding is an obvious driving force for the
formation of the dimeric unit, the 10dine—iodine canmacts appear
to be the interactions that drive the disposition of the lamellar
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Solid State Structure of 4-Iodobenzoic Acid
TABLE 4: Population of the Msjor (A) Configuration in the Structure of 4-Iodobenzoic Arid

J. Phys. Chem. 4, Tol. 109, No. 11, 2005 25891

T K) Xar 1- Xy Kxr n Ky Xasor 1 — Xascr Kuswr In Eusw ITF
103 0.578 0.522 137 0.314 06779 0.3221 2105 0.744 0029
123 0.525 0.475 110 0.099 06201 03799 16323 0.490 0.022
148 0.491 0.509 0.96 -0.037 06861 0.3139 2.1857 0.782 0028
173 0457 0.543 0.84 -0.171 0.6146 0.3854 1.5947 0.467 0028
198 0.412 0.588 0.70 —0.355 0.638 0.362 1.7624 0.567 0.052
248 0.547 0453 121 0.190 0.5502 04498 12232 0.201 0.037
208 0.503 0497 101 0012 0633 0.376 1.6835 0.521 0.034

4 The linear regiom i3 in the low-temperature range, up to l98K.ThSOF.:il| up.
from the Founer maps.®'

H:tm&munmmcmwﬁmdﬂm

_vfx\‘nt, fin are less reliable for these split site
{Xa is the populaticn of the major configuration as

d from of!hndxﬁuuul’mumsps K = (X,)i(1 = X)). ITF is the isotropic thermal factor.) # These data above the phase

Juded from the th T fit.

structure. In a search of the Cambndge Structural Database
(CSD), thus type of halogen—halogen mteraction is found to be
quite commoa for 1.4-aubstituted benzene molecules. with the
AWM reported cantact distance for the 11 coamact being 3.748

In terms of the intramolecular stucture of 4-iodobenzoie acid.
all bond leagths and angles are well within the pormal observed
range 589 The torsion angles descnbed by O1—C7 and C6—
C4 [6.6(8)°] and by 02—C7 and C6—C5 [6.8(8)°] are typical
for benzoic acid derivatives. The oxygren—carbanr—axygen angle
of the carbaxylate unit has a value of 123.2(5)°, which is typical
of carbaxytic acid units. A search of the CSD demonstrates that
the range for the O—C-O in 4-substituted benzoic acid
molecules is 113.6—128.4°.

The dimenc umt is held together by the presence of a strong
hydrogen bood. The electron density assnciated with the H atom
in this bood was located in Founer diffeyence maps. par1 =
Fos — Faic, with no placement of the H atom in the calculated
model. Fourier maps at successive temperatures are shown in
Figure 9. Table 4 shows the site occupancy factors for each
temperature for the distnbution of electron density associated
with the H atom position and the 3-center—4-electron (3c—4e)
bood between dimers.

As seen in the difference Founer maps in Figure9, st 103 K
the electron density associated with the hydrogen-bonded proton
postion (H1) is strongly associated with anly one of the oxypen
atoms in the carboxytic acid unit® However, this comrelation
changes dramatically with temperature. in accord with previous
studies in simmlar systems ¢ In the 173 K data, for enmmple,
there appears to be a “split-site” disorder associated with the
electron density in the hydrogen bond. This trend is followed
with increasing temperanme, but at room temperafure. the
presence of thermal motion and disorder does not allow us to
image stely the distnt of the electron density
assocundmmmehy&ogenatommduhytogmbmd

It is reasonable to assume that the observed peals in the
Founer maps are due to a disordered population over two
possible H atom sites. A valence bond cepresemmation of the
two possible forms I and II observed in the average structure
is shown in Figure 10, sltustrating the hydrogen bood split-site
equilibnom Moreover, it 1s assumed that there is no order in
the distribution of these valence bond representations from umt
cell to unitcell and that therefore the distribution 15 statistically
random No evidence of any ordening of the dimenc umits with
respect to I and II or aay resulting superlamice was found in
the diffraction data; we note that if the only discnmnation
betneen a system of valence boond isomers ordered over a
superistice and a randamly disordered situahon were the
location of the hydrogen atoms, then these Xsay duffraction
expenments would be unlikely to reveal them. given the
scattermg power of the electron density associsted with a
hydrogen atom.

transition were

i i)—@%

Figure 10. Vmwmdhqﬂnm“&m
m $-iodobemzmic acid

Taking a perfectly disordered system, as descnibed sbove, as
the model for the data. then an equilitrium constant. Ky, can
be written as

N X4
== .
X (1-Xp

assuming a site occupancy over the disordered hydrogen atom
sites such that

XA+X8-1

where X; is the population of the ith atom site.
Using the definition of K, it follows that

ann- AG —RATH-J-—- at any temperature T
AGisdlediﬁ‘uemeinGlbbsfruqmgyfotﬂntwoxsm

with populstians A and B. Table 4 contains the results of the
populatian analyses denved from the utegrmion of the Founer
map. with a data cutoff of Fuyo(Fgx) = 0 and the site
occupancy factors, SOF, from the spherical atom refinements
of the data. A plot of In Vs inverse temperature for
temperatures in the range 103—198 K s shown mn Figure 11.
From the slope of the linear fit to the AHR = 13543,
vielding a vatue for AH of 1.13 kJ mot~! for the enthalpy
difference between the configuranons. This value compares
favorably with other similar mraawenems, viz. 0.50(4) kJ mot™!
for benzoic actd®®3 and 1.64(9) kJ mol™! for pchlarobenzmc
acid® obtained previously from neutron diffraction data.
Imerestmgly, despite the clearly strang trend m the redistribu-
tion of proton Grcupancies between the two oxygen atoms in
the COOH umit, these is 0o parallel trend evident in the C—O
bond length differences: the simple LTI ate model does not
rqxo&ntl!bmdlmgthsobwwwdmlhlswﬁy Indeed.
of the CSD for carboxylic acid dimess and exflacting
the O—H. C—O0, and C=0 boad lengths reveals that there is
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Figure 12. Camparisan of the 0—H v: C—0 and O—H v3 C=0 (red)
dmc‘s.ro-,rc-o,ndrm.m&vthCSD showmg no
these

20 comrelation berween these souctwral parameters: the ac-
curmiated data are shown in Figore 12.

The lack of ccarrelztian between these parmmeters inmplies that
the simple 1 TI mode) 1s not supparted by the data; of the I'TI
model vere to apply, a bimodal distnbution would be expected.
Morecver, an average bond length determped by rc~.o and ro=
0 and weighted to the bydrogen atom populstions does not
account for the observred vanation of these carbon—oxygen
bonds with temperarure in this stody.

Clearly, there is complex relationship between the H atom
dismbutions and the stractural respanse of the [CO2) unit wiuch
is 0ot adeqruarely described by the ITI model We note that
thecrencal descriptions of hrydrogen bonding show that the
reammangrment of the total electrom distibution mn the system
gmst be considered. pot ssmply that local to the COOH uaut.
These fine details of the bondng picture are. bowever. inac-
cessible from this stody. It is also clear that the carbaxylse
mozety 13 not the oaly muparant interaction in the system. The
I-1 ixteractions berween sdjacent molecules and berween
=melle are also very sgong and detennie the packing of
duners in the system
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V. Conclusions

This study, by determinmg the elecoon denuty associated
wath the hydrogen atom participating m an spparently well-
understood strucraral moiety, has shown that a simple delocal-
1zed approach to the dewerminatica of the hydrogen atom
disarder i3 pot as complete as might be desired. A split-site
model of the distribution of the electroa density directly
associated with the hydrogen atom, obtained from difference
Founier maps yield valves for the emhalpy differences between
the two distinct molecular configuranons in the lattice that are
conustent with previous measmements. However. the structural
consequences of this mode] for the carboxylate group in terms
of a valence bond delocalized picture of the banding are not
fulty bome out m the obserted C-:-O bond lengths devermmed
from sphencal atom refinemenms of the data. soggestng farther
complexity. The application of theoretical calculations to this
and similar systems, as well as charge density analyxis, are in
progress.
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The crystal structure of wrotropine-N-oxide‘formic acid, as determined from multiple temperature single-
crystal X-ray diffracion expenments in the range 123—295 K and from neutron diffraction at 123 K. is
reported. There is a strong hydrogen bonding interaction between the OH of formic acid and the N-oxide of
urotropine. with the oxygen—oxygen distance ranging from 2.4300(10) to 2.4469(10) A. The electron density
of the hydrogen atom associated with this interaction was located in the Fourier difference maps of the sphenical
atom refinement after all heavy atom positions were determined. The maximum of the electron density
associated wiith the hydrogen bond is located approximately 1.16 A from the formate segment. though the
distribution of electron density is very broad. The electron density associated with the H atom is thus shown
by these accurate X-ray duffraction expenments to be approximately centered at all temperatures studied.
This was coaclusively confirmed by single-crystal neutron diffraction data obtained at 123 K. from which
statistically equivalent O—H distances of 1.221(7) and 1.211(7) A were obtained.

1. Introduction

Hydrogen bondmg is a common inferaction in many areas
of structural chemustry 1~ In chemically simple systems. such
as the hydrides of the first-row elements, it is resposable for
the strongly associated nature of water,—:! ammonia 12 and
trydrogen flucride 1315 a5 well as the excellent sotvent properties
of these fluids. The physical and chemical propertes of more
complex systems are also due to the presence of the hydrogen
bond, highly complex exsmples occur in smxnl:] biology,
where the generation and maintenance of protein secandary and
testiary structure is dependent on this interaction. 4.8 Protein—

protein mteractions.* enzymatic catalysis,2? and the structural
myofDNAneyﬂmcmlumbs

The presence of a hydrogen bond is relatively simple to
predict 1n the solid state. The presence of two elecuanegative
atoms. usually N, O, or F, ooe of which is bound to at least
one hydrogen. normally ensures that a hydrogen bond will exist,
assumang that there is no structural mouf that prevents bond
formatioa. The ease of formation and the predictability of the
presence of hydrogen bonds havee led to the exploitation of this
interaction 1n the mtelligent design of crystal structures—the
field of crystal enganeermg 16-2

Apart from the mmportance and flexibility of the hydrogen
bond as an mnportant interaction in the solid stave. it 1s also of
theoretical interest 1n the study of proton transfer in several
systemns: notably, carboxylic acid dimers have been imvestigated
thearetically and expesimentally toward this end 2-3 Jt has been
demonstrated. ttrough both variable temperature X-ray and
nevtron diffraction expenimeents. that in some molecular systems
the rydrogen atom sugrates to the center of the X—H—Y boad
as the tempenatare of the experiment is mised 3293133 [y g

1 De of Ch

ootable that proton migration may occur in both homonuclear
(X—H-X) and beteraomiclear (X—H—Y) systems. In this area.
oge of us (C.C.W.) has played a role in the application of
oeutron and X-ray diffraction at vanable temperature to this
type of problem; neutron diffraction has genenally played an
amportant role in the determmnation of nuclear positions for low-Z
atom problems A combination of neutron and X-ray diffraction
permits a camplete charactenzation of all scattenng density
present—the muclear and electron densities assoqiated with the
H atom.

For many chemical systems, the devermnnation of structure
is based on the assumptions of the existence of atoms wrthin
the molecules; in this sense. a molecnle may be defined as a
bound ensemble of atoms and is therefore an extra hierarcincal
Layer over and above the structure of the atom in the description
of matser. Though this assmmption is widespread in chemistry.

a camprebenssve definition of the atom within this aerarchical
structure that 15 quantum mechamically smdxuyhasmlybem
derrved in the past 25 years or so, due to the
wark of Bader 3% Mare succmctly,® fifhe solarular structure
hypothesis—that a molaculs is a collection of aroms linked by
a network of bonds—was forged in the crucible of nineteenth
centheoy experimental chemistry. It has continued to serve as
the principal means of ordering and classifying the observations
of chemistry.

An issue arises when considening the structure of a arystaltme
matenial that denives from the bipartile nature of the atom
aself- it is oot possible, by a single expermmental method. to
determune the structure of an atom or any ensemble of atomms:
one may deterzmne the electron density or the nuclear density,
but oot both, using the same radiation source. If the muclear
position of the atom and the electron density associated with
the atom are very strongly comelated. then it is certanly
reasonable to assert that esther the distnibwtion of the muclear
positions or the distnbution of total electron density is a good

10.1021/5p047187¢ CCC $3025 © 2005 Amencan Chemical Society
P04 Published on Wieb 02/10:2005

213



1912 J Phys. Chem. 4, Vol 109, No. 9, 2005

measure of the position of any atom within the system. We also
note that, for the vvast mmjority of atoms, the total electron density
is dominated by the core electron density.

There are at least two areas where this last genenality is not
true 10 molecular systems: the electrides*!—+? and those systems
that consein the hydrogen bond. In the latter case. the alence
density of hydrogen is also the “core” densty and in the
hydrogen bond the delocalized nature of the electron density
ensures that the nomally strong carrelation between the
distnbunon of muclear density and the distribution of electron
density breaks down. Cansequentally, the “atamic™ defimtion
of a hydrogen bond is more problematic.

In this report, we detail extensive X-ray diffraction stuhes
at vanable temperamee. as well as a neutron diffraction study,
of wottopme-N-axide-formic acid By using both radistion
sources. we thereby define all the scattermg density in the Bragg
average associated wrth the hydrogen bond We note that the
neutron diffraction data are not essential or even necessary in
an a pnon sense to define the electron density distnbution in
the hydrogen bond, but as we shall show, the inctusion of
information about the distribution of nuclear density is wnstruc-
trve. Mareover. we explore the porsible methods of visualizzmon
of the electron dexmily associated with the hydrogen bond and
show that direct, Founer imagng is a usefal method that is
complementary to other, more usual methods of refmement #
We also explore the chemical mmification of cur resulfs in an
“atomistic”, chemical sense and show that such a description
of the bydrogen bond is not partcularly dtunmnating.

Urotropine is a molecular system that has had an important
role in aystallogsaphy. due in part to the sumilanty of this
molecule to adamantane 4% Whereas adamantane is of great
interest as an archetype for plastiaty, wrotropine is brittle,
despite the spparent similarity between the molecular structures.
Urofropime arystallizes in the cubic space group My m, with ooe
mtrogen atom and one carboa atom in the asymmemc wnit, and
is structarally related to adamantme. Due to the high tetrahedral
symmetry of the molecule. there is only one set of uniqoe bond
lengths for urotropine and the C—N bond length is 1.4715(14)
A. The simphaty of the asymmetric unit and the lattice has
ensured that aroropine has been mvestgated as a model for
lattice ics, ) molecular vibrations in the sohd
state.$740 and nmitipole cefinements. 5?5738 among
other areas. Urotropine-N-oxide is a potentialty potybasic, polar
molecule. and its adducts are interesting systems for the
investigation of hydrogen boading. The molecule has two
potential sites at which hydrogen bonding may ocamr—the
fertiary nitrogen centers and the N-onide O atoar—offering the
potential for the “engimeermg” of intermolecular interactions
with appropriate adducts.

