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Abstract

The development of diboron derivatives has gained much attention lately due to
the importance and the versatility of these compounds in synthetic and materials chemis-
try. Since chemical behavior is governed by electronic properties, insights into the bond-
ing nature of these systems would be highly beneficial for the rational design of function-
specific diboron motifs. In this thesis, the potential of the indirect spin-spin (J) coupling
interaction in elucidating electronic structures of B-B bonds is illustrated. The J(!'B, ''B)
coupling constants of various heterocyclic diboron complexes and electron-precise dibo-
rane compounds bearing 2-center 2-electron (2c-2e) B(sp*)-B(sp?) bonds were measured
using "B double-quantum-filtered (DQF) J-resolved solid-state: NMR (SSNMR) spec-
troscopy. Natural localized molecular orbital (NLMO) and natural bond orbital (NBO)
analyses were also conducted in order to determine the electronic origin of the J cou-
plings. The J(''B, ''B) coupling constants were found to reflect a plethora of bonding
properties, ranging from the hybridization state and the strength of the B-B bonds, to the
electron withdrawing capacity of the functional groups attached to the boron centers.
Specifically, a strong correlation was obtained between the coupling constants and the
hybridization state of the boron orbitals which form the B-B bond and the strength of the
B-B bonds. These results show that electronic information, and thus chemical behavior,
can be directly inferred from the J(''B, ''B) coupling constants. This is further illustrated
by the studies on various diboratellurenium compounds. Using the relationship between

the J coupling constants and the hybridization states, the B-B bond order of these com-



pounds, which was found to be ambiguous by other commonly employed experimental

methods, was determined.

Moreover, given the vast interest in the dynamics studies of solids, such as the in-
vestigation of motions in molecular machines and metal organic frameworks, the devel-
opment of new SSNMR techniques for probing dynamics can be valuable. In this thesis,
the DQF J-resolved experiment is also presented as a novel tool for exploring molecular
motions in solids. Using the electron-precise diborane compounds as archetypes, samples
which experiences dynamic disorder were identified by !'B and '*C SSNMR experi-
ments, and the results from variable-temperature (VT) experiments indicate the presence
of three different motional processes in the temperature range of 248 to 306 K, occurring
at a rate of 10? to 10° s”\. The molecular motions were found to manifest itself in the DQF
J-resolved spectra in a predictable manner, where the DQF J splittings were observed to
be amplified by a factor of 3 as compared to the theoretical J coupling constants if (1) the
borons are static and crystallographically equivalent or (2) the borons are crystallograph-
ically inequivalent but magnetically equivalent on the time scale of the experiment as a
result of dynamic disorder. Consequently, dynamic disorder must be taken into consid-
eration when analyzing the data from DQF J-resolved experiments in order to correctly
extract the J coupling constants, and conversely, these experiments can potentially be

employed to detect the presence of dynamics in solids.
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1 Introduction

1.1 General Theory of Nuclear Magnetic Resonance (NMR)
and Solid-State NMR (SSNMR) Spectroscopy

1.1.1 Zeeman Interaction

Nuclear magnetic resonance (NMR) spectroscopy exploits the Zeeman interaction
between the nuclear spin magnetic moment, u, of nuclei which possess an intrinsic nucle-
ar spin angular momentum, or “spin”, and the external static magnetic field. Since nuclei
are subatomic particles, quantum mechanics must be employed in order to describe the
corresponding angular momentum. According to quantum mechanics, the angular mo-
mentum is quantized and the corresponding magnitude at any given direction can be ex-

pressed as:
p = hm 1

where p is the angular momentum, # is the reduced Planck’s constant and m is the mag-
netic quantum number.! m can take on values of , /- 1, ... - + 1, -I, where [ is the nu-

clear spin quantum number; therefore, m can be related to / by:!

m=QI+1) 2



Figure 1 Energy level schemes for the m = 1/2 and m = -1/2 spin states of a spin 1/2 nu-
cleus in the absent of an external static magnetic field (Bo = 0), and in the presence of an
external static magnetic field (Bo # 0). The m = 1/2 and m = -1/2 states are no longer de-
generate when Bo# 0 due to the Zeeman interaction.

Equation 2 gives the number of allowed spin states and each state is denoted with a
unique value of m. These states are degenerate in the absent of an external magnetic field

(Figure 1).

A non-zero spin will give rise to a nuclear spin magnetic moment, u. When the
spin is placed in an external static magnetic field, an interaction between u and the static
field will occur, and this is known as the Zeeman interaction.>® The Zeeman interaction
lifts the degeneracy of the spin states,? and the corresponding energies can be derived by

solving the Schrodinger equation

ﬁzll’ =Eny

where H, is the Zeeman Hamiltonian, 1 is the wavefunction and E,,, is the energy of spin

state m. Hy is given by



ﬁz = —VBoiz

where Bo is the strength of the external static magnetic field in the z-direction (Tesla), y
is the gyromagnetic ratio (rad s T-') and I; is the z-component of the nuclear spin angu-
lar momentum operator, the component which interacts with the static magnetic field.>”
I consists of (2I+1) eigenfunctions, 1,,, each with an eigenvalue of mh.?> For instance,

for a spin 1/2 nucleus, there would be two eigenfunctions, 1, ,, and ¥_, ,, with eigen-

values of 1/2A and -1/2A, respectively. Moreover, 1, are also eigenfunctions of A, and
the corresponding eigenvalues are given by —mhyB,.> Therefore, in the presence of an
external static magnetic field, the spin states are non-degenerate, and the corresponding
energies are governed by the respective m values and Bo (Figure 1). In NMR, the spectra
are a result of energy transitions between the states with Am = £1, and the corresponding

signals are observed at the Larmor frequency, vo, (Figure 2) which is given by?

Vo[Hz] = —yB,/2m

From this, it can also be seen that nuclei are NMR active if and only if they have a non-
zero spin (i.e. / > 0) since zero spin nuclei (i.e. / = 0) cannot participate in the Zeeman

interaction and are therefore NMR silent.
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Figure 2 (a) Energy level schemes for a single spin 1/2 nucleus with a positive y in an ex-
ternal static magnetic field of Bo. The transition from the m = 1/2 to the m = -1/2 state
gives rise to a resonance at —w = yB, /21 Hz (b).

1.1.2 Internal Interactions

In a realistic sample, molecules are probed instead of a single bare nucleus; con-
sequently, the magnetic and electric interaction which arises from the sample itself (i.e.
internal interactions) must also be taken into consideration when the theory of NMR is
discussed. Depending on the system, various internal interactions, such as the nuclear
magnetic shielding, the nuclear quadrupole coupling and the indirect spin-spin (J) cou-
pling, can be present. In general, the high-field approximation, in which the Zeeman in-
teraction is considered to be dominant, can be employed and the effects of these interac-
tions can be assessed using perturbation theory.** As such, the Hamiltonian for a system
under the influence of the Zeeman interaction and internal interactions can be expressed

as



H:H0+H1

6
where
A, =0y .
and H; is the sum of the internal interactions present in the system, e.g.
H = H,+ Hy+ A 5

H,, Hqy, and Hj are the nuclear magnetic shielding, nuclear quadrupole coupling, and the
J coupling Hamiltonians. These internal interactions are described by second-rank tensor
properties since they are orientation dependent, and are commonly expressed in a mole-
cule fixed axis system known as the principal axis system (PAS) instead of a laboratory

fixed axis system. In the PAS, a general tensor, A, is given as:

Agxk 0 0
0 Ay O
0 0 Ay 9

where Axx, Avy, and Azz are known as the principal components of the tensor.* In solu-
tion phase NMR, only the isotropic averages (4iso for a general tensor 4, see equation
10), which are the orientation independent components of the NMR tensors, are meas-

ured.



1
Ajso = 3 (Axx + Ayy + Azz) 10

However, in solid-state NMR (SSNMR), the anisotropic component becomes important
and can influence the appearance of the corresponding spectra. Therefore, in order to
properly describe the concepts behind SSNMR, a more detailed theoretical background

for these internal interactions must be provided.
Nuclear Magnetic Shielding Interaction

When a molecule is placed in a magnetic field, surrounding electrons circulate,
thereby generating a local magnetic field.® This local magnetic field shields and/or
deshields the nucleus, giving rise to the nuclear magnetic shielding interaction.*® For

each unique nucleus in the molecule, the shielding Hamiltonian can be formulated as

iT — ~,7 ~PAS
Hc,secular - YIZUZZ BO 11

using the secular approximation.* 24 is the z-component of the shielding tensor ex-

pressed in the PAS, which is given as*

1
O{ﬁ“ (9: QD) = Ojso T+ E (UZZ

Oyy — O 12
— 0ig,) (3cos2 0 — 1 — — XX sin2 Ocos2¢)
07z — Oiso

Y

where oyy, oyy, and ozz are the principal components of the shielding tensor, 8 and ¢

are the spherical angles relating the orientation of the z-axis in the PAS to the z-axis in



7 (i.e. along B))

» Y (Ovv)

X (0xx)

Figure 3 Orientation of the magnetic shielding PAS (Z’, Y’ and X’) with respect to the z-
axis of the laboratory-fixed axis system (Z) as described by the spherical angles 8 and ¢.

Z is directed along the external static magnetic field vector, §0, by convention.

the laboratory-fixed axis system (Figure 3), and oj,, is the isotropic average for shielding

as given by:

Oiso = 3 (oxx + oyy + 0z7) 13

The shielding interaction thus consists of an isotropic component, and an anisotropic
component which reflects the non-spherical distribution of electrons around a given nu-

cleus.*

The effect of magnetic shielding on the appearance of a NMR spectrum can be
described by inspecting equation 12. For solution, the anisotropic component is removed
since the presence of rapid isotropic molecular tumbling averages the shielding interac-
tion over all possible orientations.* Consequently, only the isotropic average (equation

13) is observed and a sharp resonance is detected (Figure 4). Since shielding is given with

7
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Figure 4 Depiction of NMR spectra of a spin under the influence of magnetic shielding
interaction. In solution (a), only the isotropic chemical shift is observed due to rapid iso-
tropic molecular tumbling. On the other hand, a powder pattern ((b), top) is observed in-
stead in the solid state due to the superposition of many individual resonances that arise
from different orientation of the crystallites ((b), bottom). The powder pattern can be
characterized by its diso, Q and x (c), where diso gives the isotropic value, Q gives the
breadth and « gives the asymmetry of the chemical shift tensor (d11, d22, d33).

respect to a bare nucleus, experimentally, the chemical shift relative to a standard sub-

stance is measured instead. The isotropic chemical shift (Jiso) is related to aig, by’

Oiso,reference — Oiso,sample

5iso,sample [ppm] = 1 x 10°

— Ojso,reference 14

On the other hand, for solids without significant amount of molecular motion (i.e. solids
without dynamic disorder), shielding anisotropy can be observed and molecules with dif-

ferent orientations with respect to Bo would have different Ho,secular due to distinct values

8



of a£41% (see equation 11 and 12). Consequently, each orientation would give rise to dif-

ferent resonances and a powder pattern consisting of a distribution of signals would be
detected for a powder sample (Figure 4).> The powder pattern can be described by its

span (Q) and skew (x) :’

Q[ppm] = ;1 — b33 15

306 = bis0) o

Q

where 033, 022, 11 are the principal components of the chemical shift (CS) tensor and d11
> 022> 033. Q gives the breadth of the powder pattern and can take on any values greater
than 0; whereas x gives the asymmetry of the tensor and can take on any values between
1 and -1. For an axially symmetric tensor (i.e. 022 = d11 and/or d22 = d33), k would be + 1,
and for an axially asymmetric tensor (i.e. d22 # J11 # 033), k would deviate from £+ 1 (e.g.

x = 0; Figure 4).
Nuclear Quadrupole Coupling Interaction

Quadrupolar nuclei (i.e. / > 1/2) consist of an electric quadrupole moment, Q, due
to its non-symmetrical charge distribution. For these nuclei, O will couple with the elec-
tric field gradient (EFG) generated by the surrounding electrons and nuclei, resulting in
the nuclear quadrupole coupling interaction.* The nuclear quadrupole coupling Hamilto-

nian, Hg, is



lo=—29 g
R T 17
where ¢ is the tensor describing the EFG at the site of the nucleus, [ is the nuclear spin
angular momentum operator and e is the charge of an electron.* The EFG tensor is a
traceless property, i.e.:

VXX+VYY+VZZ=O 18

where Vxx, Vyy and Vzz are the principal components of the EFG tensor, and |Vzz| > |Vvyy]
> |Vxx|.! The EFG tensor can be described using two independent parameters: the nuclear
quadrupolar coupling constant, Cq

eQVzz

ColHz] == 19

, Where £ is Planck’s constant, and the quadrupolar asymmetric parameter, #

VXX B VYY

="y, 20

which can take on values of 0 <7 < 1.8

In solution, the nuclear quadrupole coupling interaction does not contribute to
corresponding resonance frequency since its isotropic average is zero.* Nonetheless, this
interaction still greatly influences relaxation and thus line broadening. On the other hand,
the nuclear quadrupole coupling interaction is of significant importance for solids and it

often dominates the appearance of the corresponding spectra. The effect of this

10
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particular spin state, m, is:>

Cq

41(21 - 1)

Zeeman

First-order
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Figure 5 Perturbation of the Zeeman energy levels of a spin 3/2 nucleus by first-order and
second-order quadrupolar coupling. First-order quadrupolar coupling only affects the fre-

quency of the STs due to the m? dependence of E,(n1 ) (equation 21); however, second-
order quadrupolar coupling influences both the STs and the CT due to the m dependence

of E,(f ) (equation 22).

interaction on SSNMR spectra depends on its magnitude in comparison to the Zeeman
interaction. For cases where the nuclear quadrupole coupling interaction is much smaller

than the Zeeman interaction, first-order perturbation theory can be employed. The result-

ing first-order quadrupolar coupling energy correction, E,(,} ), to the Zeeman energies for a

1
aa+1 - 3m2)[§ (3cos?26—1)



Due to the m? dependence of Er(,f ), energies for states m = 1/2 and m = -1/2 are perturbed
to the same extent and the central transition (CT, m = 1/2 = m = -1/2) is unaffected by
first-order quadrupolar coupling (Figure 5). However, the satellite transitions (STs)
would be altered and the transition frequencies would deviate from vo (Figure 5). For sys-
tems where the nuclear quadrupole coupling interaction is significant in comparison to
the Zeeman interaction, second-order perturbation must be invoked in order to describe
the appearance of the spectra. The second-order quadrupolar coupling energy correction

is?

CQ Zm

1
Er(rf) [HZ] = — (m) %{—5(1(1 + 1) - 37’7’12(3 +T]2)

1
+ 55810 +1) — 12m? = 3)[(?

