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Predicting aromatic exciplex fluorescence emission
energies’

Rachel A. Krueger,** and Guillaume Blanquart,”*

PAH dimerization has been widely posited to play an important, even rate-determining role in
soot nucleation, despite scanty experimental evidence of the existence of PAH dimers in flames.
Laser-induced fluorescence (LIF) offers a promising in situ method of identifying PAH dimers, if
dimer fluorescence can be distinguished from the fluorescence of the constituent monomers and
other species present. Predicting transition energies for excited dimers (excimers) and excited
complexes (exciplexes) represents a significant challenge for theory. Nonempirically tuned LC-
BLYP functionals have been used to compute excited-state geometries and emission energies for
a database of 81 inter- and intramolecular PAH excimers and exciplexes. Exciplex emission en-
ergies depend sensitively on the topology of the PAHs involved, but a linear relationship between
the mean monomer bandgap and the computed exciplex emission means that dimer electronic
properties can be predicted based on the properties of the constituent monomers. The range of
fluorescence energies calculated for structures containing small to moderately-sized PAHs indi-
cates that either noncovalent or aliphatically-linked complexes could generate the visible-range

fluorescence energies observed in LIF experiments.

1 Introduction

The negative effects of soot on human health -2 and earth’s cli-
mate3* are well-known, but efforts to develop predictive, trans-
ferable soot formation models are hampered by uncertainty about
the molecular mechanism of soot nucleation and growth. Poly-
cyclic aromatic hydrocarbons (PAHs) are relatively stable at flame
temperature,®> and many have sizes consistent with the molecules
observed in electron microscopy images of nascent soot parti-
cles.® These observations have led many to favor PAHs as the
building blocks of soot nuclei, with the initial PAHs either con-
nected by covalent bonds or held together by dispersion interac-
tions.” However, direct experimental evidence of the existence
of covalent or noncovalent PAH complexes in flames is scarce,
and noncovalent cluster nucleation has not been observed for
moderately-sized PAHs in molecular dynamics simulations of pure
PAH gases. 810

A range of recently-developed in situ experimental techniques
have the potential to provide a more complete census of the
species present in flames.!! Absorption measurements!? and
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laser-induced fluorescence (LIF) studies 13 provide a window into
the electronic properties of hydrocarbons in flames. Resolving LIF
spectra in terms of height above the burner (HAB) demonstrates
how these electronic properties change as HAB increases, temper-
ature decreases, and the balance of chemical reactions shifts. Be-
low 15 mm HAB, UV excitation results in the UV-range emission
characteristic of small PAH monomers such as naphthalene and
pyrene. At larger HAB, though, a distinct visible-range emission
of > 500 nm (20000 cm ') is observed, well below the emission
energies of the largest PAHs that are kinetically favored to form
in flames. 3

This red-shifted signal, a known spectroscopic feature of
flames, 14 is consistent with the formation of PAH excimers. 13 Ex-
cimer (“excited dimer”) formation occurs when an electron-hole
pair becomes delocalized over neighboring chromophores, stabi-
lizing the intermolecular interaction through a mixture of exci-
ton resonance and charge resonance. The initial photoabsorption
event often involves a single molecule, so absorption spectra may
not be affected. !> When the two chromophores are not identical,
the term exciplex (“excited complex”) is used.

Exciplex formation is known to play an important role in the
photophysics and photochemistry of many systems containing ag-
gregates of chromophores, from DNA® to organic photovolat-
ics.17:18 The strength of the exciplex interaction is proportional to
the orbital overlap of the two molecules, which decreases expo-
nentially with increasing internuclear distance. Thus, an observ-
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able exciplex emission in flames indicates the presence of PAHs in
close proximity to one another—the optimal intermolecular dis-
tances for S| excimers and exciplexes of small acenes range from
~3.0-3.3 A.19-22

Considering excimer emissions from three to five noncovalent
PAH homodimers may be sufficient to model the observed visible-
range emission, 13 but if these homodimers are present in flames,
it is likely that many others are as well. Further, the number of
possible PAH heterodimers that can form from a given population
of PAHs far exceeds the number of homodimers. Theoretical stud-
ies of PAH complex electronic structure have so far been limited
to homodimers of PAHs the size of pyrene or smaller19:22-26 or
have focused on the complex HOMO-LUMO gap, a quantity re-
lated to the complex absorption energy but not an experimental
observable. 2’

