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Abstract

Over a decade ago, the process of singlet fission (SF) was shown to be able to increase the
efficiency of solar cells. In that time, much work has been done in the field, yet there are still few
known materials which undergo fast SF and are also suitable for use in a photovoltaic device. In
addition, there is little guidance as to how the material should be arranged in the solid. This thesis
investigates how molecular packing affects SF. It begins with a review of the work that has been
done in the field on this subject. A simple frontier orbital model for SF is then described which is
has been incorporated into a program, SIMPLE, which first searches the 6-dimensional space of
possible arrangements of a pair of chromophores to identify all significant, physically accessible
local maxima of the square of the electronic matrix coupling element for SF (|7*|) on a grid of 10°
to 10° pair geometries. The effects of intermolecular interaction on the energy balance of SF and
therefore the rate constant of SF are approximated by Marcus theory and disqualify many of the
maxima. The program then optimizes the selected pair geometries for maximum rate of singlet
fission. The model and program are first applied to the pair geometry optimization of the common
SF chromophore tetracene followed by optimization of a 1,3-diphenylisobenzofuran pair. Next, in
a different application, two crystal polymorphs of 1,3-diphenylisobenzofuran and crystals structures
of 11 fluorinated derivatives are analyzed with the model to explain why some perform fast SF while

others do not. Finally, possible methods for expanding the simple model are explored.
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Chapter I

Introduction

1.1. Motivation

The Shockley-Queisser thermodynamic efficiency limit for single-junction organic solar
cells is about 32%." This assumes that when a photon with energy greater than the bandgap is
absorbed, excess energy quickly dissipates as heat to the bottom of the band and a single
electron-hole pair is created. When the proper conditions are met, a singlet exciton in a
chromophore may split into a pair of triplet excitons through the process of singlet fission.
While doubling the number of excitons doubles the current, the voltage is cut in half. This may
not seem useful, but if a solar cell contains a layer capable of singlet fission for harvesting higher
energy photons and an ordinary sensitizer layer for harvesting lower energy photons, analysis
shows the maximum theoretical efficiency is increased to around 45% for organic solar cells.”
Increasing the efficiency of solar cells with minimal increase in cost is vitally important for solar
energy to become economically competitive enough to fully replace fossil fuels.

Designing singlet fission materials for solar cells has many challenges though. Few
solids, for example crystals of tetracene and 1,3-diphenylisobenzofuran, are known to exhibit
singlet fission with a triplet quantum yield near 200%. Therefore, the identification of
chromophores capable of undergoing singlet fission is important. In addition to this, small
changes in the relative orientations of chromophores in the solid phase can have large effects on
the efficiency of singlet fission. Maximizing the rate of singlet fission by identifying optimal

geometrical arrangements of chromophores is then another important requirement for the design



of singlet fission materials. Calculating the rate of singlet fission for all possible orientations of
two molecules for many chromophores is computationally cost prohibitive unless a simple model
is used. To this end, our lab has developed a program SIMPLE using an algebraically simple
model for the rate of singlet fission which depends only on the relative orientation of two
partners and properties of the chromophore.

Building on previous work from our lab, the focus of this thesis work is to extend the
simple model for singlet fission to account for the effects of molecule pair orientation on
intermolecular interactions, energetics, and ultimately the rate of singlet fission. This thesis will
begin with a review of studies on the effect of molecular packing on singlet fission followed by a
detailed overview of the theoretical model. The model is then used to optimize the pair
structures of two chromophore pair systems: tetracene and 1,3-diphenylisobenzofurn. Finally,
the model is used to analyze singlet fission in crystals of 1,3-diphenylisobenzofuran and eleven

of its fluorinated derivatives.

1.2. Singlet Fission: The Role of Molecular Packing’
1.2.1. Introduction

Singlet fission (SF) is a photophysical process in a molecular solid in which a singlet
exciton and a ground-state molecule are converted into two independent triplet excitons (Figure
1). SF is spin-allowed because the two triplet excitons are initially coupled into an overall
singlet. The SF process is over when the two triplet excitons lose electronic coherence and hop
apart. All spin coherence between them is usually lost by spin-lattice relaxation much later, over

a period of tens of nanoseconds.
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Figure 1. Above: Evolution of electronic states of partners A
and B in the SF process. Below: Evolution of the most
significant orbital configuration to the wavefunctions of the
partners. Reproduced from Ref. 10 with permission from

Elsevier.

Electronic excitation in a singlet exciton could in principle be located on a single

molecule but is commonly delocalized over a group of molecules that are in close contact.

Singlet excitons are quite mobile and short-lived. Even if they decayed by no other processes,

fluorescence would usually limit their lifetime to nanoseconds. In a triplet exciton, the

electronic excitation is normally located on a single molecule and moves within the solid more

slowly, by hopping from molecule to molecule. It usually has a much longer lifetime, often tens

or even hundreds of microseconds.

SF has been known for half a century® but emerged from obscurity only when it was

realized early in this millennium? that a combination of an SF-capable absorption layer for high-
y p p

energy solar photons followed by a layer of ordinary solar cell material for absorption of low-



energy photons does not require expensive current matching and yet allows an increase in
maximum theoretical efficiency to nearly 1/2, well above the Shockley-Queisser limit' of 1/3.
An earlier suggestion in this direction® was published at a time when there was limited interest in
solar energy and was largely ignored.

Hundreds of studies of SF have been published in the last ten years. They have been
primarily driven by an as yet unfulfilled desire to identify an SF-capable solid that not only yields
two triplet excitons for every photon absorbed, but also meets all the usual requirements imposed
on solar cell materials, especially light fastness. It would be quite hopeless to attempt a
comprehensive review of the current state of SF research in a chapter; it now calls for a book.
For the time being, the reader is referred to existing review articles.”'* Here, we shall survey an
aspect of SF that does not appear to have been reviewed recently: studies of the effect of
molecular packing in the solid on the SF rate.

The SF process is now known to be rather complex (Figures 2 and 3). The initial event is
the conversion of a singlet exciton into a singlet biexciton, a molecular pair in which each partner
is in its triplet state and the two triplets are coupled into an overall singlet. It is usually formed in
a single step, although in rare cases it is known to proceed in two steps:' first, a transition to an
observable charge-separated state in which one partner has transferred an electron to the other,
and second, a transition from the charge-separated state to the biexciton (the charge-separated
state may also form a single triplet by rapid intersystem crossing and the two mechanisms of
triplet formation may be difficult to distinguish'®). The much more usual single-step conversion
proceeds at a rate that can be described as a sum of two contributions. The first “superexchange”

contribution is usually completely dominant. It is mediated by virtual states of charge-separated



character that are too high in energy to be actually populated. The second “direct” contribution

usually is of negligible importance and is provided by the two-electron part of the interaction

Hamiltonian.
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Figure 2. Top right: symbolic representation of electronic states of partners
A and B in SF. Center: Sequence of events (competing decay paths not
shown). Possible (black) and actually occupied (red) electronic states in
frames (blue, real species; red, a species that can be virtual or real). Narrow
frames: separated partners, wide frames: partners in contact. Top path: SF in
solution; bottom path: SF in crystal, aggregate, or dimer (in covalent dimers,
the last step on the right is absent). All steps are reversible. Reproduced by
permission from ref. 10.
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Figure 3. Electron configurations of a molecular pair important for SF and

interactions between them. Solid lines: potentially strong interactions;
broken lines: weak interactions.

After this initial biexciton forming event, which may be reversible,'” the two triplet
excitations need to overcome their mutual binding energy and move apart before SF is complete.
Little is known about this process. Small terms in the interaction Hamiltonian that are familiar
from EPR spectroscopy of triplets, and also Zeeman interactions with any magnetic field
imposed from the outside, cause a conversion of the biexciton from its initial singlet state into a
quintet state and then probably its triplet state before the two triplet excitations spatially separate
by a hop of one of them to a neighboring molecule.®'**

SF has also been observed in concentrated solutions in which the formation of an
encounter complex of a singlet excited and a ground state molecule permits the formation of two
triplet excited molecules which then overcome their binding energy and diffuse apart. Often, the

term SF is applied also to events that occur in solutions of pairs of chromophores attached to

each other by covalent bonds. Under these circumstances, a singlet biexciton can form and



subsequently change its spin state in various ways, but the two triplet excitations cannot separate
and SF thus cannot really be completed.

When the interaction between the two covalently connected chromophores is strong,
especially when the bridging unit or units are capable of © conjugation, it becomes difficult and
ultimately even impossible to distinguish the now intramolecular singlet biexciton state from
other intramolecular singlet excited states and the use of the term SF is then questionable. It
would be unusual to refer to the internal conversion of the optically allowed B, state of 1,3-
butadiene into its “double triplet” 4, state as SF, although their wave functions suggest it. It is
not obvious just where to draw the line.

It is generally difficult to extrapolate results obtained for covalently bound chromophore
pairs to solids containing monomers of the same chromophores. Not only are the two triplet
excited moieties in the covalent pair unable to separate, but the additional chromophores present
in the solid environment and absent in the molecular pair also may affect differentially both the

energies and the mutual coupling of the various electronic states involved.

1.2.2. Optimization of Triplet Exciton Yields

If a SF material is to be practically useful, it is absolutely essential for its triplet exciton
yield to be very close to 200%. Unfortunately, only a handful of such organic solids are known,
and they do not meet other essential requirements, such as long-term stability in sunlight in the
presence of traces of air. It is therefore not surprising that much effort is being invested in efforts
to find additional candidates and to formulate general rules for optimal material structures.

The optimization of triplet exciton yield requires a maximization of the rate of SF and



minimization of the rates of all competing processes. This needs to be done under the constraint
of avoiding losses of electronic excitation energy by making SF too exothermic and thus
converting electronic to vibrational energy and ultimately, heat. Ideally, all the other
requirements typical of SF solar cell materials are also considered at the same time. Examples
are (1) keeping the first triplet and singlet excitation energies at their optimal values of about 1.1
and 2.2 eV, respectively, (ii) assuring high absorption coefficients everywhere above 2.2 eV, (iii)
testing that the triplets are long-lived, (iv) securing suitable transport properties for charges
and/or triplet excitons, (v) choosing redox properties appropriate for the intended junction, (vi)
guaranteeing long-term stability, (vii) making sure that the cost is acceptable, and (ix) checking
environmental friendliness.

The maximization of the SF rate can be subdivided into a search for the best
chromophore and a search for the best packing of the chromophore in the solid. An obvious and
very severe constraint on both the chromophore choice and its packing is the requirement that the
SF process must be fast and therefore cannot be strongly endoergic. Singlet fission is isoergic
when the singlet exciton contains twice the excitation energy of the triplet exciton. When
isoergic, or even better, slightly exoergic, it can occur on the time scale of tens of femtoseconds,
similarly as other spin-allowed internal conversion or short-range energy transfer processes.

Typically, molecular properties of a chromophore under consideration are examined first,
usually in dilute solution. Only the relatively rare compounds for which the singlet excitation
energy E(S,) is approximately twice the triplet excitation energy £(T,) come under further
consideration. For those in which E(S,) is significantly less than twice E(T),), there is not much

hope that the singlet exciton will have more than twice the excitation energy of the triplet



exciton, whereas for those in which E(S,) is significantly more than twice E(T,) SF may be fast
but they are poor prospects because SF will incur losses by converting too much of the excitation
energy of the singlet exciton into heat. Two classes of m-electron chromophores were identified
early on as likely candidates for meeting the condition E(S,) = 2E(T),), large alternant
hydrocarbons and biradicaloids.”’ There may be others.

Packing in the solid state needs to be considered as well, because intermolecular
interactions have the potential for making the energies of the singlet and triplet excitons,
respectively, quite different from the £(S,) and E(T,) energies observed in isolated molecules
(Davydov splitting). Most frequently, they stabilize the first excited singlet considerably more
than the first excited triplet and thus convert situations that looked quite hopeful in the isolated
molecule, E(S,) = 2E(T,), into cases of endoergic SF.

A second and equally important reason for optimizing packing in the solid state follows
from the application of the Fermi Golden rule to the rate of SF. In the diabatic basis, this yields
for the rate W of the initial step of SF, in which the lower energy exciton state S* and a ground

state molecule are converted to the singlet biexciton 'TT*:

W(S*) = 2mh "|<S*|H,, | TT*>[*p(E), (1

and similarly for the upper exciton state S**, which may also be populated. H,, is the interaction
Hamiltonian for A and B (the part of the electrostatic Hamiltonian that is absent if A and B are
infinitely far apart) and p(E) is the density of states at the energy of the 'TT* state. The

electronic matrix element whose square appears in the expression is a sensitive function of



molecular packing and can range from zero, imposed by symmetry, to large values. Both aspects
of the role that molecular packing plays in the optimization of SF rate, will be considered in the
next section.

If the maximization of the rate of SF looked difficult, the minimization of the rates of all
competing processes is harder. It, too, can be subdivided into a search for the best chromophore
and a search for the best packing of the chromophore in the solid. Once again, molecular
properties of the chromophore in dilute solution are examined first. Recognizing that
fluorescence is an unavoidable and ever-threatening decay channel, we need to reduce the rate
constants of other competing processes below the rate constant of fluorescence. Since we wish
to have a strongly absorbing first transition to S,, a typical fluorescence rate constant will be 0.1 -
1 ns". The most common competitors are intersystem crossing to the triplet manifold, internal
conversion to S, and photochemical reactions. A high fluorescence quantum yield is a good but
insufficient indicator that a chromophore is a likely candidate.

Intermolecular interactions present considerably more difficulty. The most likely
intermolecular mechanisms for decay of a singlet exciton are the formation of an excimer and the
formation of a charge-separated species, both of which are apt to decay to the ground state, but in
some cases bimolecular photochemical reactions may interfere as well. Equilibrium geometry in
the excimer state of a molecular pair generally corresponds to perfect stacking of the two parallel
planar partners at an interplanar distance that is significantly reduced relative to the ground state
van der Waals contact distance. Slipping one of the partners relative to the other does not
increase the potential energy much. The formation of an excimer is favored by crystal structures

in which the two partners are already appropriately pre-positioned and merely need to approach
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each other more closely, especially when the excimer binding energy is large. It has been known
for a long time that under such circumstances an excimer can form in times as short as hundreds
of femtoseconds.*® It can be conjectured that excimer formation is also facilitated at grain
boundaries and in amorphous domains, where increased molecular mobility is likely. However,
it has also been pointed out that grain boundaries® and other defects* may also increase the
square of the matrix element for SF and that their presence is not necessarily detrimental.
Specific guidelines for preventing excimer formation do not seem to have been formulated, but it
appears prudent to avoid crystal structures in which the chromophores are obviously pre-
positioned for excimer formation and excimer binding energies are high. Most simply stated, it
is desirable to avoid structures with large Davydov splitting.

Even less seems to be known about avoiding the generation of charge-separated species.
These structures can be viewed as a limiting case of excimers. While it is often estimated that
the wave function of excimers contains roughly comparable amounts of the two locally excited
and the two charge-separated electron configurations, in the charge-separated species the energies
of the charge-separated configurations are sufficiently lower than those of the locally excited
configurations to make mixing with the latter negligible. Such a situation is most likely to occur
when the ionization potential of the chromophore is low, its electron affinity high, the energy
lowering due to the electrostatic attraction of the two charged partners is substantial, and the
crystal environment is highly polarizable.

The mutual mixing of the two charge-separated configurations is due to a small matrix
element containing only the two-electron part of the Hamiltonian (Figure 3) and is therefore

easily prevented by even relatively weak perturbations that make their energies unequal. Then,

11



one of the charge-separated configurations by itself provides a good description of the wave
function. Perturbations that favor one of the charge-separated configurations over the other can
be caused by dissymmetry in the arrangement of the two partners, or by lack of symmetry in the
environment provided by the crystal. Based on these considerations, it would appear prudent not
only to avoid crystal packings that are predisposed to the formation of excimers, but also to avoid
chromophores that have very low ionization potentials combined with high electron affinities.
Considering that it is desirable for the excitation energy of the chromophore to be low, with a
triplet at ~1.1 eV and singlet at ~2.2 eV, this sounds like a contradiction - the HOMO-LUMO
gap in the chromophore molecule is to be simultaneously large and small. It actually is not a
contradiction, because the electronic excitation energies are not equal to the difference between
the energies of the HOMO and the LUMO, but are reduced by a large electron repulsion term.
For instance,” the white anthracene (1) and blue azulene (2) have nearly identical ionization
potentials and electron affinities (and thus HOMO and LUMO energies), but very different
lowest singlet HOMO-LUMO excitation energies (all molecular structures are collected in Figure

4).

12



“o:.

|\
s COCCT OGO
5'3

QO o o
COC0 CO0CD
sle
- 0
Qo0 »
S |

Figure 4. Molecular structures of chromophores.

13



1.2.3. SF Rates and Molecular Packing in the Solid

We can now examine what is known about the relation of SF rates to molecular packing
in the solid. The most convincing experimental evidence for the importance of the crystal
packing is provided by observations of the SF process in different crystal modifications of the
same compound. The first such observation dates from 1978, when it was noted that the o and 3
crystal forms of perylene (3) differ in their SF properties.”> The B structure is herringbone,
similar to that of anthracene (1) and tetracene (4), which do not form excimers (Figure 5). The a
structure is predisposed to excimer formation and is similar to that of pyrene (5), which forms
excimers. The vibrationally relaxed singlet exciton in either form of the perylene (3) crystal does
not have enough energy to perform SF, but when excited with photons of sufficiently higher
energy, either crystal form will perform SF in competition with vibrational relaxation and give a
small yield of triplets. In the B3 crystal, the energy threshold at which SF sets in is equal to twice
the excitation energy of a triplet exciton. In contrast, in @3, the threshold lies 3 500 cm™ higher.
The proposed interpretation of this observation is that in B3 all of the photon energy is available
for the competing processes of SF and vibrational equilibration, whereas in a3 excimer formation
occurs at a faster rate than either of these, wasting 3 500 cm™ of electronic excitation energy in

the form of phonons and ultimately, heat.
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A'/B

Figure 5. Nearest neighbor molecular pairs of tetracene (4). A:
herringbone and B: slip-stacked.

It could be argued that this very nice piece of work primarily illustrates the importance of
molecular organization in the solid for the rate of excimer formation and not for the SF rate,
which might be affected only indirectly. The next example provides clear evidence from ps time-
resolved fluorescence that molecular organization in the solid affects the SF rate constant
directly.”” 1,6-Diphenyl-1,3,5-hexatriene (6) is available as monoclinic and orthorhombic
crystals. Their herringbone structures are quite similar, with neighbors slip-stacked (Figure 6).
In the monoclinic form neighbors are somewhat closer together, the dihedral angle of their planes
is smaller, and their slip is smaller. Although the £(S,) and E(T,) energies measured in solution
suggest that SF should be exoergic, the singlet and triplet exciton energies in the solid are such
that SF in both actually is slightly endoergic to the same degree. In both crystals, 90% of singlet
excitons perform SF, but in the monoclinic form the rate constant for singlet exciton conversion
to the biexciton is 1.5 times and that for biexciton dissociation into free triplet excitons is 3.5
times larger. The differences cannot be explained by the slightly different energetics in the two

casces.
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Figure 6. Crystal packing patterns of mono-6 (A: top-down
view and B: side view) and ortho-6 (C: top-down view and
D: side view).”” The edge-to-face distance and vertical slip
distance (in A) are measured from the long axis of each
molecule. Reprinted by permission from ref. 27. Copyright
2014 American Chemical Society.

A very striking example are the a and B crystal forms of 1,3-diphenylisobenzofuran
(7).** The a form performs SF efficiently and yields 140% triplet at room temperature (200%
at 77 K), whereas the room-temperature triplet yield from the B form is about 10%. The room
temperature fluorescence yields are 10% from the o and 60% from the B form. In both cases, the
S, lifetime equals the rise time of the triplet. The SF rate constants are 56+6 and 10+4 ns™ for o
and B crystal form, respectively. Yet, the crystal structures of both forms are nearly identical
(Figure 7). The relation of any molecule to all of its nearest neighbors is the same in both within
a small fraction of an A, and only the relation to the next nearest neighbors is different. This
cannot be accounted for by theories that only consider two molecules at a time, since the distance
between next nearest neighbors is large enough for their direct interaction to effectively vanish,
and the interaction must be mediated by a third molecule that is a neighbor to both, and possibly
by others as well. A similar conclusion was reached more tentatively by the authors of a study of

two crystal forms of 4, Tcl and TcIl.*® They found that films of 4 showed SF lifetimes of 125 ps

16



in the former and 22 ps in the latter when the crystalline domains were large, but essentially
equal values of 32+1 ps when the domains were small, and were unable to account for the results
using a standard theory that considers only pairwise intermolecular interactions. The need for

going beyond pairwise contributions has also been formulated in purely theoretical papers.’'*
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Figure 7. Crystal structures of 1,3-diphenylisobenzofuran: a7, ac plane, and B7, bc plane.
Reprinted by permission from ref. 29. Copyright 2019 American Chemical Society.

SF formed biexcitons on a sub-100 fs time scale in thin layers of form-I and form-II
polymorphs of 6,13-bis(triisopropylethynyl)pentacene (TIPS-pentacene) (8),** but the authors
were able to measure the rate of biexciton dissociation into free triplet excitons and found that it
occurred twice faster in form-I. The same ratio of two was found for the rates of triplet diffusion
in the two polymorphs and the authors proposed that triplet energy transfer is the limiting factor
for biexciton dissociation. The same conclusion has been reached more recently from
measurements of the temperature dependence of SF in 8.%

Two types of thin films of 9,10-bis(phenylethynyl)anthracene (9) were compared,’* one
containing essentially only the Pbcn polymorph, and the other containing 60% of the C2/c and
40% of the Pbcn polymorph. The former was claimed to produce an 80+20% yield of triplet by
SF and a 27+4% yield of fluorescence, whereas in the latter, the numbers were 180+20% and

4+1%. If some fraction of the material in the films was amorphous and remained undetected in
p
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the XRD analysis, the compositions used would be inaccurate, but there is no doubt that the two
polymorphs behave differently.

In addition to these comparisons in which the structures of both solids were known from
X-ray crystallography, there are others in which the structure of one or both was uncertain, but
the two structures were known to be different. A comparison of single-crystalline and
polycrystalline 4,* of crystalline and amorphous rubrene (10),*® of nanoparticles of 8 and similar

compounds prepared under different conditions,’”*°

and of micelles produced from polymers
end-functionalized by click reaction with 8*' all showed differences in SF behavior as a function
of structure.

In addition, there are studies that found considerable differences in SF behavior within a
series of compounds containing the same chromophore modified with very weakly interacting
substituents and therefore packing differently in the solid phase.”***

Finally, there is a large number of computational studies that examine the dependence of
SF rates calculated as a function of molecular packing at various levels of sophistication, mostly
within a small subspace within the overall 6-dimensional space of all possible orientations and

separations of two chromophores, located close to an experimentally known geometry of a

molecular pair. They all find a strong dependence on the packing geometry. Here, we only quote

) 48,49 ) 50-52
b 9

a few: pentacene (11),* its derivatives,* rubrene (10 perylenedicarboximides (12
terrylene (13) and quaterrylene (14),” and TIPS-anthracene (15).>* The only instance in which
packing geometry does not seem to matter is strongly exothermic SF. For example, 11 seems to

undergo SF rapidly regardless of how it is packed. Unfortunately, not only are such

chromophores extremely rare, they are also undesirable for high efficiency solar cells, as noted
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above.

1.2.4. Optimization of Molecular Packing for High SF Rates

Our laboratory has developed a method for identification of the best packing motifs for
high SF rates by prediction from first principles,” meant to provide a starting point for searches
by more advanced methods. It also offers insight into SF in amorphous materials, aggregates and
solutions, as well as guidelines for crystal engineering and for the synthesis of covalently bound
molecular pairs. Many such pairs have been investigated already,'®**® but in the absence of
packing guidelines the mutual disposition of the two chromophores was more or less random and
dictated more by synthetic convenience than by any attempt to optimize conditions for SF. Now
that our geometry optimization computer code for SF rates is readily available as freeware on the
internet,” structural targets for any n-electron chromophore pair can be easily identified.

Ideally, a code of this type should be applicable to crystalline solids as well, but in this
regard the current version has two serious limitations: (i) it identifies molecular pair geometries
that maximize the rate of SF but does not evaluate the rates of competing decay processes, such
as excimer formation, charge-separated state formation, and photochemical reactions, and
therefore is unable to optimize SF triplet yields; (ii) since it only considers two chromophore

molecules at a time, it misses possibly present many-body effects. As noted above, there is

129 123,31

experimental”” and theoretica evidence that at least in some cases such effects are important.
The identification of molecular pair geometries that optimize the SF rate requires a search
for all local maxima of a function that decribes the dependence of the SF rate constant kg on the

six variables needed to describe all possible geometries of a pair of rigid bodies under the
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constraint that they do not interpenetrate. The variables were chosen to be the three translations
and three rotations needed to bring the two partners into superimposition and the impenetrability
constraint was imposed in the hard sphere approximation.

The expression for kg was derived from the Fermi golden rule, eq. (1). The code first
locates all local maxima of |<S,S,*|H. |'TT*>* in the six-dimensional space of pair geometries.
Here, S,S,* stands for a wave function containing a configuration in which one of the partners
has been excited and an admixture of charge-transfer configurations. It then evaluates the effects
of intermolecular interaction on the SF energy balance at these geometries. The geometries are
further optimized to find the maxima of the relative SF rate constants kg, using Marcus theory
and allowing the populations in both exciton states, S* and S**, to contribute. Finally, the
biexciton binding energies at the final optimized geometries are evaluated. Since the number of
geometries at which kg needs to be calculated is in the billions, it was necessary to introduce
physically motivated neglects and approximations. This was justified by the limited goals of the
procedure: it does not attempt to compute absolute values of kg, only to identify geometries at
which kg has significant local maxima. The validity of the approximate results for this limited
purpose was checked by comparison with the results of high-level ab initio calculations of the SF
matrix elements and in many cases, also Davydov splittings, at nearly a hundred pair
geometries.”* The theory and approximations of the model are detailed in the following

chapter.
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Chapter 11

Theoretical Model

2.1. Model & Approximations'
2.1.1. HOMO/LUMO Model

This work was performed in collaboration with Zdenek Havlas. The HOMO/LUMO model
of singlet fission>’ treats explicitly only electrons in the frontier orbitals on each partner (HOMO is
the highest occupied and LUMO is the lowest unoccupied MO in the ground configuration). It is
assumed that the initial singlet state on each partner is well described as a HOMO-LUMO excitation,
and that electrons in molecular orbitals of lower energy than the HOMO on each partner can be
treated as a rigid core. This assumption is most easily fulfilled when the HOMO to LUMO excited
state is S,, but it could also be met when this state is S, (or an even higher excited singlet), if the
absorbed photon has sufficient energy and if SF is faster than internal conversion to S,, as is the case
in certain carotenoids.* The HOMO/LUMO model has seen much use over the past decades for
many purposes.>®7#%10

Even under the best of circumstances, the description of the S, state of a chromophore as a
HOMO-LUMO excitation and the limitation of the active space to only two orbitals on each partner
are only approximate. Although the HOMO/LUMO model therefore cannot be exactly correct, it
is appealing conceptually and it has seen wide use in SF studies. In particular, it was employed very
successfully in the first microscopic dynamical calculations of SF in polyacenes.'"'* 1t is also

supported by the results of a treatment of tetracene and pentacene pairs by active space

decomposition," and we believe that it represents a good starting point for even simpler treatments
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that are needed if thorough searches of the six-dimensional space of relative geometries of two rigid
bodies are to be made, as described below.

It is assumed that the two interacting chromophores A and B have equal excitation energies,
but they may differ in their reduction and oxidation potentials. The singlet ground state of the
chromophore pair is represented by a Slater determinant constructed from doubly occupied orbitals,
So*S,® =S,S,. In this notation the state of chromophore A is on the left and that of chromophore B
is on the right (cf. Figure 2). We consider the ground state S, the lowest excited singlet state S,, and
the lowest triplet state T, of each partner, and the two lowest-energy charge separated states 'D'D"
and 'D D", in which an electron is transferred from A to B or from B to A, respectively (Figure 2).
The singlet excited states of A and B result from electron promotion from the HOMO #4, or A into
the LUMO /, or [, respectively. When we need to refer to an unspecified general state of partner
A or B, we use U, and Ug. The a and f symbols refer to spin functions.

The six-dimensional singlet state subspace treated explicitly in the model allows local
excitations in either chromophore, a simultaneous triplet excitation in both chromophores, and the

charge transfer 'D'D™ and 'D D" excitations:

S4Se = Negso 1140t 711 it B )
8,80 = Nayso 272 (hya LS it bl — |haf 1o hor b)) 3)
S48, = Ny 272 ([hya haf ot 1Bl — |hact b8 b 1yl ) (4)
DD =N, 22 (|hya B huot hyBl — |haf Lyt hya hof)) (5)
DD =N, 22 (|hyahf L hfl - |hyo hof LA hyal ) (6)

"T\T, = Nyypy 377 [haa Lyahyf8 LBl + hof 1B hoor Ll = o (Vo LB hoc Il + [hyo 1,8 By Lyl + |8
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Lyo hygoc L) + [ Lyoc hf [a])] (7)

The normalization factor 1/v/(N!) for a Slater determinant is included implicitly (N = 4 is the number
of electrons in the active space). In the wave functions (2) - (7), core electrons are not shown.
Because orbitals /2, and /, are not orthogonal to orbitals /; and /5, the normalization factors

N, depend on intermolecular overlap integrals:

Nsoso = {(Spams = 1} ®)
Nsiso = (2 Syans Siaisa = Spansa = Snma 7 1) ©)
Nsost = (2 Spaima Siama = Siaea = Sima T 1) (10)
No =St Spam + 1" (11)
N =(Sim t Sm + 17" (12)
Nrr = {(Shamn Siam = Siam Sians)’ + V(Spanma T Siama + Siansa T Siam) T 1} (13)

where S,, = [a(r)) b(r,) dr,.

The Hamiltonian matrix is

(SISHHISS)  (SSIHISS)  (S;SHISS)  (S,SH[DD)  (S,S/H['D D (S,SJH'T,T,)
(SSIHISS)  (SSJHSS)  (SSHISS)  (SSHIDD)  (SS[H['DD) (SSH|'T,T,)
(SSIHIS,S)  (SSHSS)  (SSHISS)  (SSHIDD)  (SSHDD) (S,S/H|'T,T,)

(S,SH|'D'D) (S, SyH|['D'D) (S,S/HI'D'D) (DDH|ID'D) (DDHI'DD" (DD H|'T,T,)

(S,SH['D'D?) (S, SH['D'D" (S,SH['DD?) (DDHIDD") (DDH|'DD") (DDH|'T,T,)

<SOSO|I:I |1’TI'I‘1> <SISO|H ‘1T1T1> <SOSI|I:I |1T‘1T‘l> <1D+D |I:I |1T1Tl> <1D D+|I:I |1’TI'I‘1> <1T1T1|H |1’T1’T1>

(14)
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and the model permits an approximate description of processes such as energy transfer (ET), charge
transfer (CT), and SF. This requires an evaluation of matrix elements in terms of integrals over the
one-electron and two-electron parts of the Hamiltonian and of overlap integrals S, 5, Siam» Siam»> and
S,p (note that S, ,,, = S,z = 0). Those expressions that are needed for a description of SF were

published previously.'

2.1.2 Expressions for Ty,

In the first approximation,” the initial state in SF is represented by the configuration S,S,, if
it is localized, and either S;S, + S;S, or S;S, - S,S, if it is fully delocalized. The final state is
represented by the configuration 'T,T,. Very similar formulas result in both cases.” Here we state
results for T}, applicable for a localized initial state. Those for the delocalized initial state are given
in section 2.2.2, equations (51).

The matrix element Ty, = Hyp — SgpE becomes' Typ = Tisomim = Hsisomrt — SsisoritiEsisos
where Hgsoriry = (T, T HIS;So), Ssisomm = (T, Ty[S;Sy), and Egs, = (S,S,H]S,S,). The matrix
element T, 1,1, that approximates 7y, in this treatment is commonly referred to as the "direct" term.

In a better approximation, the initial state is assumed to be a linear combination of S, S, with
a small admixture of 'D'D™ and 'D D", and the final state is a similar linear combination of 'T,T,
with 'D'D™ and 'D"'D". If the initial and final states are degenerate and the 'D'D™ and 'D D" states
are also degenerate and higher in energy by AE, and if we use first-order perturbation theory and

neglect terms containing products of two small numbers, the matrix element 7}, becomes®'?

TRP = TSISO/TITI N (TSISO/+—T+—/T1T1 + TSISO/—+ T—+/T1T1)/AE' (15)
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where the subscript +- stands for 'D'D™ and the subscript -+ stands for 'D D",

The expression for Ty, now consists of the direct term 7,511, and a term mediated by the
virtual states 'D'D” and 'D D", which contains division by the energy difference AE. Formula (15)
is the standard first-order expression for Ty, that is applicable when the energies of the charge
separated states 'D'D™ and 'D D" are the same. It has seen much use and it shall also be used in the
following. If the energies of the charge-transfer states 'D'D” and 'D'D" are different, the result

changes to

Tee = Tsisommt ~ [(Tsisore T mim /AECDD) + Ty50 Ty ir))JAE('D D) (16)

If the 'D'D™ and 'D D" states are very close in energy to the S,S, and 'T, T, states, the first-
order expressions (15) and (16) will overestimate the magnitude of the mediated term. Then, an
explicit diagonalization within the three-dimensional ['D'D ", 'D D", S,S,Jand ['D'D", 'D D", 'T,T,]
spaces is necessary and a more complicated formula for 7, results.

Formulas (15) and (16) also assume that the coupling between the initial S;S, and final 'T, T,
states is weak relative to the effects of the phonon bath and that the initial excitation does not
produce their coherent superposition. If this condition is not satisfied, a diagonalization in the full
four-dimensional space ['D'D", 'D D", S,S,, 'T,T,] is needed. This appears to be the case for the
very fastest SF events, observed in crystalline pentacene.'

Only the two-electron part of the Hamiltonian contributes to the direct term 750111 =
('T,T,[H|S,S,) when inter-chromophore overlap is neglected and it is very small (typically on the

order of meV), because the two-electron integrals involved represent electrostatic interactions
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between overlap densities at least one of which is very small (it originates in the multiplication of
a molecular orbital located on A with a molecular orbital located on B).

It is generally reasonable to state that the rate of singlet fission is primarily determined by
interactions of starting and final states mediated by virtual charge-transfer states.>'""'” The mediated
(indirect) term on the right-hand side of equation (13), —(75;soicalcariti T Tsisonc L acriti)/AE,
contains contributions both from the two-electron and the one-electron part of the Hamiltonian. It
typically amounts to hundreds of meV at realistic geometries, even though it contains a division by
a potentially large energy difference between the initial and the charge-separated states and also
sometimes suffers from destructive interference of the two paths mediated by the virtual charge-
transfer states (Figure 3). The interference is reflected in the term (S,S,[H|'D'D +'D D*)=(S,S H
'D'D") + (S,S,JH |'D D), where the two matrix elements on the right could be comparable in size
and opposite in sign.

Intermolecularly Non-Orthogonal Orbitals. When the four inter-chromophore overlap
integrals S, x5, Sam> Siam» and S, are not neglected, the expressions for the terms that occur in eq.
(15) are quite lengthy and complicated. They have been published, partly in Supporting
Information.'® Full results for all elements of the Hamiltonian matrix (14) and the associated overlap
integrals permit not only an evaluation of the expression (15) for SF, but also a similar treatment of
processes such as energy transfer (ET) and charge transfer (CT). The closest analog are the
previously reported'” expressions for ET matrix elements (S,S,[H|S,S,), derived after setting S, ,
=S5 = 0. We see no physical justification for such selective neglect of these two of the four
overlap integrals.

For realistic pair geometries, the inter-chromophore overlaps are usually smaller than 0.1.
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Terms that are higher than first order in overlap can therefore be safely neglected. To first order in

overlap, the results are

(SiSoH IS:80) = Nsiso’ {Fyaia + Fiaim + 2 Fuun = (ahtalliahy) = (hohglhshy) = 4(hyhylhshy) +
2huhglhshg) + 2(hal\hyLy) = (BhpllALy) = 2Siam [F s = (ialigllihg) + 2 (il y|huhg)] = 28,0 [Fans
~(hphylhahg) + (huhgllaly) + (Raly L) ]} (17)
(SiSH 'D'D7) = Naiso No {Finn = (hahiallals) + 2 (halalaly) + Spam (Fua = altalbal )]+ S
[Fhia + 2 Eugig = (Bahalinhy) = 4hhilhghs) + 2(hshglhihg) = (hghglhghs)] = Sige [Fism +
2(hahglhyly) = (huhslhels)] = Spans [2(hahllaly) + (halalhly) + (Ralsllshg)]} (18)
(SiSH DD = Naiso N {=Fhapn = (altallal) + 2(haLul1uhg) + 28, [Fpain = (ralalishs)] = Span
[Eimin T Fian + Funa = 30ahlhshy) = (huhy|ld) = (huhglhyhg) + 2(h04haLy) — (hghlhshy) +
2(Iyhyllshi) = (Ll lhghs) = (ahalhaha)1 (19)
(SSoH ['T\T)) = Nayso Novry (3/2)' { (Unhgllaly) = (huhelhals) + Sy [Fiame = (ahtallahte)] = Spam
[Finme = (rahalhahg) + (hyhgllals) = (alillshg)] + Sy [Fiam — (ahallaly) + 20k 5L\ hals) = (Uaholhyls)
= (Llalhshe)] = Sisis [Fuam = (hahglhols) + (hulyllaly) = (halglhghy) + (halgllsly) = (huhalhalg)]}
(20)
(D'DH['T,T)=N. Npypi (3/2)" {Fias ~ (rahallsie) + Uuhlluly) = Sy (ahlhals) + Siass [Fiana
+ Figi + Fi = (halalhhy) = 3(huhlhshs) + 2(hyhglhyhg) = (hahllgls) + 2(hulglhals) = (hgh|lgls)
= (hghglhghy)] + Syam [2(halsllahg) — (Aahsllals)] = Spams [Fiam = (Aahalhaly) + (huhgllihg) -
(halalhghe) + (halllgls) + (RalgllAl)]} 21)

<1D7D+|I:I |1T1T1> =N—+ NTlTl (3/2)1/2 {FhAlB - (hAlB|hBhB) + (hAlBllAlA) N SIAIB (hAhBVAhB) + ShAlB [FhAhA
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+ FhBhB + FlAlA - (hBhB|hBhB) - 3(hAhA|hBhB) + 2(hAhB‘hAhB) - (ZAZA|hBhB) + 2(lAhB|ZAhB) - (hAhA|lAlA)

- (hAhA|hAhA)] +SlAhB [2(hAZB|lAhB) - (hAhBVAZB)] - ShAhB [F hBIB (hBhB‘hBlB) + (hAhB’hAZB) - (hAhA|hBlB)

+ (Lhllaly) + (Ll hyly) ]} (22)
(8,8’ DD =Nsiso Noo (=S * Siam = Shans S Sias + Siarm) (23)
($,S'D D) =Ngio N\ Sppiz Spans >~ Sz >~ 1) (24)
(S,Sel T\ Ty = Nssso Nrv (3/2)" (Syans Siar = Shans Sam) (25)
(D'DI'T,T) =N, Nix (3/2)" (=Syai Spam Siam + Siam * Sians + Sians) (26)
(DDT,T) =N, Nrr 3/2)" (=Spam Siars Siam T Sinis * Siam + Sham) (27)

where F is the Fock operator for the ground state configuration S,S,. This operator includes the
mutual interactions of electrons in the active space but also their interaction with those in the inactive
core. The symbols (ablcd) = [a(r))b(r,)(1/ry)c(r,)d(r,)dr,dr, represent the two-electron (electron-
electron repulsion energy) integrals in the basis of molecular orbitals of the partners.

Three comments can be made:

(1) The direct term in eq. (15) contains off-diagonal elements of the Fock operator such as
F,pand F,,,s. They are generally small relative to the diagonal elements such as F),,,, because
they contain one molecular orbital on each partner. Moreover, they enter multiplied by an overlap
integral. Nevertheless, their contribution to the direct term might still exceed the contribution
provided by the minute two-electron integrals, and this may lead to situations in which the direct
term need not be entirely negligible in eq. (15) relative to the mediated term.

(i1) The mediated term in eq. (15) contains not only these off-diagonal one-electron integrals,

but also the much larger diagonal ones, albeit multiplied by overlap integrals. The latter contribution
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could be comparable to those provided by off-diagonal one-electron integrals and could have a
significant effect on the structural dependence of the mediated term.

(ii1) The third comment does not refer to SF itself, but to the possible decay of the real (not
virtual) 'D'D” or 'D D" intermediate that intervenes when the conversion of the initial S,S, state to
the biexciton 'T, T, state occurs in two steps. We have noted under (ii) that the presence of overlap
influences the mediated term in equation (15) through its effect on the indirect coupling of the S, S,
state and the 'T, T, state via the virtual 'D'D™ and 'D D" charge-transfer states. It introduces similar
diagonal one-electron integrals into the coupling of the 'D*D™ and 'D D" states with the S;S, ground
state and thus might play a role in expressions for back-electron transfer through which these charge-
transfer states are deactivated to the ground state. Because of the potential importance of overlap-
containing terms, in exact solutions of the HOMO/LUMO model we do not neglect intermolecular
overlap even though it is small. In the development of simple formulas, we neglect it.

The expressions (17) - (27) that include overlap are useful for qualitative considerations such
as the above points (i) - (iii), but for actual numerical computations of exact solutions of the
HOMO/LUMO model, we prefer to perform a Lowdin orthogonalization of the orbitals located on
different partners, and subsequently use the simple formulas for orthogonal orbitals.

Intermolecularly Orthogonalized Orbitals. The neglect of intermolecular overlap in the
simplified procedure or the use of intermolecularly Lowdin orthogonalized molecular orbitals in the
exact solution of the HOMO/LUMO model simplifies expressions (17) - (27) considerably. The
normalization factors N, in (8) - (13) become equal to unity, the overlap integrals in (23) - (27)
vanish, and the expressions (17) - (22) for the Hamiltonian matrix elements simplify to the

previously published® simple formulas (28) - (32), written in terms of the Fock operator for the
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ground state F, which includes interactions with core electrons:

(S\S(H ['T\T)) = (3/2)"* [(LuhgllsLy) ~ (huhglhyly)] (28)
<SISO\PI 'D'D") =<IA|1:“|ZB> + 2(h L hols) — (hahlLL) (29)
(S;SH|'D'D) = —<hA\ﬁ|hB> + 2(h, L)l hg) — (hahgldy) (30)
(DD H 'T,T,) = (3/2)" [{UylFlhg) + Ul = (hahallh)] 31
(DDA |'T,T,) = (3/2)" [ Flly) + Uahallyly) ~(hallhhy)] (32)

The Fermi golden rule formula for the SF rate then is

W(SF) = 2n/h)|{(S,S,H['T, T, - [(S,S,H'D'D }{'D'D [H|'T,T,/AE(D'D")

+(8,S,[H/'D'D")('D'D"[H|'T,T,)/AE('D D")]} Fp(E) (33)

where the matrix elements of the Hamiltonian are given by expressions (28) - (32).

2.1.3. Approximations

For a rapid search for local maxima of |T;;| as a function of the relative disposition of two
chromophores, it is desirable to simplify the expressions derived so far. The approximations to be
introduced need to be fairly accurate at pair geometries at which the absolute value of Ty, is large,
but they do not need to be valid at all at geometries at which |T};| is small. We shall assume the
energy differences between the charge separated states and the initial and final states are large

enough for the charge separated state to be virtual and not a separate minimum on the S, surface and
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for permitting the use of the first-order perturbation approximation and equation (15). If needed,
first-order perturbation can be replaced by exact diagonalization, which makes the resulting formulas
more complicated but does not involve much penalty in computation time.

Starting with the exact solution of the HOMO/LUMO model for a pair of chromophores A
and B, the following approximations were introduced:'®

Neglect of Intermolecular Overlap. This simplifies the expressions for matrix elements
that are needed for the rate equation (33) to expressions (28) - (32). As is common in semiempirical
theories, atomic orbitals are considered to be intramolecularly Lowdin orthogonalized and yet retain
their atomic properties.

Zero Differential Overlap (ZDO). Neglect of all electron repulsion integrals that involve
charge densities resulting from products of orbitals located on different partners makes the direct

term vanish and simplifies the mediated term greatly. The matrix elements needed for equation (33)

now are:

(S,SyH|'T, T,) =0 (34)
(S,S,/H DD} = (1,Fly) (35)
(S,SJH |'D D) = ~(h,[Flhy) (36)
('D'D L |'T,T,) = (3/2)" (I, |Fihy) (37)
('D D |'T,T,) = (3/2)" (h,|Flly) (38)

The validity of the ZDO approximation has been verified numerically for many different
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geometries of a pair of ethylenes'®. As an example, Figure 8 shows the three contributions to the
matrix element ('D'D|H |'T,T,) in eq. (31) for two slip-stacked ethylenes. It demonstrates that in

the region of geometries where this matrix element is large, the two contributions neglected in the

ZDO approximation, (/s/1p|l5ls) and (h,h,|l,hy), are indeed negligible relative to the contribution

(3/2)" (1,|F\h,) that is kept in eq. (37).

