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Abstract

Ira(dimen)4** (dimen = 1,8-diisocyanomenthane) has been studied extensively as model
compound to better understand catalysis of photochemical reactions. Although Ir>(dimen)4** has
been used primarily to observe the photophysical changes of metal-metal transitions, it gives great
insight into the transitions that allow other d®-d® metal complexes to undergo photochemical
processes and generate hydrogen gas. The large visible range by which Ira(dimen)s** (1) can be
electronically excited in solution is indicative of its two solution phase ground states, which
interestingly have been hypothesized to resemble two unique packing structures observed in the
powder state. In this study, the powder diffraction patterns of [Irz(dimen)s][Cl]> (1-Cl),
[Ir2(dimen)4][PF¢]2 (1-PFs), and [Ir2(dimen)4][BPh4]2 (1-BPh4) powders were investigated via X-
ray diffraction. The resulting curves were compared to published data and other potential unit cells
were generated for the crystalline powder samples. 1-PFg and 1-BPh4 were determined to have
quite different packing structures and symmetries, and while the scattering curve of 1-PF¢ matched
the previous literature spectrum well, the scattering curve of 1-BPhg4 differed quite drastically from
the previous literature spectrum. A unit cell could not be determined for any of the species, but a

couple of new cells are proposed.



Introduction

Electronics and Structure

I. Hydrogen gas as a source of fuel

Discovering new, greener methods of generating and storing useful energy is crucial in a
time where emissions have increased, and continue to increase, global climate change at a rate
unseen in Earth’s history. Fossil fuels, which comprise the majority of the fuel used worldwide,
significantly contribute to Earth’s climate and global warming. Fossil fuels contribute to global
warming because they form carbon dioxide and water when combusted. Because of this, scientists
have invested significant energy and resources in determining new, greener sources of fuel. One
source of fuel that has shown promise is hydrogen gas.! Unlike fossil fuels, hydrogen gas combusts
to form water, thus making it a greener alternative to fossil fuels.!

While hydrogen gas shows promise as a fuel, the synthesis of hydrogen gas is currently
carried out almost exclusively with the use of fossil fuels, defeating its utility as an alternative to
fossil fuels.? The most promising mechanism to generate hydrogen gas without the use of fossil
fuels is by using solar energy to split water or synthesizing hydrogen gas through other hydrogen-
evolving mechanisms.!-* Unfortunately, the kinetic barriers to this reaction are such that a catalyst
is necessary to effect it.! Transition metal complexes have shown great promise as hydrogen-
evolving catalysts.* However, transition metal complexes must possess a variety of specific

qualities in order to provide the necessary conditions for catalyzing water into hydrogen gas.!



I1I. Transition metal complexes as photo-catalysts

Metal complexes have displayed promising characteristics that may allow for the efficient
photocatalysis of hydrogen-evolving reactions. All compounds possess the ability to be
electronically excited by some wavelength of light.’ These transitions can occur at a variety of
wavelengths, including those that occur in the visible region, which compose about 40% of solar
waves that permeate the Earth’s atmosphere.® Many transition metals are capable of
photoexcitation in this critical region, in strong contrast to the large majority of more traditional
organic frameworks.”® Excitation of these metal complexes can also allow for a variety of other
photophysical processes, such as isomerization, to take place, potentially improving catalysis.

When excited by visible light, compounds undergo an electronic transition that causes one
electron to be excited into a new orbital.>*-!° In most cases, the electron excited into the new orbital
originates from an orbital containing two electrons with opposite spin.® The electron is thereby
excited into a singlet excited state, which means it retains its spin when excited.®’ The singlet
excited state is generally extremely short-lived, thus giving the metal complex very little time to
catalyze reactions.>”-!! However, electrons in the excited singlet state have the ability to undergo
intersystem crossing, which causes the spin of the electron in the excited state to change its spin
to align with that of the electron from the highest occupied molecular orbital, forming a triplet
state.>”12 The triplet state exists at a lower energy than the singlet state, but has a longer lifetime;
since excited states are often catalytically active, excitation followed by intersystem crossing is a
potentially useful strategy for enhancing catalysis.?>*

There are many proposed mechanisms for metal-catalyzed hydrogen evolution. A number
of these methods involve a pathway in which the metal complex is excited by visible light and

then reduces protons to molecular hydrogen.! The oxidized metal complex can then be reduced by



a number of pathways to complete the catalytic cycle.! One class of complexes that have been
investigated in the context of this type of mechanism are binuclear d® square planar complexes.
These complexes have a number of specifications. First, the metal complex must be binuclear and
the ligands must act as bridges between the two metal nuclei.®!? Second, they must possess square
planar geometry, thus causing the d-orbitals in the z-plane to lower in energy.>!%13:1# Finally, the
metal must be a d® complex.’ This means that there are eight electrons in the non-bonding d-
orbitals.!>!* These characteristics consequently cause the highest energy electrons to fall into the
d-» orbital. Then, when you consider the two metal atoms in the complex simultaneously, the
molecular orbital diagram displays the HOMO in the do*-antibonding orbital, thus making the

LUMO the po-bonding orbital.?