The molecular structure of wotvpme-N-cude, shown in
Figure 1, has previously been investgated by smgle-crystal
X-ray duffraction ¥ It is notable that the N—O bond length is
particulady shoct at 1.3951(12) A, where the normal range for
the N—O distance in hydroxylsmmonium cations is 1.396—
1.436 A €243 1t is a neutral molecule, though there is a formal
charge separation between nitrogen and oxygen. The structure
of several adducts of urotropine-N-omide hme also been
reparted; % we note that the molecular and aystal structure
of 1 was first determmned by Mak in 1978, from data ac-
cunmlated at room temperature. 7%

There is a poteatial coupling between the distnbution of
electron density associated with the hydrogen position and the
structure of the formmc acid residue in ine-N-oxde-formc
acud, and in a valence bond, atomistic description, this correla-
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tion antomatically is presens. This possibiity wras alluded to
by Mak in 1978 in an inverted manner by assertmg that. due to
the asymmmetry in the C—O and C=0 bond lengths, there was
no formal proton transfer. though the quality of his data collected
at that time prectoded a detailed amalysis of the structural
behavior of the hydrogen stom Correlation of the bond lengths
1 the formmc acid residue to the strocture of the electron density,
and therefore the proton position, can occur m this matenial as
full H atom transfer to the N—O bond should result in the
formation of a delocalized formate ion. Retention of Ogmer—H
bond order should make the delocalization less likely in the
formate 10n. Possible equilibna of this type are shown in Figure
2

Using a valence bond formalism, in principle, the N-oxide-
formic acid adduct 2a can equilibrate with 2b. the
ammonium formate salt where the formate ion 1s fully delo-
calized and therefore possesses equal C—O bond lengths, or

] equilibria involving both proton and electron
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TABLE 1: Selected Refinement Parameters for the Collected Data

J. Phys. Chem. A, Tol 109, No. 9, 2005 1913

temp (K) 123 (peumrom) 123 (Xmy) 148 173 198 23 248 298

0 range (deg) 210-2834 210-2834 211-2831 3.]10-2827 210-2834 210-2829 210-2879

index range for -13shsg13 -9shs8 -9<hs8 -9shs8 -9shs8 -8shs8 -8sh<s8 -9<shsH

data collecnan -13sks2 -8sks9 -8sks9 -8sks8 -95ks8 -9sks9 -9<sks9 -9sks9

-31s1s38 -2551525 2551525 -UsIs2? -B5Is25 -2551525 -B551s25 -2B5s51s 25

refins collected 377 9144 9144 9107 8748 9329 N7? 9415

mdmm reflns 214 2145[0.0232] 2145[0.0232] 2143 [0.0226] 2144 [00216) 2176[0.0279] 2168 [0.0216) 2195{0.0252)

a?ﬂ-m 971 971 971 966 97.3 97.1 928

= 2833° (%)

data vestramtyparams 21440313 214500131 214540131 21430:¢131 2144.0¢131 2176/0°131 21680131 21950131

S 102 1037 1037 1045 1.043 1014 1.025 1.017

fnal R mdices RI=0151* R1=00349 R1=00349 R1=00359 R1=0035% Rl=0.0379% RI1=00398 Rl=0.0409
wR* =0092* wR2=00990 wR?=00990¢ wRl= 0.0973» wR2=00992* wR*=0.1012* wR?=01039* wR*=0105¢

Rindices(alldta) R1=0221 R1=00393 R1=00393 R1=00414 R1=00386 R1=00490 Rl1=0050] RI=00555

wR?=0095 wR?=01043 wR*=01043 wRi=01025 wR?=01030 wRi=0.1120 wR:= 01126 wR:=0.1153

{7 > 20(0F%, U > 30(I*. *[1> 20(D).

with 2¢/2d, the hydroxylammannum formate salts where the
bond lengths m the formate 100 are not resonance delocalized.

We note that the resonance structures illustrated in Figure 2
as intermediates only have formal meaning within a valence
bonddesaipdoumdthatthgdesuipﬁonofmmymﬁnm
and orgamic molecules isinadeqmtemhdaaxlm
based on a hybnidizational or valence bood approach ®-™ By
using a method of analysis winch expressly uses a delocalized
description of the electron density, we hope to shed light on
the precise nature of the hydrogen bonding network in 1.

2. Experimental Section

Urotropine-N-oxide-formic acid was synthesized by addition
of an excess of hydrogen peroxide to ar aqueous solution of
uu!mpm Single crystals suitable for X-my or neutron dif-

fraction experiment were either grown by slow evaparatian of
the reaction mixtuse or ized from concentrated aquecos
sohmions by passing a current of atr over a droplet of the sofution
that was placed on a glass plate made hydrophobic by the
applicstion of a very small quantity of sebaceous oil.

X-ray Diffraction Expeviments. For the tempenature range
123—-198 K. suitable f 1 were mounted in
Paratone oil, while for temperatures of 223 K to rcom
temperature the crystals were mounted with epoxy on a glass
fiber. Smgle-crystal X-ray difftaction data were collected using
a Bruker AXS Smart 1000 Diffractometer equipped with a CCD
area detector and graphite monochrematized Mo source (Mo
Ko 0.710 73 A) and a Nicolet LT-2 cooling device, with a
crystal-to-detector distance of 5.0 cm. Diffraction data were
collected from crystaime specumens of N-cide-
formic acud at temperstures cf 123, 148, 173, 198, 223, 248,
and 298 K; the paramesters of each data collection are collated
in Table 1.

Refinement of X-ray Data. More than a hemispheve of data
were collected over the angular range of 2.10—28.34° in 6 (123
K).” Frame widths 0f 0.3° were used for the data collection of
9144 reflections, counting 40 s per frame. Data reduction and
sptﬂindatommnym\bmcnnedmumm;the&um

Saint™ and the Geoeral Structre Analysis System
(GSAS)NThe\moelld:ms:ons were refined on the basis
0f 7531 reflections. Annllﬁscmabsupbmcmtcﬁmms made
using SADABS. ¥ § absences were consistent with the
space group P21h| A total of 8163 reflections were collected.
and meging of equivalent reflecicns gave 2145 wngue
reflections (Rig = 2.32%s), wath 2004 classed as observed (|Fy|
> 4op). The structure was solved by direct methods (SHELX-
TL),* refined by the full matrix iesst squares method and
completed by a senies of difference Founer syntheses. All non-

hydrogen atoms were refined anisotropically, with most of the
hydrogen atoms being introduced at idealized posiicns and
refined using a riding model. The electron density associated
with H1, the hydrogen bonded H atom, was located in the
Fourier difference map and its positional parameters refined.
Thermal parameter refinements for the hydrogen bonded H atom
were performed using SHELXTL# for isotropic refinements
and GSAS™ for anisotropic refinements. Weighted R-factocs,

wR. and all goodmeas-of-fit values are based on F2.

Neutron Diffraction Experiments. Neutron diffraction data
were obtained at the Intense Pulsed Neutron Sousce (IPNS) at
Argonne National Laboratory mﬁ the time-of-flight Laue
single-crystal diffractometer (SCD).¥1%2 At the IPNS, pulses of
protons are accelerated info a beavy-element target 30 times
per second to produce pulses of neutrons by the spallation
process. Because of the pulsed nature of the source, seutron
wavelengths are deterrmned by time of flight based on the de
Broglie equation

2 hm
tl

where h i3 Planck’s constant, m is the neutron mass, and ¢ is
the time of flight for a flight path [, so that the entire thermal
spectrum of neutrons can be used. With positicn-sensitive area
detectors and a range of peutron wavelengths, a solid volume
of reciprocal space is sampled with each stationary oneuotation
of the sample and the derectors. The SCD has two Li-glass
scintillation position-sensitive area detectors, each with active
areas of 15 x 15 cm? and a spatial resolution of <1.5 mm
One of the detectors 1s centered at a scafienng angle of 75°
and a crystal-to-detectar distance of 23 cm, and the second
detector is at 120° and 18 cm. Details of the data collection
and analysis grocedawres have been published ptwlously’u-
A aystal of womomme N-oxide-fimmic acid with
dimensions of 1.8 x 1.3 x 0.6 mm’ was molded into an
atumnoum foil “sandwich™ and was glued 1o the end of a
standard aluonmmun pin with epoxy adhesive. The sample was
placed on the DISPLEX cold stage in the SCD, cooled to 260
K in a helium stmospheve, and then cocled to 123 K under
vacuum.
For each settmg of the diffractometer angles, data were stored
n ﬁnmdmmmoul histogram form with coardinates x.y.t
to honaontal and vertical detector positions and
theumeofﬂngm.mspecm.ﬂy Data were anzlyzed using the
ISAW software package® in addition to other local IPNS SCD

programs. For intensity data collectian, runs of 6 h per histogram
were initiated arranged at y and @ values suitable to cover at
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TABLE 2: Lattice Paramevers (Redmred Unit Cell) for the Collected Data at Variable Temperature
aA wA oA Pidag TK f
6.845 6 347 19.480 95.06 298 67
6.726(1) 6.732(1) 19.418(4) 95.391(16) 123 this wok™
6.774Q2) 6.790(2) 19.472(7) 95.15%(6) 123 dus work™
6.767%19) 6.779(Q2) 19.487(6) 95.446(5) 148 this work®
6.770(3) 6.79%(3) 19.433(8) 95.297(7) 173 this wark®
6.787Q2) 6.802(2) 19.532(7) 95.266(6) 198 thas work™
6.785Q) 6.8176(19) 19.473(6) 95.107(1) 223 ths work®
6.798%S) 6.8226(4) 19.4639%(13) 95.1020(10) 248 this wark™
6.8272(13) 6.8456(13) 19.484(4) 94.983(3) 298 this woark®™
*The superscripts in the refs o denote X-tay (X) versus neutron (N) data.
TABLE 3: Iatermolecalar Structural Parameters st Variable Tamperature from Spherica) Atom Refinement®
ITK naovA roun’A romn'A rowa’A roacrA roscA Zonnoz/deg Loxroydag
123 1.3727(33) 1.221(7) 1.211(M) 2.428(6) 1.286(5) 1.230(4) 173.3(6) 126.28(34) ™)
123 1.3984(11) 1.24(4) 11907 2.435(1) 1.2862(14) 1.2228(13) 173.1(5) 125.17(10) x
148 1.3956(11) 125(3) 121(3) 2443(1) 1.2818(15) 1.2252(15) 170.0(6) 125.62(11) x)
173 1.3949(12) 1242 1.212) 2.43%() 1.2778(15) 1.2206(15) 172.3(6) 125.55(12) [b.9]
198 1.3951(11) 1.24(6) 1.20(6) 2.438(1) 1.2786(15) 1.2234(15) 174.0(6) 125.8%12) x
223 1.3979(12) 1.22(6) 1.24(6) 2.450(1) 1.2757(16) 1.2258(15) 174.2(6) 126.05(12) x
248 1.3933(13) 1.26(3) 1.18(6) 2.430(1) 1.2630(18) 1.2147(18) 172.7(6) 126.00(15) (0,9]
298 1.3940(14) 1.27(6) 1.18(3) 2.430(1) 1.263(2) 1.2107(19) 171.4(1) 126.47(16) N
298 1.388(6) 2435(4) 1.281(6) 1.200(6) 126.1(5) 67
“N data are repr d by “(N)" and X-ray dana by “(X)".

least one unique quadrant of recipracal space. With this counting
time. 17 histograms wese completed duning the 5 days available
fior the expenment The recorded hustograms were indexed and
infegrated using mdividual orientation matrices for each histo-
gam, to allow for any misalignment of the sample. The
intensthies were camrected for wavelength dependence of the
incident spectrum and sample absarption (# (cm™!) = 4.205).
Refinement of Neutron Data. Bragg reflections were
integrated sbout their predicted location and were comrected for
the Lorentz factar, the incident spectum. and the detectar
efficaxy. A wavdengh-dependent sphencal Jon cor-
rection was applied using goss sections from for the
noa-bydrogen atoms and from Howard et at 85 for the hydrogen
atoms. Symmetry-related reflections were aot averaged since
dufferent extroction factors are applicable to reflections measimed
at cafferent wan: The GSAS software package was used
for stroctural analysis.™ The atomic positions of the X-ray
diffraction structare were used as a starting poimt in the
mﬁmnnn All atoms includmg hydrogen stoms were refined
thermal parameters. The refinement used 313
\tublesmdm'ug:dmk.(}”) 0.092 and R(F?) = 0.151.
Data collection and re finement parameters are s ummanaed in
Table 1. A compilation of the iattice parameters for both the
m;t_mncgnmdm:ndablemnmx-uydmmfm
in Table 2.

3. Results

Molecular and Crystal SGucture. The symmetry of free
wotropme-N-oxude i Ci,, and therefore the carbon—pitrogen
bond lengths are no longer equivalent. The carbon—mitrogen
bond lengths adjacent to the N-oxide portion are copsidenably
lengthened compared to the carboo—nitrogen bond distances
which are furthes removed from the charge-separated segment
of the molecule. 2857 The three aifrogen—carboa bond distances
(for the nitrogen atom of the N-oxide portion) are elanganed to
an average dismnce of 1.5411(18) and 1.5249(13) A for the
room temperature and 123 K X-ray diffracuon study, respec-
tively. The semammng nitrogen—carboa bond distances are
similar to those of free urotropine-N-oxide {1.441(2) and 1.473-

(2)A, 298 K; 1.4480(14) and 1.4783(14) A, 123 K] 518 Baged
on the peutron diffraction data, the carbon—
distances in the formate segmet of the molecule are 1.286(5)
and 1.230(4) A for the C7—02 and C7—03 bonds, respectively,
and these distances are compiled in Table 3. These distances
comcide with the results extracted from the X-ray diffaction
expeniment at 123 K, 1.2862(14) and 1.2228(13) A, respectively.
The C—N bond distances in the cage camrespand well with the
distances obtained in the X-ray diffraction expesiment. differing
by less than 0.001 A

The gross molecular structare, determumed by spherical atom
refements of the X-ay data, is uswprising and the gon-

structure remams relsGvely invasiant with tem-
penature. Relevant stucfonal parameters are given in Table 3.
A regresentative structure of the asymmmetnic unit is shown in
Figure 3a, with the carespunding packmg diagram in Figure
3b. The latter shows the orientation of the four molecules that
are contained in the unit cell. It is notable that the packing
segyegates the more polar parts and less polar parts of the
complex; the polar partrans, cansisting of the N-oxide and the
bound formic acid are mmtually anti to each other

across the sheet camposed of less polar cages.

Hydrogen Bond Structure. Urottopine-N-oxide has foar
potential sites at which hydrogen banding may ocaur: there is
one electranegative oXygen aam and three tertiary ammmes which
may act as potential strong hrydrogen bond acceptors. Examma-
tion of extended contacts in the unit cell using Mercury@2 8¢
revealed that the anly substantial mteraction was the short, strong
hrydrogen bond preseat between the mrotopme-N-oxide and the
formate residue. The observed hy-drogen bond in this case is to
the Noxde O atom. with a short —oxygen distance
ranging from 2.4300(10) A to 2.4469(10) A based on the X-ray
data and 2428(7) A in the neutron data at 123 K Thus lies
well within the standard defimtion for a short very strong
hrydrogen bond, ¥ wrinch is defined as one where the O-+<O Lies
1 the range 22-25 A

In addition to the “very strang” kydrogen bond betwreen the
oxygen atom of the N-oxide, Ol, and the oxygen atom, O2, of
the formate segment. there are three other hydrogen bonds

g
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Figure 3. Molecular structure of urotropine-N-oxide-formic acid at 123 K (a) and packmg diagram (b).*?

present 1n this system. Each of the three tertiary amines forms
a hydogen band to an adjacent molecule, which may be
classified as a “weak” hy bond 8" with N--H bond
distances ranging from 2.68 to 2.89 A. 28 However, it is notable
that the van der Waals sum for N-+-H 15 2.75 A, and it may
therefiore be more lppmgu te to classify the N---H interaction
as a hydrogen bridge. 4578

Nuclear Sauctare of the Hydrogen Bond. The results of
the neutron diffraction expenment at 123 K reveal the muclear
position of the H atom associated with the hrydrogen bond. The
muton is located 1.221(7) A from the oxygen atom of the
N-oxide segment of the molecule and 1.211(7) A from O2 of
the formate segment, with an O1—H1—02 angle of 173.3(6)°.
Therefore, within the errors associated with the expermment this
results 1 a shont symmetric hydrogen bond.

Discussion

It bas recently been shown that direct unaging of bydrogen
density from X-ray diffraction expeniments can be more reliable
than parameters determined from refinements; % this is

! troe in the case of elongated or lughly anisotropc
density as observed in this system However. owr omitiple
temperanzre study. and the apparent invarniance of the shape and
postion of the difference Founier peak representing the electron
density assocuated with H1, allows us to conclude that in this
system the hydrogen atom is stongly perturbed towerd a
position close to the center of the O-+O vector and 1ts possion
appears invanant (within the accuracy of the X-ray data) as a
function of . This is a sipgnificant observation,
particularly m light of several recent reports of mugration of
the H atom m such cases; 8293233 the parure of the hydrogen
bond in @rotropine-N-cxide-formic acid is robust toward such
effects.

The dismbution of electron density in the Founer difference
maps in Figure 4 (calculated in the absence of Hl from the
model) m the region of the short, strong hydrogen bond shows
elongation of the density along the O1-02 vector, commonly
observed m short. strong hydrogen bonds. As seen in the Founer
maps. the maximum in the electron densiry associated with the
hydrogen bond is located approsimately 1.16 A from the formase
segment of the molecule. representmg a significant elanganon
of the O—H “covalent” bond, where the electron density is
distritaured between O and H over a length of ~1 A, and is
indicative of a centered proton which 1s frequently observed in
short hydrogen bonded systems. However, this distnibotion is
broad and fuill quamificaan of the O—H distances i thus system

15 complicated by the uncentaiaty introduced by the nature of
the density representing this hydrogen atom.

