Downloaded via MISSISSIPPI STATE UNIV on June 22, 2021 at 18:41:34 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCA

Predicting Absorption and Emission Maxima of Polycyclic Aromatic
Azaborines: Reliable Transition Energies and Character

Robert W. Lamb, Alan K. Schrock, Michael T. Huggins, and Charles Edwin Webster*

Cite This: J. Phys. Chem. A 2021, 125, 3-12 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ’ @ Supporting Information

ABSTRACT: Polycyclic aromatic azaborines have potential applications as luminophores, novel m ox Q O 5
fluorescent materials, organic light-emitting diodes, and fluorescent sensors. Additionally, their
relative structural simplicity should allow the use of computational techniques to design and , ,
screen novel compounds in a rapid manner. Herein, the absorption and emission maxima of };QU.‘U m %}3
twelve polycyclic aromatic BN-1,2-azaborine analogues containing the N-BOH moiety were ) o [ bt
examined to determine a methodology for reliably predicting both the energy and character (local v \ v

excitation [LE] vs charge transfer [CT]) of the absorption and emission maxima for these J , ‘ 2) N % > ’g@d
D7 D 2

compounds. The necessity of implicit solvation models was also investigated. The cam-QTP(01)

B3LYP cam- QTP(OI) EOM-CCSD

functional with a small, double-{ quality basis set provides reliable data compared to EOM- u./»- m,. Jﬁ?;t}
CCSD/cc-pVDZ single-point computations. Of note, commonly used functionals for these 5' #  f A
applications (B3LYP and @wB97xD) struggle to provide reliable results for both the energy and LE ‘-ﬁ'j‘ . ' . el v
character of the transitions relative to EOM-CCSD computations. B w}‘ =7 ){ 7 }M)}'
B INTRODUCTION R Cmpd
. . . . H benzo
Replacing one of the C—C groups in an aromatic benzenoid Br 1
with a B—N group results in an aromatic azaborine compound. NO, 2
Polycyclic aromatic azaborines have been extensively studied
. ) . . NH, 3
due to their intense absorption, high quantum yields, and
photostability.' ~> Materials containing these chromo-/lumino- H dioxo
phores have potential applications in devices such as organic Br 4
field effect transistors (OFETs) and organic light-emitting NO, 5
diodes (OLEDs).**~'® Additionally, several luminescent
NH, 6
azaborines have been reported that are relatively small, with
some previously reported compounds having only three fused )
rings.”'" Due to their potential applications and their relative R A H thieno
. o e . : N S Br 7
structural simplicity, these compounds are prime candidates for B
. 4 L ) NO, 8
computational design and screening if a viable methodology o, C,>
can be determined. Based on the data in our previous NH, 9
publication,'" a reasonable correlation to the experiment could Figure 1. Polycyclic azaborines examined herein.

be found for the predicted maxima of nearly all compounds in
Figure 1 using TD-B3LYP (with a double-zeta quality basis
set) single-point computations (absorption, Amas) OF optimiza-
tions (emission, A,,) on single molecules in isolation.
However, the computed data for the nitro compounds gave
a poor correlation to the experimental results for A
Experimental data suggested a possible intramolecular charge
transfer (ICT) mechanism evidenced by the significant
solvation dependence on A4, Drastic improvement was
observed in the correlation between computed and exper-
imental data upon utilizing a ASCRF (self-consistent reaction
field) procedure with an external iteration (EI) state-specific
solvation model. For clarification, the ASCRF procedure is
when the ground state energy at the excited state geometry is
subtracted from the energy of the excited state with the energy

