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Abstract

In order to understand the myriad of processes underlying photochemistry or pho-
tosynthesis, many of which are essential to the design of semiconductors or other
technologies, it has always been important to directly observe the processes at play
in the ultrafast excited state dynamics of molecules. The evolving nuclear and elec-
tronic character of excited states prepared by photo-excitation can be measured using
a host of spectroscopic probe techniques, based on the valence or core excitation of
molecules. Ultrafast photo-excitation generally leads to both electronic and geometri-
cal (nuclear) rearrangements of a molecule’s structure. One paradigmatic example is
the twisted intramolecular charge transfer dynamics evinced by dimethylamino ben-
zonitrile (DMABN). Here, the large amplitude motion, involving a twist and bend of
the dimethylamino group, gives rise to a charge transfer state, characterized by a sep-
aration of charge between the benzene ring and the amino group, and giving rise to
a large dipole moment. These nuclear and electronic rearrangements have interested
physical chemists over the last 60 years, serving as a great benchmark for those testing
the efficacy of their methods in detecting charge transfer states, and for those exploring
the ability to achieve long lived charge separation in molecules in general. Naturally,
the wealth of studies on DMABN has also led to many conflicting interpretations of
the nuclear structures and electronic configurations important to the excited state dy-
namics of the molecule. By probing the electronic structure of DMABN with simulated
valence absorption and photoelectron spectroscopies, along with new core absorption
and photoelectron studies, a series of specific novel time-resolved experiments were pro-
posed to more conclusively image the evolving charge transfer character in this system.
Specifically, a dual X-ray Absorption and X-ray Photoelectron study on DMABN and
its analogues is proven to be an efficient way to resolve signals attributed to charge
transfer excited state minimums from other excited state minimums in this thesis. Fur-
thermore, this thesis addresses some of these long standing controversies in the excited
state dynamics of DMABN, by proposing a conclusive dynamical model that takes into

account all previously performed experimental spectroscopies on the molecule. To de-
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velop the validity of this model, and encourage further time resolved studies to prove
said model, this thesis also presents studies of a series of DM ABN-like molecules. Using
these analogues, this thesis proposes a host of unique time resolved spectroscopies on
charge transfer systems, allowing for the earlier proposed dynamical model to be proven
with several potential time-resolved experimental studies. Charge transfer states have
proven uniquely difficult to analyze for most electronic structure methods even for static
calculations, independent of dynamics. This work also demonstrates the effectiveness of
a new ab initio quantum chemistry method in replicating experimental spectroscopies,
DFT/MRCI(2). Furthermore, it was proven that said method is suitable for computa-
tionally inexpensive, core and valence absorption/photoelectron spectroscopies, while

also retaining the ability to treat charge transfer states appropriately.
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1 Background Information

1.1 Charge Transfer in Organic Chromophores

The continued development and application of optical techniques to measure and induce the
flow of charge within a molecule has been driven by a desire to both understand natural
and biological processes for harvesting light and thereby develop rational design principles
for new materials."™*™4 The study of intramolecular charge transfer in particular has been
key to interpreting photochemical processes such as photosynthesis and solar energy conver-
sion.210% In applied sciences, understanding charge transfer is important for the design of
solar cells used in light harvesting, or in the design of chemical probes, optical light diodes,
and photocatalysis. 1216200 A molecular electronic state that exhibits a high degree of sep-
aration of charge, as evidenced by a large permanent dipole moment, is termed a charge
transfer (CT) state.*#% Due to the significant change in electronic and nuclear charac-
ter that occurs after absorption, and during subsequent relaxation into the CT state, these
CT processes are sometimes amenable to observation via optical spectroscopies. 4 One
intramolecular motif that has been observed to evolve CT character involves the presence of
both an electron donating and electron accepting group, coupled via a conjugated m-electron
system.™ The intramolecular CT (ICT) dynamics that result from initial photoexcitation
will depend strongly on the nature of the donor and acceptor groups, as well as the cou-
pling motif between the two. For example, in the case of zwitterionic Betaine-30 (Fig ,

upon excitation, it soon after fluoresces from an ICT state whose nuclear structure has been



proposed to have a higher twisting angle between the donor and acceptor groups than the
ground state nuclear structure. 2! For larger zwitterionic molecules of this form, often clas-
sified as donor-bridge-acceptor molecules owing to the long distance between the donor and
acceptor groups, changes in the electronic character of the charge transfer state can be easily
monitored by experimental /theoretical spectroscopies, owing to localization at one end of
the molecule or the other, which is induced by changes in the molecule’s nuclear character
at key points, i.e. the bridge between the acceptor and donor groups.?2224 This motif while
simple, often suffers from what is named Charge Recombination (CR), a process referring to
the reversal of the charge transfer process, which limits the longevity of the charge transfer
states involved. #2272

However, there exists a distinct set of ICT processes which have garnered the most
interest from quantum chemists, owing to their complexity but also due to their non transient
nature.®¥ In these specific ICT processes, the ground state is not zwitterionic, thus, the
charge is more delocalized compared to earlier examples.” Instead, at the ground state,
the electrons to be excited to the charge transfer state are already delocalized over the entire
nuclear framework. However, at the charge transfer state, there may exist localized regions of
excess or depleted charge at specific atoms in the molecule, indicating significant changes that
are tractable between the electronic character of the ground and charge transfer states.®
For these ICT processes, a change in the molecule’s nuclear character can induce differences
in the electronic character of the excited state relative to the ground state, stabilizing it
and increasing the lifetime of the excited charge transfer state. Depending on the molecule,
the ensuing dynamics may involve multiple coupled nuclear coordinates and many electronic
states, leaving a high degree of uncertainty as to the electronic and nuclear character of the
ICT state of interest. In this thesis, molecules that possess ICT processes of this type will
be examined, such that the full characterization of the nuclear and electronic structure of

the ICT state can be performed. The model of ICT formation in molecules of this class will

be defined such that existing experimental and theoretical spectroscopies can be interpreted
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Figure 1: Betaine-30: An example of intramolecular charge transfer. After initial ground
state absorption (top), charge is moved from the electron donor group to the electron acceptor
group, and the bridge between the two experiences a change in nuclear character (twist,
bottom structure). See ref. 3 for details.

and new spectroscopies can be performed to identify the extent of charge transfer for a given

instance.

1.2 Models for Charge Transfer Dynamics in DM ABN

One prominent molecule that exhibits ICT dynamics is para-dimethylamino benzonitrile (p-

DMABN, or simply DMABN), constituting a benchmark system for detecting intramolecu-



lar charge transfer in the gas phase 2927 DMABN possesses the previously noted motifs
common to molecules exhibiting ultrafast charge transfer; a m-donor group (dimethylamino

group) coupled to a m-acceptor group (cyano group) via a conjugated benzene ring.1320%8

DMABN was first observed to possess dual fluorescence by Lippert et al.,*

referring to
the molecule’s ability to fluoresce at two separate wavelengths depending on the solvent
in which the experiment was conducted. This was interpreted to mean that at least two
separate excited state minimum structures were the source of these individual signals. The
first signal was initially attributed to a locally excited (LE) structure, characterized by the
benzene ring widening, and a slight twist of the dimethylamino group (~15 to 30 degrees),
minor but distinct changes compared to the nuclear ground state structure.t#%=3 The sec-
ond band was attributed to a structure possessing a large dipole moment; since this band
only appeared in polar solvents, it was suggested to be due to the population of a charge
transfer state with a distinct nuclear structure.'#2%20 Depending on the experimental pa-
rameters, both bands may be visible, such as in a minorly polar solvent (and as discussed
further in the text, in time resolved studies, the decay time of the first band was found

to be closely correlated with the rise time of the second band) #0433

Competing theories
emerged to explain the observed dual fluorescence, specifically concerning the nuclear struc-
ture of the second band. The most prominent of these theories is the twisted intramolecular
charge transfer (TICT) model proposed by Grabowski et al.®® In this model, after initial
absorption the dimethylamino group twists causing subsequent depyramidalization at the
dimethylamino nitrogen.1##%¢ This causes decoupling of the dimethylamino and benzoni-
trile groups, accommodating charge transfer in an apparently irreversible process (at least
to the original excited state conformation before this decoupling, fluorescence to the ground
state will eventually lead to the molecule populating the ground state structure).t##%6 The
main basis for this theory was due to initial absorbance and fluorescence spectrum which did
not yield dual fluorescence when the dimethylamino group was structurally inhibited, like in

6-cyanobenzquinuclidine (CBQ).=04!



A counter proposal that emerged after was the planar intramolecular charge transfer
(PICT) model, proposed by Zachariasse et al.,**™% which argued that the benzonitrile and
dimethylamine moieties were not entirely decoupled at the charge transfer state, and there-
fore the nuclear structure was not very distinct from the ground state structure. It suggested
instead that the large dipole moment was due to the change in the bond lengths between the
benzene group and its functional groups, retaining the planar configuration.**# This theory
pointed to molecules like 1-methyl-7-cyano-2,3,4,5-tetrahydro-1H-1-benz-azepine (NMC7)43
or 4-aminobenzonitrile 1-tert-butyl-6-cyano-1,2,3, 4-tetrahydroquinoline (NTC6)%4” which could
not twist to form the TICT structure and yet continued to produce dual fluorescence, or
molecules like m-DMABN which has a dimethylamino group that can twist without struc-
tural inhibition, yet did not produce dual fluorescence in gas phase or in solvent.* This
reinforced the PICT model that asserted: 1) ICT was driven by the vibronic coupling be-
tween the singlet states S; and Ss, and that, for these molecules, the gap between the states
was too large for the TICT structure (were it to exist as an excited state minimum) to be
accessed via interstate decay from Sy to S, and 2) the more favourable ICT state (the PICT
state), was accessed by the inversion of the dimethylamino group instead of the twist, 41345
However, subsequent studies argued that large-amplitude motion is essential to modulate
the electronic coupling necessary to induce a large dipole moment distinct from the LE
state responsible for the primary fluorescence of DMABN.“® Furthermore, molecules such
as NTC6 have appeared to have TICT states (partial twist; 69 degrees),*¥ and other works
have determined that the N-phenyl bond does not change in length/character at the ICT
state.”%t

A different theory proposed by Sobolewski and Domcke, largely on the basis of ab initio
electronic structure computations, is the Rehybridized ICT (RICT) model.”#*¥ This model
describes the ICT state of DMABN as a state where an electron moves from a 7 orbital
to a o orbital localized in the nitrile group, resulting in a bending of the nitrile group

in plane with the rest of the molecule.”#*3 While this theory is not comprehensive enough



to explain the large amount of structures that can evolve to populate ICT states, namely
the pre-twisted derivatives,#3% or DMABN itself,?* the essence of the RICT model has been
absorbed into the description of a separate excited state model, the mo* state; an intermediate
electronic state separate from the ICT and LE states. The mo* excited state minimum
structure has been theorized to play an important role in the dynamics of DMABN and

RITOI55HBS

other molecules according to several theoretical studies, with recent work proposing

it as an intermediate to the TICT structure 10278

These interpretations, and other studies, have led to numerous theoretical models and
simulations of DMABN, aimed at deciphering the electronic and nuclear structure of the ex-
cited states involved in its dynamics. For example, the electronic structure of DMABN has
been determined and studied in the gas phase and with various solvent models, using several
ab initio and semi-empirical methods, including AM1,** STEOM-CCSD,® DFT/MRCTI,®
CASSCF/CASPT?2,#088Lis2i027ed DT, 30005768 G2 M99 NMRCT, and others. " % The
majority of these studies contend that the CT state that fluoresces is consistent with the
TICT model,#2#8:82:336062065166:69771 | wever there remains some disagreement. %5758 A par-
ticularly cohesive model is the one put forward by Gomez et al.*** This model (summarized
in Fig states that after the molecule is initially excited, assuming a broadband pulse, there
is only significant absorption from the ground state to an electronic state designated as Sy
(for this reason, experiments are commonly tuned to the gap between the Sy and Sy states
at t = 0 when selecting an initial pulse). Furthermore, the nuclear geometry associated with
an excited state minimum on Sy was found to resemble a charge transfer state associated
with the PICT model and the first excited state minimum on S; was associated with the
LE structure. After initial excitation to the bright Sy state, DMABN relaxes briefly, and
then quickly decays from Sy to S; to the LE structure through a large crossing seam (less
than 100 fs), ™ which encompasses several structures of DMABN with low to medium
twisting angles of the dimethylamino group.** Some studies have suggested that there exists

a small excited state population that populates the S;(Rrror) structure directly from S



instead®? if the aforementioned seam is accessed at higher twisting angles. However the na-
ture of this mechanism is not well defined, and the majority of the excited state population
from Sy goes directly to populate the S;(Rpg) structure regardless under the initial crossing
seam hypothesis. #*#% Regardless, after the S;(Rpg) structure is populated, the primary
mechanism for CT formation would be through the S; adiabatic pathway that connects the
S1(Rrg) and Si(Rror) structures, i.e. through a transition state.#*% Since the Si(Rrsor)
structure is lower in absolute energy than the S;(Rpg) structure, as the molecule twists, the
S1(Rrrer) structure is more likely to remain populated once the barrier that separates the
two is overcome. The specific nature of this barrier is often described in a way inconsistent
with the large seam description discussed earlier, but were it to exist as an avoided crossing
or a conical intersection, it may explain the early population of the S;(Rrror) structure at
femtosecond timescales.®#SHE Pinally, this model is cohesive enough to describe solvent
effects on the excited state dynamics, which raise or decrease the energy of the S;(Rrror)
structure, allowing for easier population at early and later timescales using polar solvents.”*
Overall, the specific character of the transition barrier, as well as the mechanism behind the
So(Rprer) — S1(Rpg) population is unclear. As other experimental and simulated studies
have established, the interstate decay from S to S; occurs very quickly (<100 femtoseconds),
yet non transient signals attributed to the S;(Rrror) structure take at least 1-3 picoseconds
to appear in acetonitrile, indicating a complicated set of dynamics on the S; electronic ex-
cited state that occur after/during said interstate decay. 10347215 Therefore, the model put
forward initially by Gomez et al has many advantages and many unanswered questions that
allow it to act as a starting point for the design of a dynamical model for DMABN, in the

following sections of this thesis.



Dynamical Coordinate

Figure 2: Proposed model for the excited state dynamics of DMABN, by Gomez et al.*®
From t = 0, there is ground state absorption to Ss, then relaxation into Sa(Rprer) (PICT).
Due to the So(Rpror) minimum being shallow, the conical intersection seam between Sy and
Sy is readily accessed at a range of geometries. Therefore, S (Rrror) formation is encouraged
by S; to Sy decay through this seam (CI), or by movement through a transition state on
S1, which is accessed after the S;(Rpg) state is populated (TS). In this case, the term
Dynamical Coordinate refers to the mixed twisting and bending motions that separate the
nuclear structures of the So(Rp¢) structure and the proposed S;(Rricr) structure. Along
this coordinate the S;(Rpg) and Se(Rprer) structures are much closer to the ground state
structure than the S;(Ryor) structure, but still distinct.
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Figure 3: A summary of the excited state spectroscopies discussed in this chapter. ESA,
excited state absorption, a key process and source of excited state signals in transient ab-
sorption spectroscopy. Existing time resolved experimental data, and new static simulations
in Chapter VPS, valence photoelectron spectroscopy. New time resolved experimental
data, and static simulations in Chapter 4] XAS, X-ray absorption spectroscopy, and XPS,
X-ray photoelectron spectroscopy. New static simulations in Chapter



1.3 Time Resolved Spectroscopic Techniques

In order to characterize the charge transfer state of DMABN, a number of excited state
spectroscopies at sub-picosecond timescales have been performed, and proposed to track the
excited state dynamics of the molecule, a summary of which can be found in Fig[3] After the
initial discovery of dual fluorescence by Lippert et al. and after thorough investigation with
theoretical electronic structure methods, time resolved absorbance/fluorescence spectrum
were recorded for the DMABN molecule, where it was found that the rise time of the second
band was directly correlated to the fall time of the first band.” The model initially proposed
by Druzhinin et al. to interpret these time resolved spectra closely resembled the model that
would come later proposed by Gomez et al (Fig [2]™4 In the interim between these two
works, and for some time afterwards, the majority of the time-resolved studies on DMABN
have been transient absorption experiments in various solvents (as previously mentioned, the
formation of a CT state in the excited state dynamics of DMABN has only been observed in
polar solvent). While the results are at times evocative, as will be discussed subsequently,
these studies are unable to confirm with absolute certainty any of the proposed dynamical
models given that many of the absorption bands originating from the different electronic
states at different nuclear configurations overlap. Furthermore, depending on the solvents
employed, the nature of the pump pulse energy and bandwidth, and the method of data
analysis, the reported transient absorption (TA) spectra display significant differences from
one study to another. One such study interprets that the TA spectrum implies that ICT
emission is due to a partially twisted (pTICT) structure, as opposed to the weakly fluorescent
TICT structure studied in most electronic structure calculations.™%7 This assertion is
based on initial studies by Zgierski and Lim, which calculated transient absorption spectra
using TDDFT,»*% and found that after excitation, DMABN absorbs strongly at 700 nm,
which Zgierski et al. attributed to excitation from the wo* structure.?®% Furthermore, the

excited state signals attributed to the wo* structure had a decay time that was discovered to
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be closely related to the rise time of the excited state signals attributed to the ICT state, for
DMABN and for some of its derivatives.?™” However, this assignment of the 700 nm band
has received some scrutiny, as other derivatives lacking the nitrile functional group have

I and other studies maintain that the 700 nm band

been found to absorb at similar bands,
could easily be attributed to the S;(Rpg) structure instead. ™% Coto et al. added to
this discussion after comparing time resolved fluorescence and transient absorption spectra,
and apparent detection of a second ICT state, represented by the S (R,rror) structure. 1098
Specifically, the difference between the apparent rise times in these two spectra (transient
absorption, and time resolved absorbance/fluorescence spectroscopy) led Coto et al. to
propose that two separate ICT states exist.??% A dual pathway model was proposed, where
the S1(Ryes) structure acts as an intermediate in S;(Ryjor) formation, and the S;(Rpg)

1058 A response to this dual

structure acts as an intermediate in Sy (R,ricr) formation.
pathway model is provided by a separate time resolved fluorescence spectra taken by Park
et al.*¥ which state that the discrepancy between the S;(Rrg) and Si(Rrior) decay and
rise times is explained by a heavily twisted S1(R,ricr) intermediate that forms within 160
fs, which later decays to the familiar S;(Ryjcor) structure after about 4.8 ps, in addition
to the familiar S;(Rpg) to Si(Rzor) channel which has a time scale of 3.3 ps. This is
consistent with other experimental time resolved Raman spectra,™ which also indicate an
initial excitation to a "hot" CT structure (implied to be a partially twisted CT structure),
which then vibrationally relaxes into a more stable configuration within 6 picoseconds. The
study is not sensitive to the specific CT structure, but the two step process from the S; (Rg)
to the S1-CT structure is consistent with the S;(Rrg) — Si(Ryrior) — Si1(Rrrer) process
advocated by Park et al. and others.”®%% In comparison to the earlier model in Fig
(So(Rasin) = Sa(Rprer) — S1(Rpg) — Si(Rrrer)), the dual pathway model is focused
primarily on the nuclear structures involved and the experimental observables produced thus

far. Therefore its difficult to compare the two models side by side, since the latter model

has yet to establish specific details, such as the vibrational motions required to go from
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the S1(Ry..) structure to the S;(Rrrer) structure.”® In order to evaluate its validity,
the excited state pathways present in works by advocates of this theory must be directly
evaluated using theoretical methods similar to other work on the subject.®

The continued existence of conflicting experimental results and dynamical models strongly
suggest that additional experimental and computational work is required to establish a con-
sensus on the ultrafast dynamics of this benchmark system. In recent years, a host of similar
time resolved studies have been performed, but none have been conclusive enough to defini-
tively assign a spectral signature to the TICT structure, ¥ US20om08I2HOITASLISS By b erimental
studies have been limited to transient absorption spectroscopies, or rarely, time resolved flu-
orescence spectroscopies, but these spectroscopies are often conflicting, and have not been
sufficient to establish a definitive model of TICT formation on their own HS#08 Thig g
in part due to the high degree of uncertainty that has persisted for analogous theoretical
dynamics studies conducted so far. Due to most computational studies being limited to
time scales shorter than 1 picosecond due to computational expense, it has proven difficult
to correlate experimental signals with theoretical signatures for each of the excited state
structures of DMABN #2815 Dynamics simulations of DMABN are able to occasionally
detect the ICT state, but not consistently, as it takes at least a picosecond for the molecule

BL0B485 which is a longer timescale than at

to fully relax into a stable ICT configuration,
which most time-resolved simulations on DMABN have been performed.™% The limited
time resolved theoretical simulations that have produced the population of the TICT struc-
ture do not do so on timescales consistent with experimental data, indicating a fundamental
inconsistency between the theoretical and the experimental descriptions of the molecule’s
excited state dynamics.?™® This is in part due to the various approximations inherent to
most modern quantum chemistry methods that are required to trade off of potentially sacri-
ficing qualitatively correct results to reduce computational expense.” Finally, the potential

role of other states such as the wo* state and the pTICT state are not well understood, as

dynamics studies are typically focused on changes in specific coordinates, like the twisting of
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the dimethylamino group,™® which is a metric that is not appropriate when measuring the
population of certain excited states such as the mo* structure.™7 In order to determine the
specifics of the excited state dynamics of DMABN, it is necessary to apply new spectroscopic
techniques which may better elucidate details regarding the nuclear character of the charge
transfer state.

For example, a time resolved technique that has been previously applied to analyze the
excited state dynamics of molecules, particularly those that experience significant changes
in nuclear and electronic structure, has been time-resolved photoelectron spectroscopy (TR~
PES),.590 Ap Initio simulations of TRPES have proven to be key in interpreting a se-
ries of experimental TRPES results for the photochemical processes of molecules of similar
sizes, ™3 but have not been used to study the charge transfer process of DMABN or ana-
logues of the molecule. However, TRPES is well suited to study these analogues, as they
experience 1) charge transfer states that can form quickly between 100 femtoseconds (fs) and
1 picosecond (ps),**™ and 2) potential persistent charge transfer states that may exist for

d.”83 Furthermore, the density of cation electronic states accessed

several picoseconds onwar
through photoelectron spectroscopy is often less than the density of excited states accessed in
other techniques such as transient absorption, which can make correlating rise/decay times
of various signals easier. There is also an absence of dark cation electronic states when prob-
ing a single molecule with TRPES, making resolution of distinct signals per excited state
structure easier.®®? Ideally, analogues of DMABN would be suitable for a joint experimen-
tal and simulated TRPES study. However, as time resolved simulations for DMABN have

2503 it is presently challenging to simulate the excited state dynamics of

proven previously,
DMABN with existing ab initio electronic structure methods at time scales larger than 1 pi-
cosecond. Therefore, in order to definitively describe the excited state dynamics of DMABN
in a cohesive model, and in order to incentivize a TRPES experiment, static valence pho-

toelectron spectrum must be computed using an electronic structure method which is aptly

suited for describing excited states, and then extended to predict simulated TRPES with an
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appropriate kinetic model. By identifying signals in both data sets, it may be possible to
discern the presence of excited state structures (LE, mo*, TICT) playing a role.
Alternatively, owing to the developments in modern synchrotrons, X-ray free electron
lasers (XFELSs),***% and lab-based High Harmonic X-Ray Sources,”*"' which allow for
the production of ultrafast femtosecond X-ray pulses, time resolved X-ray absorption spec-
troscopy (TRXAS)#H02IU has hecome a viable tool to probe the electronic and nu-
clear structure of molecules such as DMABN. X-ray spectroscopic techniques are useful
for larger, conjugated molecules due to being element specific, with an intrinsic sensitivity
to a molecule’s electronic and nuclear structure.1%1% For a given molecule, each element
has an entirely separate absorption or binding energy of its core electrons, which in turn are
sensitive to local electron density, allowing for XAS and X-ray photoelectron spectroscopy
(XPS) to probe the bonding environment around specific elements, and the overall electronic
and nuclear character of the studied molecule.1%1% X_ray spectroscopies are quite sensitive
to changes in the local electron density of a molecule over time, and have proven apt in

TO0IT0S

studying isomerization in molecules,™*” photo dissociation and re-association, charge

L9 and dynamics mediated by conical

transfer dynamics in transition metal complexes,
intersections.™# Encouraged by the recent advances in experimental X-Ray spectroscopies,
many theoretical techniques have also been used to calculate static X-ray absorption spec-

130H133

tra, 429 X_ray photoelectron/photoemission spectra, and time-resolved XAS simu-

lations. M2 LSS0 However the complexity and computational cost of most of these tech-
niques (such as CVS-ADC(2) or CVS-ADC(2)xH 8420 or CVS-EOM-CCSDH#20MI2) Tim s

the ability of XAS to simulations to organic chromophores smaller than DMABN.
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1.4 Background Electronic Structure Theory

1.4.1 Quantum Chemistry for Ground Electronic States

Quantum chemical methods are computational approaches to solving the electronic Schrodinger

equation, #7138
He(r, R)|Ui(r, R)) = E°|U{(r, R)) (1)
for molecular systems, where the electronic Hamiltonian is comprised of the following terms. #0435
He = To(r) + Veelr) + Ven (r, R) (2)

The terms e and N refer to operators that describe either electron or nuclei based interactions
respectively. 14858 T refers to kinetic energy terms, V refers to potential energy terms, and
(r/R) indicate a dependence on either electronic or nuclear coordinates. %135

The simplest formalism, that yields physically meaningful solutions to solve the electronic
Schrodinger equation is known as the Hartree Fock (HF) method, which approximates the
electronic wavefunction as an antisymmetrized product of one-electron orbitals (the electronic
wavefunction, W., will be subsequently be denoted ¥ to simplify notation),

¢1(9€1) o Y (a)

UAF 2y, 29, . mn) = (LN |+ - : (3)
¢1($CN) Q/JN(SUN)

where 1) designates a single one-electron orbital, and z designates electronic coordinates.’3”

If two orbitals are occupied by the same electron (with the same spin), or if one orbital is
occupied by two same spin electrons, then the wavefunction vanishes in accordance with the
Pauli Exclusion Principle.*3? Slater determinants are thus physically motivated; their math-
ematical properties allow for basic chemical principles such as the Pauli Exclusion Principle

137

to be automatically satisfied."** One-electron orbitals are also referred to as molecular or-

bitals, which are constructed based on linear sums of atomic orbitals, which are individual

15



approximations to the locations of electrons around each atom in the system.15"

The Hartree Fock method of determining the electronic energy of the system from the
electronic wavefunction is achieved through the use of the variational principle (a detailed
proof can be found in Ostland et al. pg 31-33).%%" The Hartree Fock method for a multi
body system proceeds by determining the solution to the following set of eigenvalue equations

(these equations are coupled, one for each electron N),

h(i) + Y (Joli) = Ko (0))tha(i) = €tii(i) (4)

b#a

where h includes the electronic kinetic energy and electron-nuclei coloumb interaction terms,
J represents the electron-electron coloumbic interaction terms, and K represents the electron-

31 ¢, represents the orbital energy associated with the

electron exchange interaction terms.*
molecular orbital 1,.2%7 These terms for a given multi body system of electrons are com-

pressed into the Fock operator, such that the equation above becomes the following. 37

F(@)a(i) = €ihi(i) (5)

The Hartree Fock method proceeds as follows. Based on an initial guess of atomic orbitals
and molecular orbitals, the fock operator is constructed and used to estimate the orbital
energies for each molecular orbital, as well as a set of eigenfunctions v; which correspond to

137 These molecular orbitals are inserted back into the fock operator

new molecular orbitals.
and the cycle repeats until the orbital energies converge to minimal energy values.t37 It is
then trivial to use these orbital energies and the final molecular orbitals to solve for values
or quantities such as the overall ground state energy of the system, Epp. 15"

The Hartree-Fock method is a useful technique for obtaining a zeroth order description of

137 The difference between the Hartree Fock energy of a system

the ground electronic state.
and the true ground state energy of a system is dubbed the correlation energy, and there

are two common sources of correlation energy that the HF method misses.™#” Firstly, the
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use of a single Slater determinant to describe the electronic wavefunction is inadequate at
properly describing instantaneous electron-electron repulsion (between electrons of the same
spin or even different spin). 1303940 Thig is because under the HF formalism, each electron
perceives a mean probability distribution of where all other electrons could be, instead of
avoiding collisions with other electrons classically when they are too close in proximity (cor-
relation energy neglected by the HF formalism due to this phenomenon is dubbed dynamic
correlation). 133940 Second, the use of a single Slater determinant can be a poor guess when
describing the ground state for several molecular systems. %3940 For example, molecules
in the middle of bond breaking, or other phenomenon that involve transition state barriers,
where the description of the ground state must be described using multiple Slater determi-
nants as there are multiple nearly degenerate configurations of electrons all contributing to
the wave function.t3#594l For excited electronic states in particular, an apt description of
the correlation energy using multiple Slater determinants (dubbed static correlation) is abso-
lutely necessary.*#4! Modern quantum chemistry methods are set apart by their approach
in solving for missing correlation energy, and their emphasis on certain forms of correlation
energy over others.