1.4 1L
1.2
1.0 -
08 [ | | | A7BONEETNN | | <, |Flhg>
Z |
© 0.6 P (lAhBllBlB)
0.4 - "\‘ """ (hyh )l hyg)
0.2 ‘
0.0 ~ £ 6
-0.2
F(4) 1
o O
Figure 8. Equation (31): the three contributions to the matrix element

('D'D |H|'T,T,) for two parallel ethylene molecules separated by z = 3.5 A, as a

function of slip along directions x and y. A similar example was published
previously.'®

The formula for the SF rate now simplifies to
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W(SF) = B/, Flly) Ly |FYy /AECD D ) ~ ([ Fliy)(hy[Fll)/AEC D DY)Pp(E) (39)

A Minimum Valence Basis Set of NAOs. In the next step, we express the HOMO and
LUMO in a minimum basis sets of natural AOs (n or k on partner A and v or A on partner B). On
each partner, this basis set is orthonormal (L6wdin orthogonalized AOs), but the AOs on partner A
may have a non-zero overlap with those on partner B. Fock operator (I:') elements between AOs on

different partners are equated to resonance (hopping) integrals ,,, which are then related to AO

pv?

overlaps through the Mulliken approximation:'®"

A

(WFW) = B,y = kS,,, (40)
where the proportionality constant & is a function of the nature of atoms p and v via the Wolfsberg-

Helmholtz formula® used in Extended Hiickel theory (EHT),*!

k= K(H,, + H,)/2 (41)

and H,, is the standard EHT parameter describing the electron binding energy of orbital p. In EHT
calculations the value of K is usually set to 1.75 and this works well when the atoms p and v are
separated by the usual intramolecular bonding distances. However, for distances close to or
exceeding the sum of van der Waals radii, the value needs to be reduced. For (2p-2p), and (2p-2p),
interactions at 3 - 5 A, the Linderberg formula® yields K =~1.0. We adopt K = 1.03, for which the

|Tkp| values obtained from the simplified and the exact solution of the HOMO/LUMO model for
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ethylene pair at a variety of geometries are nearly identical.

The final expression for the rate of SF now is

W(SF) = (3 nk4/h)p (E) [(zpvclpchvSpv) (ZKKCIKCD»SKK)/AE( 1 D+D7 ) N (Zuvchpclepv) (ZchhKchkSKk)/AE( : Di D+)] ?

(42)

This general result can sometimes be simplified further. For qualitative considerations, it is
often possible to neglect the dependence of AE('D'D ") and AE('D D") on the geometry of the A,B
pair, since A and B need to be in contact. Typical values are 30 - 50 kcal/mol, but values outside
this range are easily possible. If charge transfer is equally likely in both directions, for instance if
the two partners are symmetry-related identical chromophores, it is possible to assume AE('D'D")

= AE('D D) = AE, and (42) then simplifies to

W(SF) = (3T[k4/hAE2)p (E) [(vacluchvSp.v) (ZKXCIKCDLSK)») N (vach pclepv) (ZchhKch)»SKk)] ? (43 )

If the two partners are different and electron transfer from A to B is much easier than from

Bto A, AE=AE('D'D") << AE('D D), the second term in the brackets in equation (42) can be

neglected and the expression simplifies to

W(SF) = Bk MAE?)p(E)(Z,C1,C108,) EaCicCnS) ]’ (44)

The simple expressions (43) and (44) are easily programmed but in many cases they can be
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understood qualitatively upon visual inspection. After all, even for large molecules any one AO on
partner A normally overlaps strongly with only very few AOs on partner B (often, none, but
sometimes up to three or four), and most of the terms in the sums in equations (42) - (44) are
negligible. Although our treatment deals with cases in which the two partner molecules are distinct,
it can be used for qualitative insight even if they are covalently bound. E.g., when a donor A and
an acceptor B are connected through a single bond that links atom 1 on A with atom 1' on B, the only
significant overlap integral is S, and the brackets in equation (44) equal S,,’c,°c,;¢,- Then, to
maximize |Ty,|, the LUMO of A should have a large coefficient at its link atom 1, both the LUMO
and the HOMO of B should have a large coefficient at its link atom 1', and the linking bond should
not be twisted too much.

Our search for a mutual disposition of partners A and B that optimizes the rate of the S,S,
to 'T, T, conversion might thus appear to have been reduced to the maximization of the square in the
brackets of equations (42), (43) or (44), requiring only the knowledge of the expansion coefficients
on HOMO and LUMO and of the overlap integrals betweeen AOs on one and the other partner.

However, only half of the work has been done, since the density of states factor p(E) in
expressions (42) - (44) also depends on the choice of geometrical disposition of the partners. The
chief reason for that is that the pair geometry affects the energetics of the SF process by Davydov
interaction that frequently stabilizes the lowest excited singlet state and leaves the energy of the
lowest triplet nearly intact. Its effect on relative SF rates at various partner dispositions may be
unimportant in practice if SF is sufficiently exothermic and rapid at all geometries, but it may be
essential if SF is isoergic or endoergic at some of them. The factor p(£) has been treated by various

11,12,13 :

authors, for example via microscopic dynamics, in the Marcus theory approximation,*' or using

40



a simple kinetic model.*?

In the next section, we detail how the local maxima of |T},|* are located and address the
evaluation of the energetics as a function of geometrical arrangement of the partners in a fashion that
resembles our treatment of |T,,[. We take into account both factors that determine the magnitude
ofthe Davydov splitting of the lowest singlet state, the direct interaction between transition densities

and the contribution mediated by virtual charge transfer states.”**

2.2. SIMPLE?® Algorithms
2.2.1. Local Maxima of |Tg,|* in the 6-D Space of Rigid Pair Geometries

The mutual disposition of two rigid molecules is described by six degrees of freedom, three
translations (7, T, T.) and three rotations (R, R, R.). The value of the Ty, matrix element is a
function of these six variables, Ty, = Typ (T, T,, T,, R, R,, R.). Since in the rate expressions T,
appears in the second power, our search for the mutual dispositions of two chromophores that
maximize the rate constant of the SF process starts with a search for the largest local maxima of | T,|*
in the 6-D space. Afterwards, we will discard unphysical maxima and possibly also those for which
the p(£) term is unfavorable.

Locating the maxima of |Ty,|* is an arduous task that requires a systematic search of that part
of the 6-D space in which the partners A and B are close to each other. Techniques such as the
genetic algorithm®® that have been developed for such searches do not guarantee that all the local
extrema will be found. Our preferred procedure is to combine preselection of extrema on a 6-D grid
with subsequent gradient optimization starting at the preselected points. To create arelatively sparse

grid in a 6-D space, with 0.2 A steps for translations and 15° for rotations, one has to evaluate |T,|*
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at 107 - 10° points or even more, depending on the size of chromophores. A systematic search for
maxima on the |T,,|* surface is therefore presently limited to the use of simple formulas such as (42)
- (44). These do not provide any information about intermolecular repulsions and the energetic
accessibility of the geometries at which the maxima of |Ty,|* are located. By itself, the function | Ty
typically shows local maxima at geometries at which the HOMO and LUMO overlap strongly but
the molecules interpenetrate to a ridiculous extent. This is illustrated in Figure 9, which shows a
perspective view of a plot of |Ty,[* as a function of 7, and T, at T, =3 AR = R,=R,=0, and thus
displays the results for a two-dimensional subspace of the total six-dimensional space. The values
of |T,[> are quite large, since at 7. =3 A the molecules are pressed closer together than they would
ever come under ordinary conditions, making the intermolecular overlap integrals fairly large. The
value at the maxima drops as 7, is increased and grows as it is decreased. It reaches a peak at 7, =
0, a completely unphysical situation with the molecules interleaved in the same plane. This
unphysical maximum could however be viewed as the parent of the various realizable maxima that

can be arrived at by moving the two molecules further apart along one or another direction.
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Scale

Figure 9. |T,,° in units of eV* for two parallel ethylene molecules separated by 3.0
A as a function of slip along in-plane directions x and y. The maxima are located at
x=%1.0and y=0.0 A.

The inaccessible maxima of |Tg,* thus provide insight into the origin of maxima that can
actually be accessed, and our present task is to find the latter. For this purpose, we use a “search
function”, which combines information about |T;,|* with information about the part of our 6-D space
that is excluded when atoms in the two partner molecules are modeled as hard spheres. The search

function is defined as

F=oEw — [Tyl (45)
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where Egg, 1s a repulsion term and a is a weighting coefficient. The function F has no real physical
significance and only helps us to find structures at which |T;,|* is large, yet the two partners are not
unrealistically close. We have tested the use of several van der Waals potentials for £, and in the

end concluded that for our purpose a hard sphere potential seems to be the best, and use

Epgy® = 10" ¥, exp[-cd, /(r,"™ +7,"™)], (46)

where the summation runs over all atoms of molecule A (n) and molecule B (v), ¢ =244.0, d,, is the
distance between atoms p and v, and """ is the van der Waals radius® of atom 1. The results are
quite independent of the choice of the weighting coefficient a, and we set o = 1.

Figure 10 shows the value of the search function F in the same two-dimensional subspace
r,T,(T.=3 A, R, =R, = R_ = 0) that was used for Figure 9. Now, the unphysical region of
interpenetrated molecules is excluded and the four minima of the search function lie at its
circumference. As 7, is increased, the excluded region of the two-dimensional subspace shrinks and
ultimately disappears, and the four minima of ' coalesce pairwise into two, identical with those of
|Twp/*. This is a typical result; the optimal geometries that can be realistically accessed surround a
much higher maximum that cannot be accessed because of intermolecular repulsions. Clearly,

increased hydrostatic pressure would in general be favorable for reaching higher values of |T,/*.
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Figure 10. The search function F” in units of eV? for two parallel ethylene

molecules separated by 3.0 A as a function of slip along in-plane directions
x and y.

Using the search function F(7,, T,, T, R,, R, R.) and the simple approximation (43) for the

evaluation of |T,,*, numerical determination of the location of minima on a 6-D grid of ~10° points
takes several hours of CPU time on a modern Intel processor for a small molecule such as ethylene
and several days for a large one, such as 1,3-diphenylisobenzofuran. Subsequent refinement of the
best pair geometries is performed by an optimization procedure based on numerical evaluation of
gradients and the Hessian.
State Energies in the 6-D Space of Rigid Pair Geometries. Up to this point, we have

ignored the p(E) term in equations (43) and (44). When it is approximated similarly as in Marcus
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theory of charge transfer, its effect on the expected rate of SF is reflected in two primary energy-
related terms, the reorganization energy A and the exoergicity of the SF process, AE.. While A can
be reasonably considered independent of the mutual disposition of the partners A and B, the
exoergicity AEg: cannot. For some chromophores, such as pentacene, the resulting variation of the
SF rate may be of little practical consequence since E(S,) is sufficiently larger than 2E(T,) that SF
is exothermic for any realistic mutual disposition of the chromophores A and B and will always
prevail over competing decay channels. For chromophores in which E(S,) and 2E(T,) are less
favorable, such as tetracene, the variation of AEg; as a function of the mutual chromophore
disposition may be critically important for the outcome of the competition between SF and other
decay processes.

2.2.2. Delocalization, Couplings, Energies, & Rate

To address the effects of delocalization, intermolecular interactions, and energetics on SF,
we shall assume that in the absence of intermolecular interactions, the configurations ®,, @, and
®,; have the same energy (singlet fission would then be isoergic) and that the configurations @,
and @ _, also have the same energy, which is higher by AE. The mixing of these configurations
produces the eigenstates of the pair: the two exciton states S* and the biexciton state 'TT* at low
energy and the two charge-transfer states CT* at higher energy. The initial excitation can be into the
S, state of a single chromophore if it precedes contact between partners A and B (singlet fission in
solution), but normally it is into the allowed S* exciton state. If S™ is lower in energy, it is assumed
that internal conversion rapidly equilibrates the populations of the two exciton states and will then
be the starting state for SF. We will consider both S™ and S in the evaluation of the SF rate using

Boltzmann populations. We assume that electronic dephasing by interactions with phonons is fast
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enough to decouple excitation from the ground state into S* from excitation from the ground state
to the biexciton (BE) 'TT* and that they cannot form a coherent superposition for long.

Many of these assumptions do not need to be made if one does not look for simple algebraic
solutions from which not only extremely rapid calculations but also simple qualitative rules and
understanding have been shown to follow,”® but of course no quantitative agreement with
experiment. For instance, the ®@,, g, and ®,; configurations do not need to have the same energy,
nor do the @, and ®_, configurations, and one can certainly diagonalize the resulting 5x5

configuration interaction matrix numerically.

The matrix representation of the Hamiltonian in the ZDO approximation, H,, follows:
H, S,S,) 1SyS)) 'D'D) 'D'D") I'T, T,)
(8,8, BSiS)  2hulihgly)  (LFYy) ~(h\|Flhy) 0
(S,S)| 2 ihgly)  E(S,S)) ~(h,|Flhy) (1JFIL,) 0
(DD | R -GFR) | ECDDY) 0 (3/2)" (1, Flhy)
('D'D"| ~(hJFhy) (LA 0 E(DDY | (3/2)" (h,JFll,)
('T,T] 0 0 (3/2)" (LJFhy) (3/12)" (hJFLy) E('T,T)

In a diabatic picture within the ZDO approximation, the BE and LE singlet sub-blocks are
not directly coupled, but can couple through interaction with the CT sub-block, the so-called
mediated pathway. If Coulomb coupling between sub-blocks is weak, quasi-diabatic states may be
obtained through admixture of the two lowest energy CT states into the LE and BE states by
perturbation theory. Otherwise, the admixture must be done by diagonalization.

The two diabatic states in the LE sub-block are coupled at most pair geometries through the
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Coulomb interaction between their transition densities which allows excitation energy transfer
between the two LE states. In a molecule pair where both partners are the same, the two LE states
are initially degenerate in the absence of intermolecular interactions and this interaction causes the
splitting of the two state energies, known as the Davydov/excitonic splitting. The effect can also be
present in pairs where the partners differ. The SF energy balance is important for the efficiency of
the process and stabilization of the lower LE state by excitation energy transfer is generally
detrimental since it tends to make the SF process too endoergic.

The three quasi-diabatic states required can be generated from the interaction Hamiltonian
in a few obvious ways which are implemented in SIMPLE.”” If we assume that all couplings and
therefore admixtures are small, perturbation theory can be used to obtain coefficients 4; ; in egs. (47a-

c) from the expression given in eqs. (47d-e). We refer to this method as ‘Procedure 1.

|SISO*> = |SISO> + AD+D-,SIS0|1D+D7> + AD-D+,SISO‘1D7D+> (47a)
|SOSI*> = |Sos1> + /1D+D-,SOSI|]D+D7> + AD—D+,SOSI‘1D7D+> (47b)
|1T1T1*> = |1T1T1> + /1D+D-,T1T1|]D+D7> + /'{’D-D+,T]TI|ID7D+> 47¢)

@) € {[S:Se), 1SeS1, 'T, T}

A = ~(PpplH'D'D V/[E('D'D) - E(Pgpp)] (47d)
ippere = ~(Qpp/H'DDY/[E(D D) - B(Ppp)] (47¢)
T = (S,S,*H |'T, T *) (471)
78 =(S,S,*H |'T,T,*) (47g)

If we assume that couplings may be too strong to treat with perturbation theory we can
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proceed by admixing the CT states into the LE and BE states by diagonalization. A method
analogous to Procedure I would be to perform three 3x3 diagonalizations to mix the two CT states
into the two LE and the BE states separately. We refer to this as ‘Procedure II.” If we want to
assume excitations are localized (equivalent to setting the integral (4,/,|h3/;) equal to 0), then both
of these methods would produce states in the form of eqs. (47a-c) which would be non-orthogonal
due to their CT contributions. The SF couplings for localized singlet excitations on either partner
A or B are then defined by egs. (47f-g). However, the new S,S,* and S,S,* states are most likely
still coupled through the interaction of their transition dipole moments in addition to a mediated
coupling through the admixed CT states. To remove this coupling, we can perform a 2x2
diagonalization in the space of the S,S,* and S,S,* states, resulting in two new excitonic singlet
states, |S") and |S"), with the form of eqs. (48a-b).

We can instead simultaneously address all couplings in the 4x4 sub-block of H,, which

int
contains the two LE and two CT diabatic states by diagonalization and separately the 3x3 sub-block
which contains the two CT and the BE diabatic states and we refer to this as ‘Procedure III.” The
4x4 sub-block diagonalization will give four eigenvectors, two of which are our new LE quasi-
diabatic states, S' and S". From the 3x3 sub-block diagonalization, we will obtain the new BE quasi-
diabatic state 'TT'. The states 'T,T,* of eq. (47c) and 'TT' of eq. (48¢) are equivalent in form. In

general the three new states are defined as in eqs. (48). The S' state is taken as the more stable of

the two excitonic singlet states.

") = /11,1|SISO> + /11,2|SOSI> + 11,3|1D+D7> + }“1,4|1D7D+> (48a)

|S"> = 12,1|SISO> + iz,z‘sosl> + /12,3|1D+D7> + /12,4|1D7D+> (48b)
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'TT) = A, D'D) + 4y D DY) + 4, ' T,T,) (48¢)

Regardless of which procedure is used to obtain these three states, the 'TT' state is not
orthogonal to the excitonic S' and S" states due to contributions from the CT states. Orthogonal
states are required which are as similar as possible to the original states but are not biased towards
any one state. Symmetric (Lowdin) orthogonalization” accomplishes this and we implement it
through use of singular value decomposition (SVD). The SVD of a matrix M is defined by M=UZ V'
where U and V are unitary matrices and 2 contains the singular values of M. These are defined by

solutions to the following equations:

MM = VEU'UZV' = VEZV!

MM’ =UZVVEU'= UZEU

If M contains the wavefunction vectors [¥') = {|S"), |S"), |'TT')} stored row-wise then MM"
is equivalent to the overlap matrix, S, and X' is equivalent to the diagonalized overlap matrix S,.
U and U" are then the matrices which unitarily diagonalize the overlap matrix. It follows that X is
the square root of the diagonalized overlap matrix S,"*. From the definition of the SVD and

recognizing that the matrices are all real we have:

uzv' =¥
VT — Z*lUT\Pv
UVT=US 'UY' = US, "2U"Y' = p* (49)
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The right hand side of eq. (49) is the definition of Léwdin orthogonalization and the
symmetrically orthogonalized states |¥*) = {|S*), |[S**), |'TT*)} are the product UV" obtained by
SVD of the non-orthogonal states |¥). The three resultant orthonormal states S*, S**, and 'TT* are
described by egs. (50a-c).

The final task is to reconstruct the interaction Hamiltonian in this new basis according to eq.
(50d). One will note that orthogonalization will introduce some amount of BE character into the LE

states and vise versa.

9% € {IS%), [S*), 'TT*)}; |®) € {IS,Sy), [S,Sy), DD ), 'D DY), ['T\T,)}

IS*¥) =1, ¥[S,Sy) + 4,,*[S¢S)) + 4,,*'D'D) + 4, ,*'D DY) + 4, *'T, T,) (50a)
IS¥*) =1, *|S,Sy) + 4,,*[SyS,) + A, 4*['D'D ) + 4, *'D' DY) + 4, ¥'T,T)) (50Db)
'TT*) = 43, *|S,S¢) + 25,%[SyS)) + 433 *|'D'D) + 4, ,*'D DY) + 4, *['T, T,) (50c)
(WHHN) = Z, s Ay, (O H L, @) (50d)

We now have everything required to determine the SF energy balance and the couplings

between the excitionic S* and S** states and the biexcitonic 'TT* state in egs. (51).

AE = E(S*¥) - E(S*) = (S**[H|S**) - (S*[H|S*) (51a)
T* = (S*[H 'TT*) (51b)
AE(S*) = E('TT*) - E(S*) = ('TT*H|'TT*) - (S*/H|S*) (51¢)
T#* = (S**|H |'TT*) (51d)
AE(S**) = E('TT*) - E(S**) = ('TT*H|'TT*) - (S**[H|S**) (51e)
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Optimization of molecule pair structures for maximized squared coupling, |T*|*, can lead to
structures in which the SF process is strongly energetically unfavorable. To incorporate the effects
of energetics and reorganization energy A on the rate of a process, one can use Marcus theory.

30,31,32

Marcus theory rates are obtained using eqs. (52). Marcus rates for the two singlet excimer

states are averaged according to two-level Boltzmann statistics™ at room temperature as in eq. (53).

K(S*) = (2n/h)|T*P(4mik, T) 2exp[ - (AEg(S*) + A)/4mik, T (52a)
K(S**) = 2m/h)|T** P(4mik, T) Pexpl - (AEg(S**) + A)/4mik, T] (52b)
k(SF) = {1-[exp(- AELg/ky T)+171 '} K(S*) + {[exp(- AEpg/ky T)+1] '} R(S*¥) (53)

The BE binding energy is also important to the overall SF process. We define this quantity
in eq. (54) as the difference in the energy of the coupled 'TT* state and two non-interacting triplets

(T, +T,). Itis positive when the BE state is stabilized by interactions with the CT states.

AEy, = [AE\(T)) + AEy(T))] -E('TT*) (54)

2.3. Comparison with 4b Initio™

We now have a model for predicting the rate constant of SF as a function of molecule pair
orientation; however, considering the number of approximations implemented, one must ask if it is
accurate enough to provide at least qualitatively correct results. This was examined in work with
our European collaborators by Zaykov et. al.*’ After optimizing the intermolecular geometry for

ethylene pairs, | 7" and AE¢ were also evaluated by the far more accurate ab initio non-orthogonal
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configuration interaction (NOCI) method.” for many of the pair geometries of local maxima
obtained by the simple calculations. To obtain the NOCI results, for each partner A and B, the
following calculations were performed: (i) CASSCF(2,2) for the ground state, (ii)) ROHF calculation
for the S, (HOMO to LUMO excitation) state, (iii) ROHF calculation for the T, state, (iv) ROHF
calculation for the D" state (radical cation), and (v) ROHF calculation for the D" state (radical anion)
(6-311G basis set, with GAMESS-UK?®).

Subsequently, many-electron basis functions (MEBFs, ®,,(1)) = A[¥Y,()Ps())]) were
constructed by forming antisymmetrized product wavefunctions from the monomer wavefunctions
W, (1), describing state / of partner A, and Wy(J), describing state J of partner B. The following six
singlet MEBFs were produced: ®,4(S,Sy), Prs(S,S0), @un(SeS)), @up('T\T)), @,5('D'D), and
®,;('D'D"). Both Hamiltonian and overlap matrix elements between the MEBFs were calculated
using the GronOR?’ code, which is based on GNOME.**

The effective electronic coupling between diabatic states i and j was evaluated according to
teffi]. =H, - S(H,+ H;)/2(1 - §;*). To allow for delocalization, a NOCI calculation was performed
to form the diabatic states ¢,D,5(S,S,) + ¢,D,5(S,S,). Similarly, the effect of the charge transfer
(CT) configurations was taken into account by performing two NOCI calculations, one in the basis
of the MEBFs describing S,S, and/or S,S,, 'D'D" and 'D'D’, and one in the basis of the MEBFs
describing ('T,T,, 'D'D" and 'D'D"). Subsequently, the Hamiltonian and overlap matrices were
transformed to the basis of the diabatic states, allowing the evaluation of electronic coupling.
Weights of the MEBFs in the final states were assigned according to the Gallup and Norbeck

scheme.”
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Figure 11. Plot of log,,(7%) (A) and of Davydov splitting (B) obtained with Procedure IIT and with

ab initio nonorthogonal configuration interaction (NOCI). Correlation line (dotted red): log,,(7%)™°¢
M'=0.76 log,,(TH)N + 1.44, T’=(T*)* + (T**)’.

Figure 11 shows the comparison of | 7> of and AE; calculated by SIMPLE to the much higher
level results from NOCI. The agreement of the trends produced by ‘Procedure III” with those yielded
by the much more elaborate ab initio NOCI method suggests that the accuracy is adequate for a
rough identification of desirable pair geometries, even though it may not predict relative rates
reliably. Figure 11A shows that the accuracy is excellent at those geometries at which 7° is the
largest, as expected from the design of the approximate method. Already at geometries at which 7
is two orders of magnitude below its maximum, the scatter of points in the log-log plot in Figure 11
is high, and at even smaller values of 77, it gets much worse still. However, this is of no
consequence for our purposes as we are searching for arrangements that produce the larger
couplings. This result is reassuring as the exact ranking of the optimized pairs is immaterial as long

as the procedure is able to identify all of the largest maxima of |7 and discard those which have very
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unfavorable energetics.

2.4. Qualitative Design Rules*

While computer code now exists to optimize the mutual geometry of a molecule pair for
maximized SF rate constant using the diagonalization procedures of Section 2.2.2, a qualitative
understanding of what structural factors are important for maximizing the SF rate constant in a pair
is lost. It is then desirable to formulate in words a general qualitative guideline for finding pair
geometries with a large electronic matrix element |7] for general chromophores. Such a guideline
for the maximization of |7] is proposed presently. It only requires the knowledge of the
intermolecular overlap of the AOs of the partners and the shape of their frontier orbitals and employs
the same approximations detailed in Section 2.1.3.

We define general orbitals » and s on each partner as mixtures of 4 and /:

r=hcosa-+/sina (55)

s=hsina - /cosa (56)

where the range of a0 is 0 [r = 7(0)=h, s = 5(0) = - [Jto /2 [r = r(n/2) = I, s = s(n/2) = h]. The
evenly mixed orbitals (0. = n/4) are referred to as p = r(n/4) =2""*(h +[) and g = s(n/4) =2""*(h -

D).

The general initial singlets in the SF process in a pair A + B are the excitonic states
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IS*(®)) = S,S,) cos » +S,S,) sin (57)

IS (@)) =IS,S,) sin ® - |S,S,) cos ® (58)

where o ranges from -m/4 to /4. Often only the lower energy excitonic state will play a significant
role, but when the difference E(+) of the energies of the [S*) and |S™) states is small, populations in
both may contribute to the SF process.

The results of the simple model*’ can be rewritten as equations (59) - (62).

(S (a,0)|H, |T,T,) = T"(a,0) = T™(a) cos » + TP(ar) sin ® (59)

(S (a,0)|H, |T,T,) = T (a,0) = T*(a) sin ® - T(ax) cos (60)

T*(a) = [(3/2)"*/2AE]{(cos 4a)(F,, ~F,)(F, + F,) +

[(sin 40)/2][(F,, ~F,) = (F,, + F,)’1 + (F,. + F)(F, - F,)} (61)

%) = [(3/2)"*2AE]{(cos 4a)(F, -F )F. + F,) +

[(sin 40)/2][(F,, ~F,) = (F,, + F,)"] = (F,, + F)(F,, - F,)} (62)

where H,,

is the interaction Hamiltonian in the diabatic picture, and tan 20 =
2(S,So|H,ISeSV/[E(S,S,) - E(S,S,)]. When E(+) = 0, the populations of [S*) and |S~) are equal, and
o can be chosen arbitrarily. The sum |7"(o,0)]* + | (a,o)|* is independent of  and equals |7*(o)*

+ ()P
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See

1

Figure 12. Anthracene as an example. Left: the canonical orbitals /# and / and their sum and
difference, p and g. Right: top and side views of a slip-stacked pair. |7*| is large since both
g, and p, have significant overlap with ¢ (red and blue double-headed arrows), but only p,,
overlaps pg, whereas ¢, does not. |T" | is large because p, has significant overlap with both
gy and p; (blue and green arrows), but g, overlaps only g (red arrow) and is too far for

significant overlap with pg.

These expressions for the electronic matrix elements 7' simplify when orbitals 7 and s are the

canonical orbitals / and / (a. = 0 or /2) or their sum and difference p and g [a=n/4, p=2""*(h + 1),

g =2"*(h - I)] (Figure 12), and when the initial excitation is either fully localized on partner A (7%,

® = 0) (or B: 7%, ® = n/2) or evenly distributed on A and B (7" and 7", o = +n/4).

For a = 0, the expressions become

= [(3/2)1/2/AE](thFhl - FuFy)
T°= [(3/2)1/2/AE](thFlh - F,Fy)
TOm/4)=T = [(3)1/2/2AE](F1111 ~F)(F), + Fy)

T (an/4)=T = [(3)1/2/2AE](th TE ), — Fy)

For o = /4, the expressions become

™= [(3/2)1/2/AE](F;> o~ Fpdag)
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° = [(3/2) */AEY(F, F,, - F,F,) (68)
T'(w4,n/4) = T" = [(3)"*2AE)(F,, ~F,)F, +F,) (69)

T (o,m/4) =T =[(3)"*/2AE](F,, +F )F, - F,,) (70)

Note that the expressions for 7" have the same form not only for a = 0 and £r/4, but for any value
of a.

Neglecting the variation of AE with geometry, we express |7] in terms of the overlaps
between MOs on partner A and those on partner B. The results obtained using the canonical MOs

h and [ or the transformed MOs p and g have the same form:

[T = constx|S,,S,, — S5,/ = constx|S S-S, S | (71)
|T®| = constx|S,,S,, = 8,5, = constx|S, S - S,S.| (72)
|r‘ = ConSt'XKShh 7Sll)(Shl + Slh)| = ConSt'XKSpp 7Sqq)(Spq +qu)’ (73)
|T| = ConSt'XKShh + Sll)(Shl N Slh)| = ConSt'XKSpp +Sqq)(qu _Spq)| (74)

Expressions (71) - (74) are simple enough that they permit a formulation of qualitative
guidance to optimal pair geometries. For our purposes Hiickel MOs are adequate, but MOs obtained
by more advanced methods can be used. The choice between MOs 4 and / or MOs p and ¢ is a
matter of taste; the same guidelines apply. We find it easier to visualize overlaps of orbitals that are
as localized within A and B as possible.

In a molecule that has a plane of symmetry perpendicular to the direction of the 4 - /

transition moment and hence MOs not polarized but evenly delocalized along this direction, we
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choose to work with p and ¢, which are partly localized on one and the other side of the symmetry
plane. For ethylene, H,CCH,, these are the two 2p, AOs, and indeed, equations (71) and (72) revert
to those already published.'® In a polyacene, p is mostly localized along one and ¢ mostly along the
other long rim (Figure 12).

In a molecule that has a strong donor character at one end of the 4 - / transition moment
direction and strong acceptor character at the other end, and hence has / and / strongly polarized in
opposite sense along this direction, we choose to work with orbitals /# and /, which are largely
localized on the two ends of the molecule. For instance, in aminoborane, H,BNH,, in the first
approximation / is the 2p. AO on N and / is the 2p, on B. In a polyacene carrying donor moieties
along one rim and acceptors along the other, the situation would be similar.

We assume that orbital phases can be chosen in a way that makes products of overlaps such
as §,,5,, all positive (suprafacial interaction). When this is not the case (antarafacial interaction),
the guidelines for optimizing |7*| and |T°| change in an obvious way. Inspection of equations (71)
and (72) leads to the conclusion that |7%| and |T®| will be large when overlaps are large and the
overlap products S5, ,and S, S,, (orS, S, and S, S, )have very different magnitudes. This requires
one of the orbitals on partner A, say p,, to overlap both orbitals p, and q, on partner B, and the
other orbital on partner A (q,) to have as little overlap with orbitals on partner B as possible.
Figure 1 provides an illustration (slip-stacked anthracenes).

The rules for optimizing | 7| or | T | are derived similarly from equations (73) and (74). Again
assuming that the overlaps are positive, |7"| will be maximized when the overlaps S, and S, are

large and either §,, or S, , is large but the other is small, and | 7" | will be maximized when S,, and S,

are large and either S, or S, is large, but not both. If the overlaps cannot be all positive, the rule
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changes in an obvious fashion (Figure 12).

Polyacene crystals, the champions of singlet fission,™ satisfy the rules for large matrix
elements perfectly. The herringbone arrangement of neighbor molecules in their crystals is similar
to that in Figure 12, except that in addition to a slip along the short axis, one of the molecules is also
tilted relative to the other, and this weakens the overlap indicated by the double-headed green arrow
on the right-hand side of Figure 12.

Finally, note that equations (71) - (74) show that if partners A and B both possess a symmetry
operation relative to which the 4 - [ transition moment is antisymmetric and this operation is
preserved at the pair geometry, all four elements 7' will vanish by symmetry alone (e.g., in a perfectly
stacked polyacene, this symmetry element would be reflection in a plane containing the long axes
of both partners). This result is valid generally and follows from the antisymmetry of the initial state
(one & ~ [ excitation) and the symmetry of the final state (two such excitations). The addition of a
quantum of an antisymmetric vibration to either the initial electronic state or the final electronic state
will remove the forbiddenness. Calculations in which such vibrations were included indeed
produced SF rates different from zero even when the equilibrium geometry was perfectly stacked.*"*

Simple qualitative expressions can similarly be derived for the Davydov splitting and energy
balance of SF. These equations require the evaluation of four Coulomb integrals, but they are all
repulsions between localized charge densities and can be estimated visually, similarly as the orbital
overlaps. Upon orbital transformation, the two-electron repulsion integral (4,/,|hyly) is defined as
in eq. (75a). These equations are all derived by first order perturbation theory and the repulsion
integrals on the RHS of egs. (75) are the zeroth order terms while the Fock matrix elements are the

first order terms. For the first order perturbation terms, we have assumed that both [E('D'D") -

60



E(®y,p)] and [E('DDY) - E(®g,)] =2 €V, therefore when estimating various terms in egs. (75) one

must do so on the scale of eV. For tetracene, these terms are all on the order of 10 to 10" eV, so

when a value is squared it becomes smaller, not larger.

(halJhgls) = (1/A){ (PapalPePs) = (PaPAldsqs) — (4aqalPRPR) + (9094l9898)}

AEns = (112)[2{(papalpePs) = 0aPaldsds) = (qaqalPers) + (909419898)} + (Fpp + qu)2 -

(FP‘] + F‘]P)z]

AEG(S") = (- 1/4)2{(prPAlPePs) — 0aPAldsds) — (9agalPePs) + (9094l95g8)} + (1/2)[3 {Fpp

B {qu +qu}2 B S{quXqu}])

AEG(S™) = (1/A)2{(papalpers) = 0apaldsds) — (9rqalPers) +(4a94lasgs)} — (1/2)[34F,, -

{Fpp+qu}2 - S{Fpp Xqu}D

(75a)

(75b)

B qu}z

(75¢)

qu}2 B

(75d)

In the following chapters, the model will be applied to the optimization of pair geometry

for tetracene and 1,3-diphenylisobenzofuran. The top pair structures from those optimizations

will be analyzed by eqs. (71) - (75) for qualitative insights into what structural factors are either

detrimental for maximizing singlet fission rate. Finally, the model will be applied to pairs from

the crystal structures of 1,3-diphenylisobenzofuran and 11 of its variously fluorinated derivatives

to attempt to explain the results of experimental measurements on their rates of SF.
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Chapter 111

Optimal Arrangements of Tetracene Molecule Pairs for Fast Singlet Fission

3.1. Introduction

Tetracene is the first compound selected for optimization by the simple model. Tetracene
and its simple derivatives are among the best known SF materials. The parent compound crystallizes
in a herringbone structure' (neighbors are slip-stacked in the direction of the short molecular axis
and one is rotated ~51 ° along its long axis), but in certain derivatives such as rubrene” neighbors are
simply slip-stacked. In the parent, SF is believed to be endoergic by about 0.15 eV, yet it proceeds
with a high triplet yield even at very low temperatures.’ Several explanations of this observation
have been proposed.***

Because of its popularity and because its SF is slightly endoergic and thus susceptible to
perturbations, tetracene was selected as a suitable candidate for application of our model and
program SIMPLE? described in the previous chapter. Many calculations for SF in tetracene have
been published,”**'>!" but to our knowledge ours is the first study whose goal it is not to calculate
absolute rates, but to identify all of the favorable geometries of non-covalent tetracene molecule pairs

in the full six-dimensional space of possible geometries.

3.2. Methods
Computational Methods. Reorganization energy A was calculated to be 300 meV from A
= E[T,,q(S))] + E[T,,q(S,)] - 2xE[T,,q(T,)],"”* where ¢ denotes the equilibrium geometry of the

monomer in a particular state. Ground and excited state geometries were optimized in the ORCA"
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program suite with DFT and TD-DFT (TDA') using the PBE0" functional and Def2-TZVP'® basis
set while the Def2-TZVPD'"!” basis was used for single point energy evaluation. The RIJCOSX"*"
approximation for Coulomb and exchange integral evaluation, with auxiliary basis sets generated
by the AUTOAUX? procedure, was employed in all geometry optimizations but not in single point
energy evaluations. Singlet excitation energies were calculated via TD-DFT without the TDA.
Triplet excitation energies were calculated using the ASCF method.”’ Frequency analysis was
performed on all optimized geometries to ensure they were true minima. The program SIMPLE*
was used to calculate all singlet fission couplings, excitonic contributions to energetics, and Marcus
theory rates and to optimize the pair structures. For these calculations, a D,, symmetrized geometry
of the molecular crystal structure of tetracene™ was used. The MOs were calculated using the
quantum chemistry program ORCA with the RHF** method using the 6-311G* basis set for all
atoms. NAOs were obtained from natural bonding orbital (NBO) analysis performed by the NBO
6.0 program®® linked to ORCA.

SIMPLE? Procedure Details. A “full” scan of the SF coupling squared, |T*>, was then
performed with SIMPLE? using Procedure III in which chromophore B was translated along its
internal x, y, and z axes in +0.5 A increments and rotated about these axes in +15° increments,
resulting in 2.8x10° geometries. An additional “refined” scan over the most important translational
sub-space of the previous scan was performed with translation increments of +0.2 A in the x and y
and +0.1 A in the z with all rotational increments still +15°, resulting in 2.0x10° geometries.
Altogether, SF couplings were calculated at ~4.7x10° geometries. Due to tetracene’s D,, symmetry,
the space which needed to be scanned was reduced to just the positive directions of the x, y, and z

axes, reducing the required scan space by a factor of 8.
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The results of the “full” and “refined” scans were combined, with duplicate geometries
removed, and the top 5,000 physically accessible geometries with largest |T** were selected for
optimization of their SF rate constant. The intrinsic endothermicity of SF in the absence of
intermolecular interactions was calculated according to the equation AE. =2AE(T,) - AE(S,) to be
~0 meV. SF in tetracene is known to be endothermic and this value is quite low. A value for AE;
of 188 meV*" was deduced from measurements on crystalline tetracene and as this includes
intermolecular effects which stabilize the singlet exciton more than the triplet, it represents an upper
bound on the endoergicity of SF in tetracene. They deduced a lower bound of 120 meV, implying
an endothermicity of SF in the absence of intermolecular interactions of 154 meV. Using a Bixon-
Jortner expression, Yost et al.”® found the reorganization energy of acenoid sysetms to be 130 meV,
about half the value we calculated of 300 meV. In our previous work on variously fluorinated
crystals of 1,3-diphenylisobenzofuran derivatives,” we found variation in the singlet excitation
energy of up to 100 meV, in the endothermicity of SF of up to 200 meV, and in the reorganization
energy of up to 100 meV. To probe the effects of varying the intrinsic endothermicity of SF and the
reorganization energy we performed six optimizations of the top 5,000 structures using the following
sets of values in units of meV for these energies respectively: (0, 130), (0, 300), (154, 130), (154,
300), (308, 130), and (308, 300). The diabatic CT states were held at a constant 2 ¢V above the

energy of the LE singlet diabatic states, in line with calculations by Casanova.®

3.3. Results

Optimization of the intermolecular geometry for maximum Marcus rate constant of SF of the

top 5,000 scanned pair structures with largest |7*|* using literature values for the intrinsic
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endothermicity and reorganization energy of 154 and 130 meV resulted in 116 optimized pair
structures. Table 1 provides energy values and rate constant ratios for the top 21 optimized pairs as
well as the herringbone pair found in the crystal and the top pair from optimizations for just the
coupling |T*| or |T?|. Multi-view projections of the optimized pairs are found in Figures 13 and 14.
Structure data, energetics, and rate constant ratios for the top 40 optimized pair structures from the
(154, 130) optimization as well as the D,, symmetrized crystal herringbone pair are provided in the
Appendix. The top 20 pair structures from the five other optimizations with varied parameter sets
are also provided. The multi-view projections follow the standard third-angle projection method:
the main view of the xy plane is located in the lower right, the top view of the xz plane is above that
and is the view if the main view was rotated 90°(about the x axis) out of the plane of the page from
the top to bottom, the left side view of the yz plane is to the left and is the view if the main view was

rotated 90° (about the y axis) out of the plane of the page from the left to right.
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Table 1. Calculated SF Energies and Relative Rates for the Top 21 Tetracene Pairs.

Struct. | (7 ulpls) | AEps® [T |AEG(S*)°| T} AEG(S*)| AEg kilky® kiki!
1 5 16 413 133 0 117 41 564 1.00
2 14 39 238 141 0 103 45 297 0.53
3 6 29 324 151 2 121 27 256 0.45
4 37 119 0 203 779 84 26 90 0.16
5 7 0 161 159 154 16 61 0.11
6 7 5 70 151 37 146 24 60 0.11
7 12 38 81 166 29 128 17 50 0.09
8 0 0 50 157 50 157 9 40 0.07
9 0 0 45 158 45 158 8 35 0.06
10 3 32 33 172 60 139 23 33 0.06
11 9 27 43 155 2 128 19 29 0.05
12 4 28 0 175 88 147 19 27 0.05
13 3 31 14 174 64 143 20 25 0.04
14 14 40 43 159 1 120 25 26 0.05
15 8 39 86 177 1 138 7 24 0.04
16 8 36 80 177 6 140 6 23 0.04
17 46 0 185 89 139 29 22 0.04
18 0 25 155 25 155 7 22 0.04
19 12 19 39 160 6 141 20 22 0.04
20 15 62 95 184 0 122 10 21 0.04
21 4 43 5 181 68 137 28 20 0.04
Crystal® 20 63 3 118 2 125 6 1 0.00
1A 116 766 1944 683 0 -83 6 0 0.00
1B/ 74 0 11107/ 154 1110* 154 0 1000 1.77
1B, 74 253 0 244 2339 -10 57 15 0.03

“ Energies in units of meV and couplings in units of meV?2 * Davydov splitting AE; = E(S**) - E(S*).

¢ Energy balance of SF, AEg(S*) = E('TT*) - E(S*) and AE(S**) = E('TT*) - E(S**). A positive value represents
endoergic SF. A positive value implies exoergic SF. “ Biexciton binding energy. k&, = 1.2x10%s™. 7k, =7.0x10"s".
¢ Crystal herringbone pair structure with individual tetracenes adapted to D,, symmetry. " Top pair from optimization
for |T*P. ' Top pair from optimization for |T*[. 7 Squared coupling |T*[*. * Squared coupling |T5F. ' Pair structure 1B
evaluated with procedure III.
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Table 2 provides the ranking of the pair structures from Figures 13 and 14 in the six
optimizations with different parameter sets. Most of the pair geometries that appear as a result of
optimization are the same in all six, just ranked differently. Pairs 1C through 4C are not found

among the top 21 pairs from the (154, 130) optimization illustrated in Figures 13 and 14 and are

shown in Figure 15.

Table 2. Top 11 Pair Structures from the Six Optimizations with Varied Intrinsic Endothermicity
and Reorganization energy.

Optimization ¢| 1 | 2 [ 39 [ 4® | 50 | g% | 7% | g* [ o [ j0® | 11"
(154130) | 1 [ 2 | 3 [ 4| 5|6 |7 8] 9 |10]1
(1543000 | 1 [ 3 [ 2 | 5|6 |7 |4 |1C| 8|9 |15

©130) | 1 | 2|3 |5 |7 |1Cc| 6 |15]2]|8]14
03000 | 1|3 2]1c| s |6 ]|15]2c| s |[11]14
(308,130) | 1B | 1 | 4 [ 2| 3 |3C| 5 |6 |11]17]4C
(3083000 | 1 | 2|3 | 4|5 |6 |7 |8]|1w0]9]IB

“ Parameter set used for optimization (intrinsic endothermicity of SF, reorganization energy) with
energies in units of meV.
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3.4. Discussion

We will mostly limit the discussion to the top 10 pairs from the (154, 130) optimization,
based on published energy values. The 10th best pair structure is very similar to the herringbone pair
found in the crystal with a root mean square deviation (RMSD) in the positions of carbon atoms of
only ~0.2 A. It is noteworthy that this structure is so similar to that found in the crystal but is still
predicted to have a 33 times higher SF rate constant. This demonstrates the sensitivity of the
optimized pair structures. This sensitivity is structure dependent, as pair 17 differs from pair 12 by
an additional 0.6 A slip along the x axis which increases the Davydov splitting by 65% and biexciton
binding energy by 50% while the couplings and endothermicities remain relatively unchanged, all

resulting in a decrease in SF rate constant of only 20%.
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One nice result from this exploration of the parameter space is that the top five to eight pairs,
particularly the top 3, are rather robust. Even with deviation in the intrinsic endothermicity of SF
of + 100% and more than doubling the reorganization energy, the better pair structures do not really
change as seen in Table 2. This is encouraging as the chemical modifications required to produce
the various pair geometries will likely change these two values. It is interesting to note that only in
the (308, 130) optimization does a new pair geometry show up for the top pair. This pair happens
to be the 29th pair in the (154, 130) optimization using literature values and is also the top pair, 1B,
from the optimization for |T"".