III. d3-dimers and metal-metal transitions

d® transition metal complexes of the second and third row containing metals like
platinum(II), gold(IlI), iridium(I), palladium(II), and rhodium(I) generally exhibit square planar
geometry.!>!* This means that each ligand is bonded to the metal atom such that each cis ligand-
metal-ligand bond angle is about 90°, thus making the geometry surrounding the metal atom
planar. Metal complexes with this geometry exhibit unique electronic structures where the d-
orbitals in the z-plane drop in energy while d-orbitals in the xy-plane increase in energy, thus
causing the d-orbitals to exhibit four distinct energies and only two degenerate orbitals.>!3 In d®
dimers, the eight non-bonding electrons fill the d,, d,-, d.-, and d-. leaving dx2.,> vacant.

When two such complexes are brought together, the resultant MO diagram is shown in

Figure 1.
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do*-antibonding HOMO is excited

into the p(c) LUMO, causing the M-M bond order to increase to 1 (Figure 2).
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This electronic transition has been shown to catalyze reactions to generate hydrogen gas in
examples such at the platinum catalyst, Pt(pop), which has been shown to reduce to a d’-d” metal

catalyst when catalyzing hydrogen-evolving reactions.!>16

IV. Promises and limitations of Iry(dimen)s**

Structure and geometry of Ir»(dimen)4>* in the ground and excited states
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Figure 3. Structure of a)

diisocyanomenthane (dimen) and b) 3).1% As a d® square planar dimer, 1 undergoes a do*-
Ir2(dimen)s>". There are four dimen ligands
bonded to the iridium atoms, but for the po transition when excited by visible light.>7 While

sake of simplicity, only one is shown here.
the photochemical capabilities of 1 to catalyze

hydrogen-evolving reactions have not yet been investigated, the photophysical properties of these
complexes are particularly interesting and give important insight into the nature of the metal-metal

transitions and intersystem crossing that can enhance photochemical catalysis.
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Ir>(dimen)s>* (1) exhibits two conformers in the ground state, one with a short, twisted
shape and the other with a long, eclipsed shape (Figure 4).”%!° This was reported by Gray, et al.,
who used X-ray diffraction to determine that 1 packs in a short and twisted conformer when
precipitated with a tetraphenyl borate counterion and a long, eclipsed conformer when precipitated
with hexafluorophosphate.” The short, twisted conformer has a metal-metal distance of 3.60 A
while the long, eclipsed conformer has metal-metal distance of 4.41 A.”-'© When the UV-visible

spectrum of the crystal structures

were obtained, the long, eclipsed X —~p b
po______.-—
. ;>—— 6p
conformer was determined to LUMO 6ép, TR . .
PO oy PO,T ox
absorb visible light primarily at 585
: | r do*
nm while the short and twisted do*ﬁ_r_ 5d
HOMO 5d,, —:.. _r_ " e
. do
conformer was determined to S
i | do

absorb at 480 nm.%1°
long and  short and

eclipsed twisted

Interestingly, the UV-

visible absorption spectrum of 1in gioyre 4. Energy diagram showing the HOMO and LUMO

) L of Ir(dimen)4*" in the two observed ground states.
solution exhibits two peaks at 585

nm and 480 nm, thus suggesting that both conformers exist in equilibrium in solution.” These two
ground states are of particular interest in understanding the photophysical characteristics of 1 and
why it exhibits both ground states in solution. It also means that 1 absorbs at wavelengths that span
the visible spectrum from 480 nm to 585 nm. Because photoelectronic excitations span the
majority of visible spectrum, this finding is of particular interest to better understanding the
photophysical properties of 1 and other d® square planar transition metal dimers, thus allowing for

increased understanding of the catalytic system as a whole.
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Metal-metal transitions in Iry(dimen)s>*

Ir (I) is a d® metal center, so the d-orbitals are all filled save the 5 di>.,2, and both the 5 d->
and 6 p: are formally non-bonding.>* When two such centers are brought together, each of these
pairs of orbitals form a bonding-antibonding pair, with 5d.c and 5d.c* both filled (the latter
forming either the HOMO or a frontier orbital close in energy to the HOMO) and the 6p.c and
6p-c* being empty (the former either being the LUMO or a frontier orbital close in energy to the
LUMO) (Figure 4).8 Thus, one possible excitation is the 5d..6*—6p.c transition. This results in a
weak metal-metal bond and causes the metal-metal distance to shorten. Interestingly, this excited
state is observed when both the short, twisted conformer and the long, eclipsed conformer are

excited, despite the fact that they have different ground state energies (Figure 4).