There exist several electronic structure methods that improve on the formalism set by
the HF method, broadly falling into two main classes. The first class refers to wavefunction
based methods. The term wavefunction in this case implies that the method being discussed
approaches the description of molecular orbitals in a similar method to Hartree Fock, using
the variational principle to estimate orbitals with the lowest energy.t*” Most wavefunction
approaches use the Configuration Interaction (CI) approach, which can be represented as

follows,

U = co|Wo) + ) | Tn) + > el (6)

ar a<b,r<s
The CI approach defines the electronic wavefunction as a linear sum of multiple determi-
nants, which are singly excited (V7), doubly excited (U7%), etc. relative to the ground state

determinant (V)37 The ¢ values refer to the configuration interaction coefficients associated
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with each determinant.’*” Considering every possible excited state determinant is typically
infeasible for larger molecules (this approach is named full configuration interaction), so con-
figuration interaction in practice is typically limited to only considering singly and doubly
excited state determinants in addition to the ground state determinant.’#” To solve for the

CI wavefunction the simple eigenvalue equation is solved,

Her0°T) = B|9T) (7)

137

which leads to the diagonalization of what is known as the CI matrix."*® This matrix is

expressed as follows,

(To| Her|Wo) 0 (Wo|Hey| D)
(D|Hcr|Wo) (D|Het|S) (D|Her|D) -

where the terms S and D refer to singly and doubly excited determinants.**” Diagonalizing
this matrix yields the aforementioned CI coefficients and the lowest eigenvalue yields the
ground state energy with any missing correlation energy neglected by HF included.#* It
can be observed that some matrix elements of the CI matrix are automatically set to 0,
due to Slater Condon rules (matrix elements which differ by three or more orbitals will
automatically be 0), and Brillouin’s Theorem (matrix elements which are concerned with
the mixing of singly excited determinants with the ground state determinant are set to 0

due to the form of the ground state Hartree Fock determinant).t=

1.4.2 Quantum Chemistry for Excited Electronic States

There are several quantum chemistry methods concerned specifically with the determination
and analysis of electronic excited states, and are set apart by their multireference charac-
ter.13” That is to say, instead of considering excitations out of a single reference configuration,

multireference methods consider several different excited state determinants simultaneously
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from multiple configurations.’*” The most basic of these is known as multi configuration
SCF, or MCSCF 130142143 N\[CSCF typically uses a slightly different formalism compared to
CI to describe excitations.?2%42143 Instead of including only single and double excitations,
MCSCEF considers a subspace of orbitals (often user defined) from which excitations are al-
lowed, allowing for a more compact form of the overall wave function.*#%42143 This can be

shown as,

\I/MCSCF — ZCI\III (9)
I

where U, refers to either a single Slater determinant, or more commonly a configuration
state function (a symmetry adapted linear combination of Slater determinants, CSF), and
cr represents the CI coefficients associated with each CSF 137142143 CSFs include all the
Slater determinants arising from the same electron configuration that can contribute to the
description of an electronic state, and are a useful way to group excited Slater determinants
together. 130442043 NICSCF is a dual optimization procedure in which the orbitals and CI
expansion coefficients are optimized simultaneously.137142143 The variational condition will
often be the minimization of the average energy of the states of interest. 130142143 Typically,
the orbitals and CI coefficients are optimized separately, and thus iteratively, until conver-
gence is reached 137142443 One particular type of MCSCEF prescribes which reference CSFs to
include in the expansion by defining an orbital subspace, comprised of frontier occupied and
unoccupied orbitals.¥™143 Then, all possible orbital occupations within this space are gen-
erated and employed to construct a set of CSFs to included in the MCSCF expansion. #7443
This approach is termed complete active space self-consistent field, CASSCF 140143 T’s has
the attractive feature of being a black-box approach for generating MCSCF reference spaces,
but number of CSFs produced by this procedure means that only relatively small orbital ac-
tive spaces can be employed.t#%143 While the CASSCF provides a black-box route to generate
references spaces that can provide a qualitative description of a set states that are close in
370143

energy, it does not account for dynamic correlation energy.

There are several methods which attempt to expand upon CASSCF to account for said

19



missing correlation energy, for example, second order complete active space perturbation
theory (CASPT2).144146 CASPT?2 treats the interaction of the reference space defined by
CASSCF, with the space of functions excited by singles and doubles via perturbation the-
ory.BEAAN Overall, CASPT?2 is broadly considered a dynamic correlation correction to the
CASSCF wave function.t#74441460 Apyother method which attempts to recapture missing dy-
namic correlation from CASSCF is multiconfiguration configuration interaction (MRCI).14
MRCI refers to any further CI expansions of a multireference space; it’s often well suited to
be used with a method such as CASSCF where CASSCEF is used to generate an initial wave-
function (of several CSFs, named a reference space), and MRCI is used to generate additional
CSFs by considering all single and double excitations out of the reference space. 1440448 The
choice of a multireference active space to generate excitations tends to result in compact CI
expansions with a lack of trailing lowly contributing CSFs/excited state determinants, which
has been interpreted to demonstrate a balanced treatment of dynamic and static correla-
tion HABATIAS Similarly to CASPT2 however, MRCI requires a good initial guess in the form
of CASSCEF and cannot be used to correct for errors intrinsic to the choice of active space
in the original multireference wavefunction, 41474148

Recently, an electronic structure method called DFT/MRCI has seen success in the de-
scription of electronic excited states, possessing comparable accuracy to high level wavefunc-
tion based methods such as CASPT?2, at a significantly reduced computational cost.12#41H49Ho1
DFT/MRCI uses density functional theory (DFT) to generate a set of Kohn-Sham (KS) or-
bitals which are considered to treat primarily dynamic correlation, and uses them as the
orbital basis for an MRCI expansion for the description of electronic excited states.t2121
Similar to previously implementations of MRCI, a semi empirical parameter is used to discard
lowly contributing CSFs after an MRCI calculation, and then the MRCI calculation repeats,
until convergence, LAHAUANLL Thig hrocess is "black-box", and in contrast to a method such

as CASSCF, does not require initial user input to set an active space of electrons from

which excitations are generated #1441 Batween the generation of KS orbitals and the
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iterative MRCI expansions, there is an intermediate CIS (configuration interaction, single
excitations) calculation that is performed to generate a reference space, and this is enough
for the MRCI expansions to proceed.*#*12! For a DFT/MRCI calculation, the user defines
a set of N roots corresponding to the number of electronic states included.t##151123 After g
given MRCI expansion finishes, the wavefunction at each of these roots is examined, where
only configurations that contribute greater than some empirical threshold are retained in
the reference space, and the rest are discarded.t2#121"53 Then  another MRCI expansion
calculation is run with the new reference space until the reference space ceases to change,
typically converging after 2-3 iterations. #2153 The use of KS orbitals in general improves
the relative accuracy of the method, due to a better agreement with experimental excitation
energies as compared to those obtained with a Hartree Fock orbital basis. 1244549 Thege
functions differ from implementation to implementation, for the purposes of this work there
is a particular focus on the implementation of these parameters to the DFT/MRCI version
in the GRaCI quantum chemistry package.***

The MRCI wavefunction (|W;)) is generally expressed as a sum of two components, the
reference space, and the first order interacting space (FOIS), referring to all CSFs that are

generated via single and double excitations out of the reference space 24151

o)=Y e+ Y o) (10)

QERef QEFOIS

The on diagonal elements of the effective DF'T/MRCI Hamiltonian are represented as fol-

lows, T24I51

(ww|HP'T — Epprlww) = (ww|H — Escplww) + Y (e = Fy)Aw; + AE, + AE, (11)

A number of the terms in this equation come from the native DFT/MRCI formalism advo-
cated by Grimme et al and their incorporation are discussed in detail elsewhere 124121155 Fop

brevity, each element of the effective Hamiltonian corresponds to a specific spin (w)and spa-
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tial (w) configuration.™***!' The term Y, Aw; refers to the differences between the ground
state configuration and the configuration being evaluated in the on diagonal element of inter-
est, with respect to all the differences in the molecular orbital occupations of the two configu-
rations.B*#2l Grimme et al. importantly noted that excitation energies between the ground
state and electronic states are well approximated via the corresponding Kohn Sham orbital
energy differences of the ground state and the excited state configurations (Y, SAw;) in-

24415155

stead of their fock matrix elements as in the CI formalism (>, Fj;Aw;). However,

this decision introduces a number of coulomb and exchange interactions due to Kohn Sham
molecular orbitals being closer together in energy than Hartree Fock orbitals 12414151055
Therefore the potential energy terms referring to these two electron interactions are scaled

using semi empirical parameters (coulomb, AE,, exchange, AE,).*#*! The off diagonal

elements of the DFT/MRCI Hamiltonian are expressed as,
<WC«)|I:.,DFT — EDFT|W/WI> = <Q|7:[ — ESCF’Q,>D(AEQQ/) (12)

where the damping functions (D(AFEqq ) are introduced to account for any extra double
counting of dynamic correlation (induced by the use of DFT and MRCI simultaneously,
methods which both individual account for dynamic correlation). 12455l The damping
function is scaled with the energy difference between the two CSFs (2, ') being considered
in the Hamiltonian matrix element, resembling an exponential function.***3! The farther
apart in energy the two CSFs are, the more significantly dynamic correlation effects are
damped, which has the effect of decoupling the reference and FOIS spaces such that non
contributing CSFs are less likely to appear to contribute, and are easily removed using a

separate set of semi empirical parameters, shown below, #4121

dy = Z Awpeffs —0E,, (13)
p

Here, for a given FOIS configuration separate from the ground state configuration ), Aw;,
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» s and a

the value d,, is computed based on the Kohn Sham orbital energy Differences e
semi empirical parameter set most often to 0.8 or 1.0 § E,. . 23U If 4, is smaller than the
dy, value for the highest eigenvalue in the reference space, than all CSFs associated with
that configuration are discarded.™2!' This results in a compact FOIS space that is easily
reduced at each optimization cycle in DFT/MRCI in 3 to 4 cycles. 124151

DFT/MRCI(2) represents an approximation to DFT/MRCI where rather than con-
sider explicitly single and double excitations out of the reference space, the interaction of
the reference and FOIS space is treated using second-order degenerate perturbation the-
ory. 124150 For the purposes of this thesis, DFT/MRCI(2) did not deviate from the results
of DFT/MRCI for any simulated spectrum, consistent with previous works devoted exclu-
sively to DFT/MRCI(2) which have benchmarked the computational cost of the method
and numerical stability when comparing excitation energies computed with DET/MRCI and
DFT/MRCI(2).%2! Other approximations to the DFT/MRCI method include the use of the
core valence separation (CVS) approximation, commonly used in the derivation of core ex-
cited states when simulating X-ray spectroscopies. 12120124 Core excited states lie at high
energies in the 100s of eVs, and so typically require the calculation of all the valence excited
states when diagonalizing the DFT/MRCI Hamiltonian (or ADC(2) and ADC(3) matri-
ces).’?) Even in small systems where this is computationally favorable, the portion of the
Hamiltonian corresponding to core excitations is infected with higher lying valence excited
states, that are poorly described.t2%1241260 A pecessary estimation is to block diagonalize
the Hamiltonian, explicitly separating the core and valence CSFs, and neglecting coupling
between the two. 20281200 Thig process is known as the CVS approximation, and has been
essential for several core excited state studies in the past. 1202820 DET /MRCI(2) is well
suited for the CVS approximation; CSFs that describe core excitation are already decoupled
from valence excitation though the application of the equation described by d,,. The method

as implemented in GRaClI has already taken advantage of the CVS approximation in previ-

ous studies.H#1 Since these states are informally decoupled, CVS-DFT/MRCI(2) simply
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refers to the working of DF'T/MRCI(2) within the CVS space, i.e., only including excitations

from core orbitals to unoccupied orbitals and neglecting any valence contributions.t24451

1.4.3 Adiabatic and Diabatic States

Intrinsic to the solution of the electronic Schrodinger equation is an adiabatic approximation,
which describes a separation of the electronic and nuclear degrees of freedom; this separation
is justified due to the large difference in mass between atomic nuclei and electrons. #0438
According to the Born-Oppenhemier approximation, we can treat the nuclei as evolving on a
potential energy surface that is defined by the electronic energy at each nuclear configuration
(R). 1308 At a given configuration (R), the eigenfunctions of the electronic Hamiltonian
represent adiabatic states, which are surfaces, ordered by energy, and comprised of these
solutions at each point in coordinate space. 137138

However, at points of degeneracy between PESs (i.e. conical intersections), this approxi-
mation breaks down as the coupling between adiabatic states becomes significant, while also
introducing large off diagonal elements (corresponding to nuclear kinetic energy terms) into
the Hamiltonian and incurring computational cost. At conical intersections, the electronic
character is rapidly changing from one nuclear configuration to another, meaning that the
earlier physical approximation that electrons instantaneously adjust to nuclear motion is no

L3238 Therefore, conical intersections represent a particular challenge for quan-

longer valid.
tum chemistry methods that adopt the formalism described so far, but for most cases the
Born-Oppenheimer approximation is sufficient when solving for the energy at a given set of
electronic and nuclear coordinates #7438

Diabatic states represent a rotation of the adiabatic electronic state basis to minimize non
adiabatic couplings between electronic states.23%12¢ There is only one adiabatic representa-
tion of a polyatomic multi electron system, but there exist infinite diabatic representations of

the same system. 3738158 Compared to their adiabatic equivalents, diabatic states are more

useful to analyze changes in physical or electronic character that occur with respect to the
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nuclear coordinates of the system, since of their properties is to conserve electronic character
upon nuclear displacements. 138126157 Ty GRaCl, adiabatic states can be converted to quasi
diabatic states using what is known as the Propagative Block Diagonalization Diabatization
(p-BDD) scheme.’® p-BDD is a technique for determining adiabatic to diabatic transforma-
tions which has been implemented using DFT /MRCI wave functions in the software package
GRaCL"*® In p-BDD, the ADT matrix (U;;(R)) relates adiabatic (¥ ;(r, R)) and diabatic

(®;(r, R)) states by the following 126
®,(r,R) = ZUJ[(R)\IIJ(T, R) (14)

In order to reduce non adiabatic couplings, the desired form of the ADT matrix is one which

block diagonalizes the electronic Hamiltonian, such that a P and Q space are defined."2®

ot = (V) (15)

The P space refers to the subset of electronic states of interest, and Q is the orthogonal
component.?® In practice, the P space is comprised of the lowest N states, so chosen so as
to ensure a sizable energy gap with the remaining states in the () space over the nuclear
configurations of interest.®® The form of this specific ADT matrix block diagonalizes the
electronic Hamiltonian, but is unknown, so the derivation becomes a question of how to
block diagonalize the electronic Hamiltonian first, and work back to determine the form of
Up(R).12% To begin, assume the electronic Hamiltonian operator #, can be expressed in a

basis of initial, arbitrary states ¢;(r, R).*

Hry(R) = (¢1(r, R)|He| s (r, R)) (16)

To make the electronic Hamiltonian matrix block diagonal, the following transformation
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is applied,
(R = BB - (1) (1)

where B(R) may take infinite forms, but in the case of BDD, takes the unique form below.%2

B(R) = S(R)U(R) (18)

The term S(R) refers to the overlaps between the arbitrary states and the adiabatic states

(eigenfunctions of the electronic Hamiltonian).12%

S15(R) = {o1(r, R)|W.(r, R)) (19)
U(R) from the definition of B(R) necessarily is defined as the following,
U(R) = Spp(R)[Ssp(R)Shp(R))* (20)

where Spp(R) refers to the block diagonal portion of S(R), and the equation for U(R)

working in solely the P space is defined as the following.*5°
U(R) = S5 (R)[Sp(R)Sh(R)]: (21)

Therefore, the only quantities required to compute the ADT matrix are a good choice of
initial states, and the adiabatic states.’®® In practice, one begins at the geometry R, where
the adiabatic and diabatic states are equivalent. Then, at a new displaced geometry, Rs,
the initial states are the adiabatic/diabatic states at R; and the adiabatic states at Ry are
rotated to obtain quasi-diabatic states that are in maximum coincidence with the states at

Ry. This process is that repeated for all subsequent geometries, Ry .
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1.5 Additional Theoretical Methods

1.5.1 Natural Transition Orbitals

The electronic character of adiabatic electronic states at a given nuclear geometry can be
visualized by a number of electronic structure tools. For a given excited state minimum
structure, the molecular orbitals themselves can be visualized directly using quantum chem-
istry packages such as jmol,® and the configuration state functions returned by a method
such as DFT/MRCI can be used to estimate the changes in electronic character that oc-
cur in transitions from these molecular orbitals (such as in a HOMO to LUMO transition).
These molecular orbitals are converted to what are known as natural orbitals (NOs), by
diagonalization of the final MO basis, yielding occupation numbers to determine whether
a given orbital is singly or doubly occupied.®¥ For excited state minimum structures, it is
often more convenient to take advantage of what are known as natural transition orbitals
(NTOs). NTOs assume an hole-particle picture, wherein the hole orbitals (originally occu-
pied at the ground adiabatic state, Sy) and the particle orbitals (orbitals occupied at the
adiabatic excited state) are extracted from a singular value decomposition of the transition
density matrix (computed using the ground state and excited state wavefunctions) and con-
verted into densities to be visualized using quantum chemistry packages such as jmol. 058
NTOs provide an in-depth understanding of why different excited state structures yield dif-
ferent excited state signals in various forms of spectroscopy.**® For example, the NTOs of an
excited state structure may imply that at S, there is more electron density in the middle
of the molecule than at Sy, indicating a one electron transition.*®® This would imply that
at S there exist two half filled molecular orbitals, and may explain why a small amount of
energy is required to fill that higher lying orbital using a technique such as excited state ab-
sorption.’®® There exist other formalisms which compute similar visualizations of electronic
transitions such as natural density orbitals (NDOs), but for the purposes of the excited state

structures studied in this thesis, the NTOs were sufficient to visualize their differences (and
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easier to compare with NTOs computed by other electronic structure techniques in liter-
ature).'®8 Qverall, these tools have become essential in any electronic structure study, as
they provide an intuitive, visual descriptor of the electronic character of the excited state

structure under study,#?122129156

1.5.2 Rice-Ramsperger-Kassel-Marcus (RRKM) Theory

Finally, in this thesis it became necessary to estimate the rate at which transition state barri-
ers were overcome in order to correlate a hypothetical dynamical model with existing exper-
imental spectroscopies. When evaluating these rates, the Rice-Ramsperger-Kassel-Marcus
(RRKM) theory was used.™ 18 Under this theory, the energy dependent rate constant is

expressed as:

k(E) =W (E")/ho(E) (22)

In this equation, W(E) represents the sum of vibrational states at a given state, h
represents Planck’s constant, and p(F) represents the density of vibrational states at a given
electronic state. Specifically, E represents the internal energy available to the reactant, Fj
represents the size of the energy barrier separating the zero point energies of the reactant and
the transition state, and ET is equivalent to £ — Ey. Therefore, W (ET") can be interpreted
as the sum of vibrational states at the transition state available with E — Ej of internal
energy, and p(F) represents the density of vibrational states available at the reactant with
E of internal energy. In order to determine the sum of states and the density of states the
Beyer and Swinehart direct counting method was used,'®® based on the vibrational modes
returned from the excited state hessians computed at the given reactant and transition state
being studied per case.

In this work, there is a particular focus on using DFT/MRCI(2) to simulated excited
state spectroscopies, and on validating DFT/MRCI(2) as an appropriate electronic struc-

ture technique to study the DMABN system using comparisons to other high level electronic
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structure techniques such as CASSCF and CASPT2. DFT/MRCI as implemented in GRaCI
has already been used to determine the electronic structure of smaller molecules, and specif-
ically simulate core spectroscopies of molecules, a technique which is typically unfeasible for
ab initio methods. #2401 Iy these sorts of studies, the NTO formalism and p-BDD have
often also been used to gain an introductory understanding of the excited state dynamics of
a molecule in lieu of time resolved simulations. This thesis has several aims; among them is
to validate the earlier discussion that places DFT/MRCI as a method that treats a mix of
dynamic and static correlation. Furthermore, this thesis aims to prove that DET/MRCI is
a technique that can not only simulate the spectroscopies of molecules as large as DMABN
quickly, but also with accuracy and an appropriate treatment of the molecule’s charge trans-

fer states.

1.6 Computational Methodology

There are a number of specific parameters that were used to simulate spectroscopies using
DFT/MRCI as implemented in GRaCI. The required KS MOs and integrals were computed
using the PySCF package.1*#1% Two-electron integrals were calculated using the density fit-
ting approximation.* ™4 All DFT/MRCI(2) calculations were performed using the aug-cc-
pvdz basis set™ unless otherwise specified. The DFT-MRCI-R2017 Hamiltonian was used
for the calculation for valence excited states, with the application of the DFT/MRCI(2)
method, parameterized for use using the QTP17 functional®®® for both valence and core ex-
cited states. The CVS approximation was used for all core excitations in XAS and XPS simu-
lations. An energy-based configuration selection threshold of §Esel = 1.0Eh was used in both
the DFT/MRCI and DFT/MRCI(2) calculations. In the construction of the DFT/MRCI(2)
effective Hamiltonian, Nbuf = 10 buffer states per irreducible representation were used along
with an Intruder State Avoidance (ISA) shift parameter of 5+ 10® Eh. The implicit solvation
method used is named the domain-decomposition Conductor Like Screening Model (dd-

COSMO) solvation model;*8L™ wherein a static dielectric constant was used to simulate
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the presence of solvent around the geometry in question.

To simulate valence and X-Ray photoelectron spectrum, excitations were computed be-
tween singlet valence excited states to doublet core ionized states or valence ionized states.
Currently DFT/MRCI(2) does not have black box capability for the initial reference space
for these doublet states, so by default, a small 2-particle/2-hole restricted active space was
constructed by hand. In this active space, excitations were included from the HOMO-6 to
the HOMO orbital range, to the LUMO up to the LUMO+-17 orbital range. For excited state
absorption calculations (necessary to evaluate interpolated paths in various portions of the
report that use DFT/MRCI(2)), the active space was computed in a black box manner, 14421
using a converging reference space based on several RASCI calculations.*4

The other main electronic structure techniques used in this work were CASSCF and
CASPT?2, and by default all calculations were performed using the (14,13) active space, with
the cc-pvdz basis set. All the excited state structures for DMABN were initially obtained
from previous electronic structure calculations using CASSCF /CASP T 2144 ARG it
active spaces of (12,11)” and (14,13),"¥ which were re-optimized a second time in OpenMolcas
21 with CASPT2 (14,13)* (except when otherwise explicly stated). These optimizations
were performed without any symmetry constraints and were simulated in the gas phase, while
the basis set used for these optimizations was also cc-pvdz.*™ The geometry optimization of
the pTICT structure on S; achieved by Coto et al. using RASSCF/CASPT2 at (14,13) could
not be reproduced using OpenMolcas 21 even at higher active spaces.™" ™ This structure
is more closely examined in Chapter 2.3 and there the excited state structure used was
taken directly from the coordinates provided by the paper from which the excited state
structure was proposed.*” The implicit solvation model used for CASSCF and CASPT?2 was
the polarizable continuum model (PCM) model as implemented in OpenMolcas 21. PCM
as implemented in Molcas specifically refers to conductor-PCM (or C-PCM), 450 which
like dd-COSMO considers the solute molecule as being surrounded at each atom by cavities,

which are in turn surrounded by a dielectric medium defined by a dielectric constant. 181482
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Using a scaling function, the effects of the dielectric medium on the energy of the system
are determined using semi-empirical factors, and it is the choice of these semi-empirical
factors that primarily separates C-PCM and dd-COSMOQ.LEUSULIEHEE Ag shown further in
this work (specifically Chapter, the effects of dd-COSMO were more drastic at simulating
the effects of a solvent model on excitation energies than PCM, wherein PCM seemed to
barely influence excited state energies for a given molecular system.