Binding energies of the biexciton calculated for these pairs are mostly predicted to be less
than or nearly equal to 25 meV (kT at room temperature). Pairs 1 and 2 are noteworthy in that they
are calculated to have BE binding energies nearly twice k,7T at room temperature, a possible
disadvantage.

Optimized Pair Structures. Pairs 1A and 1B (Fig. 14) are the result of optimizing the pair
geometries not for the Marcus rate constant & but for the squared coupling to either the more stable,
delocalized excitonic state S* in the case of 1A or the localized state S;S,* for 1B. This is equivalent
to setting the coupling between singlet configurations S,S, and S;S, to 0 for the optimization
resulting in pair 1B. In this optimization, the structure of pair 1A has the second largest value of
|T**. These two pairs are included to demonstrate the need to account for the energy balance of the
SF process and the delocalization of the initial singlet excitation. While the optimization which
resulted in 1B may show squared couplings to both the S,S,* and S,S,* of 1110 meV? and a rate

constant 1,000 times larger than that of the idealized crystal herringbone pair, once the two singlets

are allowed to interact, all of the coupling is to the destabilized excitonic state S**. The coupling

74



to this state may be incredibly large at 2339 meV? relative to 3 meV? in the symmetrized crystal, but
due to the large Davydov splitting of 253 meV reducing population of the destabilized S** state, the
Boltzmann averaged rate constant drops to 15 times that of the crystal pair, making it the 29th best
pair in the (154, 130) optimization. Pair 1B demonstrates the need to consider the effect of
intermolecular interactions on the initial singlet excitation.

Pair 1A illustrates the need to consider the energy balance of SF in addition to the coupling.
This pair has very large coupling to its stabilized excitonic singlet state; however, due to the very
strong interaction between diabatic singlet states [(/4,/,|hzlz) = 116 meV], it has a huge Davydov
splitting (766 meV) and the more stable singlet exciton is far too stable, making SF endothermic by
683 meV. This large endothermicity results in a severely depressed rate constant that is 16 orders
of magnitude smaller than that of the crystal pair despite the extremely strong coupling of 1944
meV?. Clearly, energetics are as important as coupling to the SF process.

Given that SF is already intrinsically endoergic by 150 meV in tetracene, it is no surprise that
the pairs mostly optimized to minimize Davydov splitting and endoergicity at the expense of larger
coupling, with the exception of pair 4. There are three general types of pairs with regard to
energetics and couplings: those with coupling primarily to the S* state, those with coupling split
between the two excitonic singlet states, and those with coupling primarily to the S** state. When
coupling is primarily to the more stable singlet state, as in pairs 1, 2, and 3, the magnitude of the
Davydov splitting is not a concern for the Boltzmann statistics as there is no coupling to the less
stable singlet. Very large Davydov splitting would be beneficial in this regard, so that the less stable
singlet state with no coupling to the biexciton would not be populated; however, as SF is already

endothermic by 154 meV before the contribution of CT states is even considered, further
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stabilization of the S* state is very detrimental. It follows then that these three states have the
smallest Davydov splitting. Pairs 6 through 10 are of the second type where in addition to modest
coupling to the S* state, there is significant coupling to the less stable excitonic singlet state S** as
well as small Davydov splitting, allowing both states to contribute to the Boltzmann averaged SF
rate constant. Pairs 8 and 9 achieve these energetics by having the long axes of the two partners
perpendicular to each other, removing the coupling between the diabatic S;S, and S,S,
configurations. The last type of pair is represented by pairs 4 and 5. In these pairs, there is no
coupling to the more stabile singlet state, it is all to the destabilized S** state. In pair 4, the coupling
is very large (779 meV?) but so is the Davydov splitting at 119 meV. The larger splitting reduces
the population of the less stabile singlet, but the large coupling ensures that when the state is
populated, it undergoes SF quickly. Pair 5 takes the opposite approach with a [T**|* value of only
159 meV? but a Davydov splitting of only 7 meV resulting in more population of the S** state
relative to pair 4 but with SF occurring much more slowly from that state. This difference in
approach leads to pair 4 having a rate constant 50% larger than that of pair 5; however, in relation
to all of the pairs, their rate constants are similar.

A few structural motifs are seen in the optimized in Figures 13 and 14. Most of the top pairs
are slip and/or twist-stacked with rotation of partner B primarily about the z-axis (axis pointing out
of the page) relative to partner A. Pairs 8, 9, 10, 13, and 21 are exceptions and have significant
rotation of partner B (red) about its long or short axis. Pair 10 is very similar to the crystal
herringbone structure with a 51° rotation about its long axis as is pair 13, though its rotation about
the long axis is only 32°. Also, with a few exceptions, 6 to 7 carbon atoms from each partner

overlap each other with some amount of offset. For those pairs where the partners are only slip-
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stacked with no rotation, this is accomplished by having part of the lower perimeter of one partner
overlap the upper perimeter of the other. In the twist-stacked structures, one ring of one partner
tends to overlap a ring of the other. Exceptions are pairs 6 and 7 in which partner B is rotated about

its z-axis but only has perimeter overlap with its partner .
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Qualitative Analysis. The particularly large rate constants of pairs 1 through 3 and the poor
performance of pairs 1A and 1B can be understood through the use of the simple qualitative rules
ineqs. (71) - (75). In this analysis, we will disregard the contribution of the intrinsic endothermicity
of SF, though it can simply be included in the estimation of the overall endothermicity of SF by
addition. The localized, in- and out-of-phase combinations of the HOMO and LUMO orbitals, p and
g, are shown in the top left of Figure 16. We need to visually evaluate the overlaps S(p ,pg), S(PAg5),
S(gpz), and S(g,g5p) to estimate the magnitude of the coupling. To estimate the energy balance we
will also need to visually evaluate the four two-electron repulsion integrals (p \p|PePs)> (PAPAl9R9R)>
(gA9AlPePs), and (¢,9419:q5)- These are all repulsions between semi-localized charge densities and
are relatively simple to estimate. In Figure 16, S, correspond to the authors’ visual estimation of the
overlap while F, are the calculated Fock matrix elements. In almost all cases, the visual estimations
of the overlaps agree qualitatively with the calculated values of the matrix elements.

From eqgs. (71) - (74) for the couplings, it is seen in Figure 16 that for pair 1B the SF
couplings to the localized singlets, |7 and |7°|, will be very large and equal. As S, and S, are both
large and of opposing sign, all of the coupling will be to the in-phase excitonic singlet. To check the
energy balance of SF from the in-phase excitonic state in pair 1B, eq. (75¢) must be evaluated. The
repulsion between the electrons in the same type of orbital (p or ¢) on different partners, (p \p|PePs)
and (¢,9.|9sqz), are large while that between electrons in different types of orbitals on different
partners, (ppAlgsqzs) and (¢ ,q .|prPg), are smaller. The sum of the repulsion integrals in eq. (75a) will
therefore be positive and of moderate magnitude (the calculated value is 74 meV). Substituting the
qualitative evaluations into eq. (75¢) results in AE(S") = (-1/4)(2{(large) - (small) - (small) +

(large)} + (1/2)[3{large + large}> - {medium + medium}* - 5{mediumxmedium}]) =
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(- 1/4)(2{large} + [6{large}* - 7 {medium}*]). Here the values of each element are on the order of
102 to 10" eV, resulting in squared values becoming smaller, not larger. With that in mind, this will
be a value that is medium in magnitude and negative. It is calculated to be -160 meV when the
intrinsic endothermicity is not considered. In the same manner, eq. (75b) can be evaluated for the
Davydov splitting, i.e., AEyg = (1/2)[2{(large) - (small) - (small) + (large)} + (large - large)® -
(medium + medium)’] = (1/2)[2{large} - 4(medium)?]. This will be large and positive and is
calculated to be 253 meV. With the derived qualitative rules, starting with just knowledge of the
HOMO and LUMO, one can simply evaluate the approximate couplings and energy balances. In this
case, we can quickly estimate that all the coupling is to the in-phase excitonic state and that SF is
moderately exothermic. The large Davydov splitting results in a small contribution from this state
to the Boltzmann averaged rate constant and it can be ruled out as a target for improved SF in
tetracene. Pair 4 is similar to 1B, but the additional translation along the x and y axes reduces the
squared coupling and Davydov splitting by about 50%, resulting in a 6 fold increase in SF rate
constant of pair 4 relative to 1B.

Pair 1A is even simpler to evaluate. As the two partners are only slightly slip stacked, the
overlap of orbitals of the same type is very large while the overlap of orbitals of different type is very
small. This is seen in values of the Fock matrix elements in Figure 16. The same holds true for the
repulsion between charge densities. This means that |7 | will be very large and |7"| should be 0. By
the same measure, AE(S’) and AE, will have large, positive contributions from the zeroth order
terms and also the first order terms. These values are calculated to be 529 and 766 meV respectively,

deserving of the term “very large” relative to the other pairs. Again it is seen that focusing only on

80



maximizing coupling at the expense of energy balance leads to disaster: a predicted rate constant 10°
' times that of the crystal pair.

Pair 1, when compared to pairs 1A and 1B, demonstrates a better approach to designing SF
materials. It has moderately large coupling, particularly relative to 1A and 1B, but has greatly
reduced Davydov splitting, minimizing its endothermicity of SF. The resultis a Boltzmann averaged
rate constant which is 19 orders of magnitude larger than 1A despite having a fifth of the squared
coupling.

Figure 16 shows the same qualitative analysis for pairs 1, 2, and 3, which are far and away
the best pairs for SF rate. Given the qualitative rules, one can understand why these motifs result
in large rate constants. Large overlap of the HOMO and LUMO or their in- and out-of-phase
combinations leads to large coupling of the singlet states to the biexciton state. However, large
overlap also leads to large coupling of the two localized singlet diabatic states which results in large
Davydov splitting and endothermicity for the stabilized state (usually the out-of-phase combination).
There are then two obvious approaches to remedy the unfavorable energy balance and improve the
rate of SF. Starting from a pair structure like 1A, if one wants to reduce the Coulomb repulsion,
partner B can be rotated about one of its benzene rings, reducing the overlaps of all other rings
between the partners and greatly reducing the interaction of their transition dipole moments. The
overlap which results from having 1-1.5 overlapping benzene rings appears to provide sufficient SF
coupling while the rotation moves the charge densities on the two partners far enough away from
each other that there is minimal Davydov splitting. Another way to achieve 1-1.5 benzene rings
worth of overlap is to not rotate partner B, but displace it so that a section of the two partners’

perimeters overlap, as seen in pair 5. These results all point to the conclusion that thinking only of
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maximizing SF coupling is insufficient. In the case of alternant hydrocarbons at least, the best
approach is to begin with a slight slip-stack along pair structure to maximize overlap and SF
coupling and then to displace and rotate one partner as to maintain a fraction of overlap while
separating their charge densities.

A pattern which is seen in pairs 1, 2, and 3 is for S, S, and S, to all be of the same sign
with §,, being large and S, and S, being small to medium in magnitude. S , must then be small and
of opposing sign. Pairs with these overlaps will have strong coupling to the biexciton from the out-
of-phase singlet (|7 | will be large) and almost no coupling from the in-phase singlet per eq. (73) and
(74). These overlaps are achieved by keeping a section of the partners overlapped while rotating
other sections away from each other, so when estimating the exo/endothermicity of SF for the out-of-
phase singlet using eq. (75d), the sum of the zeroth order terms (the repulsion integrals) will be
small. The first order terms (the Fock matrix elements, here estimated by the overlaps) will partially
cancel when summed and should provide a small correction to an already small number. This will

make SF from the out-of-phase singlet slightly endothermic and possibly slightly exothermic as seen

in pair 1. Energy values for these pairs provided in Table 1 confirm this analysis recalling that

(haluJhgls) = (1/A){ (PapalPePs) — (PaPAlGsTs) — (4aqalPRPE) + (9294l0R45)} -

3.5. Conclusion

A model for SF in molecule pairs based on frontier orbitals had been described. An
algorithm for the optimization of the rate of SF based on Marcus theory has been applied to a pair
of D,, symmetrized tetracene molecules and the top 21 pairs have been described. The structural

motifs found can inform the design of SF materials and are in agreement with previously published
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design rules. The results show the importance of both the energy balance of SF and the coupling to
the rate of SF. The top 9 pairs are good targets for synthetic efforts and crystal engineering,
particularly the top three pairs which are predicted to enhance the rate of SF 250-550 times relative
to the symmetrized crystal herringbone pair. The fact that the 10th pair is predicted to have a 33 fold
improvement in SF rate relative to the crystal pair despite being so similar demonstrates that small

deviations from the optimized geometries can sometimes significantly reduce the rate of SF.
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Chapter IV
Optimal Arrangements of 1,3-Diphenylisobenzofuran Molecule Pairs for Fast Singlet

Fission!

4.1. Introduction

The second chromophore selected for optimization is 1,3-diphenylisobenzofuran (7),>**>¢”
shown in Figure 17. This is the first successful chromophore theoretically designed to approximately
satisfy the requirement for isoergic SF® and its a polymorph has a room-temperature triplet yield of
140 + 25%,*® which increases to 200 + 30% at 77 K. It thus is an ideal candidate for packing
optimization to attempt to push its room-temperature triplet yield closer to 200%. Measurements
on three variously fluorinated derivatives of 7 in thin films have indeed shown that crystal packing
is decisive.” Only about half of the compounds exhibit singlet fission, some faster than others, while

the other half only form excimers. These results will be discussed in detail in chapter 5. Up to now,

it has however not been clear what packing to aim for to maximize the triplet yield.
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Figure 17. C,, C,, C, and C, rotamers of 7. The xy plane of the
isobenzofuran ring is shown in blue, the y axis of twofold symmetry in 7(C,)
and the yz plane of symmetry in 7(C,,) and 7(C,) are shown in red.

The crystal structure of 7 contains both herringbone and slip-stacked pair motifs (Figure 18)
and attracts attention by its peculiar polymorphism: the a and B forms have an almost identical
crystal structure. Despite this similarity, they have different appearances with the a polymorph
forming dull yellow-orange blocks and the B forming bright yellow-green needles.”> All nearest-
neighbor molecular pairs are effectively identical in the two forms, and only the relations between
next-nearest neighbors are different.” Yet, the SF rate constant in the former is about 6 times larger

than that in the latter. As a result, a pair model cannot differentiate between the two, but it might

still suggest which type of structure to aim for.
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Figure 18. Multi-view projections of pair geometries found in the crystal
structure of 7(C,). Left, a slip-stacked pair; right, a herringbone pair.

Figure 17 shows the four rotamers of 7 that are investigated in this study. The phenyl groups
in the C, and C, rotamers are disrotated and conrotated out of the plane of the isobenzofuran moiety,
respectively, whereas in the C,, rotamer both lie in this plane. In the C, rotamer one phenyl group
is in the plane and the other is rotated. These four rotamers reflect symmetrized chromophore
geometries found in crystals of variously fluorinated derivatives of 7.° Presently, the packing
structure within pairs of each of the four rotamers will be optimized, keeping the same rigid structure

for both partners in a pair.

4.2. Method

Computational Procedures. Geometries used to calculate reorganization energy were
optimized in ORCA'’ using DFT for the S, and T, electronic states and TD-DFT (TDA') for the S,
electronic state using the PBE0'? functional with the Def2-TZVP" basis set and the RIJCOSX'*'?
approximation for Coulomb and exchange integral evaluation with Def2/JK.'® The Def2-TZVPD"*"”

basis and auxiliary basis set generated by the AUTOAUX'" procedure were used for single point

88



energy evaluations with analytic integral evaluation. Singlet excitation energies were calculated via
TD-DFT" without the TDA. Triplet energies were calculated using the ASCF*° method. Frequency
analysis was performed on all optimized geometries to ensure they were true minima. The SIMPLE

program®"*

was used to calculated all singlet fission couplings, excitonic contributions to energetics,
and Marcus theory rates.

SIMPLE?"** Procedure Details. The crystal structure of 7 was symmetrized to C,, C,,, and
C, point symmetry groups, yielding three of the rotamers. The C, rotamer geometry was generated
from those of the C,, and C, rotamers. The quantum chemistry program ORCA'® version 4.0.1 was
used to calculate MOs with the RHF* method using the 6-311G** basis set. Natural bonding orbital
(NBO) analysis was performed by the NBO 6.0 program® linked to ORCA to generate NAOs. Since
the C,, rotamer has xy and yz planes of symmetry (Fig. 17), only one quadrant of the translational
space is unique. Chromophore B was therefore translated relative to A in 0.5 A increments along
the positive x axis for 32 steps, the positive z axis for 22 steps, and both the positive and negative
y axis for 25 steps. It was rotated about its x, y, and z axes for 25 steps of +15° increments, resulting
in 5.5x10® pair geometries. The C, rotamer’s reduced symmetry requires additional translational
steps along the negative x axis while the C, rotamer’s reduced symmetry requires them along the
negative z axis, resulting in 1.1x10° pair geometries each. As the C, rotamer does not benefit from
any symmetry, it requires translational steps in the positive and negative direction for all three axes,
resulting in 2.2x10° pair geometries.

The 2,016, 1,276, 2,754, and 4,396 physically accessible geometries with the largest SF
coupling squared for the C,, C,,, C,, and C, rotamers, respectively, were selected for optimization

for maximum kg.. The reorganization energy of the C, rotamer was calculated to be 400 meV and
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was used for rate constant calculations for all rotamers. The optimizations resulted in 142, 67, 214,
and 291 unique geometries for the C,, C,,, C,, and C, rotamers, respectively, which were predicted
to be improvements over or equivalent to the C, symmetrized crystal slip-stacked pair structure.
When the energy balance without intermolecular interaction was increased from zero to 100
meV and the C,, pair geometries were re-optimized, the structures remained essentially unchanged.
The rate constants however were all depressed by about an order of magnitude due to the increased
endothermicity and in regions where rate constants of different pair geometries did not differ by

much, the order of some pairs exchanged.

4.3. Results

Multi-view projections of the first five optimized pair geometries for the four rotamers of 7
are shown in Figure 19 and the next five are shown in Figure 20. Pairs 11 through 30 for the C,,
rotamer are shown in Figure 21. The multi-view projections follow the standard third-angle
projection method: the main view of the xy plane is located in the lower right, the top view of the
xz plane is above that and is the view if the main view were rotated 90°about the x axis out of the
plane of the page from the top to bottom, the left side view of the yz plane is to the left and is the
view if the main view were rotated 90° about the y axis out of the plane of the page from the left to
right. Energy values, couplings, and ratios of the predicted SF rate constants to that of the slip-

stacked pair in the crystal (k, = 1.05x 10* s") are provided in Tables 3 and 4.
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Table 3. Calculated SF Energetics and Rate Constants for the Top 10 Pairs of 7(C,), 7(C,), and
7(C)).“

Struct. |(hululhpls)| AEN TP |AEG(S*) | [T [AEG(S*) | AEpy? k/ky*
G,
1 5.8 513 | 1161.7 10.3 0.0 -41.0 34.7 4306
2 14.4 42.5 931.6 15.8 0.0 -26.6 37.6 2944
3 1.1 27.4 625.5 3.1 0.0 -24.4 24.6 2261
4 0.8 25.4 207.3 -5.9 8.7 -31.1 30.1 896
5 11.7 51.4 214.7 4.6 0.0 -46.8 26.8 892
6 52 43 141.3 -9.8 106.6 -14.1 29.0 806
7 1.6 54 149.9 -10.6 61.5 -16.1 23.6 717
8 0.5 9.3 132.5 -8.1 254 -17.4 20.8 546
9 1.7 34 123.8 9.4 41.7 -12.8 20.3 536
10 34.2 3349 | 3349 58.7 33 -85.2 239 504
.
1 11.4 70.5 | 1489.7 9.4 0.0 -61.1 459 5998
2 19.8 93.6 899.7 13.4 8.0 -80.2 46.2 3473
3 13.6 44.8 | 1022.2 18.2 0.0 -26.7 36.8 3126
4 2.9 322 511.5 6.6 0.5 -25.7 22.3 1805
5 1.9 15.3 179.8 -7.1 77.0 -22.4 29.5 901
6 16.1 63.4 185.6 4.7 2.9 -58.7 332 808
7 1.8 4.4 162.7 -10.1 68.5 -14.5 23.2 766
8 0.4 14.3 158.4 -5.9 51.3 -20.2 232 724
9 12.8 54.2 171.1 6.6 0.0 -47.6 25.6 691
10 19.6 80.7 167.6 15.1 0.0 -65.6 29.8 614
G
1 12.9 76.1 | 3122.6 -19.7 0.0 -95.8 83.0 22252
2 14.6 83.0 | 2984.0 -15.9 0.0 -98.8 81.6 20037
3 15.3 87.1 | 2697.5 9.4 0.3 -96.5 75.6 16130
4 18.1 99.5 | 2495.8 -1.7 0.0 -101.2 72.4 13025
5 3.6 49.3 | 1960.1 -2.6 0.0 -51.9 49.4 9267
6 2.5 42.0 [ 1108.7 5.6 0.3 -36.4 33.1 4286
7 19.2 69.5 498.0 -14.0 0.0 -83.5 60.7 3148
8 21.9 78.3 486.3 -8.6 0.0 -86.9 60.4 2824
9 12.2 10.9 953.6 4.5 0.0 -6.4 42.5 2724
10 13.7 11.7 850.1 35 0.0 -8.2 43.5 2506

“ Energies in units of meV and couplings in units of meV2. ® Davydov splitting AEg, = E(S**) - E(S¥).
¢ Endoergicity of SF, AEg(S*) = E('TT*) - E(S*) and AE(S**) = E('TT*) - E(S**).
¢ Biexciton binding energy. ¢k, = 1.05x 10%s™.
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Table 4. Calculated SF Energetics and Rate Constants for the Top 30 Pairs of 7(C,,).

Struct. |(huluhpls)| AEN TP |AEG(S*) | [T [AEG(S*)| AEpy? k/ky
1 14.0 78.7 | 2628.9 -12.4 0.0 91.1 75.3 16422
2 19.7 69.3 407.3 -7.5 0.0 -76.7 54.4 2273
3 10.0 8.2 742.3 7.1 0.0 -1.1 344 1927
4 34 16.1 386.0 -2.9 98.3 -19.0 27.8 1625
5 36.6 147.6 | 846.8 50.2 1.5 -97.4 42.7 1539
6 5.2 353 345.6 1.2 40.3 -34.1 28.0 1469
7 3.8 10.8 401.7 -6.2 34 -17.0 25.0 1419
8 22.7 96.2 376.5 33.1 49.9 -63.1 28.3 988
9 9.6 67.1 236.9 20.8 26.6 -46.2 28.3 772
10 6.7 343 168.8 -0.4 9.5 -34.6 23.1 714
11 10.2 34.7 130.6 9.9 93.3 -24.7 19.9 598
12 47.3 208.2 | 576.9 83.5 0.0 -124.7 30.2 494
13 14.5 79.8 237.5 454 0.0 -34.4 9.2 461
14 9.6 20.5 3.8 9.4 195.0 -11.1 11.8 398
15 2.5 54 136.8 1.8 1.9 -3.6 9.7 380
16 26.7 109.4 | 176.3 42.3 0.8 -67.1 19.9 377
17 41.9 176.8 | 251.9 64.8 0.0 -112.0 28.1 332
18 43.2 172.1 | 272.6 80.3 2.8 -91.9 19.9 252
19 3.0 12.4 47.9 4.3 44.7 -8.1 10.6 243
20 44.9 181.4 | 250.2 79.1 48.6 -102.2 23.7 238
21 44.3 157.8 | 218.7 74.0 58.1 -83.7 24.3 236
22 14.9 65.4 98.8 39.3 0.0 -26.2 6.3 212
23 19.5 77.5 80.1 32.0 11.2 -45.5 13.6 212
24 2.9 7.8 93.9 16.4 0.0 8.6 3.6 201
25 48.1 153.5 | 2383 84.6 0.0 -68.9 22.4 198
26 6.4 18.1 0.1 2.8 84.1 -15.3 10.6 193
27 31.9 108.0 61.3 57.7 200.2 -50.4 14.6 132
28 25.1 100.1 62.2 47.7 0.0 -52.3 9.2 117
29 23.6 76.1 60.8 50.4 19.9 -25.7 6.8 113
30 5.6 24.2 22.1 14.5 29.6 -9.7 6.2 113

“ Energies in units of meV and couplings in units of meV2. ® Davydov splitting AEg, = E(S**) — E(S¥).
¢ Endoergicity of SF, AEg.(S*) = E('TT*) - E(S*) and AE(S**) = E('TT*) - E(S**).
“ Biexciton binding energy. “k,=1.05x 10® s’

95



It is evident from Figures 19 and 20 that the pair structures found for the C,, C,, and C,
rotamers are all variations of pair structures found for the C,, rotamer perturbed to accommodate the
twisted phenyls. C, pair 1 and 3, C, pairs 1 and 2, and C, pairs 1 through 6 are all of the same type
as C,, pair 1. As aresult of the symmetry breaking due to the twisted phenyl rotamers, for every pair
structure in the C,, optimization there are multiple pairs in the C,, C,, and C, optimizations, where
the arrangement of the isobenzofurans of partners A and B is very similar but the relative rotations
of their phenyl groups differ. We will therefore primarily focus on results of the C,, rotamer
optimization for simplicity. Structures, energetics, and rate constant ratios for the top 67 optimized
pair structures for each of the four rotamers are provided in the Appendix.

Multi-view projections of the slip-stacked crystal pair of 7 and the optimized pair structures
which are most similar to it for each rotamer are shown in Figure 22 and energetics, couplings, and

the SF rate constant ratios for these pairs are provided in Table 5.

B8l o8
%ng Pt
b oRBail oo [ 5%

C,: 142 C.:214 C,: 161

Figure 22. Multi-view projections of crystal pair and most similar
optimized pairs for each rotamer.
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Table 5. Calculated SF Energetics and Rate Constants for Crystal and Similar Pairs of 7.

Struct. | (hululhpls) | AER [T} AEG(S*) | [T EG(S**)| AEg” k/ky”
Crystal/| 19.0 72.7 0.4 36.2 0.0 -36.5 2.0 1.0
C,:142 19.5 77.8 0.4 38.0 0.0 -39.8 1.2 0.9
G125 48.1 153.5 238.3 84.6 0.0 -68.9 224 198
C;:214 78.7 319.9 7.78 159.7 0.5 -160.3 3.1 1.0
C:161 453 139.3 178.9 779 22.1 -61.3 21.3 175

“ Energies in units of meV and couplings in units of meV2. ® Davydov splitting AEg, = E(S**) - E(S¥).
¢ Endoergicity of SF, AEg(S*) = E('TT*) - E(S*) and AE(S**) = E('TT*) - E(S**).

¢ Biexciton binding energy. ©k, = 1.05x 10%s™.

/ Crystal slip-stacked pair structure in the o form; the structure is nearly identical in the B form.

Of the 144 optimized pair structures of the C, rotamer, the pair which most resembles the
slip-stacked pair in the crystal is the 142nd. The primary differences between this structure and that
in the crystal are an 8.3° rotation about the z axis and an additional 0.3 A slip along the y axis for
partner B. These modifications offer no improvement in SF rate constant. Of the optimized C,,
rotamer pairs, the most similar pair is 25. This pair’s predicted rate constant is 198 times larger than
that of the crystal pair. Pair 161 of the 291 C, rotamer pairs is very similar to pair 25 for the C,,
rotamer (they both have 11 ° rotation about the z axis and very similar translations) and consequently
has a rate constant 175 times larger than that of the crystal pair. For the C, rotamer, it is number 214
of 215 and it offers no improvement in SF rate constant. Despite a 20-fold increase in squared
coupling over the crystal, this pair suffers from a large Davydov splitting of 320 meV and
consequent endothermicity of SF of 160 meV from its S* state.

The biexciton binding energy is an important factor in the evolution of the electronically and
spin coupled 'TT* state to the spatially separated '(T...T) state that has lost electronic but not spin

coherence. These values are reported in column 8 of Tables 3, 4, and 5, and most are below kT at
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room temperature, ~26 meV. C,, pairs 1, 2, and 5 have relatively large binding energies of 75, 54,

and 42 meV respectively, which may be cause for concern for these otherwise promising structures.

4.4. Discussion

As stated above, we will mostly limit the discussion to C,, optimized pairs but will note the
strong effect that differences in the relative rotations of phenyl groups have on the predicted relative
rates of SF. While pair 1 for each of the four rotamers is nearly identical in the arrangement of
isobenzofurans, their different phenyl rotations result in 22 252 and 16 422 fold improvement of the
SF rate constant for the C, and C,, rotamers but only 4 306 and 5 998 fold improvement for the C,
and C, rotamers. The results make it clear that the two effects of intermolecular interactions, one
on the coupling constant |7] and the other on the SF energy balance, are of comparable importance.
At least in the case of 7, the effect of intermolecular interactions on the biexciton binding energy is
rarely significant.

C,, pairs 1 and 2 demonstrate the effect on the relative SF rate by small deviations from the
optimized structure geometry. Partner B (in red in Figure 19) in pair 2 differs from its position in
pair 1 by additional 0.09 and 0.56 A slips along the x and y axes and is rotated 16° less about the z
axis. These slight changes result in a relative rate of SF for pair 2 that is reduced by a staggering
73%. While the energetics remain similar, the squared coupling is reduced by 85%.

The SF energy balance is intimately tied to the magnitude of the Davydov splitting between
the S* and S** states, which is mostly due to the interaction of the transition densities of partners
A and B and only in part to the admixture of the CT configurations, as is clear from the comparison

of numbers in columns 2 and 3. Boltzmann statistics favor SF from S* and a large Davydov splitting
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makes SF too endoergic, Indeed, the Davydov splitting for the top pair geometries is mostly below
100 meV. Favorable pair geometries also tend to have a large SF coupling to the S* state and little
or none to the S** state when the Davydov splitting is significant e.g. pairs 1 through 3, 5, and 7.
When the Davydov splitting is small, as in pairs 4, 6, and 11, the SF coupling tends to benefit from
both S* and S**. Rarely is the coupling primarily to a slightly exothermic S** state as found in pairs
14 and 26, and this only happens when the Davydov splitting is small and allows significant thermal
population in S**.

As also recognized by others,*® a delicate compromise between the SF energy balance and
the SF electronic matrix element thus must be struck in the optimization of pair geometries to
maximize the predicted SF rate constant. Within the simplified model, one or both of the sums and
differences of the overlaps in the pairs (S,, - S,) and (S,, + S,,) or (S,, +S,) and (S,, - S;,) must be
large for large SF coupling (eqs. 73 and 74); however, at the same time the interaction of the
transition densities on partners A and B must not be excessive. This is achieved for 7 in two general
classes of structures into which the majority of the optimized pair geometries fall.

One class comprises stacked pair structures with overlapping aromatic rings such as pairs 1,
2, 3,9, and 13. These pairs can overlap their benzene units (pairs 1 and 2) and then rotate partner
B to reduce excitonic splitting and achieve a very large SF coupling. Pair 1 has a squared coupling
and improved rate which dwarf all others at 2 629 meV? and 16 422 fold, respectively, while a very
slight translation and rotation results in pair 2 having about one sixth the coupling squared and one
seventh the rate improvement. This massive increase in SF rate constant requires at least one phenyl
in plane with the isobenzofuran and is accordingly only present in the top C,, and C, structures.

Pairs 3, 9, and 13 are examples where the benzene unit of partner A overlaps a phenyl of B and the
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benzene unit of B overlaps a phenyl of A. About half of each molecule has overlap with its partner
but the other half does not. The result of these structures are 1 927, 722, and 461 fold rate

improvements of for pairs 3, 9, and 13.
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Figure 23. a) Semi-localized orbitals p and ¢ for the qualitative analysis of b) slip-stacked crystal
pair and C,, optimized pairs C: 1, D: 3, E: 5, and F: 25. Approximate values of the Fock matrix
elements between semi-localized orbitals are provided.
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Figure 23 shows the semi-localized orbitals p = 2""*(h + [) and ¢ = 2""*(h - ) where & and
[ are the HOMO and LUMO. The SF matrix element is related to the overlaps §,,, S, S,,, and S
The overlaps and the SF matrix elements can be visually estimated in panels B through F of Figure
23. For pair 1, one can easily see the large negative values for the overlaps S,  and §,, and the large
positive value for S, ,. The value of S, is small and negative, resulting in a very large value for |T'|
and zero for |T7|. Pair 3 has a large positive value for S, and a small positive value for S, , but
moderate values for S, and S, with the opposite sign, again resulting in a large value for |T°| and
zero for |T7]

The other major class of optimized pairs comprises those with overlapping perimeters. Some
examples are pairs 4, 5, 6, 8, and 25. Pair 5 has double the squared coupling of pairs 4 and 6, but
is much more endothermic, reducing its potential enhancement of the SF rate constant. These five
pairs have rate constants enhanced 1 625, 1 539, 1 469, 988, and 198 fold. Looking at the semi-
localized orbital overlaps in Figure 23 it is easy to understand why these structures are favorable.
For pair 6, there is very large negative orbital overlap between p, and p;. The orbitals g, and p,
have large negative overlap while p, and g, have medium negative overlap. The overlap of ¢, and
¢y 1s small and positive, resulting in a large coupling |T°|. Overlapping the perimeters allows pair 6
to have a good SF coupling of 345 meV* and minimal excitonic stabilization, with SF being only 1.2
meV endothermic. This is because overlapping just the perimeter allows the majority of the singlet
transition charge densities on partners A and B to be far away from each other, greatly reducing their
interaction (egs. 75).

The qualitative rules and semi-local orbitals also explain why pair 25 is predicted to have a

SF rate constant 198 times larger than that of the crystal pair though they are similar. In the slip-
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stacked crystal pair, partner B is rotated and translated towards A such that the large orbital
coefficient on the carbon in the furan ring to which one phenyl is attached has very large overlap
with the same atomic orbital on its partner. The decreased separation between the partners in 25 has
the effect of doubling the Davydov splitting and endoergicity; however this is more than
compensated by the 600-fold increase in coupling squared. This again demonstrates the importance

of balancing SF coupling and energetics.

4.5. Conclusion

The results of the optimizations of pairs of four rotamers of 1,3-diphenylisobenzofuran with
C,, C,,, C,and C, symmetry resulted in 142, 67,214, and 291 pair structures with singlet fission rate
constants predicted to be larger than that found in its regular crystal form. While the simple nature
of the model limits its accuracy, certainly many of the top structures predicted are good targets for
synthetic efforts and promise large increases in the rates of singlet fission. Structural motifs which
overlap sections of the two partners or their perimeters appear to be ideal. None of these structures
seem to have been reported in the literature but their synthesis appears feasible, either by crystal
engineering or by preparation of covalent dimers. The predicted SF rate constants are sensitive to
relatively small deviations in the relative orientations of the optimized pairs, demonstrated by pairs

1 and 2 for the C,, rotamer, likely making the synthesis all the more challenging.
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Chapter V

Analysis of Fluorinated 1,3-Diphenylisobenzofuran Crystals

5.1. Introduction

The SIMPLE model and program were originally intended to be used for the optimization
of molecule pair structures; however, we have expanded its use to attempting to analyze differences
in rates of singlet fission among molecular crystals. This work was performed in cooperation with
many collaborators who were responsible for all experimental and synthetic work: J. Kaleta, S. H.
Lapidus, I. Cisafova, and J. C. Johnson.'* As singlet fission only proceeds efficiently in a handful
of mostly impractical materials, better ones are needed urgently. Both the nature of the

3,4,5,6,7,8,9,10,11,12

chromophores and their packing are crucial. Experimental information on desirable

13,14,15,16,17,18,19,20

packing consists of observations on covalent dimers and materials available as

multiple polymorphs.>*>®'> Future design of efficient SF materials by crystal engineering or by
synthesis of covalent dimers could benefit from comparison of derivatives of a chromophore®*'*
that attempt to leave the molecular photophysics unchanged but affect packing. In an effort to test
this notion we use fluorine substitution, uncommon in SF studies,” and compare 1,3-

)24,25,2e

diphenylisobenzofuran (7 with 11 fluorinated derivatives shown in Figure 24. The

polymorphs® 7a and 7§ differ strongly in SF properties, promising sensitivity to packing.
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F F F

7-F,, 7-F, 7-F,

7-Fs

Figure 24. Structures of the parent 1,3-diphenylisobenzofuran (7) and 11 derivatives. Compounds
marked with a blue square undergo SF while those marked with red form excimers. 7 and 7-F,,
undergo SF in their o polymorph and form excimers in their § polymorph.

5.2. Method

Reorganization energies A were calculated according to the equation [E(T,,q(S,)) +
E(T,,q(S,) - 2E(T,,q(T,))],”” where g denotes the equilibrium geometry of the monomer in a
particular state. Ground and excited state geometries were optimized in the ORCA®® program suite
with density functional theory (DFT) and time-dependent DFT (TD-DFT) with the TDA* using two
different functionals for comparison. The B3LYP***! functional was used with the Def2-TZVPP**
basis set and Grimme’s DFT-D3* dispersion correction. The RIJCOSX**** approximation for

Coulomb and exchange integral evaluation, with the Def2/J*® and Def2-TZVPP/C?" auxiliary basis
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sets, was employed in all geometry optimizations but not in single point evaluations. The PBE0*®
functional was also used with the Def2-TZVP?** basis set and the RIJCOSX approximation for
Coulomb and exchange integral evaluation with the Def2/JK*’ auxiliary basis. The Def2-TZVPD***!
basis was used for single point energy evaluations with analytic integral evaluation. Triplet
excitation energies were calculated using the ASCF* method. Singlet excitation energies are
calculated by TD-DFT without the TDA. Frequency analysis was performed on all optimized
geometries to ensure they were true minima. SIMPLE* was used to calculated all singlet fission

couplings, energetics, and Marcus rates.

5.3. Results

In the following, the intersection of normalized absorption and fluorescence spectra is used
for the S-S, energy difference. One could also choose the maximum of the absorption or emission
peak. This increases the uncertainty in the determination of the intrinsic endothermicity of SF. The
S,-T, energy difference is known only for 7, with almost identical values from bracketing
sensitization in solution and electron energy loss spectroscopy on the solid* (we use the latter). For
the 11 derivatives, the value for 7 is shifted by the difference in DFT calculated triplet excitation
energies between the derivative and parent. DFT is also used to calculate the reorganization energy
) for SF. These values and the intrinsic endothermicity of singlet fission [AE’(SF) = 2AE(T,) -

AE(S,)] are reported in Table 6.
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Table 6. Calculated and Experimental Energetics (energy units: eV).

AE(T)) | AE(T))
Adit | Adj
B3LYP | PBEO
7 | 2.883 | 2.681 | 2.821 | 1.396 | 1.411 | 1413 | 1.413 | 0.006 | 0.006 | 0.387 | 0.407
7-F,, | 2.871 | 2.671 | 2.826 | 1.393 | 1.390 | 1.408 | 1.393 | -0.005 | -0.041 | 0.414 | 0.441
7-F,, | 2.909 | 2.675 | 2.765 | 1.405 | 1.389 | 1.407 | 1.392 | 0.080 | 0.020 | 0.386 | 0.441
7-F,, | 2.926 | 2.676 | 2.755 | 1.409 | 1.386 | 1.403 | 1.388 | 0.098 | 0.022 | 0369 | 0.361
7-F,, | 2.870 | 2.636 | 2.958 | 1.400 | 1.399 | 1416 | 1.402 | -0.123 | -0.155 | 0.384 | 0.354
7-F,, | 2.916 | 2.687 | 2.777 | 1.395 | 1.376 | 1.393 | 1.379 | 0.048 | -0.020 | 0.388 | 0.442
7-F,, | 2.913 | 2.687 | 2.767 | 1.403 | 1.386 | 1.403 | 1.388 | 0.074 | 0.009 | 0.385 | 0.379
7-F,, | 3.036 | 2.803 | 2.829 | 1.523 | 1.513 | 1.531 | 1.516 | 0251 | 0.203 | 0.369 | 0.350
7-F, | 2.951 | 2.693 | 2.790 | 1.402 | 1.370 | 1.388 | 1.373 | 0.050 | -0.044 | 0.361 | 0.487
7-F, | 3.021 | 2.813 | 2.951 | 1.495 | 1.498 | 1.516 | 1.501 | 0.074 | 0.051 | 0.402 | 0.427
7-F, | 2.928 | 2.670 | 2.798 | 1.389 | 1.370 | 1.388 | 1.373 | 0.016 | -0.052 | 0.369 | 0.419
7-F,, | 3.150 | 2.950 | 3.100 | 1.603 | 1.607 | 1.625 | 1.610 | 0.141 | 0.120 | 0.432 | 0.460

“ Intersection of absorption and emission curves in toluene. ” Calculated triplet excitation energy shifted relative to 7.
¢ SF endoergicity expected in the absence of intermolecular interactions (S, excitation energy from the intersection of
absorption and emission curves). ¢ Reorganization energy for SF.

AE(S,) [AE(S,) [ AE(S,) | AE(T,) [ AE(T,)
B3LYP| PBEO | Exp. |B3LYP| PBEO

AE°(SFY |[AEY(SF)| A A

Cmpd. B3LYP | PBE0 |B3LYP | PBEO

The calculated singlet excitation energies are not used in any further calculations in this work
and are provided for comparison to the experimentally determined values. It is seen that PBEO/def2-
TZVPD//PBE0/def2-TZVP underestimates these values while B3LYP/def2-TZVPP tends to
overestimate them. PBEO has slightly better agreement with the experimental triplet excitation
energy, but as there is only an experimental value for the parent, not much of a comparison can be
made. The intrinsic endothermicity of SF (Table 6: columns 9 and 10) and reorganization energies
(Table 6: columns 11 and 12) are similar between the two methods [both use the same measured
value for AE(S,)], but as the B3LYP calculated triplet excitation energies are generally larger than
those resulting from PBEOQ, the B3LYP method leads to SF being more endoergic and therefore
slower. PBEO tended to produce larger reorganization energies than B3LYP; however, the larger
endothermicity from B3LYP tended to decrease the predicted rate constant of SF more than the

larger reorganization energies from the PBEO method. PBEO has been shown to produce more
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accurate optimized geometries than B3LYP for a subset of SF chromophores.* For the most part,
results from both methods are reported to demonstrate the strong effects energetics and properties
of the individual chomophores have on the SF rate constant predicted for the pair.

Figures 25 through 28 show multi-view projections of all neighboring pairs with non-
negligible predicted rate constants of SF that can be excised from the crystal lattices of 7 and its 11
derivatives. Each crystal also contains dimers which are reflections of those reported here. These
dimers are not reported as the results do not differ significantly. The multi-view projections follow
the standard third-angle projection method: the main view of the xy plane is located in the lower
right, the top view of the xz plane is above that and is the view if the main view were rotated
90°about the x axis out of the plane of the page from the top to bottom, the left side view of the yz
plane is to the left and is the view if the main view were rotated 90° about the y axis out of the plane

of the page from the left to right.
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Figure 25. Multi-view projections of SF pairs in 7 and 7-F,,.
1 and 2 refer to different pairs found for the same compound.

110



H % |1 o

7-F1b 7'an 7-F2b
c__-b-

¥
S

7-F3b

i

Figure 26. Multi-view projections of SF pairs in 7-F,,, 7-F,,, 7-F,,, and 7-F;,. 1 and 2 refer
to different pairs found for the same compound.
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Figure 27. Multi-view projections of SF pairs in 7-F;, and 7-F,. 1 through 4 refer to
different pairs found for the same compound.
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Figure 28. Multi-view projections of SF pairs in 7-F;, 7-F,
and 7-F,,. 1 and 2 refer to different pairs found for the same
compound.