Our first objective for this work is to provide a database of
high-quality time-dependent density functional theory (TDDFT)
fluorescence emission energies for noncovalent PAH homo- and
heterodimers, focusing on complexes containing the small- and
medium-sized PAHs likely to be present in the largest quantities
in flames. These PAHs have recently been identified as the most
probable soot-nucleating species.?® The S; transition is chosen
because, for most PAHs, Kasha’s rule states that fast internal con-
version leads to emission from the lowest-energy singlet state.2?
Ultimately, calculating fluorescence emission energies for every
possible heterodimer is not a computationally tractable approach,
so we will attempt to link calculated exciplex fluorescence for the
heterodimers with the electronic and geometric properties of the
constituent monomers. If such relationships exist, they will allow
spectroscopists to make use of the large databases of calculated
PAH monomer properties already available. 30-31

To simplify this analysis, three subsets of complexes will be
considered in turn. The first consists of excimers made up of
the isomers of tetracene; the arrangement of the aromatic rings
represents the only degree of freedom in this subset. Excimers
of pentacene isomers will be considered separately for the same
reason, despite limited relevance in flame environments. Slow
PAH growth kinetics will limit the concentration of such large
species in flames,” and pentacene is unstable even in ambient-
temperature air.3? Next, we will consider a mix of homo- and
heterodimers containing naphthalene, allowing the mass and ge-
ometry of the other monomer to vary. Trends observed in each
subset will provide a lens for analyzing the entire database.

Finally, it is important to consider the possibility that visible-
range fluorescence may be generated by covalently-linked PAHs.
Covalent bond formation between relatively small unsaturated
species, possibly including barrierless reactions that involve
resonance-stabilized radicals, 33 has been included in recent soot-
formation mechanisms.2® Mass spectrometry results point to
the presence of a population of moderately-sized, aliphatically-
bridged PAHs.3* This is why the final objective is to calculate flu-
orescence emission energies for a representative collection of PAH
complexes connected by covalent linkers with varying lengths and
connection points to determine how aliphatic linkers impact the
electronic properties of complexes.

2] Journal Name, [year], [vol.], 1-11

2 Methods

Describing the lowest-energy singlet valence excited states of
PAHs represents a well-known challenge for DFT. The electronic
structure of acene monomers is marked by two low-lying sin-
glet excited states. The L, state consists almost entirely of a
HOMO—LUMO transition, while the L, state represents a mix
of HOMO-1—LUMO and HOMO—LUMO+1 transitions. Nonco-
valent dimer formation can change the energy ordering of the
transitions; e.g., the L, state is lower in energy than the L, state
for the naphthalene monomer, but the order is reversed for the
dimer, with the state energies crossing around an intermolecular
distance of 3.5 A.1935 Several hybrid functionals, including the
popular B3LYP functional, reverse the order of these states for the
naphthalene monomer.3%:37 The LC-BLYP functional 38 provides a
reasonably well-balanced treatment of the L, and L, excitations
in acenes. This range-separated functional also reproduces the
short-range attractive portion of the acene exciplex potential en-
ergy surfaces (around 3 A) without an additional dispersion cor-

rection. 20

Performance of the LC-BLYP functional may be further opti-
mized by tuning the range-split parameter 7y, which controls the
switching between DFT exchange at short interaction distances
and Hartree-Fock exchange at long interaction distances.3%40 For
each starting structure, y is chosen to minimize the disagree-
ment between calculated orbital energies for the neutral and
ionized structures and the predictions made using the DFT ver-
sion of Koopman’s theorem. The tuning procedure improves
the description of the exciplex interaction around the minimum-
energy geometry without significantly changing monomer exci-
tation energies, leading to better agreement between DFT and
multireference exciplex binding energies.2° Values of y used for
each complex and monomer are reported in Tables S1-S4. As a
check, fluorescence energies have been recalculated for a subset
of complexes using the B2PLYP functional#! with doubles correc-
tion, #2 which has also been shown to describe exciplex interac-
tions well.20 The two functionals are in good agreement, with
the B2PLYP functional predicting emission energies slightly lower
than the tuned LC-BLYP functional for most complexes (Fig. S1).

Calculating oscillator strengths for electronic transitions is an
important second step in estimating their contributions to ex-
perimental spectra and predicting relative fluorescence band in-
tensity. Range-separated functionals in general reproduce EOM-
CCSD oscillator better than either GGA or hybrid GGA function-
als, with the LC-BLYP functional among the top three perform-
ers.*3 The tuned LC-BLYP functional has also shown top perfor-
mance for calculated fluorescence lifetimes. 44

Tuned versions of the LC-BLYP functional (LC-BLYP-T) have
been used in all electronic transition energies and oscillator
strengths reported, and LC-BLYP-T analytical gradients were used
in the S; potential energy surface geometry optimization. The
def2-TZVP basis set®® was chosen because it yields electronic
transition energies that agree well with the ones calculated using
the much larger aug-cc-pVTZ basis set, *® and def2-TZVP binding
energies for small exciplexes are in good agreement with mul-
tireference results. 20 Basis set error in multireference calculations
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of exciplex binding energies has been discussed extensively in a
recent work.?! The Tamm-Dancoff approximation was applied.
Calculations were carried out using the ORCA electronic struc-
ture package*’ version 4.0.0. Integration grid size 5 was used,
with tight SCF convergence.