In this work, several linear interpolated paths in internal coordinates (LIICs) were com-
puted between excited state minimum structures. In this work, the LIICs were computed
by evaluating excitation energies for 100 to 200 intermediate nuclear geometries between the
initial and target nuclear geometries. LIICs represent a thin one dimensional slice through
the space spanned by potential energy surfaces, they can illustrate the variance of elec-
tronic character that a molecule experiences with changing nuclear coordinates on a broad
level, but excited state minimums and transition states are best resolved through explicit
excited state optimizations that consider vibrational modes of the molecule. For CASSCF
and CASPT?2, the paths were often discontinuous unless at each step, the previous step’s
orbitals were used as a starting guess for the next set of orbitals. Applying this change
often meant that LIICs would be difficult to compute for some set of excited state struc-
tures that differed significantly in electronic character (for example, most LIICs involving
the mo* structure). Intermediate structures for linear interpolated paths in internal coordi-
nates (LIICs) between structures of interest were computed using the chemcoord module. ™
Often these LIICs involved pre-computed transition state optimizations, which could only
be performed by either CASSCF or CASPT?2 (see Chapter as GRaClI does not have this
capability for DFT/MRCI as of yet. Optimizing transition states in solvent was not feasible
when using the polarizable continuum model (PCM) model for excited states implemented
in OpenMolcas 21,%%% so by default, the transition states themselves were not optimized in
solvent. Transition states would be optimized in the gas phase, paths would be computed,

and then a second set of paths would be computed based on the nuclear structures of the
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"gas" path using the PCM model. In this case, the iterative process of using each previous
step’s orbitals as a guess could not be applied for interpolated paths calculated in solvent.
The various approximations involved to determine the transition state barriers in solvent are
important emphasize; this is a key focus of Chapter [2.2]

For all simulated spectrum determined using DFT/MRCI in this work, excitation or ion-
ization energies were convoluted with a gaussian using an empirical full width half maximum
(FWHW). These FWHWs were typically chosen based on a comparison to existing experi-
mental data for each simulated spectroscopy (for UV/VIS, VPS, XAS/XPS, Chapters [3.1]
& , or they were chosen for illustration purposes to distinguish between many small
excitations that may otherwise represent a large broad signal in experimental spectrum (for
transient absorption, Chapter . Finally, at several points in this thesis, the molecular
orbitals of the ground state minimum structure are referred to in order to interpret spec-
troscopic signals associated with various simulated excitations or ionizations, which can be
found in Fig[d] In these types of representations of nuclear geometries throughout the thesis,
blue atoms refer to nitrogen atoms, grey atoms refer to carbon atoms, white atoms refer to

hydrogen atoms, and red atoms refer to oxygen atoms.
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Figure 4: An overview of the molecular orbitals of the ground state minimum geometry of
DMABN, calculated with DFT/MRCI(2), and visualized in jmol®
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2 The Excited State Dynamics of
DMABN

In this chapter, a working model for the excited state dynamics of DMABN is defined. This
model is partly based on the model put forward by Gomez et al, but with many slight
differences determined after a thorough electronic structure analysis of DMABN and its ex-
cited state structures. In this model, the main mechanism that determines the rate of CT
formation is the magnitude of the transition barrier between the S;(Rpg) and Si(Ryrror)
structures (Fig , its role has been previously discussed in other literature models, but typ-
ically not as a driver of CT formation).*** High-level ab initio computations were used to
characterize the relevant excited state potential energy surfaces, in which the structures in
Fig 5| are employed to construct a dynamical model that will be the basis for all subsequent
time-resolved spectroscopic analysis and simulation. These structures were determined by
using initial guess geometries from various literature sources on DMABN where these excited
state minimum structures claimed to be optimized using high level electronic structure meth-
ods. Then these xyz coordinates were reoptimized using CASPT?2, with an active space of
(14,13) and the cc-pvdz basis set in OpenMolcas 21, where snapshots of finalized structures
are present in Fig [5]7 The dynamical working model constructed in this section is denoted
as the "two-state model", since only a pair of adiabatic excited states will be required to
characterize the nonadiabatic dynamics that result after excitation to the lowest energy opti-

cally bright state, and it is these two states which are expected to have lifetimes long enough
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to yield non transient signals in future spectroscopic techniques. A visual description of the
two-state model can be found in Figure [ Since early signals attributed to S;(Ryser) for-
mation are not well explained by the large transition-state barrier connecting the S;(Rppg)
and S;(Ryor) structures, a thorough analysis of the excited state dynamics immediately
after absorption to the Sy(Rpreor) structure and before the internal conversion from Sy to
S is necessary. The size of the transition-state barrier itself is then characterized using lin-
ear interpolated paths in internal coordinates (LIICs) between the S;(Rpg) and S;(Rricor)
geometries, using several ab initio electronic structure methods. There exist other proposed
excited states of DMABN which have not been included in this model; the pTICT or wo*
motifs specifically. The pTICT structure has been rarely explored in theoretical literature
on DMABN, based mostly on experimental transient absorption signals,™ and TDDFT cal-
culations.®™&7 Likewise, the mo* structure’s role in the excited state dynamics of DMABN
has also been disputed.™ 3 Using ab initio calculations, it is shown in this chapter that
these structures play a negligible role in the excited state dynamics of DMABN, consistent

with the two-state model.
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(a) SO-FC ~ (b) Sa(Reprer)

J

(c) S1(Rek) (d) S1(Ryrrer) (proposed by Coto et. allf)

0

(e) Si(Rrrer) (f) S1(Rros)

Figure 5: An overview of the ground and excited state geometries of Dimethylamino ben-
zonitrile (DMABN). (Nitrogen atoms are in blue, Carbon Atoms are in Grey)
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2.1 The Role of the Planar Charge Transfer Structures

The lowest lying optically bright transition corresponds to excitation to the adiabatic Sy
state 20020533 Directly after absorption to this state, excited state minimums computed on
S, have been predicted to have charge transfer character, resembling the previously proposed
PICT model.#*13 Dye to this excited state minimum appearing to resemble a charge transfer
state, there has been speculation that a major contributor to TICT formation on 5 is due to
several proposed conical intersections between S, and .Sy (this conical intersection region is
present in earlier literature models, Fig[2] but will be referred to specifically in the two-state
model under the umbrella term CI.1, Fig @ In this region, a handful of individual conical
intersections have been optimized using various electronic structure methods in previous lit-
erature, but direct population of these conical intersections have not been tracked in time
resolved studies. #8936285 Thig conical intersection region, CI.1, implies quick S;(Rrior)
formation in DMABN, instead of the actual S;(Rpg) to Si(Rrrer) gradual formation seen
in DMABN in acetonitrile that takes place over a few picoseconds.”** Early sporadic signals
attributed to charge transfer formation in DMABN have actually been detected in simulation

SEL3 after the majority of the excited state

and in experiment (160-300 fs, in acetonitrile),
population has evolved from S, to Sy (30-100 fs),*#** hut, these are much lower in intensity
than the set of signals that are attributed to S;(Ryzror) formation in the picosecond regime,
indicating the S;(Rysor) structure is more significantly populated at the longer picosecond

%34 The main dynamical models in literature used to describe DMABN are insuffi-

timescale.
cient to describe this phenomenon on their own.?*¥ Identifying how the S;(Rror) structure
is populated early, but only for a brief period, is important when proving the applicability
of the two-state model. To achieve this, the role of the Sy(Rpor) structure compared to
the S1(Rrjer) structure must be closely examined, as well as the mechanism of internal

conversion from Sy to S;.

The excited states accessible at the nuclear geometries (Sa(Rprer) and Si(Rrrer)) in
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Dynamical Coordinate

Figure 6: Proposed two-state model of the excited state dynamics of DMABN, based on the
conclusions made in Chapter [2 of this text. At t = 0 there is ground state absorption to
Sy, followed by relaxation into So(Rpjor), interstate decay to S;(Rpg) through a conical
intersection region (dubbed CI.3), and finally conversion to S;(Ryzor) through a transition
state (TS) on S;. This transition state should lie near the conical intersection region (CIL.1)
as there is a significant change in electronic character after this transition state barrier is
overcome. Some excited state population may proceed through a separate pathway, over-
coming a transition state barrier on S, which also represents a conical intersection region
between Sy and one or several higher lying adiabatic states (S3*). After overcoming this
barrier, excited state population may proceed to S; via the conical intersection region es-
tablished in previous literature studies (CI.1), leading to early S;(Rricr) formation (Fig[2)).
The dynamical coordinate is defined the same way as Fig @

Figwere visualized using their NTOs to evaluate their electronic character (Fig to Fig.
These NTOs were generated from the ground and excited state wavefunctions computed by
DFT/MRCI in the gas phase, at the nuclear geometry specified and the excited electronic
states required (e.g. for the S;(Ryor) structure, the NTOs represent changes in electron
density, using the hole-electron formalism, from the Sy to S; electronic states at the TICT
nuclear structure).##54158 The DFT/MRCI(2) method used in the next several sections is
benchmarked against other electronic structure methods and experimental data elsewhere,
and has reasonable agreement with respect to vertical excitation energies computed at vari-

ous excited state minimum structures compared to other high level ab initio methods such
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J

(a) Major contribution (83.3%)

J

(b) Minor contribution (16.7%)

Figure 7: Dominant NTO pairs, absorption at the Ground State Minimum to Si, at the
S1(RyE) excited state minimum geometry ™78

(a) Major contribution (98.5%)

Figure 8: Dominant NTO pairs, absorption at the Ground State Minimum to S5, at the
Sy(Rprer) excited state minimum geometry 78
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(a) Major contribution (99.0%)

Figure 9: Dominant NTO pairs, absorption at the Ground State Minimum to S;, at the
S1(Ryrer) excited state minimum geometry %8

(a) Major contribution (95.6%)

Figure 10: Dominant NTO pairs, absorption at the Ground State Minimum to S;, at the
S1(Rps) excited state minimum geometry™
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as CASPT2 or MRCI (Appendix, . Fig to Fig show the dominant natural transition
pairs for various excited state minimums of DMABN (consistent with previous literature in
their description of the S;(Rrror) and Si(Rpg) structures).”™ A localized orbital around
the nitrogen develops as the HOMO at the S;(Ryjcr) structure which is not the same as
the HOMO at the So(Rpror) or So(Rasin) structures, providing evidence that the electronic
character at the S;(Rror) and Se(Rpreor) structures is fundamentally different. This would
imply a high lying conical intersection between the Sy and S3 adiabatic states (this hypothet-
ical conical intersection region will be dubbed CI.2, Fig @ In the diabatic representation,
this would imply that two diabatic states corresponding to TIC'T and PICT character cross
at a point which must be accessed through a small barrier on Sy from the geometry at t
= (. This is because a barrierless transition to CI.2, and by extension CI.1, is inconsistent
with the aforementioned timescales of Sij(Ryzjor) formation). This is in contrast to the
model proposed by Druzhinin et al,®® which if converted to the diabatic basis such that the
derivative couplings between the S, and the S; adiabatic states was reduced at the conical
intersection shown in said model, would imply that the So(Rp;or) and S;(Ryror) structures
represented the same diabatic state. Depending on which model is true, the excited state
dynamics at the Sy adiabatic state has far reaching implications for how the S;(Rrior)
structure is accessed at early timescales, and the overall dynamical model.

The separate diabatic states hypothesis requires further verification besides the use of
NTOs. First, it was important to verify the role of the Sy(Rp;or) structure, and whether or
not the structure constituted a minimum as others have determined.*®? Appendix con-
tains the result of an optimization on Sy from the ground state geometry (using CASPT2),
that led to the optimized Sa(Rprer) structure. With harmonic frequency analysis (observa-
tion of the excited state hessian yielded vibrational frequencies, returned at the end of the
aforementioned CASPT2 optimization with OpenMolcas 21), it was determined that this
structure actually represents a first order saddle point on the S5 excited state surface in-

stead of an excited state minimum. After perturbing the So(Rpror) excited state minimum
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geometry along the mode associated with the imaginary frequency of the first order saddle
point, a conical intersection was found between Sy and S; at an LE-like structure with a
twisting angle of 22 degrees, for which descent into the S;(Rpg) structure was concluded to
be the most probable outcome (this conical intersection region will be referred to as CI.3,
Fig @ This process is barrierless, and since there is only slight amplitude motion between
the Sy(Rpror) and S;(Rpg) structures, this process is consistent with the timescale at-

tributed to the Sy to S; decay in previous works. THH42T

Immediately after relaxation from
Sy to Sy through the CI.3 structure, the transition barrier between CI.3 and the Si(Ryror)
structure is smaller than the transition barrier separating the S;(Rpg) and S1(Rrjeor) struc-
tures, potentially explaining the early signals attributed to the S;(Ryrcr) structure 1540
Alternatively, early signals could also be explained by any residual excited state population
that does not sink into the Sy(Rpjeor) saddle point, and instead overcomes some transition
state barrier on Sy to proceed to the other two conical intersections (CI.2 and CI.1). Note
that the early population of the S;(Rrror) structure (160-300 fs) has only been observed
in polar solvent, and the analysis of the internal conversion mechanism from S, to S; was
performed in the gas phase. In the gas phase, the size of the transition-state barrier on S,
leading to S1(Ryjor) formation from CI.3 may be too large, leading to no early S;(Rrior)
formation in the gas phase.*® So far the analysis of the Sy(Rpror) and Sy (Ryjor) struc-
tures using NTOs and a harmonic frequency analysis of the former structure implies that at
least 3 conical intersection structures,/regions exist in order to fit with the timescales offered
by experimental spectroscopies. In the absence of dynamics simulations or excited state
optimizations at such high lying adiabatic states, diabatic linear interpolated paths in inter-
nal coordinates (LIICs) were computed between the Si(Ryor) and Se(Rpjor) geometries
(Fig , see Chapter for a review of p-BDD and how diabatic states are computed using
DFT/MRCI as implemented in GRaCI). 2450

Fig uses the initial adiabatic/diabatic states computed at the TICT geometry, to

estimate the final diabatic states at the PICT geometry, by the iterative computation of
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Diabatic Interpolated Path, TICT (i) --> PICT (ii)

7 4 —e— Ground State

=~ TICT diabatic state
—e— LE diabatic state
—e— PICT diabatic state

Exc Energy (eV)

N

o_w

(i) @
LIIC Structure #

Figure 11: Diabatic LIIC between optimized CASPT2 i) S;(Rysor) and ii) So(Rprer)
geometries, energies of diabatic states computed using p-BDD/DFT/MRCI(2), where the
initial set of diabatic states was determined based on the vertical excitation energies at the
optimized S1(Ryror) structure computed using DFT/MRCI(2), and was used to estimate
further diabatic states at subsequent geometries using p-BDD. At either ends of this LIIC,
there exist two separate diabatic charge transfer states at Sp, indicating that there are two
charge transfer states for DMABN present in the molecule’s excited state dynamics. The
orange curve represents the TICT diabatic state (Sp(Rzror)), at Sy at the TICT geometry,
and at S5 at the PICT geometry. The purple curve represents the PICT diabatic state
(Sp(Rprer)), at Sy at the PICT geometry, and at Sy at the TICT geometry.

diabatic states from the initial adiabatic states computed by DFT/MRCI(2) at the TICT
geometry. Starting from the TICT geometry, the diabatic state at S} appears to be a local
minimum (orange curve, Sp(Ryror)). Assuming this state is responsible for charge transfer
in DMABN as has been implied by the TICT hypothesis, this charge transfer state remains at
Sp at geometries that possess a high twisting angle of the dimethylamino group. However, as
the LIIC indicates, when moving from the TICT geometry to the PICT geometry, Sp(Rrior)
moves to Sy, and then at the PICT geometry, it eventually represents the S5 adiabatic state.
Meanwhile, at the PICT geometry, the S; state is represented by the green curve, and the
S state is represented by a purple curve (diabatic state, Sp(Rpsor)) that has dropped

in energy from its initial placement at S; at the TICT geometry. At the PICT geometry,
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the S; state is attributed to the LE diabatic state (assuming the conventional dynamics
models associated with DMABN, see Fig [6] referred to from here as Sp(Rpg)), so this Sy
state at the PICT geometry represents the initial charge transfer state probed by ground
state absorption. Therefore, there are two charge transfer diabatic states of importance in
the excited state dynamics of DMABN. Sp(Rpjer) is probed by ground state absorption
(purple curve), but in later stages of the excited state dynamics, as the population at the
LE geometry is converted to the TICT geometry, a new charge transfer state (Sp(Rrier))
drops down to 57, distinct from the one initially absorbed to. This would imply that after
initial excitation at the ground state to S, direct relaxation to the S;(Ryor) structure is
unlikely (through CI.2 and CI.1). This is supported by the fact that a few small barriers
exist between the Sp(Rpror) and other diabatic curves which represent the CI.2 region
of conical intersection structures. Therefore, the excited state population likely proceeds
by internal conversion from the Sy(Rpror) structure to the S;(Rpg) structure (through
CL.3) instead. After the majority of the excited state population reaches Sy, the intersection
between the Sp(Rrror) and Sp(Rpg) diabatic states represents a conical intersection region
(CIL.1), which doubles as a transition state barrier on S; which allows for conversion from
the latter to the former.

More work is required in this area to establish whether the intersection between the
Sp(Rrrer) and Sp(Rprer) diabatic states is actually accessed in the excited state dynam-
ics of DMABN. Analysis using p-BDD is heavily dependent on the choice of the initial
adiabatic/diabatic states used to construct the ADT matrix, so it’s difficult to establish the
actual size of the transition state barrier using this method. It is reasonable at this point to
say that it could be a cause for those early sporadic Sp(Ryror) signals detected in experi-
ment were the barrier very small, however for now it is estimated that the transition state
barrier on S; is the primary factor that guides S;(Rror) formation, at least with regard to
the long lived signals that are attributed to the S;(Ryror) structure at more than 1 picosec-

ond.?#*#% When measuring the source of the long lived signals attributed to the S;(Rricr)
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structure, the conical intersection between the Sp(Rrror) and Sp(Rpjer) diabatic states is
considered to be minorly contributing, and will be mostly disregarded in the context of the
two-state model put forward in subsequent chapters of this thesis.

Present in the Appendix ( are a series of other diabatic LIICs taken between the
various nuclear structures of DMABN; several of these LIICs disagree with the hypothesis
established from Fig , and indicate that the Sp(Rpjer) and Sp(Rrjer) diabatic states
are the same. However, as previously mentioned (See Chapter , this is likely due to the
initial choice of adiabatic/diabatic states at the first geometry. Since the Sp(Rrreor) diabatic
state is high lying at the ground state geometry, these diabatic LIICs lose accuracy when not
starting from the S;(Rrror) geometry, as the initial guess of diabatic states will not include
the Sp(Ryrer) diabatic state at other geometries. Furthermore, since the Sp(Rpror) and
Sp(Rrier) diabatic states are both charge transfer states from the dimethylamino group
to the cyano group, in certain diabatic LIICs, with a poor guess of initial diabatic states,
the diabatic state at S at the TICT geometry is often mistaken for the Sp(Rpror) state.
Especially for larger molecules (see Chapter , DIABN electronic structure calculations),
the similarity in the electronic character of these two diabatic states makes excited state
optimizations often difficult, and is likely a contributing factor to the interpretation of these
two states as the same in other pieces of literature.®® One diabatic LIIC that is unfortunately
missing from this section due to computational difficulties is a diabatic LIIC between the
TICT and ground state geometries, which may yield more information as to the size of
the transition barrier separating the Sp(Rpror) and Sp(Ryror) diabatic states at t = 0,
compared to the barrierless transition that occurs on Sy from the ground state geometry to
the PICT geometry. Further diabatic LIICs performed on this system could also consider
the explicit role of the S; transition states optimized in Chapter .

In summary, the Sp(Rprer) and Sp(Rrror) diabatic states were found to be distinct.
It is likely that the crossing between the two diabatic states (a conical intersection in the

adiabatic representation, CI.2) requires a small amount of energy to access after initial
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absorption to Sy at t = 0, representing a minor transition state barrier. Therefore, after
initial absorption from Sy to S, the majority of the excited state population will instead
see relaxation to the So(Rpjor) minimum, followed by internal conversion to the S1(Rpg)
structure through a conical intersection structure with a slight, 22 degree twist (CIL.3). Early
S1(Rrrer) signals (160-300 fs) found in experiment may be attributed to a number of causes,
either the overcoming of the conical intersection region at S, (CI.2), or the slightly smaller
transition state barrier on S accessible after relaxation to S; through a conical intersection
(CL3) but before the S;(Rpz) minimum is populated.®® These early signals are sporadic
and do not involve the majority of the excited state population which instead accesses the
S1(Rrg) minimum after the CI.3 conical intersection structure. The primary mechanism of
S1(Ryer) formation is hypothesized to be through the transition-state barrier separating

the S1(Rpg) and S1(Ryier) structures, occurring over a few picoseconds (Fig @.197355

2.2 The Character and Height of the transition-state barrier

The height of the transition-state barrier separating the S;(Rpg) and S;(Rrjer) structures
is important to characterize so that the specific rate of charge transfer formation in DMABN
can be ascertained. To find the height of the transition-state barrier, the explicit transition
state structure on S} involved must be optimized using ab initio electronic structure methods.
That is to say, an intermediate nuclear structure between the S;(Rg) and S;(Ryor) struc-
tures must be determined with an excited state hessian yielding one imaginary frequency.
At the first stages of researching this topic, basic LIICs were calculated between the excited
state structures of DMABN and optimized transition states determined using two electronic
structure methods, CASSCF and CASPT?2 (see Appendix, [A.4]for the results of these LIICs).
It was quickly found that when evaluating the same LIICs using DFT/MRCI(2) based on
structures optimized using CASPT2, that the shape of DFT/MRCI(2) LIICs and CASPT2
LIICs resembled each other quite closely. When using a transition state optimized with

CASPT2, computing CASPT2 LIICs between the S;(Rpg) and Sy (Rrrer) structures would
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yield a maximum on S associated with that transition state. Using DFT/MRCI(2) excita-
tion energies, and using the same nuclear structures from the CASPT2 LIICs would result
in a maximum on S at a similar location along the DFT/MRCI(2) LIIC (see Appendix,
for the results of these LIICs). This was indicative of how the two methods yield similar
potential energy surfaces, at least for the molecular system being studied (DMABN), and
therefore transition state structures optimized with DFT/MRCI(2) should resemble tran-
sition state structures optimized with CASPT2. Since DFT/MRCI(2) as implemented in
GRaCI does not yet have the capability to optimize transition states, this allowed for the
use of CASPT?2 optimized transition states to be used as quasi DFT/MRCI(2) transition
states, with the necessary stipulation that there would be minor inaccuracies intrinsic to
this approach. Analytical gradients are not implemented for CASPT2, leading to compu-
tationally expensive transition state optimizations with numerical gradients. Therefore, in
order to find the height of the transition-state barrier, a three pronged approach was used:
the CASSCF, CASPT2, and DFT/MRCI(2) electronic structure methods. Optimization of
the transition states was successful using the relatively inexpensive CASSCF method, but
was only rarely so using the more expensive CASPT2 method (optimization cycles typically
exceeded the time and resources available, and were often too computationally expensive
unless smaller active spaces were used, (12,11) for DMABN transition state instead of the
typical (14,13) active space selected for optimizing the excited state minimum structures).
The transition states that were successfully optimized with CASPT2 were then used to es-
timate the size of the transition-state barrier for DE'T/MRCI(2), for which transition-state
optimization is not currently implemented. Furthermore, LIICs adjacent to the gas phase
LIICs were computed using implicit solvation models to simulate the effects of acetonitrile.
None of the electronic structure methods discussed yielded reliable transition state optimiza-
tions in acetonitrile, therefore the best approach was to obtain the transition state optimized
structures computed in the gas phase, and use them to estimate the barrier heights asso-

ciated with the transition states in acetonitrile using LIICs, where the excitation energies
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were at least computed with the implicit solvent models available in GRaCI and Molcas.
This procedure likely led to the overestimation of the true barrier heights associated with
the acetonitrile transition states, and slight mischaracterizations of the nuclear structure of
the transition states in acetonitrile.

Fig [12| shows a summary of the excited state energies found after calculating a series of
interpolated paths between the relevant excited state minimum structures, and the transition
state optimized with CASSCF, CASPT?2, or estimated for DF'T /MRCI(2) using the CASPT2
optimized transition state structure, for DMABN. The interpolated paths themselves can be
found in the Appendix (|A.4]), along with images of the nuclear structure of the transition
states optimized with each method. In this energy level diagram, and all others in this
chapter, zero point energy at each excited state is not considered, that is the focus of the
Rice-Ramsperger-Kassel-Marcus (RRKM) analysis further in this chapter.

In Figure CASSCF predicts a large transition state barrier that is difficult to over-
come even with the >1 eV of internal energy available at the S;(Rpg) structure after relax-
ation from Sy to S;. CASPT2 lowers the absolute energy of all excited states compared to
CASSCEF, but specifically lowers the absolute energy of the charge transfer states such that
the character of the transition state barrier is entirely different than the description pro-
vided by CASSCEF. A consequence of the charge transfer states being lower in energy is that
CASPT?2 predicts that the transition state barrier is trivial to overcome in the gas phase and
in acetonitrile, with the internal energy available at the S;(Rpg) structure after relaxation
from S to S;. DFT/MRCI acts as a middle ground between the two description offered
by the other two electronic structure methods, lowering the absolute energies of the charge
transfer states relative to CASSCF, but also predicting a larger transition state barrier com-
pared to CASPT2. However, since this transition state was optimized using CASPT2 and not
DFT/MRCI(2), it should be noted that the estimated barrier in Fig 12| for DFT/MRCI(2)
is an upper bound to the true transition state barrier, and a transition state optimized with

gradients computed with DFT/MRCI(2) would be lower in absolute energy. Using polariz-
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Figure 12: Energy Level Diagrams, excited state energies at relevant excited state geome-
tries of DMABN, optimized at several levels of electronic structure theory. To summa-
rize, the absolute energy of the charge transfer states are high lying under the CASSCF
description, reduced significantly in the CASPT2 description, and DFT/MRCI(2) repre-
sents a middle ground. Likewise, the size of the transition state barrier separating the
S1(Rrg) and S1(Ryror) structures decreases significantly under CASPT2, and only slightly
for DFT/MRCI(2), compared to CASSCF. Results were simulated in the gas phase and in
acetonitrile, where the effect of the implicit solvation model is more pronounced for calcu-
lations conducted with DFT/MRCI(2) due to the implicit solvation method chosen. Solid
black/grey (gas/acetonitrile) lines in this case track the expected pathway for the majority
of the excited state population after initial absorption to S at t = 0, see Fig @
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able continuum model (PCM) for CASSCF/CASPT?2 and domain-decomposition Conductor
Like Screening Model (ddCOSMO) for DFT/MRCI(2) to simulate the effects of polar sol-
vent results in a small reduction in the excited state energies of all structures studied. The
use of an implicit solvation model had a series of expected and unexpected effects on the
excited state energies calculated. Firstly, the absolute energy of the Sy(Rrjeor) structure
did not fall below the absolute energy of the S;(Rpg) structure when using any electronic
structure method. Therefore, unlike experimental data would suggest, none of the implicit
solvation models implied that the molecule would reach the TICT excited state minimum
structure in acetonitrile or in the gas phase as the S;(Rysor) structure did not represent
an absolute minimum on S;. Secondly, the two implicit solvation models used had entirely
separate effects on the excited state energies of the So(Rpjor) structure and the transition
states optimized. While both implicit solvation methods decreased the relative energy of the
So(Rpror) structure, and slightly decreased the relative energy of the S;(Rpg) structure
relative to the gas phase, only ddCOSMO used with DFT/MRCI(2) decreased the relative
energy of the transition state compared to the energy of the S;(Rpg) structure, increasing
the rate of charge transfer in acetonitrile.

The nuclear character of the transition states optimized by CASSCF and CASPT2 war-
rants discussion, since the two methods find entirely separate nuclear structures after geom-
etry optimization. This difference is significant especially since CASSCF predicts a much
larger transition state barrier than the other two methods CASPT2 and DFT/MRCI(2). In
the two-state model, the S; (Ryror) structure is accessed via nuclear displacements along two
primary coordinates: the amino dihedral angle and the out of plane bend at the carbon atom
of the benzene ring bonded to the nitrogen atom of the amino group. The CASSCF tran-
sition state structure exists at a geometry that has a significant twist of the dimethylamino
group, but the dimethylamino group is not bent out of plane significantly. Meanwhile, the
CASPT?2 transition state structure exists at a geometry that is very similar to the proposed

S1(Ryricr) excited state minimum,™ however the dimethylamino group is slightly out of
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plane with the benzene ring. A harmonic frequency analysis of both structures indicate that
they both exist as an unstable maximum (imaginary frequency) at a vibrational mode that
appears to control the level of pyramidalization around the dimethylamino group. In order
to overcome the transition state barrier and reach the transition state, the excited state hes-
sian of the CASSCF transition state implies that the dimethylamino group must first twist
nearly 90 degrees, while the excited state hessian of the CASPT2 transition state imples
that the de-pyramidalization can occur much earlier, at a structure closer to the proposed
S1(Ryricr) state.*” Therefore, CASSCF indicates the Si(Rrg) to Si(Rrior) transition is
sequential, where the dimethylamino group must be almost fully twisted before the local
nuclear structure around the dimethylamino nitrogen can change, while CASPT2 indicates
that both the twist and bend of the dimethylamino group happen simultaneously as the
dimethylamino nitrogen becomes de-pyramidalized. It is difficult to say at the outset which
transition state optimization yielded a geometry closest to the true transition state; this will
require an interrogation of these transition-state barriers against experimental spectroscopies
(see Chapter {).

In previous work on DMABN, it was observed that the rate of charge transfer could
be controlled by increasing the size of the carbon chains on the dimethylamino group.’?
For this reason, diisopropyl aminobenzonitrile (DIABN) and aminobenzonitrile (ABN) have
been examined in the past.? 188180 Whereas charge transfer has been observed both in po-
lar solvent and in the gas phase for DIABN, charge transfer has not been observed in either
environment for the ABN . PASESISY The two molecules are particularly useful analogues to
compare with DMABN. Based on previous literature, it is expected that the transition state
barrier should decrease with respect to DMABN for DIABN, and increase with respect to
DMABN for ABN.%# The two-state model was assumed to be valid when studying these ana-
logues, under the justification that the actual nuclear structural changes are minimal; the
donor-acceptor model coupled with a conjugated ring is still intact, and so the character of

the DIABN S;(Ryjer) and S;(Rpg) structures should be similar compared to their DMABN
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equivalents. The same diabatic analysis performed in Chapter could not be performed
for DIABN due to computational difficulties incurred by the molecule’s size, it is difficult to
say at this juncture whether the two-state model will hold for the molecule without further
analysis. Regardless, the transition-state barriers were evaluated with CASSCF, CASPT2,
and DFT/MRCI(2) for both DIABN and ABN. In the Appendix ( [A.5)), the nuclear ge-
ometries of the excited state minimum structures optimized using CASPT2 for DIABN and
ABN are present. Note that CASPT2 transition state optimizations and excited state opti-
mizations were exceptionally computationally expensive for DIABN, requiring active spaces
of at maximum (8,7) as opposed to the typical (14,13), for all transition state optimizations.
However all excited state energies yielded by CASSCF /CASPT?2 in LIICs conducted on the
molecule were performed with (14,13) active spaces.

Fig [13] and Fig [14] show a summary of key points along the LIICs computed for DIABN
and ABN, analogous to Fig [12] The interpolated paths themselves from which these are
based can be found in the Appendix ( [A.4]), along with images of the nuclear structure of
the transition states optimized with each method.