Temperature dependence of Iry(dimen)sZ*

In solution, Ir(dimen)s*" (1) in solution exhibits two peaks at 480 nm and 585 nm,
corresponding to the short, twisted and long, eclipsed isomers, respectively.® Interestingly, Hunter
et al. showed that the absorbance at 585 nm decreases while the absorbance at 480 nm increases
as temperature increases from 150 K to 296.8 K.°

Because of these intriguing results, we endeavored to obtain high-quality solid-state

information about the structure of the isomers via X-ray diffraction.
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X-Ray Diffraction

V. X-Ray Scattering

Unlike lower-energy photons, high-energy X-rays cannot be absorbed by most compounds.
Instead, when X-rays interact with electrons, they typically cause scattering.!”!® In X-ray
scattering, X-ray waves of a specific frequency are incident on a sample at some angle. The waves
are then refracted off the sample. After light is scattered, these waves interact either constructively
or destructively with one another, much like photon behavior in Young’s double-slit
experiment.'*?° When a sample is crystalline, the scattered waves result in a pattern that can be

used to determine structural characteristics of the compound being tested (Figure 5).!7-18

Scattering Diffraction

Figure 5. A schematic showing generalized wave propagation patterns in scattering and
diffraction.

VI. The Double-Slit Experiment
In the double-slit experiment, a light source and a detector are separated by a filter with
two small slits, with a width approximately equal to the wavelength of light. Young hypothesized

that, when the light source was allowed to run for some time, he would observe two lines of equal

14



intensity on the detector directly opposite of the locations of the slits.!*2° Surprisingly, Young
observed several bands on the detector with varying intensities, indicating an interference pattern
(Figure 6).1%2° These results prompted Young and other physicists to hypothesize that, rather than
electrons behaving simply as particles, they also behave as waves that interact constructively and
destructively to give the unexpected experimentally determined pattern that Young observed.!*2°
These results were thus used to develop the wave-particle duality theory of light particles that
exists today.

The double-slit experiment has been altered and reproduced since the development of the
wave-particle duality theory. One interesting and applicable extension of the initial double slit
experiment was later conducted by Young and is still used to structurally characterize substances
with X-rays. In this experiment, Young used the same setup as in his original double-slit
experiment. However, instead of keeping the distance between the slits constant, he altered the
distance between slits and observed how changing the distance between slits impacted the detected

interference pattern.?’ Young determined that, as slit distance decreased, the distance between

constructive interreference patterns increased. This relationship is expressed through the equation,

d=— ¢))

where d is the distance between the slits, A is the wavelength of incident light, r is the distance
from the slits to the detector, and s in the distance between slits.20 If we think about this in the

context of atoms, when two atoms with equal electron density are close together and are exposed

15



to a high energy light source, they exhibit constructive interference whose spacing is greater than

that of atoms who have more space between each other.

Double- Observing

slit screen
electron
Electron Gun
interference
pattem
Taken from NekoJaNekoJa- iki via http: wikimedia.org /w/index.php?search=double+slit+experi &title=Special:MediaS h&go=Go&type=image

Figure 6. Schematic showing the set up and results of the double slit experiment.”

Young’s experiments have been adapted and modernized through time to produce the
modern role of light scattering in determining the structure of compounds. Similar to the double
slit experiment, X-ray diffraction depends on the interreference of light waves after diffraction off
of a surface. However, unlike Young’s experiment where much lower energy light waves were
allowed to interact with much larger slits, patterns resulting from X-ray diffraction are the result
of diffraction off of a crystalline, layered substance with spaces corresponding to inter-atomic
distances. Deflection of light off of atoms in a regularly repeating structure can lead to constructive

or destructive interference, a phenomenon described by Bragg’s Law.!”:18
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VII. Bragg’s Law