Eclipsed configurations typically represent the lowest-energy
geometry for aromatic excimers,*->0 so starting structures for
the exciplexes were chosen to maximize the number of overlap-
ping aromatic rings. An initial intermolecular separation of 3.3
A was chosen based on previously-calculated optimal exciplex
separations.2? The fluorescence emission energy AEr represents
the vertical transition energy at the minimum-energy geometry
on the S; potential energy surface. The energy difference be-
tween AEr and the monomer absorption energy AE, represents
the sum of the exciplex binding energy and the energy difference
on the ground-state potential energy surface between the opti-
mal ground-state geometry and the optimal S; geometry, often
referred to as the repulsion energy. Coordinates for the minimum-
energy S; structures are reported in Supplementary Information.
The monomer bandgap or optical gap for monomers is calcu-
lated as the difference between the highest-occupied and lowest-
unoccupied orbital energies (AEg;) at the optimal ground state
geometry, as recorded in the PAH Index.>!

3 Results and Discussion

3.1 Tetracene Isomer Excimers.

We begin our survey with an examination of homodimers com-
posed of tetracene isomers, where molecular geometry repre-
sents the only degree of freedom. Electronic properties of each
monomer are reported in Table 1, along with the shortened names
that will be used in this work. Representative Clar structures®2
for each tetracene monomer, and the other PAH monomers con-
sidered, are illustrated in Fig. 1.

A strong stabilizing excimer interaction is observed for all of
the isomers, corresponding to red shifts of about 30000-40000
cm~! (Table 2). For four of the isomers, an almost perfectly lin-
ear relationship exists between AEr for the excimer and AEy;, for
the monomer (Fig. 2a). Replacing AEy; with the AEr values com-
puted for the monomers yields another clearly linear relationship,
albeit one with reduced explanatory power; the amount of varia-
tion in AEr for the excimers explained by variation in monomer
AEf values is 85%, compared with 97% for AEy, (Table 3).

The benzo exciplex emission energy is elevated relative to the
chrys emission energy, despite a very similar AEy;. This distinc-
tive behavior may well stem from the geometric differences—
the benzo monomer has a u-shape, and the molecule is bent to
prevent steric clashes between hydrogen atoms. Dihedral angles
within the curve of the u are -13.2° and 15.6°, values that re-
main nearly identical upon excimer formation. The deviation of
each monomer within the relaxed excimer from perfectly planar
geometry may be quantified using the planarity index, a measure
based on the mean distance of atoms from a three-atom plane
within the molecule, using the plane that minimizes this distance.
A planarity index of 0 indicates a planar molecule. >3

Benzo has by far the largest planarity index (Table 2), a level
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of distortion that contributes to large intermolecular distances
between overlapping carbons in the excimer structure. C-C dis-
tances range from 3.24-3.96 A, compared with 3.08-3.60 A for
chrysene. Because the strength of the exciplex interaction de-
pends on orbital overlap, which decays exponentially with inter-
nuclear separation, differences in intermolecular C-C distances
of approximately 0.3 A can have a noticeable impact on exci-
plex stabilization. The lack of frontier orbital electron density
in the intermolecular region of the benzo excimer(Fig. 3a) com-
pared with, for example, the tet excimer (Fig. 3b) is apparent.
Monomers of the other tet isomers are also nonplanar in the
minimum-energy excimer structure, but shorter C-C distances are
maintained (3.18-3.54 A for tet and 3.02-3.76 A for benza).

The ordering of AEy; energies in tet isomers is well-known,
and has been rationalized using the PAH’s Clar structures
(Fig. 1).30 Clar structures are generated by placing benzene-like
aromatic sextets (denoted by circles) in PAH rings and adding the
remaining 7 electrons as double bonds. One aromatic sextet may
be placed in each acene-like row of adjacent rings. Rings contain-
ing aromatic sextets are regarded as having higher local aromatic-
ity. Large proportions of aromatic sextets and single bonds are
associated with high AEy;, values, which generally correspond to
higher thermodynamic and kinetic stability. > Among the tet iso-
mers, the only possible Clar structure for tri displays both of these
characteristics, and indeed tri has the highest AEy; value of the
isomers, while tet, with a single aromatic sextet and a number of
double bonds, has the lowest.