—3)(3cos?* 6 — 1) + 61 sin? 8 cos 2¢]

22

1 1
_ _ 2 _ _
+5 81U + 1) = 34m* = 5)[,- (18

+n?)(35cos* 8 — 30 cos? 8 + 3)

3 1.,
+ o sin? 8(7 cos? 6 — 1) cos2¢ + an sin* @ cos 4<p]}

As seen in equation 22, second-order quadrupolar coupling energy correction depends on
m instead of the m? which first-order quadrupolar coupling energy corrections are gov-
erned by (equation 21). Therefore, the frequencies of the STs and CT both deviate from
that of the Zeeman interaction (Figure 5). Furthermore, the resonance frequency for the
CT is now orientation dependent, and as a result, a powder pattern will be observed for a

powder sample. For a given value of Cq, the shape of the powder pattern will

12
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Figure 6 Simulated CT powder spectra of a spin 3/2 nucleus under the influence of sec-
ond-order quadrupolar coupling (Co = 2 MHz, diso = 5 ppm) generated using WSolids’.
The “horns” of the CT move closer together as # increases.

change as 7 is modified and the “horns” of the CT signal will move closer together as #

increases (Figure 6).
Indirect Spin-Spin (J) coupling interaction

For systems with a collection of nuclei, the nuclei can couple to each other
through various methods, one of which is known as the J coupling interaction. This inter-
action is mediated by the bonding electrons and can result in a splitting in the resonance

frequencies if the energies of the spin states are perturbed to different extents (Figure 7).

13
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Figure 7 Energy level diagram (top) and the corresponding schematic spectrum (bottom)
for a system with two magnetically inequivalent spins (/ = 1/2) in the absence of J cou-
pling (a) and in the presence of J coupling (b).

The corresponding Hamiltonian, ﬁ], for spin i due to coupling with spin k is?

Ay = 2nl; - Jixc - I 73

where Jik is the second-rank J coupling tensor. Similar to the nuclear magnetic shielding
interaction, the J coupling Hamiltonian consists of a non-zero isotropic (Jiso) and aniso-
tropic (AJ) component. In solution, rapid molecular tumbling averages out the anisotropic
contribution, and the isotropic component gives rise to the resonance splitting that is well
known in solution phase NMR. In solid state, the anisotropic portion is preserved; never-
theless, it is difficult to measure since it is often small and also inseparable from dipolar

coupling interaction.

14



There are five different contributions to J coupling: Fermi-contact coupling (FC),
diamagnetic spin-orbital coupling (DSO), paramagnetic spin-orbital coupling (PSO),
spin-dipolar coupling (SD) mechanisms, and the Fermi-contact coupling spin-dipolar
coupling cross-term (FC/SD).!%!2 The FC mechanism represents the interaction between
the nucleus and the electron at the site of the nucleus. Consequently, it is only non-zero if
the orbitals consist of s-character. The DSO and PSO mechanisms account for the inter-
action between the nuclear spin angular momentum and the orbital angular momenta of
the electrons; while SD is a result of the interaction between the nuclear and the electron
spin angular momenta. These four mechanisms give rise to Jiso, while the last interaction,
FD/SD, contributes only to AJ."*> The J coupling interaction is commonly decomposed
into these five components for analysis; however, experimentally, these five contributions

cannot be separated and a sum of these interactions is observed.

1.1.3 Crystal Symmetry and Disorder

The fundamental difference between SSNMR and solution phase NMR is the time
scale of the molecular motions. In solution, molecules are, in general, tumbling rapidly
and isotropically, therefore the anisotropic interactions are averaged to their isotropic
values. In SSNMR, the motions of the molecules are more restricted, and as described in
the previous subsection, the anisotropic components are observed in the corresponding
spectra. Besides the appearance of the anisotropic interactions, the lack of rapid isotropic
tumbling in SSNMR can also lead to differences in the number of chemically and/or
magnetically equivalent spins as compared to solution phase NMR. In general, two or

more spins are defined as chemically equivalent if they experience the same chemical

15
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Figure 8 Schematic illustrating the chemical equivalence for a pair of spins (the blue
spheres) in solution (a) and in the solid state (b and c). Spins that are chemically equiva-
lent in the solution phase (a) can be inequivalent in the solid state due to a loss in crystal-
lographic symmetry (b). For (a) and (c) one resonance will be observed for the two spins,
for (b) two resonances will be observed.

shielding effects and therefore have the same chemical shifts. Since molecules are tum-
bling rapidly and isotropically in solution, chemical equivalence can therefore be deter-
mined based on the symmetry of an isolated molecule and nuclei are said to be equivalent
if they are related by molecular symmetry. For instance, the three protons in fluoro-
methane are chemically equivalent in solution since they are related by an axis of sym-
metry. However, in SSNMR, the lack of isotropic tumbling means that the effects of the
surrounding molecules must also be taken into consideration.* Therefore, spins that were
considered to be chemically equivalent in solution might lose their equivalence in the sol-

id state due to a loss in symmetry in the crystalline state (Figure 8).

Besides chemical equivalence, the lack of rapid isotropic motion in the solid state
also results in differences in how magnetic equivalence is defined. In general, two or
more spins are said to be magnetically equivalent if they have chemical and coupling
equivalence.'* This means that in solution, spins are magnetically equivalent if they are
related by molecular symmetry and have the same J coupling constant to any other spins
in the molecule. For example, the protons in fluoromethane are magnetically equivalent
since they are chemically equivalent and have the same coupling to the other spins.

16
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Figure 9 Schematic illustrating the symmetry operations (i.e. (a) Ci, (b) Sn>1, (c) C2 and a
mirror plane, or (d) Cn >3 along the bond and (: relating the spins) which are required to
be present in the crystal structure for two spins to be considered magnetically equivalent
in the solid state.

However, the protons of 1,1-difluoroethylene would be chemically equivalent but mag-
netically inequivalent since the two protons would couple to a given fluorine differently
(i.e. proton A would have a coupling constants of Jcis(Ha, F), while proton B would have
a coupling constant of Jirans(Hs, F)).!> On the other hand, for a pair of spin to be consid-
ered magnetically equivalent in the solid state, not only do they need to have the same
tensor magnitude, they also need possess the same tensor orientations. Practically, this
means that for a perfectly static solid, a pair of spins are magnetically equivalent if they
are crystallographically related by Ci, Sn>1, C2 and a mirror plane, or consist of a Cn>3 axis
along the bond and a (> axis relating the nuclei in the corresponding crystal structure
(Figure 9).'° Consequently, it is the crystal structure instead of the molecular structure
that needs to be considered when predicting the appearance of the SSNMR spectrum, and
a pair of crystallographically inequivalent spins will give rise to two distinct SSNMR

spectra given that the solid does not consist of any molecular motion.

Many solids are not perfectly crystalline and therefore display crystallographic

disorder. One type of disorder, known as dynamic disorder, can complicate the analysis

17



of SSNMR spectra. Dynamic disorder is a temporal disorder, where the positions of the
disordered atoms change as a function of time.* Accordingly, it can alter the appearance
of the SSNMR spectra as it introduces molecular motion into the system, and its influ-
ence on the spectra depends on the rate of the motion on the NMR timescale, which is
defined as the chemical shift differences (in frequency units) between the resonances cor-
responding to the distinct spins.*!” If the motion is static on the NMR timescale (i.e. the
rate of motion is significantly smaller than the chemical shift differences), then a reso-
nance corresponding to each inequivalent spin will be observed. On the other hand, if the
motion is rapid on the NMR timescale (i.e. the rate of motion is comparable and/or larger
than the chemical shift differences), apparent equivalence will emerge and an averaged
spectrum would be recorded. Therefore, for spins in crystallographically inequivalent
sites, the number of NMR signals observed can be reduced if rapid molecular motion is
present. For example, if we consider two crystallographically inequivalent spins in the
absence of any detectable molecular motion and only under the influence of the Zeeman
and the isotropic magnetic shielding interaction, two distinct resonances will be obtained
in the corresponding SSNMR spectrum (Figure 10). As the molecular motion is intro-
duced into the system such that the two spins undergo exchange, the two peaks will begin
to broaden. When the motion is fast on the NMR timescale, a single magnetic environ-
ment will be detected and an averaged spectrum with a single resonance will be obtained

(Figure 10).
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Figure 10 Schematic representation illustrating the resulting SSNMR spectra for a system
with two crystallographically inequivalent spins experiencing exchange under the influ-
ence of the Zeeman interaction and the isotropic nuclear magnetic shielding interaction.
Two resonances are observed when the rate of motion (z'!) is slow on the NMR timescale
(! << Av); however, when the motion is fast on the NMR timescale (! >> Av), a single
resonance is observed.

The example above describes the influence of motions on the isotropic chemical
shifts of two spins. However, since numerous spins are present in a powder sample, a
powder pattern will be observed. As discussed earlier, the powder pattern results from the
presence of different molecular orientation with respect to Bo, with each orientation giv-
ing rise to a distinct resonance. As such, changes in orientation as induced by molecular
motion would result in a change in the resonance frequencies.’ If the motional rate is sim-
ilar to the width of the powder pattern, distortions in the powder pattern will appear and

the degree of distortion depends on the rate and the type of motions (Figure 11). Once
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motional rate is significantly greater than the width of the powder pattern, the fast motion
limit is reached, and the powder pattern will be reduced due to motional averaging of the
tensors (Figure 11). For example, in the simple case of fast reorientation around a single

axis, the magnitude of the chemical shift anisotropies for the tensors which are effected

29—
by motion will be scaled by g’c%“ , where 6 is the angle between the z principal axis

of the tensor and the axis of rotation (Figure 11).° Since the degree of distortion depends
on the type of motion and its corresponding rate, information on the dynamics can be ob-

tained by simulating the experimental powder pattern.

/st
5x 108 J .
rotation axis
A
5x 105 i ZPAS2
?”4537
5 x 10 JL
4
5x10° e \

5x10?

|
150 100 50 0 -50 -100
kHz

Figure 11 Simulated chemical shift anisotropy line shapes (left) for a spin 1/2 nuclei undergoing
three-site hopping about a rotation axis oriented at 8 = 71° with respect to the z principal axis of
the chemical shift tensor (right). Distortion in the powder pattern is observed when the rate of the
motion, 7!, is similar to the width of the powder pattern (z'! = 5 x 10% s7). At the fast motion lim-
it (z! = 5 x 10% 1), the width of the powder pattern is reduced by a factor of 0.36 due to motion-
al averaging. The spectra were simulated using EXPRESS!®, with diso, Q and « set as 131 ppm,
800 ppm and -1, respectively.



1.2 Basic Components of an NMR Experiment

1.2.1 One Dimensional (1D) NMR Experiments

As mentioned in section 1.1.1, NMR active nuclei have a non-zero spin (i.e. / > 0) and
therefore a non-zero magnetic moment (i.e. x # 0). When NMR active nuclei are placed in an
external static magnetic field (i.e. in a NMR spectrometer), u will interact with the field through
the Zeeman interaction, resulting in non-degenerate energy states. This interaction can also be
depicted using the vector model, which is often employed to explain the key concepts behind

NMR experiments. In this model, x is represented by a vector (i) and the interaction between u

and the field is described as a precession of i around the external magnetic field vector, §0, ata
frequency of vo (Figure 12). For a system with a collection of nuclei (i.e. in a realistic sample),
there will be a random distribution in the orientation of i, each precessing around §0 (Figure
13a).2 After a time period of 71, a majority of the magnetic moments will align with the external
magnetic field such that a net magnetic moment which points parallel to the external magnetic
field is created (Figure 13b). In NMR experiments, signals are generated by the precession of the
net transverse magnetization, created using the net magnetic moment, around §0. This is accom-
plished by applying a radiofrequency (RF) pulse such that an oscillating magnetic field (B1) is
generated,’ which would result in the precession of the individual magnetic moments, and there-
fore the net magnetic moment, around the RF magnetic field vector, B, (Figure 13c).? Using this
precession, a transverse magnetization is formed by rotating the net magnetic moment from the

z-axis by 90° (Figure 13d). Once this net transverse magnetization is produced, the B field is
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Figure 12 Precession of i of a NMR active nucleus under the influence of an external static
magnetic field as illustrated using the vector model.
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Figure 13 Vector model representation for the generation of a precessing transverse magnetiza-
tion in a NMR experiment.

oy

then turned off, causing in the individual magnetic moments to precess around §0. Since the in-
dividual magnetic moments are now precessing around §0, the net magnetic moment will do so

as well (Figure 13e); consequently, a precession around §0 by the net transverse magnetization is
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created, which is then detected and Fourier transformed in order to give the corresponding spec-

trum.
The x- and y- components of the net transverse magnetization, Mx and My, take the form
of
t
M, (t) = M, cos(t) exp (— T_) 24
2
. t
M, (t) = M, sin(2t) exp(— T—) 25
2

, where Mo is the magnitude of the net magnetic moment vector, 72 is the time constant which
accounts for the decay of the transverse magnetization and Q is the apparent Larmor precession
frequency of the net magnetic moment.> The exponential terms in equations 24 and 25 account
for the decay of the signal as a function of time. Initially (i.e. at # = 0), the precession of the indi-
vidual magnetic moments are synchronized due to the coherence generated by the RF pulse (Fig-
ure 14).2 However, as time progresses, dephasing will occur due to variations in the local mag-
netic fields (Figure 14). Since the generation of a net magnetic moment requires the presence of
a preferential phase, the loss in coherence thus results in a decrease in the magnitude of the net
transverse magnetization. Consequently, the net transverse magnetization generated by the RF

pulse, and therefore the NMR signal, will be destroyed as time progresses.

The series of manipulations performed on the spins are commonly expressed schemati-
cally as a function of time via pulse sequences. Figure 15 depicts the pulse sequence for a simple

one-pulse experiment, in which a RF pulse is applied and the signal is recorded immediately
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Figure 14 Schematic representation for how the spin coherence generated by the RF pulse (at #)
is destroyed as a function of time, resulting in a decrease in the magnitude of the net transverse
magnetization (at #1) and eventually, the loss of the magnetization (at #2). to represents the time
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Figure 15 Pulse sequence for a simple one-pulse experiment.
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after. The time period before the application of the first pulse is known as the recycle delay. This
delay is governed by the time required to generate a net magnetic moment along the z-axis (i.e.
T1), and it dictates how frequent a spectrum can be recorded in a given period of time. Further-
more, each RF pulse is represented by a black box, where the angle of rotation of the net magnet-
ization vector is often expressed above the box as radians (e.g. (n/2)x pulse denotes a rotation of
90° from the initial axis with x-axis as the axis of rotation). Often, more complicated pulse se-
quences are employed in NMR in order to achieve various objectives, and the pulse sequences

which are commonly employed in SSNMR are discussed in section 2.1.

1.2.2 Two Dimensional (2D) NMR Experiments

In one dimensional (1D) NMR experiments, the spins are first excited by RF pulse(s) and
the signals are immediately recorded as a function of the detection time (i.e. time # in Figure
15); accordingly, the spectrum consist of one frequency dimension (the direct dimension) after
Fourier transform (FT). For a two dimensional (2D) NMR experiment (Figure 16), the signal is
allowed to evolve for an additional (variable) time period (#1) before detection; therefore, the sig-
nal depends on two time variables (#1 and #2), resulting in a NMR spectrum with two frequency
dimensions (the indirect dimension given by #1 and the direct dimension given by #2). Specifical-
ly, a 2D NMR spectrum is generated by acquiring a series of 1D spectra, where the #1 time is in-
creased incrementally in each experiment, then by performing a double FT on the dataset (Figure
17).3 For example, the first spectrum would be recorded with #1 = 0, then detected during #. The
next spectrum is then measured with #1 = x, and third spectrum is acquired with #1 = 2x, and so

forth, until sufficient data is obtained for the indirect dimension (Figure 17a). The resulting 1D
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Figure 16 The general scheme for a 2D NMR experiment. The signal is allowed to evolve for
two time periods, #1 and 22, resulting in a spectrum which consists of two frequency dimensions
after FT.