of both states being corrected by EI solvation. Furthermore, a
negative shift in the computed ®g indices (a quantitative
measure of spatial overlap between the attachment and
detachment densities;'> see Table S2 in the Supporting
Information) of the prominent excitations supports the
experimental assignment of an ICT process.
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While the computed data provided a reasonable correlation
to the experimental data, there is certainly room for
improvement. Using the ASCRF procedure to correct the
energies of excitations from linear response (LR) solvation is
more time-intensive and does not lend itself to more black-
boxed approaches for compound screening. Furthermore, due
to the increased reported ICT character of both the absorption
and emission processes of the nitro compounds, there could be
a strong method dependence on the computed 4,,."" Indeed,
previous studies have shown that standard hybrid functionals,
in particular, B3LYP, can inaccurately describe long-range
charge transfer processes.””~'® Additionally, these compounds
can also be construed as derivatives of cyanine dyes, for which
TD-DFT almost systematically overestimates the energy of the
CT state.'” Further complicating matters, computational
studies on closely related azaborine, BODIPY, and aza-
BODIPY derivatives indicate that TD-DFT methods not
only overestimate the energies of the vertical excitations by
more than 0.3 eV on average,"*™>' but also multiple metrics
indicate that CT does not play a significant role in this error.'”
Such determinations put our previous assignments of a CT-
based emission in a precarious position. On one hand, the data
provide a reasonable correlation and nicely corroborate
experimental findings. On the other, the methodology
employed has produced mixed results on systems bearing
similar functional units. Herein, our prior B3LYP results are re-
evaluated against additional methods to (1) definitively assign
the character of the nitro emission maxima and (2) potentially
establish an operationally simpler methodology for future
studies.

B THEORETICAL METHODS

All DFT (where DFT = B3LYP,**** PBE0,**%° B97D,*’ cam-
QTP(01),”® LC-wHPBE,” or @B97xD*°) computations were
carried out using the D.01 revision of Gaussian 09°" (G09) or
the A.03 revision of Gaussian 16°> (G16) as specified below.
The cam-QTP(01) functional uses the cam-B3LYP framework
but retunes the range separation parameters. This functional
can be utilized in Gaussian by calling the cam-B3LYP
functional and adjusting I0p(3/107), 10p(3/108), I0p(3/
130), I0p(3/131), I0p(3/119), 10p(3/120), and I0p(3/78)
to the appropriate values.”® Default integration grids were used
for all computations: GO9 defaults to a fine pruned grid using
75 radial shells with 302 points per shell (75,302) for
optimizations and a pruned coarse grid using 35 radial shells
with 110 points per shell (35,110) for Hessians, and G16
defaults to an ultrafine pruned grid using 99 radial shells with
590 points per shell (99,590) for optimizations and a pruned
SG1 grid using 50 radial shells with 194 points per shell
(50,194) for Hessians. All computations with G09 used non-
default (107°) SCF convergence criteria; all computations in
G16 utilized default (107®) convergence criteria. All coupled-
cluster computations were carried out using Q-Chem 5.0**
using default SCF (107®) and CC (107°) convergence criteria.
All DFT computations used the BS1 basis set defined as
follows: the 6-31G(d’) basis sets for H, B, C, N, and O (the 6-
31G(d’) basis set adopts the d polarization functions from the
6-311G(d)** basis set rather than the default value of 0.8°° for
B, C, N, and O) and the Hay and Wadt basis set (BS) and
effective core potential (ECP) [LANL2DZ]*® combination
with d and p polarization functions developed by Gilbert and
Sunderlin et al. [LANLZDZ(d,p)]37 for Br and S, when
present. All coupled-cluster computations used the BS2 basis