For C3pH;¢ PAHs, AEy; has been shown to increase with the
number of aromatic sextets, but the predictive value of sextet
count alone is limited; for a given sextet number, AEy; values
vary by 1600-9700 cm™ .30 Three of the tet isomers have a sextet
count of two. Quantitative descriptions of PAH edges offers an-
other route to characterizing PAH topology. Mosbach and cowork-
ers identify four types of PAH edge sites (Fig. 4).>*

To obtain a one-dimensional AEr model, we focus on a single
edge type: zig-zag sites. Zig-zag sites are found along the central
edges of linear acenes, distinct from the free edges found on both
ends. The number of bonds that are part of zig-zag sites, Nz, is
different for each tet isomer, with the linear tet isomer having the
maximum possible Nz and the tri isomer having none. The Nz
value calculated for each excimer includes the number of zig-zag
bonds present in both excimers. Emission energies from four of
the excimers display a clear linear relationship with the number
of zigzags (Fig. 2b), but the emission energy of benzo is again
somewhat elevated as a result of the distortion caused by the bay
edge group formed by the inside edge of the u.

Linear acenes also have the largest possible intramolecular C-
C distances. We define the diameter D of a molecule to be the
maximum intramolecular C-C distance and find a similar linear
relationship between D and AEr. Ny slightly outperforms D as a
predictor of AEr, but the R? values obtained for each are similar.

Mean C-C bond length represents another structural feature
correlated with aromaticity.>> Here we use mean excited-state
monomer bond length, which cannot be determined a priori like
sextet number and requires a structure optimized in the excited
state. Because this structure is the monomer, the resources re-
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Fig. 1 Clar structures®? for the PAH monomers considered in this work. In each case, a representative Clar structure is shown, although multiple
distributions of aromatic sextets may contribute to the overall electron density. Isomers are shown in the same box.

quired to calculate 7¢¢ are significantly smaller than those re-
quired for the complex AEp calculation. The correlation coeffi-
cient R? obtained from the linear fit of AEr with respect to 7o¢
(Fig. 2¢) indicates that 99% of the variation in AEr may be ex-
plained by its relationship with 7¢¢ (Table 3), making it the most
successful single geometry descriptor. Substituting mean ground-
state bond length decreases R? to 0.03, underlining the significant
differences in geometry and aromaticity between the two states.

3.2 Pentacene Isomer Excimers.

To extend our exploration of topology effects on AEr, we have
considered a representative subset of the 12 isomers of pentacene.
The linear relationship between AEr and AEy; is clear (Fig. 5a),
and for pentacene, AEy; is the most accurate predictor of AEf.

4| Journal Name, [year], [vol.], 1-11

The ordering obtained for monomer AEyy, is in good agreement
with recent TDDFT results.>® Again, AEy; performs better than
AEfp for the monomer as a predictor of excimer emission energy
(Table 3).

For the geometric descriptors, though, the picture becomes
more complicated. Several of the isomers have bay edge groups,
but the location of the bay is important in determining the S;
excimer geometry. Bnaph and bbchrys each have a single edge
group and nonplanar monomers—intermolecular C-C distances
for bnaph and bbchrys range from 3.19-3.81 A and 3.11-3.82 A,
respectively. The carbon atoms separated by the largest inter-
molecular distances are the ones on the end of the shorter con-
tinuous acene segment, which is one ring long for bnaph and two
rings long for bbchrys.
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Fig. 2 Variation in AEr for excimers containing tet isomers with respect to AEy;, Nz, and 7¢cc.

Fig. 3 Orbitals involved in the Sy—S; transition for the tet excimer (left) and the benzo excimer (right), with +0.03 isosurfaces shown.

L Table 1 Electronic properties for constituent monomers of the complexes
Armchair site