Analysis of the neutrom diffraction data at 123 K revealed
the position of the proton associated with the hydrogen atom
tn the brydrogen bond: the distances between the protan position
and the two oxygen atoms are nno) = 1221(7) A and ry,0, =
1.211(7) A, wath a bond angle Zog,0, = 173.3(6)°.

The relatrve im-anance of the hydrogen atom position with
tempenature is also bome out by the trends in the other boad
lengths in the system For example, there is also a considerable
change in the bond distances of the formic acid segmeat, wiuch
tend to increase as the temperature is lowered (possibly partly
due to thermal parameter effects) and do not show a pattem
consistent with transfer of the proton across the hydrogen bond.
At room ture, the carbon—cxygen double bond is
1.2107(19) A and the C—O single bond 15 1.263(2) A. These
bond distances are in accord with earlier studies of wotropine-
N-oxide-formic acid as well as with studies of free formic acid
as seen in a search of the Cambndge Structural Database
(CSD).&5 As the temperature of the diffraction experiment was
lowered to 148 K, the carbon—oxygen bond distances in the
formic acid segment of the stucture were both fowad to
lengtben The carbon—o that is formally considesed a
sungle boad is 1.2818(15) A, while the double bond is 1.2252-
(15) A, and a comparisoa of the bond lengths in the formate
segment of the molacule are shown in Figure 5. These distances
are closely related to a fornuc acid fragment which 1s hrydrogen
bound to another species. 2%

At 123 K, the heavy atom positions and the bond lengths
denved fiom the data show a sttong comrelamnon between the
X-ay and neutron dats. However, there is not a strong
comrelation for the H atom. Given the expenawenn) data, it may
be assumed that the correlation of the beavy atom bolds true at
all temperataes. The carbon—oxygen bonds in the formate
segment do not show any evidence of structures 2b or 2¢ shown
m Figure 2. We note that. in the presence of a short, strong
hrydrogen bond, a similar lack of comelation in the carbon—
oxygen bond lengths has been observed in other compounds
where H atom transfer is observed.®! There is no distinct
difference in the two carboo—oxygen distances, which is to be

from a valence bond descripaon of the molecule. Also,
the C—O bond lengths in the formate segment vary with
temperature, which is unrelated to any structural change in the
hysogen bond. This indicates a resopance structure between
2a and 24 in Figure 2. Therefore. one cannot make assertions
about the hydrogen bond based solely on heavy atom positions
and bond lengths.
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The partial ~wamsfix” of the proton to the cemter of the short
bydrogen bond, indicated by the difference Founer maps. is
supported by analysis of the N—O bond distance in the system.
This is cunsiderably longer than in free urottopine-N-oxide
(1.363 A) and slightly longer than previcusly known wotopme-
Nomde hy banded systems (1.380—1.391 A) as seen in
a search of the CSD.%% The fosmation of a significant bonding
inferacton wath the partly transferred proton withdraws electron
densify’ from the N—O bond, wealasmng the strength of the bond
and therefore mcreasmg the bond leagth The average bond
distance for the N—O boand in hydroxylammoamm cabons, as
seen 1n a search of the Cambndge Structural Dambase, is 1.417-
(2)A, with a range from 1.396 10 1.436 A This bond length

comresponds more diuectly to wotropime-N-oxide- formic acid
than does the average bond length for a fypical N<oxde system.
Once again the relative imanance of this N—O distance with
temperatuze supports the stability of the “pantly transferred”
potoa in this hydrogen bandmg system.

For a camparative stody of the bond lengths m the formic
acid segment of the structure, smgle-arystal X-ray diffraction
data were collected for rubidium hrydrogen formate at 173 K
using the data collection strategy as descnbed above for
wotropme-N-axde-fommc acsd There & a considerable amouns
of rydrogen boading present in the solid-state structure of this
matenial. The hydrogen bonds exist between two formic acid
segmess, with an OXygear—oxygen distance of 2.4360(13) A_
In the crystal structure. rubidium 13 8-coordinate. with bond
distances to the oxygen atoms of the formate angng from
2.8853(13) to 3.1556(12) A. The boad distances for the C—O
sngle and double bonds were found to be 1.272(2) and 1.2269-
(19) A, respectivety. These distances are similar to those found
at the same Cmpenature in urogUpme-N-oxide-foonic acid,
1.2778(15) and 1.2206(15) A. Accardingly, theO-C—O mgle
m rubiduan fomare. 125.06(15)°, 1s smaller than
that in urotopime\-oxide-formic acid [125.55(12)°]. The
lengthened bond distances demoanstrare the strengthening of the
hydrogen bond present between formic acid and nrotropine-N-
czide as well as the mgranan of the electran density associated
with the protan pounon as the temperature is lowered.

An amsotropae displacement parameter (ADP) may be defined
as “the second momen: of atomic probability distribution
fanction™% Ths, in essence. describes the average displscement
of atoms in crystals from the meas atoonc posmians in the Bragg
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TABLE 4: Asisotropic Displacement Parameter Teasors for Hl from Neutroa and X-ray Diffraction Data™«

Un Ui Un Un Un Un U
0.043(4) 0.0035(24) 0.0048(29) 0.0201(29) 0.0013(25) 0.028(4) 0.03032 H1 neutron
0.151Q22) 0.031(13) 0.051(14) 0.038(11) 0.018(8) 0.047(13) 0.08263 Hl X-ray

*The svwage Unas for the H atoms in the wotropme cage 15 003304 A? (neutron data).
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Figure 6. Comparisan of Usms betwreen neutron and X-ray data for
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Figure 7. Comparisen of results from neunron (U, and X-ray (U

data for the bydrogen bonded H aom. H1.

average. Figuse 7 depicts the vaniation in Uy with temperature
for the X-ray data, as weell as a companson of the neutron data.
fos the atoms that are most affected by the presence of the
hydrogen bond, namely N1, Ol, and O2. In comparing the
neutron and X-ray data at 123 K 1t is notable that there is very
little dufference in Ueq for oflhese atoms. the difference
bemgwmm!yoml 2. The msjor difference in the

bammenmnmdx-nydamsbat
stmmmhg\n7 whsch represents Hl, the hydrogen bonded
Hatom Table 4 shows the anisotropic therms] parameter tensor
camponents, UyX and UV, of H1 extracted from the refimement
of the X-ray and ceutron data, respectively, and it shows the
dufference 10 ADPs (Up for X-ray data. Uigny for neutron data)
befween the two sets of expenments. For a hrydrogen atom. the
valence electron densaty is also the core electron density, which
leads to the damnished comrelation betwreen the distnibutioos of
muclear and electron densities. From Figures 5 and 6 1t is clear
that the descripticn of isotropec displacement parameters for the
hydrogen atom from X-ray data is inad~quare. Though results
from the X-ray and nevtron difffaction showed very
similar positional parameters for H1 in that the position of
azomap elecyon density from the X-ray daa comresponds well
to the positon of the proton in the neutron data. the ADPs
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Figure 8. Comparisan of X-ray and neutron data at 123 K (a) X-ray
data with aisotropic refinemen) of H] asing GSAS;” (b) X-ray data
with 1:000pic refingment from SHELXTL:# (c) neuvon data with
amisotropic refinement of all E atoms fiom GSAS. Thamal elpsoids
are drawn at the 50% probablility level using POV-Ray.®

clearty differ. In the refiumunens of nevtron diffraction data. the
ADPs of the proton posinion associated with the hydrogen bond
are coasistent with the average displacememnt oveer the thermalty
populsted noanal cooxdinates and lathce modes, and in this
respect the ADPs of the proton are not anomalous when
compared to the other atamic ADPs in the crystal. Therefore,
given the broad distribution of electron density associated with
the hydrogen bood, the use of ADPs to refine the structural
parameters of the electron densiry associated with the hydrogen
bond is clearly not in accord with the definition of the ADP.
The neutron diffraction refinemens of the O—H—O possitioas
and ADPs effectively define the anclear potential 10 which the
four electrons associated with the hydrogen boad are confined.
From inspection of the ADPs associated with the nuclear
potential, it is clear that the motions of the atoms are smaller in
magnitude than heve been imterpreted from the refined ADPs
fior the “H atom™ associated with the hydrogen bond. It is
therefore clear that parametrization of structural parameters of
the distribution of electron density using ADPs is not physically
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realistic within the structural definition of the ADP. Moreover.
it is clear that a standard “spherical atom and ADP™ model is
inadequate to descnbe this distnbution. However, we note that
the Bragg scaftening expenment is a pnon an elastic expenment
mdeominsnodymmicmfmtionabomﬂ! system.

Given the plrysical ambiguify m using ADPs to define
the structure of the distribution of electron densty in a system
in which there is a poor comrelation between the miclear and
core electron density distnbutions. it 15 clear that direct imaging
of electron density via a Founier synthesis gives good qualitative
information in thus case. We note that more advanced asphencal
methods are available which will allow a more preqse quantits-
tive description in these cases.

The results of sphenical atom refinements vsing anisctropic
atomic di parametexs to model the distnbution of
electron deasity in the bond are shown in Figure 8a. together
with 2n isotropic refinerment of the electron density (Figure 8b)
and the result of the neutron diffraction expenment (Figure 8c).

Conclusion

The proton in the short, strong hydrogen bond (O-O
separation ~2.44 A) in the molecular complex wotrapme N-
omide-fammic acid is partty transfierred to the center of the
hydrogen bond. The position of maxirmmm density associated
with the hrydrogen atom 1n the hydrogen bond, indicated by
dxﬂ'umcel-‘om’usyn:hnisﬁnmwbemmwi&
temperature in the range 123-298 K This invanance is a
agnificant mdication of the stabality of thi's bydrogen bond with
respect to variations in temperature. m contrast to recent
observations of migration 1n several similar
bonded systems. It is clear that trends in bond lengths between
heavy atoms is not necessanly a good ndicator of hydrogen
atom behavior. The subtle interplay of intra- and mtermolecular
forces and lattice efficts clearty mitigates in this case against
motion of the proton along the bond.
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Cu(HCO;),(pym) (pym = pyrimidine): Low-Dimensional Magnetic
Behavior and Long-Range Ordering in a Quantum-Spin Lattice

J. L. Manson," 11 T. Lancaster,S L. C. Chapon S. J. BlundellS J. A Schiueter.: M. L. Brooks,$

F. L Pratt? C. L Nygren,” and J. S. Qualis®

Department of Chemistry and Biochemistry, Eastern Washington University, Cheney,

Washington 99004, Condensed Matter Sciences Division, Oak Ridge National Laboratory,

Oak Ridge, Tennessee 37831, Clarendon Laboratory, Department of Physics, Oxford University,
Oxford, OX1 3PU, UK, ISIS Department, Rutherford Appleton Laboratory, Chilton, Didcot,

0X11 0Q.X, UK, Materials Science Division, Argonne National Laboratory, Argonne,

Illinois 60439, ISIS Muon Factlity, Rutherford Appleton Laboratory, Chilton, Didcot, OX11 0QX, UK,
Department of Chemistry, University of Tennessee, Knoxville, Tennessee 37996, and Department

of Physics and Geology, University of Texas-Pan American, Edinburg, Texas 78339

Reoeived September 13, 2004

We synthesized and struchrally and magnetcally characterzed the novel 3D coordmation polymer Cu(HCOz)-
(pym) (pym = pyrimidine). The compound crystafiizes m the monoclinic space group C2c with 2 = 14.4639(8) A,

b="T7T2094) A c = 851725} A B =

126.076(2)°, and V = T68.76(T) A%. In the structure buckied tayers of

Cu(HCOzR are intercornected by pym higands to afford 1D Cu—pym—Cu chains. Bulk magnetic susceptbiity
measurements show a broad maximum at 25 K that is indicative of shurt-rage magnetic ardenng. Between 12

and 300 K a least-squares fit of the x(T) data to a mean-field-comected artfenomay et chain model yielded
excedlent agreement for g = 2224(3), Sk = ~26.9(2) K. and z//ke = —1.1(3) K. Below ~3 K a transition to
lungrange magnatic ordering is observed, as suggesied by a sharp and sudden decrease in x(7). This resut is
comoborated by muon spin relaxaton measurements that show oscilations n the muon asymmetry below Ty =

2.802(1) K and rapidy fluctuating moments above T.

Introduction

Small. multidentate anions such as CN-,! [N(CN)jJ-.?
[C(CNRJ.2 N3~} and C20.2-* have been utilized in the
design and syntheais of novel compounds that exhibst loag-
range magnetic ordermg, some with Tc's that exceed room
temperature.! The dimenstonality of the stroctures can be
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tuned by virtue of the metal ion selected and whether other
ligands such as chelates are preseat. The abulity to predict
sauctural and physical properties of new matenals has been
a major challenge welcomed by chemists working 1n the area
of molecular magnetism

Cumrently, the smallest carboxylate building block, i.e..
formate ion. HCO:™, is being actively studied. and it has
proven to be an effective bridging ligand and snperexchange
mediator in ansition-metal-contaiming coordmation poly-
mers. In addition to the vanious hydrate forms that have been
Imovwn for many years,’ other examples that contam organic
ligands have begon to emerge. Several dimenc complexes

O)R!nﬂn (2) Milla, J. S Mansan, J. L Acc. Cham. Ras. 2001. 34,
$63 and refivences therem (b) Baven. S. R: Murmay, K S. Coord
Chem. Rev. 2003, 246, 103 and refmrences therem.

,250. @) Fu A H;
Chem Ewr J. 2002, 8. 2239.
(4) See, for exmrple: Decuatn:, S; Pellaux.
F. Coord Chem. Rev. 1995. 192, 841.
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Scheme 1. Three Diazine Ligands Showmg Possible Bidentate
Coordmanon Modes
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such as Cuy(HCO))l; [L = urea,$ dioxane,’ dimethyl
sulfoxide (DMSO),” and N, N-dimethylformamide (DMF)?)
and the 1D chain campound Co(HCO2)A(py):'H20° (py =
pyridine) have been reported. The majority of reported
structures though are mherently two-dimensional and inclode
the aforementioned hydrates, Co(HCO2)y(DMF),!® and
M(HCO2)y(urea); (M = Mn, Fe, Co, Ni, Cd, Zn).!! Three-
dimensional structures have been relatively unknown uatil
recently and include Co(HCO2)x(pyz) (Pyz = pyrazine),!?
Cu(HCOy)x(4.4’-bipy) (bipy = brpyridine).'* Mny(HCO2)s.
Mn(HCO);,' and [AmineH}[Mn(HCO3)3].}

In conmtinuing our work on formate-based coordination
polymers we extended our studies to include other diazine
ligands such as pynmidine (pym or 13iazine). The
commugated 2D Cu(HCO2); layer found in Co(HCO2)xpyz)
offeers the potential to accommodate a vanety of molecules.
thus producing an armay of 3D lattice types. Specifically, the
intralayer buckling affords an opposing 120° tilt of the
CuOX; (X 13 a vacant axial p n) chromaphares, which
allows successive layers to tightly pack together. Pynmudine
was chosen because the lone pairs on the sp? nitrogen atoms
form a nominal 120° coordination angle (Scheme 1) that
could lead to a network sinular to Co(HCOApyz). From
Scheme 1 it can be seen that the sp? nitrogen atoms wn the
other diazines, i.e., pyz and pynidazine (pdz), are ammanged
180° and 60° apart, respectively, which profoundly affects
the metal spacing, orbital onentations, and subsequent
magnenc properties. By reacting Cu(HCO2); with pym. the
anticipated Co(HCO;)x(pym) compound was formed which
shows long-range magmetic ordenng at low t=mperatures.

(5) (a) Fippen, R B; Friadberg, S. A J Chem Py 196). 38, 2652.

(b) Abe, H. Pips. Rev. 1953, 92, 1572. (c)Shmth.! Abe, H.; Ono.

K J Phys. Soc. Jpn. 1956_ 11, 137. (d) Wagner, G. R; Friedberg. S.
A Pips. Lenr. 1964, 9, 11.

6) Uskuza, H; Obba, S., Sxito, Y. Acss . 1989, C45,377.

£7) &ﬁnﬂ.Fﬁ%ﬁM;EﬂmE; -V.; Bz D.; Gz
Raxmmro, P. Inory. Clom. Acta 1984, 215, 185,

@8) Cenda, R ; Airust. G.; Banms, J; M.: Sanz-Runz F.
Pob 2002, 21, 1057.

(9) Caramgit B. A; Conchman. L ; Skapska, A. C. dcm Crysmllogy.