2D NMR
Spectrum

Indirect dimension

Direct dimension

atb

N o—-_1T=

Figure 17 Schematic depiction on how a 2D NMR experiment is performed and processed. A
series of 1D spectra with incremented # is first recorded (a) and the data is then FT with respect
to 22 (b). Plots with intensity vs. #1 are then constructed from the spectra obtained in (b), and a
second FT is performed in order to obtain the 2D spectrum (c).
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spectra are then FT with respect to 72 (similar to regular 1D experiments), giving rise to signals
with intensities which are modulated as a function #1 (Figure 17b). The intensities at each point of
the spectrum are then plotted as a function of # (Figure 17¢), therefore giving rise to series of ¢1-

dependent data, which are then FT again, resulting in the 2D NMR spectrum.

1.4 DQF J-resolved SSNMR Spectroscopy

The J coupling interaction is commonly employed for probing the nature of chemical
bonding as it originates from electronic orbital overlap. For example, conformational and struc-
tural insights into organic and biological systems are often obtained via the homonuclear and
heteronuclear J couplings involving spin 1/2 nuclei.'®?* However, the J coupling for a pair of
quadrupolar nuclei is less utilized in comparison since the corresponding spectral fine structures
are more difficult to detect. In solution, rapid quadrupolar relaxation makes the measurement of J
coupling for a pair of quadrupolar nuclei rarely feasible, while in the solid state, the small J split-
tings are often unobservable due to anisotropic quadrupolar line broadening. Various methods
can be employed for obtaining homonuclear quadrupolar J coupling constants in the solid
state;?**! however, these methods often require additional probe hardware and/or relatively tedi-
ous data analysis procedures. Recently, our lab has developed a series of easily implantable 2D
SSNMR experiments for measuring the J coupling constants for pairs of homonuclear quadrupo-
lar nuclei, one of which is the double-quantum-filtered (DQF) J-resolved SSNMR pulse se-

quence (Figure 18).2” The DQF J-resolved sequence employs CT-selective pulses and is based

off of the regular 2D homonuclear J-resolved sequence which consists of a simple Hahn echo
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Figure 18 Pulse sequence for DQF J-resolved SSNMR experiment.

(Figure 19a)*2. The Hahn echo refocuses the chemical shift, heteronuclear coupling, and quadru-
polar coupling interactions, thereby removing the corresponding effects from the indirect dimen-
sion of the spectrum (see section 2.1.3 for a more detailed discussion on the Hahn echo). How-
ever, the homonuclear J coupling will continue to evolve under the Hahn echo as the  pulse will
act on both of the coupled spins, therefore the corresponding information is preserved in the indi-
rect dimension. Consequently, the effects of chemical shift, heteronuclear coupling and quadru-
polar coupling interactions are separated from the J coupling interaction. This can allow for the J
coupling constants to be measured more easily and precisely as compared to extracting from a
simple 1D spectrum since complications which result from the other NMR interactions (e.g. peak
broadening and peak overlap) are now removed. For example, for spin 1/2 nuclei that are only
under the influence of isotropic chemical shift and J coupling interactions, peak overlap due to
similar chemical shifts can obscure the extraction of the J coupling constants (Figure 19b). How-
ever, this can be avoided by the use of the 2D homonuclear J-resolved experiments as the J cou-

pling interaction is observed as a simple doublet in the indirect dimension and the separation be-

tween the doublet gives the magnitude of the J coupling constant (Figure 19c¢).
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Figure 19 (a) Pulse sequence for a regular 2D homonuclear J-resolved experiment, which is just
a simple Hahn Echo. (b) Schematic depiction of a theoretical 1D spectrum for a 4 spin system
(A, B, C, and D; Ia = Is = Ic = Ip = 1/2) that is under the influence of isotropic chemical shift and
J coupling interactions. The extraction of the corresponding J coupling constants can be difficult
due to peak overlap. (c) Schematic depiction of the 2D homonuclear J-resolved spectrum for the
spin system in (b), illustrating that these experiments can be helpful for extracting the J coupling
constants in cases where spectral crowding is an issue. The spectra in (b) and (c) are color coded
to the corresponding spin.

For a pair of quadrupolar nuclei in the solid state, the homonuclear J-resolved experi-
ments will remove the influence of anisotropic quadrupolar line broadening from the indirect
dimension, resulting in a more observable and easily measurable J coupling interaction. Never-
theless, only spin systems where both spins are in the central state (i.e. m1 = 1/2 and ms = 1/2)
will be J modulated, whereas the transitions involving other spin states (e.g. m1 = 1/2 and ms =
3/2) will be refocused, thereby creating a large zero frequency signal in the indirect dimension
(Figure 20a). This zero frequency signal can mask the fine J splittings, therefore obscuring the
extraction of the J coupling constants. As such, in the DQF J-resolved experiment, an INADE-
QUATE block is executed before the Hahn echo as a double-quantum filter (Figure 18). In IN-
ADEQUATE, only signals that can support double quantum transition (AM = 2) can pass
through, while other signals are filtered out; consequently, the large zero frequency signal is re-

moved since only spin systems where both spins are in the central state would survive the
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Figure 20 The indirect dimension of (a) a regular ''B homonuclear J-resolved spectrum, which
consists of a large signal at zero frequency, and (b) a !'B DQF J-resolved spectrum, in which the
zero frequency signal is suppressed via the use of INADEQUATE. The spectra were acquired on
K2[B2(CN)s] at 9.4 T with a spinning speed of 12 kHz.

double-quantum filtering. As a result, the DQF J-resolved SSNMR spectrum will consist of a
simple doublet in the indirect dimension for each bond (Figure 20b), where the magnitude of the
J splitting is related to both the J coupling constant and the magnetic equivalency of the spin
pair.2”-23033 For a pair of magnetically inequivalent nuclei, the J splitting will equal to J (Figure
21b). On the other hand, for a pair of magnetically equivalent nuclei, the J splitting will be am-
plified by a factor of (2/43)(2/-1)/4 (e.g. for a pair ''B nuclei, the splitting will be 3.J since I =

3/2) (Figure 21a).

As discussed in section 1.1.3, magnetic equivalency in the solid state is closely associated
with crystallographic equivalency. For a pair of nuclei in a solid which does not exhibit signifi-
cant molecular motions, the nuclei are considered to be magnetically equivalent if they are relat-
ed by Ci, Sn>1, C2 and a mirror plane, or consist of a Cn>3 axis along the bond and a (> axis relat-

ing the nuclei in the corresponding crystal structure (Figure 9);'® therefore, not only can DQF
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Figure 21 Schematic representations of the DQF J-resolved spectra for (a) a pair of magnetically
equivalent nuclei and (b) a pair of magnetically inequivalent nuclei.

J-resolved SSNMR experiments provide J coupling information, it can also provide crystallo-
graphic information on the system.?’?>** Moreover, apparent magnetic equivalence can also re-
sult due to the presence of molecular motion. This can be easily understood by considering the
magnetic equivalence observed in solution phase NMR between the three protons on a methyl
group as a result of rapid rotation about the C3 axis. This then suggests that dynamics can poten-
tially induce amplified J splitting for a pair of crystallographically inequivalent nuclei. Conse-
quently, the presence of dynamics could confound the extract of J coupling constants, and more
importantly, DQF J-resolved SSNMR experiments can potentially be employed as a novel tool to
detect molecular motions. However, this has yet to be explored as previous studies were con-

ducted on static systems.
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1.5 Hexacyanodiborane(6) Dianion Salts and Diboratellurenium

Compounds

Diboron compounds consist of a wide range of applications in chemistry. For example,

they are commonly employed in reduction, borylation and polymerization reactions,!”343°

as
well as for the construction of various natural products, pharmaceutical compounds and biologi-
cally active compounds.*® The electronic characterization of these compounds is of significant
importance since it would provide a better understanding on their chemical versatility, thereby
promoting the synthesis of novel diboron reagents and the development of potential applications.
Previous investigations have shown the J(!'B, ''B) coupling constants for diboron compounds
measured using "B DQF J-resolved SSNMR spectroscopy can be employed to investigate the
corresponding electronic features as the coupling constants were observed to strongly correlate to
the p-orbital hybridization state of the boron orbitals which form the B-B bond, as well as the
strength of the B-B bond.?*>° This then indicates the possibility of directly extracting electronic
information from the measured J(!'B, !'B) coupling constants without the need of computations
if enough empirical data is obtained. However, these studies were only conducted on compounds
with B-B bonds formed from sp' to sp? hybridized boron orbitals (e.g. B(sp?)-B(sp?)), and none
has been performed on compounds with electron-precise two-center-two-electron (2c-2e) B(sp?)-

B(sp?) bonds. Moreover, SSNMR studies relating the J(''B, !'B) coupling constants of heterocy-

clic boron compounds to the corresponding electronic structures have also yet to be conducted.

Recently, the synthesis of hexacyanodiborane(6) dianion ([B2(CN)s]*) salts which en-

compass 2c-2e B(sp®)-B(sp®) bonds®’ (Figure 22) and diboratellurenium salts which consists of
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Figure 22 Structures of the [B2(CN)s]* salts investigated in this study, where Z = Mg(DMF)s (1),
Cu(DMSO)s (2), K2 (3), [nBusN]2 (4), or [BMPL]2 (5).
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Figure 23 Structures of the diboratellurenium salts investigated in this study, where X = H (6)
and F (7).

B-B bonds that are topped with a bridging Te (Figure 23) have been reported®®. These com-
pounds serve as excellent models for expanding the previously developed relationship between
J(''B, ""B) coupling constants and electronic properties as they consist of electron-precise B-B
bonds and boron heterocycles, respectively. For the diboratellurenium cations, it was also found
from X-ray diffraction and Raman spectroscopy that the bridging Te decreases the bond order of
the B-B bond.*® However, it was unclear if the bonding structures of these systems are more sim-

ilar to oxiranes or if they follow the Dewar-Chatt-Duncanson bonding model. Since J(''B, ''B)
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coupling constants have been shown to strongly correlate to the hybridization of the B-B bonds,
"B DQF J-resolved SSNMR spectroscopy is then an ideal tool for probing the bonding struc-
tures of these cations. Moreover, a range of crystallographic behaviors was observed for the
[B2(CN)e]* salts.’” Some of the salts were found to contain crystallographically equivalent boron
pairs, while others were observed to comprise of crystallographically distinct boron pairs. Salts
which consist of nonequivalent borons were also found to be disordered via diffraction tech-
niques, and therefore might exhibit dynamics. As such, these salts serve as excellent archetypes

for investigating the influence of dynamics on DQF J-resolved SSNMR spectra.

1.6 Objectives

The objectives of this thesis are 1) to examine how molecular motions influence the ap-
pearance of the corresponding DQF J-resolved SSNMR spectra, 2) to develop a relation between
J(''B, '"B) coupling constants and electronic properties of the diboron compounds and 3) to de-
termine the bonding structures of the diboratellurenium salts. The effect of molecular motions on
the appearance of the corresponding DQF J-resolved SSNMR spectra is examined in section 3.1
using various [B2(CN)e]* salts (Figure 22, [Mg(DMF)s][B2(CN)s] (1), [Cu(DMSO)s][B2(CN)¢]
(2), K2[B2(CN)s] (3), [nBuaN]2[B2(CN)s] (4), and [BMPL]2[B2(CN)s] (5, [BMPL] = 1-butyl-1-
methylpyrrolidinium)) as model systems. The presence of dynamics was determined by '*C and
"B SSNMR spectroscopy, and the types of motional processes present were identified from var-
iable-temperature (VT) experiments. The conclusions reached in section 3.1 were then employed

to analyze the corresponding ''B DQF J-resolved spectra in order to correctly extract the J(''B,
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'1B) coupling constants of 1-5. The J(''B, !'B) coupling constants of the two diboratellurenium
salts (6 and 7, Figure 23) were also measured and together with the coupling constants obtained

2930 a correlation between

for the [B2(CN)s]* salts and the previously studied diboron systems
J(''B, '"B) coupling constants and electronic properties of the diboron systems was developed
(section 3.2). Natural bond orbital (NBO) and natural localized molecular orbital (NLMO) anal-
yses were performed in order to determine the electronic origins of the J couplings. Lastly, the
bonding structures of the diboratellurenium cations were determined on the basis of the relation-

ship obtained between the J(!'B, ''B) coupling constants and the hybridization of the B-B bonds

(section 3.3).
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2 Methods

2.1 Theoretical Aspects of SSNMR Experiments

2.1.1 Magic Angle Spinning (MAS)

Due to the anisotropic components of the NMR interactions and the general lack of rapid
isotropic molecular tumbling, peak overlap as a result of substantial line broadening is frequently
observed in SSNMR spectra (Figure 24a). In order to obtain high resolution spectra in the solid
state, magic angle spinning (MAS) is often performed (Figure 24b). In this technique, artificial
motions are introduced on the solid by spinning the sample in a rotor that’s at the “magic angle”
of 54.74° with respect to the external static magnetic field (Figure 25a). This can average out
magnetic shielding and J coupling anisotropies, as well as first-order quadrupolar coupling inter-
actions since their contributions to the SSNMR spectra are scaled by (3cos>6— 1), where 6 is the
angle between Bo and the z-axis of the relevant NMR interaction tensor in its PAS.* Experimen-
tally, the value of @ cannot be manipulated; however, it can be shown through geometric argu-
ments that for a sample rotating around an axis at a rate of wr, the time average value of (3cos?6
— 1), <3cos?*6— 1>, can be expressed as:

1
<3c0529—1>=§(3c0529R—1)(3coszﬁ—1) 26
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Figure 24 '3C SSNMR powder spectra of [BMPL]2[B2(CN)s] (BMPL = 1-butyl-1-
methylpyrrolidinium) recorded with sample under (a) stationary condition and (b) MAS, illus-
trating that high resolution spectrum can be obtained using MAS.
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Figure 25 Schematic diagram showing the orientation of the rotor with respect to the external
static magnetic field during MAS (a), and the relevant angles 6k, & and S for MAS (b, see text).
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where 6k is the angle between Bo and the z-axis in the rotor frame, and £ is the angle between the
z-axis of the rotor frame and the z-axis of the NMR interaction in its PAS (Figure 25b).* Since
(3cos’6k — 1), and therefore <3cos?@— 1>, is zero at 6k = 54.74°, when the sample is spun at an
angle of 54.74°, the anisotropy introduced by magnetic shielding, first-order quadrupolar cou-

pling, and J coupling interactions are then removed.
2.1.2 Cross Polarization (CP)

Cross polarization (CP) is a signal enhancement technique commonly employed for the
transfer of magnetization from 'H spins to dilute spins (X) with 7= 1/2 (e.g. °C), and the NMR
spectrum of the dilute spins is then recorded.* The 'H = X CP pulse sequence is shown in Fig-
ure 26. Transverse magnetization is first created through the application of a m/2 pulse on 'H.
Two pulses are then applied simultaneously on the 'H and the X spins, respectively, this period is
known as the contact time. During the contact time, magnetization will be transferred from 'H to
X if the Hartmann-Hahn match condition, in which the nutation frequencies of 'H and X are
equal (i.e. yABI = yXB{), is met. Lastly, the NMR signal of X is recorded with high-power

proton decoupling.