S Free-edge considered in this work.
site

Monomer Shortened Formula AEp; Excitation AEp
Bay site name (em™)  type (em™)
coronene coro CpsHjn 56997 L, 26589
$ * pyrene pyr CigHyp 57178 I, 30193
tetracene tet CigHjp 47567 L, 21983
i . benz[a]anthracene benza CigHjp 55965 L, 28450
Zlg Zag SlteS benzo[c]phenanthrene benzo CigHjp 59906 L, 28935
benzene benz CeHg 87843 L, 42845
P H i 54 naphthalene naph CjoHg 67239 L, 35549
Fig. 4 PAH edge groups identified by Mosbach and coworkers. phenanthrene phen CuHy 66162 Ly 31827
anthracene anth CisHyo 54428 L, 27397
benz[e]pyrene benzepyr  CyoHjz 57374 L, 29420
benz[a]pyrene benzapyr  CyHj» 51990 L, 26667
s s - . fluoranthene fluor Ci6Hio 58859 L, 22784
One isomer, dbphen, even includes a fjord group. As with wiphenylene i CoHy 65499 I 31466
benzo, the planar structure is distorted to prevent steric clashes chrysene chrys CigHpp 60542 L, 30093
. . . dibenz[a,jlanthracene dibenz CyoHjg 56056 L, 27739
between hydrogen atoms, with dihedral angles of approximately benzo[b]triphenylene bbtri CpHu 56018 L, 29257
+17 ° for the carbon atoms in the fjord edge group. The dbphen benzo[b]chrysene bbchrys  CpHiy 52975 L, 26462
) i benzo[a]naphthacene bnaph CpHyg 47891 L, 22957
excimer structure breaks the twofold symmetry of the dimer, lead- pentacene penta CpHiy 41668 L, 18332
. . B . ~ 2 perylene perl CyoHia 48924 L, 23680
ing to very large intermolecular C-C distances of up to =~ 5.5 A. pentaphene pentaph  CasHis 55289 Iy 26406
This unexpected conformation means that AEr is much higher picene gice CpHyy 59511 L, 28902
. . . . benzo[g]chrysene gchrys CpHjy 57674 L, 28563
than predicted by the simple Nz descriptor. The AEy; descriptor dibenzo[c,glphenanthrene  dbphen CoHys 58548 I, 26867

also underestimates AEf, as was observed for the benzo excimer,
which shares the dbphen excimer’s twisted conformation.

In contrast, pentaph monomers have higher symmetry and are
quite planar; the intermolecular C-C distances are 3.37-3.51 A.

Even pice, which has the maximum number of bay groups pos-
sible, has a larger monomer planarity index. The length of even
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Table 2 Electronic and geometric properties of noncovalent homodimers.

Monomer Monomer Excitation AEp
planarity  type (em™1)
tet 0.070 L, 11416
benza 0.053 L, 17715
benzo 0.231 L, 23987
coro 0.005 L, 21608
anth 0.061 L, 16303
naph 0.036 L, 23719
benzepyr  0.027 L, 21432
benzapyr  0.044 L, 16152
pyr 0.027 L, 20040
phen 0.008 Ly 26267
fluor 0.020 L, 19406
tri 0.007 L, 26688
chrys 0.081 L, 21450
dibenz 0.052 L, 18560
bbtri 0.047 Ly 17718
bbchrys 0.048 L, 15891
bnaph 0.062 L, 11752
penta 0.072 L, 7365
perl 0.013 L, 14128
pentaph 0.018 L, 19566
pice 0.025 L, 22558
benz 0.007 Ly, 32862
bgchrys 0.331 Ly 21322
dbphen 0.5814 L, 24820
Table 3 R? values for the complex descriptors.
Descriptor ~ Tet Pent Naph All
Isomers Isomers containing
AEgL 0.967 0.935 0.742 0.783
AEF 0.863 0.712 0.688 0.758
D 0.774 0.482 0.183 0.539
No - - - 0.328
Nz 0.885 0.507 0.390 0.486
Toc 0.990 0.755 0.819 0.471
M - - 0.173 0.343

the shortest C-C distance decreases the extent of intermonomer
orbital overlap, leading to a much higher AEr than the geometry
descriptors predict. This planarity may result from the relatively
small, equal number of rings in each acene-like segment of the
molecule. The tendency to undergo stabilizing distortion away
from planar conformations tends to emerge for molecules con-
taining one longer acene-like segment. Although nearly 70% of
the variation in AEF is attributable to its the linear relationship
with Nz, the value of D as a monomer descriptor has been lost
with the increasing geometric complexity. R? for the relationship
between D and AEF is less than 0.5.

3.3 Exciplexes Containing Naphthalene

Next, we consider naph-containing homo- and heterodimers, al-
lowing the mass and geometry of one of the monomers to vary.
The naph monomer is generally expected to be present in rel-
atively high concentrations in flames, and the small size allows
examination of a number of complexes at reasonable computa-
tional cost. In some cases, more than one eclipsed configuration
is possible. Because emissions from the global minimum config-
urations (illustrated in Fig. S2) are expected to dominate due to

6 Journal Name, [year], [vol.], 1-11

Table 4 Electronic and geometric properties of noncovalent het-
erodimers.