Bragg’s Law provides us with a way to translate scattering intensities and phase changes
to interatomic distances based off assumptions made about packing within a sample. In order to
do this, a sample is first exposed to an X-ray beam with a defined wavelength. After being
diffracted off a 3-dimensional sample, the waves interact either constructively or destructively to
create a pattern on a detector that can be analyzed to determine structural features of the crystalline
samples (Figure 7).!7:18:22.23 Similar to the orientation of waves when they passed through the slits
in Young’s double slit experiment, the waves that are diffracted off of various atoms at differing
angles and phases, consequently making a pattern based off the orientation of the waves when they
interact with a detector. However, unlike Young’s experiment where waves were allowed to
interact soon after being emitted from the light source, X-ray diffraction is detected after the waves
are allowed to diffract off of electron density in the sample, thus making the scattering pattern

unique to each sample and dependent on the sample’s structure (Figure 7).!723

\it

Taken from Cdang via https://commons.wikimedia.org/w/index.php?search=bragg%?27s+law&title=Special:MediaSearch& go=Go&type=image

Figure 7. A diagram showing the function of Bragg’s Law in a two-dimensional sample where
two waves are diffracting off of two different planes and thus interacting with different phases
upon diffraction.’

17



In 3-dimensional compounds, diffraction can occur at any location in the complex, not
merely at the very surface. Because of this, a more complex theory of wave interaction must be
introduced. Therefore, in complex, 3-D systems, Bragg’s Law is used to best describe wave
interactions after diffracting off a surface. Bragg’s Law is written as,

nA = 2d sin® (2)
where A is the incident wavelength, 0 is the angle at which light hits the sample, and d, similar to
equation (1), is the distance between planes or, more simply, atoms.!” Additionally, n is an integer
called the diffraction mode, which is indicative of the difference in phase between wavelengths
interacting following diffraction. After X-ray waves are incident on a sample, they are diffracted
off electrons and interfere. As in equation (1), the distance between planes, or, more effectively,
atoms, dictates the ways in which the X-rays interact following diffraction. Because of this, all
structures which have unique distances between atoms cause X-rays to interact uniquely after

being diffracted off of them.

18
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Figure 8. Figures showing a) the scattering
pattern of Irz(dimen)s** and the b) resulting

scattering curve collected at beamline 11-ID-B

at APS.

After the scattering pattern is collected,
the intensities surrounding the detector are
integrated from 0 to 2m (Figure 8).%° The
result is a one-dimensional scattering curve
(Figure 8b). Scattering curves are
displayed as plots of intensity vs 20, where
20 can be interpreted as the difference
between the location of the detected wave
and the incident wave expressed in degrees
or radians.?® This 26 value is dependent on
the wavelength of the X-ray source. In
order to make the curve wavelength
independent, the x-axis can be converted to
g-space, a non-existent space that is

inversely proportional to real space (Figure

8b). This is important because, when

analyzing scattering curves extracted from beamlines with differing incident frequencies,
wavelength-independent units allow us to more easily compare the observed scattering curves.
Thus, the lower the value of q, the greater the intermolecular distance.?® In order to convert

between 20 to g-space, the following conversion can be used:

€)
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Lambda, A, is equal to the wavelength of the incident X-ray beam and 28 is equal to the two times
the difference in angle between the incident X-ray beam and diffracted X-ray beam.?®

Because a scattering curve is dependent on waves interacting in an ordered manner, clear
results from X-ray diffraction experiments require that a sample be ordered, or crystalline.!”!8 This
allows the compound to be classified using molecular symmetry, and thus such compounds must

contain a unit cell (see below).

VIII. Unit Cells

When a compound is crystalline, it has a repeated orientation and packing of its atoms,!7-18:22.27
Because of this, it can be defined using a unit cell, an abstract, 3-dimensional unit whose structure
is identical to that of its neighbors. In other words, the unit cell can be translated infinitely in the
X-, y-, and z-directions to obtain a structure identical to the original structure. The unit cell is the
smallest portion of a structure that is translationally replicable across a crystalline sample,!7-18-22.27
A unit cell’s classification is dependent on the symmetry of that structure. Unit cells are classified
by both the symmetry of the compound within the cell and the shape of the cell itself. Two unit
cell classes that are of particular interest in our studies of Irx(dimen)s** (1) are orthorhombic and
triclinic.!”!® An orthorhombic unit cell has corners whose angles are all 90° and side lengths that

are all different, whereas triclinic unit cells have differing side lengths and angles who are not

equal to 90°,171823
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Miller Planes

In a crystalline powder sample, the compound packs such that the unit cell is repeated
translationally in the x-, y-, and z-directions. However, for the sake of simplicity, we will discuss
the unit cell in 2-dimensions. A unit cell can further be described by lattice points as seen in Figure
9. 28 Similar to an xy-coordinate plane, the unit cell can be placed within lattice points such that

one side is defined by x while the other is defined by y. Then, every point within the cell is some