SJ. RC;T; } S. Chom 1999,
Oﬂ)m Thamp-an, R. C; Trotar, J; Xia, . beorg

(11) See. for eample: (a) Takeda, K ; Mito, M; Nakapma K: Kakurai,
£ Mgl e B0 DOW, a8 o ) T
284, 1497, (e) Takeda, K - D.pch.'l-i. Hozhko. T Yamagan, J. J,
Piys. Soc. 't 1989, 5, 3489.

(12) Mansan, J. L; Lacher, J. G Gu, J G-s-h JLA;
ngll Wang, X, SchkgA.J Koo, H-J; Vo'hm‘bo,M-ﬁ

J. Chem. Soc., Dolron Tirans. 3003, 2905.
(13) Wm;,Z Zhl‘B Fujiwana, H., Kobzyashi. H; Rurmoo, M. Chew.

(14) ka Cm-schu\.,quuvP Fabwem, A. C; Gatteseln D ;
Mﬂnu. Sna!pw C, Sessoli, R Angew. Cham., Im. Ed.

1999, 3
(lS)“ ZMB Ocuka, T.; Inoue, K.; Kobayain H ; Knrmoo,
Soc.. Dalvon Trans. 2004. 2209
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Table 1. X-ray Crystallographic Data for Cu(HCO:)x(pym) Collected
a5 K

formmula CoON;CHe
Sormula weight 233.67
spxl powp CUe
14.46358)

BA 7.7209(4)
A 8.5172(5)
B, deg 126.076(2)
v,A 768.76(7)
4 4

gom® 2019
E‘X 0.71073
M. omnt 2821
R(F) 0.0297
R(F) 0.0799
GOF 0.8%

*R=Z[F| = [FIVIIF] * Ra = [Ew{IFu] — [FLPEWIFST.

Table 2. Selected Bond Lengths (A) and Bond Angle: (deg) for
Cu(HCO)2(pym) at 295 K

Ca-0Q1) 2398(1) O(1)-Cu—0(2) 89.22(4)
Ca—0(2) 1952(D) N(r-Cu-0(2) 9.31(5)
Ca—-N(1) 2060(1) O(1)-Cu—N(l) 89.67(4)
c-0(1) 12380 Cu—O(1)-C(1) 119.9(1)
c(1)-0Q)  125(2) Cu—0QR)-C(1) 1281(1)
3-CQR) 1.3372) O(1)-C(1)-0(2) 125.7Q)
N(-C4) 13380 NIFCQ-C3) 121.5Q)
cR—C() 13812 NA-CHEFCR)  1175)1)

The structural and magnetic properties of Cu(HCOz2)2(pym)
are described here and compared to Cu(HCO2)xpyz).

Experimental Section

Syathesis. Innypialsynﬂmisadihnemmsolutwnof
Cu(HCO2)ryH:0 (Aldrich. 0.500 g, 3.3 mmol) is muxed with
pyrmadice (Acros, 0.261 g, 3.3 mmol) to afford a deep blue
sohthon. X-ray-quality single crystals are obtained in 42°% yield
by slow evaporation of the solvent over a period of 1-2 weeks

ing on the dilutton used. Selected IR data Nugol, cor3):
3115w, 3093 w, 1600 5, 1562 s, 1411 m. 1335 s, 1086 m. 1038 w,
1010 w, 836 m. and 796 s.

X-ray Crystallography. A blue block measuring 0.45 x 0.20
x 0.20 am? was mounted on a Bruker AXS SMART 1000 X-ray
diffractameter equipped with a CCD area detecyar. Monochromated
Mo Ka radiation (2 = 0.710 73 A) was used in the data collecton.
Appraximately a hemisphere of data was measured to a resolution
of 0.75 A at 295 K The area detector frumes were integrated by
use of the program SAINT.1¢ and the resultng intensities were
corrected for absorption by Gaussian integranon (SHELXTL
program suite).!” The SHEL XTL program package was employed
n the structure solution using direct methods and foll-matrx least-
squares refinement on F* (using all data). Posinons of aromatc H
atoms were calculated by employing a ‘ndmg’ model All non-
hydrogen atoms were refined with amsotropic thenmnal parameters.
Additional details of the data collection are given in Table 1, while
selected bond Jengths and angles are Listed in Table 2. Further details
are available i the CIF deposited as elecuonic Supporting
Information.

Magnetic Measuremeats. AC susceptibibry measurements were
conducted on a Lake Shore Cryotromics 7000 serie< susceptometer
equipped with a low-temperature helum sobpot option (allowing

(16) Daa Soﬁqn&leSMhuhAXS!m

Madison, 999.
(17 Souctare S L jon and Refin Softw SHEIXTL. veroon 5.0,

Bruker AXS, Inc. Madison. W1 1996.
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measurements to as low' as 1.6 K to be achieved). A 1 Oe amphitude
field oscillatng at a frequency’ of 125 Hz was unlized for all
measurements. A powder sample weighing ~187 mg was loaded
into Delrin sample holders and affixed to the end of an aluminum
rod. The samples were cooled from 300 to 45 K over a peniod of
~15 min and then further cooled to 1.5 K over a peniod of ~30
mm_ The real and imaginary campanents, y” and y”, respectively.
of the volume AC susceptibility were recorded every 0.05 K.

For magnetization measurements a Quannmn Deagn Physical
Propernes Measurement System (PPMS) ac/dc magnetomen
equipped with a 9 T superconcducting magnet and reciprocating
sample option was used Homogeneous powder samples were
loaded into gelatin capsules and mounted on the end of a carbon
fiber rod. For the broad tempersture scan the sample was cooled
in zero field to the lowest acinevable temperature of 2 K, the magnet
charged to 1 kOe. and data collected on warming to 300 K. Low-
tempenature zero-field-cooled A7) data were recarded for magpetic
field soengths of 2, 3,4, 5, 6, 7, 8, and 9 T. Isothexmal M(H)
measurements were caried out at 1.3 K at the National High
Magnetic Field Laborstory (Tallahassee, FL) in magnetic fields up
t poH = 27 T usmg a torque magnetometer. All magnetic daca
were corrected for core diamagnetism using Pascal's constants and

parumagpetism (60 x 10— e mol for
Cu?* ion).

Muon Spia Relaxation. Zero-field muon spin relaxation (ZF
#*SR) measurements havre been made on a powder sample of Cu-
(HCOYx(pym) using the MuSR mnsoument at the ISIS facility.
Rutherford Appleton Labarstory, UK. using a standard orange
ayostst. The sample was wrapped in silver foil and mounted on a
silver sample holder.

In a 4*SR experiment’’ spinpolarized positive muons are
stopped in a target sample, where the nuon usually oecupies an
intersthal posnnon mn the aystal The observed property in the
expenument i the ame evoluhon of the muon spin palanization,
the behavior of which depends on the local magnetic field at the
muon site. Each muon decays. with a ifetime of 2.2 gs, into two
Deumnos and a positran, the latter pasticle being emirted prefer-
eohally along the wnstantsnecus direction of the mmon spin
Recarding the time dependence of the posalyan emission directions
therefore allows determzination of the spin polanzancn of the
ensemble of muons. In cur experunenrs pogtrans are detected by
detectors placed forward (F) and backward (B) of the imtial muon
palarizznan direcian. Histograms Nr(r) and Np(f) record the mumber
of positrons detected In the two detectors as a fimction of tme
following the muon implanmtan The quantity of interest is the
decay posmron asymmenty fimction which is defined as

_ N~ et
A0= R %0 @

where g, is an experimental calitvation constant. A(f) is propostional
to the spin polanzation of the mmon ensemble.

Results and Discussion

Crystal Structare. Cu(HCO2)xpym) crystallizes in the
monoclinic space group C2/c with four molecules per unit
cell. The Cu?* ion lies on an iaversion ceater (Wyckoff
position 4¢), while C(3), H(3A), C(4), and H(4A) reside on
the 2-fold axis (Wyckoff position 4¢). All other atoms occupy
genenal positions. Each Cu®* ion is coordinated to four

(18) Bhmdell S. J. Conramp. Pips. 1999, 40. 175.
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different formate oxygen atoms  two Cu—O(1) with bond
distances of 2.398(1) A are in axial positions, whereas two
Cu—0(2) distances are 1.952(1) A and occupy the equatorial
plane along with two mtrogen atoms from the pym ligands .
[2x Cu—N(1) = 2.060(1) A] (Figure 1). The Cu—0x1) bond
length is sumilar to the Cu—0(2) distance found in Cu-
(HCOW)xpyz) [2.371(2)A), while Co—O(2) is much Jonger
m Cu(HCOx4.4"-bipy) [2.528(2)A]!? Aside from the
Jahn—Teller elongation along the O(1)—Cu—0(1A) axis, the
CuO4N; octabedron in Cu(HCO2)x(pym) is quate regular. the
greatest deviation from 90° being 89.22(4)° fior O(2)—Cu—
0O(1). The N(1)—-Cu—N(1A). O(1)—Co—0(1A), and O(2)—
Cu—O(2A) bond angles are 180° as required by symmetry.
Formate oxygen atoms coordinated to the Cu center. ie.,
O(1) and O(2), form bond angles of 119.9(1)° and 128.1-
(1)° for Cu—0(1)—C(1) and Co—O(2)—C(1), respectively.
Comparing these bond mgles to those of the pyz [120.5(2)°
and 128.6(2)°] and 4.4’-bipy [117.2(2)° and 129.7(2)°]
compounds reveals a clear sumhmyu There is a larger
difference. however, when we compare the Cu—O—C angles
of 105.8(1)° and 133.5(2)° observed for the mixed-anion
compound Cu(HCOz2)(NO3)Xpyz).* All bond lengths and
angles for the HCO2™ and pym ligands are in accord with
those generalty observed 2

Anti—ant formate anions join Cu®* ions together to form
corugated 2D layers (Figure 2) within the bc plane, while
neutral pym ligands join them together along the a direction
to afford a nonmterpenetanng 3D lattice (Figare 3). Each
CuOaN2 octahedron is tilted with respect to neighboring
octahedra. meaning that the Jahn—Teller axes are tilted
accordingly. Cu*°Cu separations along the Cu—pym—Cu
and Cu—O—C(H)—O—Cu pathwayns are, respectively, 5.845
and 5.748 A, which leads to voids spparently too small to
accommodate interstitial solvent molecules.

When the structure of Ca(HCO;)Apym) is viewed paralle]
to the b or ¢ axes. its structure is indistinguashable from that
of the pyz derrvative. The only real difference between the
two structures is the manner in which the Cu ions are linked
by the diazine ligand, L, as shown in Scheme 2. In each
case the Cu—L—Cu chains are linear with the Cu ions being
equidistant. There are two types of chains in Ca(HCO»);-
(Pyz), one nmning parallel to (110) and the other propagating
along (1—10), with all chains in the same “layer™ being
aligned along a common direction. The Cu—L—Cu chains
(19)M-u¢:.1 L; Lmeazwr. T.; Schinetw, J. A ; NyvC.,maddL

J; Brods, M L Patt F. L: Koo, H-J. Whngbo, M-H.,
m in preparabian.
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Figure 2. Portion of tha conugated 2D laymrs foumd in Cu(HCO;)(pym)
showmg the Co~0~C(H)~0—Cu connectivity Only the coordmated N
atoms of the pym ligands ave shown.

Schematic Companng the Two Types of Linear Cu—L—
CuChm:P:meﬂHC&)J.[L—m(;)mdpym(b)]‘

e e v g T el
ﬂ 0‘@ iy

m’"*/"‘Cun&N,cJ

J

*Note that in both cases the Cu 1ons are unifemly spaced and lie along

2 COmmon s,

in Co(HCO3) (pym) possess a single orentation that runs
roughly perpeadicular to the bc plane, ie., spproximately
36° away from the crystallographic a axis.

Short- and Long-Range Magnetic Ordering. Temper-
acure Dependence. A plot of yT (Figure 4) shows a
continuous decrease from a value of 0.424 emu K/mol at
300 K to 0.010 emu K/mo! at 2 K. The value of T at 300
K exceeds the value of 0.375 emu Kimol predscted for
uncoupled $ = 1/ ions; however, owing to g-value anisotropy
this is oot unexpected. The natuse of the yT curve strongly
suggests that all magnetic exchange interactions are aatifer-
ramagnetic. This finding was verified by a mean-field-
corrected fitto a S ="'/ afifeqomagnetic chain model with
intrachain J, interchain exchange J°, wiith each chan having
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Figure 4. xT (O) and 1ix (a) for Cu(HCO,)y(pym) measured in a 1 kOe
de field Solid and troken lines are thecretical fits to the Barmer—Fisher
chain model and Curie— Wess expresaan, respecuvely. a3 descrbed in the
text.

Table 3. Camparisan of Exch Coupling C: ad pym
Coxdination Modes m Same Cu* Camplezes
pvm bonding
compound i (K) mode® f
CuHCOY):(pym) =269 eq—eq thiz work
Cu(dea)(NOyYpvm)(H-0)* —426 eq—eq 2%
Cuy(dea)(pym); —69.4 eq—eq 25a
Cu(dea)s(pym)-CH,CN >—1 =—zx 31
CuNO,).(pym)(#H.0), -18 ©q-eq 25d
CuNO,):(pym), +09 =—eq 254
Culbachpym)* +02 =—eq 25be
: 1 il zx—eq= ial—axial, ax—ax =

axial—axial 'tkls dicyanamide= [N(CN):T". © hfac = teafloraceyl-
acetonare.

z nearest neighbors. 0 A least-squares fit of yT to the model
generated excellent agreement for the following param-
eters: g = 2224(3), J = —26.9(2), and =S = —1.1(3) K2
J and =J are assigned to the Cu—pym—Cu and Cu—O—
C(H)—0O—Cu exchange interactions, respectively. A fit of
1y to a Curie— Weiss expression afforded g = 2.229(3) and
0= —28.2(5) K. the negative 8 vatue indicating the presence
of antiferromagnetic comelations between Cu'* sites (Figure
4). Furthermore, the fitted J value is in very good agrecment
with the absolute value of 26.6 K calculated from the
expression kRTmar'J = 1.125(5S+1) + 0.10 that relates the J
value of a 1D magnetic system to the temperature, Tz,
where y(T) reaches a maximum.Z Table 3 compares the J
values and caresponding pym coordination modes observed
1 other polymenc materials.

Analogous to that found 1n Cu(HCO2)xpyz), there is an
alternation of the magnetic Cu d,.,* orbitals that occupy the
equatonal CaN;O; plane within the 2D Co(HCO2); layers.
The small zF value is then likely due to a competition
between anfiferomaguoetic and ferromagnetic exchange
interactions where the et coupling 19 slightly anmferromag-
petic. This finding is in comtrast to the large emchange
coupling, ie., Jikg = —73.2 K, observed in Co(HCO2):-
(H20)4 which leads to Ty = 16.54 K 5223 In the tetrahydrate
the magnetic d2..;? orbitals exclusively occupy the 2D Cu-
(HCOx); layers, which affords very good orbital overlsp.

(20) (2) Bames, J. C.; Fishar, M. E. Piys. Rev. A 1964, 135, 640. (b)
Gimberg, A P.; Lines M E Iaarg. Chem. 1972, 11, 2289.

Ol)Ahﬂsmﬁtdhx(DdanmthmddL
described in the text yislded p ] to those obminad
for the m)mlym

(22) Lines. M. E. J Piy:s. Chem. Solids 1970. 31, 101.
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00070

000503 10 20 30 40 S0
T (K)
Figure 5. Low-mmparanae x(7) plot of Cu(HCO,)(pym) showing the
broad X and abrupe d& mx(7) d with the short- and

longwrange magnstic orderngs. The solid ime is the thearetea]l curve
genarated from the yITT) fix.

Upon cooling from 300 K, y(T) increases gradually.
reaching a vatue of 0.00685 emn/mol at 25 K where a broad
maximum i3 observed. Below yug. x(T) decreases smoothty
uatil ~3 K, where it decreases abruptly (Figure 5). AC
measurements indicate that these fearures do not depead on
the frequency of the oscillating magnetic field. The origin
of the broad maximnm is likely due to short-range magnetic
ordering within the Co—pym—Cu chains, while the origin
of the sharp decline 1n y(T) is not completely clear but may
be due to a structural or magnetic phase transition. The only
other example that we aware of which shows a smilar
response in y(T) is the spin-Peierls compound (TTF)Cu[S(Cy-
(CF3)4] (TTF = tetrathiafulvalene) ¥

It is knmown that u-bndgimg pym can stabilize either
antiferromagnetic or ferromagnetic exchange interacuons
depending on the magnetic orbital configuration of the
transition metal to which it is attached. In the case of § =
152 copper and vanadyl complexes, molecular orbital calcula-
tions suggest that equatonal—equatonal (eq—eq) and axial—
anial (ax—ax) coordination favors orbital bvuhp, ie,
antfierromagnetic coupling, while a mixed amial—equatorial
(ax—eq) situation leads to ferromagnetic interachions between
Cu dr-y? magnetic orbitals and nitrogen no and por orbitals
of pym.” Thus, the antiferramagnetic coupling observed in
Cu(HCO2)x(pym) can be understood in terms of its crystal
structure, which shows eq—eq coordination of the pym
ligand.