The electronic structure methods CASSCF, CASPT2, and DFT/MRCI(2) treat the ana-
logues in this section similarly to DMABN. For instance, the relative energy of the charge
transfer state energies computed by CASSCF for DIABN are higher lying then their equiv-
alents in CASPT2 and DFT/MRCI(2). Furthermore, the smallest transition state barrier is
computed with CASPT2, while DFT/MRCI(2) computes a moderate transition state bar-
rier compared to the other two computed by CASSCF and CASPT2. The main difference
between the calculations on DIABN and those of DMABN is that for the calculations per-
formed with CASPT2 and DFT/MRCI(2), the absolute energy of the S;(Rrjcr) structure is
consistently lower than the S1(Rpg) structure. Furthermore, using all three electronic struc-
ture methods, the relative energy of the transition state compared to the S;(Rpg) structure
is lower for the DTIABN calculations compared to those computed on DMABN. The reverse is

true for ABN; the S;(Rrror) structure is very high lying across all electronic structure meth-
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(c) DFT/MRCI(2), excited state energies on top
of CASPT?2 optimized structures

Figure 13: Energy Level Diagrams, excited state energies at relevant excited state geometries
of DIABN, optimized at various levels of electronic structure theory. In comparison to the
results obtained for DMABN (Fig , the absolute energy of the Si(Rrjeor) structure is
consistently lower than the absolute energy of the S;(Rpg) structure. Furthermore, an
excited state minimum associated with the Sy(Rpjeor) structure could not be successfully
optimized with the molecule. Solid black/grey (gas/acetonitrile) lines in this case track the
expected pathway for the majority of the excited state population after initial absorption to

Sgatt:O.
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(c) DFT/MRCI(2), excited state energies on top
of CASPT2 optimized structures

Figure 14: Energy Level Diagrams, excited state energies at relevant excited state geometries
of ABN, optimized at various levels of electronic structure theory. In comparison to the
results obtained for DMABN (Fig , the absolute energy of the S;(Rrror) structure is
consistently higher than the absolute energy of the S;(Rpg) structure. Both CASSCF and
CASPT?2 could not successfully optimize the S;(Rrjor) excited state minimum structure,
and therefore a transition state between the S; (R g) and S;(Rror) states was not optimized
either. Solid black/grey (gas/acetonitrile) lines in this case track the expected pathway for
the majority of the excited state population after initial absorption to Sy at t = 0.
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ods, however the actual transition-state barrier could not be determined. This is because
for ABN, CASPT2 and CASSCF could not successfully optimize the S;(Ryjor) structure,
instead the energy of the state is approximated by using a structure with the same internal
coordinates as DMABN in Fig The S;(Rricr) structure for ABN has claimed to be op-
timized using CASSCF and CASPT?2 using previous works,” so it is likely the choice of basis
set, convergence parameters, or initial guess affects the success rate of these optimizations
significantly for ABN. This would indicate at least, that the S;(Ry;or) minimum for ABN
represents a shallow minimum. A transition state could also not be successfully optimized
with either CASSCF or CASPT?2 for the molecule, and thus the size of the transition-state
barrier could not be determined. Returning to DIABN, the transition state at the CASSCF
and CASPT?2 levels of theory both proved quite difficult to optimize due to what seems
to be an exceptionally small transition state barrier between the S;(Rpg) and S;(Rrier)
structures. Transition state optimizations often found similar transition state structures for
DIABN with similar absolute energies, but with broad differences in the twisting angle of the
dimethylamino group. Therefore, in Fig the transition state energies found at CASPT2
and CASSCF have a large degree of uncertainty attached to them. The Sy(Rpror) structure
also proved difficult to optimize for DIABN, and in fact both CASSCF and CASPT2 found
that the ground state structure of DIABN with a small twist was lower in absolute energy
at Sy than a planarized nuclear structure. Finally, similar to the calculations performed
on DMABN, the use of an implicit solvent model to simulate the effects of acetonitrile for
calculations performed on DIABN and ABN lowered the relative energy of the charge trans-
fer states (So(Rpror) and Si(Rrror)). However the transition states themselves were not
affected when using the PCM model, and only when using the ddCOSMO implicit solvation
model were their absolute energies reduced. As others have argued, for polar solvents espe-
cially, the choice of semi-empirical factors in dd-COSMO is more appropriate for treating

1731183

solvent effects on many body molecules (such as DMABN), and so in this case it is

likely that this model is more accurately describing the energy of the transition state in

%)



acetonitrile, although it is difficult to say for certain considering the other approximations
already made so far.

To better quantify the transition-state barriers studied so far, the Rice-Ramsperger-
Kassel-Marcus (RRKM) kinetics theory was used. The use of a microcanonical transition
state theory for an excited state picosecond process is typically not appropriate, since RRKM
assumes that all nuclear structures with the same energy are equally probable and uniformly
sampled on a time scale faster than the rate at which the transition state barrier is overcome.
Despite this, RRKM is justified as a first approximation to the excited state dynamics on
S1 since the geometries of the pre-transition state and post-transition state structures are
well defined by specific geometric characteristics (twist, out of plane bend), and the excited
state dynamics on S; are relatively simple (lack of significant competing pathways). Finally,
the individual lifetimes of the S;(Rpg) and S;(Rricr) structures are relatively long lived,
with emissions persisting from both structures after hundreds of picoseconds, giving time for
the internal energy to be sufficiently reorganized into the vibrational states of the S;(Rpg)
and S, transition state structures. 243348 Zero point energy corrections to the excited
state energies at the S;(Rpgp) and S;(Rrs) geometries based on available excited state
hessians (CASSCF or CASPT2). The rate at which each transition state barrier on S is
overcome with the internal energy still available at the S;(Rpg) structure after decay from
the Sy(Rpror) structure was estimated using RRKM. The excited state hessians at each
transition state structure were readily available after transition state optimizations conducted
for CASPT2 and CASSCF using OpenMolcas 21, and the internal energy available at the
S1(Rpg) structure could be ascertained based on the difference between the energy required
to absorb at Sy from the ground state minimum, and the absolute energy of the S;(Rpg)
structure. The rate constants were used in a first order rate law equation, to predict the time
at which the final concentration of the reactant decreases to 50% of its initial concentration.
The results of these calculations are present in Table [I] for DMABN and DIABN, using the

electronic structure methods discussed in this work.

56



A number of shifts were applied to the excited state energies in Fig and Fig to
find the rate constants in Table [ These were significant for excited state energies com-
puted with CASPT2, as the absolute energy of the Sy state after ground state absorption
was always large enough such that the transition state barrier was predicted to be overcome
instantly (<50 fs), in the gas phase and in acetonitrile for both molecules. The basis of these
shifts were comparisons to experimental results which detected the rise time of the charge
transfer signal in DMABN in acetonitrile,,” as well as experimental results supposedly de-
tecting the rise of a charge transfer signal in DIABN in the gas phase (discussed in detail
in Chapter . It was determined that in order for CASPT2 to accurately recreate a rise
time of the charge transfer signal consistent with experimental data, a shift of about -0.58
eV needed to be applied to absolute energy of the Sy(Rgg) structure. That is to say, the
amount of internal energy at the S;(Rpg) structure after decay from S, to S; is presumed
to be overestimated by CASPT2. Since this internal energy was so high, the transition
state barriers for DMABN/DIABN in the gas phase and acetonitrile were predicted to be
overcome near instantaneously, which is inconsistent with the aforementioned experimental
data available, necessitating the aforementioned shift. Furthermore, the PCM model in elec-
tronic structure calculations in Fig |12 provided a description of the charge transfer process
that was inconsistent with experimental data. At the Sa(Rpror) and Sy(Rgg) structures,
their absolute energies decreased significantly compared to their gas phase absolute energies,
but since the energy of the transition state structure was unaffected by the PCM implicit
solvation model for CASSCF and CASPT?2 calculations, RRKM predicted that the charge
transfer process would be slower in acetonitrile for both DMABN and DIABN. Hence, all
calculations using the PCM model were not included in Table[l} it appears as if dd-COSMO
is the preferred implicit solvation model to treat molecules of this size and for extremely
polar solvents, due to the aforementioned semi empirical parameters used in its implemen-
tation. Finally, the DFT/MRCI(2) description of DMABN and DIABN in acetonitrile was

vastly different from their gas phase description. For example, for DMABN the S, and S}
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adiabatic states were nearly degenerate at the ground state geometry, meaning the transi-
tion state barrier was impossible to overcome in acetonitrile for DMABN due to a lack of
internal energy. A final shift of +0.07 eV was applied to the internal energy at the S1(Rpg)
structure for all DFT/MRCI(2) calculations in acetonitrile (dd-COSMO), to better match
with experimental data. The process of multiple shifts further illustrates the inaccuracies
inherent to this method, in addition to further inaccuracies such as those caused by the
differences between excited state optimizations performed in the gas phase compared to
those in acetonitrile, which were neglected in this study. Moreover, using the energy at the
So(Rgs) structure plus/minus an empirical shift to estimate the internal energy available
at the S1(Rpg) structure is only applicable as a first guess, and yet this parameter is very
important to the description of the excited state dynamics provided by RRKM analysis.
Part of the analysis used to determine the empirical shifts to the internal energy in each case
was done by constructing RRKM curves based on a variable amount of internal energy and
the transition state barriers previously computed, these RRKM curves are presented in the
Appendix ( [A.6)).

An RRKM analysis (with shifts to excited state energies returned from CASPT2) can lead
to rise times that are consistent with other experimental studies on DMABN and DIABN.”
However, as shown elsewhere (Appendix, [A.4)), the DIABN LIIC that exists between the
S1(Rpg) and S1(Rrrer) structures is sufficient on its own without the explicit optimization
of a transition state in demonstrating that charge transfer should occur for this molecule,
because the Sy (Rrreor) structure is significantly more low lying in energy than the S;(Rpg)
structure, which is not the case for the adjacent LIICs computed for DMABN. LIICs com-
puted without transition states are a good first guess compared to the LIICs computed with
explicit transition states in this section, and can yield important information about whether
charge transfer is likely for a DMABN-type molecule. Determining the specific rise and decay
times of the charge transfer process is best determined through experimental time resolved

3

studies; as observed in this work and others,™ current electronic structure calculations per-
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Table 1: Rate Constants k(E) and corresponding transition times for the S;(Rpg) —
S1(Ryrer) conversion in DMABN and DIABN, determined using different ab initio levels

of theory.
Shift
applied to decay /rise
Molecule Method Solvent So(Ras) k(E) (s71) | time (pi-
absolute coseconds)
energy
CASSCF Gas 0 2.2 * 10° 3.1%10°
CASPT?2 Gas -0.58 ~0 ~ 00
DMABN
DFT/MRCI(2) | Gas 0 ~0 ~ 00
DFT/MRCI(2) | Acetonitrile | +0.07 2.5 * 10® 2.8
CASSCF Gas 0 5.5 * 108 1.3
CASPT2 Gas -0.58 1.7 * 108 4.0
DIABN
DFT/MRCI(2) | Gas 0 2.4 * 108 2.8
DFT/MRCI(2) | Acetonitrile | +0.07 3.7%10° | 0.2

59




formed on DMABN with some ab initio methods such as CASPT2 underestimate the rise
time of the charge transfer states responsible for dual fluorescence. However, DFT/MRCI(2)
requires no shift in the gas phase to reproduce time constants that were consistent with
previous experimental data on DIABN in the gas phase (see Chapter [4)), even with the use
of CASPT?2 excited state structures. Therefore, in order to further develop this thesis, the
simulation of spectroscopies is encouraged for the excited state structures of DMABN and its
analogues using DF'T/MRCI(2) exclusively, such that if charge transfer formation is likely for
a given molecule, distinct signals attributed to the S} (Rrror) structure can be identified in a
time resolved study. The focus of future sections (Chapter [3|onwards), is thus to benchmark
the electronic structure method of choice, DF'T/MRCI(2), against experimental data. Once
this is done, DFT/MRCI(2) may be applied to estimate new unperformed spectroscopies,
as a first guess for future time resolved studies. Before all of this can be done, a few minor

alternate hypothesises for the excited state dynamics of DMABN must be addressed.

2.3 The Proposed Role of the Partially Twisted Charge Transfer

and 7wox states

The two-state model introduced in Fig @ excludes the proposed S1(R,ricr) and Si(Ryx)
structures, which in literature have often been used to explain experimental spectroscopic
signals.®% In this section, linear interpolated paths in internal coordinates (LIICs) are com-
puted utilizing DFT/MRCI(2) to demonstrate that the So(Rasin) — S2(Rprer) = S1(Rig)
— S1(Ryrer) mechanism in Fig @ best describes the excited state dynamics of DMABN,
and that the S;(R,rior) and S1(Rnes) structures do not play a significant role. While
this topic has already been considered numerous times by other studies, it is important to
address for this thesis because the electronic structure method used to compute spectro-
scopies, DFT/MRCI(2), has not been used to tackle this problem, and it is relevant to see
if the method describe these structures significantly differently than CASPT2, CASSCF,

etc. Equivalent LIICs computed using CASPT2, or with solvent, can be found elsewhere
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(Appendix, [A.7).

LIICs involving the S;(R,s«) structure were difficult to compute using CASPT2. This
is because CASPT2 LIICs often have discontinuities unless neighbouring geometries have
adiabatic states that do not change significantly in their electronic character, which often
requires orbitals from one step in an LIIC to be used as a guess for future steps in an LIIC.
Further discontinuities arrive if the electronic character of the adiabatic states considers
changes significantly from step to step, as is the case for paths including the S; (R ,.) struc-
ture, since orbitals describing the excited states accessible at the PICT geometry will differ
significantly from the orbitals describing the excited states accessible at the wo* geometry.

The role of the S} (Ryrror) structure is often disputed due to the inability of electronic
structure methods to find an excited state minimum with unique electronic character at the
partially twisted geometry.™ Similarly to CASPT2, DFT/MRCI(2) finds that at the pTICT
geometry, the Sy and Sy states are nearly degenerate (Fig. Therefore the nuclear structure
of DMABN at the partially twisted geometry will relax to either the S;(Rpg) or S1(Rrier)
geometries. Fig implies that the S;(Rpg) structure requires about 0.27 eV to overcome
the transition barrier required to reach the Si(R,ricr) geometry, and similarily there is
a small 0.20 eV barrier preventing direct population of the S;(Ryjcr) structure from the
S1(Ryrrer) structure. The presence of a conical intersection near the S1(Ryrior) geometry
is significant, and has been found in previous work on DMABN.® Here, these adiabatic LIICs
are consistent with the diabatic LIIC shown earlier in this discussion (Fig[L1)), which indicate
that this conical intersection represents a degeneracy between the diabatic Sp(Rrrer) and
Sp(Rpg) states (CL.1), and therefore the pTICT geometry is not a source of transient excited
state signals.1?

As shown by the potential energy curves in Fig (16| and Fig , the S1(Ryes) structure
is unlikely to play a significant role in the excited state dynamics of DMABN. Fig [16a] and
Fig demonstrate that with or without forced planarization of the S;(Rpg) structure to

the PICT nuclear structure, a barrier persists separating the S1(Rpg) and S1(R,.) excited
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state minimums, and the size of the barrier is primarily due to the bending vibrational
motion of the cyano group (0.37 V). In the previous section (Fig[12)), it was established
that DFT/MRCI(2) predicts that 0.29 eV of internal energy is available after ground state
absorption and internal conversion to S7, hence it is unlikely that this transition-state barrier
will be overcome, and the S;(R;,«) structure will be populated. However, a transition state
may exist that reduces the size of the transition-state barrier between the S;(Rpg) and
S1(Rye«) structures, although optimizations so far have been unsuccessful with all of the

electronic structure methods in Chapter [2.2]

Interpolated Path, PICT (i) --> LE (ii) --> pTICT (iii) --> TICT (iv), DMABN in the Gas Phase
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Figure 15: LIIC of DMABN, through the following nuclear geometries, PICT — LE —
pTICT — TICT. Energies are computed by DFT/MRCI(2), in the Gas Phase. Legend
refers to adiabatic states, Sy, S1, S, etc.

Assuming that the S;(Rq«) structure can be populated via a transition state that lowers
the transition-state barrier between the S;(Ryy.) structure and S1(Rpg) structures, the
S1(Riye«) structure is still unlikely to contribute to S;(Rrrer) formation. Fig [17]illustrates
the various potential sequential pathways that could lead to S;(Rrror) formation. The LIIC
that represents the smallest transition-state barrier between the S;(R. ) and Si(Rricor)
structures requires an immediate reversal of the bending of the cyano group. Any other
structural change leads to a larger transition-state barrier of upwards of 0.8 €V, which is
not surpassable with the internal energy available on S; after the aforementioned Sy to S

internal conversion process.
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Figure 16: LIICs of DMABN, evaluating the transition-state barrier of the population of the
S1(Rye«) structure. Energies computed by DFT/MRCI(2), in the Gas Phase. Legend refers
to adiabatic states, Sy, S1, Ss, etc.

Overall, the S;(Rq«) structure is unlikely to contribute to S;(Ryror) formation, and so
it was not included in the description of the two-state model (see Fig @ Without an explicit
transition state optimized between the S;(Rpg) and S;(R.s.) structures, it is difficult to
ascertain the true height of the transition-state barrier between the two. However, even if the
transition state barrier between the S1(Rys.) and Si1(Rpg) structures is surpassed, since the
S1(Riye«) structure cannot contribute towards S (Rrrer) formation, it is best characterized
as the endpoint of a competing pathway to S;(Rrror) formation, and does not necessarily
disprove the two-state model (yet it would reduce the overall S;(Rrrer) yield). In order to
evaluate whether the S;(Rpg) — S1(Ryo«) pathway is competing with the main two-state
model pathway significantly, S1(Rrg) — Si(Rrior), existing experimental data must be
evaluated, and new spectroscopies must be simulated, which can detect signals attributed

to the S1(Rrg), S1(Raes), and Sy (Rrrer) structures.
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Interpolated Path, om (i) > Twist Dimethylamino (ii) > Reverse Bend Cyano (iii) > TICT (iv). DMABN in the Gas Phase
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Figure 17: LIICs of DMABN, evaluating the transition barriers of the population of the
S1(Rrror) structure from the Sy (Ryq.) structure. Energies computed by DFT/MRCI(2), in
the Gas Phase. Legend refers to adiabatic states, Sy, Si, Sa, etc.
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3 Time Resolved Spectroscopies of

DMABN 1n Solution

3.1 UV/VIS Absorption: Benchmarking Quantum Chemical Meth-

ods

In order to validate and utilize the two-state model by predicting various excited state spec-
troscopies, it is important to first establish that the quantum chemistry method of choice,
DFT/MRCI(2), can reproduce basic experimental spectrum. The absorbance/fluorescence
spectrum of DMABN has been evaluated in a number of studies, 32029408385 411d has
been essential to benchmark other electronic structure methods including CASSCF and
CASPT2 (Appendix, . Figure (1§ displays simulated absorbance/fluorescence spectrum
of DMABN computed with DFT/MRCI(2), compared to experimental spectrum, while also
including the (theoretical) fluorescence of the S;(R;s.) structure. The S;(Ryq«) structure
is presumed to not be responsible for any of the experimental fluorescing bands, but it
is included here because the structure is significant enough that signals attributed to the
structure will be simulated in all future simulated spectroscopies in this thesis. The ex-
perimental spectrum being compared to in Figure is the one produced by Druzhinin®
that evaluated DMABN in acetonitrile, where relative oscillator strengths calculated with

DFT/MRCI(2) in acetonitrile have all been scaled upwards to better compare specific emit-

ting wavelengths. In the experimental spectrum, the assignment of peaks to GS, LE and
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CT absorptions/emissions is based on the conventional dual fluorescence theory advocated
by Druzhinin et al, which states that in acetonitrile, the two signals present are attributed
to the LE structure and CT structure.” Not every absorbance/fluorescence spectrum taken
in literature has spotted an emission correlated to the LE structure for DMABN in ace-
tonitrile, with many experimental UV /Vis spectrum solely spotting the CT structure in
acetonitrile, and solely the LE structure in the gas phase.1%% In this section, the purpose is
primarily to establish whether DFT/MRCI(2) estimates the relative excited state energies
of each potentially emitting structure in the excited state dynamics of DMABN in a manner
consistent with experimental assignments. Establishing at the outset where simulated spec-
troscopies differ with basic experimental spectroscopies allows for easier interpretations of
inconsistencies that may arise when repeating the process for more advanced experimental
spectroscopies elsewhere in this thesis. There is less emphasis on comparing the specific
intensities of individual emissions to experimental data, since the implicit solvation model
(dd-COSMO) does not significantly alter the intensities of excited state emissions relative to
equivalent gas phase calculations. For example, dd-COSMO is unable to predict the strong
fluorescence of the S;(Rrror) structure in acetonitrile, and instead predicts a weak fluores-
cence of the structure similar to equivalent gas phase calculations. Equivalent spectra to
Figure , conducted in the gas phase, are present elsewhere (Appendix, . Spectrum
conducted in this section are convoluted with a Gaussian using a 1000 em ! full width half
maximum to better compare with experimental UV /Vis spectrum.

In Figure|[18], it is evident that the three visible experimental peaks can be associated with
the simulated ground state absorption to the bright Ss state, and the simulated fluorescence
of the S1(Rpg) and S1(Ryjer) structures, similar to the assignments produced by other
electronic structure methods (Appendix, . When an absolute shift is applied to the
DFT/MRCI(2) absorbance and fluorescence energies, the relative energies of the ground
state and S;(Rrror) energies compare well to the first and third bands in experiment,

but the S1(Rpg) peak is relatively blue shifted (higher in energy, eV) compared to the
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second band in experiment. Therefore, DFT/MRCI(2) is able to qualitatively identify the
relative energies of the Sy(Rpc) absorption, S;(Rpg) and S;(Ryror) emissions, except in
the case of the S;(Rpg) structure which is slightly shifted such that it is calculated to have
a higher relative absorbance energy than expected (which necessitates a higher fluorescing
energy in eV in Figure [18). The electronic character of the S;(Ryg) structure is defined
by several weakly contributing configuration state functions (CSFs) (see Fig , so this is
indicative of the method slightly struggling to describe the necessary static correlation for
this excited state minimum structure. The nature of the shifts applied here assume that the
relative description of the ground state and Sy (Rrjcr) structures are correct, and the relative
description of the S;(Rpg) structure is incorrect, but the reverse may be true. However, it
seems more likely that DFT/MRCI(2) is struggling to describe the electronic character of
the S1(Rpg) structure, since it requires a more complex description than the ground state
of DMABN, and the S;(Ryor) structure, which is described by a simple HOMO to LUMO
transition from Sy to Si.

When comparing the spectrum simulated with DFT/MRCI(2) to the experimental UV /Vis
spectrum, it is inconclusive whether the two-state kinetic model is apt at describing the ex-
cited state dynamics of DMABN. The fluorescence bands attributed to the S;(R...) and
S1(Rrror) structures overlap, so a definitive accounting of the excited state dynamics of
DMABN is not possible on the basis of static absorption spectroscopy alone. More excited
state spectroscopies are necessary to prove the validity of the two-state model, specifically
spectroscopic methods that are dependent on changes in the electronic and nuclear character
of the states being studied, which are simulated with increasing complexity in subsequent

chapters.
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Figure 18: UV /Vis absorption spectrum of DMABN in Acetonitrile. Top: Spectrum com-
puted with DFT/MRCI(2). Bottom: Experimental spectrum.? The following oscillator
strengths were altered for better visibility: S;(Rzror)(Osc Str x400), St (Rpg)(Osc Str x35),
S1(Rre«) (Osc Str x6500), Exp-LE(Osc Str x25). A final shift of -0.27 eV was applied to
all excitation energies obtained with DFT/MRCI(2) (or alternatively, the absolute energy of
the Sp(Rgs) structure was increased by 0.27 €V), to better match with experiment (however
even after this shift, there exists a slight discrepancy between the experimental and simu-
lated energies for the S1(Rpg) structure.
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3.2 Transient Absorption Spectroscopy: Simulation and interpre-

tation

There have been two key studies that have performed transient absorption spectroscopy on
DMABN and have yielded entirely different models of charge transfer formation, based on
their separate interpretations of their respective spectra. The first spectrum, proposed by
Druzhinin et al.” was interpreted in a way similar to the two-state model; it assumed that the
transient excited state signals were attributed to the S;(Rzg) and S;(Ryrcr) structures. 8
The second, proposed by Coto et al., was interpreted to assume that the Sy (R,rror) and
S1(Ro«) structures represented excited state minima that are populated after initial absorp-
tion.Y The setup of the two studies is similar; both induce charge transfer by studying the
molecule in a polar solvent (acetonitrile), and with slightly different pump wavelengths used
to initially excite the molecule (290 nm®® vs 267 nm,™ the former choice of wavelength
allowing for easier population of the S, adiabatic state due to being higher in energy).#10%5
The Coto et al. study probes the sample using a white light continuum (WLC) of 330-750
nm, while the Druzhinin et al. study uses a WLC of 260-1040 nm, and both proceed to probe
the molecule at short and long timescales, from 0.2 to 24.5 ps and to 64 ps respectively. 24082
The Coto et al. study measures the excited state dynamics at more frequent intervals, while
the Druzhinin et al. study uses a broader white light continuum probe pulse to measure a
longer range of excited state absorption signals.”* "2 Qverall, the setup of the two studies is
similar, and the transient absorption spectrum have similar time evolutions of their excited
state signals. #1062

The experiment by Druzhinin et al. explicitly accounts for the effects of stimulated
emission via the subtraction of the previously mentioned reference spectrum obtained by
experimental UV /Vis spectrum (Fig[18).™ %0 Assuming a model where the Si(Rp) struc-
ture is populated first, followed by the S;(Ryror) structure, Druzhinin et al. subtracts the

simulated emission from the transient absorption spectrum by estimating the time resolution
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of the two peaks attributed to the structures based on the dielectric solvent relaxation times
of the solvent. In other words, Druzhinin et al. predicts that at low timescales the fluores-
cent band attributed to the S;(Rpg) structure dominates, and subtracts intensity from the
transient absorption spectrum at the location where this fluorescent band is located in the
UV /Vis spectrum. The intensity of the emission band being subtracted at each point in time
is based partly on the gas phase UV /Vis spectrum, which slowly decreases in intensity as the
population is converted from the S;(Rpg) structure to the S;(Ryjor) structure. Druzhinin
et al. at each point in time also subtracts a stimulated emission component related to the
fluorescing band in the UV /Vis spectrum attributed to the Si(Ryjor) structure, where the
intensity of this subtraction starts out small, but gets progressively larger as it is assumed
that there is a conversion from the S;(Rpg) structure to the S;(Rrjor) structure, where the
maximum intensity is dictated by the intensity of the second fluorescing band in the UV /Vis
spectrum (Fig [18).229891 For DMABN, it is necessary to account for stimulated emission in
order to obtain the excited state absorption spectrum; there is a significant difference be-
tween the transient absorption and excited state absorption spectrum if the contribution of

stimulated emission is non negligible. #2019

For this reason, simulated results are compared
solely to the results of Druzhinin et al., since the excited state absorption spectrum computed
by ab initio electronic structure methods inherently will not reproduce stimulated emission
contributions. %Y Ag for other components which contribute to the transient absorption
spectrum of DMABN, such as the ground state bleach signals, these lie mostly outside of the
wavelength range of interest (<300 nm), and do not significantly interfere with resolution of
the excited state signals attributed to each excited state structure.