set defined as follows: the cc-pVDZ basis set for H, B, N, C, O,
and S, when present, and the aug-cc-pVDZ-PP BS+ECP
combination®® for Br, when present. All DFT single-point
computations for determining pK,s were performed on the
B3LYP/BS1 geometries using the linear response SMD>°
solvation model with parameters consistent with acetonitrile as
the solvent and the BS3 basis set defined as follows: the cc-
pVTZ* basis sets for all atoms and additional diffuse functions
placed on the two O atoms involved in the hydrogen bonding
to the acidic proton (jul-cc-pVTZ).*' All ground state
geometries were fully optimized in G09 with DFT/BS1, and
subsequent analytical frequency computations confirmed that a
zeroth-order saddle point was obtained. For time-dependent
DFT (TD-DFT) geometry optimizations, the first singlet
excited states were optimized in G09 using analytical gradients,
and the first 10 singlet excitations were solved iteratively
[TD(ROOT = 1,NSTATES = 10)]. Subsequent single-point
frequency computations were performed on the TD-DFT
optimized geometries in G16 to employ analytical Hessians
(G09 has only numerical Hessians for TD-DFT) and
confirmed that in each case, a zeroth-order saddle point was
obtained. To simulate the absorption and emission spectra
with TD-DFT, single-point computations were performed on
the optimized ground state (GS) and excited state (ES)
geometries, and the first 30 singlet excitations were solved
iteratively [TD(ROOT = 1,NSTATES = 30)]. To simulate the
spectra with EOM-CCSD/BS2, single-point computations
were performed on the corresponding B3LYP/BS1 (absorp-
tion) and TD-B3LYP/BS1 (emission) geometries, and the first
20 singlet excitations were solved iteratively. All spectra were
simulated using an in-house Fortran program by convoluting
the computed excitation energies and oscillator strengths with
a Gaussian line shape and a broadening of 20 nm.** DFT and
EOM-CCSD computations were performed both on single
molecules in isolation (“gas-phase”) and with the SMD
solvation model using parameters consistent with either
chloroform or acetonitrile as the solvent.** These implicit
solvation models employed either the linear response (LR) or
the state-specific external iteration (EI)**** formalisms as
noted below. Emission 0-0 energies were also attempted via
the Franck—Condon—Herzberg—Teller (FCHT) approach
using the S, and S; analytical vibrational frequencies (for
these purposes only, the S, frequencies were recomputed as
single-point computations in G16).*°~* However, “poor
progression” for several compounds precluded a rigorous
analysis across all methodologies. The data from FCHT
computations with B3LYP/BS1 and cam-QTP(01)/BS1 are
discussed in the Supporting Information. Attachment and
detachment densities and their corresponding @g (sgatial
overlap) values were obtained using the Nancy Ex code.'***°
Natural transition orbitals were also generated for the
transitions corresponding to A, or A., in the simulated
spectra to examine the character of the transitions and the
images rendered in Chemcraft®’ with a contour value of 0.02.

B RESULTS AND DISCUSSION

“Gas-Phase” Computations. In accordance with Head-
Gordon et al.’s observations,'® a series of long-range-corrected
functionals were selected to compute A, and A, and
compared to their non-range-corrected counterparts. In an
effort to simplify computational procedures, initial computa-
tions were performed without a solvation model (“gas-phase”)
and compared to the experimental results in CHCI,, the least
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Figure 2. Computed A,
the nitro compounds (see the online version for the colors).

(TD-DFT//DFT/BS1) and ., (TD-DFT/BS1) vs experimental data in CHCl;. The colored circles denote the 4., from

polar solvent utilized in the experimental studies. Figure 2
shows that among the non-range-corrected functionals, the
hybrids (B3LYP and PBEO) produce a better correlation to
experimental data than the pure B97D functional based on the
scatter of each data series from its trend line. Each range-
corrected functional produces a series with significantly less
scatter compared to its non-range-corrected counterpart,
indicating a more reliable correlation compared to exper-
imental data. However, the hybrid functionals also produce
three apparent outliers to the data, each of which corresponds
to the 4., of the nitro compounds (colored circles in Figure 2).
Additionally, the displacement of the nitro 4., from the
remainder of the computed appears to be exaggerated with the
range-corrected functionals. This trend would indicate that the
range-corrected functionals overestimate the energy (lower
wavelength) of the experimentally assigned charge transfer
emission, a behavior that would not be surprising given that
these are “gas-phase” computations.

Before delving too deeply into methodological differences,
the “right” answer (in terms of the trends from a benchmark
methodology) should be established. Therefore, EOM-CCSD/
BS2 single-point computations were performed on the B3LYP/
BS1 geometries (EOM-CCSD/BS2//B3LYP/BS1). Never-
theless, one point to consider quite carefully is the expense
of EOM-CCSD computations on systems of this size. What if
the EOM-CCSD computations, however unlikely, also do not
reproduce experimental data? Another more tractable method
would be needed that could provide data of similar quality. To
this end, results from the cam-QTP(01) functional as a more
affordable alternative were compared to experimental and
EOM-CCSD results (this DFT functional “looks like the right”
answer for an “okay” reason). Moreover, this functional was
explicitly developed to predict more accurate ionization
energies, which require accurate computation of orbital
energies.28 In a similar vein, the orbital energies from cam-
QTP(01) should lend themselves to more accurate excitation
energies. Indeed, in its original publication, cam-QTP(01)/
aug-cc-pVTZ was shown to provide results comparable to
coupled-cluster methods for a fraction of the computational
expense.”® However, due to the size of the molecules of
interest in the current study, the BS1 basis set was used in
place of the much larger aug-cc-pVIZ with cam-QTP(01)
computations. At an intermediate cost, CIS(D)/BS2//B3LYP/

BS1 computations were also explored and are documented in
the Supporting Information.