Field Dependence. The zero-field magnetiaation, M(T).
for Cu(HCO1)(pym) was measured in various extemnal fields
between 2 and 9 T, and selected data are presented in Figure
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Figwe 7. \H) plot for Ca(HLO%)x(pym) recorded 2t 13 K.

2 2 20

begin to curve upward for H approaching 8 T. At ugH = 9
T the data take on a different appearance in that shere is a
sudden rise in M{(T) at 5 K which then levels off below 4 K.
This behavior may be due to a spin flip transition; however.
detailed measurements on single crystals are planned to help
sort this out.

The isothermal magnetization, M(H), was measured at 1.3
Kup to 27 T and is shown in Figure 7. It can be seen that
M(H) initially rises slowly with an almostlinear slope. Near
12 T the data curve spward and thus continue to rise up to
the highest attainable field. This type of behavior has been
observed in other low-dimensional § = !/, quantum antifer-
romagnets. 2 At 27 T, M reaches a vatue of 1454 emu Oe/
mol, which is ~77% below the predicted value of 6210 emu
Oe/mol based on the fitted g value of 2.224. From the mean-
field prediction of the zero-tempesature saturation field, Har
(0), we can estimate the field necessary to overcome the
antiferromagnetic interaction and fully align the ot

(26) See, for example: (a) Amaral s.;:.;-,w.r..-hhac.n,
Tumbull M. M ; Woodwad, F. on 3601, 20, 1 17.(?
Bardallo, H N; Chapon, L; . L; Ling, C. D;; Qualls, J.
S. Hall, D:: Argynou. D N. Pobhedron 2003, 22, 2045.

)

norganic Chemistry, Vol 44, No. 4, 2005 993



A(D) (%)

18 18 2 22 24 26 28
T{K)

Fioll!ﬂ (a)ZFy*SRmmmdal 78 and 2.82 K showmg
belowthe Tu= 280X1) K Data maxwed

Manson et al.

at the muon site, which causes a coherent precession of the
spins of those muons with a compoaent of their spn
polarnization perpendicular to this local field. The frequencies
of the oscillations (which are proportional to the order
parameter in the broken symmetry phase) are given by vy =
YuBi2r, where y, is the muon gyromagnetic ratio (=2x x
135 MHz T~?) and B: is the local field at the ith muon site.
The presence of oscillations in the muon asymmetry for T
< 2.82 K provides strong evidence forthe existence of long-
range magnetic order (LRO) but not a spin-Peserls transition.

Two distinct precession frequencies are found 1 our data
below TN, suggesting the existence of two distinct muon
stopping sites m Cu(HCO2)x(pym). We note that two
precession Gequencies have been observed in muon studies
of related materials 9722 To extract the temperature depen-
dence of these frequencies, the spectra for T < 2.82 K were
successfully fitted to a function of the form

A(f) = 4 exp(—Aif) cos2anyt + ¢) +
4y exp(—4yf) cou2vyt + ) + 43 exp(—430) (3)

where @11 are phases and 413 are temperature-dependent
relaxation rates. The parameters A3 and A3 reflect a temper-

abonfnduphya(mmmfmnhuh_, ®) T
evohmon of the two oscillation frequencies The solid 2nd dashed linez are
fits 0 eq 4.

magnetic moments according to eq 2@
#oH (0) = 2271(gup) (6]

From this equation we denve ugHa(0) = 484 T forz =2,
Jkg = 269K, and g = 2.224. We note that since the Cu—
pym—Cu “chains” in Cu(HCO»)x(pym) are not completely
isolated, the actual saturation field is likely higher than that
estimated owing to additional interchain antiferromagnetic
interactions. Hence, 48.4 T should be taken as the mintmum
saturation field.

Muon Spin Relaxation. We chose 4*SR to fusther study
the origin of the low-temperature anomaly because muons
are especially sensitive to small magpetic moments. Figure
8a shows examples of ZF asymmetry spectra measured for
this matenial. For temperatures T 2 2.82 K, the observed
asymmetry spectra show Gaussian relaxation. charactenstic
of the muon ensemble expenencing a static, random ammay
of local magnetic fields. This field distribution is most likety
due to the randomly oriented nuclear moments in the
material. with the contnbution from the fast-fluctuating
electronic moments outside the muon tune scale in this
temperature regime. This hypothesis 1s consistent with our
observation that an applied field of as little as ! mT, directed
paralle] to the initial muon spin direction. repolarizes the
muon ensemble [i.e., lime A(f) = A(0)], a5 expected for
relaxason due o static, disordered field distribution ¥’

At tempenatures 7 < 2.82 K oscillations in the positton
asymmetry are clearly observable (Figure 8a). These oscil-
lations are characteristic of a quasistatic local magnetic field

(27) Hayano, R. S.; Ummira, Y. J; Imavato, J.; Nishuda, N.; Yamazaki,
T; Kubo, R Pl Rev. B 1979, 20. 850.
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atre-independent contribution to the signal from the com-
ponent of the muon-spin polanzation parallel to the local
magnetic field and also from those muons which stop in the
sample holder or cryostat tail

The ratio of the contributions from the oscillating signals
A1:42 was found to be approximately 6:1, suggestng that
the site associated with the frequency ) is six tumes as
probable as that associated with 12 The origin of the phase
offsets ¢ (=—39°) and ¢ (=—31°) are unclear, although
we note that similar phase offsets have also been observed
m muon studies of related materials 3 The magnitudes of
the relaxation rates A; (which scale roughly with the
frequencies ¥;) do not vary strongly with temperature but
show a tendency to decrease as the magnetic phase transition
is approached from below. This suggests that the spm
relaxation is dominated by the magnitude of the local field
at the muon site rather than the slowing of cntical fluctua-
tioms.

The temperature dependence of the extracted precession
frequencies is shown in Figure 8b. The lines shown are fits
to the fuactional form

T\s
vAT) = V‘O{l ok (——-) r 4
Tyl
The paucity of data at low temperatures makes a reliable
determunation of the parameters in eq 4 problematic. If we
make the assumption that é = 2, as would be expected for
antiferomagnetic spin waves. we obtain v(0) = 1.97(2)
MHz (corresponding to a local field at the muon site of B)
= 14.5(1) mT), vx(0) = 0.844(1) MHz (or By = 6.23(1) mT),

(28) Lanxaster, T.; Blundell, S. J; Pratt. F. L. ; Brooks, M. L; Man:am, J.
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B = 0.33(1), and Ty = 2.802(1) K We note that the value
of # is sumilar to that observed for (C2HsNH;):CuClg (f =
0.32), which is compareble to that calculated for a 3D Ising
system (f = 0.312).3

Conclusions

Cu(HCO2)xpym) 1s a novel quasi-1D antiferromagnet that
exhibits a transition to long-range ordening below Iy = 2.8
K as shown by maguefic susceptibility and muon spin
relaxation measurements. The HCO;™ anions adopt an anti—
ann bridging mode between the S = /3 Cu?* 10ns which
affords a weak antiferromagnetic coupling relative to the
interaction along Cu—pym—Ca, which 1s much stronger (J/
k= —26.9 K). The present work also clearty demonstrated
the need for addinonal techniques to determine the nature

(30) de Jough. L J; Miedema. A R Adv. Phos. 1974. 23, 1.
(31) Riggio, I van Aada, G. A; Flli= D. D; Spek, A L.; Reedik. J.
rorg. Chim Acsa 2001 313, 120.
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of anomalous magnetic behavior. in this case 4*SR_Future
studies on Cu(HCO)xApym) will involve use of neutron
scattering to study spin excitations in the absence and
presence of extemnal magnetic fields.
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In the title compound, [Li(C¢HaO)(}{ZrClACi2HaN)s-
(CsHgO)]. the environment of the Zr atom is pseudo-
octahedral, with the three carbazolyl ligands in a mer
configuration. The counter-ion of the zirconium complex is
compased of an Li atom surrounded by four tetrahydrofuran
(THF) molecules. The THF molecule attached to the Zr atom
is disordered over two sites, as are two of the THF molecules
in the lithium moiety. AH bond distances and angles are
consistent with those in complexes with smilar structural
entities The Zr N bond distances are 22185 (18) and
2.167 3 A

Comment

Tris-amide complexes of transition metaks show a wide and
varied reactivity, and the synthesis and exploration of this class
of compound have been the focus of considerable research in
recent years in the inorganic community (Cummins et al, 1988,
1991; Cumiming, 19982; Yandulov & Schrock, 2002). These
studies have used electronically hard ligands, often for the
farmation of low-coardinate metal camplexes, with a view to
small-molecule activation (Cummins, 1998a,b). The merit of
the study of complexes of this type has been demonstrated by
the caualytic reduction of N, to NH, (Yandulov & Schrock,
2002, 2003). Recently, complexes with softer non-innocent
ligands have been reported (Nygren et al., 2003, 2004; Tanski
& Parkin, 2003).

Stucturally chamctenized carbazolyl complexes of transi-
tion metals that arc o-bound arc rare (Lopez et al, 2002); most
of the known examples (Riley er al., 1998, 1999, 2001) are for
groups 4B and 5B. In most previous reparts of group 4B metal
complexes containing carbazolyl ligands, the metal center is
surrounded by other nitrogen-contaiming ligands, such as di-
methytamine (Riley e al, 1999, 2001).

The molecular structure of the zirconium moiety of the title
compound, (I), is shown in Fig. 1. Examination of the

Cambridge Structural Database (CSD; Alien, 2002; Bruno e
al., 2002) revealed that the Zr N bond lengths [mean Zr
N =2202(3) A; Table 1) of the carbazolyl ligands in (I) are
well within the range of normal Zr—N bond lengths (mean
Zr N-2241 A) reported in the literature. The Zr --Cl bond
lengths are also well within the typical range (2287-2.734 A)
reported for the fist coordination sphere of zrconium
comsisting of two C1 atoms, three N atoms and onc
O-<containing ligand. This search ako revealed that the first
coordination sphere of zirconium, consisting of three N atoms,
one O atom and two C) atoms, is rare in the structural
chemistry of group 4B metals, with only eight examples in the
database.

L
==l

m

In the tetrahydrofuran (THF) molecule (Fig. 2) that ligates
the zirconium center, atoms C20 and C20A are disordered
over two sites, with relative occupancies of ~0.4 and ~0.6.
Similarly, in the LiTHF), moiety, the THF molecule
containing atoms (25-C28, and the symmetry-generated THF
molecule, are disordered over two sites, hereafter termed the
THFand THF molecules, where the prime denntes a separate
molecule with fractional population. The disorders in the 25
and (28 positions were treated identically, ie. as a group, and
the disorders in the C26 and C27 pasitions were treated in a
similar manner. Atoms (25 and C28, and C25' and C28/, were
modeled with oppasing populations, leading to occupancies of
~0.6 and ~04, respectively, for both atom sets. Atoms C26
and C27 were also modeled as being distributed over two sites,
giving the pairs C26/C26’ and C27/C27. The occupancies in
this case are 0.5 for both sites of both atom paira The THF
moleaile compo=d of atoms O3 and (2528 has a bent
confarmation, the C25 - C26 - C27 - C28 torsion angle being
4 (2)°, whereas for the second component of the disordered
model, THF, the torsion angle is 36 (3)°. These tarsion angles
are well within the normal range for THF coordinated to a
mc tal center, as shown by a search of the CSD. For this torsion
angle, 94.9% of the reported angles lic between +40 and —40°
[mean 0.487 (8)°). Although this solution may not be a perfect
disorder model, it is the best fit given the quality of the data.

Recently, we reported the crysial structure of the related
potassium salt (tetrahydrofuran)potassium /mer-tris(carbazol-
yl)-trans-dichlaro(tetrahydrafurano)irconate (Nygren e al.,
2003). The trans-carbazolyl ligands in (1) deviate from line
arity [167.49 (9)°] to a greater extent than thosc in the

mY4  © 2004 intemational Union of Crysallography
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Figure §

A vicw of the structurc of the anian of (I), showing the atomic numbermg
scheme. All H atoms have beco amitied for clarify, and only onc of the
drordered positions for cach of stoms €20 and (20 is shown
Displaccment cltipsnids arc drawn at the 50% probabibity level for
non-H awoms. (Symmeny code: (i) ~x.,§ — 2]

correspanding potassium complex | 171.90 (7)°]. However, the
Q1 —Zr—C1 angle is doser 10 kinearity [176.08 (3)°] in (1) than
in the potassium analog [171.38 (2)°]. In (1), there is very little
interaction between the tetrakis(tetrahydrofuran)lithium
moicty of the structurc and the zirconium fragment. The
closest contact distance between the carbazotyl ligands and
the cation is ~4.44 A. By contrast, in the potassium complex,
the cation is bound to two of the carbazolyl ligands in 5* and *

Figure 2
A view of the structure of the aman of (1), showing the atomic nurabering
scheme. Dsplacement ¢ bipsoids are shown a1 the S0%

fashions. This interaction, however, has very little effect on the
structurc of the zirconium anion. A dight difference may be
scen in the intramolecular angles The cis-carbazolyls that are
most affected by the presence of the cation differ in their N—
Zr—N angles by 3.03° [9626 (5) and 93.23 (7)° for lithium and
potmsiusn, respectively]. Further comparisan of the structures
of the anions in the two structurcs shows that the type of
cation has little influence on the overall anion structure. Given
the close coordination of the K(THF) ion to the Zr complex,
this result is surprising. However, the site between the rings
that is oocupied by the K atom is occupied by a THF moiety of
the L{ THF), cation in (I).

Experimental

T t of a sugy of ZrC, (0.153 g, Q656 vurol) in THF,
chilled 0 195 K, with a solution of lithiated carbazole (0.500 g,
200 menol) in THF. previously formed by depwotonation of carbazole
with a fourfold molar excess of lithium hydride. resulted in a reactiom
that on mg o rvom . afforded a yellow solution.
After filtration end removal of solvent, a yeBow powder was recov-
ered. THT was added to a small portion of the yellow powder until a

| solution rsulted and, over a period of a week, large crysials
grew from the recrystallization solution. The und has been
characierized by one- and two-dimensional 'H and **C NMR spec-

[Symmetry code: (ii) | —x.y.%—2]
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troscopy al variable tamparaiures in solution. The spect pic data
fully suppon the for of this 7 ']
Crymal data
(LUCHHO)HZrCN,(C 1, HN),- D, =1.332Mgm™*
(€ L0)) Mo Ka radiation
M, =1028.16 Ceoll panmeters fram 14 112
Monodinic, C2/¢ reflections
a= 4934(5) A 6 =27-261°
b=22435(9) A # =037 am~!
e=135714(4) A T=113(2)K
B = 113.220(5)° Block, yelbow
V=SIR(I)A* 022 x0.19 x0.15mm
Z=4
Data collection
Bruker SMART CCD 5069 i reflections
difinctometer 4128 reficctions with [ > 20(/)
¢ and & scans R_ =0037
corredioa multi-scan Oy = 2610
(SADABS; Shetdrick. 1996) h=-18—18
T = 0.946, T, =0.946 k=-13->3
24 554 ocaswed reficctians I=—16- 16
Table 1
Sclected geometric parameters (A, °).
Li1- 1939 (9 01-2n 2261(2)
L1 1952 (9 Z1n-N1 22185 (18)
N2—-Zn1 2167 (9) 211-Ch 26438(9)
N2—2n1-Nt 9626 (4) a-zn-ar 1760 (3)
N1-Zn-Nt 16249 (9)
CB-CH—-C27-CQ28 —4() -2 -C27-C -36(3)
babibty level
Symmetry code: (i) ~x.p,$— 1.
Cara L. Nygren e al. + [LCHaOMIIZrO(C HaNLICHO)  M95
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Refinernera

Rafinement oa F* w = Vo' (F) + ©.038P)"
R{F* > 20(F")) = 0.032 +5

wR(F?) = 0088 where P = (F2 + 2F3)3
S=107 (A/8), < 0.000

5069 reflectinns Ap, =0.75e A~

357 parameters Ap, = —04Te A~

H-atom pammeders constrained

All H atoms were introduced at calcudated positions and treated by
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The structures of two compounds which are intermediates
in the synthese of phenanthroindolizidine alkalaids have
been determined. (8bS,13a5.14R,14aR)-8b,9,11,12,13,13a,14,-
14a-Octahydro-14-hydroxy-2,3,6,7-tetramethoxydibenzoff.h)-
pymolo|1,2-blisoquinolin-11-one acetone solvate, C,,H,;NOg -
C;HgO, (1), aystallizes in a chiral space group with one
solvent molecule (acetone) present in the asymmetric unit On
the other hand. (8bS,13aS,14S,14aR)-8b,9,11,12,13,13a,14,14a-
octahydro-14-hydroxy-2,3,6,7-tetramethoxydibeazol|f hjpyr-
rolo{ 122-bjsoquinokin-11 -one, C;;HANOg, (111), crystallizes in
a centrosymmetric space group with two molecules in the
asymmetric unit and with no solvent present. The two
molecules in the asymmetric unit of (11l) arc structurally the
same. Campounds (1I) and (11i) are epimers at the C atom
carrying the OH group; otherwise they arc very similar in
structure.