This technique is essential for SSNMR studies of dilute spins at natural abundance and it

consists of two main advantages over the simple direct excitation experiment. Firstly, it allows

for a signal enhancement factor of 1—” assuming 100% magnetization transfer.* In the case of 'H
X

- 13C CP, this gives a maximum signal enhancement of a factor of 4. Furthermore, since the

magnetization originated from the abundant spins, the corresponding recycle delays are then
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Figure 26 The pulse sequence for 'H = X CP, where X is a dilute spin with 7= 1/2.

governed by the 71 of the abundant spins instead of the dilute spins. Practically, this can result in

a significant decrease in experimental time since in general, 71,1 << 71 x.

2.1.3 Hahn Echo

The Hahn echo pulse sequence (Figure 27) “refocuses” the effect of chemical shift, het-
eronuclear coupling and quadrupolar coupling interactions by allowing the transverse magnetiza-
tion to evolve for a time period of 7 under the influence of the relevant NMR interactions, fol-
lowing by an application of a & pulse, then allowing the magnetization to evolve for another pe-
riod of 7 before acquisition.>*** For example, Figure 27 illustrates the effect of a Hahn echo for a
system under the influence of magnetic field inhomogeneity and chemical shifts using vector di-
agrams. Y-magnetization is first created by the initial /2 pulse (Figure 27a), and the spins are
then allowed to freely evolve under the influence of chemical shifts for a time period of z. During
7, dephasing will occur, and at the end of z, there will be a spread of precession frequencies (£2x)

with some spins precessing faster than others (Figure 27b). A & pulse is then applied, thereby
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Figure 27 The pulse sequence for a Hahn echo (top) and vector diagrams depicting its effect on
spins under the influence of magnetic field inhomogeneity and chemical shift (bottom).

flipping the spins as shown in Figure 27c. Since the precession frequencies and directions of the
spins are maintained after the w pulse, evolution of the spins by another period of r would there-
fore reverse the effect of the dephasing (Figure 27d). Consequently, the chemical shift is refo-
cused and the influence of the dephasing is removed. This experiment can be used to suppress
background signal such as those from the probe and/or rotor cap. Since these parts are outside of
the coil, the  pulse in the Hahn echo does not result in a 180° rotation of the corresponding

spins, and the effect of dephasing is therefore not entirely removed.
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2.2 Theoretical Aspects of SSNMR Calculations

2.2.2 Density Functional Theory (DFT)

Quantum mechanical calculations are regularly employed in conjunction with NMR spec-
troscopy for the prediction of experimental parameters (e.g. diso, Cq, #, etc.), which can then aid
with spectral assignment and interpretation. The calculation of NMR parameters is accomplished
by taking the derivative of the electronic energy obtained via solving the Schrédinger equation
with respect to the appropriate external parameter.*! For example, shielding is obtained from the
second derivative of the electronic energy with respect to the static external magnetic field and

nuclear magnetic moment.*?

Thus, one of the main goals in quantum mechanical calculations is
to solve the Schrodinger equation. Nonetheless, for systems with multiple electrons and nuclei,
solving for the exact solution to the Schrodinger equation becomes impractical as 1) the corre-
sponding wavefunction consists of 3N degree of freedom (i.e. Y = Y(r1, r2...rn), with r being the
spatial coordinates of the electron), where N is the number of electrons, and 2) the Schrodinger
equation becomes a many-body problem since the electron motions are correlated with each oth-
er by the electron-electron interactions term in the Hamiltonian (X, ! j<iU(m, rj)).43 Therefore,
various types of simplifications have been developed in order to approximate the solution to the
Schrédinger equation, one of which is the density functional theory (DFT). DFT is based on the
theorems developed by Hohenberg and Kohn,* one of which states that the ground state energy

of a molecular system is a functional (i.e. function of a function) of the electron density.*' There-

fore, in DFT, the Schrodinger equation is solved by using electron density instead of the wave-
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function, which can greatly simplify the calculations as electron density is a function of 3 spatial

variables instead of 3N .*!

One of the main challenges in DFT is then to obtain the exact electron density function.
In modern DFT methods, the Kohn-Sham (KS) approach is employed and the electron density
function is acquired by iteratively solving the Kohn-Sham equations. This approach is formally
exact; nonetheless, since the exchange correlation (XC) functional must be defined in order to
solve these equations and since this functional is unknown except in the case of uniform electron
gas, in practice, further approximation is required.*'*> The simplest approximation for the XC
functional is the local density approximation (LDA), which assumes that the exchange correla-
tion energy at a given position is the same as that in a uniform electron gas with the same charge
density.* An improvement on accuracy can be obtained by the use of the generalized gradient
approximation (GGA), which expands on LDA by accounting for electron density gradients.
Since electron density gradient information can be incorporated via various methods, a number
of GGA functionals have been proposed and one of the more commonly employed functionals
for solid-state NMR calculations is the PBE functional developed by Perdew, Burke and Ern-
zerhof.*® Furthermore, for NMR calculations involving heavier nuclei, relativistic effects can be-
come important. In these cases, the relativistic effects can be accounted for by the use of zeroth

order regular approximation (ZORA) in the corresponding DFT calculation.
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2.2.3 Natural Bonding Orbitals (NBOs) and Natural Localized Molecular Orbitals

(NLMOs)

Natural bonding orbitals (NBOs) are one- to two- centered orbitals that provide a depic-
tion of the electronic wavefunction that is closely associated with the classical Lewis structure.
Further delocalization of the NBOs result in natural localized molecular orbitals (NLMOs), and
the corresponding portrayal of the wavefunctions can be considered as a semi-localized represen-
tation of the wavefunctions constructed from canonical molecular orbitals (CMOs), such as the
Kohn-Sham orbitals used in KS-DFT calculations.*” Even though NLMOs provide a different
interpretation of the electronic wavefunction as compared to those formulated using CMOs, the
two are mathematically equivalent.***° Consequently, the physical observables derived using
NLMOs are identical to those calculated using CMOs. As such, the additional delocalization ef-
fects that are provided by CMOs are removed by the use of NLMOs without any physical penal-
ties and the wavefunctions can be represented in terms of easily interpretable elementary chemi-

cal bonding concepts (i.e. Lewis structures).

NLMO/NBO analysis can be employed for the interpretation of various NMR observa-
bles, such as J coupling constants,?*** EFG tensors>>*! and CS tensors®. Such analysis can de-
compose the NMR interactions into their corresponding electronic contributions, thereby allow-
ing for a greater understanding into the origin of the interactions and the electronic structure of
the compounds. For instance, NLMO/NBO analysis of the J coupling constants can separate the
interaction into its corresponding orbital contributions (e.g. bonding orbitals, core orbitals, etc.),

and this information can then be employed to elucidate the relationship between the experimental
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J coupling constants and the structural and electronic features (e.g. bond strength and bond or-

der) of the analytes.**

2.3 Experimental Procedures

2.3.1 3C SSNMR Spectroscopy

'H - BBC CP experiments were conducted on samples 4 and 5 under MAS and stationary
conditions using a Bruker Avance IIIl NMR spectrometer (Bo = 9.4 T, vo('*C) = 100.61 MHz)
equipped with a 4 mm triple resonance MAS probe. The chemical shifts were referenced exter-
nally to solid glycine (Jiso('*C=0) = 176.4 ppm with respect to TMS). /2 pulse lengths ranging
from 2.5 to 4.8 us were employed and SPINAL-64 decoupling®® was executed. Recycle delays
were set to 2 s and contact times ranging from 2000 to 4000 us were employed. A total of 4000 —
40000 scans were acquired for each spectrum in order to obtain optimal signal-to-noise ratio. For
the MAS experiments, a spinning speed of 13 kHz was used, and RAMP CP was performed.
Proton contact power was not ramped for static experiments. NMR data processing was accom-
plished using Bruker TopSpin 3.0 software, and the static '*C spectra were fitted using

WSolids1°.
2.3.2 "B SSNMR Spectroscopy

All '"B SSNMR experiments were performed using a Bruker Avance III NMR spectrom-
eter (Bo=9.4 T, vo(''B) = 128.38 MHz) with a 4 mm triple resonance MAS probe, and the chem-

ical shifts were referenced externally to solid sodium borohydride (diso(''B) = -42.06 ppm with
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respect to FaB-O(C2Hs)2). ''B MAS and static spectra for samples 2, 4 and 5 were recorded using
the Hahn-echo sequence with TPPM decoupling® in order to suppress the boron background
signal from the probe. The recorded free induction decays (FIDs) were left-shifted to the echo
maxima. In order to maximize the CT signal, a n/2 pulse length of 1.9 us was employed. The re-
cycle delays were 2 s, and the echo delays were 77.15 us. 16-3200 scans were recorded per spec-

trum and the spinning speed was set to 12.5 kHz for "B MAS experiments.

DQF J-resolved experiments with TPPM decoupling®® were performed on all samples in
order to measure the J(''B, !'B) coupling constants. Double-frequency sweeps was also executed
for signal enhancement.’ For the [B2(CN)s]* salts (samples 1-5), the MAS frequency was 12
kHz and a 20 us CT-selective n/2 pulse was used. The recycle delays were 2 s and the DQF de-
lays ranged from 208 us to 4.5 ms. 256 scans were collected per increment and a total of 31 #
increments were recorded. The incremented delays were approximately 389 us. For the diboratel-
lurenium salts (samples 6 and 7), the samples were packed under argon atmosphere into 4mm
0.d. ZrO: rotors. The spectra were recorded at 10 kHz MAS frequency with a 20.2 us CT-
selective m/2 pulse. Recycle delays of 2 s were used, and DQF delays of 1.25 to 1.5 ms were em-
ployed. 64 #1 increments, with 256 scans per increment were obtained with an incremented delay

of approximately 389 us.

Bruker TopSpin 3.0 software was used for NMR data processing. The spectral splittings
obtained in the indirect dimension of the "B DQF J-resolved experiments were analyzed by fit-
ting the observed signals using mixed Gaussian/Lorentzian line shapes in order to extract the cor-

responding J(!'B, ''B) coupling constants.
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2.3.3 Variable-Temperature (VT) SSNMR Spectroscopy

13C and "B VT experiments was performed on sample 4 using a 4 mm o.d. zirconia rotor
with zirconia caps, and a Bruker Avance III NMR spectrometer in a magnetic field of 9.4 T
(vo('3C) = 100.61 MHz, vo(''B) = 128.38 MHz). A 4 mm triple resonance MAS probe was used
for all VT experiments. Temperature calibration was conducted at 8 kHz with the 2°’Pb signal
from solid Pb(NO3)2 in order to correct for frictional heating.>® Samples were allowed to equili-
brate for 20 minutes at each temperature to ensure temperature stabilization. All NMR data were

processed using Bruker TopSpin 3.0 software.

For the '*C VT experiments, the sample was cooled using liquid nitrogen boil-off and
spectra were recorded at temperatures ranging from 173 to 306 K under stationary conditions. 'H
- 1BC cross polarization with RAMP CP and SPINAL-64 decoupling®® was performed and the
n/2 pulse lengths were 2.25 us. Contact times were set to 2000 us and the recycle delays were set
to 2 to 4 s. The chemical shifts were referenced externally to solid glycine (Jiso('*C=0) = 176.4
ppm with respect to TMS). The corresponding spectra were fitted using EXPRESS software'® in

order to extract the type of motions present in the system and the rate of the motions.

For the ''B VT experiments, spectra were recorded at temperatures of 247 to 313 K under
MAS condition with a spinning speed of 8 kHz. The Hahn-echo sequence with TPPM decou-
pling>* was employed, and 1.9 us n/2 pulse was used. Recycle delays of 2 s were employed and
the echo delays were set to 98 us. 64 scans were collected for each spectrum in order to obtain
optimal signal-to-noise ratio. The chemical shifts were referenced externally to solid sodium bo-

rohydride (Jiso(''B) = -42.06 ppm with respect to F3B-O(C2Hs)2).
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The J(!'B, '"B) couplings for 4 was also measured at low temperatures using DQF J-
resolved SSNMR spectroscopy with TPPM decoupling® and double-frequency sweeps. The
sample was spun at 8 kHz and a 20 us CT selective n/2 pulse was employed. The recycle delays
were set to 2 s and 5 s, and the DQF delay was set to 3 ms. 31 #1 increments were measured with

256 scans per increment and an incremented delay of approximately 389 us.

2.3.4 DFT Calculations

For the [B2(CN)s]* salts (samples 1-5), the corresponding J(''B, ''B) coupling constants,
the !'B EFG tensors and the '*C magnetic shielding tensors were calculated using the Amsterdam
Density Functional Program (ADF, version 2012 and version 2016)°’. All computations were
executed using the revPBE functional with TZ2P basis set. The input structures were generated
from the atomic coordinates of the [B2(CN)s]* dianions as obtained from the published crystal
structures (CCDC numbers 1049297, 1049194, 1049218, 1054696 and 1054695). Since samples
1, 3, 4, and S are crystallographically disordered, the corresponding the minor disorder sites (i.e.
sites with low partial occupancy) were removed for the calculations. As expected, geometry op-
timization resulted in identical geometries and therefore J couplings for all 5 samples (see Table
1); consequently, the NMR calculations were conducted on the crystal structures of the dianions
without further optimizations. NLMO/NBO analysis was also conducted using the NBO program
(version 5.0)® that is incorporated into ADF in order to investigate the electronic features of the
systems and to determine the electronic origins of the J couplings. Sample input files for the

DFT calculations are given in the Appendix.
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Table 1 Theoretical J(''B,!'B) coupling constants of the series of [B2(CN)e]*" salts investigated in
this study obtained with (J(''B, 'B)geo opt) and without (J(''B, 'B)no geo opt) geometry optimiza-
tion of the input structures.

Sample J(MB, "B)geo opt.? J('B, "B)no geo opt.”
1 27.1 26.9
2 27.1 24.9
3 27.1 28.1
4 27.1 30.3
5 27.1 28.2

2The minor disorder sites and the cations were removed from the coordinates obtained from the published crystal
structures in order to attain structures consisting only of [Bo(CN)g]*. The resulting structures were then geometry
optimized using B3LYP functional with TZ2P basis set in order to generate the input structures for J(''B, ''B) calcu-
lations. “Input structures were generated by removing the minor disorder sites and the cations from the coordinates
obtained from the published crystal structures. No geometry optimization was performed.