The electronic structure method used to estimate the excited state absorption (ESA)
spectrum in this thesis is the aforementioned DFT/MRCI(2) that was used to estimate the
static UV /Vis spectrum in an earlier section. To compare directly with experimental results

by Druzhinin et al,” the excited state absorption spectra of DMABN are simulated using

an implicit solvent model with a dielectric constant set to that of acetonitrile in Fig[I9] for
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each of the excited state structures mentioned previously that constitute a minima on 5.
The spectrum are convoluted with a Gaussian using a 6.00 nm full width half maximum,
computed using the implementation of DFT/MRCI(2) in GRaCIL.1** To compare against
the experimental ESA spectrum, we will measure against excited state signals attributed to
early timescales (51 (Rpg) structure), and excited state signals attributed to late timescales
(S1(Rrrer) structure). That way, signals computed using DFT/MRCI(2) can be directly
compared against experimental excited state signals with the relative populations of the two
structures being neglected. Additional spectra taken in the gas phase, including S1(Ryricr)
and Sy(Rpror) contributions, can be found in the Appendix ( along with additional

NTOs detailing the character of the excited state absorptions simulated here ( |A.9)).
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The experimental excited state absorption (ESA) spectrum provided by Druzhinin et
al. indicates the presence of two main peaks observed at early (0.2 ps) timescales, and
one peak observed at late (64 ps) timescales. The first of these three peaks is in the high
wavelength region (450 to 700 nm); the peak in the simulated spectrum (725 nm) can be
assigned to a major ESA signal at 710 nm, associated with absorptions from the S;(R.g)
structure. Therefore the simulated spectrum interprets the Druzhinin et al. spectrum to be
detecting a large amount of S;(Ryg) population at early timescales. The character of this
excitation is from one of the partially occupied molecular orbitals at the Sy (Rpg) structure
to another partially occupied molecular orbital, and its breadth in experiment is likely due
to the shallow well that the S;(Ryg) structure represents (see Chapter [2)), as well as the
multiconfigurational character of the S1(Rpg) structure. Simulated ESA spectra of the
S1(Ryo«) structure indicate that were the S;(R;,,«) structure to be populated, it would be
expected that a signal in the 500-550 nm region would exist in the experimental spectrum.
At early and at late timescales, Druzhinin et al. does not detect an ESA signal in this
region, so it is unlikely that the S;(R;,,«) structure is being populated in this experiment
at either early or late timescales. The character of this excited state absorption is localized
at the cyano nitrogen, which is singly occupied at the S;(R,,«) structure. Therefore, it
makes sense why there is a low likelihood of this state being accessed from the S;(Rpg) or
S1(Rrier) states, since they do not share this single occupation. In the 300-400 nm region
there exist two experimental signals, at 355 nm and 315 nm (at early and late timescales
respectively). Simulated ESA of the excited states of interest predict an analogous set of
signals at 435 nm and 369 nm, associated with excited state absorptions from the S;(R.g)
and S1(Ryror) structures in the simulated spectra. This assignment is consistent with the
characterization of the experimental peak at 710 nm to an absorption from the S;(Rpg)
structure, and would indicate that since the only two structures that are populated are the
S1(Rrg) and S1(Ryror) structures, the two-state model is necessary to describe the excited

state dynamics of DMABN. The character of the excitation of the S;(Rpg) structure is
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very similar to the earlier excitation at 725 nm, but possesses some Rydberg character.
The character of the excitation of the S;(Rysor) structure on the other hand is difficult to
interpret, as it fully represents an excitation to a Rydberg molecular orbital.

A sizeable shift is present when comparing the results of DET/MRCI(2) to the experimen-
tal data at lower wavelengths, yet the qualitative nature of the experimental ESA spectrum
is still recreated by simulation. This shift is expected; as previously demonstrated (Chap-
ter [3.1), DFT/MRCI(2) like other ab initio electronic structure methods experiences a small
shift of about 0.5 eV or less, compared to vertical excitation energies determined from exper-
imental spectroscopies (Appendix, . There is a mismatch in oscillator strengths when
comparing simulated data to experimental spectrum; the simulated peaks at 725 nm and at
435 nm have similar oscillator strengths to their experimental equivalents at 710 nm and 435
nm, however the simulated peak at 315 nm is weaker than expected when compared to its
experimental equivalent at 369 nm. This is due to the fact that the S;(Rpg) structure will
represent a shallow minimum on S; (see LIICs in Chapter , leading to broad signals for
absorptions and for emissions in experiment, that are not seen in these simulations which
only study one optimized geometry. If several geometries similar to the S;(Rpg) excited
state minimum were included in the calculation of the ESA spectrum with varying weights
according to the shallowness of the LE minimum, calculations would better match with ex-
perimental spectrum for this state. Therefore, in experiment, S;(Rror) peaks will have
higher oscillator strengths than broad peaks attributed to the S;(Rg) state (as seen in the
spectrum by Druzhinin et al), but in the simulated spectra in Fig , it appears as if excited
state absorptions from the S;(Rpg) structure have stronger oscillator strengths than excited
state absorptions from the S;(Ryror) structure.

In summary, evaluating the excited state absorptions of DMABN in comparison to ex-
periment solidifies that the role of the S; (R s.) structure is minimal, and that the principal
mechanism for charge transfer in DMABN must be through the transition barrier separating

the S1(Rpg) and S1(Rrjer) structures.
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4 Gas Phase Time-Resolved Pho-

toelectron Spectroscopy

Time-resolved photoelectron spectroscopy (TRPES) is an experimental technique in which
the ionization of valence electrons via femtosecond pulses is used to probe the time-evolution

8692 Changes in the electronic and nuclear character of a molec-

of molecular wave packets.
ular wavepacket leads to differences in their ionization cross-sections and vertical ionization
potentials, leading to different kinetic energies of ejected electrons.®2 Since ionization pro-
cesses cannot be forbidden by a mismatch of the symmetries of the initial and final excited
states like absorption processes, TRPES does not suffer from low cross-sections due to sym-
metry forbidden transitions.®®“2 Therefore, TRPES is aptly suited to study DMABN and
DIABN in the gas phase, both being systems with large amplitude motion in their respective
proposed charge transfer processes, and with proposed excited state structures that differ
greatly in electronic and nuclear character.

As shown in Chapter [2|it is expected under the two-state model that the charge transfer
process (S1(Rpg) — Si(Rrror)) is favourable in DIABN and not DMABN. If the two
states have significantly different electronic character, two separate signals would be expected
in the TRPES spectrum of DIABN corresponding to the LE and TICT states, and one
signal is expected in the TRPES spectrum of DMABN corresponding to the LE state. If

the contribution of the Sj(Rq.) structure is significant, than a signal attributed with the

structure could also be present. In 2004, a series of unpublished TRPES spectra were taken
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of both DMABN and DIABN.*# These spectra were conducted with varying pump (260-
325 nm)and probe (200 nm) wavelengths, and the excited state dynamics of the molecules
were monitored over ~20 ps. In this section, these experimental spectra will be directly
compared with a set of static simulated valence photoelectron spectra to establish whether
the signals present in the experimental spectra can be associated with certain excited state
emissions. Furthermore, the time constants estimated using RRKM in Chapter [2 with respect
to DMABN and DIABN allow for the derivation of simulated TRPES spectrum, which will
also be compared to experimental TRPES spectra.

Fig shows a summary of the experimental TRPES studies conducted on DMABN
and DIABN. The most notable result in these spectrum can be found in Figure for
DIABN there are two distinct signals at about 2.2 eV and 1.8 €V, that are directly correlated
(as one rises, the other falls at a proportional rate). The presence of two distinct signals
that occur at least 3 ps apart implies the presence of a transition barrier. Earlier in this
work, the role of the Sy(Rpjor) structure in facilitating the method of internal conversion
from the Sy to S; adiabatic states was considered. This decay is a barrierless one (Fig [o]),
and therefore the Sy(Rpror) structure is not expected to have a long lived signal in time
resolved spectroscopies, meaning the decay from the Sy(Rpjor) to S1(Rpg) structures would
not be the cause of the 3 ps delay before the second signal in Fig 20b] Based on the ab
initio calculations performed so far (Chapter , these signals can only be attributed to
either the S1(Rpg) and S;(R,s«) structures, or the S;(Rpg) and S1(Ryjor) structures.
This is because in the previous analysis, it is only these two choices of two structures that
involve a transition state barrier of some kind consistent with the resolution between the
two signals shown in the TRPES spectrum of DIABN. Similar to DMABN; the S1(Rpg) —
S1(Ryox) pathway and the Sy (Rpg) — S1(Rrror) pathway are both theoretically possible for
DIABN due to the presence of small transition state barriers predicted by DFT/MRCI(2)
(see Appendix, , and Chapter . However, DMABN does not reveal two separate

signals, and therefore its single signal can be associated with the S;(Rpg) structure. The
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Figure 20: Experimental TRPES spectrum of DMABN and DIABN in the gas phase.
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first excited state occupied on S; for DMABN and its derivatives has unambiguously been
determined to be the S;(Rpg) structure by this work (see Chapter [2) as well as other

0813 and as of yet there is no discovered mechanism by

theoretical studies on the molecule,
which the S;(R.s.) structure or the S;(Ryjor) structure can be populated directly after
ground state absorption to the Sy(Rpjor) structure.

In Chapter , the transition-state barrier between the S1(Rpg) and S1(Rprjer) struc-
tures was quantified and the structure of the transition state was characterized. By using
DFT/MRCI(2) to compute excited state energies on top of CASPT?2 excited state minimum
structures, no shift was necessary to correlate the rise time of the charge transfer signal of
DIABN in the gas phase, to the experimental rise time of the second excited state signal of
DIABN in Fig 20l In Chapter [2] the rise time of the charge transfer state for DIABN was
predicted to be 2.8 ps, and experimental data in Fig [20] see the rise of the second signal in
around 3 ps. Furthermore, in DMABN, due to the size of the transition state barrier, the
excited state energies provided by DFT/MRCI(2) suggested that charge transfer would not
occur for DMABN in the gas phase. This is also consistent with the experimental data in
Fig [20| that only sees the existence of one persistent signal (presumably attributed to the
S1(Rpg) structure). The correlation of computed RRKM decay /rise times to experimental
decay /rise times indicate that DFT/MRCI(2) under the two-state model is providing the best
descriptor of the transition states of DMABN and DIABN. Since the transition states were
explicitly optimized with CASPT2, this implies that the transition between the S;(Rpg)
and S1(Ryjor) structures is not happening in multiple steps, but the de-pyramidalization
and twisting of the dimethylamino group are both actions that happen simultaneously (see
Chapter . To confirm that the previous assignment of the transient signals in the ex-
perimental spectrum is correct, simulated TRPES spectra (Fig for both molecules are
predicted based on the aforementioned charge transfer rise times determined in Chapter 2]
and static valence photoelectron spectrum for the S;(Rpg) and S;(Ryor) structures com-

puted using DFT/MRCI(2). To clarify, these are not on-the-fly dynamical simulations, but
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are an extrapolation of time independent photoelectron spectrum at several excited state
structures of DMABN and DIABN, based on the rise and decay of the charge transfer state
estimated in Chapter [2] using RRKM determined from the height of the transition state
barrier found using DFT/MRCI(2). Static valence photoelectron spectrum were computed,
and according to the rise/decay times computed in Chapter , the signals attributed to the
S1(Rpg) structure were gradually scaled down, and the signals attributed to the S;(Rzsor)
structure were gradually scaled upwards from 0. The decay time of the Sy(Rpsor) struc-
ture and the rise time of the S;(Rpg) structure was also considered, assumed to be about
50 fs34 7281 To analyze these time resolved spectra in more detail, the static valence pho-
toelectron spectrum that are the basis for Fig must be evaluated individually, and by
structure.

Static valence photoelectron spectra of DMABN, DIABN, and ABN were taken at the
S1(Rre), Si(Rrrer), and S;1(Ryq.) structures, convoluted with a Gaussian using a 0.10
eV full width half maximum to match with the bandwidth of the previously discussed ex-
perimental TRPES signals. Although ABN does not have experimental TRPES data that
accompanies this spectrum, the static valence photoelectron spectrum of the molecule were
still included to round out this study (See Appendix, . To better compare these re-
sults to experimental data, a similar pump-probe setup to those used in other studies has
been adopted, such that the binding energies of the electrons returned by GRaCI have been
converted to the kinetic energies of the electrons after the photoemission.®¥%? To do this,
the kinetic energy of the electron is estimated by subtracting the absorption energy of the
excited state of interest and the returned binding energies, from the sum of the pump and
probe energies, leading to the images in Fig[22]

Note that because simulated methods tend to overestimate the excitation energies of the
S1(Rpg) and S;(Ryrer) structures (Appendix, A.1), the wavelengths in Figure [20] cannot
be used to solve for the kinetic energies in Figure For instance, a pump photon of 277

nm is not sufficiently energetic to access Sy in DMABN according to DFT/MRCI(2) and
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CASPT2, but it is sufficient according to the experimental data available which detects
fluorescence from excited state minimum, implying that S, has been accessed by ground
state absorption (Fig . Therefore, to make sure that the static valence photoelectron
spectra are directly comparable to the experimental TRPES spectrum, a series of shifts were
applied. Assuming the same pump and probe energies as the analogous experimental TRPES
spectrum (DMABN and DIABN), for each valence photoelectron spectrum it is assumed that
the Sy to Sy barrier can be overcome, even if the pump energy of the experimental spectrum
is less than the calculated Sy to S, absorption energy. Next, a shift of -0.5 to -0.8 €V, is
applied to each spectrum in Figure [22] to better match the results there with Figure 20, To
be specific, for the TRPES spectrum attributed to DMABN, the sole non transient peak is
matched in location to the simulated peak attributed to the S;(Rpg) structure in Figure
using a -0.8 eV shift applied to all signals in Figure 22| Likewise for DIABN, a shift of
-0.5 €V is applied to all signals in order to match the simulated S (R g) structure emission
to the rightmost non transient peak in the experimental TRPES spectrum for DIABN. In
Figure 22] the intensity of each ionization channel is represented by Dyson Norms, which
are the norms of dyson orbitals representing overlaps of the wavefunction of the initial state
and the final ionized state.1®®1% Note that the Dyson Norms in Figure [22| have not been
modified, pointing to one of the advantages of TRPES over other forms of spectroscopy, as
the S1(Rysor) structure is predicted to be just as likely to be ionized compared to the other
excited states according to DFT/MRCI(2), allowing the population of all excited states to
be measurable in a time resolved study. Finally, equivalent spectrum to Fig [22] taken in
acetonitrile, can be found in the Appendix, along with dyson orbitals describing each major
excitation ([A.12)).

The spectra in Fig[22| across the analogues evaluated are simple to interpret; there exists
one high intensity emission from each excited state structure on S;. Furthermore, the char-
acter of each excitation is straightforward. The lowest energy excitation from the S;(Rg)

structure corresponds to an ejection of an electron from the LUMO ground state orbital,
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Figure 22: Simulated valence photoelectron spectrum of the excited states of DMABN and
its analogues with DFT/MRCI(2) in the gas phase.
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and the lowest energy excitation from the S;(Rycr) state corresponds to ejection from the
LUMO-+1 ground state orbital (see Fig . Immediately, the difference in electronic charac-
ter is apparent; the former dictates that an electron is ejected from within the benzene ring,
and the latter dictates that an electron is ejected from a delocalized orbital not exclusively in
the benzene ring. These are the orbitals that see an increase in occupation at S; compared
to Sp, so it is intuitive that electrons from these orbitals are those which electrons are ejected
from after the initial pulse is applied (see Fig[L0). The Si(Ryq.) structure sees excitation
from a o* orbital, befitting the name.

The static spectra in Fig[22)are useful in identifying the source of the two excited state sig-
nals found with DIABN in the experimental TRPES study conducted (Fig[20b)). The energy
gap between the LE and TICT valence photoelectron peaks computed by DFT/MRCI(2) is
about 0.7 eV (Fig and Fig , which is close to the 0.4 eV energy gap between the two
excited state signals attributed to the S1(Rpg) and Sy (Rrreor) structures in the experimental
TRPES spectrum. The cause of this discrepancy is similar to the slight +0.3 eV rightward
shift attributed to the fluorescing energy of the S;(Rpg) structure in the UV /Vis spectrum
(i.e., the absolute energy of the S;(Rpg) structure is overestimated, see Chapter [3). The
S1(Ry+) signals unfortunately lie at a similar kinetic energy to the signals attributed to the
S1(Rrror) structure, meaning that the two-state model cannot be conclusively proven using
TRPES. From an electronic structure perspective, the transition-state barrier between the
S1(Rrg) and S1(Rye.) structures for DIABN is estimated to be similar in size to that of
DMABN (see Appendix, and Chapter , while the transition barrier between the
S1(Rpg) and Si(Ryrer) structures is smaller for DIABN than is its equivalent barrier for
DMABN (See Chapter . The two-state model thus remains the most likely explanation
for the experimental TRPES signals. However, the exact size of the transition-state barrier
separating the S1(Rpg) and S;(R,y«) structures could not be ascertained due to a lack of
successful transition state optimizations, so it remains unclear whether or not the S;(Rg)

— S1(Ry04) process is competing with the charge transfer process.
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Overall, by comparing experimental TRPES, and simulating new TRPES with ab initio
electronic structure methods, some uncertainty persists regarding the two-state model. The
overlap of signals attributed to the S;(R;,,«) and Si(Rrrer) structures means that one
cannot unambiguously determine that charge transfer occurs in DIABN, and not DMABN.
However, this is the most likely outcome, considering that the transition state analysis
done previously indicates that the rate of charge transfer should significantly increase in
DIABN compared to DMABN, as the size of the transition-state barrier between the S; (R g)
and Si(Ryror) structures is only overcome for DIABN in the gas phase. To determine
unambiguously whether the two-state model is a valid model that explains the excited state

dynamics of DMABN, spectroscopies are required which separate the signals attributed to

the S1(Rrg), S1(Ryox) and S;(Ryjor) structures individually.
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5 Proposals for the Application of
X-ray Spectroscopy to DM ABN
and other charge transfer sys-

tems

In the previous section, it was possible to resolve the S;(Rrx) and Si(Ryrcr) structures of
DMABN, DIABN, and ABN using TRPES spectroscopy. A definitive characterization of the
excited state dynamics via spectroscopy, however, will likely require a multi-modal approach,
since it is unlikely a single method will be able to differentiate between all the possible dy-
namical pathways. Indeed, simulation predicts that TRPES will not be able to resolve the
S1(Ryo«) and Si(Ryror) channels as the predicted spectra from these structures strongly
overlap such that is difficult to determine how much the S;(R«) structure is actually popu-
lated, and whether or not population of the state competes with the charge transfer process.
Therefore, new spectroscopies are still necessary to evaluate the excited state dynamics of
DMABN, such that in a time resolved study, independent signals attributed to all three
states are distinguishable. Developments in the ability to generate femtosecond pulses of X-
ray light, both at XFELs and in the laboratory, have enabled time resolved X-ray absorption

and X-ray photoelectron (XAS/XPS) spectroscopies, along with their simulated equivalents
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which have had their equivalent theoretical advances/developments H#1 23 ZHSHLS0 I order

to provide another metric by which to prove the two-state model and simultaneously measure
the rate of potential S1(R ) and S;(Rzjor) formation, a series of simulated XAS and XPS
spectroscopies were performed on DMABN. Using XAS/XPS, one can energetically resolve
transitions involving different atoms, providing a local probe of electronic character, which
may allow for signals attributed to different excited states to be better resolved compared
to other excited state spectroscopies. The charge transfer process in DMABN has rarely
been explored past the molecule’s immediate structural derivatives like DIABN and ABN.
In order to investigate the utility of these new X-ray spectroscopies, or motivate new time
resolved experiments or simulations, a series of simulated spectroscopies over a range of
DMABN-type molecules were conducted. By determining which derivatives have the most
favourable charge transfer processes, and which derivatives have the best resolved signals
attributed to the S; (Rrrer) structure, the most effective potential time resolved studies can
be chosen. Nearly all of the DMABN-type compounds explored in the next sections have
been evaluated experimentally,*® and with minor deviations, all are likely to follow a similar
set of excited state dynamics as per DMABN (excited state minimum optimizations have
proven successful at the CASPT2 level for the S;(Rpg) and S;(Ryor) structures for all

structures analyzed in Chapter 5]

5.1 DMABN

5.1.1 X-ray Absorption Spectroscopy

Figure[23|shows a summary of X-ray absorption spectrum computed for relevant excited state
structures of DMABN using DFT/MRCI(2) at the Carbon and Nitrogen K-Edges (that is
to say, only including excitations from the 1s orbitals at Carbon and Nitrogen atoms of
the molecule respectively). Extended spectra that include contributions from other excited

states can be found in the Appendix ( [A.13)). These spectra are trimmed past the core
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ionization potential at each edge.*** Significant particle NTOs for each of the major peaks
in the spectrum are also included in the Appendix ( [A.13).%58 For the XAS/XPS spectrum
conducted in this section, and the following sections, they are all convoluted with a Gaussian
using a 0.30 eV full width half maximum, as is consistent with the approximate signal widths
in previous simulated XAS/XPS studies.'%

XAS spectrum simulated at the Carbon K-Edge (Figure indicate a large degree of
overlap between excitations from the ground state minimum and the various excited state
structures. In these cases, the excited state signals would not be visible in a time resolved
experiment. Similar to transient absorption, a time resolved pump-probe XAS study will
yield negative signals attributed to the ground state bleach.™™97 At t — 0, a number of
ground state molecules are excited to a valence electronic excited state by a pump pulse, and
hence at any point t > 0, the amount of ground state molecules and signals associated with
the ground state will be smaller than at t — 0.29°97 Ground state XAS signals will also
be very strong at t = 0, but at any point t > 0, the intensity of these signals will decrease
and negative signals attributed to the ground state core excited states will be expected in a
time resolved XAS study, and will bleach overlapping XAS signals attributed to excited state
structures. 1297 Excited state absorptions to the left of the spectrum are mostly from core
electrons from carbons in the benzene ring, while further excitations from other carbons on
the cyano group and the dimethylamino group exist to the right of the spectrum (determined
from the NTOs of each core excitation, see Appendix ( ) Overall, most absorptions
from excited state structures overlap with the ground state contributions, especially for ab-
sorptions from the S;(Rricor) structure. For the S;(Rpg) and Si(R,s.) structures, there
exist small tails in the 283-284 eV region which would not overlap with ground state ab-
sorptions, yet overlap with each other significantly. For the S;(Rpg) structure, this small
tail is due to the existence of 3-4 partially occupied orbitals in its excited state description
(See Fig , leading to absorptions that are low in probability, but that occur at lower en-

ergies in the spectrum. Conversely, absorptions from the S;(Rrior) structure are close in
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Figure 23: Simulated X-ray absorption spectrum of DMABN with DFT/MRCI(2)
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energy, and occur at higher energies in the spectrum due to the S;(Ryjeor) structure being
described by two higher lying singly occupied orbitals, which require more energy for a core
electron to access, yet with a higher absorbing probability (Fig E[) The signals attributed
to the S1(Ryq.) structure weakly absorb due to the electronic character of the state at this
structure. The S; (R ,.) structure possesses a singly occupied orbital centralized around the
cyano group (Fig, but this makes the absorption probability for core electrons centralized
on carbons in the benzene ring weak due to the inter-nuclear distance between the hole and
particle orbitals. Only near the end of the spectrum (at high energy) do highly absorbing
excitations occur from the S (Rq.) structure, attributed to excitations from the carbon in
the cyano group.

At the N K-Edge, (Figure the separation of the signals is significantly improved,
this time all excitations from the excited state structures evaluated are distinct from the
ground state absorptions. The Si(Rysor) structure is well resolved owing to its first peak,
which is attributed to an excitation from the nitrogen in the dimethylamino group to a
localized molecular orbital centered around the same nitrogen. The S;(Rpg) structure is
weakly resolved owing to its second peak, describing excitation into an orbital resembling the
ground state HOMO (Fig {4} from the dimethylamino nitrogen core (the first peak describes
the same excitation, except from the cyano nitrogen core). Finally, the S (R ,.) structure
is well resolved due to an early excitation to the singly occupied LUMO-+3 ground state
orbital, from an electron in the cyano nitrogen core. Overall, the N K-Edge spectrum of
DMARBN is particularly well suited to be evaluated over the course of a time resolved study;
the two-state model used to analyze TICT formation in DMABN can been reinforced by
directly measuring the rise and fall of the first S;(Rysor) and S1(Ro+) excitations.

While experimental data does not exist for DMABN, recently XAS was applied at the
Nitrogen K-Edge to the excited states of DMABN using EOM-CCSD, another ab initio elec-
tronic structure method HA#2032U\When comparing the two spectrum, there is an absolute

shift separating the results in this work by DFT/MRCI(2) and those evaluated with EOM-
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CCSD. Specifically, the DFT/MRCI(2) results are left shifted by about -1.5 eV. The first
calculated core absorptions from the ground state structure are at 399.8 eV or so, and the
first excitations evaluated by Datar et al are at about 401.2 V. Furthermore, DFT/MRCI(2)
measures core absorptions attributed to the S;(Rpg) and S;(Ryor) structures at 398.8 eV
and 397.0 eV, which are shifted from their equivalent EOM-CCSD core absorptions at 400.7
eV and 398.9 eV (Note that DF'T/MRCI(2) predicts an excitation attributed to the S;(Rpg)
structure at 396.8 eV as well). As noted in Chapter of this thesis, DFT/MRCI(2)
is dependent on the use of Kohn Sham (KS) orbital energies to provide an approximation
for the molecular orbital energies. This approximation is central to the compact nature of
DFT/MRCI(2), but it is highly dependent on the functional used to initially generate the
initial KS orbitals. For example, in a previous study that computed XAS spectra using
DFT/MRCI(2), the BHLYP typically led to an absolute shift of about 3.2 eV compared
to experimental core excited state energies, even if the relative placement of the energies
matched well with the relative distance between experimental signals.*#* This absolute shift
has been reduced in newer studies; owing to the use of the QTP17 functional which better
recreates the ionization potential for core electrons, and the fact that the empirical param-
eters used to damp dynamic correlation were fit to relative excited state energies instead
of absolute energies in the latest parameterization.**® Now, DFT/MRCI(2) is expected to
have a shift in its computed XAS results relative to experiment of about 0.5-1.0 eV. This
makes the 1.5 eV shift in comparison with EOM-CCSD a predictable result, as typically the
first major absorption of a EOM-CCSD core excitation spectra should not experience a large
quantitative shift compared to experimental data.#? 201

Overall, DMABN is well suited to a time resolved XAS study. The results at the Car-
bon K-Edge are mixed, but certainly at the Nitrogen K-Edge the S;(Rrior) and S1(Riex)
structures can be well resolved owing to their peaks at 395.4 eV and 397.0 eV, nearly 1.5 eV
apart. However, the S;(Rrror) peak at 397.0 eV overlaps slightly with the lowly absorbing

peak at 396.8 €V attributed to the S} (Rpg) structure, so time resolved XAS studies on their
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own are not going to be enough to track the extent of charge transfer in DMABN.

5.1.2 X-ray Photoelectron Spectroscopy

Figure [24] describes the X-ray photoelectron spectrum computed using DFT/MRCI(2). Ex-
tended spectrum including contributions from other excited states can be found in the Ap-
pendix ([A.14)). Since electrons are ejected instead of excited in XPS, the nature of each
transition is harder to elucidate as there exists no particle NTO. However a cursory under-
standing of the major emissions in the spectrum is found by using dyson orbitals implemented
in the GRaCl package, which are localized around specific core atoms in the molecule (See
Appendix, . A time resolved XPS study works similarily to TRPES, ground state ion-
izations will bleach any excited state ionizations if they overlap. However unlike XAS, the
ground state signals will have a high positive intensity, which will also make it difficult to
resolve signals attributed to excited state structures.