Figure 3 shows the results of EOM-CCSD and cam-
QTP(01) compared to experimental data in CHCly. As
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Figure 3. Computed 4,,,, and 4., from EOM-CCSD/BS2//B3LYP/
BS1 and cam-QTP(01)/BS1 vs experimental data in CHCl;. The
colored circles denote the A, from the nitro compounds.

postulated, the computed excitations from cam-QTP(01) are
in quite reasonable agreement with EOM-CCSD, albeit with a
slightly different slope (subsequent computations with cam-
QTP(01)/aug-cc-pVTZ//cam-QTP(01)/BS1 are also qualita-
tively similar, see the Supporting Information). Unfortunately,
despite the generally excellent correlation for the rest of the
data, EOM-CCSD does not predict A, for the nitro
compounds that are in agreement with the experimental
data. Recalling that the data in Figure 3 represents “gas-phase”
computations and the predicted character from B3LYP and the
experiment is an ICT transition,'' this observation is not
necessarily shocking. However, across the results for each
range-corrected functional and EOM-CCSD, the A, of the
nitro compounds is consistently further away from the trend
line compared to standard hybrid functionals. One would
expect that range-corrected functionals would predict a higher
energy for CT transitions compared to non-range-corrected
functionals like B3LYP and PBEO. In a similar vein, EOM-
CCSD computations have been shown to systematically
overestimate the energies of some ESs.>”~>* Another possible
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explanation is that the range-corrected functionals and EOM-
CCSD do not actually predict the experimentally assigned ICT
transition for the nitro A,. To investigate this possibility, the
natural transition orbitals (NTOs) for the A, and A, of each
compound at each level of theory were generated and
compared. The full sets of orbitals for all compounds are
shown in Tables S4 and S5 in the Supporting Information; a
subset is shown in Figure 4.

B3LYP cam-QTP(01) EOM-CCSD

} )h‘, 26 ® i ! Y& S?}S
¢ I {') . s g
| l
h, | P . %
R Y B
- vy

LR,
23%Ja :w.“ }‘q =r
Figure 4. NTOs of A, for nitro compounds 2 and § at the TD-
B3LYP/BS1, TD-cam-QTP(01)/BS1, and EOM-CCSD/BS2//TD-
B3LYP/BSI levels of theory. The emission process is depicted as the

particle residing in the upper orbital undergoing vertical de-excitation
to the lower orbital.

The NTOs in Figure 4 highlight the CT transition predicted
by B3LYP for compounds 2 and §. Surprisingly, cam-QTP(01)
and EOM-CCSD computations predict a transition that is not
at all CT but rather LE in character. Moreover, each range-
corrected functional predicts that the A, for the nitro
compounds are LE in character and each non-range-corrected
functional predicts a 4,,, that is CT in character (Table S5). It
was possible that this apparent LE character could have been a
cyanine transition. However, cyanine states are often
characterized by significant double-excitation character,™
whereas all compounds in this case are definitively single-
excitation character according to EOM-CCSD (Table S25).
The LE character predicted by both the range-corrected
functionals and EOM-CCSD is quite inconsistent with the
experimental ICT assignment. In particular, the inconsistency

of the transition predicted by EOM-CCSD relative to the
experiment is quite disconcerting. Importantly, these are “gas-
phase” computations. Perhaps, these results indicate that a
solvation model is required in order to bring the nitro A, in
line with the rest of the data.