J coupling calculations (using ADF, version 2012 and version 2016) and NBO/NLMO
analysis (using the NBO program, version 5.0°® and/or version 6.0°°, that is incorporated into
ADF) were also performed on the diboratellurenium samples. The input structures were generat-
ed from the atomic coordinates obtained by single-crystal X-ray diffraction. In order to reduce
computational requirements, the solvent molecules were removed and the isopropyl groups in the
IDip ligands (IDip = 1,3-bis[diisopropylphenyl]imidazole-2-ylidene) were replaced with protons.
The positions of the protons were then optimized using Gaussian 09, rev. D.01,%" and the PBE
functional with 3-21G basis set. NMR calculations were then performed using the same func-
tional but with the TZP basis set. In order to take into account relativistic effects, ZORA was al-
so implemented into the NMR calculations. Sample input files for the geometry optimization and

the NMR calculations are provided in the Appendix.
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3 Results and Discussion

3.1 Detecting Dynamic Disorder with DQF J-resolved SSNMR
Spectroscopy

DQF J-resolved SSNMR spectroscopy can potentially be employed to detect molecular
motions in solids since dynamics can result in apparent magnetic equivalency and magnetically
equivalent nuclei have been shown to give rise to symmetry-amplified DQF J splittings (see sec-
tion 1.4); therefore, for a pair of crystallographically distinct borons, we hypothesize that sym-
metry-amplified J splittings can still result if dynamic disorder is present. In order to test this hy-
pothesis, a series of [B2(CN)s]* salts (Figure 22) was investigated, and salts which contain pairs
of crystallographically inequivalent borons and display dynamic disorder at room temperature
were identified and employed as archetypes. The [B2(CN)s]* salts have been previously charac-
terized by single-crystal X-ray diffraction,?’ and it was found that samples 1-3 contains pairs of
equivalent borons due to the presence of an inversion center (Figure 28). Since the powder dif-
fraction pattern of 2 acquired at 298 K did not match with the pattern simulated from the previ-
ously reported crystal structure that was acquired at 100 K, the crystal structure of 2 was re-
determined at room temperature (CCDC-1521872). Similar to the low-temperature structure, the
[B2(CN)s]* dianion of 2 at 298 K was found to be located on an inversion center. The cations
were found to be disordered, however, no disorder was observed for the anion (Figure 29). On

the other hand, the single-crystal X-ray diffraction data shows that 4 and 5 encompasses pairs of
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Figure 28 Crystal structures of the [B2(CN)s]*" anion of samples 1-5 as obtained from single-
crystal X-ray diffraction,’’ illustrating the presence of crystallographic disorder in 1, 3-5. Sam-
ples 1-3 consist of pairs of crystallographically equivalent boron nuclei, while samples 4 and 5
contain pairs of inequivalent boron nuclei.

crystallographically inequivalent borons as they are unrelated by any symmetry operations
(Figure 28). Furthermore, these two salts can potentially exhibit dynamics as the corresponding
crystal structure indicates the presence of crystallographic disorder. Consequently, a series of !'B
and *C SSNMR experiments were conducted on 4 and 5 in order to determine if these borons

are dynamically disordered.
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Figure 29 The crystal structure of 2 as obtained at 298 K (view along [001]; displacement ellip-
soids at 15% probability) (top) and the corresponding simulated and experimental X-ray diffrac-
tion powder patterns (bottom).

Firstly, 3C CP/MAS spectra were recorded for 4 and 5 (Figure 30), and a discrepancy be-
tween the number of inequivalent carbons as indicated by X-ray diffraction and the number of
detected '*C resonances was observed. According to the crystal structures, 4 and 5 consist of a
total of 60 and 44 nonequivalent carbons, respectively, as contributed from both the anion and
the cation. Therefore, if these samples do not undergo molecular motions, we would expect 60

and 44 BC signals for 4 and 5, respectively, under MAS. However, only 7 peaks for 4 and 12
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Figure 30 *C CP/MAS SSNMR spectra of 4 and 5 measured at room temperature and at 9.4 T
(MAS speed = 13 kHz). Solid triangles (V) denote the carbon signals arising from the nitrile
carbons. Insets show expansion of the region from 12 to 30 ppm.

peaks for 5 was observed in our '*C CP/MAS spectra, which is significantly less than what is an-
ticipated even when coincidental peak overlap was taken into consideration. Since molecular
motion which is fast on the NMR time scale can generate equivalency between different sets of
carbons (see section 1.1.3), this reduction in '*C signals then suggests the presence of dynamics
in 4 and 5. Furthermore, the crystal structures of 4 and 5 indicate disorder in the nitrile carbons
(Figure 28). Since these carbons are directly bonded to the borons, if the borons are influenced

by molecular motion, these carbons should be as well. As seen from the crystal structures, there
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Figure 31 Static '*C CP SSNMR spectra of 4 and 5 recorded at 306 K and 9.4 T. Asterisk de-
notes the nitrile carbon signal.

are 24 and 8 disorder sites for the nitrile carbons of 4 and 5, respectively. Nevertheless, only one
nitrile carbon peak (Jiso('>C) = 131.1 ppm) was observed for both of these samples (Figure 30).
This significant reduction in the number of nitrile carbon signals indicates that these [B2(CN)s]*
anions feature dynamic disorder. Additional evidence for the presence of motions in the
[B2(CN)6]* anions of 4 and 5 was also obtained via static ?*C CP SSNMR experiments (Figure
31). The corresponding nitrile carbon signals were simulated (Figure 32) in order to obtain the
13C CS tensor parameters which are provided in Table 2 together with the respective theoretical
values. The diso extracted from the static '*C spectra were in good agreement with the computa-

tional values, MAS values (131.1 ppm for 4 and 5), as well as the literature values for different
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Figure 32 Experimental '*C CP SSNMR spectra of 4 and 5 (black trace) recorded under station-
ary conditions (Bo = 9.4 T and T = 306 K) and expanded to highlight the corresponding nitrile
signal, which is denoted by the asterisk. Simulated spectra generated from the parameters given
in Table 2 is also provided (red trace). The remaining signals located in the range of 0-100 ppm
are due to the °C of the corresponding cation. The full range spectra are given in Figure 31.

nitriles (ca. 108 to 168 ppm)®%°. The theoretical Q was calculated to range from 348 to 352
ppm, which is consistent with the previously reported values (328 to 361 ppm) for nitrile carbons
in solids without dynamic (i.e. AgCN, CuCN, M[Au(CN):] salts (M = nBuwsN, K, and TI),
Pb(H20)[Au(CN)2]2, Pb[Au(CN)2]2 and K.[M(CN)4] salts (M = Zn, Cd, Hg, and Au, n =1 or
2))%1-65 and the experimental Q estimated from a statically disordered [B2(CN)s]* salt (328 ppm,
see Figure 33). However, the experimental Q2 was measured to be 30 ppm for 4 and 69 ppm for
5, which is 80-90% smaller than the corresponding DFT values. The experimental x was also
found to deviate from the theoretical results. x was measured to be ~0 for 4 and -0.46 for 5, how-

ever it was calculated to range from 0.95 to 0.96. Since the DFT calculations were conducted

54



Table 2 Experimental and theoretical '*C CS tensor parameters of the nitrile carbons of samples
4 and 5

carbon theoretical experimental”
sample o
site Oiso/ ppm  Q/ppm K diso/ ppm  Q/ppm K

4 1 129.8 348 0.96 131.0+ 307 0.00 =
2 129.6 349 0.96 1.0 0.20
3 130.2 349 0.95
4 129.6 348 0.95
5 129.5 348 0.95
6 129.4 348 0.95

5 1 132.2 352 0.96 1352+ 69+ 10 -0.46 £
2 132.4 352 0.95 1.2 0.06
3 132.4 352 0.95
4 132.8 352 0.95
5 131.5 350 0.95
6 131.5 350 0.95

“Each number correspond to a crystallographically distinct nitrile carbon found in the major disorder site. “Only one
carbon signal was observed in the corresponding SSNMR spectra of 4 and 5, as shown in Figure 32.

using stationary models (i.e. at 0 K) and since molecular motion can result in the averaging of
CS tensors (see section 1.1.3), the reduction in the experimental Q and the difference between

the measured and the calculated x both suggests that 4 and S consist of dynamic disorder.

To further probe the influence of molecular motions, *C VT experiments were conducted
on 4 at low temperatures (Figure 34). As the temperature is decreased from 306 to 258 K, the
effect of motion on the CS tensor is lessened, thereby resulting in broadening of the nitrile car-
bon signal and the appearance of a full powder pattern. No additional changes in the line shapes
were observed when the sample temperature was further decreased from 258 K, indicating that

the motion is static on the NMR time scale at temperatures < 258 K. Information regarding the
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Figure 33 1*C SSNMR spectra of 3 recorded under MAS using a one-pulse experiment (a) and
static conditions using the Hahn echo sequence (b) at 9.4 T. Since the sample does not contain
any protons, both spectra were obtained using a direct 1*C-observe experiments. A 180 s recycle
delay was employed. The diamond in (a) denotes background signal, while asterisks denote
spinning sidebands. By using diso obtained from the MAS spectrum (diso = 132 ppm), and the d11
and 022 obtained from the static spectrum (011 = 267 ppm and d22 = 190 ppm), the € was approx-
imated to be 328 ppm.

type and the rate of motion present were also extracted from our spectra via EXPRESS'®. EX-
PRESS'® simulates the effect of dynamics on SSNMR line shapes using the Markov model,
where the time spent at each hopping site is assumed to be infinitely small in comparison to the
rate of hopping,® and has been shown to be effective for determining the types and rates of mo-
tions in solids from the corresponding SSNMR spectra.®® The Q and « values (348 ppm and 0.95,
respectively) acquired from our DFT calculations on a static molecule were employed for the
EXPRESS!'® simulations, and an excellent agreement was obtained between the experimental

spectrum recorded at temperatures less than and/or equal to 258 K (where the motion is static on
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Figure 34 (a) Static '*C CP SSNMR spectra of 4 measured at Bo = 9.4 T and at temperatures
ranging from 306 to 173 K. The nitrile carbon signal (as denoted by the asterisks) was simulated
using EXPRESS'® (b) in order to extract the rates for motional processes A, B and C (Table 3).
The remaining signal observed in the experimental spectra result from the nBusN cation. Addi-
tional simulation parameters (angles and CS tensor values) are given in Table 4.

the NMR time scale) and the simulated spectrum (Figure 34). In order to determine the motional
processes exhibited by the dianion, the crystal structure of the dianion of 4 (Figure 28) was in-
spected. As the bonding structures of the B(CN)3 groups are geometrically similar to that of a
CHs group, the effects of a 3-fold jump along the B-B axis (denoted as process A from here on),
which is analogous to a methyl group rotation, on the spectra is first examined. Theoretically,

this would reduce the chemical shift anisotropies by a factor of 0.34 as compared to that of a
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Figure 35 The nitrile '*C resonance of 4 recorded at 306 K is simulated here using EXPRESS'®
and different combinations of the motional processes A, B, and C. In order to successfully repro-
duce the experimental spectrum, all three processes must to be considered

static model since fast reorientation around a single axis would scale the chemical shift aniso-

2g_
tropies by ?’C()S'Z# (see section 1.1.3),°> where 8 = 71°in this case. Nonetheless, as the Q at the

high temperature limit was measured to be ca. 80-90% smaller than that at the low temperature
limit, process A alone is not enough to account for the observed line shape at 306 K (Figure 35);
consequently, additional modes of motions must be considered. Two other types of 2-fold jump
motions (process B and process C) were examined based on the disorder sites identified in the
single-crystal diffraction structure. In process B, one of the borons in the [B2(CN)s]*" dianion

(boron X) jumps from site B4 to B6, while the other boron (boron Y) jumps from site B3 to B7
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Table 3 Rates for motional processes A, B and C (74, 7', 7'c) in 4 over the temperature range

of 306-173 K. The rates were obtained by simulating the *C VT SSNMR spectra using EX-
PRESS'® as shown in Figure 34.

Temperature / K v'a/kHz v's/ kHz v'c/ kHz

306 K 1000 200 200
298 K 600 50 50
293 K 500 30 30
288 K 500 10 10
283 K 400

278 K 400

273K 80

268 K 40 0.8 0.8
263 K 50 0.3 0.3
258 K 1 0.1 0.1
253 K 1 0.1 0.1
248 K 1 0.1 0.1
198 K 1 0.1 0.1
173 K 1 0.1 0.1

(see Figure 28 for the disorder site labels). In process C, boron X moves from sites B4 and B6 to
B5 and B2, while boron Y moves from sites B3 and B7 to B1 and B8 (see Figure 28 for the dis-
order site labels). Similar to process A, process B and process C alone is inefficient in reproduc-
ing the experimental results (Figure 35). However, when the three processes are all taken into
consideration, the experimental spectra were successfully simulated (Figure 34 and Figure 35),
and the corresponding rates and angles employed for the simulations are provided in Table 3 and
Table 4, respectively. Consistent with previous SSNMR studies on molecular dynamics which
illustrated that '3C CS tensors are sensitive to motions occurring at ca. 10 to 10° s™,%4%° the mo-

tional rates for process A were found to range from 10° to 10* s!, while the rates for process B
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Table 4 *C CS tensor magnitudes (diso, €, ) and angles (a, S and y) employed to simulate the
3C VT SSNMR spectra of 4 (Figure 34). The same angles were employed for the entire tem-
perature range (306-248 K).

diso / ppm 131.0
Q/ppm 348
K 0.95

oAal° 0,0,0
oB/° 0,0
oc/° 0,0
pad/° 71,71,71
pe/° 0,72.6
pc/° 90, 36.3
ya/° 0, 120, 240
yB/° 0, 300
yc/° 45, -45

“Angles were extracted from previously published single-crystal X-ray diffraction data acquired at 100K.

and C were found to be ~10° to 10 s™' (Table 3). Moreover, these motions could render the ni-
trile carbons and the borons equivalent in the fast motion limit, which is in agreement with the
observed '*C MAS spectra (Figure 30) and the ''B MAS spectra (discussion will be presented in
the upcoming paragraph). Nonetheless, it should be noted that the motional model purposed here
is not the only model which can be employed to simulate our data. As with any line shape analy-
sis, various models which would all provide equally adequate fits can often be employed for
spectral fitting in motion analysis.’ Furthermore, as see in Figure 34, some of our spectra consist
of low signal-to-noise ratio. Line broadening due to various processes (such as peak overlap of
the resonances from crystallographically distinct carbons and broadening due to coupling inter-
actions between 'C and ''B, '°B and '“N) that are reintroduced as the motion is slowed down

can also be seen in our low temperature spectra, resulting in relatively indistinct spectral features.
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Figure 36 ''B Hahn echo MAS spectra of 2, 4 and 5 recorded at room temperature with a spin-
ning frequency of 12.5 kHz. Bo = 9.4 T. Asterisks denote impurities.

As such, it is impossible to unambiguously fit all of our spectra and to explicitly determine the

motional model.