Larger Smaller Planarity Excitation AEp

monomer monomer large mon small mon type (em™h)
coro pyr 0.021 0.013 L, 24516
tet benz 0.063 0.003 L, 21299
naph benz 0.006 0.005 Ly 33411
phen benz 0.007 0.001 Ly 31230
coro naph 0.017 0.010 Ly 26001
coro phen 0.022 0.007 Ly 25094
pyr naph 0.041 0.014 Ly, 25214
fluor naph 0.038 0.017 L, 21358
fluor anth 0.044 0.010 L, 19384
phen naph 0.031 0.029 Ly 24882
anth phen 0.043 0.049 L, 22676
pyr phen 0.019 0.012 La 22873
chrys naph 0.072 0.006 L, 26504
benza naph 0.023 0.026 L, 21664
benzapyr  naph 0.071 0.013 Ly 22306
anth naph 0.034 0.031 L, 20653
anth benz 0.037 0.004 L, 26631
pyr benz 0.009 0.001 Ly 29789
tet naph 0.009 0.016 L, 18192
tri naph 0.016 0.004 L, 28417
benza anth 0.042 0.052 L, 16981
pyr anth 0.061 0.010 La 21160
fluor benz 0.005 0.003 L, 22046
coro anth 0.038 0.022 L, 22447
coro benz 0.018 0.001 Ly, 26364
perl naph 0.040 0.017 L, 21706

relaxation on the S; surface, additional local minimum S; geome-
tries are not considered.

In place of AEy;, we introduce the simple arithmetic mean of
the HOMO-LUMO gap for the two monomers in each complex,
AEgr, which is equal to AEy; for homodimers. AEp; may be
used to predict AEF within ~ 3000 cm~! In total, the variation in
AEpg; for the complexes accounts for 71% of the variation in AEF.
The remaining variation may be attributed to the specifics of each
interaction, in particular the amount of constructive orbital over-
lap possible given the geometric differences of the two monomers
and the magnitude of the noncovalent interaction between the
two. The naph excimer has the lowest-energy emission relative
to the overall trend, which is not surprising given the high sym-
metry and perfect overlap of the complex. At the other extreme,
the naph-coro exciplex has the highest energy.

Nz, the total number of bonds in zig-zag sites over both
monomers, largely fails as a predictor of AEr. When the number
of rings is allowed to vary, the number of possible PAH monomers
with equal numbers of bonds in zig-zag edge groups is high; naph,
phen, fluor, and chrys each have four. The r¢¢ descriptor is more
successful, with R* = 0.81. The largest deviation from this linear
trend is observed for the naph-fluor exciplex, which is not surpris-
ing given the presence of aliphatic bonds in the fluor molecule
linking the naph- and benz-like groups.

3.4 The Complete Excimer and Exciplex Database.

Now we allow both monomers to vary in mass and geometry. The
heterodimer combinations chosen form a representative subset of
the complexes that may be formed from the smallest PAHs, which
are suggested to be present at higher concentration in flames
based on kinetic estimates.”
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The relationship between AEy; and AEp holds surprisingly
well, as Fig. 7a shows. This linear relationship explains approx-

(0

imately 80% of the variation in AEr. The complexes emitting at
the lowest energies relative to the overall trend are generally ho-
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modimers; the benz dimer in particular has a AEr approximately
5000 cm™~! lower than predicted from AEp;. The coro-pyr dimer
has the highest-energy emission compared to the predicted value.
For heterodimers, the lowest-energy configuration typically has
the smaller molecule centered over the larger molecule, minimiz-
ing the mean intermolecular C-C distance. This is not the case
for the naph-coro, phen-coro, or anth-coro complexes, where the
most favorable configurations avoid the central “hole,” a ring that
has neither an aromatic sextet nor double bonds. For pyr, avoid-
ing overlap with the hole means that two pyr rings extend past
the edge of the coro monomer, a geometry even less favorable
than the centered one. This example illustrates the value of Clar
structures in rationalizing Er observations, even if sextet counts
are not used in quantitative models. The most noticeable AEp
underestimates are observed for the benz-fluor and benz-tet com-
plexes. Because the HOMO energy for benz is significantly higher
than for either fluor or tet, the excitations remain localized on
the larger chromophores, as has been observed for the benz-anth
exciplex. 20

For the complete database of complexes, the variation in AEp
associated with the geometric descriptors is again much lower
than observed in each isomer group, with R* = 0.49 for the re-
lationship between AEr and Nz. This is not surprising, given
the broader array of PAH topologies present. The introduction of
pericondensed molecules and the presence of heterodimers com-
plicates the relationship between Nz and PAH topology, with Nz
identical for complexes as electronically dissimilar as the chrys
dimer and the benz-pyr complex.
cluding more edge group counts in the model would improve
agreement—edge topology is, if anything, more diverse for the
larger tet and pent isomers.