Solvation Computations. Considering that the absorp-
tion maxima are consistent with the experiment across all
methodologies thus far, only the emission maxima will be
examined for solvent optimizations. Additionally, since the
largest Stokes shifts are observed in an acetonitrile solvent
(ACN), solvent optimizations were carried out with TD-DFT/
BS1 and the SMD solvation model using parameters consistent
with ACN (SMD-TD-DFT/BS1) (Figure S). Because the
DFT methods consistently display a different character
between the range-corrected and non-range-corrected versions,
we first opted to examine how the solvation scheme might
impact the linear correlations (LR, EI, and ASCRF). These
data are summarized in Figure S1 and Table S1 in the
Supporting Information. Overall, the EI solvation scheme
brings data from B3LYP closer to the trend line, but data with
@B97xD are essentially unchanged relative to the LR solvation
scheme. These data demonstrate that the CT transition
predicted by the standard hybrid functionals is indeed
stabilized by the state-specific solvation scheme, whereas the
LE excitation predicted by the range-corrected hybrids is not
drastically impacted. A more detailed examination of the
impact of the solvation scheme is provided in the Supporting
Information. Ultimately, the more operationally complex EI
solvation does not resolve the discrepancy between the nitro
Aem and the rest of the data set across methodologies.
Therefore, the functionals and character will be examined
using only LR solvation for the remainder of the results
discussed in this contribution.

The predicted A, using an LR solvation model overall
results in less scatter in the data, the most notable
improvement coming from B97D. It appears that the A, of
the nitro compounds is in better agreement, but in each case,
extrapolating the trend line from the rest of the data shows that
the energy of the A, transition is still consistently over-
estimated (lower wavelength) compared to the rest of the data.
Continuing from before, these results should also be compared
to EOM-CCSD computations. Figure 6 shows the comparison
of cam-QTP(01) and EOM-CCSD computations employing
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Figure §. Computed A, (LR-SMD-TD-DFT/BS1) vs experimental data in ACN. The colored circles denote the A, from the nitro compounds

(see the online version for the colors).
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Figure 6. Computed A, from LR-SMD-EOM-CCSD/BS2//LR-
SMD-TD-B3LYP/BS1 and LR-SMD-TD-cam-QTP(01)/BS1 vs
experimental data in ACN. The colored circles denote the A, from
the nitro compounds.

an LR solvation model. Yet again, the nitro compounds do not
fall on the same line as the rest of the data. Based on the data
in Figure 6, application of an LR solvation model, even with
EOM-CCSD, does not rectify the discrepancy of 4., from the
experimental values. In fact, the EOM-CCSD results are
further away from the rest of the data than any of the DFT
methods, which is quite strange. However, before drawing too
many conclusions, the character of the transitions should also
be inspected. Without a solvation model, EOM-CCSD—and
all of the range-corrected functionals—predicted that the A,
of the nitro compounds was LE in character. NTOs were again
generated for the A, of each compound at each level of theory.
The full set of orbitals for all compounds is tabulated in Table
S6 in the Supporting Information; a subset is shown in Figure
7. Based on the NTO images in Figures 4 and 7, using an LR
solvation model with B3LYP, cam-QTP(01), or EOM-CCSD
does not change the character of the computed emission for
the nitro compounds relative to the gas-phase computations.
The range-corrected functionals and EOM-CCSD still predict
an LE transition, while the non-range-corrected functionals
predict a CT transition.

B3LYP cam-QTP(01) EOM-CCSD

Sl
R Y
"‘w "?‘w l

‘%4} *!4 Y

Figure 7. NTOs of A, for nitro compounds 2 and § at the LR-SMD-
TD-B3LYP/BS1, LR-SMD-TD-cam-QTP(01)/BS1, and LR-SMD-
EOM-CCSD/BS2//TD-B3LYP/BS1 levels of theory with an
acetonitrile solvent. The emission process is depicted as the particle
residing in the upper orbital undergoing vertical de-excitation to the
lower orbital.

e

These observations are disconcerting; even with more
rigorous methodologies, we are unable to predict a A, that
has both a reasonable numerical value and CT character. The
B97D functional comes quite close, but its discrepancy from
EOM-CCSD computations presents a cause for caution. At
this point, we must step back and re-examine the overall
picture. Six DFT methods and EOM-CCSD have been
pursued. The non-range-corrected functionals are the only
methods that predict CT transitions for A, of the nitro
compound, and still, operationally complex EI solvation
schemes employed in our previous publication were required
to make the transition energy better align with the experi-
ment.'" B3LYP has also been explicitly implicated for poor
performance in predicting CT excitations. The methods
anticipated to be more accurate for these applications—cam-
QTP(01), LC-wHPBE, ®wB97xD, and EOM-CCSD—all
predict an LE transition for the nitro 4,,,. Based on consistent
results of the range-corrected functionals with EOM-CCSD
computations, the LE transition is likely the chemically correct
assignment for the emission of the nitro compounds as
presented. However, an LE is inconsistent with the
experimentally assigned CT emission in terms of both
character and wavelength. Based on these points, the ES
chemistry of the nitro compounds is likely different from the
—Br, —H, and —NH, analogues.