Table 7 provides the energy values and SF couplings for the excised pairs calculated with
the PBEO method. The coupling and Davydov splitting values are nearly identical to those obtained
with the B3LYP method, while the endoergicities of SF from the S* and S** states differ due to the
different intrinsic endothermicity AE’(SF) calculated by the two methods. This results in predicted
SF rate constants that differ by up to an order of magnitude between the two methods. Ratios of the

predicted SF rate constant for each pair in each crystal to that of the slip-stacked pair in the crystal
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(PBEO: k, = 1.89x107 s'; B3LYP: k, = 4.84x107 s™") are provided in columns 8 and 9. Columns 10
and 11 provide the ratio K/K|, of the Boltzmann average of the predicted SF rate constants for both
excitonic S* and S** states in all pairs excised from a compound’s crystal structure to that of the
parent crystal 7 (PBEO: K, = 7.67x10°s™"; B3LYP: K, = 9.51x10° s™"). This is only meaningful for
compounds with crystal structures that contain multiple unique pairs. The measured rates kg in
column 13 are believed to be good approximations to the true rates of SF." The fact that the simple
model predicts the same SF rate constant for 7a and 7p while the measured rate of 7f is only 18%

that of 7a is discussed below.
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5.4. Discussion*

Both the measured and calculated SF rate constants differ significantly among nearest
neighbor pairs in the same crystal and among pairs in different crystals. Evaluation of the SF
electronic matrix element 7* and the SF energy balance for all nearest neighbors identifies the most
strongly interacting pairs to be considered (Figures 25 through 28). Using only these pairs and the
calculated values of A and of state energy shifts due to intermolecular interaction (Table 6), Marcus
theory yields SF rate constants that are three orders of magnitude too small.

The parent 7 undergoes SF, so taking its predicted rate as K, and the rate predicted for pair
1 as k,, any compound with a rate constant ratio close to 1 or larger should perform SF as fast as or
faster than 7. SF in any crystal with a predicted ratio less than 0.25 will then likely be too slow for
the process to compete successfully. Inspecting the predicted relative rates Boltzmann averaged over
all pairs in the crystal K/K, (Table 7: columns 10 and 11) for the 11 derivatives and comparing them
to the designations in Figure 24 as to whether they undergo SF or form excimers, there is excellent
agreement for all but possibly two of the 11 derivatives studied. It is quite an achievement for the
simple model to be able to correctly identify the derivatives of a known compound that will also
exhibit SF will also perform SF, knowing only their crystal structure, something that the model and
the program were not designed for. That the model can do this despite a large uncertainty in the T,
excitation energies is even more encouraging.

In 7-F;,, both methods predict at least one of the four distinct slip-stacked pairs found in the
crystal to undergo SF at least as fast as 7, but SF is not seen experimentally. It is entirely possible
that pair 3 in 7-F;, and possibly pairs 2 and 4 do undergo SF as quickly as the slip-stacked pair 1 in

7, but pair 1 in 7-F;, has such large excitonic stabilization (AE, = 709 meV) of its S* state that it
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functions as an exciton trap in that crystal and there is no population of the less stable S* states in
pairs 2, 3, or 4 that could undergo SF rapidly. In fact, when the Boltzmann average of the SF rate
constant is over all pairs in the crystal, a rate constant ratio K/K, of 0.2 or 0.02 is found depending
on the method used. This is in perfect agreement with the experimental observation.

Even in the two derivatives where the agreement is not good, it is unclear whether the model
is wrong. For 7-F,, and 7-F,,, the PBEO and B3LYP methods disagree, with the former predicting
SF and the latter predicting excimer formation. In reality, 7-F,, performs SF and 7-F,, forms
excimers. This discrepancy is due entirely to the different predicted intrinsic endothermicity of SF
between the two methods.

Comparing the predicted ratio of SF rate constants by either method (Table 7: columns 10
and 11) to the ratios of measured values (column 13) shows that the trend in rate constants is not
reproduced well by the simple model. The variation in the SF rate constant that is predicted is much
larger than the variation observed, and the predicted ratios are off by up to two orders of magnitude.
Comparing the results from the PBEO and B3LYP methods, it is obvious that the predicted SF rate
constants are very sensitive to the intrinsic endothermicity of SF, AE°(SF). Having accurate S, and
T, excitations energies appears to be vital in predicting rates of SF. This is particularly challenging
for T, excitation energies. The ambiguity in assigning the S, and T, excitation energies and in the
resulting intrinsic endothermicity of SF can easily account for the discrepancies between the
predicted and experimental results.

As predicted by the optimization of 7 in the previous chapter, the pair structures which are
best for SF in each crystal are slip or twist-stacked. The primary pairs found in the parent 7 are the

slip-stacked pair 1 and herringbone pair 2, and 7-F,, is nearly identical (Figure 25). The primary SF

117



pair in 7-F,, is also slip-stacked but partner B is slipped parallel to the twofold axis y of the
isobenzofuran core of partner A (in blue) as well as its other in-plane axis x (Figure 26). 7-F,,, 7-F,,,
7-F,., and 7-F;, (Figure 26) all contain SF pairs which are also slip-stacked. 7-F;, has a less regular
crystal packing, containing the four similar yet distinct twist-stacked pairs found in Figure 27. The
four pairs have similar structures to the 19th ranked 7(C,,) pair from Figure 21 in the previous
chapter and pairs 2, 3, and 4 are very similar to each other yet their predicted energetics and rate
constants in Table 7 are distinct. Interestingly, the SF pair in 7-F, is slipped almost exclusively
along the y axis of partner A, with only a very slight slip along x.

The SF pair in 7-F; has an interesting structure where one partner’s fluorinated phenyl ring
overlaps the non-fluorinated ring of the other, causing the isobenzofuran cores to avoid each other
and not overlap. The structure of pair 1 in 7-F is similar to the 4th ranked optimized 7(C,,) pair
from Figure 19 in Chapter 4 except that the red partner is slipped further along the y axis of the
isobenzofuran core of the blue partner in the 7-F, pair. Being similar to the 4th best optimized pair,
it is not too surprising that this pair structure has the largest predicted rate constant ratio. The last
and most fluorinated derivative 7-F,, has two primary pairs in its crystal and they have structures that
are somewhat similar to the 3rd and 5th best optimized pairs for 7(C,) from Figure 19 of Chapter 4.

Next, we turn to the so far unexplained at least fivefold difference in the SF rate constants
for 7a.and 7. Figure 29 illustrates the differences between the two polymorphs. Vertical columns
are all virtually equivalent both within the same form and between the two forms. In both 7a and
7B, each next column to the right is offset from the previous column to the left by 10.1 A. The
difference between the two forms results from the angle of the offset. In 7a, each next column is

offset from the previous column at an angle of 16.19°, whereas in 7, the offset angle alternates
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between +16.35° and -16.35°. The result of this symmetry is that all possible nearest-neighbor
dimers in 7 are also found in 7a form (cf. Table 8) and only the relation to next nearest neighbors
is different. However, we find that the latter are too far apart for any possible chromophore pair to
play a significant role in the calculation of 7% values, energetics, and thus the SF rate constants, at
least using the simple model. This equivalence is why the simple model predicts basically identical
values for the energies, couplings, and rates of 7a. and 7p. For the same reasons, we expect any
model that considers only two molecules at a time to yield imperceptible differences between 7a and
7B, because it ignores interactions between distant molecules that are mediated by an interposed third
molecule. Clearly, experimental evidence demands that a general model consider at least three
molecules simultaneously. Such calculations have been recently reported*’ for another chromophore
and application of many-body theory has also been attempted.* However, while complete searches
for local maxima in the six-dimensional space of all pair geometries have been performed, the search

space for trimer geometries is 12-dimensional and will pose an interesting challenge.
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a-DPIBE

Figure 29. Crystal structures of 7a, ac plane, and 7B, bc plane. Reprinted by permission from
ref. 1. Copyright 2019 American Chemical Society.

Table 8. Parameters for Figure 29.¢

Polymorph| « B Y o 0 0 A B C D E
of1
o 138.70 41.30 73.63 106.37 106.19 N/A 10.153 7.176 7.174 9.750 2.831

B 138.77 4123 7391 106.09 106.35 73.65 10.121 7.703 N/A  9.712 2.849
“ Angles in degrees and lengths in A.

When in the Marcus equation the solution S, excitation energy is used only for 7a and the
difference between the solid S, excitation energies of 7a and 7 is added to the solution excitation
energy to obtain an S, excitation energy for 7f, the resulting SF rate constants of 7 are a sensitive
function of the value chosen for the difference (Table 9, columns 4 - 6). It is not easy to determine
the singlet excitation energies and Davydov splittings from the spectra of 7a. and 78 solids. The S,
excitation energy of 7a is clearly higher than that of 7, but the difference could be as little as 200
and as much as 900 cm™ depending on how it is evaluated; 600 cm™ was considered to be the most

likely value.” According to Table 9, the SF rate should then be about five times slower in 7, just
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about what is actually observed. It thus appears likely that the different SF rates in 7a and 7 are
not due to a diffrence in the SF matrix element 7, but to a difference in excitonic interactions.
The difference cannot be accounted for by the simple model, in which the Davydov splitting
is evaluated separately for each molecular pair and the results are added: the Davydov splitting AE ¢
calculated in this way for the two polymorphs, summing dozens of neighbor interactions, are
essentially the same. This makes sense as their geometries are nearly identical. This is evidence that
many-body effects are required for a proper description of Davydov splitting and therefore, of the

SF rate.

Table 9. Experimental and Calculated SF Rate Constant Ratios for 7§ Relative to 7a.
Cmpd. | Exp. Caled. | 200ecm™“ | 500 cm™? | 900 cm™ ¢

8 0.18 0.99 0.58 0.25 0.07

“ Calculated with SF 200 cm™ more endoergic in 7p than 7a. ° Calculated with SF 500 cm™ more endoergic in 7p than
7a. ¢ Calculated with SF 900 cm™ more endoergic in 7B than 7a.

5.5. Conclusion

The results of this work show that the simple model is relatively accurate at comparing the
rates of SF between pair structures of the same compound. It is able to identify which pair in a
compound’s crystal structure is responsible for SF. It is also reasonably accurate when predicting
which compounds’ crystals will perform singlet fission and which will form excimers. This is quite
an achievement for the simple model. However, it clearly lacks the accuracy to predict relative SF
rates among different compounds, even when they are derivatives of the same parent. Three factors
are likely to be the primary causes for this lack of agreement. As discussed, many-body effects must

be important in explaining the differences between the a and § polymorphs and it is likely they are
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important in the other crystals as well. Another omission from the simple model is the neglect of
competing processes, like excimer formation. And finally, without accurate energy values, a quality
comparison of different compounds is infeasible; however, the comparison of different pair
geometries of the same compound does not suffer from this issue and is appropriate for the simple

model in its current form.
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Chapter VI

Conclusions

6.1. Summary

The need for a complete transition to renewable energy presents interesting problems for
synthetic, experimental, and theoretical chemists. Towards this end, singlet fission promises to
increase the efficiency of solar energy conversion in solar cells if the challenges in material design
can be overcome. Two primary challenges are finding chromophores which meet the energetic
requirements of SF [E(S,) >2AE(T,)] while also being stable and environmentally friendly and their
optimal arrangements to maximize triplet yield. The work in this dissertation addressed the latter.

The initial part of this study was the further development of the SIMPLE code and model in
our research group to include the effects of molecular packing on delocalization and energetics in
SF molecule pairs. The model was expanded to determine admixture of charge-transfer
configurations into the singlet and biexciton through diagonalization and to allow the interaction of
singlet configurations to form the excitonic S* and S** states. This allowed the model to
appropriately treat large couplings and include the effects energetic stabilization of excimer
formation on the SF process. The transition to optimizing pair geometries for maximum SF rate
constant instead of coupling |7]* allowed the model to discard pair geometries in which excitonic
stabilization of the initial singlet resulted in SF being too endoergic, depressing the rate constant.
These expansions to the model beyond the initial use of perturbation theory and neglect of energetics

resulted in typical increases in computation time of only 5% or less.
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With the improved model and SIMPLE code in hand, the first application was to a pair of
D,, symmetrized tetracene molecules. The 21 pairs with largest SF rate constant were reported and
the top nine were identified as good targets for synthetic efforts with the top three predicted to be far
superior to the rest with rate constants 250-550 times that of the symmetrized crystal herringbone
pair. The parameter space of intrinsic endoergicity of SF and reorganization energy was explored
and showed that the top pairs found are robust in this space. Even doubling these parameters relative
to their literature value did not change the pair structures or their rankings substantially. This is
promising for synthetic efforts as chemical modification required to achieve these pair geometries
can have a strong effect on these energetics. Unfortunately, the results also showed that the
specificity of the pair geometry can be very high. The 10th pair is incredibly similar to the crystal
herringbone pair, yet it is predicted to undergo SF 33 times faster. Small deviations can have a
dramatic effect on the predicted SF rate.

The next application of the model was to pairs of four rotamers of 1,3-diphenylisobenzofuran
with C,, C,,, C, and C, symmetry. Similar to the tetracene study, the top three pairs offered
significantimprovement over the slip-stacked crystal pair. Both of these studies reenforce the notion
that energetics are as important to the rate of singlet fission as coupling is. Pair structures in which
there is only a slight slip-stacking result in too much interaction of the localized singlet
configurations leading to large excitonic stabilization, preventing SF from occurring despite these
structures often having incredibly large SF coupling. The results of optimization of both these
chromophores pointed towards similar qualitative design rules. Structural motifs which overlap only
sections of the two partners or their perimeters appear to be ideal. Twist-stacked structures which

overlap one or two aromatic rings from the two partners while rotating the rest of the partners away
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from each other lead to enough coupling for fast SF while reducing the interaction of the singlet
transition densities to minimize Davydov splitting and the endothermicity of the SF process. The
same result can be obtained by overlapping a section of the perimeters of the two partners, usually
six to eight carbons, which greatly reduces the interactions that lead to Davydov splitting. These
structural motifs likely apply to other chromophores as well.

The final application of the simple model was to the analysis of SF in crystals of 1,3-
diphenylisobenzofuran and 11 of its fluorinated derivatives. This allowed for comparison of the
predictions of the simple model with experimental measurements of the rates of SF. This study
demonstrated the shortcomings of the pair model as the a and B polymorphs have drastically
different measured rates of SF yet the simple model predicts they should be equivalent. As the
polymorphs contain identical molecule pair structures and only differ when considering three or
more bodies. It may be expected then that the model could not accurately reproduce the qualitative
ratios of measured SF rate constants for the 12 compounds. However, the model was able to explain
why the compounds which did not perform singlet fission instead formed excimers. This is
relatively good agreement considering the approximations and known shortcomings of the model
in addition to the fact that the model was not conceived to have the accuracy required to reproduce
experimental results in this manner. Its intended purpose was to provided guidance for how to
optimally arrange molecules in the solid to maximize the rate of SF and it accomplishes that with

reasonable accuracy.
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6.2. Future Outlook

There are three primary shortcomings of the current simple model that are prime targets for
improvement. One is the limitation of only considering pairs of molecules when experimental
evidence shows that three or more body effects are important. Addressing this will likely require a
large increase in complexity. One possibility is, similarly to what is done now for two
chromophores, the full set of six translation and rotation parameters could be scanned for the
orientation of the third molecule relative to the second. This would turn a six-dimensional scan into
a twelve-dimensional scan. If the same ‘brute force” method of search employed now were used,
this would be unfeasible. The time required to perform a six-dimensional scan would be multiplied
by the number of points to be scanned in the additional six-dimensions typically 10° points for each
resulting in 10'® total geometries. If a scan of 10° geometries requires typically six days on average,
this method would require roughly 6x10° days. Some much more sophisticated method for probing
large and most likely sparse spaces would be required. Another option is to treat the environment
the pair of molecules is imbedded in classically with some QM/MM approach. This would require
some informed prediction of what the crystal structure would be given knowledge of only the pair’s
structure, which could be very challenging. Again, 1,3-diphenylisobenzofuran shows that fora given
molecule pair structure two different crystal forms can still exist which undergo SF at drastically
different rates.

Another limitation is the simplicity of the model. This simplicity is required for the six-
dimensional scan, but an improved model with greater accuracy could be applied after the initial scan
in two obvious ways. The optimization step after the initial scan could be performed with an

expanded model on the top few thousand geometries or a “pre-optimization’ could be performed with
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the current simple model and the top dozen or so pairs could be re-optimized with a more accurate
model. The more accurate model could include many-body effects in was just described by treating
the surrounding molecules either explicitly or semi-classically. Couplings and energetics could be
calculated with higher level, ab initio methods such as RAS-SF, CASSCF, CASPT2, DMRG,
MRMP, or other such methods and rates could be calculated via some dynamical model like MC-
TDHF. Instead of calculating only the rate of SF, the rates of all reasonable competing decay
processes could be calculated as well so that triplet yield could be predicted. These extensions to
the model are too computationally expensive to perform at 10° geometries, but would be feasible for
a half dozen or so.

The main shortcoming of the model is the lack of experimental evidence either confirming
or denying the SF properties of the predicted pair structures. The optimization process is not
complete until there is feedback on the predicted structures. The author hopes that the results of this
work will inspire synthetic chemists to try and make some of the targeted optimized structures from
this work either as covalent dimers or through chemical modification and crystal engineering. The
success and applicability of the simple model will remain largely unknown until the results are

confirmed through experiment.
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1. D,, Symmetrized Tetracene Ground State Geometry

Table Al. XYZ Coordinates for Tetracene in Units of Angstroms.

(O8]
(e

-1.230581 1.397494 0.000000
-2.448286 0.727475 0.000000
-3.705482 1.400851 0.000000
-4.876831 0.714583 0.000000
-4.876831 -0.714583 0.000000
-3.705482 -1.400851 0.000000
-2.448286 -0.727475 0.000000
-1.230581 -1.397494 0.000000
0.000000 0.728577 0.000000
-1.224952 2.347042 0.000000
-3.724223 2.350677 0.000000
-5.700773 1.187157 0.000000
-5.700773 -1.187157 0.000000
-3.724223 -2.350677 0.000000
-1.224952 -2.347042 0.000000
0.000000 -0.728577 0.000000
1.230581 -1.397494 0.000000
2.448286 -0.727475 0.000000
3.705482 -1.400851 0.000000
4.876831 -0.714583 0.000000
4.876831 0.714583 0.000000
3.705482 1.400851 0.000000
2.448286 0.727475 0.000000
1.230581 1.397494 0.000000
1.224952 2.347042 0.000000
3.724223 2.350677 0.000000
5.700773 1.187157 0.000000
5.700773 -1.187157 0.000000
3.724223 -2.350677 0.000000
1.224952 -2.347042 0.000000

TITDTTZTCDOOOO0O000000CNID TN D TOOO0OO0O0O0O0O00
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2. Generation of Pair Coordinates from Structure Parameters

The method of generation of the XYZ coordinates of each pair is described by the
following. Partner A is always the same and its coordinates are obtained from Tables Al or A11-
Al4. Partner B’s coordinates are obtained by rotation then translation of the coordinates of
partner A according to egs. (Al - A4). The XYZ coordinates are stored row-wise as in eq. (A1).
The total rotation matrix is the product of the three rotations about the x, y, and z axes (R, = R :
R -R)) and it is determined by the three parameters R, R, and R, as defined in eq. (A2). The
translation matrix T is determined by the three parameters 7., 7, and T, and its form is provided
in eq. (A3). The XYZ coordinates of partner B stored row-wise are obtained by matrix
multiplication of A with the transpose of the total rotation matrix R, followed by addition of the
translation matrix T as shown in eq. (A4). There are as many rows in A, B, and T as there are

atoms in the chromophore, 30 in the case of tetracene.

Xy VY 2 e Vi Zis
= o i B= L Mow Doy (A1)
i =
{cosR,cosR —cosRsinRsinR —cosRsinE —cosR.cosRsinR +sinR.sink. ) AD
i cosR,sink  cosR.cosR —sinRsinRsinR  —cosR.sinkR —cosRsinR.sink- | (A2)
L.  =inR cogR.s1ink. cogsR.cosR, ),
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. T T
Tl T T (A3)

A4
B=AR, +T (A4)
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3. Optimized Pair Structure Parameters for Tetracene

Table A2. Pair Structure Parameters for Tetracene Pairs 1-35 for (154, 130) Optimization and for
1A and 1B D,, Symmetrized Crystal Pairs.”

Pair T T, T, R R, R, AEL  AEn Kk k/k,
1 3.40 2.48 1.35 12228 -0.46 -0.25 16 41 564 1.00
3.51 2.66 097 140.64  0.67 0.24 39 45 297 0.53

3 3.48 0.92 337 10946  -0.50 0.53 29 27 256 0.45
4 3.47 1.43 591 27.08 -0.03 -0.12 119 26 90 0.16
5 3.40 3.36 3.17 0.00 0.00 0.00 7 16 61 0.11
6 3.64 2.54 245  -1885  -1.17 7.44 5 24 60 0.11
7 3.86 1.68 484 -21.53 -1.08 18.60 38 17 50 0.09
8 4.15 0.00 0.67 90.00 0.00 30.25 0 9 40 0.07
9 2.74 4.02 0.00 90.00 158.80  0.00 0 8 35 0.06

10 4.52 1.45 0.00 0.00 0.00 51.30 32 23 33 0.06
11 3.73 3.18 0.86  45.88 1.73 7.79 27 19 29 0.05
12 3.45 3.17 0.59 0.00 0.00 0.00 28 19 27 0.05
13 4.21 2.14 0.51 -1.73 -0.26 31.98 31 20 25 0.04
14 3.49 1.86 3.10 -40.56  -0.25 -0.64 40 25 26 0.05

15 3.57 0.88 0.65 98.34 -0.30 -3.82 39 7 24 0.04
16 3.53 1.03 0.75 97.98 17299 -2.04 36 6 23 0.04
17 3.51 3.14 0.00 0.00 0.00 180.00 46 29 22 0.04
18 2.28 6.51 0.00 90.00 -13.98 180.00 0 7 22 0.04

19 3.55 3.34 1.23 31.30 0.64 1.47 19 20 22 0.04
20 3.49 2.95 4.52 0.00 0.00 0.00 62 10 21 0.04
21 2.68 3.90 0.00 0.00 0.00 153.84 43 28 20 0.04
22 3.45 3.04 1.82 0.00 0.00 0.00 22 14 21 0.04

23 3.96 2.44 1.44 36.90 -0.22 22.08 53 13 19 0.03
24 3.27 2.49 2.60 14516 16698 162.35 53 13 19 0.03
25 3.97 0.00 3.13 90.00 0.00 21.80 0 5 17 0.03
26 3.44 2.12 6.98 0.00 0.00 0.00 &5 9 16 0.03
27 3.52 1.42 091 10646  -2.07 -3.13 50 9 17 0.03
28 342 2.30 1.14 117.76  154.77 166.85 51 9 15 0.03
29 350 068 3.69 -22.30 0.29 -1.45 250 56 15 0.03
30 3.62 291 1.37  154.33 1.49 -5.43 19 8 14 0.03
31 3.50 2.17 1.34 13400 0.08 178.36 62 42 15 0.03
32 3.34 3.50 582  180.00  0.00 0.00 29 6 14 0.03
33 3.76 1.32 0.50 10944 -0.29 168.01 53 9 14 0.02
34 3.59 341 2.30 38.06 -7.45 14.67 14 11 13 0.02
35 0.00 5.03 0.00 180.00 180.00  90.00 0 5 12 0.02
Crystal’| 4.66 1.01 0.32 2.72 0.45 51.37 63 6 1 0.00
1A/ 3.41 0.74 0.00 0.00 0.00 0.00 766 6 0 0.00
1B# 347 0.66 3.63 21.74 0.22 1.11 253 57 15 0.03

“ Translations in units of A, rotations in units of degrees, and energies in units of meV. * Davydov splitting AEps =
E(S**) - E(S*). © Biexciton binding energy. “k,=1.2x 10*s™'. ¢ Top pair from optimization with procedure III. /
Top pair from optimization with procedure I, evaluated with procedure III. ¢ Crystal herringbone pair structure with
individual tetracenes adapted to D,, symmetry.
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Table A3. Pair Structure Parameters for Tetracene Pairs 1-20 for (154, 300) Optimizations.”

Pair T T, T, R R, R, AE,"  AES Wk kik,
1 341 2.46 1.37 12134  -0.23 -0.13 19 37 350 1.00
3.49 0.82 331 109.63  -0.22 0.70 42 26 206 0.59

3 3.47 2.45 0.80 14331 -0.28 -0.09 69 50 209 0.60
4 341 3.26 3.21 0.00 0.00 0.00 7 14 53 0.15
5 3.64 2.59 248  -19.71  -1.09 7.00 10 23 46 0.13
6 2.93 4.07 391 19.08 -3.56  -13.92 53 17 44 0.12
7 3.49 1.28 6.02  24.07 0.03 0.13 111 21 36 0.10
8 3.45 2.27 4.48 0.00 0.00 0.00 125 16 33 0.10
9 3.93 1.41 0.00 90.00 15147  0.00 0 8 33 0.10
10 3.96 0.00 2.82 90.00 0.00 161.16 0 7 30 0.09
11 3.55 0.83 0.63 100.11  -0.15 -2.37 59 7 29 0.08
12 4.52 1.45 0.00 0.00 0.00 51.15 30 22 26 0.08
13 3.44 2.10 6.94 0.00 0.00 0.00 87 9 25 0.07

14 3.75 2.88 1.16 39.83 1.53 8.96 60 18 25 0.07
15 3.50 1.82 291  146.83 0.71 0.02 68 25 25 0.07

16 3.81 053  -0.17  81.58 0.80 13.04 38 7 24 0.07
17 3.46 3.08 0.63 0.00 0.00 0.00 11 17 21 0.06
18 3.46 2.87 1.82  180.00 180.00 180.00 46 14 21 0.06
19 3.51 1.38 090 10922 -1.83 -1.30 75 10 20 0.06

20 2.48 4.01 0.41 1.71 -0.71  148.71 24 19 20 0.06

“ Translations in units of A, rotations in units of degrees, and energies in units of meV. * Davydov splitting AEg =
E(S**) - E(S*). © Biexciton binding energy. “k,=5.0x 107 s™".
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Table A4. Pair Structure Parameters for Tetracene Pairs 1-20 for (0, 130) Optimizations.”

Pair T T, T, R R, R, AE,"  AES Wk kik,
1 3.38 242 136 12128  -0.11 -0.06 23 38 338 1.00

3.44 2.33 0.75 144.63 0.13 0.04 94 54 262 0.77

3 3.45 0.75 326 110.08  -0.03 0.79 54 27 254 0.75

4 3.38 3.17 3.23 0.00 0.00 0.00 15 13 64 0.19

5 3.17 342 4.12 14.37 -1.04 -9.74 84 19 60 0.18

6 3.40 2.23 449 180.00 180.00 180.00 130 18 57 0.17

7

8

9

3.59 2.62 249  -2032 -1.03 6.53 19 23 49 0.14
3.50 0.83 0.63 101.09 -0.26 -1.73 71 8 43 0.13
341 2.03 6.90 0.00 0.00 0.00 91 10 39 0.12
10 3.89 1.32 0.00 90.00 152.52  0.00 0 9 39 0.11
11 3.46 1.76 2.83  148.73 0.65 -0.13 80 26 38 0.11
12 3.63 2.66 1.41 35.50 0.77 7.40 96 23 36 0.11

13 3.89 0.00 2.84 90.00 0.00 162.22 0 8 35 0.10
14 3.82 045 -0.05 81.99 0.35 14.76 38 7 31 0.09
15 3.47 1.34 0.87 11053  -1.46 -1.01 &9 11 30 0.09
16 342 2.72 1.84 0.00 0.00 0.00 63 15 30 0.09

17 3.49 2.05 245  160.25 0.09 177.90 74 23 28 0.08
18 4.48 1.44 0.00 0.00 0.00 51.01 35 23 27 0.08
19 342 2.99 0.69 0.00 0.00 0.00 1 14 23 0.07
20 3.45 1.02 6.20 18.95 0.06 180.39 94 15 23 0.07

“ Translations in units of A, rotations in units of degrees, and energies in units of meV. * Davydov splitting AEg =
E(S**) - E(S*). © Biexciton binding energy. “k,=1.8x 10" s,
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Table AS. Pair Structure Parameters for Tetracene Pairs 1-20 for (0, 300) Optimizations.*

Pair T T, T, R R, R, AE,"  AES Wk kik,
1 3.39 243 136 12120 -0.12 -0.07 22 36 291 1.00

3.46 0.73 325 110.01 0.03 0.83 56 25 222 0.76

3 3.46 231 0.74  144.88 0.18 0.06 98 51 220 0.76

4 341 2.19 4.49 0.00 0.00 0.00 134 17 61 0.21

5 3.39 3.17 3.23 0.00 0.00 0.00 17 13 57 0.20

6 3.60 2.63 249  -20.59  -1.00 6.61 19 22 42 0.15

7

8

9

3.51 0.81 0.62 101.76  -0.19 -1.19 78 8 42 0.14
342 2.01 6.88 0.00 0.00 0.00 91 10 37 0.13
3.90 1.31 0.00 90.00 15292  0.00 0 8 34 0.12
10 3.60 2.55 1.49 33.78 0.36 7.02 114 23 34 0.12
11 3.47 1.76 2.80  149.59  0.59 -0.05 86 25 34 0.12
12 3.54 2.77 1.50 32.21 0.30 182.89 101 24 33 0.11

13 2.87 3.88 0.00 270.00 17.37 0.00 0 7 31 0.11
14 3.49 1.32 0.84 111.63 -1.15 -0.78 99 11 29 0.10
15 3.85 041 -0.01  82.10 0.18 15.21 38 7 28 0.10
16 3.44 2.65 1.85 180.00 180.00 180.00 75 15 28 0.09

17 3.51 2.04 240 16141 0.08 -2.36 82 21 26 0.09
18 4.50 1.45 0.00 0.00 0.00 51.11 33 22 24 0.08
19 343 3.00 0.68 0.00 0.00 0.00 0 14 21 0.07
20 3.46 1.08 6.16  20.08 0.06 180.35 98 15 21 0.07

“ Translations in units of A, rotations in units of degrees, and energies in units of meV. * Davydov splitting AEg =
E(S**) - E(S*). © Biexciton binding energy. “k,=2.4x 10°s™".
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Table A6. Pair Structure Parameters for Tetracene Pairs 1-20 for (308, 130) Optimizations.”

Pair T T, T, R R, R, AE,"  AES Wk kik,
1 3.50 0.86 3.56  28.11 0.20 0.81 263 76 801 1.00

3.46 2.53 1.34  123.09 -0.66 -0.36 13 39 487 0.61

3 349 -1.72 5.65 146.57  0.25 -0.83 139 32 369 0.46

4 3.58 289  -1.15 4236 0.94 -0.37 9 38 221 0.28

5 3.56 3.56 0.17 71.61 0.10 0.93 14 24 162 0.20

6 3.54 2.17 0.57  132.78 0.13 -1.16 104 40 53 0.07

7

8

9

342 3.57 3.13 0.00 0.00 0.00 26 17 44 0.05
3.72 2.51 245 161.46 1.21 -8.26 3 22 41 0.05
3.52 1.30 241 136.86  -1.45 0.62 134 25 32 0.04
10 3.51 3.45 0.00 0.00 0.00 0.00 72 31 31 0.04
11 3.52 2.88 4.78 62.34 0.09 0.15 149 20 30 0.04
12 3.94 1.66 488 -22.12 -1.21 19.38 37 16 29 0.04
13 2.67 4.52 3.81 21.33 -6.12  161.53 37 16 29 0.04
14 4.59 1.48 0.00 0.00 0.00 51.75 31 21 25 0.03
15 4.46 1.97 0.20 -0.92 -0.14 41.26 48 23 23 0.03
16 4.23 0.00 -0.68  90.00 0.00 -31.12 0 8 22 0.03
17 3.53 1.61 1.13 34.03 -0.54 -0.08 279 49 21 0.03
18 3.56 0.79 1.89 14532  -0.27 -0.35 260 40 21 0.03
19 3.51 1.19 0.24 56.89 -0.08 0.84 210 35 21 0.03
20 4.10 0.00 2.73 90.00 0.00 -22.60 0 7 19 0.02

“ Translations in units of A, rotations in units of degrees, and energies in units of meV. * Davydov splitting AEg =
E(S**) - E(S*). © Biexciton binding energy. “k,=4.1x 10*s™".
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Table A7. Pair Structure Parameters for Tetracene Pairs 1-20 for (308, 300) Optimizations.”

Pair T T, T, R R, R, AE,"  AES Wk kik,
1 3.45 2.48 1.37  121.78  -0.37 -0.21 17 37 363 1.00

2 3.56 2.66 097 14091 0.68 0.24 42 42 186 0.51
3 3.53 0.88 335 109.19 -0.42 0.62 32 25 176 0.49
4 3.51 1.47 587  28.02 179.95 0.22 124 26 62 0.17
5 3.44 3.36 3.18 0.00 0.00 0.00 2 15 46 0.13
6 3.69 2.57 247  -1943  -1.11 7.50 4 22 44 0.12
7 2.76 4.36 3.84 2033 -5.29  -17.08 42 16 35 0.10
8 4.18 0.00 -0.65 90.00 0.00 -29.31 0 8 29 0.08
9 4.56 1.45 0.00 0.00 0.00 51.45 27 21 26 0.07
10 2.84 3.99 0.00 270.00 19.71 0.00 0 7 26 0.07

11 352 -0.83 358 -27.08 0.23 -0.97 260 71 25 0.07
12 3.51 3.17 0.53 0.00 0.00 0.00 24 20 22 0.06
13 4.26 2.14 0.49 -2.10 -0.32 32.45 27 20 20 0.06
14 3.60 0.84 0.63 98.83 -0.07 -3.25 45 6 20 0.05
15 3.55 3.16 0.00 0.00 0.00 0.00 38 28 19 0.05
16 343 2.10 295 13571  -4.66 7.28 34 17 19 0.05

17 3.70 069 -041  81.59 1.48 791 41 6 19 0.05
18 3.53 2.67 4.49 0.00 0.00 0.00 86 11 18 0.05
19 4.22 2.25 0.00 0.00 0.00 28.75 36 26 17 0.05
20 3.57 3.32 1.26 36.18 0.77 -0.07 46 23 18 0.05

“ Translations in units of A, rotations in units of degrees, and energies in units of meV. * Davydov splitting AEg =
E(S**) - E(S*). © Biexciton binding energy. “k,=2.5x 10°s™".

153



4. Optimized Tetracene Geometries for Energy Calculations

Table A8. XYZ Coordinates for Optimized S, State of Tetracene in Units of Angstroms.
30

1.227549 -1.397860 0.000005
2.434183 -0.720448 0.000011
3.687370 -1.400806 0.000079
4.857122 -0.711536 0.000074
4.857115 0.711508 -0.000025
3.687374 1.400804 -0.000072
2.434175 0.720446 -0.000044
1.227552 1.397870 -0.000053
0.000003 -0.720605 -0.000027
1.227922 -2.483802 0.000035
3.685623 -2.485842 0.000150
5.802330 -1.242279 0.000132
5.802312 1.242272 -0.000041
3.685638 2.485841 -0.000149
1.227929 2.483810 -0.000081
0.000002 0.720616 -0.000026
-1.227548 1.397865 0.000006
-2.434184 0.720453 0.000015
-3.687379 1.400804 0.000083
-4.857125 0.711524 0.000073
-4.857116 -0.711521 -0.000025
-3.687368 -1.400805 -0.000069
-2.434174 -0.720441 -0.000042
-1.227547 -1.397856 -0.000055
-1.227921 -2.483797 -0.000078
-3.685623 -2.485843 -0.000145
-5.802312 -1.242288 -0.000045
-5.802334 1.242267 0.000121
-3.685645 2.485840 0.000154
-1.227924 2.483807 0.000040

TITDTTZTDTOOOO0O000000CTID TN D TOOO0O0O0O0O0O00
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Table A9. XYZ Coordinates for Optimized S, State of Tetracene in Units of Angstroms.
30

-0.000332 -0.000014 1.855990
1.384845 -0.000077 2.163026
1.858536 -0.000107 3.478832
3.219420 -0.000170 3.749028
4.136186 -0.000210 2.704385
3.691245 -0.000180 1.390158
2.324995 -0.000117 1.091658
1.840159 -0.000083 -0.241904
-0.477012 0.000014 0.543624
-0.713916 0.000013 2.674236
1.142956 -0.000078 4.294611
3.565960 -0.000193 4.775932
5.199412 -0.000257 2.914566
4.406971 -0.000209 0.574544
2.558493 -0.000104 -1.055974
0.477017 -0.000019 -0.543632
0.000333 0.000014 -1.855997
-1.384845 0.000079 -2.163032
-1.858543 0.000114 -3.478836
-3.219428 0.000176 -3.749021
-4.136190 0.000200 -2.704374
-3.691243 0.000166 -1.390151
-2.324991 0.000108 -1.091659
-1.840155 0.000075 0.241902
-2.558487 0.000100 1.055972
-4.406960 0.000184 -0.574528
-5.199418 0.000248 -2.914549
-3.565973 0.000199 -4.775925
-1.142967 0.000093 -4.294618
0.713915 -0.000010 -2.674246

TITDTTZTDTOOOO0O000000CNIDTIDIDTOOO0OO0O0O0O0O00
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Table A10. XYZ Coordinates for Optimized T, State of Tetracene in Units of Angstrems.
30

1.855901 0.003275 -0.000002
2.164918 -1.386599 -0.000003
3.478887 -1.857494 -0.000004
3.750835 -3.218758 0.000003
2.708055 -4.135461 0.000001
1.393366 -3.690402 0.000003
1.095731 -2.326442 -0.000002
-0.242400 -1.840656 -0.000002
0.545263 0.479265 -0.000000
2.674378 0.716577 -0.000002
4.294079 -1.141193 -0.000007
4.778136 -3.564120 0.000000
2.918280 -5.198685 0.000008
0.578018 -4.406452 0.000005
-1.055402 -2.560175 -0.000000
-0.545266 -0.479267 -0.000001
-1.855903 -0.003276 -0.000002
-2.164923 1.386597 -0.000003
-3.478890 1.857496 -0.000003
-3.750832 3.218761 0.000002
-2.708049 4.135463 0.000002
-1.393363 3.690400 0.000002
-1.095734 2.326438 -0.000000
0.242397 1.840653 0.000001
1.055397 2.560174 0.000004
-0.578010 4.406445 0.000004
-2.918271 5.198688 0.000004
-4.778133 3.564126 0.000000
-4.294085 1.141198 -0.000003
-2.674380 -0.716577 -0.000003

TITDTTZTDTOOOO0O000000CNIDTIDIDTOOO0OO0O0O0O0O00
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5. Symmetrized 1,3-Diphenylisobenzofuran Rotamer Geometries

Table A11. XYZ Coordinates for 7(C,) in Units of Angstrom.

W
W

0.0000000 -0.6883432 0.0000000
-3.7022031 -2.5379216 0.5387490
3.7022031 -2.5379216 -0.5387490
-4.8406069 -1.9068328 0.0953780
0.7100903 3.8076831 -0.0000001
-4.7672583 -0.6295796 -0.4042319
-0.7100903 3.8076831 0.0000001
4.7672583 -0.6295796 0.4042319
-2.4848470 -1.8865396 0.5039176
4.8406069 -1.9068328 -0.0953780
-1.4240502 2.6580631 0.0000002
2.4848470 -1.8865396 -0.5039176
1.4240502 2.6580631 -0.0000002
0.7188995 1.4214726 -0.0000001
-3.5518787 0.0253856 -0.4579342
-2.3927734 -0.5930411 0.0000004
3.5518787 0.0253856 0.4579342
-1.1155413 0.1026812 0.0000002
2.3927734 -0.5930411 -0.0000004
-0.7188995 1.4214726 0.0000001
1.1155413 0.1026812 -0.0000002
-3.7565185 -3.5463635 0.9279490
3.7565185 -3.5463635 -0.9279490
-5.7935982 -2.4199217 0.1331728
1.2264639 4.7591286 -0.0000002
-5.6579643 -0.1352807 -0.7706559
-1.2264639 4.7591286 0.0000002
5.6579643 -0.1352807 0.7706559
-1.5942178 -2.3790651 0.8674921
5.7935982 -2.4199217 -0.1331728
-2.5036057 2.6774204 0.0000004
1.5942178 -2.3790651 -0.8674921
2.5036057 2.6774204 -0.0000004
-3.4997328 1.0128702 -0.8924179
3.4997328 1.0128702 0.8924179

ITITITITITITITITITITITITITIOO0OO0O0O00000O000000000000
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Table A12. XYZ Coordinates for 7(C,,) in Units of Angstrem.

W
W

0.0000000 -0.6883431 0.0000000
-3.6971879 -2.5379211 0.0000000
3.6971879 -2.5379211 0.0000000
-4.8395476 -1.9068321 0.0000000
0.7100611 3.8076829 0.0000000
-4.7707134 -0.6295791 0.0000000
-0.7100611 3.8076829 0.0000000
4.7707134 -0.6295791 0.0000000
-2.4801950 -1.8865391 0.0000000
4.8395476 -1.9068321 0.0000000
-1.4239920 2.6580629 0.0000000
2.4801950 -1.8865391 0.0000000
1.4239920 2.6580629 0.0000000
0.7188697 1.4214719 0.0000000
-3.5558678 0.0253849 0.0000000
-2.3926755 -0.5930411 0.0000000
3.5558678 0.0253849 0.0000000
-1.1154955 0.1026809 0.0000000
2.3926755 -0.5930411 0.0000000
-0.7188697 1.4214719 0.0000000
1.1154955 0.1026809 0.0000000
-3.7479867 -3.5463631 0.0000000
3.7479867 -3.5463631 0.0000000
-5.7921595 -2.4199211 0.0000000
1.2264130 4.7591279 0.0000000
-5.6646914 -0.1352801 0.0000000
-1.2264130 4.7591279 0.0000000
5.6646914 -0.1352801 0.0000000
-1.5863197 -2.3790651 0.0000000
5.7921595 -2.4199211 0.0000000
-2.5035030 2.6774199 0.0000000
1.5863197 -2.3790651 0.0000000
2.5035030 2.6774199 0.0000000
-3.5076467 1.0128699 0.0000000
3.5076467 1.0128699 0.0000000

ITITITITITITITITITITITITITIOOO0O0O000O0O0000000000000

158



Table A13. XYZ Coordinates for 7(C,) in Units of Angstrom.

0.0000000 -0.6883430 0.0000000
-3.7022030 -2.5379210 0.5387490
3.7022030 -2.5379210 0.5387490
-4.8406060 -1.9068320 0.0953770
0.7100900 3.8076830 0.0000000
-4.7672580 -0.6295790 -0.4042310
-0.7100900 3.8076830 0.0000000
4.7672580 -0.6295790 -0.4042310
-2.4848460 -1.8865390 0.5039170
4.8406060 -1.9068320 0.0953770
-1.4240500 2.6580630 0.0000000
2.4848460 -1.8865390 0.5039170
1.4240500 2.6580630 0.0000000
0.7188990 1.4214720 0.0000000
-3.5518780 0.0253850 -0.4579340
-2.3927730 -0.5930410 0.0000000
3.5518780 0.0253850 -0.4579340
-1.1155410 0.1026810 0.0000000
2.3927730 -0.5930410 0.0000000
-0.7188990 1.4214720 0.0000000
1.1155410 0.1026810 0.0000000
-3.7565180 -3.5463630 0.9279490
3.7565180 -3.5463630 0.9279490
-5.7935980 -2.4199210 0.1331720
1.2264630 4.7591280 0.0000000
-5.6579640 -0.1352800 -0.7706550
-1.2264630 4.7591280 0.0000000
5.6579640 -0.1352800 -0.7706550
-1.5942170 -2.3790650 0.8674920
5.7935980 -2.4199210 0.1331720
-2.5036050 2.6774200 0.0000000
1.5942170 -2.3790650 0.8674920
2.5036050 2.6774200 0.0000000
-3.4997320 1.0128700 -0.8924170
3.4997320 1.0128700 -0.8924170

ITITITITITITITITITITITITITIOOO0O0O000O0O0000000000000

159



Table A14. XYZ Coordinates for 7(C,) in Units of Angstrom.