Since our interest lies in the boron atoms, a series of ''B SSNMR experiments were con-
ducted in order to directly probe the corresponding motions. In agreement with our '3C data, the
results obtained from !'B experiments also indicate that the [B2(CN)s]* dianions are dynamically
disordered. For both 4 and 5, a single pseudo-Lorentzian !'B peak (diso = -37 ppm) was observed
under MAS (Figure 36). This is consistent with the pseudo-tetrahedral environment of the borons
since quadrupolar nuclei in highly spherical electronic environments can be expected to experi-

ence minimal second-order quadrupolar coupling.® Similar results were obtained from our
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Table 5 Theoretical ''B EFG tensor parameters for samples 1-5.

sample boron site” Cq/ MHz n

1 17 -0.90 0.00
2 1 -0.88 0.03
3 1° -0.94 0.05
4 1 -0.96 0.02

2 -0.94 0.05
5 1 -0.80 0.08

2 -0.79 0.11

“Each number corresponds to a crystallographically distinct boron in the major disorder site. *“Both borons were
found to be crystallographically equivalent by single-crystal X-ray diffraction.

theoretical calculations (Table 5) where a small Co('!B) was calculated for the inequivalent
borons in the major disorder sites (-0.96 and -0.94 MHz for 4 and -0.80 MHz and -0.79 MHz for
5). Moreover, the linewidths of 4 and 5 (full width at half maximum (FWHM) = 203.9 Hz for 4
and 214.8 Hz for 5) is noticeably narrower than that of 2 (FWHM = 388.2 Hz) (Figure 36),
which also consists of borons in a pseudo-tetrahedral environment and therefore a similar
Co(''B) value (-0.88 MHz). Since 2 is not crystallographically disordered (Figure 29) and there-
fore the corresponding [B2(CN)s]* dianions are static, the decrease in linewidth seen in 4 and 5
can be attributed to the motional averaging of the anisotropic tensors. Similar observation has
been made in the case of carborane, where rapid isotropic reorientation in the solid state was
found to result in remarkably narrow !'B linewidths.”®’! This effect was also detected in our stat-
ic "B SSNMR spectrum of 4, in which the corresponding resonance was found once again to be
sharper than that of 2 (Figure 37). We were unable to draw similar conclusion for 5 due to peak
overlap as a result of impurities (see Figure 38). Referring back to our "B MAS spectra, the X-

ray diffraction data indicates that a total of 8 and 4 ''B resonances should be
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Figure 37 ''B SSNMR spectra of 2 and 4 measured using the Hahn echo sequence under station-
ary conditions (room temperature, Bo = 9.4 T).
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Figure 38 SSNMR spectrum of 5 recorded using the Hahn echo sequence under stationary condi-
tion at room temperature (Bo = 9.4 T).
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observed for 4 and 5, respectively, under MAS due to the crystallographic inequivalency of the
borons. However, only a single peak was found for both compounds, indicating that equivalency
between different sets of boron is generated as a result of the fast reorientation of the dianions.
More important, since each ''B NMR signal corresponds to a distinct boron, the single resonance
detected thus suggests that all of the boron nuclei in 4 and 5 are at least chemically equivalent on

the time scale of the experiment.

"B VT MAS experiments were also conducted on 4 to further investigate the dynamic
process (Figure 39). It has been illustrated by Griffin et al. that activation energy (£a) can be es-
timated from VT MAS experiments via the Arrhenius equation, assuming that the motionally
broadened linewidth is proportional to the rate constant.”> Consequently, Ea can be obtained from

a In(Av™") vs 1/T plot via the relation

dIn(Av™°?) E,
S Rr—— R 27

aam T

mot

where Av™'is obtained by subtracting the inherent linewidth from the observed MAS linewidth,
T is temperature, and R is the molar gas constant 8.314 J K-! mol'.”> However, our attempt to
extract the Ea of the motional processes from our ''B linewidths was unsuccessful since multiple
dynamic processes are present and the inherent linewidth was unknown. From our data, the Ea
was found to be 9.1 kJ mol™! (Figure 40) if the inherent linewidth was estimated to be half of the

FWHM of the high temperature linewidth. Given that the motion can be slowed down at near

room temperature, as indicated by the change in the "B linewidths at temperatures of 247 to
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Figure 39 "B VT MAS SSNMR spectra of 4 recorded at temperatures ranging from 247 to 314
K with a spinning speed of 8 kHz. Bo=9.4 T.
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Figure 40 Arrhenius plots constructed based on the ''B MAS linewidth of 4. When the FWHM
was employed (left), an activation energy of 5 kJ mol™! is obtained. On the other hand, when the
inherent linewidth, which was estimated to be half of the FWHM of the high-temperature lin-
ewidth, was subtracted from each of the FWHM, an activation energy of 9.1 kJ mol™! is acquired

(right).
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314 K (Figure 39), we would expect the Ea to be relatively large in comparison to molecular mo-
tions which are known to be persistent even at low temperatures, such as a methyl rotation.
However, when compared to the Ea for methyl rotation (ca. 12 kJ mol™')”3, the E. we extracted
from our ''B spectra seems too low to be physically meaningful. Nonetheless, these 'B VT ex-
periments provide additional evidence for the existence of dynamics in 4 as a decrease in tem-
perature resulted in an increase in linewidth, which is consistent with the reintroduction of the

anisotropic broadening interactions and distinct sites at lower temperatures.

As mentioned in section 1.4, it has been established by previous works that, in the absent
of dynamics, a splitting of J will be observed in the !'B DQF J-resolved spectra if the borons are
crystallographically (and therefore magnetically) inequivalent, while for a pair of magnetically
equivalent borons, the splitting will be 3J.27?%3% Even though the boron nuclei in 4 and 5 were
found to be crystallographically distinct by X-ray diffraction, we still anticipate the correspond-
ing DQF J splittings to be amplified by a factor of 3 due to the apparent magnetic equivalence
that is induced by dynamic disorder. As expected, the DQF J splittings for these two samples
were found to be approximately 3 times larger than the calculated J(''B, !'B) values (107.3 Hz vs
30.3 Hz for 4, and 101.2 Hz vs 28.2 Hz for 5), and the corresponding spectra are provided in
Figure 41. VT "B DQF J-resolved experiments were also performed on 4 at 297 to 247 K (Fig-
ure 42). A splitting of 3J was found in this temperature range; however, a decrease in tempera-
ture resulted in a substantial decrease in the signal-to-noise and at temperatures lower than 284
K, no signal was observed. This was most likely due to a decrease in the !'B T2 as attributed to
the reduction in the dynamic rate. Previous simulations on the transition from magnetic equiva-

lence to chemical equivalence also suggests that a reduction in signal-to-noise can be
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Figure 41 Indirect dimension of the "B DQF J-resolved SSNMR spectra of 4 and 5 recorded at
room temperature and at 9.4 T. The sample was spun at 12 kHz. The J splittings were found to
be 3 times larger than the corresponding calculated J(''B, ''B) coupling constant (as provided in
Table 6) due to the apparently magnetic equivalence generated by molecular motions.
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Figure 42 Indirect dimension of the "B DQF J-resolved spectra of 4 recorded at temperatures of
297 to 247 K with a spinning speed of 8 kHz (Bo = 9.4 T). A splitting of 3J was observed in this
temperature range. The decrease in temperature resulted in a decrease in signal-to-noise, and no
signal was observed at temperatures below 284 K.
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expected.”* Nonetheless, these low temperature data are consistent with our initial hypothesis,
and our ''"B DQF J-resolved experiments illustrate that the appearance of the DQF J-resolved
spectra can be influenced by the effective magnetic equivalency between boron spins generated
by molecular dynamics. Consequently, in order to correctly extract the J coupling constants, dy-
namic disorder must be accounted for when performing DQF J-resolved experiments. More sig-
nificantly, these results suggest that these experiments can potentially be employed to investigate
molecular dynamics if the crystallographic symmetry of the system and the corresponding J cou-

pling constants are known.

3.2 Probing the Electronic Structures of Diboron Systems with

J('B, "B) Coupling Constants

The J(''B, ''B) coupling constants have been previously reported to correlate with vari-
ous electronic features of the diboron systems; however, these studies were only performed on
non-cyclic compounds with B-B bonds formed from sp' to sp? hybridized boron orbitals.?**° In
order to develop a more comprehensive relation between J coupling constants and electronic
structures, we’ve measured the J(''B, ''B) coupling constants of systems with electron-precise
2c-2e B(sp®)-B(sp®) bonds (i.e. the [B2(CN)s]* salts, Figure 22) and cyclic boron compounds
(i.e. the diboratellurenium salts, Figure 23) using ''B DQF J-resolved SSNMR spectroscopy. The

corresponding spectra are provided in Figure 41 and Figure 43, while the measured J coupling

values are given in Table 6. As anticipated, symmetry-amplified DQF J splittings were observed
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Figure 43 Indirect dimension of the "B DQF J-resolved SSNMR spectra of 1-3, 6 and 7 record-
ed at Bo = 9.4 T with a spinning speed of 12 kHz for 1-3 and 10 kHz for 6 and 7.The DQF J
splittings were found to be amplified by a factor of 3 for 1-3 as the borons are equivalent due to
the presence of an inversion center (Figure 28), while a splitting of J was observed for 6 and 7
since these samples consist of pairs of inequivalent borons (Figure 44).

for samples 1 (J splitting = 95.3 Hz, J(''B, "B)cale. = 26.9 Hz), 2 (J splitting = 88.3 Hz, J(''B,
UB)eate. = 24.9 Hz) and 3 (J splitting = 95.0 Hz, J(!'B, '"B)cac. = 28.1 Hz) since the bonded
borons in these samples are related by an inversion center as indicated by X-ray diffraction
(Figure 28). Samples 4 and 5 also gave amplified J splittings (J splitting = 107.3 Hz and J(!'B,
"B)ecale. = 30.3 Hz for 4 and J splitting = 101.2 Hz and J(!'B, 'B)calc. = 28.2 Hz for 5) due to the
presence of dynamics as discussed in the previous section. On the other hand, a splitting of J was

observed for both 6 and 7 (J splitting = 171.4 Hz and J(''B, '""B)caic. = 171.8 Hz for 6, and
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Table 6 Experimental (J(!'B, 'B)exp.) and theoretical (J(''B, ''B)cac.) J(!'B, ''B) coupling con-
stants, B-B o-bonding NBO energies (o(B-B) NBO energy) and the p-orbital hybridization in-
dexes of the B-B bonds (hybridization index) of the samples investigated in this study.

sample  J('B, "Bexp./ Hz  J(''B, "B)eate./ Hz a(B-B) NBO energy / hybridization

a.u. index
1 31.8+0.2 26.9 -0.066 2.90
2 294+0.3 24.9 -0.061 2.99
3 31.7+04 28.1 -0.067 2.83
4 358+04 30.3 -0.072 2.76
5 33.7+0.5 28.2 -0.070 2.84
6 171.4+0.6 171.84 -0.5344 1.03¢
7 172.8 +£0.7 171.5¢ -0.5344 1.04¢

“The isopropyl groups of the IDip ligands were replaced with protons in the input structure used for calculations.

J splitting = 172.8 Hz and J(!'B, ''B)cac. = 171.5 Hz for 7) since the borons in these samples
were found to be crystallographically inequivalent (Figure 44). Furthermore, it has been illustrat-
ed that the coupling constants can be retrieved using DFT calculations as the experimental J(!'B,
1B) coupling constants were found to correlate linearly with the corresponding theoretical value
for diboron systems without dynamic disorder.?’ As seen in Table 6, we obtained a good agree-
ment between the calculated and experimental J(''B, !'B) coupling constants for the [B2(CN)s]*
dianions and the diboratellurenium compounds. Nevertheless, a slight deviation from linearity
was observed when the J coupling constant measured for the [B2(CN)s]* dianions was plotted
against the respective theoretical values (Figure 45, Jexp. = 1.14Jcatc. + 0.89 Hz; R? = 0.90). Since
the DFT calculations were conducted using the atomic coordinates of only the major disorder
sites and also under static conditions (at 7 = 0 K), the deviation of R*> from linearity is therefore
expected as the input structures for samples with dynamic disorder do not fully represent the real

system.
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Figure 44 The crystal structures of the cations in the diboratellurenium compounds (6 and 7) in-
vestigated here. Both compounds consist of pairs of crystallographically, and therefore magneti-

cally, inequivalent borons.
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Figure 45 Correlation between the experimental and the calculated J(''B, 'B) coupling constants
for 1-5 (J = 1.14Jcatc. + 0.89 Hz, R? = 0.90). The experimental values were obtained using ''B
DQF J-resolved SSNMR experiments and the theoretical values were calculated using revP-
BE/TZ2P. Data taken from Table 6.
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The experimental J(''B, "'B) coupling constants of the diboratellurenium compounds
(171.4 Hz for 6 and 172.8 Hz for 7) were found to be in agreement with the literature values for
diboron compounds featuring multiply bonded boron spin pairs (ca. 75-187 Hz)*’. On the other
hand, the J(''B, ''B) coupling constants for the [B2(CN)s]*" dianions were measured be consist-
ently smaller than the previously studied B-B single bonds. The J(''B, !'B) coupling constants
for diboranes were found to range from 98 to 136 Hz,?’ while the J coupling constants of 1-5
were measured to range from 29.4 to 35.8 Hz, which is consistent with the value of 33.2 Hz as
obtained by simulating the ABX pattern acquired from *C NMR of [!'B2(!*CN)(CN)s]* in
CD3CN solution.*” According to previous studies which correlated the J(''B, 'B) coupling con-
stants of diborane compounds with various electronic metrics, an increase in p-orbital contribu-
tion to the B-B bond can result in a decrease in the J coupling value.?® Since the literature J val-
ues for diborane compounds were extracted from systems bearing B(sp*)-B(sp*) bonds with x =
1-2, while the [B2(CN)s]* dianions are expected to encompass B(sp*)-B(sp*) bonds, the magni-
tude of the J(!'B, !'B) coupling for the dianions can be anticipated to be smaller. This rationale
was further verified via NBO/NLMO analysis, which was conducted as to investigate the elec-
tronic origins of the J couplings and to relate the J coupling constants with the electronic features
of the diboron compounds. Such analysis has been previously conducted on various diborane,

2930 and it was shown be successful at deconvoluting the J cou-

diborene and diboryne systems,
pling constants into the corresponding electronic contributions and at providing insights into the
relationship between the coupling constants and the structural and electronic features of the dibo-

ron compounds. Firstly, the J couplings were decomposed into their corresponding NLMO con-

tributions in order to gain a greater understanding into the electronic origins of the interaction.
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Table 7 The main NLMO contributions to the J(!'B, ''B) coupling constants of 1-7.

sample B core NLMO / % B-B bonding NLMO / %
1 71.4 39.1
2 71.8 40.7
3 70.5 39.7
4 69.5 40.1
5 71.6 37.7
6" 61.8 493
7¢ 62.0 49.1

“The isopropyl groups of the IDip ligands were replaced with protons in the input structure used for calculations.