Differences in the ESs. NTO Comparison. To understand
the differences in the ES chemistry between the nitro and non-
nitro compounds, the state that is initially populated upon
vertical excitation should be well-established. Due to the larger
singlet-triplet gap in organic molecules and the presence of
only a single conjugated 7 framework, the nature of the initial
Franck—Condon state should be the most indicative of how
the ES geometries will relax. Therefore, the character of the
computed absorption maxima will be re-examined. The NTOs
for the computed A,,,, of all compounds with each method are
shown in Table S4 in the Supporting Information. From these
orbital images, there are no drastic differences between
methods. Based on the particle orbitals from non-range-
corrected functionals, upon excitation, the electron density is
more localized toward the —NO, group in the nitro
compounds. However, the range-corrected functionals and
EOM-CCSD show a relatively delocalized density in the nitro
compounds upon excitation, a behavior that is consistent with
every other derivative. The consistent LE character of the
absorption makes sense. The experimental A, are not
drastically different from one another, and the computed
Amax have been in relatively good agreement with the
experiment with all methodologies employed thus far. Because
there are no drastic differences in the particle density across
each compound and method, the influence of the substituents
on each hole—particle pair will be examined more closely.

Both the —Br and —NH, groups act as a 7z donors;
accordingly, there are densities present in the hole orbitals of
both the Br and NH, compounds that are consistent with a
lone pair orbital involved in an antibonding interaction with
the rest of the 7 system. In the particle orbitals, these
contributions are absent, indicating that these substituents will
likely have minimal contribution to the relaxation of the
geometry in the ES. As expected, the —H group has minimal
contribution to both the hole and particle orbitals and
effectively serves as a reference for more electron-donating/-
withdrawing groups. The —NO, group contribution to the
hole orbitals could be described as unexpectedly small
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considering that this moiety functions as a strong 7 acceptor.
However, the —NO, contribution to the particle orbitals is
significantly greater. In fact, the —NO, groups consistently
have a greater contribution to the particle orbitals than the
hole orbitals, indicating that these groups will impact how the
ES geometry relaxes.

ES Resonance Structures of Nitro Compounds. Based on
the particle NTOs, the initially populated ES for the nitro
compounds can be drawn as a migration of the electron density
such that both oxygen atoms of the —NO, moiety bear a
formal negative charge and one of the aryl carbons becomes a
carbocation (Scheme 1). From this structure, multiple

Scheme 1. Reorganization of the Electron Density upon
Excitation, Based on the Computed NTOs, and Resonance
Structures Thereof

resonance forms can be drawn that place the carbocation
within the azaborine ring. The delocalization of a positive
charge in this manner is not accessible with the other
derivatives and could be the cause of the difference in their
ES properties. By placing a positive charge within the
azaborine ring, electron density can be pulled away from
neighboring groups, one of which is the NBOH moiety, in
particular, the —OH group, which would make the proton
more acidic. Photoacids are not a novel concept, particularly
for cyanine derivatives;’® their presence in azaborine
compounds has been less studied.

GS vs ES Acidity. The pK, of the GS and ES for each
compound can be computed and compared to determine if the
nitro compounds truly are more acidic in the ES than the GS
as a result of the resonance forms shown in Scheme 1. Since
the equilibrium constant is related to the free energy of
reaction (eq 1), the pK,s can be calculated with the following
equations by computing the free energy for loss of a proton
from each compound (eq 2).