W
W

0.0000000 -0.6883400 0.0000000
-3.7450000 -2.4501400 0.4546400
3.6971900 -2.5379200 0.0000000
-4.8388100 -1.9081900 -0.0070400
0.7100600 3.8076800 0.0000000
-4.7219400 -0.7191100 -0.4637000
-0.7100600 3.8076800 0.0000000
4.7707100 -0.6295800 0.0000000
-2.5284600 -1.7979400 0.4589000
4.8395500 -1.9068300 0.0000000
-1.4239900 2.6580600 0.0000000
2.4801900 -1.8865400 0.0000000
1.4239900 2.6580600 0.0000000
0.7188700 1.4214700 0.0000000
-3.5073600 -0.0636600 -0.4611900
-2.3926800 -0.5930400 0.0000000
3.5558700 0.0253800 0.0000000
-1.1155000 0.1026800 0.0000000
2.3926800 -0.5930400 0.0000000
-0.7188700 1.4214700 0.0000000
1.1155000 0.1026800 0.0000000
-3.8338000 -3.3888300 0.8159000
3.7479900 -3.5463600 0.0000000
-5.7911900 -2.4216900 -0.0091800
1.2264100 4.7591300 0.0000000
-5.5779100 -0.2946000 -0.8251500
-1.2264100 4.7591300 0.0000000
5.6646900 -0.1352800 0.0000000
-1.6725300 -2.2208100 0.8196700
5.7921600 -2.4199200 0.0000000
-2.5035000 2.6774200 0.0000000
1.5863200 -2.3790700 0.0000000
2.5035000 2.6774200 0.0000000
-3.4219000 0.8554600 -0.8152500
3.5076500 1.0128700 0.0000000

ITITITITITITITITITITITITITIOOO0O0O000O0O0000000000000
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6. Top 67 Pair Structures for 4 Rotamers of 1,3-Diphenylisobenzofuran

Table A15. Pair Structure Parameters for 7(C,) Pairs 1-34.¢

Pair T, T, T, R, R, R, AE,y  AEgy  kky
1 3.49 1.45 211 68.08  179.60 0.58 513 34.7 4306
2 4.00 -0.39 2.00 24895 19373  160.11 425 37.6 2944
3 3.93 1.77 189 107.84 17472 172.76 27.4 24.6 2261
4 428 -127 142 81.89 16569  13.89 25.4 30.1 896
5 4.00 1.65 257 12780 437  188.90 51.4 26.8 892
6 3.98 -0.09 225 7924 16815 1730 43 29.0 804
7 3.40 -2.59 471 6341  202.54 0.07 5.4 23.6 717
8 3.80 5.27 017  96.43 933  197.91 9.3 20.8 544
9 3.55 2.17 446 10122  199.87  14.64 3.4 20.3 534
10 3.94 3.51 2.33 245 19337 17654 1439 23.9 504
11 3.72 5.46 029 102.04 1042 20127 27.4 22.6 499
12 3.03 -0.23 584 10140 2206  174.04 18.7 223 494
13 3.70 1.35 250 5042 178.00 424 90.7 27.2 441
14 3.27 4.94 1,52 7806  169.03 2.29 60.0 16.0 418
15 3.08 5.82 013  88.62 168.62  -2.85 345 13.5 354
16 3.40 1.43 486 8972 -0.80 17933 1255 20.2 338
17 3.09 5.79 032 26376 19148  187.52 32.8 12.9 336
18 3.11 2.75 335 12196 19222  201.84 54.1 6.3 316
19 3.39 464  -198 12821 517  186.26 3.4 12.0 304
20 3.60 3.22 021 9568 17133 17650 222 14.4 259
21 3.71 2.98 0.61 11731 17613 1027  129.0 12.6 250
22 3.92 0.15 449 108.85 0.07  187.25 55.7 115 238
23 3.95 -0.05 376 4351 186.18 7.09 2.2 12.2 239
24 421 0.33 392 131.36 1.67  191.97 22.0 9.6 226
25 291 326  -3.60 146.67 338.63  181.52 0.7 9.8 204
26 443 040 357 141.15  192.58  166.69 3.6 9.6 201
27 3.74 1.98 133 10340 17046  13.60 293 10.0 187
28 3.10 2.53 356 12.82 19175 19327 1524 16.9 182
29 2.96 1.76  -3.65 168.68 16520  -1335 1349 7.8 174
30 4.18 -0.05 428 1972 11.87  192.64 18.9 6.9 168
31 431 -0.06 423 2086 1507  196.68 14.6 5.8 163
32 430 -0.06 424 2076 1465  196.14 15.2 5.9 163
33 3.78 0.06 278 269.66 18029  174.91 43 12.6 138
34 4.41 242 224 261.87 19538  167.53 69.6 10.8 133

“ Translations in units of Angstrem, rotations in units of degree, and energies in units of meV. * Davydov splitting
AE, = E(S**) - E(S*). © Biexciton binding energy. “k,=1.05x 10%s™.
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Table A16. Pair Structure Parameters for 7(C,) Pairs 35-67.¢

Pair T, T, T, R, R, R, AEyy  AEgy  kiky

35 3.95 -0.98 260 12674 17926 17216 1437 16.8 132
36 2.95 2.05 -4.56 222 1485  167.49 55.0 9.8 126
37 2.56 -3.66 248 10836  21.51  164.67 6.0 8.4 125
38 3.74 -0.16 267  125.01 -0.93 042  118.8 8.3 121
39 3.34 -0.41 -4.62 1.99 8.64  158.98 52.8 8.7 114
40 2.69 -3.49 263 11091  199.42  198.29 8.3 7.2 113
41 434 0.86 342 625 19489  166.03 73.9 7.8 110
42 3.60 1.79 227 27656 18726  179.25 743 10.0 109
43 4.06 2.47 096 28459 181.04 167.16  108.5 13.1 104
44 3.97 251 .02 103.85 35896  -11.17  109.2 13.1 103
45 3.33 236 375 167.99 17637  23.25 90.8 3.9 101
46 3.16 4.72 279 1697  192.14  182.81 1729 8.8 97
47 424 -0.54 423 14159 592 33542 51.4 7.1 96
48 3.60 5.26 0.55 3096 188.18  180.40  153.9 11.1 95
49 3.72 -0.79 3.03 5857  193.24 2.00 535 9.1 94
50 438 076  -2.08 8743  -16.82  -17.58 61.8 18.2 92
51 3.61 5.26 0.56 2520 190.05 180.89  161.2 10.0 93
52 3.26 3.88 388 3632 18506  182.56  146.0 11.7 93
53 3.49 3.03 096 6496 179.99  181.83  229.5 20.0 91
54 4.08 0.64  -1.68 7283 320 188.71 82.3 6.4 84
55 4.00 -0.75 198  68.19 17819  170.26 97.4 43 82
56 3.85 0.93 257 26345 180.84  173.98 245 4.9 76
57 3.64 2.22 416 15087  -7.58  189.38 17.5 42 76
58 3.46 -0.32 391 20190 17726 16461  103.1 45 75
59 451 1.01 1.84 8491 271 34328 11.5 45 72
60 423 2.07 370 19241 17420  155.49 98.5 7.2 71
61 420 2.35 134 27450 191.66  169.21 34.8 3.1 70
62 4.14 2.43 1.18 27472  189.80  169.08 38.8 33 69
63 4.29 6.14 3.04 5202 199.77  151.00 12.2 4.7 63
64 3.73 -0.67 1.95 108.60  183.77  201.42 98.5 8.7 60
65 3.10 734 233 1.89 6.57 176.58 84.2 3.9 59
66 4.58 -0.84 1.17 12084  -14.53 -6.31 97.6 9.9 58
67 3.50 2.98 148 25152 188.47  184.04 14.1 4.7 57

“ Translations in units of Angstrem, rotations in units of degree, and energies in units of meV. * Davydov splitting
AE, = E(S**) - E(S*). © Biexciton binding energy. “k,=1.05x 10%s™.
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Table A17. Pair Structure Parameters for 7(C,,) Pairs 1-34.¢

Pair T. T, T, R, R, R, AEyy  AEgy  kiky
1 3.46 1.28 200 6492 0.17 026 78.7 753 16422
2 3.49 1.19 256 48.77 042 093 69.3 54.4 2273
3 350  -1.10 148 10439  -0.69  180.89 8.2 34.4 1927
4 3.48 1.35 094 8236 0.09  180.44 16.1 27.8 1625
5 3.46 3.33 2.78 2.83 033 180.15 1476 42.7 1539
6 3.38 5.42 020 8656  -020  -2.13 353 28.0 1469
7 336 -0.28 412 4040 250 0.71 10.8 25.0 1419
8 3.44 1.10 481 8641 -1.38 -0.02 96.2 283 98¢
9 3.43 -2.05 071  90.83 1.08  180.13 67.1 283 772
10 3.45 2.79 006  93.81 0.56  179.63 343 23.1 714
11 3.33 4.65 1.88 7478 240 178.71 34.7 19.9 599
12 3.48 1.35 263 12330  -0.19 025 2082 302 494
13 3.47 1.25 3.75 0.00 0.00  180.00 79.8 9.2 461
14 3.38 4.17 240 4127 131 -0.80 20.5 11.8 398
15 3.41 430 217 5044 35931 -0.68 5.4 9.7 38()
16 3.44 2.67 3.09 4.88 050 180.10  109.4 19.9 377
17 3.49 -1.17 2.84 5445 039  -047  176.8 28.1 332
18 3.44 3.04 1.69 3235 024 180.14  172.1 19.9 252
19 3.48 -1.66 400 15861 -0.63 -0.64 12.4 10.6 243
20 3.49 2.62 089 10735 0.11 0.19 1814 23.7 239
21 3.48 0.11 2.80  152.45 009  -033 1578 243 236
22 3.47 -1.44 4.08 0.00 0.00  180.00 65.4 6.3 212
23 3.49 1.28 302 37.09 040  179.96 775 13.6 212
24 3.48 -1.51 406 13776  -0.60  181.55 7.8 3.6 201
25 346  -0.28 2.88  168.99 001 179.93 1535 22.4 198
26 3.43 1.50 343 2934 053 -0.09 18.1 10.6 193
27 3.63 2.48 207 10600 167.76  -243  108.0 14.6 132
28 350 -0.59 336 154.93 11218505 100.1 9.2 117
29 3.51 1.48 213 27330 3.10 17534 76.1 6.8 113
30 3.48 259 334 12449 049  179.40 24.2 6.2 113
31 3.86 3.11 130  87.66 15833 -0.94 11.4 6.5 111
32 3.23 4.63 273 -18.19 959  177.66 1932 9.7 107
33 346  -1.54 303 85.96 052 17887  114.0 11.9 106
34 4.46 1.82 122 9757 18020  17.96 56.9 7.4 102

“ Translations in units of Angstrem, rotations in units of degree, and energies in units of meV. ® Davydov splitting
AEs = E(S**) - E(S*). © Biexciton binding energy. “k,=1.05x 10357,
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Table A18. Pair Structure Parameters for 7(C,,) Pairs 35-67.¢

Pair T, T, T, R, R, R, AE,s  AEgy  klky

35 430 2.63 129 9846 16587 1220 42.6 4.4 101
36 3.08 7.25 267 17324 8.19 3.28 88.6 5.6 95
37 3.44 7.25 2.01 0.00 0.00  180.00 89.8 5.2 94
38 3.60 7.27 1.68 3.10 421 181.52 89.5 53 94
39 3.90 0.46 263 77.13 18030 6.51 16.2 5.1 88
40 4.58 6.87 2.85  144.65 032 -17.44 86.9 59 64
41 354 295 205 15330  -0.88 181.79  173.1 9.4 62)
42 2.63 3.99 558 8581  -10.77 891  157.4 7.3 60)
43 3.36 837  -0.75 180.06  180.01 0.05 76.1 4.0 60)
44 423 1.52 421 13645 17624 1184 52.7 6.2 59
45 3.77 5.91 363 99.69 116  -6.03 1319 6.9 54
46 461 234 010  61.60 -1925 -1482 1516 7.0 50
47 3.98 2.62 061 7721 -8.75 688 1243 5.7 48
48 321 6.53 3.61 0.00 0.00  180.00 66.0 1.8 39
49 2.85 7.02 234 15290  -0.20 897 1026 9.2 32
50 427 6.21 309 5637 1324 189.08 26.0 3.4 32
51 429 250 0.80 13409 16822 16922  174.8 53 32
52 3.49 0.48 446  149.54 010  -0.67 0.4 42 31
53 2.58 7.11 241 9883 15878 0.55 82.1 46 24
54 384 374 119 12140 17462 17450 85.8 6.3 27
55 3.99 3.55 427 4686 17274 1527 54.1 3.7 23
56 3.47 0.73 3.68  123.49 043 183.17 97.8 2.8 24
57 3.61 3.97 054 3831 445 18490 1935 8.8 20
58 327 3.04 280 14474 299 19160 2268 74 16
59 390 -3.65 149  163.01 583 18627 1972 6.5 12
60 3.48 -1.26 272 4094 002 179.85  218.9 55 9
61 4.24 1.75 361 5404 17984 1197 20.6 1.6 7
62 354 364 258 4328 116 -0.78 2257 8.6 4
63 3.15 4.89 1.88  59.03 151.61  166.60 18.8 1.0 4
64 3.50 3.44 0.54 0.00 0.00 180.00  296.0 1.9 )
65 492 -1.16 093 15654 2218 20206 2532 2.7 1
66 467  -0.16 041 15239  17.10 19731 28828 9.8 7
67 350 -0.39 083  16.63 0.69 17748 4733 9.2 1

“ Translations in units of Angstrem, rotations in units of degree, and energies in units of meV. * Davydov splitting
AE, = E(S**) - E(S*). ¢ Biexciton binding energy. ¢ k,=1.05x 10%s™.
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Table A19. Pair Structure Parameters for 7(C,) Pairs 1-34.¢

Pair T, T, Ty R, Ry Ry AEys  AEgy  kiky
1 -3.46 1.30 193 6679 18040  -0.61 70.5 45.9 5999
2 3.53 1.55 1.73 24259  183.68  179.27 93.6 46.2 3473
3 400  -039 1.98 29089 193.66  19.73 448 36.8 3126
4 4.02 1.71 1.82 7141  177.99 9.33 32.2 223 1805
5 3.97 -0.11 231 27925 191.79  16.73 15.3 29.5 901
6 3.60 1.45 258 -50.37 3.23 259 63.4 33.2 808
7 338 2.61 469 6324 15738 0.08 4.4 232 764
8 3.20 5.46 1.03 24735  190.03  199.86 14.3 23.2 724
9 4.00 1.66 258 5228  175.63 8.89 542 25.6 691
10 -3.63 1.31 250  129.39 153 176.77 80.7 29.8 614
11 3.44 3.79 2.73 0.00 0.00 180.00 1415 253 5809
12 3.22 4.75 191 7379  169.29  202.84 0.2 19.6 547
13 3.06 0.08 562 26146 19825  186.61 4.8 20.8 533
14 3.60 1.96 144 79.09 439 191.52 19.2 11.3 523
15 3.80 5.28 015  96.15 929  197.67 13.0 203 514
16 -3.58 -2.06 439  287.04  18.88  163.29 0.2 19.6 513
17 3.53 2.24 1.79  69.62 3.07  188.99 48.6 11.5 493
18 3.11 3.80 3.04 1.64 16647 18299 14538 235 490
19 3.75 5.35 0.19 7647  -1048  20.36 30.0 22.6 470
20 3.76 5.33 0.18  257.01 19030  199.99 25.9 22.4 469
21 3.71 549 028  77.65 19042 2151 27.4 22.4 459
22 3.73 5.44 027 100.71  370.09  200.66 17.0 22.0 451
23 3.07 584  -0.15 9143  168.66 18434 39.1 14.7 440
24 3.11 5.78 029 26635 19091  187.92 43.0 14.8 433
25 -4.17 0.62 443 25810  -0.01 16881 62.5 16.0 419
26 3.27 4.95 1,53 25632 191.05  177.42 57.1 15.4 416
27 321 3.13 320 22395  190.67  180.21 19.2 15.9 414
28 327 -1.26 1.69 9835  169.38 1.06 26.0 13.7 370
29 416  -0.24 509  268.48 331 168.72 355 13.5 362
30 -3.46 0.98 0.07 8796 17454  11.11 8.3 17.8 353
31 411 -0.83 504 8418 17157  -10.83 33.4 12.7 349
32 3.41 1.43 486 9020 17920  -0.63  124.8 19.6 314
33 22.93 -2.03 090 27811 19953  11.77 17.3 16.6 319
34 2.90 0.47 538 29112 1554 166.12 23.9 16.1 307

“ Translations in units of Angstrem, rotations in units of degree, and energies in units of meV. * Davydov splitting
AE,s = E(S**) - E(S*). © Biexciton binding energy. ¢ k,=1.05x 10%s™.
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Table A20. Pair Structure Parameters for 7(C) Pairs 35-67.¢

Pair T. T, T, R, R, R, AEyy  AEgy  kiky

35 -3.30 -1.15 073 27561  188.26 9.10 8.2 19.1 283
36 3.12 2.72 345 12423 -12.07  202.59 49.8 6.4 284
37 3.56 1.49 1,55 9812  -033 193.66  128.8 245 273
38 -3.04 -1.50 007  89.41 16750  10.08 6.7 14.3 271
39 3.36 4.65 1.86  57.63  173.78 4.43 12.3 10.8 267
40 3.47 1.22 288 11416 17433 263 1442 17.0 259
41 3.92 -0.07 271 8654 17227 5.95 32.6 11.2 260
42 -3.94 -0.07 374 22322 624  172.99 0.7 11.5 240
43 3.50 1.96 233 111.63  178.16 044 2076 275 231
44 -3.59 3.09 006  97.40 187.06  182.56 30.0 11.6 230
45 3.93 0.11 448 7051  180.01 7.40 51.2 11.1 223
46 421 0.34 395 49.03  181.57 1191 19.9 9.9 223
47 3.51 2.90 003 9488 17527  184.43 19.4 16.4 223
48 2.89 3.29 363 3359  158.18 1.40 4.6 10.1 200
49 3.60 3.16 1.00 5690 173.88  170.84  133.9 10.8 197
50 -4.15 -0.10 426 2252 16835 19230 18.0 8.4 197
51 445 -0.43 357 3874 19312 13.42 0.7 9.8 198
52 461 1.61 3.56 051 1534  187.17 62.2 7.4 193
53 3.57 3.04 044 7952 323  186.61 58.4 11.4 189
54 2.95 1.76 322 1798  163.39 19311  168.9 12.6 183
55 3.30 3.24 170 60.86  -8.24 9.63 283 13.8 184
56 322 -2.63 031  80.82 16321  182.02 74.1 14.4 184
57 2.95 1.77 366 1147 16500 19341 1354 7.9 180
58 423 022 232 9876 17464  162.08 17.0 10.4 173
59 -3.93 1.58 125 7681 18124  180.50 57.1 7.2 171
60 3.87 -1.26 451 21923  186.83  171.71 47.6 12.4 169
61 3.86 -1.08 1.16 9856  182.06 201.14 452 8.7 162
62 3.11 2.52 355 167.54 1146 1312 1545 16.0 162
63 3.67 -0.29 261  267.64 317  176.29 4.9 10.6 158
64 3.86 -0.90 1.18  98.04 181.66  195.69 39.8 9.5 157
65 3.76 2.61 111 90.81 434 198.15 775 7.1 156
66 3.98 1.84 4.02 0.00 0.00  180.00 70.6 59 153
67 -2.53 -2.76 022  83.85  336.55  186.79 67.4 9.4 154

“ Translations in units of Angstrem, rotations in units of degree, and energies in units of meV. * Davydov splitting
AE, = E(S**) - E(S*). © Biexciton binding energy. “k,=1.05x 10%s™.
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Table A21. Pair Structure Parameters for 7(C,) Pairs 1-34.¢

Pair T. T, T, R, R, R, AEyy  AEgy  kiky
1 -3.44 1.27 198 6480 18020  -0.31 76.1 83.0 22252
2 3.45 1.25 200 6374  179.86 0.22 83.0 81.6 20037
3 3.44 1.28 204  64.45 -0.08 -0.10 87.1 756 16130
4 -3.45 1.28 202 11552 0.09  179.85 99.5 724 13025
5 3.67 1.65 205 10951 17855  176.21 493 49 4 9267
6 3.94 1.85 201 10624  -1.80  188.05 42.0 33.1 4286
7 3.47 1.20 255  49.08  180.48 -1.04 69.5 60.7 3148
8 3.47 1.16 253 4800  179.58 0.94 783 60.4 2824
9 3.48 -1.10 144 10258  -0.88  181.10 10.9 425 2724
10 -3.48 111 145 102.66 090 178.87 11.7 435 2504
11 3.51 120 -247  130.70 078 17831 93.1 55.5 2284
12 3.68 136  -246 13021 17746  175.70 85.1 53.1 2194
13 -3.50 1.33 2.60  -51.65 -0.44 1.57 57.1 51.2 2049
14 -3.39 0.00 540  86.64 18209  -0.30 335 31.1 1891
15 3.35 -0.30 411 4027 17767  -0.62 9.8 28.4 1855
16 -3.45 1.37 079  80.62 032 17951 0.5 325 1852
17 3.37 5.42 020  86.65 179.82 2.17 34.7 30.7 1818
18 3.36 543 0.18 9291  179.81  177.60 46.5 31.4 1801
19 3.78 -0.39 211 6073 16829  19.85 8.0 26.6 1778
20 3.52 2.82 281 4083 17739  -1.19 13.2 26.6 1673
21 3.45 3.43 2.68 149  180.17  180.07  161.0 475 1658
22 3.35 544 029 9855 18099 18225 33.1 29.1 1496
23 -3.58 1.30 118 7739 17472 180.94 27.8 24.1 1433
24 3.94 1.66  -2.60 12714  -4.13  188.29 62.1 34.7 1434
25 3.42 1.08 483 8639  181.58 0.02 94.0 32.7 1334
26 3.43 1.08 483 8630 17842  -0.01 93.5 31.9 1265
27 3.38 3.88 258 17099  179.02  -061  128.1 33.8 1291
28 3.53 3.73 2.63 2.05 247 18111 131.0 33.2 1291
29 3.53 3.66 274 -0.77 229  181.17 1311 33.1 1287
30 -3.43 1.08 486  86.58 1.81 0.01 99.4 313 1174
31 3.41 -2.00 075  89.97 112 179.96 55.8 34.7 1066
32 3.47 -0.66 212 9221 048  179.48 36.0 27.8 982
33 3.43 -0.59 3.84 21546 18137  179.53 21.2 23.6 963
34 3.88 -0.47 1.69  96.50  166.68 2.33 14.5 22.7 903

“ Translations in units of Angstrem, rotations in units of degree, and energies in units of meV. * Davydov splitting
AE,s = E(S**) - E(S*). © Biexciton binding energy. ¢ k,=1.05x 10%s™.
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Table A22. Pair Structure Parameters for 7(C,) Pai rs 35-67.¢

Pair T. T, T, R, R, R, AEyy  AEgy  kiky

35 -3.69 -0.32 396 22032 18031  184.24 6.8 19.7 832
36 -3.38 1.66 1.79  55.79 327 18045  100.2 25.6 832
37 -3.50 0.60 214 5752 1.18 17752 96.0 2422 826
38 331 4.66 1.84 7589 18240  178.82 27.8 21.9 795
39 -4.00 342 233 247 19496 18477  103.5 27.7 823
40 331 466  -1.87 10503 17757  -1.26 34.8 21.7 787
41 -4.00 -0.84 1.54 10923  190.55  190.80 19.2 20.0 778
42 3.53 1.76 139 7682 177.01 17722 283 17.6 767
43 331 4.64 191 7395 177.53 18137 24.1 21.6 758
44 -3.53 4.75 118 9580  181.58  184.60 74.7 23.9 753
45 332 464  -189 10580  182.43 1.28 343 21.9 722
46 3.88 036  -135 26465  187.29 5.38 17.0 222 712
47 -3.56 -1.23 -1.05 790  -0.85 -6.12 5.4 20.9 644
48 -3.68 207 489  109.03  159.68  184.49 9.0 20.8 647
49 3.44 2.82 0.07 8623 179.64  -0.16 22.1 24.7 641
50 3.36 4.11 247 14323 17890  178.81 22.1 15.6 637
51 3.27 4.92 1,52 25798  190.88  177.41 43.1 18.7 623
52 -3.53 250 469 11275 33752 176.73 2.7 21.7 621
53 3.58 190  -1.51 10826  182.68 2.24 44.0 12.3 616
54 3.53 -0.67 231 10629  178.18 -3.05 42.4 11.6 610
55 327 492 151 10217 1086  177.34 50.7 18.7 587
56 -3.53 4.65 123 9843 631  173.07 435 17.9 581
57 -4.03 0.88 438  99.74 359 17111 47.8 18.2 5798
58 3.45 120 -478  92.83 -129  180.29 85.6 21.4 586
59 -3.98 0.19 375 13815 17141 18735 12.4 18.9 564
60 -3.53 -0.44 269 8549 177.12  -1.76 20.9 23.8 55
61 -3.44 2.80 005 9572 18049  179.95 47.1 20.6 549
62 327 5.52 096  66.46 8.88  173.20 32.1 15.3 545
63 -3.36 4.11 246 14270 18118  181.14 24.0 15.0 547
64 3.27 5.52 092 29343 18891  173.56 225 14.9 534
65 3.37 0.59 294 10491 17759 220 94.4 20.3 551
66 3.47 -1.32 454 4508 17937  -1.14 10.5 12.4 532
67 -3.46 -1.07 4.63  229.92 029  179.17 3.1 11.4 527

“ Translations in units of Angstrem, rotations in units of degree, and energies in units of meV. * Davydov splitting
AE, = E(S**) - E(S*). © Biexciton binding energy. “k,=1.05x 10%s™.
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7. Optimized 1,3-Diphenylisobenzofuran Geometries for Energy Calculations

Table A23. XYZ Coordinates for Optimized S, State of 7 in Units of Angstrom.
35

0.0297399 0.0100260 -0.0302392
-0.3181500 -4.1172971 -0.4161545
3.8798596 2.4230274 0.0355755
0.7299928 -4.9369186 -0.0197967
3.6485269 0.0053403 -0.0246503
4.4380495 1.1147193 -0.0093507
-0.1745180 -2.7419799 -0.4109166
1.9236312 -4.3620133 0.3933202
2.5329507 2.6217906 0.0250725
2.0721871 -2.9863464 0.4075434
1.6762903 1.4932971 -0.0203652
1.1705131 -0.7118144 -0.0029452
2.2403393 0.1685874 -0.0048747
1.0280344 -2.1503645 -0.0037252
0.3004609 1.3322136 -0.0450977
-1.7881501 4.4174047 -0.4416432
-3.0342330 3.9627609 -0.0341553
-3.1819333 2.6372899 0.3521195
-2.0975424 1.7791392 0.3467747
-0.8326002 2.2295993 -0.0515671
-0.7004608 3.5622608 -0.4574416
-1.2563005 -4.5546342 -0.7385777
4.5472663 3.2761317 0.0756605
0.6153761 -6.0144550 -0.0274299
4.0947725 -0.9794124 -0.0665383
5.5163686 1.0064854 -0.0274290
-0.9925480 -2.1102825 -0.7337337
2.7441159 -4.9904321 0.7207483
2.1306696 3.6252684 0.0683283
2.9953040 -2.5558549 0.7724576
-1.6633557 5.4455330 -0.7620529
-3.8851272 4.6337287 -0.0238665
-4.1517323 2.2694063 0.6676577
-2.2183748 0.7507262 0.6636005
0.2535419 3.9234108 -0.8181068

ITITITITITITITITITITITITITITIOOO0O0O0O0000000000000000
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Table A24. XYZ Coordinates for Optimized S, State of 7 in Units of Angstrem.
35

-0.0027080 0.0002502 -0.0298401
-0.4094857 -4.0721449 -0.1027314
3.9246067 2.4179098 0.0414391
0.6919129 -4.9049039 0.0682186
3.6553347 0.0030077 -0.0598584
4.4667530 1.1393890 -0.0267214
-0.2538151 -2.7025815 -0.1288774
1.9581250 -4.3460977 0.2199159
2.5436027 2.6255009 0.0559483
2.1300296 -2.9785733 0.1943771
1.7004850 1.4990133 -0.0006172
1.1677660 -0.7050179 -0.0171372
2.2590013 0.1808273 -0.0219546
1.0264961 -2.1194250 0.0123541
0.3052574 1.3316577 -0.0276092
-1.7604372 4.4335772 -0.2579100
-3.0437661 3.9102698 -0.1248456
-3.2120517 2.5381787 0.0323193
-2.1194638 1.6979724 0.0611498
-0.8088463 2.2143744 -0.0599258
-0.6577327 3.6067395 -0.2261037
-1.3987869 -4.5002995 -0.2181531
4.5872227 3.2744924 0.0834781
0.5649327 -5.9810367 0.0880325
4.1060927 -0.9744598 -0.1384376
5.5435483 1.0198594 -0.0539781
-1.1126626 -2.0603172 -0.2731001
2.8186242 -4.9886831 0.3670197
2.1540678 3.6289204 0.1345385
3.1154365 -2.5638704 0.3450799
-1.6230709 5.5001492 -0.3942936
-3.9056628 4.5669117 -0.1485290
-4.2085064 2.1231235 0.1330147
-2.2561622 0.6326708 0.1926883
0.3268279 4.0289574 -0.3607499

ITITITITITITITITITITITITITIOOO0O0O00000000000000000
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Table A25. XYZ Coordinates for Optimized T, State of 7 in Units of Angstrom.
35

O 0.0085100 -0.0076850 -0.2500771
C -0.4059972 -4.0892663 -0.0291888
C 3.8945546 2.4244312 0.3640092
C 0.7021778 -4.9250794 0.0774295
C 3.5911318 0.0288253 0.4614221
C 4.4109063 1.1601476 0.5559158
C -0.2538597 -2.7200608 -0.0633736
C 1.9743330 -4.3631311 0.1428855
C 2.5339032 2.6101926 0.0900472
C 2.1433736 -2.9956603 0.1140102
C 1.7060040 1.5011436 0.0054788
C 1.1602668 -0.7247088 -0.0093960
C 2.2455680 0.1941494 0.1706176
C 1.0305187 -2.1304363 0.0166833
C 0.3028927 1.3387381 -0.2403456
C -1.7428548 4.4424914 -0.5723482
C -2.9845518 3.9095518 -0.9086134
C -3.1253341 2.5289456 -1.0172937
C -2.0521618 1.6932198 -0.7965391
C -0.7803438 2.2170193 -0.4614428
C -0.6581379 3.6207015 -0.3536666
H -1.4011278 -4.5158841 -0.0854063
H 4.5441420 3.2892686 0.4288999
H 0.5774392 -6.0009527 0.1035877
H 4.0214502 -0.9477102 0.6278886
H 5.4635710 1.0346945 0.7800589
H -1.1220871 -2.0793853 -0.1382142
H 2.8456484 -5.0045184 0.2117453
H 2.1606036 3.6127242 -0.0590382
H 3.1441807 -2.5913011 0.1369811
H -1.6238508 5.5158026 -0.4762091
H -3.8319329 4.5624856 -1.0798821
H -4.0875651 2.1024743 -1.2775155
H -2.1707004 0.6221906 -0.8893532
H 0.2853168 4.0630330 -0.0708618
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8. Optimized 1,3-Diphenylisobenzofuran Derivative Geometries for Energy Calculations

Table A26. XYZ Coordinates for Optimized S, State of 7-F,, in Units of Angstrom.

35

TTHMIIIDI DI ITI DD I IDI DT IDIOOOO0OO0O0O0O0O0O0O0O0O0O0O0O0O0O0O0O0O0O0

8.24417643046714
5.28331341563621
5.31777092140291
11.12648376020612
6.17757185168844
6.14852254248681
8.75292293460899
10.28232799447842
11.19014177232707
7.73139472291939
7.23714615004290
8.99945740467780
9.24994566150526
10.34122794229579
9.87869845473529
7.49017892245359
6.60296072361926
7.75115620889162
4.87596527770800
8.73900288277319
11.59016140740503
4.93308778566381
4.98050315994484
11.43052719787555
6.51877926064543
6.50058137791863
9.13668821670207
9.93584269767804
11.53166507251592
7.34515285804559
6.45486461373435
10.03149094537318
10.00587043363323
4.03570283189708
12.25357025864310

8.04673887445180
11.80650923793845
10.37346605173683

5.68143674556390

9.51232231196493
10.94174421574700
7.56056566140825

6.55975207519225
4.28077606031960

8.55298630060157
9.06027100586773
7.23337656508268
7.04815702392229

5.15204330116559

6.31256479082373
8.86135601776136
9.77455163981239
8.57480452086872
11.50621750066519
7.52775261328034

4.53992978560956
12.71407836446062
10.17259852884658

5.89297258912632

8.61408589592113
11.19510482808739
7.20685046840410
7.45494967735523

3.38441075694129

8.91029717139058

9.80813521977222
6.29992429399739
4.91347501913406

12.33896017706431
3.85491876941462

2.79147546241467
2.85263249544230
0.91029489593251

0.90490721720179

1.56718654650918
3.49789908056544

7.28202270047404

1.55998787471430
2.84838707859982

7.27938652498785

6.11683497650175

3.56254968804162

6.12269092679658

3.50788968449180

2.87776502114200

3.55945849107870

2.87496836969272

4.88792690309732
1.56755847461074

4.89003269717185

1.54504865552016
3.32824672359805

-0.09905993783811
-0.11399680591605
1.06782023089407
4.48922548130840

8.23203896418095
1.05842352598054

3.35354118988419
8.22705590178642
6.13610230050547

6.14677549274240

4.50896700089246
0.94192566352284

1.03034357727118
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Table A27. XYZ Coordinates for Optimized S, State of 7-F,, in Units of Angstrem.

35

TTHMIIIDI DI I DD I IDI DT IDIOOOO0OO0O0O0O0O0O0O0O0O0O0O0O0O0O0O0O0OO0

8.23473104691618
5.10244222384787
5.68912891197830
10.77511191786637
6.50131937768979
5.91158588190801
8.76400766860024
9.97030033165080
11.33848878847537
7.75042121859187
7.21924882542226
9.00010137722708
9.28199330528248
10.54136968378301
9.83868105890866
7.47554878948695
6.62907021067813
7.73985635723038
4.99673526994463
8.74775972290365
11.46621811763331
4.55505580629934
5.58170927146493
10.86803039273034
7.04114677138085
6.01729365497708
9.16187872148098
9.44196505247219
11.86390176589088
7.36304169284242
6.41571637195875
10.08599584855243
10.42941465447889
4.20884524496570
12.09673966447986

8.04492751708223
11.64928122130935
10.56765070718704

5.50150177899015

9.69157294298239
10.76903133058833
7.58477837556885
6.39269876847025

4.41966091485530

8.53611723499845
9.04136509957352
7.24593321522558
7.07094437408656

5.30676179133464

6.32172450745739
8.84654468257172
9.76249562942709
8.55945073525347
11.53507306707865
7.54313238151826

4.51027665736753
12.42898388567843
10.51474763554324

5.57646182517509

8.92580121266919
10.87664740113122
7.23104969998664
7.16703228871071

3.64126753659124

8.89677448422965

9.76121855006929
6.35155804159007
5.20040923818684

12.38453519384447
3.81067807366715

2.77426630924493
2.89313736295018
0.80567346452120

0.81282273933888

1.49166682542590
3.57753332216119

7.33333525965455
1.48994876267550

2.88560729882061

7.33543984090971

6.14623270943992

3.57712695502339

6.14184912395347

3.57730098764267

2.89560621585811

3.57971992532838

2.89813714526622

4.92892453969466
1.51549339218794

4.92734032155210

1.50228854701662
3.40814300846555

-0.27076678817641
-0.26471065120794

0.95088384833334
4.64656918513390

8.27735880489076

0.94940641781395

3.42697998062815
8.28122389006020
6.18177698418895

6.17186592558643

4.64606065246638
0.85405177324033

0.96601991991022
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Table A28. XYZ Coordinates for Optimized T, State of 7-F,, in Units of Angstrom.

35

TTHMIIIDI DI I DD I IDI DT IDIOOOO0OO0O0O0O0O0O0O0O0O0O0O0O0O0O0O0O0OO0

8.24150778621324
5.09230978798640
5.64006352474907
10.81218769647371
6.47630258767086
5.92538644465750
8.73358789399678
9.98854129812429
11.36875261753887
7.75906233553145
7.25866655494555
9.00306839144024
9.23236228855052
10.55230808457439
9.84230199280754
7.48268296128083
6.63507883491060
7.75488463922408
4.95217571259513
8.73473496783183
11.51244298239695
4.55201291925016
5.51014784791287
10.91361227359539
7.01116175787959
6.05155658380530
9.11989442517554
9.45520823141599
11.89816395249618
7.37353431570993
6.48671456258896
10.00325500777132
10.43666162848261
4.13642096782892
12.15810023518736

8.04767198918563
11.66653820105744
10.57605375912937

5.48489477356565

9.71167013057836
10.79940620818539
7.56805239735379
6.36624959999051

4.41387323586870

8.54360670446194
9.05661109346353
7.22248461034084
7.05128541788231

5.29022836271899

6.30091380572501
8.87411842686186
9.78754579334688
8.56818060880994
11.54141411916929
7.53556707455158

4.50293115856828
12.44601080084112
10.51285408278219

5.56104369489520

8.94879424778757
10.92552511502856
7.18955373643201
7.13103024666900

3.64401288904597

8.92470448781172

9.81150144524740
6.29550915431886
5.17598010863696

12.38042161823471
3.81184496115348

2.75550855291788
2.90577720778521
0.81612119687309

0.81999218978613

1.48838423234160
3.57780938303388

7.33196472142762

1.48645686586208

2.89709503876085

7.33129503244033

6.12802789345311

3.55650317999009

6.12923516006201

3.57910266666297

2.89269623824383

3.55670136167637

2.89289075395024

4.92871001727946
1.53312439091958

4.92930469925542

1.51510850508922
3.42857009888569

-0.25731519389109
-0.25674331779804

0.93928103772368
4.64245122735299

8.27093734116661

0.93811191885533

3.44700350751225
8.26958095366551
6.16038044512760

6.16172356003769

4.64663709745914
0.88525501846079

0.98663009143089

174



Table A29. XYZ Coordinates for Optimized S, State of 7-F,, in Units of Angstrem.

35

TOTOIIOTTOZZOOO0O0O0TOTOZOOO0OOTOZDOOOZDOTOTOONTO

2.73430119020496
-1.55550546424923
-0.69000076827649
-0.85316728228853
-1.65532562675195
0.04443740664412
-0.05434336385709
1.07150924641087
1.79031069321389
1.22445955310476
0.31919703911244
0.39656658978258
3.02013026596882
2.28600219566350
3.06742884835538
2.30639460242962
3.89613506191166
3.86637177607342
4.84610078933990
5.50855115536678
4.91858787221523
5.62219755475163
4.02468544750840
3.77887327795805
4.39368818458303
5.73285407419875
6.31747797314868
6.32983105416633
7.36831544725997
5.61141569457574
6.08334948458708
4.28461695502543
3.71318309829172
3.67908190780607
2.64112881976444

6.69921155851899
4.94570616984443
5.89171901914746
6.46987384295485
6.14261945054802
7.45944629631020
7.92277414133131
7.85130825492780
8.58734129848618
7.25300108673893
6.25873052027068
5.77803229876575
10.07294761773928
10.32368569044223
8.77505474584325
7.63143583660636
11.01217437033189
12.01393521992417
10.71825357116602
11.50663341749797
9.48530505623056
9.29008331632719
8.47777401544621
7.17283430082157
6.27871707125877
6.45076603984838
7.23388597700611
5.59860238061009
5.75111153544025
4.54942266804651
3.87831170727651
4.36219256889709
3.54760715750039
5.21590457187571
5.06727936001882

11.40231469461158
13.24933252398004
13.64143045358568
14.88655725057266
15.53562320325515
15.26413620095242
16.23888688412494
14.42240230889796
14.75834564519760
13.16561658606474
12.77850088328375
11.81265831672700
12.68362399908676
13.43893257803047
12.11684512240575
12.28426044807375
12.23083162328441
12.64400338305146
11.20943683335114
10.87055363264773
10.63686699785286
9.83743387963376
11.08428528658050
10.69052045023741
9.73552799844426
9.36916927714974
9.83523541421052
8.45719059499937
8.18571432646941
7.89989111085994
7.19216139618580
8.26511280819481
7.83531366905184
9.17014192511053
9.44188885383426
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Table A30. XYZ Coordinates for Optimized S, State of 7-F,, in Units of Angstrem.

35

TOTOIIOTOZZOOO0OO0O0TOTOZOOO0OO0OTOZOOOZDOTOTONTO

2.69786755345239
-1.26587751713172
-0.61469013946958
-1.06552152935284
-1.92584477102580
-0.37785942412310
-0.70281488036203
0.71221598364149
1.24494278178256
1.15931256547117
0.46963352974835
0.77396862439788
3.11673496813091
2.32552757653302
3.11840478898517
2.28177677966239
4.16064847031307
4.17470344431916
5.18261858961915
5.98909544918739
5.19239399697983
6.01249944224892
4.13460136702456
3.80932501623484
4.36446387960590
5.40636408625761
5.78285422348960
5.92197659370714
6.71647751852084
5.42715033801716
5.84048560749207
4.39552435412305
4.00359114192821
3.86380032775275
3.06691926283850

6.71665653528660
4.63888854968309
5.77695331438700
6.56650868234858
6.25536286945792
7.74539367710500
8.37309000958588
8.12416036780203
9.02852403701097
7.31726979054523
6.11374912228751
5.46546001630863
10.06194931924593
10.37083048839782
8.79871139542622
7.67271450899679
10.94234995407451
11.91836110475187
10.59257342083459
11.29285513216058
9.35969329601846
9.10677431536789
8.46482648955642
7.18807189949624
6.31998353464062
6.72976707253325
7.74038906791333
5.86318815489308
6.19943600380800
4.56675799020387
3.89002036959944
4.14785698289132
3.14088876200401
5.00538900624445
4.67163475913289

11.35375828707922
13.27022085528545
13.53820524102785
14.58386503650015
15.16281934289642
14.85615175228965
15.67754506780638
14.10170327861101
14.35304857648608
13.03449415958814
12.76652206101861
11.95636407730767
12.77270691062022
13.43902338501645
12.15348373025278
12.23825188551282
12.48103799411003
12.95170989959244
11.60473430978495
11.42131032033271
10.95099700366422
10.29619042519802
11.20066177060477
10.71359029834484
9.73402411311957
8.87614148145130
8.93191437185261
7.93636716957649
7.28007684149095
7.81996686722543
7.08119707795094
8.65400909001216
8.56678810312777
9.59332538430736
10.24478383095449
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Table A31. XYZ Coordinates for Optimized T, State of 7-F,, in Units of Angstrom.

35

TOTOIIOTOZZOOO0OO0O0TOTOZOOO0OO0OTOZOOOZDOTOTONTO

2.60231883488890
-1.11719904670130
-0.52709323177431
-0.99276858109561
-1.81771132843861
-0.36099012134093
-0.70296264214025
0.69456463093724
1.17307997715618
1.15690263809123
0.50968379994828
0.82774517140373
3.16713883188553
2.45889944621959
3.11377484010194
2.23510877073629
4.14966422738382
4.19199092895391
5.05432097482892
5.79426451273032
5.01981470569213
5.71608276212451
4.06258856727640
3.74229969110379
4.33356432373364
5.65528273906592
6.24728857678065
6.22335355767196
7.24346305783554
5.50614250516920
5.95968060757254
4.20344496781279
3.63479755021934
3.62487382567297
2.60985992849376

6.74656178569197
4.52005497048334
5.70736090548170
6.50850922372984
6.17516304889495
7.73342912253087
8.38276266128770
8.13352282166533
9.07797762712640
7.31588435424074
6.07289585004450
5.40539546417885
10.04038797356415
10.31789455199459
8.81174996641233
7.67739143854895
10.96377871311902
11.92754458186355
10.66464806052965
11.39930998041013
9.42721566063288
9.22539630163043
8.49740314267076
7.18777513269558
6.31967612358974
6.52055955127633
7.32616569921477
5.66008656418509
5.82970869370804
4.57536928487969
3.90220887184332
4.35891530526806
3.51953305273985
5.20429695270889
5.03050656115803

11.29211344771537
13.49454464146278
13.69559353698448
14.72718975762918
15.34325713400049
14.92922632389993
15.72702571441263
14.13748857253532
14.34709657898570
13.07991345024996
12.87435633398778
12.08620374448254
12.78217525347686
13.54936729077319
12.14277890507012
12.24276188302033
12.39743867576360
12.89040103028398
11.39877888419667
11.10266293679954
10.74746366783238
9.94552319223557
11.13023850675045
10.65465714243778
9.70911527639055
9.25435261368886
9.66515519095534
8.33965073123158
8.01437045221003
7.84153369046299
7.12404486443613
8.28367821942375
7.89996414980518
9.20688288662947
9.53998531977948
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Table A32. XYZ Coordinates for Optimized S, State of 7-F,, in Units of Angstrem.