For all samples, the main NLMOs which contribute to J couplings were found to be the boron
core orbitals (ca. 70 % for 1-5 and ca. 62 % for 6 and 7) and the B-B o-bonding orbitals (ca. 40
% for 1-5 and ca. 50 % for 6 and 7) (Table 7), indicating that most of the J coupling originates
from the FC mechanism. This is consistent with literature, which reports a ca. 50 % contribution
from the boron core orbitals and the B-B o-bonding orbitals, respectively, for diborane com-
pounds,?’ and a ca. 60% contribution from boron core orbitals and a ca. 30% contribution from
B-B os-bonding orbitals for diborons with double and/or triple B-B bonds.*° Furthermore, our re-
sults illustrate that the J coupling constants can be employed to assess the strength of the B-B
bonds and the nature of the boron bonding orbitals. Similar to previous reports,? an inverse cor-
relation was observed between the J coupling values and the p orbital contributions to the B-B
bond and the os-8 NBO energies (Table 6 and Figure 46). This is consistent with our NLMO
analysis which revealed that the major NLMO contributions to these J couplings are from the FC
mechanism (Table 7). Since only orbitals with significant s character can contribute to J coupling

via the FC mechanism, compounds with greater p orbital contribution to the B-B bond would
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Figure 46 Correlation between the experimental J(!'B, !'B) coupling constants and (a) the degree
of p-orbital hybridization, m, of the boron orbitals responsible for the B-B bonds (J = -71.7m+
234 Hz, R*> = 0.97) and (b) the B-B o-bonding NBO energies (J = -318En8o + 9.00 Hz, R? =
0.89). The blue squares correspond to 1-5, the red squares correspond to 6 and 7, the black
squares correspond to the diborane compounds studied in Ref. 29, and the beige squares corre-
spond to the multiply bonded boron spin pairs investigated in Ref. 30. The data for 1-7 are also
tabulated in Table 6.

therefore have smaller J coupling constants. Moreover, since an increase in bond strength can be
expected from an increase in bond order, the B-B bond energy would then be anticipated to be
strongly correlated to the magnitude of the J couplings. These results also explains the difference
between the J(!'B, ''B) coupling constants of 1-5 and the larger values found in literature for
other diborane systems. Previously investigations were conducted on B-B bonds formed from
boron orbitals with p-hybridization index of ca. 1 to 2 and B-B g-bonding NBO energies of ca. -
0.3 to -0.4,” whereas 1-5 contains B(sp®)-B(sp’) bonds and therefore the boron orbitals have a
greater p-orbital character, and the corresponding B-B bonds are also weaker (NBO energies of
ca. -0.07). Consequently, the J(''B, ''B) coupling constants of the [B2(CN)s]* salts can be ex-

pected to be smaller.
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3.3 Determining the Bonding Structures of the Diboratellurenium

Compounds

Since the J(!'B, 'B) coupling constants can be correlated to the hybridization state of the
boron orbitals which participate in the B-B bond, this suggests that B-B bond orders can be di-
rectly extracted from the J coupling values. This has been illustrated previously for a diboryne
that is stabilized by two N-heterocyclic carbenes (NHC, i.e. NHC—B=B«NHC).*® Koppe and

Schndckel argued based on the force constants extracted from vibrational data that this diboryne

NHC);"® whereas the Raman and relaxed forced constant study conducted by Béhnke et al. indi-
cates that this diboryne encompasses a B-B triple bond.”® Nevertheless, the J(!'B, !'B) coupling
constant of the diboryne (187 Hz) measured by Perras et al. was found to be larger than that of
diborenes (75-85 Hz) and a diboracumulene (164 Hz), revealing that the diboryne consists of a
higher bond order.?® Consequently, insights into the B-B bond order was attained via the J(''B,
B) coupling constants, and the borons in the diboryne were concluded to be triply bonded to
each other. Recently, Braunschweig et al. synthesized a series of diboratellurenium compounds
which consist of a three-membered B2Te ring (6 and 7 as shown in Figure 23) by nucleophilic
attack of diaryltellurides with B2IDip2 (8 of Figure 47, IDip = 1,3-
bis[diisopropylphenyl]imidazole-2-ylidene).*® As compared to 8, both X-ray diffraction and Ra-
man spectroscopy studies indicated a reduction in bond order upon the addition of the tellurium
group.*® X-ray diffraction revealed a B-B bond length of 1.490 A for 6 and 1.494 A for 7, which

is longer than the B=B bond length in 8 (1.449 A). This increase in bond length also manifested
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Figure 47 Structures of 8, 9, and 10.

itself in the corresponding Raman spectra, in which the signals for the symmetric B-B stretch of
6 and 7 was found to be shifted to a lower wavenumber as compared to B2(IDip)2. Nevertheless,
it is unclear from these data the degree of which the bond order is decreased, and therefore if the
B-B bond in 6 and 7 are closer to a double or a triple bond. Since J coupling constants have been
shown to be an ideal tool for probing bond orders, here, the J(''B, !'B) coupling constants ex-
tracted using ''B DQF J-resolved SSNMR spectroscopy were employed to determine the bond-

ing structure of 6 and 7.

The "B DQF J-resolved spectra of 6 and 7 are provided in Figure 43, and the J(''B, !'B)
coupling constants of 6 and 7 were measured to be 171.4 Hz and 172.8 Hz, respectively, (Table
8) which are in agreement with the DFT-calculated values (171.8 Hz for 6 and 171.5 Hz for 7).
In order to extract bonding information from the coupling constants, the measured values were
compared to the literature values of 8 and also two NHC-stabilized diborenes (9 and 10 of Figure
47). In agreement with the X-ray diffraction and the Raman spectroscopy results,*® the coupling
constants of 6 and 7 are smaller than that of 8 (Table 8), indicating that the B-B bond order is

lowered upon the addition of the tellurium group. However, the B-B bond order is still larger
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Table 8 The experimental J(''B, ''B) coupling constants (J(''B, ''B)exp.) and the p-orbital hybrid-
ization indexes of the B-B bonds (hybridization index) of 6-10.

sample J("'B, "B)exp. / Hz hybridization index
6 1714+ 0.6 1.03%
7 172.8 £ 0.7 1.04%
8 187+5 0.90
94 85+10 2.08
10¢ 75+3 2.17

“Data obtained from Ref. 30. *The isopropyl groups of the IDip ligands were replaced with protons in the input
structure used for calculations.

than that of a double bond since a stronger J(''B, !'B) interaction was detected as compared to
that of the diborenes (9 and 10, see Table 8). Nonetheless, the B-B bonding structure in 6 and 7
were concluded to be closer to a triple bond since the J(''B, !'B) values of 6 and 7 (ca. 171-173
Hz) are more similar to that of 8 (187 Hz)*® than those of 9 and 10 (75-85 Hz)*. The trend ob-
served in the measured J(!'B, ''B) coupling constants of 6-10 is also reflected in the calculated
boron p-orbital contributions to the B-B bond. As discussed in the previous section (section 3.2),
the magnitude of the J(!'B, !'B) values correlates inversely with the p-orbital hybridization index
of the boron orbitals responsible for the B-B bond. Here, an increase in the J(!'B, !'B) coupling
constants can also be seen to be associated with a decrease in the boron p-orbital hybridization
index (Table 8). Furthermore, similar to the J coupling values, the boron p-orbital hybridization
index of 6 and 7 are closer to that of the diboryne than the diborenes. The B-B bonds of 6 and 7
are formed from sp'%*!% hybridized boron orbitals, whereas the B-B bonds of the diboryne and

diborenes are formed from sp®*° and sp>%->!7 borons,*® respectively.
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Figure 48 The boron core (oB), B-B o-bonding (o88), and B-B z-bonding (z8s) NLMOs of 6
(top) and 7 (bottom). The isopropyl groups in the IDip ligands were replaced with protons.

According to literature,>® an increase in the z-acidity of the ligands can result in a de-
crease in the J(''B, ''B) coupling constants. For instance, the cyclic (alkyl)(amino)carbene
(CAAC) ligands are more z-acidic than the IDip ligands.”” Consequently, the 78 NLMO is more
delocalized towards the carbene ligand in B2(CAAC)2 as compared to B2(IDip)2, resulting in a
smaller B-B bond order and a longer bond length.?° This gives rise to a smaller J(''B, ''B) cou-
pling constant (164 Hz for B2(CAAC)2 and 187 Hz for B2(IDip)2) since a decrease in bond order
would lead to a reduction in the FC contribution to the J coupling interaction, while an increase
in bond length would lessen orbital overlap.>* As the borons in 6 and 7 are bonded to a positively
charge tellurium atom, we suspect that the slight decrease in the J(''B, !'B) coupling constants
and B-B bond orders as compared to B2(IDip)2 can also be justified using a similar rationale as

the case of B2(CAAC)2 vs B2(IDip)2. In order to investigate this, NLMO analyses were conduct-
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ed and the boron core (o8), B-B g-bonding (o88), and B-B 7z-bonding (7ss) and the NLMOs of 6
and 7 are provided in Figure 48. As expected, zBs8 NLMOs are delocalized toward the IDip lig-
ands, which is consistent with what was previously observed in the NLMOs of B2(IDip)2.>° More
importantly, in agreement with what was hypothesized, the zs8 NLMOs are also delocalized to-
wards the bridging Te. Consequently, the addition of a diaryltelluride group on the B=B bond of
B2(IDip)2 (therefore forming 6 and 7) promotes delocalization of the zss electrons across the C-
B-Te-B-C unit, thereby lengthening the B-B bond and reducing the B-B bond order, which then
manifest itself into a decrease in the J(!'B, !'B) coupling constant through a decrease in the FC

contribution and in orbital overlap.
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4 Conclusion

In this work, molecular dynamics and electronic structures of a series of diboron com-
pounds were explored via the J coupling interaction. The results demonstrate a novel approach
for probing the presence of dynamics in solids and illustrate the applicability of the J coupling
interaction in attaining bonding information. Using the diborane compounds as model systems, it
is shown here that the DQF J-resolved experiments can provide valuable insights into the molec-
ular motions and the structure of solids since if the crystallographic symmetry of the system is
known a priori, the presence and/or absent of dynamic disorder can be confirmed based on the
appearance of the spectra. Conversely, if a priori knowledge on the disorder type of the system
(i.e. static vs dynamic) is attained, crystallographic symmetry of the system can be inferred from
these experiments. Moreover, the measured J(!'B, ''B) coupling constants were found to strong-
ly reflect various electronic features of the B-B bond, such as the bond strength and the bond or-
der. A near linear correlation was found between these electronic parameters and the coupling
constants, illustrating that the nature of chemical bonds can be directly characterized using the J
coupling interaction. This is further demonstrated via the diboratellurenium complexes, where

the B-B bond orders were determined from the magnitude of the J(!'B, !'B) coupling constants.

Given the growing interest in the synthesis of diboron compounds and the construction of
solids with dynamics, this thesis demonstrates the strength of SSNMR-based methodologies for
understanding these systems in atomic detail. Further expansion of the correlation data obtained

in this thesis by the J coupling measurements of other novel diboron systems with different
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bonding structures as the ones presented in this work, such as aromatic boron clusters’® and the
dicationic diboron(II) compounds’, would allow the experimental J(''B, ''B) coupling constants
to become a routine tool for determining electronic features, thereby paving the way for a poten-
tial experimental substitute to quantum calculations. Moreover, this work describes a convenient
method that can be employed to investigate various aspects of solid state structures (i.e. dynam-
ics and crystallographic symmetry) and electronic features simultaneously. This can be beneficial
for the synthesis of solids with dynamics (e.g. molecular machines) as it can determine the pres-
ence and/or absence of molecular motions as well as provide insights into the corresponding
bonding structures and properties. Lastly, the methodology employed here is not just limited to
the study of diboron compounds and can potentially be utilized for the characterization of other
pairs of homonuclear quadrupolar nuclei with a CT, which includes many of the transition metals
and main group elements employed in inorganic chemistry; thus, this thesis provides a solid

foundation for the future characterization of inorganic materials, reagents and nanotechnologies.
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Appendix

A.1 Sample Input Files for the DFT Calculations of the

Hexacyanodiborane(6) Dianion Salts

A.1.1 J Coupling and NLMO/NBO Calculations

#!/bin/bash

#$ -N test.run
#$ -S /bin/bash
#S -m be

#S -0 test.out
#S -e test.err
#S$ —-cwd

#S$ -V

#$ -pe dist.pe 28

#!/bin/sh

SADFBIN/adf << eor

ATOMS

B 1.52020000 0.81680000 8.92500000
C 1.93520000 2.25900000 9.45250000
N 2.21600000 3.28040000 9.85840000
C 2.81230000 -0.03020000 8.54590000
N 3.72970000 -0.65700000 8.30280000
C 0.55000000 0.95000000 7.66710000
N -0.17770000 1.02140000 6.79310000
B 0.63840000 -0.03030000 10.22120000
C 0.22330000 -1.47240000 9.69380000
N -0.05750000 -2.49390000 9.28790000
C -0.65380000 0.81670000 10.60030000
N -1.57120000 1.44350000 10.84350000
C 1.60850000 -0.16350000 11.47910000
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N 2.33630000

END
CHARGE -2

save TAPE1S
FULLFOCK
AOMAT2FILE

BASIS
type TZ2P
core None
END

XC
GGA revPBE
End

SCF
converge 1.0e-8
END

SYMMETRY nosym

INTEGRATION
accint 4.5
accsph 5.5

end

end input
eor

SADFBIN/adfnbo << eor
write

spherical

fock

TESTJOB

end input

eor

-0.23490000

rm adfnbo.37 adfnbo.39 adfnbo.49 adfnbo.48

cp TAPE21 NLMO.t21

SADFBIN/gennbo < FILE47

SADFBIN/adfnbo << eor

copy
spherical
fock
end input
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eor

SADFBIN/adfnbo << eor
spherical

fock
read

end input

eor

rm adfnbo.37 adfnbo.39 adfnbo.49 adfnbo.48

rm TAPE1S5 TAPE21 TAPE13 logfile

SADFBIN/cpl << eor
maxmemoryusage 40
nmrcoupling
atompert {1}
atomresp {8}

dso
pso
sd
fc

scf {convergence=le-7}
contributions 1el9 nbo

end
endinput
eor

rm TAPE15 TAPE21 TAPE13 logfile

SADFBIN/adf << eor

ATOMS
B

ZOazZ2azoawzaa=z0z20

52l
Z
w}

CHARGE -2

OO O wWwhND R =

.52020000
.93520000
.21600000
.81230000
.72970000
.55000000
.17770000
.63840000
.22330000
.05750000
.65380000
.57120000
.60850000
.33630000

.81680000
.25900000
.28040000
.03020000
.65700000
.95000000
.02140000
.03030000
.47240000
.49390000
.81670000
.44350000
.16350000
.23490000
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e =
N OO WVWOOoO 1w YW o

.92500000
.45250000
.85840000
.54590000
.30280000
.66710000
.79310000
.22120000
.69380000
.28790000
.60030000
.84350000
.47910000
.35320000



BASIS
Type TZ2P
core None
END

XC
GGA revPBE
End

SYMMETRY nosym

SCF
converge 1.0e-8
END

INTEGRATION
accint 4.5
accsph 5.5

end

end input
eor

rm TAPE15

SADFBIN/cpl << eor
maxmemoryusage 40
nmrcoupling

atompert {1}

atomresp {8}

dso

pso

sd

fc

scf {convergence=le-7}
contributions 1el9 nbo
end
endinput
eor
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A.1.2 CS and EFG Tensor Calculations

#!
#S
#S
#S
#S
#S
#S
#S
#S
#S

/bin/bash
-S /bin/bash
-g abaqus.qg

-1 gname=abaqus.qg
-M ywong0O42Quottawa.ca

-m be

-e test.err
-V

-cwd

-pe shm.pe 8

adf -n SNSLOTS <test.adf >test.log

#!/bin/sh

SADFBIN/adf << eor
Title BMncat - scf

Bas

is

Type TZ2P

Co
End

re None

Symmetry NOSYM

Atoms

B

Z2OQzazoawmza=z20z20

el
3
(o

Cha

rge -2

Integration 6.0

OO oo wWwhNDRE B

.52020000 0
.93520000 2
.21600000 3.
.81230000 -0
.72970000 -0
.55000000 0.
.17770000 1.
.63840000 -0.
.22330000 -1.
.05750000 -2.
.65380000 0.
.57120000 1.