Commentl

In a project involving the synthesis and evaluation of a
number of phenanthroindolizidine alkaloids (Li er al, 2001)
that are of interest as potential cancer chemotherapeutic
agents, we have developed a synthetic routc (Zhong er al,
2004; sce scheme) to this group of alkaloids via a pair of
epimeric intermediates, viz. the title compounds, (1) and (1I).
Reductive ring closure of optically active (I) using free-radical
chemistry (Hays & Fu, 1996, 1999) gives the intermediates (1)
and (1II) in an approximate 2.3:1 ratio. The key issue in this
work was the determination of the relative stereochemistrics
far (11) and (I11), as those epimers did not lend themselves to
definitive NMR spectral analyses. Compound (III), with its
trans H - C- C - OH amrangement that is necessaty far the
elimination of water, is readily converted to the 14 14a
double-bonded intermediate (IV) (not analyzed due to
instability). Reduction of the amide function and concomitant

rearrangement of the double bond in (IV) produces the
natural product tylophorine, (V), which is an antitumor agent
(Gao er al, 2004). Optical rotation mcasurements of bulk
samples of (II) and (IIl) indicate that optical activity is
maintained, giving the final product as (S)-(+)-tylaphorine
(Buckley & Rapoport, 1983; Norlander & Njoroge, 1987), with
a single chiral ccnter at the 13a position. However, the crystal
of (1I) was obtained as a racemate (see Experimental), indi-
cating that at least a portian of the sample had racemized
during ring closure or that the starting material, (I), was
partially racemized at the outset. The issue of this apparent
partial racemization is presently under study.

OMe OMe

(n an

Marun's
Dehydrating

am

($)-(+ ) Tylophanne. (V)

The structure of the molecule consists of a semiplanar
aromatic system that is tomsionally distorted, with an aza-
cydohexane ring in a chair configuration fised cis to atoms
C14 and C17 of a dihydrophenanthrene system. The molecular
structures of (II) and (Il), apart from their epimeric rela
tionship at C19, are very similar.

0208 £ 2004 buer 1 Union of Crystallopraphy
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Figure 1
A view of the structure of (1), showing the atomic numbering scheme

Displaceracnt cllipwids are drawn a1 the 0% prohability level. 11 atoms
and the acctone solvent molecule have been omitied for clarity.

One major structural dif ference between (II) and (1I1) is the
tarsion angle between the aromatic rings, defined as the angle
between the C5—06 and C? —C8 bonds. For (1I), this angle
20.0(3)°, whereas in (111), the corresponding value is found to

C'12

r

o3 Cit
cw © on

Aélicw

*# Y

(o]
0?

o
3}
Figure 2
A view of the strictwre of (11]), illustrating onc of the two arystal-
logrsphicly independent moleculas and showing the atomic bering
scheme. Displacement ellipsnids arc drswo at the S0% probability level
and 1! atoms have been omiticd for darity.

be 11.0(3)°. The torsion angles between the C14—C15 and
C16—C17 bonds are 53.2 (2) and 48.18 (19)° for (II) and (11I),
respectively. Taken together, these values are in accord with
the statistically observed relationship between these two
parameters in these types of systems (Allen, 2002; Bruno er al,
2002). Given the difference in unit-cell contents and the
inclusion of acetone in the structure of (I1), no straightforward
campar@on of the torsion angles may be made, akthough the
values are not atypical for the dihydrophenanthrene ring
system. We note that, in the presence of acetone in the lattice
of (II), the number of intermolecular contacts is lower, and we
speculate that this leads to the higher torsion value.

While the presence of a solvent of crystalization in (IT)
disturbs the intermolecular contacts, a direct comparison may
be made between the interbond angles and lengths of the two
structures. Inspection of the structures of (IT) and (111) shows
that all bond lengths and angles in the two structures are well
within the normal reported ranges and are similar in both
structures.

Experimentlal

To a solution of (I) (212g, S.00 mmol) in dry benzene (1Sml) in a
100 ml Schienk tube were added bis(iributyltin) oxide [(BusSa);O,
038 ml. 0.7S mmol]. PhSil{; (0.31 ml. 2.50 mmol). E1OI{ (0.585 ml.
200 mmol) and 22'-azobis(isobutyro)unitrile (90 mg, 0548 mmal;
AIBN) inbenzene (20 ml). The vessel win secaled, shaken and placed
in an oil bath a 353-358K. After 12 b, thin-layer dtmnbpp\nc
analysisindicaied that all of the staning ial had been

The mixture was allowad to ol to room wmperature and tetra-
butylammonium Auoride (300m! of a 1.0 M solution in tetrahydro-
furan. 30.0 mmol) was added with stirring for 2 h. at the end of which
time 2 M HQ (1S ml) was added. The reaction mixture was extracted
with CHzClz (3 x SO ml), and the combined organic extructs were
dried (MgSQO,). filtered and concentrated. The residue was purified
by fush chramatography (eluting with 3:1:0.01 CHAQ~EiOAc-
MeOH) to give 87 mg (69%) of compound (1) in the nonsolvated
form. Analysis: e 783° (c 0.48, CHCI,); HREIMS, calculated for
CrHnNOg: 425.1838; found: mfz 425.1842. Compound (II) was
obtained as 30% of the final product. Analysis: jajF —845° (c 10,
CHQY): HREIMS. calculated for CHpNOg: 425.1838: fourwd: miz
425.1842. Single crystals of (11) as the ac:tone solvate and of (1)
were obtained from 2:1 a hanol solutions after partial
evaparation The crystal of (IT) was shown 10 be a racensc mixture, a
fact which indicates that either the ring closure of (I) 10 (I1) is

pamed by r or that the starting material, (I), wa
partially racermized.
Compound (i)
Crymal dawa
C241NO¢-CsHO D, =134 Mgm™
M,=483.54 Mo Ka radiation
Mooodinic, P2, /c Cell pammeters from 3948
a=11.5790(10) A reflectians
b=174011 (15) A 8=22-221°
c=13D453(INA 4 =09mm?
P =110.488(2)° T=295(2)K
V= 2462.2(4) A* Block. calarless
Z=4 0.50 x 0.20 x 0.15S mm
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Dasa collection Table 3
Bruker SMART 1000 CCD area- 5059 independeat refiections Selected geometric paramcicrs (“' °) for ().
detectar diffractameter 2927 reflections with I > 20())
¢ a0d o scams R = 0.053 c-c1o sug)  c-ae 1526 (3
Atsogtiod camectivn: multi-scan o = 264 - @
(SADABS; Shelddck, 1996) A=—l4 14
T = 0881, T, = 0986 k= =21 -2 cS-x-C7 12128 (16) ar-as—-Qas 11209 (15)
24 264 measued refiectians I=-16—+16 C3-C1-C6 ©rLIO(6)  Cla-Q7-G6 11888 (18)
CU—C15-C16 11063(15) O5-CW-C20 10821 (15)
Refinement cn-ci16—ca 157805  05-CW-CIS 11280 (15)
Re:cml;;n . w = WGM(F,D) + (0.00207
R{F? > 20(F?)] = 0.046 +0.9647P) P X 1N
wR(FY) = 0127 where P = (F,? + 2E2y3 cS-a—C1-Q 19(» Cle—QS—-Q6—CN?  &B.18(9)
S=101 (A/0) oy < 0.001,
50591 cllections AP =0.180 A
323 parameters Ap = -0.19¢ A
H-atom panmeters constrained
Table 4
Table 1 Hydrogen-bonding geametry (A, °) for (I1).
Selected geometric parametens (A, °) for (I). Y - g o oy
Cis-a9 1549 Q9-C2 L517(3) P
08 1421 (D OS—H54-.-012 (1] 200 2818Q2) 179
C3-06—C7 12130 (18) QA-CK—C1$ 1102 (16)
C8-C1-06 1232(8) Q8-C171-C1é 12190 (18)
—as- 11 (17! —C19— 09.22 (16
3:_32_8? :::‘;&g g_c:.,_g‘; :0:3 g.‘)) Maost H atoan were introduced at calculated positions and refincd
by applying a riding model ([C—H = 093-098 A and Un(H) =
e —— 009  Qu-CB-Cl6C  $32(3 120 CrO—H = 0.2 A und UefH) - L5U,((O)]. The hydroxyl H
atoms in (I) were located in difference Fourior maps and were
refincd with constraints on their positions and U, values. Friedel
Table 2 equivalents were merged before the Rnul refinement.
a N
3 Forboth compounds, data col : SMART (Brukes, 1997); cell
Hydroges bty geolitey (A,°) i (11 refmement: SAINT (Bruker, 1997% data reduction: SAJNT:
D-H-- A D-H H-A DA D-H.Aa progam(s) used w solve structure: SHELXS97? (Shddrick, 1997);
program(s) wsed to refine structure: SHELXL97 (Sheldrick, 1997);
e L2 () s loculur graphics: SHELXTL (Shekdrick, 1997); sofiware used to
Symmetry code. () x4 —y.§+ 2 prepare matenial for publicatiom: SHELXTL.
Compound (11l Support for this work was provided, in part, by a grant from
the Nationa! Institutes of Health (Na CA-87863).
Cryssal data
CaHpNOg Mo Ko odiatan
M, = 2547 Cell paramctess from 8864 P y data for thi are svailable from the I UCr cloctronic
Outostomhic P4 A tofiegion lmhlve: (Reference: FR1452). Services for accessing thesc data are
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In the title compound. [ZrQ14CuHiN)ACHgO):2)1 5CH,
the Zr atom is pseudo-octahedral, with two Cl atoms in trans
positions and two tetmhydrofumn molccules in cis positions
The two 3,6-dime thylcarbazolyl ligands ore in cis positions and
are canted with respect to one another. The two Zr—N
distances are 2.1148 (18) and 2.1236 (18) A, ond the N—2Zr—
N angle is 95.08 (7)°. The title compound crystallizes as the
berzene solvate, with onc of the benzene molecules
positioned on an inversion center.

Commenl

Amide complexes of transition metals arc known to display
reactivity that is often unusual. This fact has been highlighted
recently by the reduction of N, to NH; wing o trisamide
complex of Mo (Yandulov & Schrock. 2002, 2003). One of the
major goals of inorganic chemistry has been attained with the
application of the electronic properties of hard amide ligands,
an aren that hos been reviewed recently (Cummins, 1998;
Schrock, 1997ab). In contrast. recent work by ourselves
(Nygreneral, 2003, 2004) and others (Riley er al, 1998, 1999,
2001; Tanski & Parkin, 2003) has been based on the explora-
tion of the chemistry of amide ligands in which the r inter-
action is uncertain with respect to the donation to the metal
center. These amides with a lower i basicity (Tanski & Parkin,
2003) form a class of non-innocent ligands in coordination
chemistry that differ from the non-innocent ligands described
by Gray etal. (1967), in that the oxidation state is not uncer-
tain, only the degree of electranic coupling between the
m-donating ligating atom and the metal center. Although
farmally an LX ligand (Green, 1995), the carbazolyl ligand is
related to the N-heterocyclic carbenes (Arduengo, 1999;
Herrmann, 2002; Tulloch er al., 2003), which are known to be
almost pure o donars. although in the case of carbazolyl there
is some & basicity. In this structure report, we describe a
neutral biscarbazolyl zirconium dichloride. viz. the title

coropound, (), that will serve as a useful synthetic cntrance
into this area.

Carbazolyl complexes of transition metals that arc o-bound
arc rare (Lopez er al., 2002). most of the known examples
(Riley et al., 1998, 1999, 2001) involve group 4B and 5B metals
A few biscarbazolyl structurcs arc known for the group 4B
metals (mostly containing titanium; Riley er al., 2001). There
arc also o few known complexes for the group SB metals
(Riley er al., 1999).

N

T A —()C]

, »
A 0

%)

[£)]

Recently, the aystal structires of (tetrahydrofuran)potas-
sium mer-trans-tris(carbazolyl)dichloro(tetrablydrofuran)zir-
conate and tetrakis(tetrahydrofuran)kithium mer-trans-tris-
(carbazolyl)dichloro(tetrahydrofuran)zirconate have been re-
ported (Nygren etal., 2003, 2004).

‘The molecular structure of (1) (Fig. 1) consists of a pseudo-
octnhedral zirconium center bearing trans chloro ligands, cis
carbazolyl moieties and cis-coordinated tetrahydrofuran
(THF) molecules Examination of the Cambridge Structural
Database (Allen, 2002; Bruno et al, 2002) reveals that this
composition of the first coordination sphere, consisting of two

' Tll

Figure 1
A view of the stnxture of (I), showing the atomik numbcering scheme.
All I atoms ami solvent molecules have been omitted for clarity.

Diplacement cllipaoids arc drawn at the 50% probabibty level.

m4 O 2004 lntex | Unian of Crystaliograph
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Figure 2
The aystal packing of (1). viewed alonge. All H atoms have been omitied
for clarity.

N atoms.two O atoms and two chloro ligands, is quite common
for group 4B metals, and nll bond lengths and angles in (1)
(Table 1) are typical of those obscrved in zirconium
complexes

Examination of the intermolecular correlations reveals
several interactions that are shorter than the sum of the van
der Waals radii. Interestingly, the benzene molecules located
at the cell comers do not participate in any of these short
contacts, whereas the intemal benzene molecules bridge the
carbazolyl group of one molecule and the THF group coor-
dinated to the Zr atom of another, via atoms H10, C38 and
H35A (Fig. 2). Another long-range interaction pairs two
molecules together through mutually ds interactions berween
atoms CR and HE7B. Although thit doee not constitute a
strongly bonded dimer, these paiss of molecules then interact
through shorter-range interactions between the coordinated
THF group and the mutually cis aromatic systems of the
carbazolyl moieties. A similar structural disposition is secn in
tetrakis(tetrahydrofumn)lithium mer rans-tris(carbazolyl )di-
chloro(tetrahydrofuran)zieconate (Nygren er al, 2004). The
final set of interactions occwr between the methyl group
(containing atom C14) and the aromatic ring of a neighboring
molecule (atoms C21 and C26). The opposite methyl group on
the samc carbazotyl ligand is involved in a strong interaction
with a carbazolyl ligand on a diffcrent zirconium center of a
neighboring malecule [2.7420 (14) A; Allen, 2002; Bruno « al,
2002). The range of distances for the intermolecular interac-
tions is approximately 2372-3.811 A (Allen, 2002; Bruno er
al, 2002). Thus, a zigzag chain is formed in the be plane
throughout the extended lattice.