This time, XPS provides much better separation of signals than previous spectra for dis-
tinguishing between the S;(Rpg) and Si(Ryror) structures. At the Carbon K-Edge, (Fig-
ure nearly all emissions are overshadowed by emissions from the ground state structure,
often being grouped together in small bands, similar to the XAS Carbon K-Edge. For the
S1(Rrror) structure, the first group of emissions at 290-291 eV is due to emissions from
carbons in the benzene ring and the cyano group, while a smaller second group is due to
emissions almost exclusively from carbons on the dimethylamino group. Like the XAS Car-
bon K-Edge, the emissions from the S;(Rzg) and S;(Rye«) structures are more scattered
compared to emissions from the S;(Ryor) structure, since the emissions from the dimethy-
lamino group sometimes occur earlier, and emissions from the benzene group sometimes
occur later. This behaviour is likely due to the decoupling of the dimethylamino group
from the rest of the molecule at the S;(Rrjor) structure as a result of the twisted nuclear
structure, which is a useful observation for designing molecules with suitable Carbon K-Edge

resolution in the future.
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Figure 24: Simulated X-ray photoelectron spectrum of DMABN with DFT/MRCI(2)
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Results from the Nitrogen K-Edge (Figure are better resolved. In contrast to the
Nitrogen K-Edge XAS spectrum, this time there is no overlap between the S;(Rpg) and
S1(Ryer) structures, but there is a large degree of overlap between the S;(Rrror) and
S1(Ryos) structures. The peaks are well ordered; emissions at 406 ¢V or earlier come from
the cyano nitrogen, and emissions at 407 eV or later come from the dimethylamino nitrogen.
In this case, the behaviour of the S;(Rrror) and Si(Rs4) structures are similar, and their
peaks overlap at about 406 e€V. There is an intuitive reasoning for this; the S;(Rrior)
structure is defined by a movement of charge from the dimethylamino group to the cyano
group (Fig [9), and the S;(Ryo) structure is defined by a movement of charge from the
benzene ring to the cyano group (Fig , thus the chemical environment at the cyano
nitrogen core is similar for the two states. Since XPS measures emissions, this relationship
does not persist for the Nitrogen K-Edge XAS spectrum, as their absorption probabilities
are dependent on the orbital that is populated as well as the initial core orbital. Both
structures are well resolved at the Nitrogen K-Edge XPS from the S;(Rg) structure, since
at the S1(Rpg) structure, the electron density is centralized in the center of the benzene
ring instead of at the cyano nitrogen (Fig . The S1(Ryror) and S1(Ryes) structures are
thus well resolved from the S;(Rpg) structure, however, in the 409.8-411.4 eV region, there
is a series of unique emissions attributed to the S;(Rrror) structure. No other S;(Rpg) or
S1(Ryox) structure emissions in this region were found with significant strength.

Therefore, out of all the potential time resolved XAS/XPS experiments, Nitrogen XPS
spectrum provide the best separation of signals between the relevant excited state structures
necessary to track in a time resolved experiment. Contrary to the Nitrogen XAS spectrum,
the direct rise and fall of the S;(R ) and S;(Rrrer) structures could be compared in
a time resolved study, owing to the first S1(R,,.) emissions at 403 eV, and the series of
S1(Rrror) emissions in the 410 eV region. Furthermore, XAS at the Nitrogen K-Edge
provides another means by which to detect the rise and fall of the S;(Ryy«) structure owing

to early absorptions at 395 eV. Unfortunately, the S;(Rpg) structure is rarely well resolved.
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However, coordinating XAS/XPS studies on DMABN can allow for the rise of the S;(Rz;or)
signal to be tracked at 410 eV in the Nitrogen XPS spectrum, which can be measured against
the Nitrogen XAS S;(Ryjor) structure peak at 397 eV, to determine the rate of S1(Rpg)

population at the same region.

5.2 DIABN and ABN

Figure 25 and [26]show the Nitrogen K-Edge XAS and XPS spectra for ABN and DIABN. The
similarities with the DMABN X-ray spectra are readily apparent. The general shape of the
XAS Nitrogen K-Edge spectra for ABN and DIABN matches the shape of the XAS Nitrogen
K-Edge spectra for DMABN for all the relevant excited state structures. However, DMABN
remains the best molecule of the three to detect the S;(Ryrjeor) structure; the separation
between the excited state signals of the S;(Rrror) and S;(Ries) structures is decreased for
both ABN and DIABN, although the excited state structure signals still remain distinct
enough such that they don’t overlap. DIABN presents a helpful case, while the separation of
the excited state signals for the S;(Ryror) and S;(R,.+) structures decreases, the separation
between the S1(Rpg) and S;(R,y«) structures increases, so the molecule is better suited for
a time resolved XAS study at the Nitrogen K-Edge than DMABN with a unique S1(Rpg)
signal at 398 eV. The XPS spectra for DIABN and ABN are also similar to the DMABN
Nitrogen K-Edge spectra. For DIABN the results are simple, the S;(Ryjor) structure is
still resolved well due to higher energy peaks in the 409 eV region similarly to DMABN,
and the S;(Rrrer) and S1(Ryes) structures still overlap. For ABN this relationship did not
persist, the emissions in the expected late region occurred at lower energies for the S1(Rrior)
structure relative to other excited states, as opposed to the XPS spectra of DMABN. For
ABN, every emission from an excited state overlaps significantly with either the ground state
or another excited state emission.
A DIABN XAS/XPS time resolved study is certainly viable in the gas phase; the S; (Rrier),

S1(Ryos), and S1(Rpg) structures all have unique absorptions/emissions, unlike DMABN.

94



= S0-GS = S1-LE — S1-Tio* = S1-TICT

2

c

>

2

<

~

z

%))

C

2

£

0 T T T T T
396 398 400 402 404
Exc Energy (eV)
(a) Nitrogen K-Edge, ABN
1
m— S0-GS m— S1-LE — S1-o* e S1-TICT

2

c

S

£

<\( I Il 1 : - 1.

2

0

C

3

£

396 398 400 402 404
Exc Energy (eV)

(b) Nitrogen K-Edge, DIABN

Figure 25: Simulated X-ray absorption spectrum of ABN and DIABN with DFT/MRCI(2)
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An ABN study is less viable due to the separation in the excited state signals, but charge
transfer has yet to be detected in ABN in gas phase or in solvent regardless.?!¥ While this
work has provided evidence that a TRXAS/TRXPS study on DMABN and DIABN would
be able to detect the extent of charge transfer formation in these molecules, the speed of
DFT/MRCI(2), and its accuracy in recreating CASPT2 potential energy surfaces and ex-
perimental spectrum encourages further work in this region. Specifically, by studying several
derivatives of DMABN at once using DFT/MRCI(2) to simulate XAS and XPS spectrum, it
can be established that other analogues besides DMABN and DIABN would also be prime

for a time resolved study.

5.3 Derivatives with different electron acceptors

Next, a series of derivatives of DMABN are evaluated, with the goal of determining under
what conditions signals attributed to the S;j(Rypjor) structure can be best resolved, and
under what conditions the S;(Rrror) structure is low enough in absolute energy to be
populated in a time resolved experiment. Since XAS/XPS saw the best separation of the
S1(Rrg) and S;(Rrror) structures, these spectroscopies are used, in coordination with LIICs
derived between the S1(Rpg) and Si(Ryjor) structures of each analogue. The interpolated
paths themselves are found in the Appendix ( . Through this analysis, molecules that
have a energetically favourable charge transfer state, and whose charge transfer state is
readily observable using XAS/XPS, can be presented as optimal for a time resolved study.
One idea that was previously explored in experimental studies was to substitute the cyano
group in DMABN with stronger electron withdrawing groups to increase the probability of
the TICT process occurring, 1318020252040 A gimplistic electron withdrawing group that does
not introduce any other low lying electronic states can eliminate the S; (R ,.) hypothesis
and help to confirm that the two-state model is necessary to induce S;(Ryy.) formation.
Figure 27| shows a sample of the groups with this quality that were evaluated, and Figure

& show their respective XAS and XPS spectra at the Nitrogen and Oxygen K-Edges.
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Figure 27: Overview of Derivatives of DMABN with different electron withdrawing groups.
(Nitrogen atoms are in blue, Oxygen atoms are in Red, Carbon Atoms are in Grey)
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Figure 28: X-ray absorption spectrum of derivatives of DMABN with different electron
withdrawing groups

98



— 50:GS = SILE = SLTICT

Intensity / Arb. Units

402 404 406 408 410
Binding Energy (eV)

(a) Structure A1, Nitrogen K-Edge

— S0GS = SLLE = SLTICT

. 7l

Intensity / Arb. Units

404 405 406 407 408 409
Binding Energy (eV)

(c) Structure A2, Nitrogen K-Edge

Intensity / Arb. Units

Intensity / Arb. Units

— 50.GS = SIE = SLTICT

| /AN

1
534 535 536 537 538 539 540 541
Binding Energy (eV)

(b) Structure A1, Oxygen K-Edge

— S0.GS = SIE = SLTICT

534 535 536 537 538 539 540 541
Binding Energy (eV)

(d) Structure A2, Oxygen K-Edge

Figure 29: X-ray photoelectron spectrum of derivatives of DMABN with different electron

withdrawing groups
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The introduction of a unique electron withdrawing group like a carbonyl group, allows for
another XAS/XPS set of spectra by which the S1(Rpg) and S1(Ryjor) structures can be
distinguished. The advantages of this are evident in Figure [28 a) and b), where the use
of the CH30 group allows for the S;(Rpg) and Si(Rrier) spectra to be incredibly well
resolved; one core excitation from the dimethylamino group responsible for the S;(Rrror)
peak at the Nitrogen K-Edge, and one core excitation from the carbonyl group responsible
for the S;(Rpg) peak at the Oxygen K-Edge. The introduction of a simple withdrawing
group that replaces the cyano group has the effect of changing the absorption energies of
core excited states typical of DMABN-type molecules such that they can be more easily
resolved. However, the actual probability of populating the S;(Ryjor) structure is also
important to consider when analyzing derivatives of DMABN, and derivatives that sacrifice
the cyano group for another withdrawing group do not appear to decrease the size of the
transition barrier between the S;(Rpg) and S;(Rrrer) structures compared to DMABN
(See Appendix, |A.15)).

5.4 Complex Derivatives

It was found after rigorous experimentation with several molecular designs present in previous
works, ™ that an optimal electron withdrawing group to use in derivative design that reduces
the absolute energy of the S;(Rypsor) structure, was an acetate ester as the withdrawing
group. This group has rare experimental precedence, 22055200 hyt its application has often
led to dual fluorescence and other properties consistent with DMABN derivatives. Figure
displays a few choice derivatives selected with this functional group. Structure B3 (Ethyl 4-
(1H-pyrrol-1-yl)benzoate) is of particular importance; its design was influenced by previous
work that used a pyrrole group as the electron donating group to detect charge transfer
in similar derivatives of DMABN.2" Figure shows the most significant XAS and XPS
spectra taken from these derivatives, specifically the Nitrogen K-Edge XAS, and the Oxygen

K-Edge XPS. By using the principles of the previous section to split up excitations/emissions
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Figure 30: Overview of Derivatives of DMABN that are benzoate esters

across different K-Edges through the selective choice of the electron withdrawing group, the
S1(Rrrer) and S1(Rpg) excited state signals are separated by at least 1 eV. Also, there
is a significant decrease in the size of the transition barrier (at least based on the LIICs
estimated in the Appendix ( ), between the S;(Rrg) and S;(Rrrer) structures for
these derivatives. For both Bl and B2, the S; and S, states are nearly degenerate at the
ground state and S;(Rpg) structures, and the size of the transition barrier is less than 0.2
eV. In the case of these molecules, even though the transition-state barrier is quite small,
it is unlikely that it will be overcome in a time resolved experiment owing to the lack of
internal energy at the S;(Rpg) structure after decay from Ss.

Considering the B3 molecule, it is noted that the Si, S5, and S3 states are all nearly
degenerate at the ground state structure. DFT/MRCI(2) predicts that absorption will pro-
ceed from the Sy to the S5 state (which has PICT character), wherein the S; and Sy states
describe nearly degenerate, dark states from the ground state structure. Since the states are
all closely linked in energy, ultrafast decay is likely to occur from the Sj3 state, to the Sy

state, and then to the S; state. CASSCF optimized the S;(Rpg) and Si(Ryor) structures
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successfully, even though DFT/MRCI(2) predicts that the S;(Rpg) optimized structure may
not represent a local minima. However from the ground state minimum structure, and the
S1(Rpg) structure, DFT/MRCI(2) indicates that there is no transition-state barrier sepa-
rating these states from the S;(Rgjor) structure. This is because the electronic character
of the S1(Rrer) structure for B3 is fundamentally different than the S;(Ryjor) structure
studied for any other derivative studied so far. The Appendix (|A.15]) includes NTOs which
describe the electronic character of the S;(Ryjor) structure of various compounds discussed
in this section, of which B3 is included. There, it is shown how the NTOs associated with
the S1(Ryjer) structure for this derivative are slightly different than those for DMABN,
DIABN, etc. In this case, the hole orbital consists of m-7* orbitals between carbons on the
pyrrole ring instead of an orbital localized on solely the nitrogen. Effectively, these NTOs
still describe a charge transfer state that has a minimum defined by a twisting of the elec-
tron donating pyrrole group, but it is still distinct from the typical Si(Ryor) structure of
DMABN. The electronic character of this state being distinct is readily apparent in the XAS
and XPS spectra evaluated, where the S;(Rrror), S1(Rpg), and ground state signals are
typically shifted significantly such that across all the spectra evaluated, the S;(Rpg) and
S1(Rrror) structures have minimal separation, which limits the utilization of this compound
for a time resolved study. A number of other similar studies on DMABN derivatives were
also conducted over the course of this thesis, but these will be left to peruse in the Appen-
dices for the curious reader (Appendix to[A.19). In order to study advanced DMABN
derivatives, the fundamental two-state model must first be definitively proven using new time
resolved experimental spectroscopies such as XAS and XPS. After these are complete and
the two-state model is proven, these derivatives can be returned to and experimented with
to find ones with the best rate of charge transfer and the most spectroscopically resolved

charge transfer states.
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6 Concluding remarks

The TICT model of charge transfer that has been discussed at length in previous works,
has still not been unambiguously proven, owing to the lack of experimental and simu-
lated time resolved studies on the molecule that detect unique signals attributed to the
S1(Ryer) structure. For the time resolved studies that do exist, the signals associated
with the Sj(Rypjor) structure are not well separated compared to other relevant excited
state signals, leading to confusion about the specific role of the S;(Ryor) structure, even
at picosecond timescales. ™S4 By simulating and interpreting the results of a series of
spectroscopic techniques, this work determined that the charge transfer signal associated
with DMABN is mostly likely attributed to the S;(Ryseor) structure, predicted by sev-
eral ab initio electronic structure methods. The excited state dynamics of DMABN and
its analogues were determined to be mostly likely governed by a two-state model. That
is, quick excitation and relaxation from the ground state to the Sy(Rpjor) structure, to
the S1(Rpg) structure, followed by a significantly slower excited state population transfer
through a transition barrier separating the S1(Rpg) and S;(Ryror) structures. Other coni-
cal intersection structures proposed in this thesis and optimized in experimental studies may
contribute to sporadic early S;(Ryjor) formation, but it is the aforementioned S transition
state barrier which more significantly controls the rate at which the S;(Rrror) structure is
populated. The role of the S;(Ry,.) structure was examined directly using LIICs and com-
parison with experimental data; it was found that it would not contribute to the population
of the S1(Rrjer) structure, but may be populated from the S;(Rpg) structure, acting as
a competing pathway to the primary S;(Rpg) to S1(Rrreor) process. The two-state model
was used to evaluate and interpret existing experimental UV /Vis, transient absorption, and
time-resolved photoelectron spectrum, wherein signals associated with the S;(Ryq.) struc-
ture calculated with DF'T/MRCI(2) were often inconsistent with experimental data, while

the S1(Rrg) and Si(Rrrer) structure signals could often be attributed to experimental
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peaks at early and late timescales. There remained a degree of ambiguity regarding the role
of the S7(Ryy+) structure, which proved to be only resolvable with new simulated spectro-
scopies, which did not have experimental equivalents. Hence, DF'T/MRCI(2) was applied
to simulate never before seen X-ray absorption and X-ray photoelectron spectroscopies for
DMABN and many of its analogues. It was found that for DMABN, the rise and fall of
the S1(Ryos), S1(Rrg) and S;(Ryror) structures could be tracked with combined XAS and
XPS studies at the Nitrogen K-Edge. Therefore, a time resolved XAS/XPS experiment is
the first spectroscopy uniquely suitable for determining whether or not the S;(Rs.) struc-
ture is actually populated, and can give unique insight into the rate of the charge transfer
process for DMABN. Since DMABN is typically not expected to achieve dual fluorescence

1329 and does not see signals associated with charge transfer, the XAS and

in the gas phase,
XPS spectra for molecules such as DIABN and ABN were also evaluated. DIABN is well
suited for a time resolved XAS and XPS study, as the molecule retains the same separation
between the Si(Rpg), Si(Rrier), and S;(Ries) structures via X-ray spectroscopies that
DMABN does, and is expected to actually produce two signals instead of one in the gas
phase according to the experimental TRPES spectrum of the molecule.

Finally, a series of future directions for those seeking to evaluate analogues of DMABN
were proposed. Since XAS/XPS seemed to uniquely present well resolved excited state
signals for the S1(Rpg) and S;(Ryror) structures for DMABN, these spectroscopies in par-
ticular were chosen to evaluate a number of DMABN analogues. For example, eliminating
the cyano group and evaluating the XAS and XPS of molecules with other strongly withdraw-
ing groups could definitively prove whether the S;(R,,«) structure plays any role, given the
S1(Rrror) structure is low enough in absolute energy. On the other hand, if the goal of the
time resolved study is to best resolve the S;(Ryjor) structure, the pyrrole ring proved par-
ticularly useful as an electron donating group to lower the absolute energy of the S;(Rricor)

structure greatly, although the resolution of this state in XAS/XPS is poor. Overall, in

this thesis, the charge transfer dynamics of DMABN and its analogues were observed and
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estimated without the actual presence of simulated excited state dynamics. It is encouraged
that future studies on DMABN and its analogues take advantage of the excited state spec-
troscopies present here to present their own time resolved studies, that can directly validate

the two-state model, and elucidate new details on the charge transfer process.

Supporting Information Available

The main Cartesian geometries, additional electronic structure results, several interpolated

paths, and other important figures and analyses of DMABN are provided in the Appendix.
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Appendix Part A: Valence Spectro-

scopies
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A1l: Excitation energies of the excited states of DMABN evaluated

using DFT/MRCI(2) and other electronic structure methods
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Table Al: DFT/MRCI(2) Absorption (Abs) and Fluorescence (Flu) Energies (eV) in

Various Solvents, compared to other Electronic Structure Methods

. Oscillator

Method (Basis Set, Solvent) State (Abs or Flu) Energy (eV) Strength
S0-GS (Abs to S1) 4.59 0.0157
S0-GS (Abs to S2) 4.93 0.6056
S1-LE (Flu to SO 4.10 0.0156

DFT/MRCI(2) (Flu to S0)

(aug-cc-PVDZ, Gas Phase)
S1-pTICT (Flu to S0) 3.90 0.3356
SI-TICT (Flu to S0) 2.96 0.0016
Sl-mo+ (Flu to S0) 3.05 0.0001
S0-GS (Abs to S1) 4.52 0.0144
S0-GS (Abs to S2) 4.60 0.6421
S1-LE (Flu to SO 4.08 0.0192

DFT/MRCI(2) (Flu to S0)

(aug-cc-PVDZ, Acetonitrile)
S1-pTICT (Flu to S0) | 3.90 0.3356
SI-TICT (Flu to S0) 2.83 0.0016
Sl-rox* (Flu to S0) 2.67 0.0001
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S0-GS (Abs to S1) 457 0.0154
S0-GS (Abs to S2) 4.81 0.6195
S1-LE (Flu to SO 4.12 0.0205
DFT/MRCI(2) (Fhu to S0)
(aug-cc-PVDZ, Hexane)
S1-pTICT (Flu to S0) | 4.04 0.3370
S1-TICT (Flu to SO) 2.92 0.0016
Sl-mo* (Flu to S0) 2.91 0.0001
S0-GS (Abs to S1) 4.38 /
SO-GS (Abs to S2 4.64
ADC(2) (TZVPP, Gas (Abs to 52) /
Phase)<
SI-LE (Flu to S0) 3.73 /
SI-TICT (Flu to S0) 2.43 /
S0-GS (Abs to S1) 4.26 /
SO-GS (Abs to S2 4.29
ADC(2) (TZVPP, (Abs to 52) /
Acetonitrile)<
SI-LE (Flu to S0) 3.37 /
SI-TICT (Flu to S0) 2.39 /
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S0-GS (Abs to S1) 4.32 /
S0-GS (Abs to S2) 4.43 /
ADC(2) (TZVPP, Hexane)4®
SI-LE (Flu to SO0) 3.64 /
S1-TICT (Flu to SO) 2.20 /
S0-GS (Abs to S1) 4.40 /
S0-GS (Abs to S2) 4.67 /
TDDFT (TZVPP, Gas
Phase)=
SI-LE (Flu to SO0) 3.76 /
S1-TICT (Flu to S0) 2.79 /
S0-GS (Abs to S1) 4.08 0.005
SO0-GS (Abs to S2 4.34 0.418
CASPT2 (12,11) (cc-pVTZ, (Abs to 52)
Gas Phase)™
SI-LE (Flu to SO0) 3.66 0.011
SI-TICT (Flu to SO) 2.69 0.006
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S0-GS (Abs to S2) ~4.2
Experiment (Acetonitrile)” SI-LE (Flu to S0) 35

S1-TICT (Flu to SO) ~2.5

S0-GS (Abs to S2) ~4.4
Experiment (Hexane)

SI-LE (Flu to S0) ~3.7
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A2: Evaluation of the S2-PICT state using MOLCAS

The S2-PICT minimum was optimized using OpenMolcas 2117 with CASSCF using an
active space of (12,11) (12 electrons, 11 orbitals). The Excited State Hessian computed at
this geometry indicated the presence of one negative vibrational frequency, whose character is
defined in Fig A2.1. Nudging the geometry of the optimized minima by the vibrational mode
associated with this frequency resulted in a minimum on S2 being found at the geometry
outlined in Fig A2.2 after optimization with OpenMolcas 21 once again. A DFT/MRCI(2)
calculation was performed to evaluate the excited state energies at S1 and S2 at this nuclear
structure, which were found to be 4.31 and 4.33 eV respectively, indicating that this nuclear
structure is at a conical intersection between S2 and S1. Since this nuclear structure is quite
similar to the S1-LE minimum, it is assumed that after this conical intersection is accessed,

the majority of the excited state population sinks into occupying the S1-LE state.
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Figure A2.1: i) Character of the imaginary frequency at the S2-PICT optimized structure
ii) Geometry of S2-PICT state iii) Geometry of optimized S2/S1 intersection, from applying
vibrational mode displacement to the S2-PICT state
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A3: Diabatic potential energy surfaces of DM ABN with DFT/MRCI(2)

115



Exc Energy (eV)
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(b) PICT to LE to TICT geometries
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Diabatic Interpolated Path, PICT (i) --> pTICT (ii) --> TICT (iii)
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(i (i) (i)
LIIC Structure #

(¢) PICT to pTICTI to TICT geometries

Figure A3.1: Diabatic Potential Energy Curves, initial guess of diabatic states at the PICT
geometry
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Diabatic Interpolated Path, TICT (i) --> LE (ii) --> PICT (iii)
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Figure A3.2: Diabatic Potential Energy Curves, initial guess of diabatic states at the TICT
geometry
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Diabatic Interpolated Path, GS (i) --> LE (ii) --> TICT (iii)

Exc Energy (eV)

(i) (i) (i)
LIIC Structure #

(a) GS to LE to TICT geometries

Figure A3.3: Diabatic Potential Energy Curves, initial guess of diabatic states at the ground
state geometry
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A4: Interpolated Paths from S1-LE to S1-TICT of the various DMABN

derivatives through a transition state
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Interpolated Path, GS (i) --> PICT (ii) --> LE (iii) --> TS (iv) --> TICT (v), DMABN in the Gas Phase
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Figure A4.1: Linear Interpolated Path of DMABN with CASSCF
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Interpolated Path, GS (i) --> PICT (ii) --> LE (iii) --> TS (iv) --> TICT (v), DIABN in the Gas Phase
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Figure A4.2: Linear Interpolated Path of DIABN with CASSCF
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(b) CASSCF (12,11), Acetonitrile
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Interpolated Path, GS (i) --> PICT (ii) --> LE (iii) --> TS (iv) --> TICT (v), ABN in the Gas Phase
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Figure A4.3: Linear Interpolated Path of ABN with CASSCF (No transition state, SI-TICT
not a minimum)
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(a) Transition State for DMABN, optimized
with CASSCF (12,11)

(b) Transition State for DMABN, optimized
with CASSCF (12,11) nudged via its imagi-
nary frequency

Figure A4.4: Transition State of DMABN, CASSCF(12,11)
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(a) Transition State for DIABN, optimized
with CASSCF (12,11)

(b) Transition State for DIABN, optimized
with CASSCF (12,11) nudged via its imagi-
nary frequency

Figure A4.5: Transition State of DIABN, CASSCF(12,11)
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Interpolated Path, GS (i) --> PICT (ii) --> LE (iii) --> TS (iv) --> TICT (v), DMABN in the Gas Phase
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Figure A4.6: Linear Interpolated Path of DMABN with CASPT2
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Interpolated Path, GS (i) --> PICT (ii) --> LE (iii) --> TS (iv) --> TICT (v), DIABN in the Gas Phase
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Figure A4.7: Linear Interpolated Path of DIABN with CASPT2
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Interpolated Path, GS (i) --> PICT (ii) --> LE (iii) --> TICT (iv), ABN in the Gas Phase
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Figure A4.8: Linear Interpolated Path of ABN with CASPT2 (No transition state, SI-TICT
not a minimum)
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(a) Transition State for DMABN, optimized
with CASPT2 (12,11)

(b) Transition State for DMABN, optimized
with CASPT2 (12,11) nudged via its imagi-
nary frequency

Figure A4.9: Transition State of DMABN, CASPT2(12,11)
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(a) Transition State for DIABN, optimized
with CASPT?2 (12,11)

(b) Transition State for DIABN, optimized
with CASPT2 (12,11) nudged via its imagi-
nary frequency

Figure A4.10: Transition State of DIABN, CASPT2(12,11)
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Interpolated Path, GS (i) --> PICT (ii) --> LE (iii) --> TS (iv) --> TICT (v), DMABN in the Gas Phase

I I I I
1 1 I ]
611 1 I I I
I o I
lossosssonesoesos®®®**" | [ I
> IW—.\:
I I
S | I I I
I 1 I I I
3’;4‘ —— S0 1 I | I
& —o— S1 1 | I I
S I ] I I
23] %2 I I I I
¢ —— S3 1 [ [ [
X0 I ] I I
11 1 I I I
27} 1 I I
1 1 ] I
1 1 I
141 1 I
I I 1
I
odl I
(i (il (i) (iv) W)

(a) DFT/MRCI(2), Gas Phase

Interpolated Path, GS (i) --> PICT (ii) --> LE (iii) --> TS (iv) --> TICT (v), DMABN in Acetonitrile

1
1 1
1 I
[ 1
1 1 1
1 [ I
1 [ : cocosd
| 1 i 1 [
S [ [ I 1
41— 0 1 | I I
o= : : :
(0]
£34 7 %2 I I I I
o —— S3 1 1 1 [
£ : : : :
211 1 1 [
1 1 [ 1 I
1 1 I 1
141 1 [ 1 I
1 1 [ [ [
1 1 : 1 I
04 |M| 1 | |
(i) (ii) (iii) (iv) (v)

(b) DFT/MRCI(2), Acetonitrile

Figure A4.11: Linear Interpolated Path of DMABN with CASPT2 structures (energies eval.
with DFT/MRCI(2)
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Interpolated Path, GS (i) --> PICT (ii) --> LE (iii) --> TS (iv) --> TICT (v), DIABN in the Gas Phase
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Figure A4.12: Linear Interpolated Path of DIABN with CASPT2 structures (energies eval.
with DFT/MRCI(2)
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Interpolated Path, GS (i) --> PICT (ii) --> LE (iii) --> TICT (iv), ABN in the Gas Phase
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Figure A4.13: Linear Interpolated Path of ABN with CASPT2 structures (energies eval.
with DFT/MRCI(2)
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A5: Relevant excited state structures of DIABN and ABN

(a) SO-FC (b) S2-PICT

(c) S1-LE (d) S1-TICT

J
(e) Sl-mox*

Figure A5.1: An overview of the ground and excited state geometries of Diisopropylamino
benzonitrile (DIABN)
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(c) S1-LE (d) S1-TICT

J
(e) Sl-mox

Figure A5.2: An overview of the ground and excited state geometries of Aminobenzonitrile
(ABN)
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A6: RRKM curves. Change in charge transfer rate with internal

energy available.
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Figure A6.1: RRKM Curves. DMABN, with DFT/MRCI(2).
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Figure A6.2: RRKM Curves. DIABN, with DET/MRCI(2).
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Figure A6.3: RRKM Curves. DMABN, with CASPT2.
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Figure A6.4: RRKM Curves. DIABN, with CASPT2.
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Figure A6.5: RRKM Curves. DMABN, with CASSCF.