.60850000 -0.
.33630000 -0.

.81680000
.25900000

28040000

.03020000
.65700000

95000000
02140000
03030000
47240000
49390000
81670000
44350000
16350000
23490000
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o e =
NHF OO WOWOOo ~I oW ®

.92500000
.45250000
.85840000
.54590000
.30280000
.66710000
.79310000
.22120000
.69380000
.28790000
.60030000
.84350000
.47910000
.35320000



gtens

XC
GGA revPBE
End

SAVE TAPE1O0

End Input
eor

SADFBIN/nmr << eor
NMR

UlK BEST

Out TENS

Atoms 1 8

SCF 1.d-4
END
Eor
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A.2 Sample Input Files for the DFT Calculation of the Diboratellu-

renium Compounds

A.2.1 Geometry Optimization of the Diboratellurenium Cations

%chk=A1+2DITFB Xray.chk
mem=222MW

nproc=8

# PBEPBE/3-21G opt=modredundant

Al+2DITFB Xray

11

Te -1 3.93720000 8.64620000 21.69220000
c -1 6.34690000 9.10470000 19.36500000
B -1 4.82750000 8.99870000 19.65900000
N -1 7.17460000 10.15140000 19.63160000
B -1 3.34230000 8.97000000 19.53580000
c -1 8.43640000 9.91810000 19.11270000
H 9.18470000 10.50070000 19.16640000
c -1 8.40590000 8.71170000 18.51660000
H 9.12210000 8.28380000 18.06490000
c -1 6.83400000 11.33280000 20.40360000
N -1 7.12060000 8.21270000 18.69290000
c -1 6.48600000 12.49930000 19.73120000
c -1 6.31820000 13.56720000 21.90580000
H 6.14630000 14.34820000 22.41980000
c -1 6.21520000 13.61840000 20.53480000
H 5.95460000 14.43180000 20.12100000
c -1 6.66620000 12.39950000 22.53610000
H 6.71270000 12.37450000 23.48300000
c -1 6.95160000 11.24550000 21.80240000
H 6.46730000 12.71760000 18.22740000
H 7.47770000 9.99790000 22.48910000
c -1 7.32370000 5.84480000 19.22480000
c -1 6.76690000 6.83660000 18.40330000
c -1 7.00630000 4.53240000 18.92240000
H 7.35270000 3.83500000 19.46650000
c -1 5.67090000 5.20730000 17.05150000
H 5.11570000 4.97530000 16.31520000
c -1 6.20340000 4.20930000 17.85290000
H 6.01240000 3.29850000 17.66260000
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I
S

T o@D OOz aoonaoazZzaoaoonaonornoaoa@n oo QD@D QmOx
|
i

0
5 1.00
444750.0000000
66127.0000000

|
WWWwWwwWwwddhbWrWWNENRPRPORPRPROOORFRF OOOOOODOODOODOMNDNDNMDDNWWWDN O O

.21880000 6.15800000
.94450000 6.54590000
.39430000 7.62130000
.89180000 12.95340000
.11740000 13.18170000
.08090000 13.87910000
.44060000 14.73240000
.74660000 13.56970000
.88890000 14.21970000
.20870000 12.33090000
.05700000 11.40020000
.32040000 8.65310000
.88430000 5.73500000
.49720000 7.29450000
.39320000 6.12430000
.26810000 6.17920000
.46640000 4.88420000
.39490000 4.10200000
.64030000 4.76690000
.67610000 3.90240000
.76540000 5.89720000
.72780000 7.13850000
.39920000 10.14390000
.05010000 9.95180000
.50840000 10.51320000
.32750000 8.83520000
.19890000 8.45600000
.78960000 8.33370000
.87510000 9.12960000
.37670000 11.68460000
.74320000 12.06270000
.17470000 10.69910000
.93080000 6.50730000
.99600000 5.65020000
.05310000 5.99330000
.97650000 4.27790000
.01890000 3.67910000
.89330000 3.77890000
.87540000 2.83940000
.83610000 4.63220000
.77900000 4.28790000
.86380000 6.00700000
.83590000 6.60460000
0.0008900
0.0069400
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20.
17.
l6.
l6.
15.
17.

17

21

21

21

24

42180000
31550000
38540000
36210000
46910000
35730000

.14850000
18.
19.
19.
17.
22.
17.

66260000
34200000
01280000
96170000
14690000
97830000

.50480000
22.
23.
.64530000
22.
20.
19.
19.
20.
18.
18.
17.
18.
18.
19.
19.
16.
20.
15.
.97250000
20.
20.
21.
20.
22.
22.
23.
24.
23.
.00030000

24520000
18610000

17720000
29060000
89750000
48210000
12650000
27340000
02270000
49650000
65620000
66190000
30050000
05780000
63190000
42720000
49370000

88950000
00610000
11400000
37640000
40200000
54440000
47830000
36110000
26080000



14815.
4144.
1361.

508.
209.

0000000
9000000
2000000
1.00

4400000
5900000
1.00

.9590000

1.00

.8050000

1.00

.4950000

1.00

.8859000

1.00

.5520000

1.00

.2088000

1.00

.2734000

1.00

.1009000

1.00

.6000000
.6100000
.7100000
.6310000

1.00

.7320000

1.00

.2730000

1.00

.9570000

1.00

.1529000

1.00

.3328000

1.00

.4947000

1.00

.2160000

1.00

.0829300

1.00

.9500000
.7340000
.5510000

1.00

.6060000

O O O O

.0360900
.1356800
.3387800

.4365900
.1837500

.0000000

.0000000

.0000000

.0000000

.0000000

.0000000

.0000000

.0000000

.0122100

.0858700

.2949300

.4784900

.0000000

.0000000

.0000000

.0000000

.0000000

.0000000

.0000000

.0000000

.0314400

.1902800

.4724700

.0000000
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D 1
3
D 1
1
D 1
0
* Kk Kk k
0 0
S 6
8588.
1297.
299.
87.
25.
3
SP 3
42
9
2
SP 1
0
SP 1
0
D 1
1
* Kk kK

1.00

.4217000

1.00

.1370000

1.00

.3020000

1.00

5000000
2300000
2960000
3771000
6789000

.7400400

1.00

.1175000
.6283700
.8533200

1.00

.9056610

1.00

.2556110

1.00

.2920000

B Te NCHO

6-311G**

* Kk kK

O O OO oo

o O

.0000000

.0000000

.0000000

.00189515
.0143859
.0707320
.2400010
.5947970
.2808020

.1138890
.9208110
.00327447
.0000000
.0000000

.0000000
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(@)

.0365114
.2371530
.8197020
.0000000

.0000000



A.2.2 J Coupling and NLMO/NBO Calculations

#!/bin/bash

#$ -S /bin/bash

#S$ -gq abaqus.qg

#$ -1 gname=abaqus.q

#$S -M ywongO42Quottawa.ca
#S$ -m be

#$ -e test.err

#$ -V

#S$ -cwd

#$ -pe shm.pe 8
adf -n $NSLOTS <test.adf>test.log

#!/bin/sh

SADFBIN/adf << eor

ATOMS
1

O ~J oy U WD

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

QO OQODn OO zDn DDz Qwm=2waad

(0]

.35282200
.18745900
.65548500
.31369100
.29941200
.51460000
.36346500
.50406900
.27772800
.17149700
.68418800
.34142300
.81517400
.47699300
.15003400
.07777600
.65367300
.39367800
.79976300
.59151800
.87464200
.62249400
.63377200
.86870600
.66742900
.12791900
.33381200
.12376900

99

.05602700
.06692800
.64527900
.66095800
.80058100
.88712800
.51387400
.07038300
.89018000
.14027800
.95246200
.47701200
.28406700
.93999000
.04101300
.51051800
.94355700
.12945600
.40824500
.28308900
.94056800
. 73067300
.88968900
.68761500
.31950600
.06163700
.42394200
.87851100

ONEPRP OOOO OO

.63435000
.60541500
.28577800
.12533800
.35301700
. 73522900
.49203400
.60523500
.27496800
.92383300
.50460500
.56985900
.94384000
. 74253500
.63171700
.39939300
.25672100
.30218100
.25353200
.47271900
.47443000
.57332800
.10599100
.17306600
.77467500
. 76883500
.63213800
.25619300



29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
END
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CHARGE 1

save TAPE1S5

N WOk oYy O DB DNDDN

.11454600
.41195000
.85878900
.05657900
.67111300
.20726400
.36423200
.44739700
.69550800
.25919700
.31758300
.64142700
.59370800
.98601800
.41273800
.71023200
.92979600
.72678200
.73360500
.48809400
.30856000
.20772100
.19158700
.22691100
.77828800
.43884500
.51010700
.21689100
.86120500
.20593400
.28861100
77722300
.72544000
.43660800
.98393000
.35311000
.33471000
.77532600
.11809200
.17900400
.57091300
.18403200
.21739200
.77584300

100

.88165600
.36393200
.05266000
.41913700
.43418900
.34248400
.36244000
.21976100
.49201400
.44790400
.70271900
. 74244500
.23411300
.56359700
.99570200
.76345800
.82170900
.47244800
.28869200
.40765500
.18913800
.61704300
.86952000
.06921700
.35874300
.12789100
.41412300
.23395400
.15651300
.30522200
.62378700
.81797900
.67770200
.55561300
.70671000
.58265500
.01660000
.14339300
.17134700
.41686700
.02821600
.15964400
.72639200
.61921000

O OO RF WNWWOW

|
N =

.71703000
.71122500
.19819300
.57715400
.44164100
.39066100
.25946400
.26720100
.05642200
.88013800
.00298400
.23607300
.93898300
.11610900
.26084200
.69781600
.76712100
.81179800
.19325400
.53655000
.22515600
.05007000
.12205100
.21346300
.44944100
.83008500
.09213200
.10703900
.63422000
.71900800
.46836100
.94168300
.40030300
.38585100
.12514900
. 76239000
.00961100
.98381800
.13975900
.03292000
.39272400
.28849500
.51532800
.51273300



FULLFOCK

AOMAT2FILE
BASIS
type ZORA/TZP
core None
END

XC
GGA PBE
END

SCF
converge 1.0e-8
END

SYMMETRY nosym

BeckeGrid
Quality good
end

relativistic scalar zora

end input
eor

SADFBIN/adfnbo << eor
write

spherical

fock

TESTJOB

end input

eor

rm adfnbo.37 adfnbo.39 adfnbo.49 adfnbo.48
SADFBIN/gennbo6 FILE47

SADFBIN/adfnbo << eor

copy
spherical
fock

end input
eor

SADFBIN/adfnbo << eor
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spherical
fock
read

end input
eor

rm adfnbo.37 adfnbo.39 adfnbo.49 adfnbo.

rm TAPE15 TAPE21 TAPE13 logfile

SADFBIN/cpl << eor
nmrcoupling

xalpha

dso

pso

sd

scf convergence le-5 iterations 10
contributions 1el9 nbo
nuclei 38 39

end

endinput

eor

rm TAPE1S5 TAPE21 TAPE13 logfile

SADFBIN/adf << eor

ATOMS
1 Te 0.35282200 -0
2 C -1.18745900 -2
3 B -0.65548500 -0
4 N -2.31369100 -2
5 B -0.29941200 0.
6 C -2.51460000 -3
7 H -3.36346500 -4
8 C -1.50406900 -4
9 H -1.27772800 -4
10 C -3.17149700 -2
11 N -0.68418800 -2
12 C -4.34142300 -1
13 C -4.81517400 -1
14 H -5.47699300 -0
15 C -5.15003400 -1
16 H -6.07777600 -0
17 C -3.65367300 -1
18 H -3.39367800 -2
19 C -2.79976300 -2
20 H -4.59151800 -1
21 H -1.87464200 -2
22 C 1.62249400 -3
23 C 0.63377200 -2
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.05602700
.06692800
.64527900
.66095800

80058100

.88712800
.51387400
.07038300
.89018000
.14027800
.95246200
.47701200
.28406700
.93999000
.04101300
.51051800
.94355700
.12945600
.40824500
.28308900
.94056800
.73067300
.88968900

ONEPFPR OO0 OO

.63435000
.60541500
.28577800
.12533800
.35301700
.73522900
.49203400
.60523500
.27496800
.92383300
.50460500
.56985900
.94384000
. 74253500
.63171700
.39939300
.25672100
.30218100
.25353200
.47271900
.47443000
.57332800
.10599100



24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

T OODQ@DnQEDnQODnoaoaEEzzDQaazZzooazaoaonoanoamoomznoOn OO ODn QDD @DQ@mO

O d whhhhwd

N WO oY O DN

.86870600
.66742900
.12791900
.33381200
.12376900
.11454600
.41195000
.85878900
.05657900
.67111300
.20726400
.36423200
.44739700
.69550800
.25919700
.31758300
.64142700
.59370800
.98601800
.41273800
.71023200
.92979600
. 72678200
. 73360500
.48809400
.30856000
.20772100
.19158700
.22691100
.77828800
.43884500
.51010700
.21689100
.86120500
.20593400
.28861100
.77722300
.72544000
.43660800
.98393000
.35311000
.33471000
. 77532600
.11809200
.17900400
.57091300
.18403200
.21739200
. 77584300

N
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.68761500
.31950600
.06163700
.42394200
.87851100
.88165600
.36393200
.05266000
.41913700
.43418900
.34248400
.36244000
.21976100
.49201400
.44790400
.70271900
. 74244500
.23411300
.56359700
.99570200
.76345800
.82170900
.47244800
.28869200
.40765500
.18913800
.61704300
.86952000
.06921700
.35874300
.12789100
.41412300
.23395400
.15651300
.30522200
.62378700
.81797900
.67770200
.55561300
.70671000
.58265500
.01660000
.14339300
.17134700
.41686700
.02821600
.15964400
. 72639200
.61921000

|
QO OO FEF WNWWOWWDdWENDN

WONOORRHERER LR OR K

.17306600
.77467500
.76883500
.63213800
.25619300
.71703000
.71122500
.19819300
.57715400
.44164100
.39066100
.25946400
.26720100
.05642200
.88013800
.00298400
.23607300
.93898300
.11610900
.26084200
.69781600
.76712100
.81179800
.19325400
.53655000
.22515600
.05007000
.12205100
.21346300
.44944100
.83008500
.09213200
.10703900
.63422000
.71900800
.46836100
.94168300
.40030300
-1.
.12514900
.76239000
.00961100
.98381800
.13975900
.03292000
.39272400
.28849500
.51532800
.51273300

38585100



END
CHARGE 1

BASIS
type ZORA/TZP
core None

END

XC
GGA PBE
END

SYMMETRY nosym

SCF
converge 1.0e-8
END

BeckeGrid
Quality good
end

relativistic spinorbit zora

end input
eor

rm TAPE15

SADFBIN/cpl << eor
nmrcoupling

xalpha

dso

pso

sd

scf convergence le-5 iterations 10
contributions 1el9 nbo
nuclei 39 38
end
end input
eor
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