35

sl oNNoRaloN:-NoN-NoRsNoN:-NoR-NoN:-NoN:-NoNoN:NoNoR:-NoNo RO NONO RO NO R ReNe)

2.07829504161993
4.66609327288988
1.46167994937584
2.13111126349571
2.71180179296251
2.61381962969461
3.00719510888341
1.68304072240946
2.72296777009489
3.62383178081847
3.90396081915181
2.16296973341023
1.49899296842892
1.66459264552555
3.76710921258450
3.56493993400721
3.74830881241589
3.06810464131199
2.91531621067241
1.45869951627017
1.53860978820207
1.98127793704243
1.27884552848077
3.04846588103038
3.18237934106198
1.13793422701863
1.00437457395349
3.62477813119406
4.25621781014975
0.95954209064007
0.69154702751574
3.84999053313549
4.26612421788747
1.11455464448626
0.95796800817804

10.95710303659679
10.22080557602508
7.38779933556904
11.86349043713032
13.02273298938206
11.46385962173022
12.76906708486740
11.43354692578290
10.57173779840530
15.22408659247184
16.17960520982125
8.52551078205652
10.07354973312142
9.34491284060448
9.95532397169920
13.79809040228404
13.65104372119124
14.26859016652797
14.46639096711636
12.35571438775249
13.41613834017324
9.38391972927708
9.12842146921110
8.77721239702585
8.08132017074854
9.65378391013401
8.59557987888502
10.85429436333952
11.72970718795063
10.57634073771947
10.24345131155139
14.99697853902899
15.79743735352595
11.92790419876533
12.65890095052792

6.17437557385028
11.45750993878401
9.59045589105936

5.17645028067707

5.67206423503991

7.30719013795409

7.05719448042816

3.87070561154749

8.43705169211736

5.89161323165972

5.46364712289901
9.54998230082411

3.59189871126168
4.37557404434887
10.50301473132813

7.85702867559372

8.91349894506449

5.09690512369285

4.04493466367339

2.84232697257009

3.03757255924619
8.48680299827149
7.70497629325281
10.58227551115150
11.39902445370848
2.32468622813621
2.12958752276349

9.47008761255716

9.45097090637567

1.30276129152071

0.30703880594104

7.27656851604675

7.87706866433213

1.57273488395613

0.78760222936643
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Table A33. XYZ Coordinates for Optimized S, State of 7-F,, in Units of Angstrom.

35

sl oNNoRaloN:-NoN-NoRsNoN:-NoR-NoN:-NoN:-NoNoN:NoNoR:-NoNo RO NONO RO NO R ReNe)

2.22208771009472
4.17390891031323

1.70494638161381

2.23975922974531
2.81696215322434
2.76277830835066
3.12639862346292
1.69691657403779
2.83089788627439
3.67753659697000
3.91342570181312
2.28942414105931
1.34050112758784
1.48929990328297
3.53182698353413
3.67142625659008
3.86437165221252
3.11660477577870
2.94865488892728
1.49624143853184
1.71964297654243
2.22369316529950
1.69765433423663
2.93563380482345
2.97542689193288
0.83399633608201

0.57650218012437
3.49758107754134
4.00995969812270
0.65141212201357
0.25151394691986
3.93672054810402
4.35656665785663
0.98034193125177
0.82718986674389

10.90781351400548
10.43275067382873
7.28433923373470
11.85631706063351
13.03942055024374
11.45729123242262
12.79205263362036
11.44927730060938
10.59118572857786
15.27424777243539
16.23974871804339
8.48374115789801
10.09596059624950
9.38458239466495
10.07946670863651
13.81309482895212
13.67569180398765
14.28677807684971
14.48623615803309
12.35581798511024
13.40343109610667
9.31677360886109
8.99777325438119
8.82752351943285
8.15358124913830
9.67717425759752
8.63349735080512
10.96312089577266
11.90746376427888
10.58354249851530
10.25043265692018
15.04769927625000
15.84483322636504
11.92345033559496
12.63649889144319

6.08395436640829
11.69103388324792
9.28990671757851

5.10114840501515

5.59171648787006

7.21414705210699

6.96873571787333

3.85163408002093

8.33846128660140

5.82310962925602

5.39131615358403
9.35844483902861

3.64813806570040
4.44978688225209
10.57421707443436

7.76628788116828

8.81946979415657

5.01328540939322

3.96581854936759

2.78978720187181

2.92595941438297
8.26860522916134
7.38013810965685
10.53497067601188
11.37988429039153
2.43642809870853
2.29641652993467

9.52374752390199

9.61809724829450

1.39695970068246

0.44633217740239

7.17105357986479

7.77304126146968

1.58714013167799

0.78523181952282
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Table A34. XYZ Coordinates for Optimized T, State of 7-F,, in Units of Angstrem.

35

sl oNNoRaloN:-NoN-NoRsNoN:-NoR-NoN:-NoN:-NoNoN:NoNoR:-NoNo RO NONO RO NO R ReNe)

1.97698502073115
4.62453485456894
1.45715285928477
2.09788724516266
2.73079457719740
2.61842628097034
3.06607410629267
1.64575463734527
2.73574076694058
3.62215157727523
3.84554165669049
2.15823308373051
0.96045252541009
0.77773310025998
3.74210497679894
3.66015489875404
3.89172743791529
3.00036698418053
2.71204828355170
1.87846027703192
2.44148961905097
2.00430088206415
1.32491956165359
3.02089285658264
3.13523294313138
0.52354300184932
-0.00196278330020
3.61502759887670
4.24058864116711
0.75412835074919
0.41152794073044
3.94417964152999
4.41215790268302
1.43813429363060
1.64235439950859

10.95596368425624
10.29246907559978
7.42000676418757
11.87388439910879
13.05422783654622
11.45245312344972
12.78769257851283
11.46437458763579
10.59492971362153
15.26922621582761
16.23890479703716
8.55769944029641
10.23547559419732
9.63042544204792
10.01524686160468
13.76680593480665
13.60401141463910
14.29837262393334
14.54699835722776
12.22842231263318
13.14757870916548
9.38537995930946
9.11063549361408
8.83380427502139
8.15562969907976
9.81333495201511
8.86957146992617
10.89983563785337
11.77816477818154
10.58320015346920
10.24138712122343
15.01085604185042
15.78037370845222
11.78987538967196
12.38750185399682

6.14371976166505
11.43965887951689
9.56358849677111

5.11504765695306

5.62331643675812

7.25439733359400

6.97854011931811

3.84415988190172

8.37019117769318

5.86487733140406

5.43569576335172
9.50851735496228

3.69908742750171
4.57659588871283
10.47260570760658

7.75804293597519

8.80111754894117

5.07218678997434

4.06137599912727

2.67811723009140

2.73601991204271
8.42282203367375
7.62838217737478
10.55897156148207
11.39312833653575
2.46298271367657

2.37740464354774

9.43227676159652

9.42077091491315

1.32664781706306

0.35730825573118

7.18105694532165

7.78303747028255

1.44914991685502

0.56795081808368

180



Table A35. XYZ Coordinates for Optimized S, State of 7-F,, in Units of Angstrem.

35

asiiesiiasiasiiasiiasiasiiasiiasasiasirHOoNONONONONONONONO RO NONO RO NO RO RO NONO RO NO NG N Re-!

-0.81882579269585
5.62072799892291
-0.16268504248650
-0.35437656973294
0.33778365850038
-0.06993111765409
0.63900755914396
0.41975193240449
1.20615755827181
1.32145280918887
2.32808776517674
0.86776892938024
2.06535837624393
3.09362495040539
1.19999879672721
2.42176937769215
3.39304739702074
3.60264562997509
1.99911770341484
4.23448334855279
4.43529518198864
4.76319112092921
1.80886886807932
-0.24191726354689
-0.38838065982086
0.53656726920465
0.64110244326846
0.26193584486899
0.85537872015437
3.03320566772533
2.95177712847011
3.36131243887493
2.27838140338256
4.48727628292676
4.84924128504224

15.44815190239010
8.19172496531989
13.32493241726008
14.22338850344984
12.06821775205801
13.89297754027559
11.69517320931748
12.63146159816225
10.40258334405955
9.18745683867780
9.05738241851584
8.68890892326171
8.32206696231980
8.82186394350388
7.41926329470305
7.01978871147965
7.52413134877795
9.89992913564840
6.59144078969820
7.30601693139172
9.69300145808657
8.39702227275616
10.29161026341912
14.61886212252447
13.62189777447230
11.38497984194375
12.36092991636029
9.29865161811164
7.02517012490810
6.37851402470689
6.67515125618622
10.90982295359433
5.60445253048620
6.30721657477150
10.52099973740171

10.61241407818869
17.51724788481527
9.85825258141958
10.88990211390773
10.14902894331459
12.20108334931982
11.46370754549416
12.48202368418852
11.77459086239809
11.11957639088336
13.14139209553134
9.87283185270849
11.99860945207883
14.34336437676070
9.51053256169863
11.56923396467633
14.77267614478814
15.07840830304229
10.34893029230782
15.84885951818018
16.16177248505742
16.51134529843078
12.97884427073578
12.98631428945169
8.84141850756498
9.33421050835274
13.50648999935196
9.21527126915572
8.56163454449388
12.19084112932679
14.26748628488750
14.77279500333597
9.99917367204008
16.18299057662020
16.72370116549193
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Table A36. XYZ Coordinates for Optimized S, State of 7-F,, in Units of Angstrem.

35

asiiesiiasiasiiasiiasiasiiasiiasasiasirHOoNONONONONONONONO RO NONO RO NO RO RO NONO RO NO NG N Re-!

-0.85758189416563
5.30317820244965
-0.35640636263826
-0.33600138492393
0.17623163573938
0.21497553106038
0.74099726889666
0.75137597028465
1.29357448359058
1.36031417469213
2.43040351610530
0.87477753432851
2.10988395160303
3.16391952592730
1.15932534486890
2.38932518242503
3.64586790378843
3.42866577451088
1.90172187561276
4.36067826812035
4.14652555225572
4.60650988705339
1.93068046765220
0.21412156186527
-0.78579786332272
0.18191049503642
1.17496381315723
0.27580341565506
0.79164164673965
2.98286442864223
3.43435209204519
3.07311888474872
2.10920686898144
4.72898785928605
4.35808538792804

15.39969583758267
8.21495827810675
13.22797015168055
14.20005136116074
11.98661146596528
13.96263084778903
11.69609251838356
12.72207059617080
10.42283081197026
9.18555494279165
9.07531274206146
8.71765613505174
8.31715884907745
8.83164800559368
7.39898316785142
6.99455959804253
7.54981481063598
9.89502332881526
6.56138693287105
7.34225322623677
9.69095057490492
8.41615301188043
10.34121171085931
14.75022462107943
13.45810205885190
11.23879819071088
12.52121556628961
9.33341355261700
7.02160594866257
6.32526178794518
6.70807100602919
10.88789434706487
5.54794345849451
6.35940043958607
10.50263311718548

10.64370002829689
17.73833878158044
9.91731016741114
10.90516415777470
10.18812307047190
12.15388677837040
11.44758029282533
12.42046713963095
11.75433445169429
11.09208485434152
13.08742328319391
9.85460363929164
11.94858580873853
14.28035662905688
9.49127728495868
11.55036089772915
14.61848590729229
15.17417913989150
10.31482516236674
15.77772377993158
16.331939448894381
16.61887629056710
12.96092315787699
12.89740415903045
8.95013388541174
9.40999450181693
13.39530909663138
9.20163883057977
8.54420345281243
12.15364831302369
13.97711886429612
14.93374345919437
9.99166499599785
16.04443964201197
17.01710564700592
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Table A37. XYZ Coordinates for Optimized T, State of 7-F,, in Units of Angstrem.

35

asiiesiiasiasiiasiiasiasiiasiiasasiasirHOoNONONONONONONONO RO NONO RO NO RO RO NONO RO NO NG N Re-!

-0.70680481305493
5.61459571102824
-0.20634273684680
-0.27938755277463
0.24236982571150
0.08817057406755
0.63722231880174
0.54555758368310
1.15782349440049
1.29123076206635
2.29205066062576
0.86104449632326
2.03764919327272
3.05924682906942
1.21161004901105
2.40567960386419
3.49485204435223
3.45026313434150
1.98264409117207
4.33430592327112
4.30069724438705
4.75136357719096
1.73306056664175
0.01102227121042
-0.49267927539304
0.33752372303043
0.83947015553924
0.26046604382337
0.87537272996660
3.02017607362221
3.14350363128396
3.10301994378981
2.27175602735746
4.67666652503033
4.63300057013350

15.46572687782056
8.23892852032063
13.28487902854601
14.23310454332545
12.01739205027051
13.94144226756742
11.67621107008761
12.67725371199034
10.40669952145333
9.15426746182821
9.04476022073522
8.69073097187801
8.30066869810426
8.80599504363355
7.39382665059062
7.03338871405312
7.51244561211978
9.88819263280980
6.58816604206425
7.31990513728196
9.69915275857999
8.41965367455488
10.29785942627738
14.70799134775017
13.55670521727757
11.29575965186126
12.43843889400094
9.30309492187259
7.02685921365571
6.38831500821304
6.65252090702600
10.88321962297715
5.60018576176115
6.33271508233134
10.52868673538015

10.57170481442833
17.51827849787716
9.85952761789556
10.86771762755301
10.16147083404261
12.17069402737566
11.47419935494199
12.46988275034245
11.80798995805911
11.12669947662242
13.18221619371970
9.89443078657620
11.98776145987684
14.34409435601160
9.49457526507858
11.56466277527329
14.70477394382628
15.16594344399821
10.30578958501460
15.78087040609003
16.23360333038716
16.51325354109224
13.05733893072160
12.93222623748718
8.85111408456070
9.36273851055702
13.48278727991552
9.23639510963523
8.53230215960675
12.17717439582389
14.15229479643601
14.92273729680268
9.96792154366993
16.06607383917780
16.84571076952261
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Table A38. XYZ Coordinates for Optimized S, State of 7-F,, in Units of Angstrom.

35

s-NoN-NoRloNoRNoNoNoNoN--NoR-NoR::NoN:-NoNoNoN:"NoNoN:-NoN:-NoNe: R NoNeNO !

3.56494086006788
2.71745168713097
4.24285964566060
5.51083391582302
5.93724518199304
-1.54618238253863
6.19982856854306
7.19959455848547
5.63837679684229
6.21634362092668
4.34652046373134
3.64653974487231
2.64731722316830
3.75259543610186
3.99870455419697
4.88597430323490
5.58446516951529
4.81610399234487
5.47543295936227
3.87507052169016
3.84783899542002
3.00541098467228
2.27754497703352
3.05134274243510
2.29475931315020
1.21506194247241
0.31759190923641
0.39939499394730
-0.69018932383899
-0.85895245439241
-1.66001773923193
0.03102322128760
-0.07339788548168
1.05793934137420
1.77204110976330

3.34932320126429
6.81851716775588
4.43487246308211
4.65276309141072
3.95563214701351
5.00421771725620
5.77351083577832
5.96536272021253
6.64006211081147
7.47488961327904
6.41561922827066
5.28801745077156
5.07330335255519
7.30620384520402
8.60664501302583
9.62681293449499
9.45586289704714
10.84655894747671
11.64232761623179
11.11770742863160
12.11029200244395
10.16645414753101
10.39697960826286
8.88198296245610
7.73293998670061
7.33469688131556
6.34149039179109
5.88063524627919
5.95060230441319
6.50517825906898
6.16090057408470
7.49373848345248
7.93745273128104
7.90755586049379
8.64126622485189

8.14198828082576
11.56624664676556
8.53660553638679
8.02892773394396
7.31929242427838
13.37812572243215
8.47064911224344
8.09958749754237
9.39135940132691
9.76285835965419
9.88066580451508
9.43749784971833
9.79151062478578
10.84915850893835
11.26101166925985
10.82896981344756
10.02029531058413
11.42996565198566
11.10224454825953
12.46491880367532
12.89952129056569
12.90436248255092
13.67196975019208
12.30908583453904
12.46479335291888
13.34082728396006
12.93329220877543
11.95812452826892
13.78708188512704
15.04230172861471
15.68375159473214
15.43993236650407
16.42314158769340
14.60832051035190
14.95925087663661
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Table A39. XYZ Coordinates for Optimized S, State of 7-F,, in Units of Angstrom.

35

s-NoN-NoRloNoRNoNoNoNoN--NoR-NoR::NoN:-NoNoNoN:"NoNoN:-NoN:-NoNe: R NoNeNO !

3.57545336221128
2.65445664210080
4.20083988425939
5.36381124068595
5.74669643933196
-1.23451927261197
6.00616002450855
6.92066308386104
5.50047748995816
6.03195738295915
4.31314767360447
3.66357230501514
2.75262165481474
3.75772510547113
4.06812627855042
5.07202100245959
5.83366955320231
5.05954414223362
5.82666494360144
4.07849703955281
4.08986474119258
3.07457379703400
2.30672654831998
3.07816807917950
2.25546696855371
1.15674276083979
0.47270348677019
0.76628489255348
-0.58907132199532
-1.02130051765888
-1.86370227527621
-0.33877454484701
-0.64956867342734
0.72860653685841
1.25853254613313

3.22271880049924
6.82492295105792
4.37537698620932
4.67114335990663
3.97375675413944
4.66871744976582
5.87265336387072
6.12314573063683
6.74594676730249
7.66031403629904
6.43885272108597
5.21694591934770
4.93604727053603
7.30869532453928
8.59155618455170
9.52963878807884
9.33662861379617
10.75339337557461
11.48521326065697
11.05837202169556
12.02691391359375
10.14582895315853
10.42456261533800
8.89300914960837
7.75749426449134
7.37581442660418
6.17035493928999
5.53595033501324
5.80807645285193
6.57403179932858
6.24317987534585
7.75462987018460
8.36332410136421
8.15815171066289
9.06275091361421

8.39101765622212
11.50700283988696
8.65383639860454
7.96090978646791
7.22659096072340
13.48556279102514
8.24476622834963
7.72017524885909
9.18407830265090
9.39623493851193
9.88187812324758
9.59565000276416
10.10537405085753
10.85953189686061
11.34283550951482
11.04128384282125
10.30169083888109
11.71107458481405
11.48703163398877
12.64889743792391
13.13468302551178
12.97392646109033
13.67965300343024
12.33472776427822
12.42210171178117
13.23964461263234
12.96615088934408
12.14127590462042
13.75760682644313
14.82845608779705
15.42269525927354
15.10632772330461
15.94721512612881
14.33275674425596
14.58873978713287

185



Table A40. XYZ Coordinates for Optimized T, State of 7-F,, in Units of Angstrom.

35

s-NoN-NoRloNoRNoNoNoNoN--NoR-NoR::NoN:-NoNoNoN:"NoNoN:-NoN:-NoNe: R NoNeNO !

3.64370071929246
2.66786830321906
4.23412100954617
5.34925349859423
5.72133024883074
-1.16763306123063
5.95993405908487
6.83892346698911
5.47293642070950
5.98875217061716
4.32421431829547
3.71154208575913
2.83478910382168
3.77589586384953
4.08492350202781
5.05105980641150
5.78185403906393
5.07435194424610
5.82386611983700
4.15117454650197
4.18403794186195
3.16963662990623
2.45707901797926
3.12907134945511
2.26466551033751
1.14936712476047
0.50309544140556
0.84601750332104
-0.57546157214623
-1.08100216802035
-1.93880300599988
-0.45055699477303
-0.82549641134463
0.64470892900819
1.11762153878201

3.17189492499890
6.81079009716895
4.35512659034294
4.68711129360783
4.00069896411985
4.60736763329980
5.91327268266120
6.19700406258734
6.76925517657052
7.69881901160138
6.43315090016353
5.18216032553250
4.87240029932218
7.28608378090404
8.59669256246547
9.53455419396177
9.35096174791043
10.75684962854698
11.49443902910392
11.03478941501991
11.98701779797786
10.10020471809941
10.35294652157857
8.88506019816963
7.74162873153850
7.38297806632760
6.14539388077108
5.48015545200241
5.78754384268750
6.59086893613042
6.26394657371353
7.81002298102200
8.46092378450530
8.20201273914529
9.14398645644144

8.45283714222066
11.53371291240635
8.67107108312839
7.91609584200580
7.16680711701321
13.55687475903957
8.16781135473412
7.60118463938576
9.13186042594482
9.31419127379204
9.88458868606237
9.63325925831923
10.18376896811282
10.86666154562741
11.36299667215993
11.02680834385814
10.25297177368868
11.70683730145593
11.44448564736363
12.69479576468021
13.21035866098242
13.04517970748442
13.81671999569422
12.37751326976830
12.46693067700450
13.25640891020965
13.01834803275536
12.23887768632088
13.78785408839108
14.79867589222327
15.37163090173389
15.03285051159986
15.81420068805087
14.29262884794413
14.52358561883807

186



Table A41. XYZ Coordinates for Optimized S, State of 7-F;, in Units of Angstrem.

35

oR--Hol--NoNoN--NoNoN-"NoNoN:-NoNoN-NoN:"HoNOoNoN-NoN:"NoNON"NoN:-NORO N RN el

-17.25754796227799
-12.64187576709381
-14.63708677483793
-17.04984183077469
-11.47743497494756
-12.49601908808168
-13.27632007461945
-10.47393013637235
-9.69906088877557

-13.69110066116428
-9.18056048149737

-8.63485021861545

-8.54921721491108

-7.50378008206137

-15.97228013694439
-14.72570722895093
-10.54055014472772
-11.03695344855032
-10.48452506346591
-9.70365944218813

-11.22782198050603
-9.23545757743742

-8.70119726042717

-16.05826651676084
-14.94799490434052
-15.06841385526118
-12.51976687830391
-13.59576029726814
-12.64968976808278
-10.55004998654556
-12.50248823613049
-13.29690394765305
-11.49642994871420
-11.50165067154712
-11.48282655016357

1.88323692382917
2.25953851377008
2.40510829619804
2.00910545989573
2.13465145276712
1.34714626387265
0.96009006774089
2.61797050261630
3.26395419677505
2.45783440274473
3.30624940893142
3.16697428678686
3.80673637061386
4.08535900786647
2.15250990141804
2.36084104310915
3.62497715352479
3.78085167576811
2.31283332651270
2.70460976486846
3.07669722663007
3.98478593251673
4.41291657782411
2.09013506747142
2.24159240895517
2.19754192108316
2.61681625415669
2.50571491713410
2.62916793914411
2.95360667062563
1.05062204584395
0.43742518238791
1.52753577572365
1.28606016684557
2.45573389404810

36.88321438353411
35.08032142947689
40.69973490647362
39.56279346577813
33.00885947400679
32.45634080341475
33.09924391007586
32.16095131586655
32.55102977088777
37.20473047236845
35.21627613400791
34.29264481255105
36.31377683937293
36.25085442726613
38.80544229225649
39.37276127913724
37.69306333564946
38.64096924326926
30.81093007628443
30.16926640731491
36.58101746130182
37.54668437084870
38.38687666946917
37.42290612972147
36.62251925636374
35.54811944292574
36.37659789833940
38.60031460533314
39.10649959539801
35.31676590941225
31.10509121586940
30.69539714931787
30.27575420906397
29.21913948841551
34.41900181922702

187



Table A42. XYZ Coordinates for Optimized S, State of 7-F;, in Units of Angstrem.

35

oR--Hol--NoNoN--NoNoN-"NoNoN:-NoNoN-NoN:"HoNOoNoN-NoN:"NoNON"NoN:-NORO N RN el

-17.14190029562646
-12.64980460538388
-14.69402829014884
-17.02217470268293
-11.45220981604061
-12.58438141357453
-13.43714564438073
-10.35137932722335
-9.48829754907251

-13.64213883180240
-9.12313263115278

-8.56169697065057

-8.47736089696696

-7.42083693750352

-15.93953222092873
-14.72829281805993
-10.51453472824498
-11.02047196229323
-10.38337951999843
-9.53103330814477

-11.18287139458556
-9.16033337437796

-8.63047230539359

-15.98190470516051
-14.86615687828190
-14.94450482154418
-12.49368252892893
-13.59468105233766
-12.67756873204019
-10.49666514019139
-12.59871365393911
-13.47298613838102
-11.50058826562976
-11.51632952761078
-11.45443412971733

1.51863630948850
2.25466146214091
2.50247055386156
1.83694879524098
2.20082887392888
1.61366844797465
1.35119353257268
2.52883940110896
3.01593998772987
2.40728819849410
3.20137674846207
3.04029474434809
3.68665391731693
3.92172891034873
2.01639460905058
2.36775461994545
3.56648503460818
3.75094222942192
2.27139911978387
2.53841037980483
3.04249783739974
3.88190128270324
4.28360021437315
1.85585954448378
2.03715963350155
1.90899990151407
2.59366960311407
2.56629674602950
2.80759018913013
2.90639432960357
1.35612344977566
0.89824223435826
1.67897973405517
1.47545287376198
2.45667417956438

36.81527492098525
35.06363973305275
40.66185126149390
39.48756179631011
33.03394114250947
32.42412870456315
33.03619162130214
32.21585669700920
32.64491632671495
37.19394869956478
35.26872495079741
34.36081990871391
36.40649482573654
36.35349534667495
38.75083581630206
39.34004661039494
37.72886366501436
38.66470483182400
30.86205389112440
30.24799692176424
36.60781192692098
37.60219956895817
38.45782593143717
37.37035148410454
36.59318011020726
35.52265938711810
36.37989480666363
38.59372043096353
39.10864207991376
35.35716543077594
31.06988880342477
30.62140822299849
30.27919429527616
29.21480908537763
34.43298645300720

188



Table A43. XYZ Coordinates for Optimized T, State of 7-F,, in Units of Angstrem.

35

oR--Hol--NoNoN--NoNoN-"NoNoN:-NoNoN-NoN:"HoNOoNoN-NoN:"NoNON"NoN:-NORO N RN el

-16.99532805172216
-12.61013267112030
-14.92815200253970
-17.08855342722549
-11.44577997826306
-12.58619650636415
-13.42874452636993
-10.36430541989698
-9.48852254903149

-13.62729745739801
-9.13282723123585

-8.60273568561209

-8.44736215941694

-7.40437788533064

-15.98157706008172
-14.85241575829026
-10.42963935258289
-10.89083940081499
-10.42357279811071
-9.58407505330441

-11.12555580614271
-9.08212896887595

-8.53542251753694

-15.91637684331781
-14.78095320379307
-14.77916038283962
-12.47228278544602
-13.69129662038274
-12.86180097917871
-10.47021094984120
-12.62713014187039
-13.50969585462788
-11.54968759015560
-11.58767811943653
-11.43380937984307

1.03992286827565
2.15139729505410
3.15366529166556
1.95123354428105
2.21722042565612
1.64129329857430
1.36395484234743
2.57141156903519
3.04608235531660
2.37703934048109
3.25776350686361
3.21349477553634
3.65879295423067
3.94237347680730
2.08610877469838
2.69630597025261
3.34230400171250
3.35780773781275
2.35350537143313
2.64409914062946
2.95274779232187
3.70291406374355
4.01476194504491
1.62815491062535
1.77385756713323
1.40832423402446
2.50861054552882
2.83865401481541
3.33861241655916
2.90377025306895
1.42496666587365
0.97678539548855
1.77472796469634
1.59819123065075
2.43050208876115

36.89936511909391
35.09329898122073
40.51049824647627
39.43883867341943
33.02951210138365
32.42053745115851
33.03878003360919
32.19236163596303
32.60949984037170
37.21379265072689
35.26960070727906
34.32940345300546
36.42140689102779
36.34429773057097
38.72423239245851
39.26333407312716
37.76734163856945
38.74462473064072
30.83255638199070
30.21125584690710
36.63497705546349
37.64504849084164
38.52686495241799
37.41324023912983
36.65908924551299
35.64285008686573
36.41387879567409
38.54704131452566
39.02329221799559
35.37278990115128
31.06040989289962
30.61823672561234
30.25233707031339
29.18391106275753
34.42458005883858

189



Table A44. XYZ Coordinates for Optimized S, State of 7-Fj, in Units of Angstrem.

35

s-NoN-NoNoN:-NoRsNoN:-NoR--NoNoR-NoR:-NoN:-NoNoN:-NHoNoNoN:-NoNOoNONO RO R R ReNe)

11.82244617455076
10.50489673013943
9.52869068406756
6.22022505585216
13.77921147890114
12.73262002343256
13.15421412049916
13.62162830556725
15.12564090512298
15.92260093532398
10.14636920971878
11.54204349197663
15.39857231075906
16.42112356720313
9.66823648675615
13.05618722560958
12.28134038530430
8.36879238578161
8.06010020004819
14.36373577211237
14.62957406771524
9.17181120301393
14.93584490940690
15.58804852140176
7.85369134353237
7.14945808535317
14.56510809377876
14.93417693142162
15.40210465097818
16.42488585553434
7.48005120081445
12.77814791445508
11.75614021425548
13.24750002877488
12.58045153083704

2.71296950589780
2.60830261544599
1.52199521706639
1.25913497386486
2.22394788014534
1.89859312578628
2.74049316361676
3.23953261707731
1.91731114239507
2.09323862762407
2.04470247179426
2.21298483771944
1.36906462451878
1.12417689908898
2.18235971177804
1.31979094662504
1.07187802929510
1.91866672116327
2.03292276090892
1.08159950828529
0.64250487442474
1.67470757122173
3.69350422941130
3.74837976124096
1.42507949582730
1.12899178969490
4.10523378270292
4.43489350961044
4.10933375647787
4.45523468673405
1.53269239889925
3.26185612399109
2.91781021339930
3.69309773663684
3.69642568963034

6.36710196012385
10.19489775025446
5.72659154429598
8.98357519216133
7.29086675477346
8.22215680629617
6.16665836415333
4.89350609021315
7.61483549737869
6.90439179726107
7.93861393865691
7.59044629309166
8.83051191121860
9.09406692054148
9.24597751965620
9.47465432820302
10.18623656493788
9.62598505992016
10.65602653022887
9.76414033959472
10.71836416008345
7.00082745518715
4.74297177831616
5.60492942149744
7.31919991031155
6.55380432009589
2.40313045988881
1.43906125898747
3.50947417257886
3.41420645769476
8.64364048388894
3.77687536224169
3.87807454237450
2.54938290576830
1.69467414812401
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Table A45. XYZ Coordinates for Optimized S, State of 7-Fj, in Units of Angstrem.

35

s-NoN-NoNoN:-NoRsNoN:-NoR--NoNoR-NoR:-NoN:-NoNoN:-NHoNoNoN:-NoNOoNONO RO R R ReNe)

11.82824474679672
10.51087688619802
9.60583117255652
6.19336684580169
13.82311355144478
12.77633128522380
13.18871702543820
13.62876091581011
15.16733439124367
15.97881983752063
10.19443888422527
11.57413270169691
15.44175523235046
16.47313452217949
9.68319245895080
13.07953700093136
12.30044594571322
8.36154124529615
8.02683010079704
14.42190687356591
14.67454709492441
9.21988944507586
14.98417654535129
15.71772153662894
7.88679897136713
7.19027540813313
14.44253725761298
14.75940576151424
15.37631313369406
16.42102208294950
7.47867208457774
12.69058129293937
11.64666826389119
13.10025358577927
12.36849591182010

2.58438785961775
2.53950930205249
1.35967801287398
1.42604240314730
2.21124205097508
1.86591645449240
2.66872510798319
3.17171927803273
2.00697493460256
2.22122317817430
1.93954064133435
2.11983060179803
1.47129705990846
1.30962194423000
2.12031480230677
1.31178254115508
1.03419743360998
1.95049588152136
2.12291956062081
1.12983885021112
0.70808016904026
1.58721819090994
3.47241190982493
3.35342495706458
1.41193278270038
1.11918055178911
4.15268291738663
4.52947376743714
3.95342077586605
4.18415052463539
1.59394141403934
3.39244118543913
3.17005319874449
3.87145860611872
4.02828215035615

6.31704360319618
10.15640051215201
5.69024840408309
8.84277164386203
7.33475479455046
8.25072490451905
6.16832684941994
4.91567043525217
7.69554819099717
7.01648141662194
7.90335604825352
7.57376736568795
8.95548964674724
9.24634300389077
9.20474450891774
9.50594736358389
10.19977874092313
9.54391283931665
10.55779371648470
9.83865544943070
10.80439871299229
6.94149700218145
4.66217219005462
5.44591229616148
7.23115377127115
6.45727324740862
2.41745560367302
1.45190864817274
3.43187183251565
3.25751755732754
8.54010056427185
3.87940038377082
4.05841220580065
2.65371519187094
1.86930935463687

191



Table A46. XYZ Coordinates for Optimized T, State of 7-F,, in Units of Angstrem.

35

s-NoN-NoNoN:-NoRsNoN:-NoR--NoNoR-NoR:-NoN:-NoNoN:-NHoNoNoN:-NoNOoNONO RO R R ReNe)

11.80285977562787
10.48597045539960
9.51253796086454
6.23446720665831
13.80319362959290
12.76358138909439
13.17398472035113
13.63789112326347
15.11687488440757
15.91549500863588
10.16196671281182
11.53115163589936
15.40645219354141
16.43203829058625
9.66898324802875
13.06239720732265
12.28668144840385
8.37789328942224
8.06778349888665
14.40051135285392
14.64018260987429
9.17089985654612
14.99145793636785
15.69312313921188
7.86114815502248
7.15825191112862
14.52618281828498
14.87218918492719
15.42069942805650
16.46228403749865
7.48840675567580
12.73490565459464
11.69196624661641
13.18297025408186
12.47828698046018

2.67331857521920
2.55088907484730
1.62881544105520
1.15692506924440
2.23122802984872
1.95967824871257
2.72707587664316
3.21176816310221
1.92178802583926
2.05348152522621
2.03706420717647
2.23802367105782
1.39513319880572
1.15565564552360
2.11481353378126
1.42417469253660
1.20192237111892
1.81656284759454
1.89178946325970
1.15923949417919
0.74221287839338
1.71776912674389
3.55476604174885
3.51635444633609
1.43865832655868
1.17461887908252
4.09566770995832
4.43224188336622
3.98358892827357
4.24948602527883
1.46631988645492
3.36724614019709
3.12048096273027
3.79298435930717
3.89166825079815

6.30974115201508
10.19985091067108
5.67708937527829
8.93606964794367
7.32907125491285
8.26153158022466
6.14319881426198
4.90412800987706
7.64358561292836
6.92659989168570
7.91932182373982
7.58408818031949
8.90972625459239
9.16525926048337
9.23840153018611
9.50341824497596
10.22070998391504
9.60446795428747
10.63788294648235
9.82201016519090
10.79258346365909
6.96023783118849
4.68942148771498
5.51139687981488
7.27518077639936
6.49672794664973
2.39153222862489
1.42169342147425
3.45304697350634
3.31215007664727
8.60641125109639
3.82615126518575
3.97529887389734
2.59497938897095
1.77689354119867
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Table A47. XYZ Coordinates for Optimized S, State of 7-F, in Units of Angstrem.

35

HoNoN:-NoNoN:-NoNoN:-NoNoN:-NoNoN-NoNoNoNoR:-NoN:-NoN:-NoN"NoNoNONeN- R Ne-le:

2.59823895348681
-0.93191636423523
1.89064999717836
-0.81316905908990
0.89511719375742
1.10900177274194
1.49468477801538
1.76394418602951
1.71441052783485
2.04557580638492
2.24272240318092
2.07657632348801
2.29142059691979
1.82559710247849
1.82145837705394
1.53155932955187
1.16451656739050
1.03208152558011
1.87379505862901
2.64946842171480
1.75044453668178
0.80855946777308
0.72205184238177
-0.01021705362415
0.08484088736093
-0.58237730372441
0.91652647785954
1.51429600783797
2.16525140823612
1.30619908186072
0.52573347512158
0.36279052889994
-0.04389436989320
0.13560881995751
-0.33957202382067

1.45825167215593
0.31830904120625
8.56369118161740
4.77444213524886
4.68525112174344
5.93937893148174
6.73949050747270
8.12399708783257
8.79863229281479
8.60657798336349
9.66485064350223
7.75949515859734
8.19837357719920
6.42513200105379
5.79542292331753
5.88525215260649
4.62508864077784
3.34260748719521
3.02123869600920
3.69748044337628
1.78531288020499
0.85212799753151
-0.10723579249219
1.20034897267557
2.40923017759543
2.62624024363965
6.17741335589090
7.28589033491692
7.95423722975275
7.50664952802091
6.67920344371004
6.87647255030038
5.58732107540771
5.30977422678294
4.44218507949023

0.21249681891984
3.04148455533638
9.24893528810289
9.56060278643109
4.84405378757642
5.30461347195493
4.24078469395746
4.09419376647262
4.93838732783833
2.85251578681376
2.72392311408668
1.70877085735904
0.74139426807300
1.80739828004719
0.92658038124318
3.08515649432413
3.52190176618100
2.86227033265210
1.79129692716490
1.45807260738987
1.19242426462147
1.58303283222879
1.09189106466177
2.64139848134727
3.29789472216379
4.12078862453524
6.71714803048520
7.33029456270729
6.78619940531878
8.67396709756039
9.45900905675051
10.50973090998384
8.82898261374323
7.49058665804851
7.05393983891909

193



Table A48. XYZ Coordinates for Optimized S, State of 7-F, in Units of Angstrem.

35

HoNoN:-NoNoN:-NoNoN:-NoNoN:-NoNoN-NoNoNoNoR:-NoN:-NoN:-NoN"NoNoNONeN- R Ne-le:

1.22237474334606
-0.03350652394178
1.23852867462674
-0.74119929765585
0.87309608434023
1.13814605746500
1.67696158718525
2.07436263371102
1.94671280474859
2.61963458855124
2.93146315181359
2.77569103421191
3.22158906043200
2.36733365469670
2.52132986526089
1.78810969996118
1.25609729288910
1.04101565006795
1.25708786357100
1.56674988093514
1.02610992334000
0.59184095372204
0.42165877825681
0.38453024815649
0.58857308898526
0.41633581726801
0.84656007602968
1.20413991791750
1.74455207145864
0.89039597238159
0.22963250811625
-0.00834562191687
-0.10586147515693
0.18335041097399
-0.11252463974840

1.79944204817592
0.05908681150526
8.70983490076357
4.48821835717915
4.72322315839691
5.98629078859507
6.76064974675770
8.10423300371059
8.80295419540890
8.54274489481737
9.57610027721487
7.68031861370740
8.05027175511159
6.34903582479062
5.70118738731831
5.88606687849190
4.65188128403884
3.39509210208511
3.20728874270153
4.01396125818586
1.96964750340919
0.87954865363006
-0.08526869755110
1.08914051076605
2.30336709534630
2.40591728586696
6.21460091920499
7.41527122380600
8.19850381720683
7.57522288704735
6.61002409305491
6.76561940804498
5.43663115350711
5.21030844306963
4.27925966363429

-0.36250157698834
3.77997383062417
9.22393375818702
9.39482170032855
4.81406634906414
5.26654442270433
4.22657917294651
4.12160758168262
4.93480010242788
2.91591273996055
2.82185881894384
1.83460794660437
0.91905473405051
1.90183701186763
1.05195212483153
3.09536109750200
3.50334003738164
2.87488016606299
1.49465031204223
0.84919962644222
0.94683048079782
1.68731235982010
1.22902216234478
3.04110469871104
3.65027184488342
4.71216503154598
6.63876199329118
7.28532391252715
6.77755750346782
8.61257767960935
9.35908714232174
10.40264824784225
8.70300963323655
7.37951338078009
6.91765098515436

194



Table A49. XYZ Coordinates for Optimized T, State of 7-F, in Units of Angstrem.

35

HoNoN:-NoNoN:-NoNoN:-NoNoN:-NoNoN-NoNoNoNoR:-NoN:-NoN:-NoN"NoNoNONeN- R Ne-le:

1.65840252811916
-0.56223592466120
1.04575322192159
-0.48741705353236
0.94511532926122
1.21301614606032
1.71639002872450
2.09382812831837
2.06802533737669
2.50795120448383
2.80999488882267
2.53453505160475
2.85360067224690
2.15375921157657
2.15691904173236
1.75639645201992
1.28578606688942
1.07510592350975
1.51569812049783
2.08781025955514
1.23936690963688
0.53889861898882
0.31791262890952
0.12865885869422
0.38315731974891
0.02645192900390
0.92833008501167
1.16323970052698
1.60427360934332
0.82985148711852
0.27617737396101
0.01170977040784
0.06026493120471
0.37058105996324
0.17253108295301

1.68555945658470
0.21801234374841
8.84590138467065
4.44622818168142
4.66899619778231
5.93863156531440
6.73169756118200
8.06046385436271
8.73297241765029
8.55072452118380
9.58762471516657
7.73388356363951
8.13383404167649
6.39073291747493
5.78090529464918
5.88711365183705
4.60258911942505
3.36650668085011
3.11884520578160
3.84057621219563
1.90670572790462
0.89669087966271
-0.04251393102056
1.15932981243070
2.34304615112377
2.48953381721603
6.18763553016920
7.44695041718957
8.26821319960915
7.64057304968309
6.65003005678438
6.82926917985638
5.42003975261098
5.15978449583477
4.18097897408841

-0.27734693703126
3.56307174923264
9.13271816086693
9.51906371069776
4.85685048978262
5.32274101646037
4.23899758943613
4.13237043991668
4.97652868218083
2.89043967728486
2.80568419229564
1.77892955232368
0.82398005682583
1.86893400330227
0.97729003624092
3.09733616170647
3.52218069322502
2.87570819334344
1.55638716125122
0.99579800783641
0.97389951609475
1.61625559038227
1.12832430841347
2.91453734591290
3.55893064591801
4.56759881247920
6.68065104750952
7.27746858736553
6.73704743601983
8.59352865210699
9.39100140433750
10.42392141971198
8.78588567792788
7.47516333604924
7.06335158259248

195



Table A50. XYZ Coordinates for Optimized S, State of 7-F; in Units of Angstrem.

35

oNoNoNoNoNoNoR"NoN:-NoN:-NoN:-NoN--NoNoNoNoR:-NoRc-N:-Nolc R Nolc Nl oRe No N No)

3.88701282953057
2.24773245136256
3.44678944997914
-0.21152837952590
2.90905330376786
1.84362913123090
-2.27044605995506
3.76336535649454
3.37336536483119
-1.82591823682713
5.16569358675566
5.80128885388836
0.64217394460730
5.71862852680573
6.78499016603541
4.86806081177663
5.07974146544696
6.24312453194580
7.51700520570967
7.63832547924592
8.62246080096678
9.60089964903567
8.48060354166634
9.34739659438447
7.21817408350831
7.09583710291445
6.10981268495942
5.12885141774294
1.54914415049414
1.27751343537505
0.00559222704056
-1.05122962629168
-0.82148765838352
0.46096760532331
2.89441720815764

6.99287356492313
8.29903284411222
7.67727782314770
8.19764137310054
8.14387036646860
8.29538397822106
7.23249906387073
8.38686760155632
8.74383888118129
6.34927275068276
8.17132934779599
8.35409054947068
6.36738508776305
7.74048312445080
7.57047158409624
7.50339372537591
7.08356842352833
6.72078674322336
7.18483473943412
7.85984347197595
6.82486772910224
7.20142144566483
6.00192660959132
5.72257514421725
5.54656258021204
4.90626684026000
5.89984739777385
5.53558823465240
7.33078447668875
7.78545668698013
7.75095495925856
7.26856124847843
6.82424416370677
6.85231452900580
7.34350991002886

4.07484241071350
5.80360757708290
2.00824061607128
6.82952919270269
0.78282149558011
0.66797288960766
5.35561626865533
-0.24819950044702
-1.19438468589997
2.83311248770803
-0.12257896287158
-0.98114317687794
1.81226299369640
1.04456940920661
1.11494861329089
2.15324379812719
3.45753794184192
4.23887916337496
3.89752982832849
3.06029651587277
4.64861914770985
4.37312258961387
5.75674497419484
6.34397683243338
6.11247564456332
6.97860742315704
5.36465156564765
5.64322100256385
3.76681106611125
5.06076899052811
5.60158885095246
4.84616259522839
3.55440835116323
3.03568545705452
3.22866563331395

196



Table A51. XYZ Coordinates for Optimized S, State of 7-F; in Units of Angstrom.

35

oNoNoNoNoNoNoR"NoN:-NoN:-NoN:-NoN--NoNoNoNoR:-NoRc-N:-Nolc R Nolc Nl oRe No N No)

3.89491645709986
2.25981402373048
3.45693233799641
-0.21058682303834
2.90988173979339
1.84438947673414
-2.28639312575835
3.77793049933922
3.37160478539249
-1.83326119665857
5.15562487111245
5.80213832477556
0.63854735381295
5.72609208164686
6.80040353621666
4.87593654137801
5.09404785575114
6.23715027051077
7.52474393057462
7.65806726833837
8.61266778804055
9.59255184346684
8.46167738124076
9.32295378262101
7.19863292164897
7.07498480869334
6.09851163532640
5.11821305731388
1.57323494056460
1.29214688476813
0.01123723707953
-1.05784306104948
-0.82296132931683
0.46169847231128
2.90535442854292

6.95236702837478
7.84908865394672
7.68072575068797
7.69723098472855
8.20096809817356
8.33404417007163
7.08522659539700
8.53954762754310
8.93698183668108
6.54957397571464
8.38230064143586
8.66022392508156
6.58600863857135
7.88793041532926
7.81579480449958
7.53162485763625
7.06709173618112
6.71992174289054
6.62878508682675
6.79343204950210
6.29342086589359
6.22098029236413
6.04095471774299
5.77999612470277
6.12105990066619
5.92361012583253
6.44858955274354
6.51255454022037
7.25210723881689
7.49308631812242
7.43580560797699
7.13465319269386
6.88005819404296
6.93162653228171
7.30225517662566

4.10454874068347
5.94657309682677
2.00006661407212
6.90199308689869
0.81699548237887
0.70307889750477
5.27150949717983
-0.21951857774014
-1.14189995070799
2.65390407082057
-0.09052302449295
-0.91451796695922
1.67803596213605
1.08163913937610
1.16215959365585
2.14363344283991
3.45039206636831
4.21820926652855
3.64722975730392
2.58820788436452
4.42310154539281
3.96544974052982
5.78511079521432
6.38902000860333
6.36360123330944
7.42234024083213
5.60047233261354
6.05463881887757
3.75034573328117
5.11377874440273
5.62260227300306
4.78914794109587
3.44388215898006
2.94597949109052
3.23302686373561

197



Table A52. XYZ Coordinates for Optimized T, State of 7-F; in Units of Angstrem.