Time in picoseconds

Time in picoseconds



m— k(T) values
= calculated internal energy le7

— time(picoseconds) - 3.5

= Calc. Line of Best Fit

- 3.0

2.5

.
s
=1

=
wn

Time in picoseconds

- 1.0

- 0.5

L

04 06 08 10 12 14 16 18
Energy in eV
(a) CASSCF(12,11), Gas Phase

— k(T} values
= calculated internal energy lel5

= time|{piceseconds) -2.00

= Calc. Line of Best Fit

-1.75

-1.50

-1.25

T
—
=
L]

T
(=
-1
w

- 0.50

k -0.25

0.00

08 09 10 11 12 13 14 15
Energy in eV

(b) CASSCF(12,11), Acetonitrile

146
Figure A6.6: RRKM Curves. DIABN, with CASSCF.

Time in picoseconds



AT7: Interpolated Paths between excited state structures of DM ABN

Interpolated Path, PICT (i) --> LE (ii) --> pTICT (iii) --> TICT (iv), DMABN in Acetonitrile
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Figure A7.1: LIIC of DMABN, PICT — LE — pTICT — TICT. Energies computed by
DFT/MRCI(2), in Acetonitrile.
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Interpolated Path, LE (i) --> PICT (ii) --> on* (iii), DMABN in Acetonitrile Interpolated Path, PICT (i) --> LE (ii) --> on* (iii), DMABN in Acetonitrile
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Figure A7.2: LIICs of DMABN, evaluating the transition state barrier of the population of
the S1(Ryy«) state. Energies computed by DFT/MRCI(2), in Acetonitrile.
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Interpolated Path, on* (i) > Twist Dimethylamino (i) > Reverse Bend Cyano (iil) > TICT (iv), DMABN in Acetonitrile

Interpolated Path, ort* (i) --> PICT (ii) --> TS (iii) --> TICT (iv), DMABN in Acetonitrile
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Figure A7.3: LIICs of DMABN, evaluating the transition barriers of the population of
the S1(Rrror) state from the S;(R,.«) state. Energies computed by DFT/MRCI(2), in
Acetonitrile.

Interpolated Path, PICT (i) --> LE (ii) --> pTICT (iii) --> TICT (iv), DMABN in the Gas Phase
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Figure A7.4: LIIC of DMABN, PICT — LE — pTICT — TICT. Energies computed by
CASPT2, in the Gas Phase.
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Interpolated Path, LE (i) --> PICT (ii) --> om* (iii), DMABN in the Gas Phase Interpolated Path, PICT (i) --> LE (ii) --> on* (iii), DMABN in the Gas Phase
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Figure A7.5: LIICs of DMABN, evaluating the transition state barrier of the population of
the S1(R,s+«) state. Energies computed by CASPT2, in the Gas Phase.
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Interpolated Path, o (i) > Twist Dimethylamino (ii) > Reverse Bend Cyano (iil) > TICT (iv), DMABN in the Gas Phase

Interpolated Path, or* (i) --> PICT (ii) --> TS (iii) --> TICT (iv), DMABN in the Gas Phase :
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Figure A7.6: LIICs of DMABN, evaluating the transition barriers of the population of the
S1(Ryrer) state from the S;(Ryq.) state. Energies computed by CASPT2, in the Gas Phase.

Interpolated Path, PICT (i) --> LE (ii) --> pTICT (iii) --> TICT (iv), DMABN in Acetonitrile
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Figure A7.7: LIIC of DMABN, PICT — LE — pTICT — TICT. Energies computed by
CASPT2, in Acetonitrile.
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Interpolated Path, LE (i) --> PICT (ii) --> on* (iii), DMABN in Acetonitrile Interpolated Path, PICT (i) --> LE (ii) --> on* (iii), DMABN in Acetonitrile

74 1 1 1 1 1
| 1 71 1 1
1 1 i 1 1
| 1 i I
51 1 61 1
l 1 1 1 1 1
s 1 1 1 1
5 | [ 51 |
S — 1 S| T 1
~ | —— SO 1 1 - |—— SO 1 1
gll—s i i g i i
(e 2 1 1 g i 2 1 1
£ i i £ i i
S 1 1 S 1 1
241 1 1 2 1 1
I 1 1 1 1 1
1 1 1 1
1 1 ( i 1
1 1 1 1 1 1
l 1 1 1 1 1
py— H H - _ H
) ) (i) ® ) (i)

(a) LE — PICT — mox (b) PICT — LE — 7ox

Interpolated Path, PICT (i) > S2/S1 PICT/LE Conical Intersection (i) --> on* (iii), DMABN in Acetonitrile

3z
2,10
51— s
@ I

2

i .
Y3 s3
%

I}

N)
»
5}

|

It (i (i)
(c) PICT — S2/S1 CI — 7wox

Figure A7.8: LIICs of DMABN, evaluating the transition state barrier of the population of
the S1(R,s+«) state. Energies computed by CASPT2, in Acetonitrile.
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Interpolated Path, o (i) > Twist Dimethylamino (ii) —> Reverse Bend Cyano (iii) > TICT (iv). DMABN in Acetonitrile
8

Interpolated Path, ort* (i) --> PICT (ii) --> TS (iii) --> TICT (iv), DMABN in Acetonitrile I
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Figure A7.9: LIICs of DMABN, evaluating the transition barriers of the population of the
S1(Rrrer) state from the S;(Ryqs) state. Energies computed by CASPT2, in Acetonitrile.
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A8: Extended Absorbance/Fluorescence and Transient Absorption

Spectrum, DM ABN
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800700 600 500 400 300
l IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII -] I N T - I I I I I I I I I I I
— 51-nog* —— Abs. — SI1-TICT — 51-LE

P -
=
5 -
o
e
=L f f f T T ¥
-;: l IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII -] I N T - I I I I I I I I I I I
G —— Exp: Abs. Exp: CT —— Exp:LE
E -
=

D I I T T I I

15 20 25 30 35 40

Exc Frequency (in 1000 cm™-1}

Figure A8.1: UV /Vis Absorption Spectrum of DMABN in Acetonitrile. Top: Spectrum com-
puted with DFT/MRCI(2). Bottom: Experimental Spectrum.? The following osc strengths
were altered for better visibility: S1-TICT(Osc Str x400), S1-LE(Osc Str x35), S1-mo* (Osc
Str x6500), Exp-LE(Osc Str x25). The DFT/MRCI(2) results were unshifted.
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Figure A8.2: UV/Vis Absorption Spectrum of DMABN in the Gas Phase. Top: Spec-
trum computed with DFT/MRCI(2). Bottom: Experimental Spectrum.? The following osc
strengths were altered for better visibility: S1-TICT(Osc Str x400), S1-LE(Osc Str x35),
S1-mox(Osc Str x6500), Exp-LE(Osc Str x25). The DFET/MRCI(2) results were unshifted.
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Figure A8.3: Excited State Absorption Spectrum of DMABN in acetonitrile. Top: Spectrum
computed with DFT/MRCI(2). Middle: Experimental Transient Absorption Spectrum,.t?

Bottom: Experimental Transient Absorption Spectrum,” The following osc strengths were
altered for better visibility: S1-TICT(Osc Str x2), S1-LE(Osc Str x2)
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Figure A8.4: Extended Excited State Absorption Spectrum of DMABN with DFT/MRCI(2).
From top to bottom: In the Gas Phase, In Acetonitrile, In n _hexane. The following osc
strengths were altered for better visibility: S1-TICT(Osc Str x2), SI-LE(Osc Str x2), S0-
GS(Osc Str x0.25)
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A9: NTOs for significant excitations in the simulated excited state

absorption spectrum of DM ABN

J

Figure A9.1: Dominant NTO pair (92.3%), Absorption at 558nm (Fig[19)) associated with
the S1-mox* state

158



(a) Major contribution (89.2%)

(b) Minor contribution (10.8%)

Figure A9.2: Dominant NTO pairs, Absorption at 725nm (Fig associated with the S1-LE
state
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(a) Major contribution (50.7%)

(b) Minor contribution (45.8%)

Figure A9.3: Dominant NTO pairs, Absorption at 435nm (Fig associated with the S1-LE
state
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(a) Major contribution (68.6%)

) 9
(b) Minor contribution (17.3%)

J

(¢) Minor contribution (14.1%)

Figure A9.4: Dominant NTO pairs, Absorptions at 290-299nm (Acetonitrile, Fig |A8.3)) as-
sociated with the S1-pTICT state
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(a) Major contribution (75.8%)

(b) Minor contribution (18.5%)

J

(¢) Minor contribution (5.7%)

Figure A9.5: Dominant NTO pairs, Absorption at 271nm (Acetonitrile, Fig|A8.4)) associated
with the S1-TICT state
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J

(a) Major contribution (88.8%)

(b) Minor contribution (7.5%)

J

(¢) Minor contribution (3.7%)

Figure A9.6: Dominant NTO pairs, Absorption at 291nm (Fig associated with the S1-
mox* state
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(a) Major contribution (90.4%)

(b) Minor contribution (6.8%)

Figure A9.7: Dominant NTO pairs, Absorption at 369nm (Fig associated with the S1-
TICT state
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A10: LIIC of DIABN: Estimating the size of the transition state

barrier between the LE and 7o state

Interpolated Path, LE (i) --> PICT (ii) --> orr* (iii), DIABN in the Gas Phase
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Figure A10.1: LIIC of DIABN, LE — PICT — mo*. Energies computed by DFT/MRCI(2),
in the Gas Phase.
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A11l: Simulated TRPES Spectrum of Aminobenzonitrile
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Figure A11.1: Simulated TRPES Spectrum of ABN, based on transition state barriers evalu-
ated with various electronic structure methods (see A.3), and static photoelectron spectrum
evaluated with DFT/MRCI(2) (see A.12). Inset: Early excited state dynamics, So(Rzin)
— So(Rpror) = S1(Rpg). Main figure: Persistent excited state signal, S;(Rpg).
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A12: Extended Valence Photoelectron Spectrum and Dyson Or-

bitals, DM ABN and its Derivatives
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Figure A12.1: Simulated Valence Photoelectron Spectrum of the excited states of DMABN
and its analogues with DF'T/MRCI(2) in the Gas Phase.
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Figure A12.2: Simulated Valence Photoelectron Spectrum of the excited states of DMABN
and its analogues with DF'T/MRCI(2) in Acetonitrile.
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(a) SI-LE (b) SI-TICT

J
(c) Sl-mox

Figure A12.3: Dyson Orbitals for the each of the first major photoemissions in the static
VPS spectrum.
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Appendix Part B: X Ray Spectro-

scopies
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A13: Extended XAS Spectrum, and NTOs for Significant Absorp-

tions, DM ABN
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Figure A13.1: Simulated X Ray Absorption Spectrum of DMABN with DFT/MRCI(2), all
possible excited state contributions
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.
(a) SI-TICT state: Major excitations to orbitals at i) ~ 282.4eV, ii) ~ 286.6-287.0, 287.4eV,
iii) ~ 287.6-287.8¢V, iv) ~ 289.1 eV

(b) SI-pTICT state: Major excitations to orbitals at i) ~ 281.9, 282.3, 282.5, 283.9eV ii) ~
285.9, 286.7, 286.9, 287.1-287.3, 287.5eV, iii) ~ 287.4, 287.6-287.7, 288.0eV

173



J
(c) Sl-mo* state: Major excitations to orbitals at i) ~ 282.5, 283.5-283.7, 285.5¢V, ii) ~ 286.2-
286.5, 288.1, 288.5 €V, iii) ~ 286.4eV, iv) ~ 287.9-288.0, 288.4, 288.6-288.8¢eV v) ~ 289.0 eV

(d) S1-LE state: Major excitations to orbitals at i) ~ 281.9, 283.2-283.3, 283.5, 284.5€V, ii) ~
282.7-282.8, 286.1-286.3, 287.8-288.0, 288.2-288.3¢eV, iii) 286.8, 287.0, 287.3, 287.6eV
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(e) S2-PICT state: Major excitations to orbitals at i) ~ 281.7-281.8, 282.1-282.3¢V, ii) ~ 286.6,
286.8, 287.26V, iii) 283.4, 285.6, 285.8, 287.0, 287.2¢V

Figure A13.2: Particle NTOs corresponding to bright transitions in Fig[A13.1a) XAS at C
edge
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Y
(a) S1I-TICT state: Major excitations to orbitals at i) ~ 397.0eV, ii) ~ 399.5€eV, iii) ~ 401.5eV
iv) 402.0, 402.3 eV

J

(b) S1-pTICT state: Major excitations to orbitals at i) ~ 395.4, 397.3¢V, ii) ~ 399.5, 399.8¢V,
iii) ~ 401.4-401.5eV, iv) ~ 402.4, 402.6, 402.8, 403.0eV
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9
(c) Sl-mox state: Major excitations to orbitals at i) ~ 395.4, 400.1eV, ii) ~ 399.2, 403.8¢V iii)
~ 399.1, 400.5, 405.2eV, iv) ~ 402.3, 402.6eV

9 9

(d) S1-LE state: Major excitations to orbitals at i) ~ 396.8, 398.8¢V, ii) ~ 401.0, 401.4¢V, iii)
~ 401.9, 402.16V, iv) ~ 404.3, 404.76V
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(e) S2-PICT state: Major excitations to orbitals at i) ~ 395.1, 398.1eV, ii) ~ 399.9, 404.0eV,
iii) ~ 401.4-401.5, 401.8eV, iv) ~ 403.2, 403.4, 403.6eV

Figure A13.3: Particle NTOs corresponding to bright transitions in Fig|A13.1b, XAS at N
edge
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A14: Extended XPS Spectrum, and Dyson Orbitals for significant

emissions, DM ABN
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Figure A14.1: Simulated X Ray Photoelectron Spectrum of DMABN with DFT/MRCI(2),
all possible excited state contributions
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9 9

Figure A14.2: Dyson Orbitals describing bright transitions in Fig[A14.1a] XPS at C edge:
i) at 290-293 eV, ii) at 287, 290-292, 294 €V iii) at 288, 290-292 eV, iv) at 287-288, 290-293
eV, v) at 291-294 eV, vi) at 293-294 eV
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) J

Figure A14.3: Dyson Orbitals describing bright transitions in Fig|A14.1b] XPS at N edge:
i) at 400-401, 403-407 €V, ii) at 408-412 eV
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A15: Linear Interpolated Paths through Internal Coordinates (LI-
ICs) of various DM ABN derivatives

A collection of the LIICs discussed in the final portion of the paper. As a general rule, each
path spans about 50-100 points, where the first point represents the ground state structure,
the middle point represents the locally excited structure, and the final point represents the
twisted intramolecular charge transfer structure. Analogous paths for DMABN, DIABN,

and ABN are included as a point of comparison, even though the DMABN LIIC shown here

is present elsewhere in the main text.
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Figure A15.1: LIICs between the ground state minimum, locally excited minimum (LE),
and the twisted intramolecular charge transfer (TICT) minimum: Initial LIICs between
previously evaluated derivatives
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Figure A15.4: LIICs between the ground state minimum, locally excited minimum (LE),
and the twisted intramolecular charge transfer (TICT) minimum: Charged Derivatives
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A16: DMABN Derivatives, Relevant NTOs of Charge Transfer States

(a) S1-TICT, B3-TICT minimum

(b) S1-TICT, C1-TICT minimum

Figure A16.1: Dominant NTO pairs, some excited state descriptions of molecules evaluated
in the Complex and Charged Derivatives sections
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A17: Charged Derivatives of DMABN

(a) Structure C1

Figure A17.1: Charged set of DMABN derivatives
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(a) Structure C1, Nitrogen K-Edge, XAS  (b) Structure C1, Nitrogen K-Edge, XPS

Figure A17.2: Various X-ray Absorption/Photoelectron Spectrum of Charged Derivatives of
DMABN

Here begins the first of two sections that seek to evaluate particularly unique derivatives of
DMABN. Wherein the previous sections identified general trends in DMABN-type deriva-
tives that enhance the rate of CT formation or enhance the resolution of the CT signal, the
next few sections are concerned with specific derivatives of DMABN that are potentially of
interest to those seeking to study the charge transfer process due to their uniqueness. In
Figure we display the sole charged derivative featured in this section, dubbed as C1.
The TICT state of C1 has never been directly evaluated by experimental studies. However,
it is inspired by a large set of ionic derivatives of DMABN that have been examined in

the past, which all use the positively charged heteroatoms as extreme electron acceptors to
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instigate charge transfer in the molecule of choice. #9213 Typically these types of deriva-

214215 and the nuclear

tives were investigated for their applicability as fluorescence probes,
character of the S;(Ryror) structure for compounds of this design has not been evaluated
for some time.***3 C1 takes advantage of the noted charge transfer of probes designed in
this format, while also using the familiar pyrrole electron donor to further increase the avail-
ability of the S;(Ryjer) structure. This has extreme effects on the electronic character of
the molecule, and its associated excited state dynamics. For example, C1 lacks a low lying
S1(Rrg) structure, absorbs primarily at a Sg(Rpror) structure, and at the ground state
minimum structure, the character of the S1 state resembles a TICT state. When perform-
ing optimizations to find the S;(Rpg) and S;(Ryor) minima at various twisting angles,
the state at S1, as dictated by CASSCF, CASPT2, and DFT/MRCI(2), always resembled
the TICT state and not the S;(Rpg) structure, so its likely the S;(Rpg) minimum does
not exist. Therefore, the two state model does not apply, the internal conversion from the
PICT state in particular to the TICT state is expected to be more complex, and it is only
with a time resolved study can it be determined whether the charge transfer process occurs.
Furthermore, XAS and XPS signals comparing the S;(Rrior) structure and other signifi-
cant signals (Fig and f), are not uniquely well resolved, and better resolution has
been found in previous sections (although the Nitrogen K-Edge XPS spectra observes the
S1(Ryrer) signal as distinct by around 1 eV from all other important signals). This design
was more effective as a stepping stone for the next set of derivatives, that takes advantage
of an entirely separate excited state process to increase the resolution of the S;(Rrror)
structure. See the next Appendix section for an indepth review as to the applicability of
taking advantage of an entirely separate process, the ESIPT process, to encourage the TICT
charge transfer process in analogues similar to C1, while also producing a set of excited state

dynamics that involves a sequential ESIPT and TICT set of processes.

189



A18: ESIPT Derivatives, Main Analysis

The focus of this section is on a final class of derivatives that take advantage of an entirely
separate excited state process that has been evaluated in a litany of experimental and theo-
retical works, the Excited State Intramolecular Proton Transfer (ESIPT) process.##107423 A
in depth review of its usefulness in crafting fluorescence probes can be found elsewhere,*2"
however it is necessary to illustrate the basics of the process to understand future simulated
spectrum. Molecules that undergo the ESIPT process are characterized by the presence of
two electronegative heteroatoms, one bonded to a hydrogen atom, and some other adjacent
heteroatom which is not. After excitation, if the two heteroatoms are close enough together,

the change in electronic structure induced by the photoexcitation encourages proton transfer

between the two atoms. This process has been demonstrated to be extremely fast, hundreds

224225 226H229

of femtoseconds, and sometimes even less than 50 fs, with a small or non existent

reaction barrier between the two forms, before and after proton transfer on the S1 excited

2282302310 5 twist is induced after the proton transfer, along

state. In some, but not all cases,
the double bond between the two heteroatoms, in a way similar to the S;(Ryp;or) state in
DMABN (a 90 degree twist, and a bend out of plane). 2402282823223 The character of the
ESIPT process/states involved often deviates from this simple picture, owing to the pres-

2341237

ence of conical intersections, or due to solvent dependence,. 2211235240 1t g a]s0 debatable

that the use of explicit solvent is important in describing the excited state dynamics of these
molecules correctly (especially for protic solvents).#4542

The ESIPT process is in theory, a simple process; when the molecule is excited, a proton
is transferred, and the resulting minimum of the excited state post electron transfer fluo-
resces at as separate band then the pre-proton transfer form (Going forward, the ESIPT
state pre-proton transfer is defined as the S} (Rgsrpr—g) state, and the ESIPT post-proton

transfer state is defined as the S;(Rgs;pr_k) state, to distinguish them from the entirely

different Sy (Rrrer) and S1(Rpg) states typical of DMABN derivatives). However, utiliz-
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ing the ESIPT process when designing DMABN derivatives is difficult; the ESIPT-K state
is often the most favourable, low lying state, such that the twisting of the electron donor
group post or pre proton transfer is unfavourable. In short, the ESIPT process tends to
be stronger than the TICT process. However, in some cases, with proper choice of nuclear
structure, this process can be reversed, such that DMABN-type derivatives can have ei-
ther competing ESIPT and TICT processes (ESIPT-E — ESIPT-K — TICT), or sequential
ESIPT-TICT processes (ESIPT-E — ESIPT-K — TICT). With regards to the latter process,
in the case of the twisting of the electron donor after proton transfer, the state is defined as
the S1(Resipr—ix-ricr) state, separate from the S;(Ryror) which defines a twisting of the
electron donor group, but no proton transfer. Derivatives in this manner with the correct
design act similarly to C1, such that the S;(Rg) state does not exist since the S;(Rzsor)
state must be strong enough to compete with the ESIPT process. However unlike C1, the
compounds included in the next section have lower lying PICT states, and the initial absorp-
tion to the S1(Rgsrpr—p) state which is typically on S2 or S3, allows for the decay to the
S1(Rrrer) and potentially Sy (Rgesrpr—krior) states to be much more favourable. Further-
more, molecules with competing TICT and ESIPT processes at femtosecond timescales are
of interest for those seeking to design molecules with double, or even triple fluorescence. In
order to evaluate derivatives of this type, the electronic structure method of choice must be
able to describe the ESIPT process consistent with previous literature. Elsewhere in the Ap-
pendix, (A.19), DFT/MRCI(2) is able to recreate the absorbance and fluorescence energies
for two molecules that undergo the ESIPT process, 2-(2’ -hydroxyphenyl)benzothiazole and
10-hydroxybenzo|h|quinoline, as well as the the X Ray Absorption Spectrum of the latter
molecule with DFT/MRCI(2) with qualitative accuracy.#*43

In the previous section, it was observed that by using charged DMABN derivatives, the
strength of the electron acceptor portion could be heavily increased. When applied cor-
rectly, this can also be used to serve a dual purpose. As shown by other studies on ESIPT

derivatives, #4449 the strength of the ESIPT process can be strengthened or neutered with
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(c) Structure D3

Figure A18.1: DMABN derivatives that take advantage of the ESIPT process

the appropriate placement of electron withdrawing and electron accepting groups. The pos-
itively charged nitrogen in molecules such as C1 can act as a fantastic electron withdrawer
not just for the dimethylamino-like portion of the molecule, but also for the heteroatoms
involved in the ESIPT process, weakening its strength. Applying this principle led to the
three derivatives shown in Figure In D1 and D3, note the use of a fluorine atom to
act as an additional withdrawing group when needed, designated in green. All structures
in Figure [AI8.1] were optimized with CASSCF, however due to the massive amount of ex-
cited state structures involved, it is necessary to record the results of these optimizations
and evaluate their implications. This is done elsewhere (Appendix, A.19), here the focus
is on whether the charge transfer states of these compounds are well resolved using XAS
and XPS. Figure displays the most significant XAS spectra for the compounds in
Figure Here, the S1(Ryjor) state typical of DMABN derivatives is considered, as
well as the S1(Rgsrpr—g) (pre-proton transfer), Sy (Rgsrpr—i) (post proton transfer), and

S1(Resipr—x—tror) (post proton transfer and twist of electron donor group) excited state
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minimums optimized for these compounds, when applicable.

The XAS spectra are poorly resolved; the sheer excess of heteroatoms involved on each
molecule creates very similar absorptions for the TICT, ESIPT, and ESIPT-K-TICT states,
most overlaping with absorptions from the ground state. For D1, the enol/keto ESIPT
states are well resolved (Figure [A18.2b) as is consistent with previous literature on the
XAS of ESIPT molecules, however reproducing this was not the main goal of this study.
With regards to D2, the ESIPT-E and ESIPT-K states were very weak and did not op-
timize properly, so the only significant structures involved were the ground state and the
TICT minimum, which do see a small amount of resolution at the Nitrogen K-Edge (Figure
). With regards to D3, the S1(Rgsipr—ix—ricT) state is well resolved compared to
the S1(Rrror) and S1(Resrpr—g) states at the Oyxgen K-Edge (Fig ) The extent
of the resolution is small, about 1 eV, however the potential to detect a sequential ESIPT-
TICT process as a result of the individual resolution of the Si(Rgrsipr—r), S1(Resipr—K),
and S1(Rpsipr—k—rior) states is evident. Proving that this process exists would be an
interesting premise for a time resolved study.

In summary, in this section a wide variety of DMABN derivatives were examined to study
under what conditions the TICT state is favourable, and under what conditions the TICT
state is spectroscopically distinguishable. First, DMABN, DIABN, and ABN were examined.
It was found that the nitrogen XAS and XPS spectrum would be effective in proving the
existence of the two state model, both spectrum possessed unique spectroscopic signals
attributed to the wo* state, and the latter possessed unique spectroscopic signals attributed
to the TICT state. Combining the two methods in a time resolved study would allow for
tracking of the excited state populations of the S;(Rpg), S1(Rrox), and S;(Rrrer) states.
Next, a series of derivatives of DMABN were analyzed, to encourage future spectroscopies
that could be performed to better resolve the TICT state, and to increase the rate at which
the charge transfer process occurs. With respect to these results, each compound evaluated

had its advantages and disadvantages; but overall simulated XAS and XPS was useful in
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Figure A18.2: Various X Ray Absorption Spectrum of DMABN derivatives that take advan-
tage of the ESIPT process
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establishing the consistent resolution of the TICT state for all of these analogues in varying

degrees.

A19: ESIPT Derivatives, Supplementary Results

Here we show that DFT/MRCI(2) is able to calculate absorbance/fluorescence energies of
the first derivative shown in Figure with relative accuracy in Table A19.1. Then, we
demonstrate that we can recreate the qualitative nature of the most prominent ESIPT XAS
study available with TDDFT using DFT/MRCI(2) in Figure [A19.2] as well as compute
further spectrum in Figure Note that S1-ESIPT-E designates the enol form of the
molecule being studied, and S1-ESIPT-K designates the keto form, as discussed in the main

text.

J
(a) 2-(2,-hydroxyphenyl)benzothiazole (b) 10-hydroxybenzo|h]quinoline

Figure A19.1: ESIPT molecules used as a benchmark for DFT/MRCI(2)
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Table A19.1: Absorbance/Fluorescence based on optimized excited state structures
(CASSCF, 10/9), with energies eval. with DFT/MRCI(2), compared with other method-
ologies
Molecule Method Transition Energy (eV)
DFT/MRCI(2) Abs, SO-GS to S1 4.39
DFT/MRCI(2) gé“ SI-ESIPT-E to | 4 ¢p
DFT/MRCI(2) g(l)u SI-ESIPT-K to | o
Absolute energy,
DFT/MRCI(2) S1/S0 CI relative to | 3.80
2—(2,-hy§roxyphenyl) ground state
benzothiazole
CASSCF4- Abs, SO-GS to S1 5.46
CASSCF Flu, SI-ESIPT-K to 9 83
S0
Absolute energy,
CASSCF S1/S0 CI relative to | 3.61
ground state
TDDFT#7 Abs, S0-GS to S1 3.86
TDDFT Flu, S1-ESIPT-K to 9 55
S0
Absolute energy,
TDDFT S1/S0 CI relative to | 2.6

J%

round state

T DDl

A1 O 71Ny 5 v




We note a few things about Table A19.1. Firstly, the energies returned by TDDFT were not
taken at optimized structures on S1,%% and so are not directly comparable to the CASSCF
optimized S1 structures, that were then evaluated with DFT/MRCI(2) to return the energies.
Overall, we find that DFT/MRCI(2) represents a middle ground between the CASSCF and
TDDFT methods, with the inaccuracies involved in optimizing the structures with CASSCF
instead of DFT/MRCI(2) likely compounding on the energies being on the high end.
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Figure A19.2: Simulated ground state XAS Spectra for E2 with DFT/MRCI(2) with struc-
tures optimized with CASSCF(10,9) at the Nitrogen and Oxygen Edges, evaluated in the
gas phase

Excited State ESIPT X Ray Absorption or X Ray Photoelectron Spectra do not exist cur-
rently. The closest thing is a study conducted on 10-hydroxy benzo|h|quinoline which eval-
uated the XAS spectra of the ground state enol and ground state keto orientations of the
molecule. Figure [A19.2[shows a direct comparison of the analogous spectra to the ones eval-
uated with TDDFT,*** evaluated with DFT/MRCI(2) based on structures optimized with
CASSCF(10,9). Figure shows additional spectra not present in the aforementioned
paper, taken using the structures optimized at the respective S1 excited states of the two
conformers as well (aka, core excitations from the S1-ESIPT-E and S1-ESIPT-K states as
opposed to the SO-enol and S0-keto states in Figure . We find that although there rep-
resents a significant absolute shift compared to TDDFT, we recreate the distance betweeen

the major excitations of the enol and keto core absorptions fairly well. This early finding
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provided a further impetus to study TICT compounds while taking advantage of the ESIPT
process, considering we have now established that DFT/MRCI(2) has the ability to recreate
the qualitative accuracy of EOM-CCSD for peaks associated with the TICT process,,*** and
here the qualitative accuracy of TDDFT for peaks associated with a very simple ESIPT

process. 243
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Figure A19.3: Simulated ground state and excited state XAS Spectra for D2 with
DFT/MRCI(2) with structures optimized with CASSCF(10,9) at the Nitrogen and Oxy-
gen Edges, evaluated in the gas phase

After verifying the qualitative ability of DFT/MRCI(2) to recreate absorbance/fluorescence
energies of the excited states involved in the ESIPT process, as well as the shape of the XAS
spectrum, the derivatives in the main text D1, D2, and D3 were evaluated using XAS and
XPS as well. However, in order to evaluate these compounds properly, a host of excited state
structures needed to be optimized to describe the complex dynamics at play. A summary of
these results for each compound is found in Table A.19.2.