Considering the monomer-mass-weighted 7¢c¢ (Fig. 7¢) does
not improve the correlation coefficient—like N, this relationship
accounts for about 50% of the AEp variation. Examining 7¢¢ val-
ues also reveals an unexpected trend in excited-state monomer
geometries. In general, ground-state C-C bond lengths increase
with increasing PAH mass, but the longest S| 7¢¢ is the one ob-
tained for benz, with the shortest values obtained for anth and
tet. In general, 7c¢ is longer for complexes with L, Sy—S; tran-
sitions and shorter for complexes with L, transitions. The arith-
metic mean of the monomer diameters, D, has similar predictive
power, with R? = 0.54 for the linear relationship between D and
AEF.

Though the geometry-based models used here have limited pre-
dictive power, each is still more useful than a one-dimensional
model based on total complex mass M, which accounts for only
34% of the variation in AEg. This level of success for the M-based
model is likely explained by the fact that linear acenes, which are
overrepresented among small PAHs and thus overrepresented in
this database, do have AEg; values that decrease with increasing
mass. The wide variation of AEr among tet isomers and among
pent isomers shows that mass is often useless in predicting AEF.
Similarly, the number of intermonomer C-C pairs that directly
overlap, Np, which we define as being separated by a distance
of < 0.25 A in the plane of the monomers, has little predictive
value, with R* = 0.33 for its linear relationship with AEf.

It is not clear whether in-
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3.5 Aliphatically-Bridged Complexes.

Finally, we examine the possibility that PAHs connected by
aliphatic linkers could be the source of visible-range fluorescence.
MD/metadynamics simulations suggest that aliphatically-bridged
PAHs have lower homodimerization propensity than similarly-
sized PAHs that do not contain sp3 carbons,> but intramolecu-
lar exciplex formation can occur without dimerization. Substi-
tution with saturated hydrocarbon groups has a significant ef-
fect on the noncovalent dimerization propensity of PAHs,® but
the effect on PAH monomer electronic structure is expected to
be small.>® However, because orbital overlap is so critical to
the stabilizing exciplex interaction, we would expect that if the
presence of the linker disrupted the eclipsed configuration of the
PAH sufficiently, this stabilization would be eliminated. Maintain-
ing the eclipsed configuration entails significant angle strain for
the aliphatic linker. In a study of the conformations of benzene
molecules with attached aliphatic chains, the aliphatic chain had
to be at least eight carbons in length for a conformation with the
chain folded on top of the benzene to be observed at 110 °C.>°
At flame temperature, a wide range of conformational states are
likely to be accessible to vibrationally-excited linked complexes.
Our goal is not to calculate the relative free energy of the eclipsed
conformation, but simply to determine the effect of the linker on
the minimum-energy sandwich-like excited state structure and on
the fluorescence emission energy for that structure.

Considering all possible linker lengths and positions for ev-
ery complex in our noncovalent database is beyond the scope of
this work. Instead, we have chosen a representative subset of
structures from across the spectrum: the benz excimer, the benz-
naph exciplex, the naph-anth exciplex, and the naph and anth
excimers. Bridged structures suggested to be consistent with re-
cent tandem mass spectrometry results include linkers with one
to four carbons, 3* but we have confined our survey to complexes
with two-to-four carbon linkers, where excimer formation pro-
duces less angle strain. Linker attachment points at the endmost
carbon (a position), one carbon closer to the molecule center of
mass (8 position), and two carbons closer to the center of mass
(y position) have been considered. In each case, the attachment
point is the same for both molecules.

Fluorescence wavelengths of the linked structures are reported
in Table 5 and Figure 8. Often, the effect of the covalent linker
on AEr is small, particularly for two- and four-C linkers. The
linkers generally lower AEr, with the strongest effect observed
for C3 linkers. Examining the minimum-energy S; structures and
frontier orbital isosurfaces obtained for the linked benz excimer
(Fig. 9) reveals why this is the case. The C2 linker disrupts the
parallel eclipsed structure of the monomers. Intermolecular C-C
distances range from 2.54 A for the Cs closest to the linker to
3.24 A; the noncovalent excimer has C-C distances ranging from
2.96-2.98 A. The C2 frontier orbitals (Fig. 9a) show reduced in-
termonomer electron density in the region with the largest C-C
distances, farthest away from the linker. The similarity of the
AEr values obtained for the noncovalent and C2 structures is
likely due in part to a partial delocalization of the orbitals in-
volved in the transition (in particular the LUMO+1 orbital) over
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the linker carbons. Because we have calculated vertical fluo-
rescence energies, it is also likely that the lower AEfr results in
part from higher repulsion energy on the ground-state poten-
tial energy surface. Benz dimers with C3 and C4 linkers have
nearly-intact eclipsed structures, with 2.80-3.14 A C-C distances
(Figs. 9b and 9c). The C3 structure has the slightly lower-energy
emission and more extensive frontier orbital electron density de-
localization over the linker. The one structure where the energetic
impact of the aliphatic linker is significant is the benz-naph exci-
plex with a C3 linker in the 8 position. AEF is lowered by nearly
7500 cm . In this case, the eclipsed configuration is maintained,
and the order of the two lowest-energy singlet excited states flips;
the L, state becomes lower in energy than the L, state.