35

oNoNoNoNoNoNoR"NoN:-NoN:-NoN:-NoN--NoNoNoNoR:-NoRc-N:-Nolc R Nolc Nl oRe No N No)

3.90458775717846
2.15580962171178
3.47012775381238
-0.32484530055791
2.91823786155129
1.84939184554722
-2.30582430524018
3.77464863295066
3.35450161258387
-1.75105686246261
5.14129310703178
5.79031758284194
0.73189014702018
5.71183814569991
6.78761000483399
4.87928531425432
5.11775530108334
6.25165722300931
7.52441109334813
7.64953977174013
8.60755135244815
9.57076994342913
8.47350912659610
9.32968421210253
7.22754087025204
7.11331338823065
6.13246246371089
5.16777481655698
1.56559352119987
1.23410491596210
-0.05179894537570
-1.07414526748040
-0.78966263140877
0.49994460458091
2.90322232125751

7.13008325089324
8.10741244547120
7.74044036658340
7.84551526928857
8.20265600766370
8.31791034741623
6.95414176903602
8.52045665276360
8.87773827503080
6.30027320062158
8.39148827252483
8.64820628714041
6.47516199939338
7.94617939510944
7.89557823041445
7.61531699874447
7.18213419805363
6.77822251871741
6.63694596577666
6.82995296911821
6.21308732995992
6.10191438284791
5.91683323603343
5.58187468340509
6.04778676203308
5.81557495492164
6.46732089107174
6.56542638866793
7.31693845415063
7.62890812358561
7.51167555874759
7.07358636381874
6.75771986825533
6.87566856108804
7.39949702165211

4.18220228748983
5.92938952106392
2.01986751225400
6.84307756945111
0.83681277358247
0.72366675273809
5.22581539334664
-0.22444831169073
-1.15694657192643
2.65190564965754
-0.09106074319704
-0.91981385041467
1.72053150396502
1.11015406760943
1.19644136625636
2.16600727034535
3.51249379785331
4.24348021907154
3.64329929677093
2.58802190668122
4.38134992946750
3.89659860121965
5.73579510571994
6.30901333079449
6.34354215977427
7.39633200050033
5.62033434515114
6.09986221302311
3.77122288992790
5.10552272729104
5.59094610207311
4.76085306213890
3.44035243853695
2.96611905329398
3.28547363017983

198



Table A53. XYZ Coordinates for Optimized S, State of 7-F, in Units of Angstrem.

35

HoNoNoNoN--NoNoN--NoNoNoNoR-NoNoNoRoN-"NoR:-NoN:-NoN:-NoNONONOoR Rele- R Ne-les!

16.90994324769960
19.54427914502606
21.29186725025153
11.48785024404567
11.24955596881530
13.38867849884372
16.44147636536185
16.17245611024352
17.28334633987323
17.54137078751330
16.76870130521089
18.76977867319793
18.98673402323108
19.77629195758766
20.73721928263221
19.54767081206951
20.31663572685281
18.28568840912726
17.70823949761182
18.17238255351294
19.54235039556805
20.28395989940140
19.98723580629454
19.10580711250630
17.74934620469482
17.27366065003701
16.20577175866763
14.88621312921758
13.77147197374314
13.83448593396063
12.55988359878413
12.41537602868621
13.52618320857521
14.74965375208689
15.59748091706859

11.11734706237086
11.60514407122140
9.54261418828763
5.63985404043746
3.27554237219834
1.65909731535134
6.15922555610164
4.83674066196429
4.13971147160897
2.76687259003626
2.02354304528006
2.40363484678795
1.35976770240893
3.37421508376238
3.04042203078250
4.70476899877758
5.41898340649089
5.12455617807355
6.35904474988948
7.72330568775796
7.99356610744353
7.21082165155795
9.29167165300745
10.35956660665380
10.08639314321144
8.79657423963782
8.63689939440341
4.43279069999225
5.26703768306088
6.22590567477221
4.86299345146411
3.64312364396395
2.82248462118809
3.19887579347151
2.54689791358206

1.08389658076498
0.88930299570508
0.93388091882531
2.55948337379415
3.82910209231425
4.06515991198459
1.70467250081694
1.76272160221256
1.32378079904180
1.08463461577068
1.23589726932485
0.62588579488380
0.43115438214785
0.36272717259836
-0.00996407035356
0.53213676408397
0.27297470235709
1.02104267348265
1.27555770671305
1.18403293675188
1.09760084892841
1.14581404969204
1.00162423425738
0.98915072357910
1.08883232214318
1.18538487982018
1.25637719175608
2.28247734943051
2.16702558163856
1.67076930354819
2.67970011908947
3.32351472526520
3.43483717749615
2.92717594440747
3.08762285172778

199



Table A54. XYZ Coordinates for Optimized S, State of 7-F, in Units of Angstrom.

35

HoNoNoNoN--NoNoN--NoNoNoNoR-NoNoNoRoN-"NoR:-NoN:-NoN:-NoNONONOoR Rele- R Ne-les!

16.73477871943717
19.23774731629690
21.01380738709985
11.74046495927595
11.13298256589369
12.99633793335420
16.43098036767121
16.20444969851215
17.34463482728772
17.64137187482592
16.91483184091493
18.90907046019826
19.15244985456753
19.86281554633501
20.83541613117425
19.59317675697992
20.34953307031994
18.32595407752611
17.71609208405195
18.12969056406657
19.43573667409603
20.18624858339016
19.78533855428802
18.88003327053420
17.59316974407263
17.20935289934214
16.20027394931367
14.91249664381816
13.92965520931740
14.14196300456425
12.67595338182905
12.34370984530167
13.31897204529886
14.58102624677439
15.30324818027007

10.99572524142681
11.63012876974364
9.68384976575588
6.04119293053416
3.48499572112566
1.56309588372165
6.14275641647464
4.79967693762015
4.08564827852762
2.71615527753465
1.95045743013945
2.34859384271652
1.29689856950208
3.30258307639729
2.97964476109042
4.66809928449113
5.37813460779495
5.06975812639719
6.31813803730296
7.67158076239124
8.02044223691578
7.27637669994305
9.34245573612312
10.36351851575401
10.01705594769708
8.70535227289851
8.48249076042722
4.44097405667585
5.44338689450978
6.47587306649329
5.10860663650061
3.79474993240705
2.81171304208667
3.10976254577708
2.31076353410273

1.54114115278204
0.76992954606901
0.23151764872403
2.99652811007725
3.59446994818396
3.33992064551732
1.66941811496542
1.78236398908575
1.38156143980612
1.26617360643281
1.49218773393893
0.81517112458490
0.72224400266987
0.47580223014403
0.12406358373699
0.56923977458522
0.27193723514458
1.02762864339287
1.23361468123118
1.10926445316669
0.70999483015540
0.49553993640636
0.60331637612898
0.87994749118636
1.27656220979768
1.39508560137271
1.71156542121089
2.25274821056412
2.41051614451503
2.17122900961368
2.85580435949771
3.16733547632996
3.02230914738172
2.57510879126466
2.51210082233571
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Table A55. XYZ Coordinates for Optimized T, State of 7-F, in Units of Angstrom.
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16.72315206251601
19.28042827365957
21.09759794396880
11.69385556195188
11.13321850996677
13.04393830563289
16.43104208855020
16.17732253946676
17.33534386385060
17.58059120329790
16.81091472884618
18.84727915908039
19.04584337924035
19.83780837495990
20.81361523482248
19.59141051777586
20.37753285115218
18.33919942347103
17.73617909440897
18.15589701027224
19.49075316354898
20.26649001450521
19.84305371939053
18.91836905593673
17.60658198647613
17.21649962055730
16.18489616266493
14.90726587871509
13.90370226851253
14.09744580352002
12.65297854285451
12.34331516868396
13.34127727121539
14.59960625623352
15.33935922829419

11.02710110974429
11.62147620588540
9.64410601168612
5.96815628022996
3.39482685548518
1.51837660172835
6.16451479311213
4.81052182016876
4.09878679010143
2.76127242390414
2.00987416333815
2.38152495806801
1.33793510451525
3.32244154781668
3.01230569176695
4.68061548463776
5.39415823978436
5.07361848000970
6.35371443719952
7.68929269714931
8.02192851864835
7.27717571763262
9.33123783216050
10.36427475771908
10.03794113362555
8.73885470501387
8.53506933397607
4.43178336267641
5.41449587924983
6.44941735944586
5.05375093538562
3.73404795047523
2.77352750118114
3.09412998718365
2.30838092829473

1.20627345517214
0.57848118197388
0.35648853457612
3.01346669249102
3.62152770440006
3.40350386154021
1.75911058342581
1.82593177413983
1.37430585928550
1.10620714274987
1.21760848830389
0.64947306051085
0.43592049731722
0.45686437593146
0.10356504173149
0.68136228772515
0.48375065735695
1.12343862003506
1.35635094129069
1.18941752662818
0.87036960588281
0.78896841673761
0.66963462739142
0.78020752425189
1.10959065003935
1.31385278555284
1.56319859500292
2.30664395167101
2.46595147609810
2.22306801450774
2.89684509600174
3.20826573373502
3.07823066498071
2.63910407119144
2.59636199236998
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Table A56. XYZ Coordinates for Optimized S, State of 7-F,, in Units of Angstrom.
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5.02865255773902
5.11018238568738
3.89685803126234
3.03303269539854
3.78892762204623
3.43505603998512
2.16550796503001
1.30685284618720
1.71443414035440
6.39281154590448
6.50353612074173
7.72972056146668
8.89161725325993
8.81608992076138
7.58183449522309
3.53312640444274
2.34125791820897
2.09417133233281
3.05156716068692
4.24871619238916
4.47612229187085
5.41769335787265
7.80022620416998
10.06666955668463
9.92182361657082
7.54875595870192
1.40943949992177
0.95747336409904
2.82333987928681
5.15918534469690
5.61942535636437
4.08098264934948
1.79119771707629
0.30504843448294
1.05117357974343

7.69283716393752
9.03701275112497
9.55005638970994
8.41834485751972
7.30098082263713
10.85996873333764
11.00864031456512
9.88790126636656
8.61631300553417
9.62092929542067
10.67813320439423
11.20575613343863
10.68088653323658
9.63716259382003
9.12508345560059
5.87255309659534
5.33513915926842
3.97402077037542
3.09882332138981
3.59626535510024
4.96074692581348
11.18755090342727
12.19060547248071

11.17449142116310

9.14901591939350
8.15540615226510
6.13081391888894
3.50248549762068
1.79773867141459
2.76438819143011
5.39215798982831
11.71668930251269
11.99911743731893
10.06163981988320
7.77627415318656

5.46581104446999
5.42236720941218
5.01597465842106
4.81059681498139
5.10884443866128
4.73485824776635
4.26991781894868
4.06877719713993
4.32954659202165
5.77398454319167
6.67620614959299
7.04213337398772
6.50029459683531
5.59137280481395
5.23622179401804
5.10189362016044
5.58955502087819
5.59654663981831
5.11128356641587
4.62132781137434
4.61764028317747
7.24335514858338
7.92436295649418
6.84751871215507
5.05318522700882
4.33497667734681
6.10063302842056
6.08504390060491
5.11524395394347
4.13970978065422
4.10742801788846
4.88158975225148
4.03899084024569
3.69356289121362
4.16954488710255
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Table A57. XYZ Coordinates for Optimized S, State of 7-F,, in Units of Angstrom.
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5.07103785731072
5.12474962959440
3.87033917885593
3.01025898696053
3.79315677963192
3.39656676999983
2.08323668918155
1.24875539884532
1.69665088324205
6.39625777927021
6.52582813482439
7.75033805616654
8.91974095261612
8.83925405329848
7.60926072482793
3.54534968987149
2.29430208149347
2.04976911409194
3.05988225000407
4.31284350843278
4.54827858938621
5.44228231762562
7.82121397695621
10.09587822322441
9.95127911272552
7.59687881537355
1.32208306836529
0.86515848077953
2.83001521392833
5.26988097118885
5.74047255749414
4.03106629417238
1.70661696839802
0.23395564616764
1.03987124569460

7.66116198377539
9.02924083685869
9.55191957283861
8.42371646011637
7.28609356652889
10.85003329196030
11.01198186118274
9.91418436978125
8.61504719654838
9.60472624407415
10.83756788618978
11.38425660398937
10.71139341127726
9.48776359333837
8.95024358005229
5.88079813493396
5.32302241039931
3.96832196531622
3.09283356175891
3.59722831296637
4.95546891291503
11.47649919915373
12.53105840324595
11.22991094646223
8.85612744605272
7.81594485668926
6.10437415693725
3.48982339399790
1.79362978627490
2.76845191631600
5.38109905056375
11.71234028548913
12.01093276892687
10.07263298795680
7.77610104513181

5.45058639986314
5.44930762116443
5.10911315727434
4.90057898231274
5.13504940618176
4.86718261839175
4.43604022614870
4.22832379202580
4.44732941119956
5.75184148461865
6.42416526869302
6.73946154051909
6.40333146563855
5.75078884168542
5.43287408002484
5.08497995180969
5.42000628175544
5.36919347360240
4.98664743835167
4.66258232912559
4.71156306728215
6.84871589168859
7.39783746529303
6.70561048785812
5.40874893545323
4.75259064903569
5.87443136239252
5.71742437611031
4.93301065521779
4.27573687028386
4.32859159522571
5.01168217350574
4.25221357725184
3.88391677834782
4.26884234466693
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Table A58. XYZ Coordinates for Optimized T, State of 7-F,, in Units of Angstrem.
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5.09872953651210
5.15220509310039
3.86490460780111
3.00170993758760
3.80017379942950
3.40954366893306
2.07635011581810
1.23452401162944
1.69129855242496
6.40756781864836
6.52693336856384
7.74361252102710
8.91841767909146
8.84892431521994
7.62788932895002
3.54415732885602
2.31702831407699
2.06792089280195
3.05017555190567
4.27799280070807
4.51674305805859
5.43533525993439
7.79588021983381
10.08873270289859
9.96503630025055
7.64147291577151
1.37159270590448
0.90794558110101
2.81776985529672
5.20481364347352
5.68157185559988
4.05880782893878
1.71143012170959
0.20879192461893
1.02652678352395

7.64972013331552
9.02732164556434
9.55582961239598
8.43760496546407
7.27336122450577
10.83222889112183
11.00155845860395
9.91844732448910
8.61648877241806
9.60344542952496
10.86561732523832
11.42283850115137
10.72917618063055
9.47566135040482
8.92901214573107
5.87444065745758
5.31325668248311
3.95833885593525
3.09025962899254
3.59986233501348
4.95791196753752
11.53311132302864
12.60298317745486

11.25254806532556

8.81801831233349
7.75562393454633
6.08923904846891
3.47609628815607
1.79113649957331
2.77802585629580
5.39141696833571
11.69170172503344
11.99979219701187
10.06858880873264
7.77526570772413

5.39965460262411
5.43063065436686
5.08715678887598
4.92375690889708
5.13991281393530
4.80856590729203
4.40775748934766
4.26908788153222
4.51428484468353
5.75821083687309
6.37720778131973
6.70611440195056
6.44672451342114
5.85425013361540
5.51990876502334
5.06729173646164
5.46606974156669
5.41459339335328
4.95920943022587
4.55897112738047
4.61355387282301
6.73761336890856
7.30561979736789
6.76498509706275
5.58128761372339
4.90856234047200
5.98465508757991
5.83440657028108
4.90781169843483
4.09130480751105
4.15970876004429
4.89089612777411
4.19805741908930
3.95436915753748
4.37810852864433
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9. Crystal Pair Geometries for 1,3-Diphenylisobenzofuran and Derivatives

Table A59. XYZ Coordinates for Pair 1 in 7a in Units of Angstrem

70
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-0.001033000
-3.703155000
0.714095000
-4.847439000
-1.424327000
-0.707927000
-2.484918000
-4.774009000
1.427683000
-3.559531000
0.720947000
-1.117792000
-0.719087000
-2.396339000
1.114816000
4.767438000
4.845859000
3.709275000
2.489129000
2.393984000
3.552101000
-3.750400000
1.166356000
-5.667442000
-2.353510000
-1.159482000
-1.719185000
-5.546374000
2.357895000
-3.518546000
5.535750000
5.664364000
3.762770000
1.729283000
3.505389000
4.088966000
7.642101000
6.483985000
6.579130000
7.799276000
8.935859000
8.857439000
5.204816000
1.693661000
3.370913000
2.972208000
4.810948000

0.689697000
2.544871000
-3.821589000
1.913127000
-2.669486000
-3.821513000
1.894026000
0.631979000
-2.669823000
-0.025929000
-1.427411000
-0.103645000
-1.426886000
0.593209000
-0.103172000
0.628516000
1.916014000
2.550644000
1.899184000
0.593345000
-0.030084000
3.413946000
-4.634439000
2.348557000
-2.687642000
-4.634518000
2.325101000
0.207048000
-2.686527000
-0.886368000
0.200724000
2.355951000
3.421539000
2.331439000
-0.894509000
0.725698000
0.005915000
0.629345000
1.935185000
2.586645000
1.952015000
0.664516000
-0.067172000
0.629209000
-1.390887000
-0.067646000
-1.391412000

0.019634000
-0.542196000
0.005454000
-0.108501000
-0.020762000
-0.029401000
-0.494462000
0.396167000
0.017312000
0.463585000
0.004378000
0.028429000
0.013342000
0.006600000
0.002675000
-0.416504000
0.069520000
0.524329000
0.505649000
0.012976000
-0.455515000
-0.868463000
0.020728000
-0.155568000
-0.036803000
-0.058536000
-0.797633000
0.693096000
0.034126000
0.815200000
-0.720141000
0.091303000
0.845121000
0.822518000
-0.796029000
-3.789365000
-4.264515000
-3.796024000
-3.303351000
-3.284671000
-3.739479000
-4.225504000
-3.806324000
-3.802400000
-3.795658000
-3.780571000
-3.804622000
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0.530469000
5.517684000
-0.684009000
1.605082000
3.382073000
2.665673000
-0.757439000
4.804095000
0.386845000
7.595390000
5.819283000
7.852771000
9.754365000
9.625750000
0.571453000
6.447895000
-1.456374000
2.370814000
2.930517000
1.736489000
-1.577443000
5.256356000
0.339599000

0.010070000
-2.633823000
0.667980000
1.930027000
-3.785514000
-2.633487000
1.949128000
-3.785589000
2.580872000
-0.858510000
2.367439000
3.457540000
2.391951000
0.236724000
-0.850368000
-2.650527000
0.243049000
2.361101000
-4.598519000
-2.651642000
2.384557000
-4.598440000
3.449947000

-3.345415000
-3.791688000
-3.412833000
-4.303462000
-3.838402000
-3.829762000
-3.917501000
-3.803545000
-4.351197000
-4.605030000
-2.986481000
-2.963879000
-3.717697000
-4.529141000
-2.993800000
-3.774873000
-3.115904000
-4.606634000
-3.867536000
-3.845803000
-3.964568000
-3.788271000
-4.677464000
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Table A60. XYZ Coordinates for Pair 2 in 7a in Units of Angstrem
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0.001033000
-3.552101000
-2.393984000
-2.489130000
-3.709275000
-4.845859000
-4.767438000
-1.114816000

2.396338000

0.719086000

1.117792000
-0.720947000

3.559531000
-1.427684000

4.774009000

2.484918000

0.707926000

1.424327000

4.847438000
-0.714095000

3.703155000
-3.505390000
-1.729282000
-3.762770000
-5.664364000
-5.535750000

3.518547000
-2.357894000

5.546374000

1.719185000

1.159482000

2.353511000

5.667442000
-1.166355000

3.750400000
-4.411866000
-5.131041000
-4.587493000
-4.115184000
-4.189269000
-4.717535000
-5.184573000
-4.500438000
-4.254037000
-4.347185000
-4.316370000
-4.458274000
-3.709853000
-4.483756000

-0.689697000
0.030084000
-0.593345000
-1.899184000
-2.550644000
-1.916014000
-0.628516000
0.103172000
-0.593209000
1.426886000
0.103645000
1.427411000
0.025929000
2.669823000
-0.631979000
-1.894026000
3.821513000
2.669486000
-1.913127000
3.821589000
-2.544871000
0.894509000
-2.331439000
-3.421539000
-2.355951000
-0.200724000
0.886368000
2.686527000
-0.207048000
-2.325101000
4.634518000
2.687642000
-2.348557000
4.634439000
-3.413946000
3.546823000
2.789266000
3.427739000
4.736907000
5.376923000
4.727576000
3.436646000
2.743303000
3.472912000
1.437160000
2.764199000
1.422919000
2.868865000
0.174032000

0.019634000
-0.455515000
0.012976000
0.505650000
0.524328000
0.069521000
-0.416504000
0.002675000
0.006600000
0.013342000
0.028429000
0.004378000
0.463584000
0.017312000
0.396167000
-0.494462000
-0.029401000
-0.020762000
-0.108500000
0.005454000
-0.542196000
-0.796029000
0.822518000
0.845120000
0.091302000
-0.720140000
0.815199000
0.034126000
0.693096000
-0.797634000
-0.058536000
-0.036803000
-0.155568000
0.020728000
-0.868464000
4.717553000
1.213624000
2.329999000
2.188588000
0.964498000
-0.131272000
-0.007178000
3.612762000
7.108493000
5.452882000
5.837821000
4.017181000
8.241708000
3.322298000
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-3.697169000
-4.759835000
-4.367961000
-4.319420000
-4.207452000
-4.434068000
-4.727184000
-5.459192000
-3.749314000
-3.881332000
-4.758032000
-5.537887000
-3.353909000
-4.532814000
-3.342192000
-5.120626000
-4.357299000
-4.269335000
-4.200348000
-4.443228000
-5.057484000

3.537627000
4.770045000
-0.957749000
0.201042000
4.814918000
-0.970984000
5.431952000
1.922357000
5.179113000
6.250064000
5.159916000
2.998940000
2.011208000
0.148668000
3.122662000
5.191161000
-1.766666000
0.191547000
5.257662000
-1.787915000
6.298528000

9.452057000
7.220957000
5.465910000
6.169697000
9.549839000
4.045059000
8.433719000
1.292025000
2.920169000
0.880675000
-0.953106000
-0.748181000
8.183447000
2.393425000
10.205101000
6.474917000
5.925548000
7.097797000
10.367242000
3.600043000
8.496349000
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Table A61. XYZ Coordinates for Pair 1 in 7B in Units of Angstrem
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-0.002216000
3.694786000
-3.710715000
4.836954000
-0.697821000
4.767077000
0.722372000
-4.766599000
2.477988000
-4.844453000
1.429766000
-2.492727000
-1.418342000
-0.716401000
3.553031000
2.390510000
-3.549787000
1.115699000
-2.395029000
0.721393000
-1.115356000
3.742104000
-3.764301000
5.656523000
-1.145997000
5.539207000
1.177469000
-5.533466000
1.711510000
-5.663326000
2.359245000
-1.733226000
-2.347863000
3.510701000
-3.501270000
-4.084117000
-0.387114000
-7.792616000
0.755054000
-4.779721000
0.685178000
-3.359528000
-8.848499000
-1.603911000
-8.926353000
-2.652134000
-6.574628000
-5.500242000
-4.798302000

0.687901000
2.535832000
2.539033000
1.909044000
-3.811113000
0.640176000
-3.805175000
0.618047000
1.884548000
1.903646000
-2.652933000
1.887588000
-2.664105000
-1.422779000
-0.017970000
0.597848000
-0.033699000
-0.100565000
0.587321000
-1.421072000
-0.105686000
3.403086000
3.411761000
2.345920000
-4.625322000
0.220741000
-4.615438000
0.188761000
2.312154000
2.342393000
-2.666307000
2.319509000
-2.685839000
-0.874287000
-0.899360000
0.695501000
2.543432000
2.546634000
1.916644000
-3.803514000
0.647777000
-3.797576000
0.625647000
1.892148000
1.911246000
-2.645334000
1.895188000
-2.656506000
-1.415180000

-0.024248000
0.550944000
-0.519114000
0.111652000
-0.000052000
-0.403323000
0.033445000
0.414692000
0.499673000
-0.069387000
0.021148000
-0.503168000
-0.015711000
-0.003623000
-0.473114000
-0.005502000
0.449871000
-0.031094000
-0.015288000
-0.013903000
-0.006327000
0.884066000
-0.835810000
0.163836000
-0.012152000
-0.707509000
0.064156000
0.718755000
0.806706000
-0.092172000
0.035528000
-0.820283000
-0.034254000
-0.833011000
0.788315000
3.786052000
4.361245000
3.291185000
3.921952000
3.810248000
3.406977000
3.843746000
4.224993000
4.309973000
3.740912000
3.831448000
3.307131000
3.794589000
3.806677000
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-0.528868000
-1.691389000
-7.631687000
-2.966200000
-6.476930000
-3.360507000
-5.197256000
-0.339796000
-7.846201000

1.574623000
-5.227898000

1.457307000
-2.904430000
-9.615367000
-2.370389000
-9.745226000
-1.722655000
-5.815126000
-6.429764000
-0.571199000
-7.583170000

-0.010370000
0.605448000
-0.026099000
-0.092966000
0.594922000
-1.413473000
-0.098086000
3.410687000
3.419362000
2.353521000
-4.617722000
0.228341000
-4.607839000
0.196362000
2.319754000
2.349993000
-2.658708000
2.327110000
-2.678240000
-0.866687000
-0.891760000

3.337186000
3.804797000
4.260172000
3.779205000
3.795011000
3.796397000
3.803973000
4.694367000
2.974490000
3.974136000
3.798148000
3.102790000
3.874456000
4.529056000
4.617006000
3.718127000
3.845828000
2.990017000
3.776046000
2.977289000
4.598615000
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-0.002216000
3.694786000
-3.710715000
4.836954000
-0.697821000
4.767077000
0.722372000
-4.766599000
2.477988000
-4.844453000
1.429766000
-2.492727000
-1.418342000
-0.716401000
3.553031000
2.390510000
-3.549787000
1.115699000
-2.395029000
0.721393000
-1.115356000
3.742104000
-3.764301000
5.656523000
-1.145997000
5.539207000
1.177469000
-5.533466000
1.711510000
-5.663326000
2.359245000
-1.733226000
-2.347863000
3.510701000
-3.501270000
4.431194000
4.763466000
4.205295000
4.242360000
4.472222000
3.724693000
4.408008000
5.196272000
4.791521000
4.727547000
4.355016000
4.132955000
4.514044000
4.486368000

0.687901000
2.535832000
2.539033000
1.909044000
-3.811113000
0.640176000
-3.805175000
0.618047000
1.884548000
1.903646000
-2.652933000
1.887588000
-2.664105000
-1.422779000
-0.017970000
0.597848000
-0.033699000
-0.100565000
0.587321000
-1.421072000
-0.105686000
3.403086000
3.411761000
2.345920000
-4.625322000
0.220741000
-4.615438000
0.188761000
2.312154000
2.342393000
-2.666307000
2.319509000
-2.685839000
-0.874287000
-0.899360000
-3.417361000
-5.235521000
-5.297561000
-4.604144000
1.076818000
-3.339617000
1.080900000
-3.377055000
-4.593021000
-4.666693000
-0.066509000
-4.637652000
-0.075204000
-1.311549000

-0.024248000
0.550944000
-0.519114000
0.111652000
-0.000052000
-0.403323000
0.033445000
0.414692000
0.499673000
-0.069387000
0.021148000
-0.503168000
-0.015711000
-0.003623000
-0.473114000
-0.005502000
0.449871000
-0.031094000
-0.015288000
-0.013903000
-0.006327000
0.884066000
-0.835810000
0.163836000
-0.012152000
-0.707509000
0.064156000
0.718755000
0.806706000
-0.092172000
0.035528000
-0.820283000
-0.034254000
-0.833011000
0.788315000
4.754093000
8.495404000
1.034098000
9.600031000
4.028653000
9.485578000
5.447796000
0.030755000
7.273192000
-0.070705000
6.161146000
2.245467000
3.317234000
4.027476000
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3.734037000
4.284717000
5.143198000
4.342056000
4.604004000
4.377241000
4.520169000
5.098503000
3.899046000
4.241060000
4.485373000
3.365247000
4.401772000
5.549395000
5.153475000
4.764153000
4.305346000
3.767336000
4.559323000
3.372021000
5.471540000

-2.690371000
-3.310711000
-2.716710000
-2.621293000
-3.333183000
-1.303438000
-2.631340000
-6.099952000
-6.172948000
-5.034976000

1.887813000
-2.917132000

1.894479000
-2.950827000
-5.023615000
-5.111219000
-0.046633000
-5.066663000
-0.060004000
-1.837041000
-1.848266000

8.264788000
7.141722000
1.242270000
5.863054000
2.366876000
5.461138000
3.638997000
8.571894000
0.965308000
10.424446000
3.574716000
10.231864000
5.897944000
-0.716547000
6.532800000
-0.885952000
7.089292000
2.984543000
2.388501000
8.191514000
1.307550000
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Table A63. XYZ Coordinates for Pair 1 in 7-F,, in Units of Angstrom
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-0.294328200
5.858159500
4.662222100
0.114674700
-4.879619100
-5.626906700
-1.314004100
-2.672540500
-1.508305100
2.058831700
3.123106300
2.951045100
0.633020200
1.570026400
0.697092300
-2.200771300
-3.142024500
-1.665915500
-2.245948900
4.424465400
5.142879500
2.339345200
1.629391300
-0.245226300
0.089892100
-3.917147200
-4.010440200
-2.564560700
-1.722185100
3.630109200
3.809140200
-3.660925800
-3.575145500
-5.020302700
-5.868090700
-4.285863000
0.670686000
1.557611000
-3.876852000
-9.824255000
-8.871162000
-5.305531000
-6.664076000
-5.499837000
-1.932701000
-0.868428000
-1.040489000
-3.358501000
-2.421494000

-0.566039300
-1.635477600
-1.091169100

1.633889800
-2.503460500
-3.090335600

1.422825400

-0.817578900

0.058307600
-0.118897400

0.659924700

1.529299700

2.963245500

3.119829400

0.382635800

2.548298800

2.424225100

3.788851000

4.542748200

0.180784800

0.718308400
-1.403122600
-1.942721300

3.999166000

4.887539200
-0.383491800

0.492753200

-2.120320000
-2.431375200
-1.889607600
-2.763556400
-2.966377300
-3.849236500
-1.225810600
-0.923898300
-1.146790000
-1.671938000
-2.011313000

1.053137000
-4.050524000

-3.084196000

0.842079000
-1.398321000
-0.522438000
-0.699657000

0.079153000

0.948523000
2.382491000

2.539072000

0.008946900
0.038849800
0.058318600

-0.001966600
-0.098142800
-0.128622800

0.013404900
-0.001626500
0.024914300
0.009404500

-0.460637500
-0.804633300
0.001031800

0.006554700

-0.009048900

0.002817100

0.001056900
-0.002515800
-0.006397500
-0.433030000
-0.746307900

0.508489500
0.836843900

-0.003811900
-0.008467400

0.460437800
0.816067800
-0.500349300
-0.809951500
0.526195900
0.854218900
-0.554036100
-0.895989400
0.401757900
0.705051200
3.784899000
3.834232000
3.845494000
3.773945000
3.714303000
3.677885000
3.789333000
3.774352000
3.800867000
3.785327000
3.315261000
2.971253000
3.776916000
3.782428000
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-3.294439000
-6.192294000
-7.133548000
-5.657434000
-6.237464000

0.432929000

1.151342000
-1.652188000
-2.362141000
-4.236744000
-3.901622000
-7.908677000
-8.001963000
-6.556106000
-5.713735000
-0.361426000
-0.182395000
-7.652475000
-7.566708000
-9.011836000
-9.859620000

-0.198119000
1.967555000
1.843485000
3.208105000
3.962005000
-0.399991000
0.137525000
-1.983875000
-2.523466000
3.418415000
4.306787000
-0.964221000
-0.087970000
-2.701070000
-3.012134000
-2.470365000
-3.344309000
-3.547124000
-4.429991000
-1.806537000
-1.504616000

3.766878000
3.778735000
3.776986000
3.773377000
3.769488000
3.342865000
3.029571000
4.284430000
4.612800000
3.772064000
3.767390000
4.236421000
4.592037000
3.275650000
2.966045000
4.302132000
4.630168000
3.221988000
2.880055000
4.177766000
4.481062000
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0.285536000
4.866160900
5.613369300
1.325780000
-5.863303100
-4.667435200
-0.101524800
-2.060940800
-0.689993100
2.665816600
3.912222000
4.004232300
2.213487600
3.154958900
1.512827000
-0.616496100
-1.552425900
0.260760700
-0.070850300
5.014135600
5.858980000
2.555069200
1.717700200
1.680214700
2.262664600
-3.121563400
-2.951734500
-2.342760600
-1.630008000
3.644689200
3.557970200
-3.640076000
-3.819033400
-4.424268300
-5.144902800
-3.444840000
-2.792195000
-2.992284000
-3.714789000
-3.455043000
-3.404936000
-3.822385000
-3.602624000
-3.654519000
-3.307319000
-2.864283000
-2.664737000
-3.864070000
-3.811494000

0.559987800
2.524836800
3.110893200
-1.421076800
1.699467800
1.057730400
-1.641267100
0.098237200
-0.394985700
0.827497900
0.399372000
-0.480763600
-2.538159700
-2.411142800
-0.053631800
-2.978324400
-3.137660100
-4.005647300
-4.897163100
1.241235400
0.940945500
2.135416400
2.440129100
-3.787153500
-4.536968500
-0.685673200
-1.551730300
1.376649200
1.923690000
2.981217600
3.867829700
1.861501800
2.731617900
-0.206368500
-0.746249400
-4.262075000
-6.105478000
-5.421447000
-2.157738000
-5.554092000
-6.028271000
-2.183182000
-4.201089000
-3.496773000
-4.126653000
-3.428168000
-2.501396000
-0.922493000
-0.890419000

-0.016776900
-0.070012300
-0.082902600
0.002357000
0.044949400
0.084662200
-0.013273000
-0.006266300
-0.029910700
-0.016417800
0.456184900
0.803552400
0.004224000
-0.001055400
0.004457000
0.001925400
0.003567400
0.011779300
0.018749100
0.426271400
0.741322900
-0.520493300
-0.850625000
0.013341400
0.021252600
-0.466206400
-0.818463200
0.487453100
0.795559300
-0.540537100
-0.871944600
0.538331500
0.876896500
-0.410318300
-0.712141100
4.730562000
10.661297000
9.557221000
5.441889000
-0.077821000
-0.900277000
4.001860000
2.345051000
3.619638000
7.118039000
8.247650000
8.176756000
6.140289000
7.088306000
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-3.478124000
-4.049719000
-4.111037000
-4.176618000
-4.330862000
-2.710906000
-2.417495000
-3.590890000
-3.898140000
-4.083478000
-4.177642000
-4.227427000
-4.711863000
-2.914618000
-2.492349000
-3.427606000
-3.610150000
-2.834411000
-2.363155000
-4.143418000
-4.558619000

-3.457375000
-0.964918000
-0.965175000

0.182486000

0.996249000
-4.069152000
-3.586715000
-5.497658000
-5.985536000
0.206057000

1.034014000
-3.686886000
-2.871164000
-5.414515000
-5.779925000
-6.142953000
-7.072644000
-6.094157000
-6.917497000
-4.361224000
-4.003104000

5.841676000
3.282616000
2.335201000
3.984348000
3.516573000
9.468096000
10.232529000
7.248198000
6.492823000
5.417304000
5.872446000
1.206544000
1.260405000
2.236595000
3.004950000
8.456497000
8.532587000
1.031454000
0.970144000
-0.005110000
-0.780507000
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0.496426500
-5.309369200
-3.509798300

1.700170500

1.470672500
-0.516315300

0.035251300

2.888242400
-1.861700900

1.769085800

2.333972600
-3.340718200

2.801465100

1.959034700
-4.235316300
-0.501936500
-1.441462200

2.327764800

3.271974600

4.135760900

4.205197400
-2.055516300
-1.311485200
-4.469756800
-5.346900100

3.950000800

3.888119200
-2.989565500
-2.890340700

5.185293600

5.967530100

0.348012300
-0.007121800

5.266344400

6.105975300
-0.210573000
-6.016369000
-4.216798000

0.993171000

0.763673000
-1.223315000
-0.671749000

2.181242000
-2.568701000

1.062086000

1.626973000
-4.047718000

2.094465000

1.252035000

-0.512450000
0.962598600
-3.353451000
0.133020300
1.500501700
0.410511000
1.677670700
-0.710439300
-0.134394100
3.874462600
4.638052300
-2.019327600
-2.055057300
-2.432080100
0.132325300
2.999641600
3.137283800
2.636935400
2.531613800
-0.199759100
0.704152700
-1.525044800
-2.115673800
-1.226272100
-1.590622600
-2.839146400
-3.747543600
0.698626600
1.643333300
-2.308405700
-2.845479500
4.054764600
4.935670500
-0.985146300
-0.618916800
0.855550000
2.330599000
-1.985451000
1.501020000
2.868502000
1.778511000
3.045671000
0.657561000
1.233606000
5.242463000
6.006052000
-0.651328000
-0.687057000
-1.064080000

-0.010319700
-0.004872400
-0.094679600
-0.030961300
-0.009015600
0.018915200
0.029338900
-0.034623300
0.003126600
0.071058500
0.087347000
-0.046388000
0.343992700
0.569246500
-0.013864600
0.080956200
0.106480100
0.027746900
0.021919300
-0.403456200
-0.687402300
-0.021229500
-0.020433000
-0.041386400
-0.056129700
0.390847800
0.661778100
0.004166900
0.016648800
0.046403900
0.089170900
0.092866200
0.116265300
-0.361420800
-0.613173900
3.448680000
3.454128000
3.364320000
3.428039000
3.449984000
3.477915000
3.488339000
3.424377000
3.462127000
3.530058000
3.546347000
3.412612000
3.802993000
4.028246000
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-4.942316000
-1.208937000
-2.148462000
1.620765000
2.564975000
3.428761000
3.498197000
-2.762516000
-2.018485000
-5.176757000
-6.053900000
3.243001000
3.181119000
-3.696565000
-3.597341000
4.478294000
5.260530000
-0.358988000
-0.714122000
4.559344000
5.398975000

1.500325000
4.367642000
4.505284000
4.004935000
3.899614000
1.168241000
2.072153000
-0.157045000
-0.747674000
0.141728000
-0.222623000
-1.471146000
-2.379544000
2.066627000
3.011333000
-0.940406000
-1.477480000
5.422765000
6.303670000
0.382854000
0.749083000

3.445135000
3.539956000
3.565480000
3.486747000
3.480919000
3.055544000
2.771598000
3.437771000
3.438567000
3.417614000
3.402870000
3.849848000
4.120778000
3.463167000
3.475649000
3.505404000
3.548171000
3.551866000
3.575265000
3.097579000
2.845826000

218



Table A66. XYZ Coordinates for Pair 1 in 7-F,, in Units of Angstrom
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6.233201200
-6.237594200
4.905312100
5.011592100
3.638452400
3.874551300
2.456141900
2.614292700
1.122008400
0.719502000
-1.126375400
1.434137200
-0.714528800
-2.463749600
0.725475500
-1.412921900
-3.649803300
-2.621214400
-0.697586700
-4.914424100
-3.880990200
-5.018411400
0.002454100
3.966092800
5.802844100
3.588218700
1.732684900
2.526630500
1.249949000
-2.494669600
-3.604413600
-1.736721800
-1.214109500
-5.809221700
-3.980599300
4.155202000
-8.315594000
2.827312000
2.933593000
1.560452000
1.796551000
0.378142000
0.536293000
-0.955992000
-1.358498000
-3.204375000
-0.643863000
-2.792529000
-4.541750000

-2.090124300
-2.093309400
-0.138500400
-1.529054200
0.445980300
-2.342859800
-0.337914200
-1.741127400
0.290411100
1.641504700
0.297714900
2.879142900
1.652498400
-0.326211700
4.060575100
2.903830000
0.456407900
-1.731298200
4.073816100
-0.128703600
-2.334722100
-1.522658100
-0.479745200
-3.422688100
0.475724300
1.532591700
-2.373198800
2.887367700
5.013864400
2.939350000
1.541223200
-2.357872500
5.035182300
0.484175700
-3.420534300
-2.489124000
-2.492310000
-0.537500000
-1.928054000
0.046980000
-2.741860000
-0.736914000
-2.140127000
-0.108589000
1.242505000
-0.101285000
2.480143000
1.253498000
-0.725212000

-0.078096600
-0.096318500
0.045470800
-0.021161000
0.074948900
-0.046889300
0.049528900
-0.011207000
0.114050100
0.010140000
0.097437800
-0.086405700
0.096970000
0.070546200
-0.153349000
0.053236700
0.075831900
0.014306800
-0.088520200
0.009490800
-0.042697400
-0.047759200
0.058777300
-0.099984900
0.051697600
0.082693300
-0.033040900
-0.073629300
-0.225038300
0.153879000
0.159718000
0.002942200
-0.112445400
-0.021221000
-0.079761000
3.392903000
3.374681000
3.516471000
3.449838000
3.545949000
3.424111000
3.520529000
3.459793000
3.585050000
3.481140000
3.568438000
3.384594000
3.567970000
3.541546000

219



ITZITTTTTITICZIEZIDZTZOOOOOOOOO

-1.352524000
-3.490922000
-5.727803000
-4.699215000
-2.775587000
-6.992424000
-5.958990000
-7.096412000
-2.075546000

1.888093000

3.724844000

1.510219000
-0.345315000

0.448630000
-0.828051000
-4.572670000
-5.682414000
-3.814722000
-3.292110000
-7.887222000
-6.058599000

3.661575000
2.504830000
0.057408000
-2.130298000
3.674816000
-0.527704000
-2.733722000
-1.921658000
-0.878745000
-3.821688000
0.076724000
1.133592000
-2.772199000
2.488368000
4.614864000
2.540350000
1.142223000
-2.756873000
4.636182000
0.085176000
-3.819534000

3.317651000
3.524237000
3.546832000
3.485307000
3.382480000
3.480491000
3.428303000
3.423241000
3.529777000
3.371015000
3.522698000
3.553693000
3.437959000
3.397371000
3.245962000
3.624879000
3.630718000
3.473942000
3.358554000
3.449779000
3.391239000
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Table A67. XYZ Coordinates for Pair 1 in 7-F,, in Units of Angstrem
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-3.607629200
-0.005602200
-3.611287600
-4.826109000
-5.643366400
3.633454700
-4.802613300
-5.620304700
-3.606433500
-3.613303600
-2.388502300
-2.402912300
-1.591740200
-1.125599200
-0.731053900
-1.414788200
-2.363532600
-0.708480100
-1.170850700
0.716820300

1.186499200
1.418048300
2.367468500
0.728650600
1.122264700
2.371346300
2.412727300
1.607594800
3.618456500
4.827187000
5.649214700
4.788187500
5.600597100
3.581627700
3.580234600

-7.208629000
-3.606602000
-7.212288000
-8.427109000
-9.244366000
0.032455000
-8.403613000
-9.221305000
-7.207434000
-7.214304000
-5.989502000
-6.003912000
-5.192740000
-4.726599000

-3.509560200
-0.191070800
-2.151000500
-1.498570500
-1.979954000
-3.506146200
-0.133925400
0.347279800
0.561914100
1.511810100
-0.117017600
-1.504985900
-1.997330700
0.598195500
1.925483500
3.166998900
3.188932300
4.320239000
5.149750100
4.308873700
5.134452600
3.150675700
3.166826300
1.915942400
0.591262400
-0.111405500
-1.510718300
-2.012091800
-2.143830400
-1.491321200
-1.966802500
-0.117038600
0.368892400
0.567658300
1.514635800
-1.214560000
2.103929000
0.144000000
0.796430000
0.315046000
-1.211146000
2.161075000
2.642280000
2.856914000
3.806810000
2.177982000
0.790014000
0.297669000
2.893196000