Structure D1 was an example of a molecule that has directly competing TICT and ESIPT
processes, with the S1-TICT excited state being the absolute minimum found on S1, accord-
ing to the absolute energies returned by DFT/MRCI(2). Structure D2 also had a low lying
S1-TICT excited state; however it seems the proton transfer between two adjacent oxygen
atoms was weaker, as the molecule only directly absorbed with significant oscillator strength

to the S2-PICT state, and therefore the ESIPT process is unlikely for this molecule. In
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Table A.19.2: Summary of the relevant excited states of structures evaluated in the ESIPT
Derivatives section of the main text. Structures were optimized using CASSCF(10,9), and
energies were evaluated using DFT/MRCI(2).

Excited State

Molecule Minimum ]S;Z(;Zromc Osc. Strength gﬁ:ﬁmt?e\/)
Geometry &Y
Ground State | ¢ N/A 0.0
Minimum
Ground State | o9 parp 0.3633 3.36
Minimum

D1
Ground State | o, 0.6385 4.08
Minimum
TI_C.T S1-TICT 0.0001 2.75
Minimum
ES.H’.)T'E S1-ESIPT-E 0.1107 3.13
Minimum
ES.H.)T'K S1-ESIPT-K 0.0024 3.10
Minimum
Ground State | ¢ N/A 0.0
Minimum

D2 Ground State | ¢) pop 0.0512 1.99
Minimum
Ground State | o by 0.4623 2.02
Minimum
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the design of Structure D3, it was hoped that by placing the electron withdrawing fluorine
closer to the cationic nitrogen, that the ESIPT state would be weaker, and a hypothetical
ESIPT-K-TICT state could be possible. Essentially, after the proton transfer happens, con-
verting the excited state population in this case from ESIPT-E to ESIPT-K, perhaps the
pyrrole ring could twist afterwards, leading to the population of an S1I-ESIPT-K-TICT state.
CASSCEF predicted an excited state minimum that fit this hypothetical state (see Appendix,
A.19), lying at an absolute energy distant to the ground state absorption to the S2-ESIPT-
E state, and 0.2 eV below the ground state absorption to the S4-PICT state according to
DFT/MRCI(2). However, out of all the excited state minimum structures evaluated, it still
lied at the highest absolute energy (compared to the S1-TICT, and S1-ESIPT-E and K
states), therefore it seems extremely unlikely that this state would be populated, especially
since it would have to occur after the proton transfer, and due to competition with the
lower lying S1-ESTPT-K minimum. Therefore, it is most likely impossible that this chained
ESIPT /TICT process would occur, however we thought it worth evaluating with XAS due
to its distinct electronic character as an excited state minimum.

There are numerous advantages to designing molecules in this manner. For example, Struc-
ture D3 did prove that the location of certain withdrawing groups, like the fluorine atom,
could strengthen or weaken one process over the other, as the S1-TICT minimum is more
likely to be populated compared to the S1-ESIPT-K minimum in the case of D3 over D1.
Furthermore, the design of these three molecules do not suffer from the same pitfalls as C1;
absorptions to the initial ESTPT are not as high lying, and typically lie at S2 to S4, meaning
that the excited state population could potentially reach the SI-TICT state slightly faster
after occupation of either the PICT or ESIPT-E states above it. For example, when compar-
ing C1 and D1, D1 is more likely to populate the charge transfer state owing to the strong
absorption to S2 from the GS to the ESIPT-E state, which may couple easier to the S1-TICT
state then the S6-PICT state that C1 absorbs to. Unfortunately, it is still unlikely D1, D2, or

D3 could be studied in an experimental study, owing to the inherent difficulties in evaluating
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the excited state dynamics of a reactive ionic compound. Solvents that possess the capability
for hydrogen bonding especially are infeasible to use when studying these compounds. These
compounds instead work best as a theoretical base from which to design compounds that
may be able to possess competing excited state pathways; the cationic form of D1-D3 was
necessary to lower the energy of the charge transfer states present on the potential energy
surfaces evaluated by CASSCF, but perhaps a different electronic method may be able to
predict low lying charge transfer states for compounds of this form without the use of such a
strong electron acceptor. Also, even if specific states are too high lying to be occupied over
the course of a time resolved study for some of these compounds, evaluating their excited
state spectroscopies is still useful, as we have elected to do with the S1-ESIPT-K-TICT
state. Even if, for the derivatives studied in this paper, the ESIPT-K-TICT state is unlikely
to be occupied, evaluating its electronic character via X Ray studies may still be a useful
metric when derivatives with lower lying states are designed in the future. However so far,
the search for a neutral compound that maintains competing TICT and ESIPT processes
has proven to be a difficult needle to thread.

Finally, we show the nuclear structures mentioned in Table A.19.2, all optimized as minima

on S1 using CASSCF (10,9) in the gas phase.
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>
(a) Ground State Minimum (b) TICT minimum

o) 9
(c) ESIPT-E minimum (d) ESIPT-K minimum

Figure A19.4: Nuclear structures of excited state minima on S1 of ESIPT derivatives, D1

(a) Ground State Minimum (b) TICT minimum

Figure A19.5: Nuclear structures of excited state minima on S1 of ESIPT derivatives, D2
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>
(a) Ground State Minimum (b) TICT minimum

2
(c) ESIPT-E minimum (d) ESIPT-K minimum

(e) ESIPT-K-TICT minimum

Figure A19.6: Nuclear structures of excited state minima on S1 of ESIPT derivatives, D3
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(a) SI-TICT, D1-GS minimum

(b) S2-ESIPT-E, D1-GS minimum

]

(c) S4, D1-GS minimum

(d) S1-TICT, D1-TICT minimum
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(e) SI-ESIPT-E, D1-ESIPT-E minimum

(f) SI-ESIPT-K, D1-ESIPT-K minimum

(g) S2-PICT, D2-GS minimum

2 9
(h) S1-TICT, D3-ESIPT-K-TICT minimum

Figure A19.7: Dominant NTO pairs, some excited state descriptions of states evaluated in
Table A.19.2 (truncated).
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A20: Cartesian Coordinates of Excited State structures of DM ABN

and its analogues

DMABN

SO0-GS
21

C 3.007849 -1.253795 -0.116671
N 2.276400 0.000425 -0.089128

C 3.005972 1.255608 -0.121462

H 2.796249 1.879389 0.766597

H 4.082555 1.046083 -0.137153

H 2.764098 1.855399 -1.018394
C 0.899532 -0.000337 -0.055648
C 0.161627 1.212870 -0.039748

C -1.225720 1.207035 -0.003811
C -1.946690 -0.001673 0.017404
C -1.224477 -1.209708 0.000649
C 0.162879 -1.214253 -0.035268
H 0.679589 -2.172119 -0.047611
H -1.765073 -2.157664 0.015754
C -3.378055 -0.002340 0.054674
N -4.543337 -0.002883 0.085015
H -1.767288 2.154486 0.007799
H 0.677380 2.171211 -0.055613
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H 2.799080 -1.874483 0.773771
H 2.766873 -1.857380 -1.011297
H 4.084122 -1.042730 -0.133170

S1-LE
21

C 3.03531357 -1.20966423 0.10885379
N 2.26818120 0.00212364 -0.09362588
C 3.02554350 1.21084436 -0.34502586
H 3.22673265 1.77567108 0.57124252
H 3.98149190 0.94383978 -0.79367457
H 2.50347027 1.85686104 -1.04673801
C 0.90135611 0.00533514 -0.05527626
C 0.18011905 1.23854588 0.06212970
C -1.25710820 1.23851781 0.10029338
C -1.96931247 0.00056044 0.01645489
C -1.27081858 -1.24374502 -0.10342440
C 0.16300849 -1.25505219 -0.13631498
H 0.67460566 -2.18158038 -0.33306290
H -1.82811683 -2.16226388 -0.19553441
C -3.40302785 0.00667506 0.05171275
N -4.56665301 0.01223545 0.08026642
H -1.80063457 2.16270836 0.21440662
H 0.69930237 2.16619797 0.23335858
H 2.54571321 -1.86258305 0.82685781
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H 3.19309718 -1.76420686 -0.82206434
H 4.01130235 -0.94788640 0.51585517

Sl-mo*

21

C 2.99932184 -1.30211974 0.00836426
N 2.25798607 -0.04825309 0.00096489
C 3.00769838 1.20090801 -0.00804116
H 2.79939697 1.79760743 0.88096019
H 4.06838245 0.97365858 -0.02009292
H 2.77949665 1.79567864 -0.89321983
C 0.91436783 -0.04311820 0.00776820
C 0.18060376 1.18321610 0.00528362
C -1.19011112 1.18456340 0.00974861
C -1.95739977 -0.05714018 0.01762811
C -1.19762933 -1.26085208 0.02196067
C 0.17210468 -1.26314158 0.01764782
H 0.69217609 -2.20641708 0.02156031
H -1.73629931 -2.19696474 0.02918246
C -3.43213515 -0.08500161 0.02160418
N -4.11676808 0.97034292 0.01763070
H -1.74780105 2.10782779 0.00754053
H 0.70537407 2.12400567 0.00030937
H 2.78582120 -1.88647898 0.90439528
H 2.76882767 -1.90641957 -0.86984310
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H 4.06152224 -1.08220776 -0.00470465

S1-pTICT
21

C 3.01872881 -1.07527464 0.54633682
N 2.26778699 -0.03620537 -0.12138333
C 3.00596314 0.96918080 -0.85194708
H 2.44639509 1.89215282 -0.86705778
H 3.97965669 1.11797665 -0.40364677
H 3.12928530 0.62473786 -1.87920828
C 0.88245212 -0.00486980 -0.06291959
C 0.20851334 1.17566925 0.39091615
C -1.16503390 1.19810400 0.45598066
C -1.93927213 0.05895617 0.05616250
C -1.25366086 -1.11321271 -0.40526406
C 0.12009441 -1.15292055 -0.45614090
H 0.61702916 -2.02174698 -0.84547890
H -1.81796961 -1.97331490 -0.71022423
C -3.37254908 0.09137617 0.11664949
N -4.53514613 0.11767352 0.16571328
H -1.66225899 2.08221755 0.80573956
H 0.77517607 2.02043764 0.73536832
H 3.94350026 -1.26701281 0.01791771
H 3.24353981 -0.73870629 1.55890615
H 2.42133435 -1.97207675 0.61027352
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S1-TICT
21

C 3.19523251 -1.15365120 0.87843150
N 2.29798128 -0.25310943 0.19348013
C 2.86477214 0.71201238 -0.73229613
H 3.56295620 1.36000341 -0.19811046
H 3.41232374 0.18535467 -1.51712216
H 2.06415954 1.30042406 -1.16519829
C 0.89926190 -0.38060821 0.41015537
C 0.27086568 0.76388091 1.03815103
C -1.01883841 1.14184101 0.71843796
C -1.75759691 0.48921962 -0.31577628
C -1.11975413 -0.56595833 -1.03362632
C 0.17231082 -0.96225497 -0.73747361
H 0.63741463 -1.75335550 -1.31274448
H -1.67432759 -1.09460046 -1.79730731
C -3.09258779 0.88921152 -0.62774885
N -4.18105709 1.21864476 -0.88495555
H -1.49405779 1.93218398 1.28401403
H 0.80172111 1.29780409 1.81667823
H 3.03036332 -1.05808023 1.95187346
H 2.94689205 -2.17718741 0.59305626
H 4.23192481 -0.93509666 0.63093945
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S2-PICT
21

C 3.00970351 -1.24517599 -0.11569647
N 2.26052229 0.00051117 -0.09720839
C 3.00827609 1.24699164 -0.11959713
H 2.79643179 1.83710992 0.77217423
H 4.06897637 1.02528621 -0.14872941
H 2.74726681 1.83478111 -0.99977677
C 0.89778748 -0.00020970 -0.05942606
C 0.15979107 1.24492106 -0.04171217
C -1.22003871 1.24354441 -0.00509142
C -1.96176561 -0.00173174 0.01619931
C -1.21858090 -1.24621310 -0.00001577
C 0.16124971 -1.24612255 -0.03664812
H 0.68484709 -2.18784343 -0.04778347
H -1.74956793 -2.18560469 0.01691423
C -3.36418264 -0.00247953 0.05205067
N -4.51535776 -0.00309280 0.08152379
H -1.75212721 2.18237403 0.00798750
H 0.68228121 2.18720149 -0.05681772
H 2.79967214 -1.83209522 0.77863293
H 2.74827390 -1.83665980 -0.99325050
H 4.07010617 -1.02235087 -0.14703604
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S2/S1 CI (22 degree twist)
21

C 3.02603078 -1.18909166 0.18717542
N 2.24562813 0.00025692 -0.09620205
C 3.00701082 1.19123746 -0.42129933
H 3.26442744 1.74606145 0.48546284
H 3.92979670 0.89089556 -0.91516581
H 2.44138347 1.83139033 -1.08879498
C 0.88024528 -0.00046400 -0.05762049
C 0.15295082 1.23619729 0.11790739
C -1.22575446 1.23328638 0.15892668
C -1.96887754 -0.00185692 0.01605923
C -1.23331777 -1.23600558 -0.16548368
C 0.14579039 -1.23797535 -0.19579003
H 0.67465898 -2.16140790 -0.37495592
H -1.77045192 -2.16530316 -0.27950708
C -3.37303653 -0.00255384 0.05297933
N -4.52356047 -0.00337492 0.08321584
H -1.75702352 2.16205320 0.30114475
H 0.68970400 2.16010839 0.26913258
H 2.49568562 -1.83396219 0.87852037
H 3.24179329 -1.73922669 -0.73319059
H 3.97038137 -0.88705313 0.63749875

S1-TS CASSCF
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21

C 2.889772 -1.661921 0.760924
N 2.326793 -0.482634 0.151957
C 3.230395 0.585954 -0.216222
H 3.723239 1.004931 0.668661

H 4.005589 0.209377 -0.887698
H 2.672781 1.374421 -0.712693
C 0.936125 -0.288113 0.197565
C 0.410182 0.786715 1.022199

C -0.823621 1.364157 0.724578
C -1.577682 0.967157 -0.449505

C -1.034627 -0.048319 -1.300910

C 0.210849 -0.634393 -0.995731
H 0.628530 -1.373154 -1.665417

H -1.620561 -0.427768 -2.125054

C -2.851391 1.560067 -0.725250
N -3.865154 2.032732 -0.948960
H -1.253900 2.093408 1.396728
H 0.961302 1.110967 1.893639

H 2.883601 -1.570499 1.854211
H 2.289802 -2.531690 0.495725
H 3.916178 -1.809684 0.426256

S1-TS CASPT2
21

213



C 3.025192 -1.217362 -0.447600
N 2.254180 -0.037989 -0.092427
C 2.908704 1.258259 -0.093555
H 2.686317 1.772416 0.854792
H 3.992638 1.134588 -0.224678
H 2.484160 1.862181 -0.913661
C 0.882996 -0.154511 0.193008
C 0.298651 0.502055 1.277408
C -1.096134 0.683111 1.349682
C -1.865883 0.357724 0.155965
C -1.254938 -0.263410 -0.944373
C 0.073582 -0.678545 -0.938380
H 0.567331 -1.048231 -1.839819
H -1.862921 -0.438037 -1.839643
C -3.249390 0.700620 0.085064
N -4.401364 0.992834 0.037329
H -1.561475 1.170318 2.206565
H 0.937997 0.834581 2.105022
H 2.345045 -2.075276 -0.500793
H 3.541422 -1.058297 -1.408249
H 3.784010 -1.384864 0.338755

DIABN
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SO0-GS
33

C 1.85184360 -1.54181386 -0.04388173
N 1.23637814 -0.19951667 -0.11930397
C -0.14711328 -0.08215124 -0.19712385
C -0.76950571 1.12537588 -0.61187427
C -2.14837067 1.24186157 -0.71309189
C -2.99250492 0.15608540 -0.41466199
C -4.41508235 0.27397110 -0.52623738
N -5.57334779 0.36927205 -0.61672613
C -2.39603948 -1.04796676 -0.00126038
C -1.01637787 -1.16341221 0.11247855
H -0.61767817 -2.10779592 0.47803121
H -3.02772280 -1.90140870 0.25170784
H -2.58422339 2.18584880 -1.04491453
H -0.16000396 1.98128545 -0.88740235
C 2.12429441 0.94947049 0.18945567
C 2.50428379 1.80704945 -1.03214949
H 2.83081325 1.17550426 -1.87140551
H 3.33613714 2.48087893 -0.76762900
H 3.92107460 -1.06661660 -0.66931474
C 1.64500792 1.79782726 1.37753575
H 2.42732451 2.52588031 1.64555750
H 0.72676302 2.36130475 1.15899630
H 3.06063020 0.47829755 0.52277845
H 1.67698011 2.43846850 -1.38862243
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C 2.19114220 -1.96618513 1.39395527
H 2.57070110 -3.00078359 1.41226496
H 1.45082137 1.16344278 2.25597595

H 1.30514173 -1.91378459 2.04523730
C 3.06162772 -1.68171504 -0.98094819
H 3.40034866 -2.73010831 -0.98584501
H 1.09723252 -2.23683744 -0.43513578
H 2.79448697 -1.40462024 -2.01211755
H 2.97116900 -1.32205602 1.83294470

S1-LE
33

C 2.03348835 1.26841406 -0.30012239

N 1.22781426 0.05074629 -0.09821168

C -0.16828402 0.11914525 -0.22729310
C -0.94667846 -1.06016085 -0.43961634
C -2.37839802 -0.98787419 -0.55727477
C -3.03063819 0.27642509 -0.45968432
C -4.45728073 0.34515935 -0.57215313
N -5.60344669 0.39981720 -0.66176070
C -2.28291802 1.47372712 -0.24615108
C -0.85373959 1.41335319 -0.13611856
H -0.33101256 2.30005547 0.17633774

H -2.80015360 2.41250370 -0.12752867
H -2.95621643 -1.87814584 -0.74685637
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H -0.47505823 -2.00491302 -0.62910718
C 1.94204428 -1.13618499 0.41522533
C 1.36217191 -1.67168648 1.72616129
H 1.25452907 -0.86766838 2.45552780
H 2.04552923 -2.41712653 2.13952377
H 3.21655216 1.24811269 1.54401414
C 2.18252422 -2.24138778 -0.62093949
H 2.95496985 -2.91635467 -0.24474159
H 1.29836781 -2.84332920 -0.82097216
H 2.92795029 -0.75481692 0.66664753
H 0.38955672 -2.14111887 1.59555149
C 3.19232620 1.03505498 -1.27340553
H 3.67631769 1.99086450 -1.48398994
H 2.52951322 -1.82687659 -1.56691696
H 2.82791240 0.62752987 -2.21719854
C 2.50478447 1.88776014 1.01784880
H 3.00373078 2.83947423 0.82225796
H 1.37956487 1.97793948 -0.79161378
H 1.66236415 2.07546088 1.68464015
H 3.95687962 0.36426484 -0.87837072

S1-TICT

33

C 1.56376044 1.29447295 0.38570790
N 1.26575003 -0.10219223 0.02203941
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C -0.11861813 -0.53071315 -0.21978582
C -0.71319662 0.02842951 -1.42009450
C -2.05029765 0.36661678 -1.46276034
C -2.87990569 0.26622595 -0.30765373
C -4.26101570 0.62442620 -0.36121800
N -5.36545053 0.91385103 -0.40314740
C -2.28867856 -0.19845916 0.90355778
C -0.95372071 -0.54171557 0.96740293
H -0.54475308 -0.89477110 1.90543907
H -2.90968156 -0.31621069 1.78160045
H -2.48845498 0.68241334 -2.40018744
H -0.11891817 0.11441787 -2.32080047
C 2.37974101 -1.11395673 -0.10752563
C 2.18267133 -2.22924049 0.91702236
H 2.16549655 -1.83932422 1.93551983
H 3.01645441 -2.92913247 0.83785226
H 3.16850952 0.92413671 1.83363453
C 2.43277534 -1.63910428 -1.54066653
H 3.26612270 -2.33867739 -1.62691198
H 1.51180845 -2.15937017 -1.79838206
H 3.30128804 -0.58060875 0.11435432
H 1.25517154 -2.76824603 0.73137693
C 2.42532275 1.97019792 -0.68288091
H 2.53337745 3.02500644 -0.42609501
H 2.59405879 -0.83277205 -2.25724096
H 1.95200786 1.91025057 -1.66268645
C 2.17870601 1.38061150 1.78403231
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H 2.28332887 2.43266109 2.05325478
H 0.59258010 1.77965372 0.40461465
H 1.53447452 0.90733981 2.52473307
H 3.42551665 1.53883211 -0.74683133

S2-PICT
33

C 1.957871 1.323681 0.360798
N 1.175419 0.112793 0.063015
C -0.195355 0.160648 -0.103293
C -0.948668 -0.999784 -0.389224
C -2.315877 -0.965908 -0.557877
C -3.027637 0.224674 -0.453586
C -4.456753 0.257932 -0.630683
N -5.587087 0.284082 -0.770998
C -2.309961 1.381458 -0.172424
C -0.941136 1.357728 -0.001925
H -0.472749 2.300507 0.212920
H -2.829445 2.325551 -0.083609
H -2.839370 -1.886654 -0.775372
H -0.468570 -1.953043 -0.484298
C 1.967043 -1.127206 -0.039680
C 1.690613 -2.155284 1.066623
H 1.720731 -1.676309 2.045925
H 2.468548 -2.922235 1.042274
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H 3.399163 0.499944 1.804056
C 2.012803 -1.740267 -1.446340
H 2.783649 -2.514264 -1.472962
H 1.078664 -2.199509 -1.762329
H 2.984093 -0.797657 0.145875
H 0.731895 -2.661151 0.975824
C 2.950078 1.671448 -0.753690
H 3.423686 2.631815 -0.537376
H 2.273516 -0.980008 -2.183474
H 2.435160 1.755692 -1.712232
C 2.625362 1.267038 1.738729
H 3.100122 2.226310 1.957396
H 1.267805 2.152236 0.404687
H 1.884164 1.070621 2.515325
H 3.747290 0.933286 -0.858364

S1-TS CASSCF
33

C 1.948316 1.268782 0.064512

N 1.312142 -0.053880 -0.017603
C -0.078938 -0.140541 -0.124408
C -0.688534 -0.247452 -1.448693
C -2.053733 0.057984 -1.663855
C -2.856540 0.537499 -0.571636
C -4.241654 0.837109 -0.763026
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N -5.346376 1.076544 -0.919769
C -2.259386 0.690464 0.713581
C -0.906365 0.404906 0.938536
H -0.491615 0.523303 1.928162
H -2.881186 1.001066 1.541471

H -2.514470 -0.166831 -2.613859
H -0.077014 -0.547922 -2.285619

C 2.131147 -1.265320 0.076557
C 1.780950 -2.063927 1.336299
H 1.897285 -1.455600 2.234193
H 2.443143 -2.928181 1.421937
H 3.552752 0.833501 1.494873

C 2.042621 -2.141869 -1.175502
H 2.742664 -2.974548 -1.080312
H 1.043620 -2.558107 -1.304971
H 3.162846 -0.930025 0.166236
H 0.751975 -2.423216 1.296129
C 2.848586 1.534026 -1.146306
H 3.228869 2.556891 -1.104108
H 2.306202 -1.579528 -2.072483
H 2.289021 1.418029 -2.075311
C 2.689055 1.492173 1.386173

H 3.053054 2.520707 1.427490

H 1.124016 1.977581 0.024512

H 2.027183 1.334727 2.238379

H 3.708995 0.862200 -1.174649
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S1-TS CASPT2
33

ABN

SO0-GS
15

H 2.784729 -0.851616 -0.163993
N 2.287094 0.000011 -0.379259
H 2.783744 0.852986 -0.167070
C 0.899151 -0.000504 -0.220968
C 0.163100 1.204330 -0.152329
C -1.225699 1.204148 -0.043794
C -1.936066 -0.001715 0.013010
C -1.224281 -1.206952 -0.039130
C 0.164519 -1.205922 -0.147665
H 0.666835 -2.157979 -0.179949
H -1.754011 -2.147348 0.010294
C -3.376620 -0.002335 0.130973
N -4.510065 -0.002822 0.223577
H -1.756537 2.144104 0.001991
H 0.664300 2.156843 -0.188308
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S1-LE
15

H 2.74698342 -0.82044549 -0.10062207
N 2.28147925 0.00662349 -0.41925725
H 2.75095977 0.82907269 -0.09433087
C 0.90809329 0.00879028 -0.22613146
C 0.19442000 1.24278719 -0.17333724
C -1.23667679 1.24558212 -0.04496048
C -1.94595363 -0.00359923 0.02263993
C -1.23878110 -1.25390460 -0.04027502
C 0.18849110 -1.25440287 -0.16896350
H 0.72841463 -2.18738158 -0.23059570
H -1.78848603 -2.18019131 0.00978522
C -3.37123167 -0.00155399 0.15067227
N -4.53089557 0.00066908 0.25565097
H -1.78368851 2.17357653 0.00003670
H 0.72706483 2.17960668 -0.24293152

S1-TICT
15

H 2.962025 0.036636 -0.819209
N 2.248021 0.007068 -0.108124
H 2.529257 -0.048654 0.864108
C 0.858783 0.039118 -0.504704
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C 0.147958 1.241115 -0.202546
C -1.203657 1.219381 0.002873
C -1.931047 -0.003667 0.017330
C -1.202125 -1.226493 -0.157195
C 0.151553 -1.223478 -0.369600
H 0.676625 -2.160728 -0.510958
H -1.735884 -2.167070 -0.131715
C -3.339342 -0.023596 0.242295
N -4.468058 -0.044319 0.422758
H -1.736146 2.149665 0.147272
H 0.672228 2.190252 -0.195207

S2-PICT
15

H 2.805530 -0.832103 -0.018243
N 2.332360 0.028709 -0.296811
H 2.826513 0.864840 0.018246
C 0.938377 0.043078 -0.168750
C 0.223988 1.300612 -0.107805
C -1.136895 1.326514 -0.009756
C -1.897772 0.074228 0.015740
C -1.167376 -1.194549 -0.055101
C 0.193721 -1.198120 -0.152858
H 0.738122 -2.147868 -0.219647
H -1.736055 -2.128154 -0.035530
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C -3.302354 0.089888 0.087049
N -4.484243 0.103102 0.147506
H -1.682713 2.272370 0.043529
H 0.791283 2.238651 -0.140838
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