AG,, = —RT In(K) (1)
AG

rxn

=[G + Ganion] - Gneutral (2)

proton

We recognize that accurately determining the pK, of a
compound from computed thermodynamic data is quite
challenging. Here instead, we focus on the change in pK,
between the GS and the ES. Once the pK, of both the GS and
ES geometries have been determined, the difference between
these values (ApK,) can be used to evaluate whether a
compound becomes more, or less, acidic in the ES. The only

thing necessary at this point is a method for reliably calculating
the AG,,, for the deprotonation reaction. To that end, we use a
slightly modified version of the methodology described in the
Jaguar manual.>” This methodology employs optimizations at
the B3LYP/6-31G(d) level of theory with subsequent single-
point computations at the B3LYP/(aug)-cc-pVTZ level theory
where the diffuse functions are added only to the atoms
directly involved in the deprotonation reaction. Additionally,
all computations employ the LR-SMD solvation model for the
desired solvent. Our modifications are (1) instead of the 6-
31G(d) basis set, the 6-31G(d’) basis set was employed to take
advantage of the optimized d orbital coeflicients for second
row atoms in the geometry optimization, and (2) because we
are not attempting to compare directly to the experiment but
rather determine the change in the pK, between the GS and ES
geometries, we do not apply the empirical corrections and
instead use the so-called “raw” pK, for these comparisons. The
ApK, values for each compound are shown in Figure 8.

6.0
40 ¢
20 +
0.0 1
2.0t
4.0 £
6.0 £
-8.0
-10.0 £
-12.0 +

ApK,

thieno

Compound

Figure 8. ApK, values from LR-SMD-B3LYP/BS3//B3LYP/BS1 and
LR-SMD-TD-B3LYP/BS3//TD-B3LYP/BSI.

What is immediately apparent is that most of the
compounds are more acidic in the ES than the GS. Contrary
to the trend, the NH, compounds all have a less acidic ES
(positive ApK,), likely due to the strong 7z-donation of the
—NH, moiety. Furthermore, within each substituent series,
benzo, dioxo, and thieno, the nitro compounds have the most
negative ApK, values. These data indicate that the resonance
structures shown in Scheme 1, wherein the formal positive
charge is positioned near the NBOH moiety, have enough
contribution to the overall structure to cause a change in the
behavior of the excited state relative to the compounds with z-
donating substituents. Based on these data and the trends in
the emission maxima from our previous publication,'" the
interaction of the solute with the solvent has an important role.
Accordingly, the absolute pK, for both the GS and ES of each
compound, and thereby the ApK,, is likely influenced by
explicit solute—solvent interactions. Because of the difficulty in
modeling explicit solute—solvent interactions, these data may
not correlate precisely with the experiment (additional
discussion in the Supporting Information). However, the
trend in the nitro compounds relative to the others in each
substituent series is difficult to ignore.

Deprotonated Nitro Compounds. Now that a plausible
difference in the ES of these compounds has been established,
its impact on the computed A, must be examined. Figure 9
shows the comparison of A, to the experimental values using
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Figure 9. Computed /., from LR-SMD-TD-DFT/BSI vs experimental data in ACN. The blue triangles denote the A, for the protonated nitro
compounds, and the red squares denote the A, for the deprotonated nitro compounds. The other analogues are shown as black Xs.

either protonated or deprotonated nitro compounds deter-
mined from each DFT method. EOM-CCSD computations
were not performed for the anions due to the computational
expense and the fact that cam-QTP(01) has provided rather
similar data thus far. The data from the non-range-corrected
functionals (Figure 9, top) are somewhat mixed. Based solely
on the data points, it is not readily apparent which protonation
state better describes the data. However, the R* value indicates
that the deprotonated nitro compounds have a slightly better
agreement with experimental data with both B3LYP and PBEO.
Unfortunately, the deprotonated nitro compounds were not
located with B97D after repeated attempts. Strangely, the data
from ®wB97xD (Figure 9, bottom right) show an abysmal
correlation with deprotonated nitro compounds, and the
protonated nitro compounds have already been established as
inconsistent with the experiment. The results from cam-
QTP(01) and LC-wHPBE (Figure 9, bottom left/middle)
provide definitive assignments. Not only is the correlation to
experimental data better with the deprotonated nitro
compounds, the data points for the nitro compounds are
now essentially on the trend lines. Additional range-corrected
functionals available in Q-Chem (wB97X-V, @B97X-D3, HSE-
HJS, LC-rVV10, ®B97M-V, M11, MN12-SX, and ®M06-D3)
were also tested and provided similar results (Figures SS—S7 in
the Supporting Information).