Experimental
Dropwise addition of dry THF to a mixture of ZrCly(s) (0.0 g
0.0018 mol) and previomly prepared carbazolyltetrabydroluran-
lithium(s) (1.01 g, Q0037 mol) a1 195 K resulied in a dow reacti

that, on warming (0 room temperature, afforded a yeBow solution.
Aflter flration. THF was evacuatedand the product was washed with
pentme. Benzene was added to the resulting compound. and large
orange rectmpular oysalk  formed spooancomsly at  room

T ¢ over a period of one week. This compound was char-
acwrized by ooe- and two-dimeawional 'H and *C NMR spectsos-
copy at variable temperature in solution, and the specumopic deta

(ully suppont formation of the titk compound

Crystal data
(ZrCL(C W HuN)LC HOY)-- D,= 1.342Mgm™
13CH, Mo Ka radiation
M, =811.98 Cell pammeters from 21 512
Mooodisic, P2,/ reflectians
a=1020013) A 8=23-265"
b=175%4 (5)A # =045 mm—?
& =22760 (1A T=1D 2K
A = 100.200(3)° Block, orange
V= 4020 (2) A? 0.30 % 0.18 x 0.17mm
Z=d
Data collection
Bruker SMART CCD £342 independent rcflectians
diffmctometer 6645 refiections with 7 > 20(7)
@ and o scams Rea = 004)
jan cofrection: mudti scan Os = 265°
(SADABS:; Sheldrick, 1996) h=—-12-+12
T = 0.89). T = 0.927 k=-2-+22
39 916 meanxed refiectians Is-28—+ R
Refinement
Refmement an 52 w = I{o}(F?) + (0.BOPY
R{F?>20(F%) = 0.8 N
wR(F?) = 0.0RS wher P= (F2 .+ 2F)3
S= 18 (Ads),,, = 0DA]
8342 refiectians AP =0 M A

473 pammetcrs

AP = —031 ¢ A?

H-atom paramcters canstrained

Table 1 .

Selected geometric parameters (A, *).

cn-zn 24737 N2-Zn 2.1236 (18)
c’-In 2413 () 01-Zn 224 (19)
N1-211 21148(18) 02— 22659 (19)
N1-2n-N2 9508 (M cr-zn-a1 1S 44(2)
o1-&1- 328 @)

All H atoms were introduced at ealculated positions and trealed
using a riding model (Una(H) = 12UC), and C—H = 0.98 (CH;),
0.99 ((H3) and 0.95 A (aromatic)).

Data collection: SMART (Bruker. 1997) cell refinement: SAINT
(Bruker, 1997); data reduction: SA/NT: program(s) uwsed 0 solwe
structure: SHELXS97 (Sheklrick. 1997); program(s) used to refine
structure: SHELXLYT (Sheldsick, 1997); wolcular praphics
SHELXTL (Shelisick, 1997); sofltware wsed to prepare malerial for
publication: SHEIXTL.

The authors thank the University of Tennessee for
supporting this researich.

Suppkmentiry data far ths paper are avanlable from the 1UCr electronic
archives (Refaence: FRR14SS). Scrvicas for acceasing theac data arc
decnbed a1 the back of the jourml.

Acta Cryst. (2004). C60. mé—mb

236

Cara L Nygren etal. * JZrCH(C1aH uNRICHaOLE1.5CHe M3



metal-organic compounds

References

Alen,F. H. (202). Aca Cryst BSS, 407422

Arducoga, A 1 111 (1999). Ace. Chan Res 32,913-921.

Bruker (1997). SMART (Viersioa 5.044) and SAINT (Versian 501). Bruker
AXS Inc., Madison, Wisconsin, USA

Bruno,1.1,Cole, J.C, Edgingson, P. R., Kesder, M, Macrae. C.F.,McCabe, P,
Peanncm, J. & Taybor, R. (2002). Acte Cryx. BSS, %9-397.

Cummins, C C. (1998). Prog. Inorg. Chem. &7, 685-836.

Gay, H. B, Eiseaberg, R & Stiefel, E. L (1967). Adv. Chan Ser. 62, 641-650.

Gren, M. L. H. (1995). /. Organomet. Chem. S80, 127-148.

Hemmann, W. A. (2002). Angew. Chem. bu. Ed. 41, 1363-1365.

Lope=, C, Baran, G, Arevalo, A. Mmaez-Hemnandez, M. A. & Gaxcia, 1 J.
(2002).J. Orgencmer. Chan. 664, 170-175.

Nygren, C. L., Bragg M. E. T.& Turner, 1 F. C.(2003). Acra Cryst. C99, m275—
m276.

Nygrea, C. L. Bragg, M. E. T. & Turoer, 1 F. C. (2004). Axts Crys Submitted.

Riley, P.N,,Faowick, P E. & Rotbwell, 1. P. (2001).J. Chem. Soc. Dalon Trans
Pp 181-186.

Riley, P N, Parker, J. R, Fanwick, P.E. & Rotbwell, L. P. (1999). Orgavo-
maallics, 18, 3579-3583.

Riley, P. N, Profilet, R. D, Salb
(1998). Palyhedron. 17, TT3-T79.

Schiock, R. R.(1997a). Acc. Chon. Res. 38, 9-16.

Schiodk, R. R. (1997b). Pure Appi. Chem. 69, 2197-2203.

Sheldrick, G. M. (1996). SADABS Univenity of Gttingen, G )3

Sheidrick, G M. (1997). SHELX1.97, SHEI.XS9? and SHEI.XTI.. University
of Gattingea, Garm any.

Tanski, 1 M. & Parkin, G (2003). Jmorg. Chemn 42, 264-266.

Tulloch. A A D Winstan, S, Oancqpaulas, A. A, Esstham, G & Hursth
M. B (2003). L Chem. Soc Debon Trams. 4, 99-T08.

Yandulov, D. V. & Schrock, R. R. (2002). J. Am. Chen Soc 124, 6252-
6283,

Yandulov, D. V. & Schrock, R. R. (2003). SGasce, 301, 76-78.

M. M., Famwick, P. E. & Rathwell, 1. P

Mb  Caral. Nygrenetal * [ZICIxCr b 2N CsHaOb -1.5CeHe

Acta Cryst. (2004). C60, m4—m6

237



Available onfine at www.sciencedirect.com

Jormmeas or
loulncl@nlllct' SOUD STATE
CHEMISTRY
ACADEMIC
PRESS Journal of Salid State Clemistry 176 (2003) 175-19
hap: felsevier.comlocate/ jssc

A novel germanate, Cu,Fe,Ge O,3. with a four tetrahedra oligomer
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Abstrmet

The strucre of Cu;FeyGe 0,3, previousy thought to be CuFeGe Oy, has been determined from single-crysial X-ray diffraction
data to be monodiinic, P21 /m, a - 12.1050(6). b = 8.5073(4). ¢ ~ 4.8736(2)A, B = 96.145(1)°, Z = 2, with Rl ~ 00231 and wR2
0.0605. The unique structure has an oligomer of fous germanate tetrabhedsa, cross-linked laterally by square-planar copper ions,
joined end-to-end by a zigzag chain of edge-sharing iron oxide octahedra. Running along the s-direction the metal oxide chain
consists of altemating Cu-Cu and Fe Fe dimers. A hypotheucal series of homologous structures (Cu, 2Fe:Ge;Ox (1 With
n - 3.4, ..., ) with different length g:nnanate oligomers is proposed, where as » increases, the infinite chain of the CuGeO, is
approached. In this context, CuyFe (e Oy, is viewed as being built from blocks of CuGeO; and the Fe oxide chaina. This material

has significance to the study of low-dimensional mixed-spin systems.

© 2003 Elsevier Inc. All rights reserved.

Keywords: Germanate, Cu,FeyGeOyy: Crystal siructure; Mizad-spm system; CuGeOs; Low-dimensional magnet

1. Introduction

Quantun spin systems have been studied extensively
in condensed matter physics, which has resulted in a
good understanding of simple model systems. Onc of the
new challenges in this arca is greater complexity, such as
that offercd by mixed-spin systems. The mixed spins
chain with period 4, such that the spins arc arrayed as
Se— 3g—5p —s» in the unit cell, has been a focus of
theoretical interest (1-4] and rich phase diagrams of the
ground states have been presented. A model material of
this systan: however, has not been reported.

Many low-dimensional spin materials arc reported in
germanates, where a  tetrahedral germanate chain
scparates the transition metal spin chain, such as the
spin Pderls materials CuGeQ; [5,6). Therefore, a trial
germanate which contains two different 3d trumsition
metals would scem to be a good strategy to discover a
mixed-spms chain material.

Previously, Cu,Fe,GeO,; was thought to be CuFe
Ge,04. but the crystal structure hud not been deter-

*Corvasponding anthor. Fax: + 865-574-6268.
E-mail address: kon@oral gov (B.C. Chakoumakos).

0022 4996/$-see from matter €) 203 Llsevier [nc All rights raerved.

d0i:10.1016/S0022-4596(03)00387-6
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mined. 1t is the only known ternary phase in the CuO-
GeO,—(1/2)Fe,0; system. Here we report the crystal
structure, describe its relationship to CuGeQ,, and
discuss its possibility us a low-dimensional mixed-spin
system.

2. Experiuental

A rod-shaped polycrystalline sample of the tile
compound was synthesized by solid stite reaction
mcthods. The mixture of starting materials, CuO,
Fe20y and GeO;, wus heated at 1000°C in air for 50 h.
This compound melts congruently und a large single
crystal was casily grown from the polycrystalline
starting material by the floating zone method using an
infrared mmage fumace. The siae of the crysial grown
wus about 3mm in diameter by 3¢m in length. A small
slice of onc end of the bouk: was cut off, and broken to
obtain a small aystal suitable for X-ray diffraction
mcasurements. The cleavage fragment sclected exhibited
uniform optical properties and is pleochroic, green o
darker grocn. The onc good deavage planc was later
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determined to be {110}. Single-crystal X-ray dilfraction
data werc colledted at room temperature using 4 Bruker
AXS SMART 1000 diffractometer cquipped with a
CCD arca detector and a graphite monochromatized
Mo source (Ka, 0.71073A). The crystakto-detector
distance was Scm. More thun a hemispbere of data
were collected over the angular range 3°€26<€56.7°.
Frame widths 0£0.2° were used for the data collection,
counting 20s per (rame. The throe dimensional data
were integrated and corrected for Lorentz, polarization,
and background eflects using the Bruker program
SAINT. Unit cll dimensions were refined on the basis
of 4678 rcfiections by least-squares methods. An
empirical absorption correction was made using SA-
DABS (7). Systematic absenccs were consistent with the
spacc group P2i/m. A total of 5151 reflections was
collected, and merging of equivalent reflections gave
1283 unique reflections (Riy = 3.3%), with 1233 classed
as observed (|F,|>40¢). The structurc was solved by
direct methods using SIR97 (8] Crystal structure
refinement was made using SHELX {9) packaged in
the WinGGX suite [10] Data collection parameters and
refincment nsults are given in Table 1. Scattering
factors for ncutral atoms, together with momalous
dispersion corrections, were taken from Internanonal
Tables for Crystallography (11} Refinement with aniso-
tropic atomic displacement parameters wits made, but

Table |

Data collection § s and refin results for CuzFexGesOn

a(A) 12.1050(6)

b(A) £.50734)

e (A) 4.8736Q2)

£ @ep) 96.145(1)

v A% 499.0004)

Space group P2yfm

z 2

Formala CuyFesGe Oy

Formula weight (g) 737.14

Crystal dimensiors (mm) 0.10x0.10 x 0.02

H (mm") 1895

Color gren

Cleavage {110} good

Beusity eak. (gicm’) 4.906

F (000) 684

Number of variables 110

Extinction codfBicent 0.062(1)

Mcasared refections 5151

Unique reflections 22

Unique reflections 7> 4oy 1233

Goof =S 1.14

R 0.033

Rlas 0.023t

wR2 0.0605

Weight 1/6(F3) + (00357 /)% + 0.1616M)
P=(B 2R3

Max. min., Ape A~ -1.2, 1.3

(100)

(O]

®)

Fig 1. @ CGystal strucure projections of Cu,Fe;GedD,s, with the
iron oxule octahedra darkly shaded and the germanate tetrabedra
lightly shaded. The square-planar Cu oxide umits arc shown as bal-
and-stick. The unit cell is cutined by a dashed box for each projection.
() Probatility (99%) density eBipsoids showing the root-ncaa-square
displacements of the atoms 1n 2 (001) rojection of the unit cell
outlined by the dashed line.

only the refinement with equivalent isotropic displace-
ment parameters is reported. Polyhedral drawings
projected on the principal planes arc displayed in
Fig la and the probability cllipsoids for the root-
mean-squire atomic displacements arc show in Fig 1b
along with the atomic numbering schame. The atomic
positions and isotropic displacement parameters arc
given in Table 2 and sclected bond lengths and angles
particularly rclevant to the mixed-spin system geometry
arc given in Table 3. The anisotropic displacement
parameters arc  archived with the crystallographic
information file.
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Table 2
Avaic pasitioaal and dspl t p for CupFeyGes0,,
Aol x y z l&.(us Symmetsy

Cu  06255N2) 0.496623) 0.5432%6) 1.00(1) 1|
Fe  O8758%2) 0.561344) 0.54R2%6) 049(1) |
Gel  0.7399(3) 34 093K 048(1) m
Ge2  0.50508(3) 14 0.00413%) 060(1) m
Ge3  0752643) 14 016240(8) 0O9()) m
Ged  09I7X3) 14 0.8935X7) 04S5() m
Ol  0747N1) OSB40(2) O.784%4) ON4) |
02 066Xl OSB3 0N24) 1434 |
03  0757%1) 042012) 0365K4) OKb) 1
04 0996X1) 042532) 070814 0N |
05  0RIKI) 34 02SIS) 065) m
06  0386%D) V4 0BS4%S) O083S)
07  0M652) V4 0NN 13N® m
08 0a4(l) 14 0933%(S) 0906 m
09 0042 14 0219%(5) 0I5 m

P2fm, B-IZ.IOSIIQ b=8S073), c=43T6(Q)A, A=96145(1F,
=499 D0U)A’.

‘Tabde 3
Selected 1meratamic distances (A) and bond asgls (deg) for
CuxFexGedOrs

Gel-O1 1.748(1)x 2 Ce-O1-F¢ 101.3%8) (~adirection)
Gel-OS 1.74%2) Co-O2-(ax2 W2IN9) (~a direction)
Gel-06 1.774(2) Ce-Q3-Fe 100.23@8) (~ @ direction)
Mcan 1784 Fe-O4-¥Fe 107.29%) (& directon)

Fe-O5-Fex2 102.3(1) (~adirecton)

Ge2-02 1.713%2)x 2 F-O9-fe 03.0(1) (& disection)

Ge2-06 1.74%2)

Ge2-O8 1.7482) Cu.--Ca 3.047%3) (e dbxtme)

Mcan 1.741 Fe.--Ca 3.070(3) (~adircction)
Fe---Fe 3.2625(4) (~a direction)

Ge3-03 1.70()x2  Fe---Fe 3.2101(6) (b direction)

Ge3-07 1.697%(3)

Ge3-08 17842

Mecan  1.744

Ged-04 1.753(1)x2
Ged-07 1.7352)
Ged-09 1.751(2)
Mcan 1748

FeO1 203%(1)
Fe-03  2.001(1)
K04  1.9%(1)
K04 209%1)
KOS  2060(1)
Fe 09 205)(1)
Mcan 2032

Cu-O1 193K))

Ca02 1.9261)

Ce02 1.95%1)

Cu-03 2008(1)

Cu-06 239X1)

CuO8 2831(1)

Mecan 1964 (CN4)
Mean 2258 (CN 4+ 2)

3. Realts

Based on the chemical formula, CuFeGe O, aqd
lattice parameters (g — 12.08,b6 — 8502, c — 4878 A,
B —96.25°) given on the PDF card 38-1177 by M.
Behruzzi and Th. Hahn, it was thought that the crystal
structure might be a distorted pyroxene; however, this is
not the case. The correct structural formula is Cu,Fe,
Geg0:3. The structure is unique in having an ohgomer
of four germanate tetrahadra, cross-linked laterally by
square-planar copper ions, joined end-to-end by a zigzag
chain of edge-sharing iron oxide octahedra. The square-
planar coordination geometry of Cu has four bond
lengths between 1.926(1) and 2.008( 1)A; the next-
ncarest oxygen atoms at 2.831(1) and 2.89X1) A
complete a (4+2) coordination due to a large Jahn-
Teller distortion. The transition metal oxide polyhedra
form edge<sharing chains. Running along the a-direction
the metal oxide chain consists of alternating Cu—Cu and
FeFe dimers. The chains arc linked along the &
direction by a zigzag Fe oxide chain. All of the anions
belong to the germanate tetrahedra, (GesO1;]'® ", nak-
ing the tetrahedral sharing coefficient according to
Zolui (12] equal to 1.375. The bond valence sums to
all of the oxygen atoms arc perfectly satisfied only if the
valence of the Cu and Fe arc +2 and +3, repectively.
The termary phase diagram, CuO-GeOr(1/2)Fe 05,
appropnately contoured with different values of
Zolai's tetrahedral sharing coefficient [13] (Fig. 2),
shows the compositional rangc of a hypothetical series

0.0 01 02 03 04 05 06 07 0A 09 1.0
V2Fa,0, Cuo

Fig 2. The emary phasc dingram, CeO-GeOr(1/2)F Oy, 1 molar
qumtrics. The bold bncs are contoan for diff aent vakees of 2dhtai’s
tctrabedral shanng cacficent [12,13] and are 30 ladckd. Hypodxtica)
(opem symbaks) and obecrved (sobid symbols) compamds of the
hypothetical bommdogons stractunal «na (Om 1Fe/Ga O with
r=2,3.4,...,00) plot aloag the dashed fine between hypotbctical
Fe;Ge 0y and the wellknown CuGeO,.
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of homologous structures (Cup—2FeyGe,Oxni1 with
n =34, ..., ) with differcnt length germanate oligo-
mers. As the oligomer kength, a, increases, the infinitc
chain of the CuGeOs is approached. The hypothetical
structures of n=3,56,... arc crystal chemically
reasonable in terms of Pauling’s electrostatic neutrality
principk; however, ther rcalization might only be
possible in engincered thin film superiattices. The n = 2
member, containing no copper, is problematic because it
would require the condensation of the iron oxide
octahedrul chains into u trioctahedral (gibbsite-type)
sheet, which would result in some of the oxygen atoms
being underborkded. The symmetry of the n — 3 phase is
cxpected to also be monodinic with a slightly larger §
angle than (or the n = 4 phase. For the n = 5 and higher
phases the f# angle is expected to gradually change
towards 90°. The d(100)spacings of the hypothetical
pham will be commensurate with the reduction or
increase of multiples of the CuGeO; layer moduk
thickoess (Fig. 3); 2.9349(4) Ain CuGeO; [14) compared
10 3.0088 A for the same layer module in Cu;Fe2GegOy 3.
Indeed the b and c lattice parameters, 8.5073(4) and
4.8736(2) A, of Cu,Fe,Ge 0,3 arc only slightly ex-
panded as compared to ther corresponding ¢ and b
lattice parameters, 8.449(2) and 4.786(1)A, of CuGeO;
[14] The Jahn-Teller coordination geometry of the Cu
in CuGeO; (1.93 and 2.746A) is also shighty less
distorted than in Cu;FesGeyOy3 (Table 3). Preliminary
altempts o synthesize the n =3 and 5 members by
solid-state methods were not successful.