° ° n ) ° ° °

combination of x and y that can be (1,0)

defined using fractions of x and ° °

y.!727 The lattice points used to ° o - 2 e °
y 0, 1)
describe the compound and unit
° ° ° ° °

cell primarily aid in providing

?
(1,0)1
1
1

(1]
1
1
1

1
1
o ° o (1. e °
1
1
1

I I
I I
I I
. ° ° ° ° ° ° °
structural and atomic spacing ! !
. ‘ ° . ° ® ® ° ° °
information of the compound (2, 0)
° ° ° ° ° ° ° °

through the application of Bragg’s

Figure 9. A figure showing lattice points and an
example of a unit cell and the unit cell’s (1, 0), (0, 1),
(2, 0), and (1, 1) planes.?® Diffraction occurs at
locations of high electron density whose locations can
be described using the Miller Planes like the ones
sketched in this image.

Law. To do this, lines, or one-
dimensional planes, can be used to
describe cross sections of the unit
cell. For example, (1x, ooy) refers to
the one-dimensional plane that runs along side x while (cox, 1y) refers to the plane in the cell that
runs along side y.!7?7-?® Inside the unit cell, planes whose dimensions are (1/2x, cy) or (1x, ly),
for example, can be used to further define locations of atoms within the cell and possible angles

from which X-rays may diffract.
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In X-ray diffraction and structural determination studies, planes can be referred to simply using
the fraction of the unit cell’s sides rather than a function of the side itself. For example, instead of
referring to a plane as the (1/2x, ooy) plane, it can simply be referred to as the (1/2, ) plane.!”
Additionally, rather than using fractions to describe the planes within the unit cell, we generally
use Miller Planes.

Structural studies use Miller Planes because planes within a unit cell can exist at infinitely
small fractions. To convert planes with fractions to Miller Planes, you simply take the reciprocal
of the conventional plane, so the plane at (1/2, «) then becomes (2, 0), or just (20), when using
Miller planes to describe locations within the cell.?>?” This means that, when planes have greater
x- and y-values, they are actually closer to the origin.

Remember that light is diffracted off electrons. Because planes are used to describe the location
of atoms and electrons, we can say that light is diffracted off planes defined by the unit cell. When
light is diffracted off planes that run through two sets of black lattice points, such as the two (1, 0)
planes in Figure 9, the symmetry of the unit cell causes the waves to be in phase, and thus
experience constructive interference. However, when light is diffracted off a plane that runs
through red lattice points and a parallel plane that runs through black lattice points, like the (2, 0)
plane and the (1, 0) plane in Figure 9, the waves interact such that they are out of phase, thus
causing destructive interference. This application of planes in unit cells is how Bragg diffraction
can be applied to structural studies.

This model can be extended to 3-dimensional species, which is what we do in this project. This
study aims to better understand the powder diffraction, packing, and structures of Ir(dimen)s>* (1)
with chloride (2Cl), hexafluorophosphate (PFe), and tetraphenylborate (BPhs) counterions.

Studying the structures of these using powder diffraction is important to further research regarding
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structure analysis of 1 in solution. In order to do this, a synchrotron must be used to obtain high-

energy photons and collect data.

IX. Synchrotrons

A synchrotron is a high energy X-ray source that can be used to determine a variety of
electronic and structural components of compounds and macromolecules. In a synchrotron,
electrons are emitted from an electron source and are then propagated circularly using an array of
magnets.?>2° The high energy propagation of electrons around the synchrotron results in high-
powered X-rays that has about 100 times more power than medical X-rays.?>?° Because the
placement of the magnets in the synchrotron causes the electrons to propagate in a circle, altering
the location of the magnets causes the X-ray beam to instead propagate tangentially away from the
circular path. This occurs at every tangent around the synchrotron, and so there are several
locations around each synchrotron where samples can be exposed to a beam tangential to the
circularly propagated wave (Figure 10).2>% In this experiment, the Advanced Photon Source at
Argonne National Laboratory is used to determine the scattering curves of 1-Cl,, 1-PFg, and 1-

BPha.
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APS Experiment Hall

StorageRing

Bending Magnet

Figure 10. A cartoon showing the path of propagated waves and the beamline pathways for
varying research stations.?” When a beamline is in use, the X-rays are propagated tangentially from
the synchrotron to the research station where the sample is exposed to the high energy beam of

light.
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Materials and Methods

1. General Considerations

Chemicals for this experiment were purchased from Sigma. 1-X (1-X = [Irx(dimen)4][X]p, X = Cl

(1-Cl), PFs_(1-PF¢), or BPhs (1-BPhy4)) powder samples were conducted at SLAC National

Laboratory under air-free conditions. They were then stored and sent to Argonne National
Laboratory under air-free conditions. 1-Cl was synthesized again at Argonne National Laboratory
under ambient atmosphere. X-ray diffraction patterns were collected at sites 11-ID-B and 11-BM
of Argonne National Laboratory’s Advanced Photon Source (APS). Additionally, a nitrogen-filled

glove box was used to store samples at APS.