Using a functional that has provided results similar to EOM-
CCSD computations (cam-QTP(01)), the computed A, are

now in agreement with the experimental values, but do these
transitions have the experimentally assigned CT character?
The NTOs for the anionic nitro compounds with each DFT
method are tabulated in Table S7 in the Supporting
Information; a subset of the data is shown in Figure 10. The
NTOs from B3LYP are relatively unchanged in character. If
anything, the CT character shown in Figure 10 has become
more pronounced compared to the neutral precursor (Figure
7). Similarly, the character of the NTOs for @B97xD and cam-
QTP(01) in Figure 10 is also relatively unchanged from their
neutral precursors (Figure 7), although cam-QTP(01) appears
to have slight changes in both the particle and hole orbitals
toward CT character. Taking the cam-QTP(01) results as a
reflection of the “right” answer, based on previous comparisons
to EOM-CCSD, these data suggest that for the nitro
compounds, the emission process itself may not be truly CT
in nature. The computed @ indices (degree of spatial overlap
between the attachment and detachment densities of a
transition) with cam-QTP(01) (Table S3) demonstrate that
the emission from the nitro compounds generally has slightly
more CT character than the other analogues, and the anionic
nitro compounds indeed have marginally more CT character
than their neutral precursors. However, these @ values are still
~0.8, firmly placed within the regime of LE character."”

The computational data from the range-corrected func-
tionals firmly suggest an LE emission process for the nitro
compounds, which, albeit inconsistent with the initial
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B3LYP cam-QTP(01)

oB97xD

Figure 10. NTOs of A, for deprotonated nitro compounds 2~ and §~
at the LR-SMD-TD-DFT/BSI level of theory (DFT = B3LYP, cam-
QTP(01), or ®B97xD) with an acetonitrile solvent. The emission
process is depicted as the particle residing in the upper orbital
undergoing vertical de-excitation to the lower orbital.

experimental assignment, is consistent with the behavior of all
other compounds studied. Moreover, the emission A, from
the anionic nitro compounds, even with LE character, is in
better agreement with experimental data than the neutral nitro
compounds. Taken together, these data indicate that the nitro
emission likely arises from a structure resembling the
deprotonated form. The word “resembling” here is important.
It is possible that during relaxation of the ES, the proton is
donated to a neighboring molecule that participates in H-
bonding with the NBOH moiety. This would result in a
structure that can be formally described as an anionic
azaborine that is hydrogen-bound to a neighboring molecule.
Creating a charge separation in this fashion would certainly be
more stabilized in more polar solvents, thus lowering the
energy of this ES and increasing A.,. Unfortunately, explicit
solute—solute and, more so, solute—solvent interactions are far
more complicated to model correctly, particularly with DFT
methods. However, given the sum total of the data presented
herein, the data are most consistent with nitro compounds not
displaying ICT emission but rather functioning as photoacids.
By generating a formally anionic azaborine in the ES, the
differential solvation (stabilization) of the negative and positive
charges is responsible for the significantly larger Stokes shifts
observed for the nitro compounds.

B CONCLUSIONS

We have demonstrated that in agreement with previous
observations, the non-range-corrected functionals do not
accurately handle CT excitations. In these systems, the non-
range-corrected functionals appear to overestimate the CT
character of the computed transition. In the case of B97D, the
wavelengths of the CT transitions are in fortuitous agreement
with the experimental data, but the CT character of the
transition is inconsistent with EOM-CCSD computations. The
range-separated functionals provide results that are consistent
with both experimental observations and EOM-CCSD
computations. The authors recommend caution when
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comparing only numerical 4, and A, to experimental values
as both the wavelength and the character of the predicted
transition should be in agreement with experimental
observations. Additionally, whenever CT processes may be
indicated (experimentally or computationally), the authors
recommend comparing the data against either cam-QTP(01)
or LC-wHPBE. The cam-QTP(01) functional performed
particularly well, thus making it an affordable candidate for
potential screening studies. The initial experimental assign-
ment of a CT emission process can now be better described as
a local #*—7z emission, similar to the other azaborine
derivatives, that occurs from the charge-separated state. The
separation of charge is created by a significant decrease in the
pK, of the nitro compounds in the ES and subsequent
deprotonation during relaxation of the S, state; effectively, the
nitro compounds appear to act as photoacids. Increased
solvent stabilization of this charge-separated geometry explains
the larger Stokes shift in more polar solvents.
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