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ABSTRACT:

Small molecule organic dyes have many potential uses in medicine, textiles, forensics, and light-
harvesting technology. Being able to computationally predict the spectroscopic properties of these
dyes could greatly expedite screening efforts, saving time and materials. Time-dependent density
functional theory (TD-DFT) has been shown to be a good tool for this in many instances, but
characterizing electronic excitations with charge-transfer (CT) character has historically been
challenging and can be highly sensitive to the chosen exchange-correlation functional. Here we
present a combined experimental and computational study of the excited-state electronic structure
of twenty organic dyes obtained from the Max Weaver Dye Library at NCSU. Results of UV-Vis
spectra calculations on these dyes with six different exchange-correlation functionals: BP86,
B3LYP, PBEO, M06, BHandHLYP, and CAM-B3LYP were compared against their measured
UV-Vis spectra. It was found that hybrid functionals with modest amounts (20-30%) of included
Hartree-Fock exchange are the most effective at matching the experimentally determined A,.
The interplay between the observed error, the functional chosen, and the degree of CT was
analyzed by quantifying the CT character of A« using four orbital and density-based metrics, A,

Ar, Sc and D¢y, as well as the change in the dipole moment, Ap. The results showed that the
relationship between CT character and the functional dependence of error is not straightforward,
with the observed behavior being dependent both on how CT was quantified and the functional
groups present in the molecules themselves. It is concluded that this may be a result of the
examined excitations having intermediate CT character. Ultimately it was found that the nature of
the molecular “family” influenced how a given functional behaved as a function of CT character,
with only two of the examined CT quantification methods, Ar and D¢r, showing consistent
behavior between the different molecular families. This suggests that further work needs to be
done to ensure that currently used CT quantification methods show the same general trends across

large sets of multiple dye families.
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Introduction

Throughout human history, dyes have held an important place in our shared cultural and
technological landscape.! For example, in the distant past dyes such as Tyrian purple, produced
from crushed invertebrates, were heavily traded by the Phoenicians which led to purple becoming
a significant cultural symbol for wealth, royalty, and even divinity.' The great variety of dyes and
our detailed characterizations of their properties have made dye science a vital tool in present-day
forensics,? with unique dye characteristics being traceable to fiber evidence obtained from a crime
scene. With the advent of modern printing, the textile industry, photodynamic cancer therapy, and
ecologically conscious production processes, the demand for affordable non-toxic dyes with
specifically tailored properties has steadily increased within the last two centuries. This has led to
the effective synthesis and experimental characterization of numerous organic dyes. One large,
relatively untapped resource of dyes is the Max Weaver Dye Library (MWDL) located at North
Carolina State University (NCSU).> The MWDL, generously donated by Eastman Chemical
Company to NCSU, contains upwards of 90,000 dyes that could potentially satisfy the
requirements of industries across many disciplines. A drawback to the massive size of the MWDL
is that many of these compounds are only minimally characterized beyond basic structural
information, creating problems for researchers that wish to obtain dyes with specific properties.
Measuring the optical properties of each and every dye would be an enormous and costly
undertaking.

A potential solution to this dilemma is to use modern electronic structure theory to
computationally evaluate the spectral behavior of the synthesized dyes. While many ab initio
wavefunction-based methods are capable of predicting the UV-Vis spectra of small to medium
organic compounds with high accuracy,* their considerable computational cost makes them
impractical for screening such a large number of molecules.’ Fortunately, density functional theory
(DFT)® and time-dependent DFT (TD-DFT)’-8 provide an optimal balance between efficiency and
accuracy and are an excellent means for studying the photochemical properties of small organic
compounds.> %19 Unfortunately, the accuracy of the results obtained from TD-DFT calculations
often strongly depends on the chosen density functional and this continually leads to the basic
question: which methodology should researchers choose to most effectively match or predict
experimental results? Aside from resolving this practical question, a study of these functionals

may also help determine why one functional is more effective than another, which could aid in the



Physical Chemistry Chemical Physics

Page 4 of 35

development of more accurate functionals. Thus, DFT and the MWDL form a symbiotic

relationship: DFT being a useful tool for characterizing the MWDL, while the MWDL provides

experimental data for DFT benchmarking and methodology optimization.