I1. Synthesis of 1-X for powder sample testing

Synthesis of 1-Cl

[Ir(COD)CI]> (10.1 mg, 37 mmol, COD = 1,5-cyclooctadiene) and 1,8-diisocyanomenthane
(dimen, 11.5 mg, 155 mmol, 4 equiv.) were placed into two separate vials with dry, air-free
dichloromethane and sparged with nitrogen for twenty minutes. The solution containing dimen
was transferred to the vial containing [Ir(COD)Cl]; via needle to ensure that minimal air and water
entered the system. The reaction vial was swirled until it displayed a dark purple color. 1-CI was
then precipitated by adding hexanes and allowing the blue powder to settle at the bottom of the
vial. The powder was isolated using vacuum filtration and the dried powder was packaged and
sent for use at APS.*°

Synthesis of 1-PFg

NH4PFe (30 mg, 0.21 mmol, 2 equiv.) was dissolved in 10 mL of a 1:1 water/methanol mixture.

This solution was sparged with nitrogen for twenty minutes. The solution was transferred to a
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nitrogen-containing vial containing 1-Cl (18 mg, 0.015 mmol, xx equiv.). The resultant 1-PFs
precipitate was triturated with ice water, and 1-PFs was isolated as a maroon solid by Biichner
30,31

funnel filtration.

Synthesis of 1-BPh4

1-C1 (30 mg, 0.021 mmol) and NaBPh4 (17 mg, 0.052 mmol, 2 equiv.) were dissolved in
separate vials containing a 1:1 water/methanol mixture. This solution was degassed using a
Schlenk line for 20 minutes. The solution of NaBPhswas transferred to a vial containing 1-Cl via
needle. The resulting 1-BPh4 precipitate was precipitated in an ice bath, and 1-BPh4 was isolated
as a maroon solid by Biichner funnel filtration. The resulting solid samples were expunged with

argon in a glove box.3%3!

ITI. Loading samples and collecting diffraction patterns

Preparing and running solid samples of 1-X

The powder samples of 1-Cl, 1-PFs, and 1-BPh4 were placed into capillary tubes with a
diameter of 1.1 mm. The samples were then inserted into the sample holder and the X-ray
diffraction patterns were detected using a Perkin-Elmer flat panel detector. An incident wavelength
of 58.6 keV was used at beamline 11-ID-B and 30 keV at beamline 11-BM and the sample-to-

detector distance was calibrated using a CeO; standard.*?
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IV. Analysis of observed diffraction patterns in solid samples

Plotting the scattering curves of literature crystal samples and experimental data from tested

samples

The crystallographic structures of 1-PFs and 1-BPhs, published on the Cambridge
Structural Database upon the publication of Gray ef al., were used to determine the scattering
curves of the samples using a wavelength of 1.54 A in angular space. Then, the plots were

converted to reciprocal (q) space using the following equation:

||_47r ~ 26 3
q—ksm2 3)

The scattering curves in both angular and reciprocal space were plotted in Jupyter Notebook.

The scattering pattern of 1-Cl, 1-PFg, and 1-BPh4 were converted to scattering curve values
which were then plotted in Jupyter Notebook. The experimental scattering curves were compared
to the literature scattering curves to determine whether or not the product packed with a crystal
structure upon synthesis. GSAS-II was then used to determine the potential unit cells.>* The
determined unit cells and their scattering curves were observed in comparison to the peaks in the
experimental scattering curves and the three proposed unit cells with peaks most similar to the

experimental scattering peaks were selected and saved.
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Results and Discussion

I. Experimental scattering of [Ir2(dimen)4][X]: (1-X) at beamline 11-ID-B

The well-defined peaks

80000 —— Chloride
in the scattering curves of 1-X Hexafluorophosphate
70000 —— Tetraphenylborate
in the presence of both the 60000 -
hexafluorophosphate (PFs) and 200007
% 40000
tetraphenylborate (BPhy) £
30000 - ‘ | |
counterions indicate that the '
20000 -
structure of these complexes is 10000
crystalline (Figure 11). In °7 :
0 1 2 3 4 5 6 7 8

contrast, the relatively flat and
Figure 11. The scattering curves of [Ir2(dimen)4][X]> (1-X)

undefined curve displayed in
where X is the chloride (1-Cl), hexafluorophosphate (PFg, 1-

the scattering of 1-Cl suggests
PFs), or tetraphenylborate (BPhs, 1-BPh4) counterion.
that 1-Cl is not crystalline

(Figure 11).