The range of energies obtained for each complex generally de-
creases in size as mass increases. For the naph dimer, the linker
position has virtually no impact on AEp. In contrast, AEg for the
anth dimer is noticeably decreased for linkers in the y position.
The optimal S; geometry for the anth dimer is already nonplanar,
with the central carbons of the two molecules closest together
(3.05 A) and the end carbons farther apart (3.41 A). This geom-
etry is perturbed the least when the linker is bound to the central
carbons.

Of course, AEF is not the only aspect of the electronic transi-
tion affected by the addition of a linker. The oscillator strength
for the fluorescence emission from most of the noncovalent ho-
modimers is equal to zero for symmetry reasons (Tables S6). At
flame temperature, intra- and intermolecular dimer modes are ex-
pected to be excited, resulting in nonzero oscillator strengths. The
aliphatically-bridged structures, on the other hand, have nonzero
oscillator strengths even in their minimum-energy S; geometries
(Table S8). Changing the position or length of the linker can
cause the oscillator strength to vary by two orders of magnitude.

Physical Chemistry Chemical Physics

Table 5 Emission wavelengths for covalently-linked structures.

Complex Linker Linker Excitation AEp
position length type (ecm™)
anth dimer 2 o L, 16972
2 B La 16200
2 y La 15564
3 o L, 16431
4 B L, 16426
3 Y L, 14184
3 B L, 16038
4 Y L, 15300
anth-naph complex 2 B L, 21222
3 B Ly 19936
4 B Ly 20747
2 Y L, 20921
3 Y L, 18907
4 Y L, 20227
2 o L, 21173
3 o L, 20509
naph dimer 2 o L, 23414
3 o L, 22640
4 o L, 23240
3 B L, 22297
4 B L, 23629
2 B L, 23781
benz-naph complex 2 o Ly 34247
3 o L, 29163
2 B Ly, 34165
3 B L, 26831
4 B L, 35714
4 o L, 30912
benz dimer 4 o Ly 31706
2 o Ly 32605
3 o L, 31133

4 Conclusions

In this work, we have demonstrated that many of the nonco-
valent and aliphatically-bridged complexes that can be formed
from small to moderately-sized, flame-relevant PAHs have fluores-
cence emission energies in the visible range. The emission energy
for complexes depends strongly on monomer topology. Within
the sets of tetracene isomers and pentacene isomers, clear lin-
ear relationships exist between geometric characteristics such as
the number of zig-zag edge groups and mean excited-state bond
length and the excimer emission energy. Monomer HOMO-LUMO
gap provides an excellent proxy for geometric effects on emission
energy.

While the simple geometric models prove less predictive for a
database of complexes containing both homo- and heterodimers,
the linear relationship with the mean monomer HOMO-LUMO
gap still accounts for almost 80% of the variation in complex
emission energies. The value of this observation is clear: not only
do polynomial-scaling computational costs for electronic struc-
ture methods make calculations of monomer properties signifi-
cantly cheaper than dimer properties, but ~ n*> complex fluores-
cence energies may be predicted from a database of n HOMO-
LUMO gaps. It is important to note, though, that this model does
not provide a means of distinguishing between complexes with
similar mean HOMO-LUMO gaps on the basis of fluorescence
emission energy. Complex-specific calculations will be required
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(b)

Fig. 9 Orbitals involved in the Sp—S; transition for aliphatically-bridged benz dimers, with +0.05 isosurfaces shown.

when an error of ~ 3000 cm~! is not acceptable.

Lastly, we have shown that the presence of aliphatic linkers
does not significantly affect trends in fluorescence emission en-
ergies. The variation in fluorescence observed is the result of
distortion of the minimum-energy noncovalent complex structure
and also delocalization of the orbitals involved in the transition
over the covalent linker. Distinguishing between noncovalent and
bridged structures will require more detailed analysis of spectral
features or a combination of experimental methods.
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Analysis of PAH exciplex TDDFT fluorescence energies shows a linear relationship between
mean monomer HOMO-LUMO gap and complex fluorescence.