The oligomeric germanate anion in this structure is
unususl and hitherto has rardy been obsarved in either
germanates or silicites. Stabilization of the germanate
oligomers scems to be achicved by the sizz and charge
match of the edge-sharing, (4 +2)-coordinated copper
oxide groups which join them together, us in CuGeOs.
The mineral kinoite, Ca;Cu;SisOi(H0) [15), has a
triple-tewahedra silicate oligomer in which a square-
pyramidal, edge-sharing, copper oxide chain is present,

ik

n=ee
am9.184 n=4 c=29452 A
a=121084 n=f
amlb06 A
Cu.oF0:Ge. 051

Fig. 3. ©01) Crystal stnxture projections of the raposed homo-
logpus series Cug 2Fe2Ge.0m.1 for a=3,4,5, and w. Coordinates
for CuGeO, (n = 00) were taken lrom Braden et al. [14).

L 34
Jy oo : o
) )
e T S JJI Sl e cur(s=1r2)
i I e S I e o Fe*(S=52)

Y G LA et

4 .nI J;I J]I % b

Fig. 4. Topdogy of the possible Tn structure of Cu,Fe;Ge, Oy buik
from the Fe** (8'=5/2) and Cu”~ (S'=1/2) projecied on (001).

but the structure is topologically quite different from
that of CusFe;GegOy3 and would not be s member of
the proposed homologous scries. A four-tetrahedra
oligomer is found in the crystal structure of the silicate
Nd,Ba,Si,0;; [16) as well as several other phosphates,
vanadates, and chromates.

From the point of view of quantum spin systems, spin

= 1/2 is localized at the Cu®* (3d%)ion and spin § =
5/2 is localized at the Fe*” (34%) ion. Through anion
superexchange, interaction exists between the magnetic
ions in general. A mixed-spins chain with period 4, such
that the spins arc armayed as S — 1/2, S = 1/2,8 = 5/2,
S = 5/2, cxicnds in the a-dircction and a zigeag S = 5/2
is along thc b-direction, which together form a
two-dimensional spin plane (Fig. 4). Four different spin
interactions (Jy, J2, J3, and Jg) arc expected. The spin
planc is separated by oligomers of four germanate
tetrahedra, [Ges013)"°", and therefore, this compound is
a model material for a lew-dimensisnal mixed-spn
system.

Success in the synthesis of Cuy_3Fe;Ge,Orti(n35)
will give us model materials for the study of finite chain
cffectsin the spin-Pcicris system. There arc many studics
of impurity effects in doped spin-Peicrls materials, e.g.,
Cu;-2n,;GeO; [17), CuGe;-,Si)0; (18} Cu;_ Mg,
GeOs (19,20]). In these cases, impurities arc distributed
randomly and therefore both randomness and finite
chain effects have to be considercd. In contrast, for
Cuy—2Fe2Ge Oxn41(n35) it will be possible to study the
finite chain eflect systemalically.
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In the title compound, [K(CaHgO)][Z1Clx(Cy2HaN)3(CHaO)),
the Zr atom is pseudo-octahedral, with two Cl ligands in trans
positions. There is extensive internction between the potas-
sium cation and two of the aromatic carbazolyl ligands in
7° [C-- K =3.167 (3)-3331 (3) A) and #* [C - K = 3.147 (3)-
3268 (2) A] fashions

Comment

Trisamide comple xes of transition metals show a wide range of
reactivity, and the synthesis and exploration of this dass of
compound has been the focus of considerable rescarch in
recent years within the inorganic community (Cummins et al.,
1988, 1991; Schrock, 1997, Cummins, 19984). The majority of
these complexes contain hard electronic ligands (Cummins,
19985). Recently, complexes with softer non-innocent ligands
have been reported (Tamski & Parkin, 2003).

(0)

The electronic properties of the carbazolyl anioa should
predispase it to non-imocence when acting as a ligand ot o
transition metal center. Moreaver, carbazolyl complexes of
transition metals that are o-bound are mre (Lopez et al,
2002), and most of the known examples (Riley e al,, 1998,
1999, 2001) involve groups 1Vand V. Inthis paper, brief details
of the synthesis and full details of the structure of the first
carbazolylzirconium anion, namely mer-trans-tris(carbazolyl)-

dichloro(tetrahydrofumn)zirconate as the (tetrabydrofuran)-
potassiurs  adduct, (I), are reported. Examination of the
Cambridge Structural Database (CSD; Allen & Motherwell,
2002; Bruno er al, 2002) revealed that the first coordination
sphere, consisting of three N atoms, one O atom and two Cl
atoms. is unique in the structural chemistry of zirconium.

The molecular structure of (I) is shown in Fig. 1. Exam-
ination of the CSD revealed that the Zr—~N bond lengths
[mean Zr—N=2.188(17) A; Table 1) of the carbazolyl
ligands are shorter than the mcan Zr—N singls-bond length
(2241 A)reponedin the literature, although the Zr - N bonds
in (1) are not outside the range of typical distances The Zr—
Q1 bond lengths are well within the typical range of 2.379-
2776 A (Allen & Motherwell. 2002, Bruno er al., 2002),
although the Zr - Cl bond in (I) is slightly shorter than the
mcan of these distances ie. 2514 A [Zr—Cll = 24276 (7) A
and Zr—CR = 2.4914 (6) A},

There are close interactions between the potassum cation
and two of the carbazolyl ligands. One of the carbazolyl
ligands is coordinated in a #* fashion, and the average distance
of this interaction is 3.248 (3) A.There isakoa 7 interaction
with a carbazolyl ligand. in which the average distance is
3208(3) A.This type of close interaction between a transition
metal anionic complex and the counter-ion is not uncommon.
However. the fact that crystallization from tetrahydrofuran
(THF) results in a coordination sphere campased not solely of
this ether but rather of a mixture of hard and soft bases
(Pearsan, 1963, 1969) was surprising, given that K* is consid-
ered a hard add. The mixed nature of the coordination sphere
prompted a further examination of the CSD. The search was
based on all K*-arene internctions and revealed that potas-
sium may coordinate in a %, #” or n* fashion, with a range of
distances, over all hapticities, of 2.856-3.927 A.

Given the mixed hard-soft coardination sphere, we chose to
compare the structure with a soft ion of similar ionic mdius
and equal formal charge, namely the Ag® ion, an archetypal
soft acid. Surprisingly, very few Ag*- arene interactions were

v

(‘-& (N

Figure 1

A view of the structure of (1), showing the atomic mmbering scheme. All
1l atoms hav'e been omitied for clarity, and displacement ellipsoids arc
drawn at the 50% robability |cvel for non-H atoms
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metal-organic compounds

found. In the Pearson acid-base dlassfication (Pearson, 1963,
1969), K’ is a hard acid, whereas Ag® is a soft acid; soft hases,
such as arene x-electron density, would be assumed to bind
more strongly to the soft acid than to the hard acid. Moreover,
the Ag® ion is used in chromatographic separations of alkenes
and other unsaturated hydrocarbons (Williams & Mander,
2001) because of this interaction of Ag® with the unsaturated
m density, and several salts of Ag® are soluble in aromatic
hydrocarbons, in contrast to the K* congeners. The dearth of
structural data on arcne- Ag® interactions and the number of
arenc- K’ interactions is therefore surprisng. We speculate
that the formally charge-separated nature of (1), and possibly
the distribution of the megative charge in the carbazolyl
portion of the anion, may play a role in ensuring that the
observed structure is favorable. Theoretical and experimental
studies arc in progress to explore this passibility.

Experimental

Trcatmem of a suspenson of ZrCl, (2.32 £.0.01 mol) in Et/0 chilled
to 195 K, with a freshly prep d tetrahydrofl
fution of carbazolyl potasmiv formed by deprotomation of
carbazole (S g,0.30mol) with an cxcess of potasivm hydride (24 g,
0.060 mol), raulted in a slow reaction that, on wamming to room
temperature, afforded a golden-yellow solution. Large leaflike
golden-yellow crystals of (1) grew spontancously from the vnstirred
reaction mixure over a period of 3 d from which a blick was cut for
X-ray analysis. The crystal growth coanred with precipitation of a
quantity of bright-yellow powder, which gave identical spectruscopic
data w the crystals. The compound has been ch erized by once-
and two-dimensional 'H and '*C NMR spectroscopy at vaniable
temperamres insolution and by CP-MAS )C NMR in the sobid state.
The spectraxcopic data fully suppost the formulaton of (1) as

{K(THF)}{mer-(carbazalyl);Zs Cl» THF }
Crystal dasa
{K(C4HeO)ZrQU(CaHaNDs- D, =145T Mz m™
(CHO)| Mo Ka nadiation
M, = 8401 Cell parametess from 7774
Onthorbombic, P2,2,2, reflections
. =HIM(NA 82233
= 15.486(3) A ¢ =058mm™
c=17.548(3)A T=113())K
V= 3474 (13) A’ Block, yeBow
Z=4 040 x 035 x 025 mm
Data collection
Bruker CCD diffractometer 8608 reficctions with £ > 2a(J)
¢ and & scars R = 0.029
Alsogption correction: multi-scan Oy =283
(SADABS. Sheldiick, 1996) h=—18—18
T = 0882, T, = 0890 k= —19 19
41736 ocmusd reflections I1=-3+23
9248 independea reficctions
Refinernera
Refinemeat on F* w = 1]o*(F2) + 0.0454P)
RIF >zﬂ(7’)]= 0.028 + 1.7
wR(F) 0™ where P = (F2 + 2FY)3
=107 (A/)s = 0.005
9243 reflections Apn =075¢c A7
479 parameten Apum = 0.Me A
H-atom p e incd Absolute sf : Flack (1983),

5169 Firledel Pairs
Flack parameter = —004 (2)

Table l

Selected geometric parameters (A, °).

c2-Ki A7 () ©0-K1 3263 (2)
cB-Ki 1268(2) a-z1 2426 (D
CB-K1 1m -2 2494 (9
%K1 167 (3 Ni-211 22086 (16)
oK1 an(y) N2-211 21374(18)
K1 1309 N3-Z11 22224 (18)
c9-K1 FETRE o1-zi 22659(16)
N2—2:1-N1 uam  Ki-zl-ai 871(5)
N2-2s1-N3 NnB Q@) 01-Zs1—Cu 2569 )
N1—221-N3 17090 () N2-Zr1-2 9424(5)
N2-2Z11-01 177066)  N1-Zl-@2 2039(5)
N1-2:1-01 BRUE NI-21-@ 20 (5)
N3-211-01 QawvE)  O1-21-Co 4587 (5)
N2—2u1-Clt uzE) Q-z-@ 3@
N1-2s1-Ch a2 (5)

All Hatoos were introduced at calculated positivns and treated @
riding [UudH) - 120U4C) and C—H - 0.98 A} Fricdel pairs were
oot merged.

Data collection: SMART (Bruker, 1997); cell refincment: SAINT
(Bruker, 1997); data reduction: SAINT; programy(s) wsed o solve
structure: SHELXS9? (Sbeldrick, 1997); programis) used to refine
structure: SHELXL97 (Sbeldrick, 1997); molecular graphics
SHELXTL (Bruker, 1997); sof! wed w material for
publication: SHELXTL.

Liadd &

The authors thank the University of Tennessee for
supporting this research.

Suppiamcntar ydata f ar this paper arc availabic from the | UCrelectronic
archives (Reference: FR1422). Services for accessipg these data arc
docribed at the back of the jownal

References

Allen, F. H. & Notwreell W. D. S (2002). Acs Cryst BSS, 407422

Bruker (1997). SMART (Vesion 5.044), SAINT (Vesioo 5.01) and
SHEI XTL. Beruker AXS Inc, Madison, Wiscoasin, USA.

Bruma, L J, Cok, 1 C., Edgington, P R, Kessler, M., Macx ae,C. F, McCabe. P,
Pearwn, 1 & Taylar, R. (2002). Ace Crym. BS8. 389-397.

Cammim, C. C (199R¢). Chaxn. Comman pp. 1777-1786.

Cummins, C. C. (19985). Prog. Inarg. Chem. £, 685-836.

Cuammirs, C. C, Baner, S M. & Wolczansid, P T. (1988). J. am. Chean Soc.
110, 8731-8733.

Cuamnims, C. C, Schaller, C. P, Van Duyze. G D, Walczanski, P. T, Chan,
A. W E. & Hoffmann, R.(1991). L Am. Chen. Soc 113, D85-2994.

Flack, H. D. (1983). Acm Crymt. A9, 876-881.

Lapez, C, Baon, G, Arcvala, A, Munnz-Hermandez, M. A. & Gadia, J. 1
(2M2). Z Orpammet Chem. 664, 1T0-175.

Pearsan, R. G (1963). £ Am. Chem Soc.85. 3533-1539.

Pearsan, R. G (1969) Swv. Prog Chem 8, 1-52

Riley, ll’.N.. Faowick, P E. & Rotbweil, 1. P. (2001).J. Chem Soc. Deloa Tranz
pp. 181-186.

Riky, P N, Paskes. J. R, Fanwick, P.E. & Rotbeell, L. P. (1999). Orgeno-
metallics, 18, 35793581

Riky, P N, Prafiket, R D, Salberg. M. M., Faawick. P. E. & Ratbwell, L P
(1998). Palyhedrag, 17, TT3-T19.

Schiodk, R. R (1997). Acs Chem. Rez. 39, 9—]6

Sheldrick, G. M. (1996). SADABS Ut y of Gotti G

Sheldrick, G M. (1997) SHELX1.97 and SHELXSVI. Unwmty of
Gittingea, Gamany.

Tamki I M. & Parkin, G (2003). Inorg. Chem 42. 264-266.

Williams, C. M. & Maades, L. N. (2001) Terrahedron, 57, 425447,

M276 Cami. Nygrenet al. * KiCaHOMZrCHIC HaNKCHON

Acta Crym. (2003). C59. m275-m276

244



ViTA
Cara Nygren was born in Sweet Valley, Pennsylvania in 1977. She graduated
from Lake Lehman High School in 1995. She attended the University of Maryland for a
year and a half before taking two semesters off from college. During her return to
college at Wilkes University in Pennsylvania, she was employed as a bartender, waitress

and fork-lift driver. She graduated from Wilkes in 2000 with a B.A. in Chemistry.

245



2094 9163, 36

08/11/85