I1. [Irx(dimen)4][PFs]2 (1-PFs)

Because 1-PFg and 1-BPh4 have been analyzed using X-ray diffraction previously, the
literature diffraction pattern can be analyzed.'® Additionally, previously published scattering
curves and their unit cells can be used as a basis for generating a variety of unit cells corresponding
to the experimental scattering curve. When comparing the literature spectrum of 1-PFg to our

experimentally determined spectrum, the peaks seem to line up well with the exception of a few
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Figure 12. Scattering curves of 1-PF, obtained experimentally in this work and from the
structural database.

peaks found between 1.3 and 1.7 in the g-range (Figure 12). The similarities between these spectra
indicates that they likely have similar structures and therefore similar unit cells. Gray et al. reported
that the unit cell was best modeled using a triclinic cell. This prompted further analysis and
prediction of a unit cell using triclinic geometry.! However, GSAS-II was unable to predict a unit
cell using triclinic symmetry.!® Consequently, our experimental scattering pattern was
quantitatively compared to the literature pattern published by Gray et al. using a Rietveld Plot in
GSASIL

The Rietveld Plot indicates that, while there are some differences between peak intensities
between our experimental pattern and literature scattering data, the atoms tend to be packed in a

way that cause the similar scattering in both our data and that of Gray (Figure 13). This indicates
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Figure 13. The Rietveld Plot of [Ir2(dimen)4][PFs]2. (3> = 18.86).

that the unit cells exhibit similar planes, which, in turn, cause the scattering curves to resemble one
another. Because of this, we can conclude that the structure and packing of 1-PFs in our sample is

almost identical to that of Gray et al.
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II1. [Irz(dimen)4][BPhs]; 1-BPhy4

Unlike the spectrum of 1-PFs, the 1-BPhy scattering curve exhibits several differences
from the literature spectrum (Figure 14).!° This suggests that the packing of 1-BPhais different in
our sample than it was in the sample used to obtain the literature spectrum. While this could be
attributed to small differences in methods of synthesis, that is unlikely. Because the dimen ligand
is asymmetrical, the differences in spectra are more likely a result of dimen ligands binding iridium

atoms with orientations and orientational patterns that are different from that observed in work

—— Experimental Data

14000 A ——— Published Data

12000 A

10000 A

8000 A

Intensity

6000 -

4000 A

2000 ~

0 4

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
q

Figure 14. The scattering curves of [Ir2(dimen)s][BPhs]> determined experimentally and
obtained from the structural database.

published by Gray et al. These differences are especially apparent in the q range of 1-2 A0
Additionally, the two intense peaks observed at about 0.5 in all samples of 1-X, regardless of

counterion, are slightly shifted from one another in 1-BPh4 where they were exactly lined up in
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the experimental and literature curves exhibited by 1-PFs. Additionally, the peak intensities vary
greatly, thus suggesting that the scattered waves are interacting differently and causing the
scattering intensities and patterns to differ (Figure 14). These differences in scattering indicate that
the packing of the complex is different.

Given the unit cell for 1-BPhy determined by Gray ef al. and the general structure of the
iridium complex, orthorhombic and tetragonal geometry were used to predict unit cells. Scattering
curves predicted by primitive orthorhombic unit cells tended to most closely resemble the
experimentally determined scattering curve. After comparing several predicted scattering curves
with the experimentally determined scattering curve, a few unit cells were determined to exhibit
the best packing. Interestingly, the calculated unit cells have volumes of 5216.144 A* and 5352.982

A3 whereas the literature unit cell had a volume of 17592.7 A3 (Table 1).'°

TABLE 1. The dimensions and space group of the predicted unit cells and the literature unit

cell. Values of a, b, and ¢ correspond to the (100), (010), and (001) planes respectively.

Dimensions
Unit Cell Space Group ~ Volume (A3) a(A) b (A) c(A)
BPh4 5198R Pmmm 5216.144 9.29 13.36 42.04
BPh4 5354R Pmmm 5354.982 10.39 13.38 38.48
Literature Cell Pbca 17592.7 19.32 29.45 30.92

This is a stark difference and indicates that our predicted unit cells exhibit less symmetry than the
literature unit cell but can be translationally replicated more frequently throughout the sample.
The predicted unit cells were unable to predict the structure of 1-PFs¢ within the cell.