0.015966100
0.051523800
-0.016204600
-0.120498900
-0.186245000
0.135879300
-0.123531000
-0.167783400
-0.064225000
-0.092401700
0.037372600
0.047510300
0.096968600
0.070909700
0.079140900
0.091235800
0.134752800
0.038147900
0.024205200
0.004210300
-0.026507700
0.014803300
-0.000116400
0.047320400
0.024416900
-0.040614900
0.042322200
0.107859800
0.030289400
-0.080894200
-0.092570900
-0.172657700
-0.245263400
-0.161328700
-0.235037200
-3.228034000
-3.192476000
-3.260205000
-3.364499000
-3.430245000
-3.108121000
-3.367531000
-3.411783000
-3.308225000
-3.336402000
-3.206627000
-3.196490000
-3.147031000
-3.173090000
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-4.332054000
-5.015788000
-5.964533000
-4.309480000
-4.771851000
-2.884180000
-2.414501000
-2.182952000
-1.233531000
-2.872349000
-2.478735000
-1.229654000
-1.188273000
-1.993405000
0.017456000

1.226187000

2.048215000

1.187188000

1.999597000
-0.019372000
-0.020765000

4.220484000
5.461999000
5.483932000
6.615239000
7.444750000
6.603874000
7.429453000
5.445676000
5.461826000
4.210942000
2.886262000
2.183594000
0.784282000
0.282908000
0.151170000
0.803679000
0.328197000
2.177961000
2.663892000
2.862658000
3.809636000

-3.164859000
-3.152764000
-3.109247000
-3.205852000
-3.219795000
-3.239790000
-3.270508000
-3.229197000
-3.244116000
-3.196680000
-3.219583000
-3.284615000
-3.201678000
-3.136140000
-3.213711000
-3.324894000
-3.336571000
-3.416658000
-3.489263000
-3.405329000
-3.479037000
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Table A68. XYZ Coordinates for Pair 2 in 7-F,, in Units of Angstrem
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-3.607629200
-0.005602200
-3.611287600
-4.826109000
-5.643366400
3.633454700
-4.802613300
-5.620304700
-3.606433500
-3.613303600
-2.388502300
-2.402912300
-1.591740200
-1.125599200
-0.731053900
-1.414788200
-2.363532600
-0.708480100
-1.170850700
0.716820300

1.186499200
1.418048300
2.367468500
0.728650600
1.122264700
2.371346300
2.412727300
1.607594800
3.618456500
4.827187000
5.649214700
4.788187500
5.600597100
3.581627700
3.580234600
2.792029000
0.559232000
1.985374000
1.645121000
1.948781000
2.175309000
0.855970000
0.623852000
0.386544000

-0.181656000

0.739533000
1.546970000
1.790360000
0.231476000

-3.509560200
-0.191070800
-2.151000500
-1.498570500
-1.979954000
-3.506146200
-0.133925400
0.347279800
0.561914100
1.511810100
-0.117017600
-1.504985900
-1.997330700
0.598195500
1.925483500
3.166998900
3.188932300
4.320239000
5.149750100
4.308873700
5.134452600
3.150675700
3.166826300
1.915942400
0.591262400
-0.111405500
-1.510718300
-2.012091800
-2.143830400
-1.491321200
-1.966802500
-0.117038600
0.368892400
0.567658300
1.514635800
7.960934000
3.769598000
7.118927000
7.457816000
8.266604000
3.734668000
6.581256000
6.769275000
5.422129000
4.838825000
5.099641000
5.982077000
5.802166000
3.903234000

0.015966100
0.051523800
-0.016204600
-0.120498900
-0.186245000
0.135879300
-0.123531000
-0.167783400
-0.064225000
-0.092401700
0.037372600
0.047510300
0.096968600
0.070909700
0.079140900
0.091235800
0.134752800
0.038147900
0.024205200
0.004210300
-0.026507700
0.014803300
-0.000116400
0.047320400
0.024416900
-0.040614900
0.042322200
0.107859800
0.030289400
-0.080894200
-0.092570900
-0.172657700
-0.245263400
-0.161328700
-0.235037200
5.461442000
6.659587000
4.763542000
3.466731000
3.069725000
11.310033000
2.779928000
1.878315000
3.375430000
2.885482000
4.689213000
5.393571000
6.294261000
5.335794000
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-0.563547000
-1.200079000
-1.084024000
-1.975538000
-2.418180000
-2.136756000
-2.682434000
-1.531402000
-1.646183000
-0.727477000
-0.023390000
0.204814000

1.072423000

1.493033000

1.307967000
0.723711000

0.906677000
-0.136916000
-0.555107000
-0.402599000
-1.006649000

2.831240000
2.431358000
2.940241000
1.322200000
1.069610000
0.527748000
-0.249383000
0.853036000
0.304825000
2.014760000
2.639686000
2.400625000
3.220480000
3.966977000
2.934821000
1.884227000
1.719053000
1.083433000
0.346199000
1.337251000
0.776228000

4.966750000
3.765117000
2.971354000
3.755913000
2.954455000
4.928780000
4.891032000
6.095395000
6.862320000
6.166053000
7.177964000
8.574012000
9.310054000
8.898058000
10.620656000
11.294494000
12.211657000
10.575714000
11.003514000
9.237913000
8.766131000
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Table A69. XYZ Coordinates for Pair 1 in 7-F,, in Units of Angstrom
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-0.788507600
4.925403300
0.154573300
3.418754600
5.448419200
-4.015400000
-3.863311800
-2.030192600
1.537207300
-1.900584700
-0.930772900
-0.629661300
4.173875700
-3.144325100
-5.540470700
-6.422940300
3.115539100
-5.311556400
-6.041653700
-0.489387500
-2.815688500
-3.753199600
-0.023370300
0.905779900
2.601428100
2.438570800
3.876222200
-4.436852300
-4.587719000
-2.947993600
-2.063982900
1.819723400
1.118576800
-2.325824600
-2.937102300
1.363547000
-4.712577000
-3.489371000
-3.209396000
-3.372877000
2.735438000
2.050294000
1.276706000
-1.205085000
-0.697530000
-2.578055000
-1.377170000
-0.973803000
3.128280000

0.465840900
-1.381366000
-0.510561700

3.008120400

1.242163100

3.081962900

4.012101400
-0.083338500
-0.079044900
-1.460280400
-4.097684200
-4.994367000

0.804732500

0.825335900

1.230971700

0.887017000

1.689013800

2.611405300

3.219180400
-1.740562900
-2.540387300
-2.380490200
-3.084032600
-3.273390200
-0.971877500
-1.901132200
-0.503956200

0.372128100
-0.564425400

2.207507300

2.548889900

1.314379100

1.954368600
-3.810610700
-4.531837200
-0.745573000

0.887653000
-1.513431000
3.134139000

0.795088000

-0.708390000
2.831682000

3.384150000

1.858918000

2.652048000

1.920760000
-0.524435000
-1.381997000

0.613949000

0.149216300
0.223121600
0.157070300
-0.263265200
-0.115546400
-0.103250500
-0.222175300
0.054551800
0.128171300
-0.011512500
-0.211211900
-0.281801600
-0.021686100
0.045177200
0.153480000
0.236557000
-0.082803900
0.047573100
0.079617800
0.055826800
-0.154180300
-0.180078200
-0.070000300
-0.055599000
0.208105300
0.324137800
0.119638900
0.133069500
0.182631100
-0.082191200
-0.155454700
-0.022462100
-0.078335700
-0.253772000
-0.353969500
3.586967000
3.409209000
3.157643000
3.614371000
3.434963000
3.568799000
3.361265000
3.335798000
3.602176000
3.727393000
3.534013000
3.339934000
3.262682000
3.500609000
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0.865730000
-2.718076000
4.751428000
5.226577000
-0.568697000
3.281728000
3.361015000
3.421881000
4.424852000
5.217901000
4.757684000
5.227864000
4.469917000
5.316128000
2.741062000
1.818588000
1.920962000
5.408180000
6.327135000
3.412968000
2.944881000

0.538948000
-0.406486000
-2.118159000
-1.356752000

0.633222000

3.379469000

4.323971000
-1.998119000

1.221159000

0.699337000
-4.430532000
-5.249236000
2.584268000

3.016298000
-3.156256000
-3.109857000

1.418986000
-3.319326000
-3.377578000
-4.353268000
-5.131843000

3.525649000
3.311251000
3.893905000
4.205388000
3.488386000
3.282723000
3.210132000
3.571286000
3.398842000
3.396135000
3.319591000
3.202153000
3.306335000
3.255498000
3.140071000
2.923304000
3.480416000
3.776851000
4.016281000
3.032348000
2.757563000
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Table A70. XYZ Coordinates for Pair 2 in 7-F,, in Units of Angstrom
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-0.788113000
4.927874900
5.462484500
3.438209500
1.835492000
1.138944600
-1.887735800
3.138355500
2.614999300
2.447044500
-3.156392000
0.165086700
-2.955570200
-2.091420400
-0.486526700
-2.359827000
-2.973031500
4.186249700
3.877188700
-5.302962800
-6.039811400
-4.433484300
-4.577336300
-2.051946500
-0.972690500
-0.681884200
-0.041809300
0.883929100
-4.052655000
-3.919528200
1.536204300
-2.833169000
-3.767262200
-5.500901300
-6.367517400
-2.247337000
2.632921000
-3.473491000
2.099815000
5.632603000
6.433443000
-1.983738000
4.506124000
4.574421000
0.667631000
0.001685000
0.505187000
-0.110747000
0.298341000

-0.476236800
1.396451600
-1.239961900
-3.016695200
-1.301706600
-1.946689700
1.483600200
-1.686343100
0.986679600
1.919124700
-0.844328500
0.521765300
-2.163423400
-2.467444400
1.735215800
3.813990100
4.538467000
-0.826129800
0.520677800
-2.613226800
-3.209334000
-0.416247100
0.490721200
0.087374000
4.083909900
4.987923200
3.098448900
3.306976300
-3.043715200
-3.954643400
0.068299900
2.537147000
2.360441900
-1.296768400
-1.004484000
2.175266000
1.389768000
-0.207051000
0.114950000
-0.648832000
-0.144274000
-2.466581000
-2.749732000
-3.691208000
0.036625000
-1.218375000
-2.024548000
1.197896000
2.056063000

-0.019029500
-0.151657500
0.049638200
0.226756300
0.084720900
0.133492300
0.016484700
0.111004000
-0.089030800
-0.141612400
0.005242600
-0.028449600
-0.380335200
-0.629166600
0.003465400
0.009925500
0.010004200
0.022532400
-0.082378700
-0.078211200
-0.130129600
0.344122000
0.591622500
0.016401100
-0.006309600
0.004445200
-0.036125900
-0.082149000
-0.398275400
-0.637173200
-0.015691800
0.026094900
0.042348000
0.323912200
0.583617900
-3.288764000
-3.571163000
-3.349178000
-3.450094000
-3.421751000
-3.513646000
-3.507318000
-3.138437000
-3.020085000
-3.448887000
-3.471345000
-3.493754000
-3.388980000
-3.380757000
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4.383949000
4.784918000
4.351710000
-2.142767000
-1.349890000
3.165887000
4.084175000
3.175127000
-1.458434000
3.260241000
2.481186000
3.996660000
5.685630000
6.526048000
4.711981000
6.121249000
6.607694000
6.736900000
7.645946000
6.035443000
6.472287000

0.001086000
4.865881000
5.608985000
-0.146931000
-1.258571000
-0.786202000
3.681340000
3.621378000
1.072073000
-2.195985000
-2.729527000
1.320258000
-2.020333000
-2.465964000
2.563353000
4.959930000
5.760745000
3.879952000
3.942000000
2.715739000
1.993569000

-3.431258000
-4.553298000
-4.953589000
-3.381891000
-3.460609000
-3.347627000
-4.342645000
-4.610105000
-3.341475000
-3.161137000
-3.056451000
-3.565835000
-3.278337000
-3.274951000
-3.731833000
-4.178001000
-4.339879000
-3.567406000
-3.302851000
-3.341424000
-2.904128000
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Table A71. XYZ Coordinates for Pair 3 in 7-F,, in Units of Angstrom
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-3.455916900
0.789334000
-4.882584400
-5.452077800
3.162076300
2.936442200
2.044994200
4.488515000
4.682176800
-1.527543300
2.809765900
3.746077400
2.344801100
2.958615800
-4.176234100
-3.859505300
0.028854500
-0.903639700
5.521944300
6.418316000
0.495346800
0.931032800
0.627566700
-3.135026500
-1.835803700
-1.140130900
-0.164933800
-2.587202500
-2.411835200
1.902391900
3.968150700
3.790880000
5.274390000
5.996383100
2.054392000
4.223594000
-1.838370000
3.042454000
2.725572000
0.102362000
0.893905000
0.480832000
-2.397220000
0.732689000
0.221375000
2.097582000
2.864151000
-1.334797000
2.254847000

2.978341300
0.464194000
-1.356402500
1.242251800
0.836305900
2.211444600
2.536489900
0.397880100
-0.530133400
-0.058065800
-2.575451700
-2.416170400
-3.832063000
-4.557557000
0.786617700
-0.490157600
-3.101928500
-3.291155700
1.307942200
0.995635000
-1.753702300
-4.101806000
-4.999302000
1.679843900
1.270121100
1.891819400
-0.527480000
-0.963892200
-1.875252600
-1.471736200
3.103523700
4.035957000
2.645091000
3.259402200
-0.103858300
0.878778000
-0.697689000
-1.524686000
3.136169000
0.636136000
-0.505249000
-1.359780000
1.400514000
1.894944000
2.692939000
1.936471000
0.800907000
0.533881000
-0.413040000

0.506128900
-0.001551900
-0.538848600
-0.020056900
-0.029405400
-0.080784600
-0.046575100
-0.055448400
-0.001185500
-0.019238600
0.154551000
0.163139000
0.208740600
0.242235900
-0.004814000
-0.255608600
0.137165700
0.137340700
-0.158668800
-0.185233100
0.055315800
0.213649800
0.273324200
0.246213200
0.244217500
0.422815000
0.009635800
-0.289382700
-0.487376100
0.086693100
-0.179702800
-0.217722100
-0.224087500
-0.300041400
0.026530800
-3.326357000
-3.770824000
-3.161746000
-3.463033000
-3.324280000
-3.253718000
-3.224621000
-3.270974000
-3.401855000
-3.467797000
-3.379398000
-3.313234000
-3.395506000
-3.224763000
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-2.490358000
-1.707433000
-4.839523000
-5.639568000
-5.174986000
-5.628778000
-4.892526000
-5.731828000
-3.814039000
-3.330204000
-3.703648000
-3.770769000
-3.147560000
-2.202001000
-3.867728000
-5.252855000
-5.748264000
-3.603488000
-3.221059000
-5.891478000
-6.833455000

2.791872000
3.286611000
1.322579000
0.853467000
-4.035838000
-4.777574000
2.644518000
3.088960000
-3.942404000
-4.621755000
3.368479000
4.282624000
-2.843289000
-2.781226000
-1.830842000
-1.974012000
-1.323014000
0.661603000
-0.626564000
-3.082593000
-3.178042000

-2.883765000
-2.668501000
-3.491247000
-3.703525000
-5.366647000
-5.746612000
-3.144040000
-3.107899000
-5.500062000
-5.953139000
-2.835939000
-2.589281000
-4.966452000
-5.041773000
-4.319614000
-4.151093000
-3.669354000
-3.531723000
-3.828214000
-4.696649000
-4.604633000
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Table A72. XYZ Coordinates for Pair 4 in 7-F,, in Units of Angstrom
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-5.465842300
0.761677200
-4.897434400
-3.438540400
2.027956100
0.487318800
1.904565500
0.978454000
0.691139900
-0.171800500
-4.172329200
2.928734300
2.049622100
2.384051800
3.004598100
2.837045900
3.770589500
0.054719000
-0.869729400
3.128383000
4.006624200
3.859492100
-3.863326200
-1.529757700
4.430208100
4.572842600
5.510606000
6.393079500
-2.580919500
-2.394649400
-1.832711600
-1.137877300
5.279238400
6.007383000
-3.131960600
2.444418000
-2.961258000
-0.117181000
3.010887000
-0.610771000
1.711902000
1.430488000
-3.227707000
0.144665000
-0.880431000
-1.778570000
-3.897389000
-5.276787000
0.710250000

1.229386700
0.477341400
-1.368366600
2.989749600
-0.091412900
-1.734775600
-1.463355600
-4.093657800
-4.998621500
-0.525254300
0.801794100
2.194798000
2.515832400
-3.816142100
-4.534263700
-2.543453000
-2.367878400
-3.120446500
-3.336088000
0.871497300
3.042510900
3.943449700
-0.525041800
-0.067149300
0.440133900
-0.448530000
1.307708700
1.008229100
-0.975173300
-1.892314100
1.265900500
1.897695200
2.622874900
3.226229200
1.673991700
-3.675197000
-0.472015000
-4.498896000
-1.020205000
-0.905004000
-1.437775000
-2.763587000
1.742475000
-3.169407000
-2.283997000
-2.594240000
0.540205000
0.146564000
-0.504278000

0.025517700
0.057870600
-0.431774100
0.409958400
0.073557200
0.068100900
0.071797800
0.072487500
0.082850700
0.023269600
0.024160000
-0.359753600
-0.520643800
0.030931400
-0.006208100
0.043985400
0.034961600
0.096805000
0.132292500
-0.009443600
-0.475072400
-0.742768200
-0.206740000
0.026311800
0.307716600
0.610490800
0.180990100
0.361189300
-0.213100900
-0.376662300
0.212082600
0.353570200
-0.213148600
-0.300831300
0.193020800
3.569133000
3.446619000
3.639413000
3.465046000
3.551277000
3.509152000
3.562590000
3.636579000
3.573499000
3.585362000
3.616206000
3.499246000
3.380841000
3.515622000
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0.924559000
-1.817007000
-2.693958000
-2.966647000
-1.688318000
-7.953905000
-8.864070000
-3.636640000
-4.556163000
-0.867032000

0.061706000
-5.617052000
-4.930994000
-7.645332000
-8.335609000
-6.932693000
-7.147921000
-1.338188000
-0.719645000
-6.309632000
-6.100423000

0.421660000
1.438706000
4.060282000
4.970280000
0.075560000
-0.606010000
-0.870349000
3.098640000
3.330876000
2.495743000
2.313282000
-1.142985000
-1.766379000
0.666798000
1.291700000
-1.516404000
-2.397801000
3.752932000
4.460817000
1.043178000
1.932431000

3.496538000
3.704127000
3.880282000
3.929059000
3.581198000
3.113383000
3.030979000
3.713850000
3.650826000
3.902192000
3.975288000
2.960508000
2.758831000
3.503293000
3.689569000
2.835282000
2.558469000
3.980530000
4.109496000
3.627655000
3.886978000
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Table A73. XYZ Coordinates for Pair 1 in 7-F,, in Units of Angstrom
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-0.577312000
2.542170000
1.275536100
5.717660000
-1.534946400
-0.108483000
-1.783147000
-2.987017400
-2.378053800
-3.304279500
1.808190400
0.438032300
-1.786909200
-2.327567900
2.843059800
0.466865600
1.386877400
4.146037300
4.804602400
-0.373476700
-0.020476100
2.200464900
-4.239417700
-4.330575700
3.496533800
3.713758400
-5.240427900
-5.988722300
-5.368037600
-6.207093900
4.428531800
-2.862648200
-2.021717300
-3.978496300
-3.879626200
-1.412312000
1.707170000
0.440536000
4.882660000
-2.369946000
-0.943483000
-2.618147000
-3.822017000
-3.213054000
-4.139279000
0.973190000
-0.396968000
-2.621909000
-3.162568000

0.565270900
-1.621085100
2.036437100
1.584272700
-1.450083800
-1.635075400
-0.094969700
0.741275600
-2.597264700
-2.515508800
0.150862900
-0.366946400
-3.801430600
-4.547132900
-0.487256500
-2.921161800
-3.032909300
-0.043431500
-0.513101600
-3.969692300
-4.820967100
1.317314400
0.197066200
-0.726226200
1.830434600
2.619065100
2.374614600
2.921879600
1.008299000
0.625660500
1.107489600
2.096115600
2.472970000
2.929468900
3.851524100
1.307271000
-0.879085000
2.778437000
2.326273000
-0.708084000
-0.893075000
0.647030000
1.483276000
-1.855265000
-1.773509000
0.892863000
0.375054000
-3.059431000
-3.805133000

-0.105822900
-1.378944000
1.332610700
-0.104416100
0.141436300
0.177373700
-0.047874400
-0.162846400
0.328960500
0.308126500
0.000278700
0.031622700
0.536685300
0.661236300
-0.692423700
0.431281500
0.493682600
-0.731527300
-1.192143700
0.576486900
0.701699900
0.606421000
-0.345286800
-0.408272900
0.611058700
1.055407200
-0.362651800
-0.437985200
-0.433717200
-0.539458400
-0.075441400
-0.081219300
0.039033000
-0.176184700
-0.113107800
-3.811823000
-5.084944000
-2.373389000
-3.810416000
-3.564564000
-3.528626000
-3.753874000
-3.868846000
-3.377039000
-3.397873000
-3.705721000
-3.674377000
-3.169315000
-3.044764000
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2.008060000
-0.368134000
0.551877000
3.311037000
3.969602000
-1.208477000
-0.855476000
1.365465000
-5.074418000
-5.165576000
2.661534000
2.878758000
-6.075428000
-6.823722000
-6.203038000
-7.042094000
3.593532000
-3.697648000
-2.856717000
-4.813496000
-4.714626000

0.254743000
-2.179162000
-2.290909000
0.698568000
0.228898000
-3.227692000
-4.078967000
2.059314000
0.939066000
0.015774000
2.572435000
3.361065000
3.116615000
3.663880000
1.750299000
1.367660000
1.849490000
2.838116000
3.214970000
3.671469000
4.593524000

-4.398424000
-3.274718000
-3.212317000
-4.437527000
-4.898144000
-3.129513000
-3.004300000
-3.099579000
-4.051287000
-4.114273000
-3.094941000
-2.650593000
-4.068652000
-4.143985000
-4.139717000
-4.245458000
-3.781441000
-3.787219000
-3.666967000
-3.882185000
-3.819108000
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Table A74. XYZ Coordinates for Pair 1 in 7-F, in Units of Angstrom
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5.938151500
3.589557700
-5.942909100
-3.582307700
0.000590800
-1.122472100
-0.717270100
-1.415155300
-2.365029300
-0.707550100
-1.171659600
0.711240000
1.175536000
1.424633200
2.374794000
0.722282300
1.120047800
2.371487800
3.595822200
3.619467200
4.764047200
4.808210000
5.628605400
3.589497200
2.382675900
1.568560000
-2.378527300
-3.602479400
-3.628923500
-4.761544200
-4.814832600
-5.635143200
-3.591215500
-2.383454300
-1.568328100
5.820151000
3.471558000
-6.060909000
-3.700308000
-0.117409000
-1.240472000
-0.835270000
-1.533155000
-2.483029000
-0.825550000
-1.289660000
0.593240000
1.057536000
1.306633000

-0.467583400
3.580466900
-0.453366800
3.573716700
0.232295000
-0.561482900
-1.882753800
-3.122187000
-3.138618400
-4.282247300
-5.110928400
-4.279350200
-5.108119200
-3.120776200
-3.137244500
-1.882467900
-0.552733500
0.165713600
-0.517008500
-1.466714100
0.212835900
1.583158800
2.061335500
2.224929000
1.567225700
2.055144200
0.156447500
-0.520471800
-1.469393000
0.210356300
1.583762200
2.062884700
2.213869600
1.558083300
2.044664000
0.974417000
5.022467000
0.988633000
5.015717000
1.674295000
0.880517000
-0.440754000
-1.680187000
-1.696618000
-2.840247000
-3.668928000
-2.837350000
-3.666119000
-1.678776000

0.128330000
-0.041269400
0.141560200
-0.070157100
-0.018017000
-0.016930700
-0.024539000
-0.047105900
-0.047802700
-0.067560400
-0.087392900
-0.059778400
-0.066345100
-0.043504900
-0.046686700
-0.020358400
-0.023743200
-0.018622600
0.020735100
0.021911800
0.057820100
0.043237400
0.073226500
-0.018087400
-0.047347800
-0.086580700
-0.009698900
0.053983400
0.088162000
0.065654000
0.025611000
0.036729600
-0.031831700
-0.048138000
-0.085284800
-3.316670000
-3.486269000
-3.303440000
-3.515157000
-3.463017000
-3.461931000
-3.469539000
-3.492106000
-3.492803000
-3.512560000
-3.532393000
-3.504778000
-3.511345000
-3.488505000
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2.256794000
0.604282000
1.002048000
2.253488000
3.477822000
3.501467000
4.646047000
4.690210000
5.510605000
3.471497000
2.264676000
1.450560000
-2.496527000
-3.720479000
-3.746923000
-4.879544000
-4.932833000
-5.753143000
-3.709215000
-2.501454000
-1.686328000

-1.695245000
-0.440468000
0.889266000
1.607714000
0.924991000
-0.024714000
1.654836000
3.025159000
3.503335000
3.666929000
3.009226000
3.497144000
1.598448000
0.921528000
-0.027393000
1.652356000
3.025762000
3.504885000
3.655870000
3.000083000
3.486664000

-3.491687000
-3.465358000
-3.468743000
-3.463623000
-3.424265000
-3.423088000
-3.387180000
-3.401763000
-3.371773000
-3.463087000
-3.492348000
-3.531581000
-3.454699000
-3.391017000
-3.356838000
-3.379346000
-3.419389000
-3.408270000
-3.476832000
-3.493138000
-3.530285000
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Table A75. XYZ Coordinates for Pair 1 in 7-F in Units of Angstrom
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-0.983965600
0.878289000
-0.640323500
3.418864700
-0.142604200
0.791961700
5.293225000
-1.040387400
-0.723940600
4.593079300
-2.441907000
-3.037120100
2.046786900
-2.956457900
-3.896042600
-2.058714100
-2.223214100
-3.345152700
-4.650545700
-4.819544000
-5.698557400
-6.579261900
-5.484624600
-6.211201300
-4.197715500
-4.040221400
-3.141370000
-2.266054400
1.355305200
1.765727000
3.067840400
4.021612700
3.663824000
2.353669400
-0.027219400
1.418517000
-0.365205000
1.126651000
-2.917354000
0.665034000
-0.262046000
-4.858686000
1.586428000
1.294357000
-4.209530000
2.976838000
3.588747000
-1.655487000
3.457549000

0.471174300
1.959032700
-1.712342600
2.775829000
-3.016257100
-3.182730600
1.252122800
-4.018786400
-4.892768400
-1.139167000
-3.785797700
-4.512365500
-1.965739700
-2.554809700
-2.421319100
-1.466445200
-0.112159500
0.786477500
0.313332400
-0.618537800
1.172188300
0.826012700
2.530330200
3.116651900
3.028499300
3.962516700
2.171885200
2.526047300
-0.043838800
1.176981000
1.607543700
0.829079700
-0.375380700
-0.795030800
-0.493950000
-0.868020000
-2.697885000
1.090210000
-3.464305000
2.237036000
2.370989000
-1.648882000
3.136825000
3.904755000
0.964574000
2.952168000
3.606084000
1.757459000
1.868475000

-0.064443200
1.209666500
0.304762300
1.083948200
0.587530700
0.632212800
-0.169357700
0.793243900
0.985889000
-1.241743700
0.725003000
0.866227600
-1.171330900
0.462963200
0.424038600
0.247828200
0.019984200
-0.181169000
-0.310982600
-0.230141100
-0.552849200
-0.636927900
-0.676442600
-0.852980500
-0.539824300
-0.619905400
-0.286385800
-0.182828500
0.025693500
0.572694700
0.520800700
-0.090006000
-0.637038600
-0.580241500
0.105521800
3.237251000
4.117614000
4.287136000
3.926257000
4.993943000
5.154201000
3.342175000
5.435318000
5.910807000
3.015097000
5.198972000
5.515334000
3.156635000
4.533183000
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4.390417000
2.534546000
2.667150000
3.761734000
5.059867000
5.244704000
6.078282000
6.954641000
5.840786000
6.546318000
4.561290000
4.387967000
3.535359000
2.665667000
-0.902476000
-1.286762000
-2.594051000
-3.579953000
-3.248350000
-1.932815000
0.487222000

1.764162000
0.889971000
-0.325494000
-1.105145000
-0.600378000

0.262635000
-1.330461000
-0.965358000
-2.586088000
-3.080836000
-3.116547000
-3.981709000
-2.392279000
-2.770950000
-0.432530000
-1.767214000
-2.175241000
-1.256832000

0.061723000

0.457957000
-0.013629000

4.388230000
4.056321000
3.409693000
2.861287000
2.791785000
3.144664000
2.222323000
2.187092000
1.700241000
1.299873000
1.767154000
1.413514000
2.347487000
2.398335000
3.648211000
3.818501000
3.728628000
3.457929000
3.286290000
3.376868000
3.764911000
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Table A76. XYZ Coordinates for Pair 2 in 7-F; in Units of Angstrom
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-0.983966700
0.878289600
-0.640324700
3.418875700
-0.142605900
0.791959900
5.293224800
-1.040389600
-0.723943700
4.593077100
-2.441909100
-3.037122400
2.046784700
-2.956460100
-3.896044700
-2.058715300
-2.223214800
-3.345153700
-4.650546900
-4.819545600
-5.698557700
-6.579262400
-5.484625300
-6.211191500
-4.197714900
-4.040221100
-3.141370400
-2.266053900
1.355304600
1.765727000
3.067840000
4.021612400
3.663833000
2.353667600
-0.027220900
-5.854522000
-4.070785000
-5.562640000
-1.518638000
-5.101012000
-4.173919000
0.422683000
-6.022398000
-5.730319000
-0.226480000
-7.412812000
-8.024716000
-2.780511000
-7.893524000

0.471169200
1.959036600
-1.712338000
2.775831100
-3.016252800
-3.182726700
1.252124800
-4.018781700
-4.892773700
-1.139174500
-3.785792400
-4.512359900
-1.965747600
-2.554814000
-2.421323000
-1.466440000
-0.112154200
0.786473500
0.313329000
-0.618541200
1.172195100
0.826020000
2.530328700
3.116648600
3.028505500
3.962512900
2.171881100
2.526052600
-0.043835000
1.176984500
1.607536800
0.829082200
-0.375378500
-0.795037400
-0.493955600
7.623020000
9.452890000
5.664799000
10.219306000
4.517986000
4.384034000
8.403871000
3.618205000
2.850293000
5.790420000
3.802858000
3.148948000
4.997537000
4.886549000

0.064443900
-1.209666900
-0.304762900
-1.083947200
-0.587531100
-0.632212900
0.169358900
-0.793244500
-0.985887900
1.241746400
-0.725004100
-0.866228800
1.171322900
-0.462963100
-0.424038800
-0.247829300
-0.019985500
0.181168800
0.310982000
0.230140500
0.552846700
0.636925000
0.676451500
0.852979600
0.539822100
0.619904800
0.286385600
0.182827000
-0.025693500
-0.572694700
-0.520798700
0.090006800
0.637039800
0.580243400
-0.105520800
-5.051740000
-4.171439000
-4.001824000
-4.362853000
-3.295005000
-3.134760000
-4.946936000
-2.853598000
-2.378102000
-5.273958000
-3.089924000
-2.773540000
-5.132372000
-3.755725000
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-8.826404000
-6.970539000
-7.103153000
-8.197746000
-9.495880000
-9.680702000
-10.514305000
-11.390665000
-10.276816000
-10.982355000
-8.997319000
-8.824001000
-7.971379000
-7.101686000
-3.533523000
-3.149233000
-1.841945000
-0.856048000
-1.187655000
-2.503188000
-4.923219000

4.990861000
5.865035000
7.080489000
7.860140000
7.355373000
6.492366000
8.085437000
7.720334000
9.341065000
9.835805000
9.871524000
10.736679000
9.147265000
9.525927000
7.187527000
8.522214000
8.930248000
8.011824000
6.693276000
6.297045000
6.768639000

-3.900664000
-4.232619000
-4.879266000
-5.427668000
-5.497140000
-5.144242000
-6.066596000
-6.101805000
-6.588695000
-6.989070000
-6.521823000
-6.875482000
-5.941496000
-5.890667000
-4.640811000
-4.470551000
-4.560455000
-4.831153000
-5.002764000
-4.912157000
-4.524082000
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Table A77. XYZ Coordinates for Pair 1 in 7-F, in Units of Angstrom

70

ol--Nol--NoNoNoNeoR R RN Rl l-NoNoNoNoR--NoNoR--NoNoNoNoR:"-NoNoRoNoN--NoR-NoN:-NoN:-NoNoNoNeo e Ne- R Ne-les Re:

-3.623567600
-5.956580000
-5.946451100
3.737066100
5.949181400
5.842261300
0.006586600
1.115083500
0.710936100
1.416099100
2.364441800
0.700040300
1.158901000
-0.725231500
-1.189377600
-1.438588000
-2.387491100
-0.730725000
-1.115969200
-2.373158200
-3.593732800
-3.606170400
-4.770714300
-4.796746400
-3.589896300
-2.385863000
-1.570551900
2.388287800
2.454980000
1.679418500
3.652185800
4.798588000
4.724409600
3.550198700
3.526944400
2.352471000
0.853093000
-1.847819000
2.709654000
1.660832000
-0.929947000
-0.730010000
-1.452958000
-2.798694000
-3.987913000
-3.943031000
-5.186100000
-5.983079000
-5.272606000

-3.366094200
-2.029963400
0.667968700
-3.251501800
-2.006949000
0.611659700
-0.039807200
0.763044100
2.085654800
3.327892100
3.347346900
4.482421300
5.314125600
4.472168800
5.299177300
3.316310300
3.332140000
2.072367300
0.740980700
0.022800800
0.710650000
1.654517800
0.010746100
-1.357541700
-2.027943100
-1.372157900
-1.858562900
0.066654100
-1.285893600
-1.741077400
-1.948050600
-1.325366500
0.006328000
0.719796800
1.641626300
5.013472000
7.243053000
7.035430000
-2.377870000
-4.628250000
-4.671734000
1.145495000
-0.014508000
0.298954000
-0.489114000
-1.437943000
0.148692000
-0.365551000
1.573262000

-0.347539000
-0.240561100
0.069654800
0.739317100
-0.174259700
-0.838057600
0.177322200
0.185026800
0.164130300
0.174028300
0.226283100
0.107281900
0.110015500
0.031910800
-0.025430600
0.040887500
-0.001359200
0.113905900
0.127183900
0.045411400
0.100155800
0.206706700
-0.001205900
-0.149946900
-0.192671000
-0.100070200
-0.133632600
0.149726100
0.500577500
0.807307500
0.397210800
-0.057196900
-0.385497400
-0.290094300
-0.518633800
3.300475000
3.443537000
3.636252000
4.083932000
3.029061000
2.257605000
3.534466000
3.462815000
3.401099000
3.328904000
3.342020000
3.241247000
3.189559000
3.223874000
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-6.127089000
-4.170818000
-4.251312000
-2.884335000
-1.584799000
-0.953668000
-1.726911000
-2.672860000
-1.107591000
0.260399000
1.014807000
0.441708000
0.984945000
-0.668302000
0.670351000
1.057398000
1.418311000
0.896222000
-0.423080000
-1.220253000

1.981925000
2.362787000
3.309335000
1.738982000
2.213260000
3.518889000
4.686167000
4.629545000
5.911448000
6.037203000
4.881895000
3.633039000
2.855038000
-1.234501000
-1.223815000
-0.432965000
-2.367454000
-3.532988000
-3.535762000
-2.418201000

3.149605000
3.311509000
3.306882000
3.409619000
3.495912000
3.495959000
3.570067000
3.636158000
3.546539000
3.458216000
3.395906000
3.411507000
3.366168000
3.406365000
3.812347000
4.169452000
3.689532000
3.162830000
2.780562000
2.892283000
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Table A78. XYZ Coordinates for Pair 2 in 7-F, in Units of Angstrom
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-3.708728200
-5.978587200
-5.917073400
3.656651500
5.982263100
5.950774400
-0.008056600
1.116710000
0.726401400
1.438915900
2.388757000
0.725383900
1.192212700
-0.696360200
-1.154394100
-1.417170500
-2.366682400
-0.717199600
-1.117836400
-2.389867700
-3.573410900
-3.555626700
-4.762079400
-4.814714800
-3.641418000
-2.433355700
-1.639580600
2.380097100
2.406030300
1.593828400
3.614135300
4.816537100
4.774838300
3.593670700
3.598001900
-1.133756000
-0.062133000
2.517919000
-0.728129000
0.798772000
3.489574000
2.316923000
3.179277000
4.467680000
5.742313000
5.825247000
6.840452000
7.692823000
6.746058000

3.297454300
1.990609600
-0.654681000
3.337130300
1.994847900
-0.671888100
0.050068800
-0.734628300
-2.064290900
-3.298885100
-3.311787400
-4.461556200
-5.288425600
-4.471511700
-5.303442100
-3.317641900
-3.339421500
-2.074931900
-0.747718800
-0.047215300
-0.717424400
-1.641197200
-0.028297100
1.324717500
1.974410400
1.321446300
1.788867600
-0.024002500
1.360510400
1.844834200
2.014872200
1.343825500
-0.016133600
-0.709107900
-1.643755400
8.154027000
10.429090000
10.483552000
0.733223000
-1.465238000
-1.213828000
4.638671000
3.572681000
4.042511000
3.410480000
2.468297000
4.189827000
3.776240000
5.602723000

-0.588668400
0.023829800
0.557788700
0.457183900
0.219447000

-0.262893800
-0.097317300
-0.099926700
-0.070517100
-0.031975100
-0.031464100
0.003798800
0.035391300
-0.004219800

0.016361800

-0.041293400
-0.059185900
-0.052914000
-0.065426400
-0.046359000
0.278291200

0.499686900
0.274773200

-0.007367500
-0.319782400

-0.356390500
-0.588435000

-0.067163100
0.147638000
0.238271400
0.226687400
0.098378600

-0.132095800

-0.224653100
-0.394406900

-3.537522000
-2.583074000
-1.791350000

-3.203851000

-3.523297000

-3.727023000

-3.071696000

-3.101146000

-2.899933000

-2.803850000

-2.892047000

-2.582669000

-2.511611000

-2.454862000
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7.536169000
5.550812000
5.503981000
4.369923000
3.023917000
2.232707000
2.779847000
3.677254000
2.008230000
0.687876000
0.159186000
0.900138000
0.516742000
2.564034000
1.171111000
0.621702000
0.603252000
1.370429000
2.739297000
3.348759000
4.293043000

6.108740000
6.248022000
7.193869000
5.474547000
5.788372000
7.004291000
8.189291000
8.208433000
9.325476000
9.319557000
8.144802000
6.991119000
6.196670000
2.269512000
2.133088000
2.899114000
0.883710000
-0.253877000
-0.101786000
1.124701000
1.197631000

-2.306545000
-2.540504000
-2.466027000
-2.744612000
-2.853885000
-2.785627000
-2.283867000
-1.972446000
-2.244721000
-2.656609000
-3.143197000
-3.227593000
-3.580103000
-3.260631000
-3.191044000
-3.073526000
-3.293737000
-3.466570000
-3.552680000
-3.461993000
-3.535547000
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Table A79. XYZ Coordinates for Pair 1 in 7-F,, in Units of Angstrom
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-0.004598500
-1.116153800
-0.727900100
0.716091800
1.112969200
-1.443595900
-0.735851900
0.700104300
1.420445800
-2.394433900
-3.455548100
-4.661876200
-4.807096300
-3.745983600
-2.539655400
2.395499700
3.438263000
4.648613700
4.816188800
3.773411700
2.563074800
-3.313390300
-5.700604100
-5.987989800
-3.888140000
-1.500918300
3.274226600
5.669389800
6.001007700
3.937455900
1.542284900
-2.393205200
-1.187803000
1.172829200
2.369817100
-0.598132000
0.120638000
1.362570000
1.390150000
0.165334000
2.514750000
3.598737000
3.621239000
2.555301000
-0.549892000
0.142616000
-0.490179000
-1.815488000
-2.508004000

-0.087852000
0.673074500
1.948266100
1.952918400
0.681400200
3.147900600
4.255715200
4.256687600
3.145451900
0.001068400
0.685312100
0.051127900

-1.267307900

-1.951551500

-1.317367400
0.014859900
0.683010100
0.053983200

-1.243195900

-1.911348000

-1.282319200
1.975938900
0.720932800

-1.888123900

-3.242178500

-1.987178400
1.952826900

0.708041300

-1.858960600
-3.181170900
-1.936379300
3.175228000
5.060800100
5.050018800
3.176133800
0.054604000

-1.092783000

-0.775045000
0.660993000
1.125082000

-1.550135000

-0.906548000
0.520223000
1.295731000

-2.326979000

-3.301841000

-4.466584000

-4.656459000

-3.681591000

-0.021776600
0.198775100
0.548086700
0.545884600
0.185156300
0.867674400
1.179179000
1.190432400
0.889751900
0.005720400
-0.538775900
-0.720962300
-0.358651800
0.185834500
0.368021000
0.001583000
-0.595764900
-0.769011300
-0.344897800
0.252452100
0.425696500
-0.893435900
-1.253967300
-0.536995500
0.540504500
0.901034600
-1.010936900
-1.353757900
-0.514483600
0.667622800
1.010445100
0.867956700
1.402982000
1.413245900
0.905468100
-2.716848000
-2.890350000
-3.395851000
-3.544752000
-3.110194000
-3.749697000
-4.235447000
-4.396485000
-4.070109000
-2.503067000
-1.824324000
-1.458841000
-1.772090000
-2.450833000
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-1.875209000
-0.460336000
-1.806374000
-2.396831000
-1.641241000
-0.295194000
0.295254000
1.439975000
0.187732000
-2.434938000
-3.805364000
-2.553111000
-2.546027000
-3.714485000
-2.219243000
0.444460000
1.612908000
2.526958000
4.371522000
4.396998000
2.599296000

-2.516848000
2.436281000
2.578294000
3.815696000
4.911094000
4.769075000
3.531679000

-3.115978000

-5.420888000

-5.796627000

-3.867454000

-1.562550000
1.505999000
3.954708000
6.122401000
5.841370000
3.392667000
-2.495168000
-1.399463000
0.947220000
2.237414000

-2.816316000
-2.999965000
-3.242089000
-3.138068000
-2.791914000
-2.549791000
-2.653811000
-1.517684000
-0.794415000
-1.414315000
-2.757483000
-3.480742000
-3.580939000
-3.375081000
-2.690078000
-2.210932000
-2.416798000
-3.653462000
-4.485106000
-4.740532000
-4.187578000
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Table A80. XYZ Coordinates for Pair 2 in 7-F,, in Units of Angstrom
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-0.004599200
-1.116162000
-0.727892400
0.716099500
1.112974900
-1.443601600
-0.735851200
0.700105100
1.420446500
-2.394428500
-3.455541200
-4.661875700
-4.807097500
-3.745983300
-2.539654900
2.395491200
3.438268300
4.648606400
4.816181300
3.773418000
2.563066100
-3.313384600
-5.700606800
-5.987985200
-3.888141400
-1.500919200
3.274225700
5.669388800
6.000999800
3.937452700
1.542291500
-2.393203000
-1.187809400
1.172838200
2.369825200
0.502078000
1.220837000
2.462769000
2.490352000
1.265527000
3.614951000
4.698942000
4.721443000
3.655510000
0.550309000
1.242825000
0.610026000
-0.715277000
-1.407793000

0.087858200
-0.673074700
-1.948268200
-1.952920100
-0.681401700
-3.147901200
-4.255723700
-4.256695700
-3.145445700
-0.001070800
-0.685314400
-0.051122600

1.267312900

1.951556600

1.317372700
-0.014859000
-0.683010400
-0.053981000

1.243197900

1.911347400

1.282320000
-1.975941200
-0.720941600

1.888120600

3.242183200

1.987183700
-1.952833000
-0.708032600

1.858963000

3.181164000

1.936377600

-3.175222900

-5.060801100
-5.050020800
-3.176135200

0.064294000

1.211682000

0.893942000
-0.542104000
-1.006183000

1.669029000

1.025431000
-0.401325000
-1.176838000

2.445879000

3.420744000

4.585482000

4.775353000

3.800488000

-0.021781200
0.198771900
0.548090400
0.545887800
0.185150100
0.867679800
1.179182800
1.190435500
0.889745000
0.005716000
-0.538770300
-0.720955200
-0.358653800
0.185842400
0.368028100
0.001578700
-0.595772000
-0.769006600
-0.344892500
0.252456200
0.425692800
-0.893441100
-1.253969500
-0.536997400
0.540503300
0.901031700
-1.010933500
-1.353765200
-0.514478400
0.667618900
1.010450100
0.867961200
1.402976300
1.413247200
0.905469900
4.768154000
4.594656000
4.089156000
3.940253000
4.374810000
3.735313000
3.249554000
3.088514000
3.414896000
4.981940000
5.660674000
6.026169000
5.712907000
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