However, it did predict the locations of some atoms within the cell. While this isn’t particularly
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useful, it is worthwhile to compare and analyze the planes from which the light diffracted and

compare them to approximate distances within the cell.

Other than the indices of the unit cell, the most noticeable peaks in the experimental

spectrum appear at distances of d =12.8,d=9.6,d=7.7,d=7.1,d=6.7,d=5.6,d=4.5, and d

= 4.3. There are notable peaks near all of these locations, each of which correspond to calculated

planes.

TABLE 2. A comparison of the peaks at experimentally determined d- and Q-values to the

corresponding planes of proposed unit cells BPh4 5354R and BPh4 S5198R.

d (A) g-value (A™) Corresponding Planes
BPh4 5354R BPh4 5198R

13.398 0.469 (010) (010)
12.819 0.490 (003) (011)
10.406 0.604 (100) (004)
9.566 0.657 (004) (100)
7.613 0.825 (005) (110)
7.099 0.885 (104) (015)
6.685 0.940 (015) (020)
5.659 1.110 (120) (115)
4.457 1.410 (030) (027)
4.271 1.471 (009) (1206)

The peaks corresponding to the planes calculated by the proposed unit cells, BPh4 5354R

and BPh4 5198R, seem to be very different from one another (Table 2). This is to be expected
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because the volumes, and thus the planes within the unit cell, differ slightly. However, some planes
appear to correspond to the same, or similar peaks. For example, the (010) plane corresponds to
the peak at 13.398 A in both models (Table 2). Additionally, the calculated peaks corresponding
to plane (015) have a horizontal difference of 0.055 in g-space (Table 2). These similarities
between peaks allow us to hypothesize that 1-(BPhy) packed such that a defined unit cell could be
determined to have about 1/3 the volume of that determined by Gray, et al. This means that the
unit cells we calculated have less symmetry than the cell calculated by Gray et al., which supports
our hypothesis that the ligands bond with an orientational pattern different to that observed
previously. However, due to a lack of data and time, we can draw no conclusions regarding the

exact dimensions of the unit cell and the locations of atoms within the cell.
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Conclusion

In this project, we utilized X-ray diffraction to obtain scattering curves of Iro(dimen)s>* (1)
precipitated with chloride, hexafluorophosphate (PF¢) and tetraphenylborate (BPh4) counterions.
[Ir2(dimen)4][Cl]2 was determined to be not crystalline while both [Ir2(dimen)4][PFs]> (1-PFg) and
[Ir2(dimen)4][BPhs]> (1-BPhg4)were determined to be crystalline. 1-PFg exhibited a diffraction
pattern almost identical to that of the published diffraction pattern. Because structure is directly
related to the exhibited scattering pattern, these similarities indicate that the experimentally
observed packing and structure of 1-PFs is the same as the previously reported structure.
Contrastingly, the scattering curve, and consequently the packing, of 1-BPhy was significantly
different than the packing previously observed by Gray et al. This means that the structure of 1-
BPhy is different than previously observed. 1-BPhg was hypothesized to have a unit cell with a
volume around 5300 A3, a volume about 1/3 of that previously determined by Gray et al. While
this finding is useful, there was insufficient time to determine the exact structure of
[Ir2(dimen)4][BPh4]> within the unit cell.

In the future, the collected scattering pattern for 1-PFe and 1-BPhs4 should be more
quantitatively analyzed to obtain a Rietveld plot that better fits the previously published scattering
pattern. This will allow us to compare the two scattering curves more quantifiably to one another.
Additionally, more analysis using GSASII should be conducted to obtain a unit cell that best
describes the packing of 1-BPhy. Understanding the packing of [Ir2(dimen)4][BPh4]> that resulted
in both curves may give more understanding as to the solid-state UV-visible spectrum of 1-BPhg.
Additionally, it may give more insight into the structures of Ir>(dimen)s>* observed in solution.

In order to better understand the way that Ir>(dimen)s>* behaves in solution, it is crucial to

first fully understand the way that [Ir2(dimen)s][BPhs]> behaves as a solid. Not only will this allow
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for better understanding of structures of 1-BPhy as a solid and Ir>(dimen)4>* in solution, but it could
also allow for better understanding of how d® square planar dimers exist in solution, thus providing
a gateway to improving the reactions and catalysis that could make hydrogen fuel a more

foreseeable alternative to fossil fuels.
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