In this work, we make use of the MWDL to provide a small but reasonable test set of

interesting compounds from two dye families: dyes containing an azobenzene!!-'> moiety

(hereafter referred to as “azo dyes”) and dyes containing a cyanovinyl'3 group (hereafter referred

to as “cyano dyes”), see Figure 1. The UV-Vis spectra of these dyes were measured experimentally

after being taken directly from the MWDL. The spectra were then also calculated using a variety

of TD-DFT methods, enabling us to determine what functional is the most accurate.
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Figure 1. Dyes examined in this study, grouped by their respective families. The parent dyes are highlighted

in red and purple.

When discussing the performance of DFT functionals, it has been shown that both the

functional dependence and TD-DFT accuracy can often be related back to the nature of the excited

states being investigated.'® 14 These states can be broadly categorized as local (valence and
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Rydberg) excitations and charge transfer (CT) excitations. Careful determination of the CT
character of a transition can potentially assist in predicting what type of functional should be
used.'%2! The amount of Hartree-Fock exchange (HFg,) included in the functional has emerged as
an important tunable parameter for calibrating a DFT methodology. A typical conclusion reached
from these studies is that functionals with high amounts of HFg, show less sensitivity to the CT
character of a transition when trying to match experiment.!* Specifically, range-separated
functionals (low HFg, at short distances and high HFg, at large distances) and functionals with
high HF, in general,?? have been indicated as being highly effective for characterizing transitions
with high CT character.!% 14 21. 23 [t has also been shown that non-empirically optimally-tuned
range-separated functionals can perform very well for characterizing electronic excitations,
particularly ones with large CT-character.?*?’ Other work has shown that these optimally-tuned
functionals can be significantly flawed in other areas however,?® highlighting the fact that many
challenging features have to be overcome simultaneously in the quest to develop truly all-purpose
DFT methods. For local valence (referred to simply as “local” here) excitations, however,
functionals with modest HFg, often perform as well as range-separated functionals or functionals
with high HFE,, if not sometimes better.!% 2°-30 Pure GGA functionals almost always perform
poorly.? 31 Note that accurate computation of Rydberg transitions is also a challenging area for
TD-DFT, however, the focus of this study is on lower energy transitions (particularly in the visible
or UV regions), which are rarely Rydberg in nature, and hence these issues will not be explored
further. Ultimately, while many DFT functionals and methodologies are worth evaluating, for this
study we chose to limit our scope to a small set of standard methods, with plans to consider other
functional types in the future.

In our test set, we quantified the CT character of the dye excitations in several ways to

explore the relationship between CT character and the success of the chosen DFT methods.
Specifically, we examined five different CT parameters: A, Ar, Sc¢, Dcr, and Ap. A and Ar are

orbital-based and determine the magnitude of CT by comparing orbital overlap or the spatial
distance between orbitals, respectively.! 1 On the other hand, Sc and Dcr are density-based
parameters and characterize the magnitude of CT by comparing excited state density difference

overlap or the spatial distance the excited state density has moved, respectively.!® 32 Finally, Ap is
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based on the change in dipole moment between the excited and ground state, which can be related
to Dcr by the amount of charge transferred, gcr.1

A was one of the first parameters developed for quantification of CT character. The initial
study with this parameter on a test set of 18 molecules demonstrated that functionals with low-to-
moderate HFg, have errors that depend on CT character.'* D7 was later developed as a density-
based CT parameter and was evaluated on a series of push-pull oligophenylene compounds, along
with Ap.'> Subsequently, Ar'® and its variant based on NTOs!” were created and tested on a
modified form of the original A benchmark set where numerous other challenging molecules were
included. Ar was found to be a good complement to A, and it was proposed that the two be
considered together to evaluate CT, especially as Ar was found to be superior to A in more
challenging cases.!'® It has also been shown that the two distance-based methods, Ar and Dcr,
correlate well with each other when tested on the large “Real-Life Molecules” test set.3* However,
to our knowledge, all three of these CT parameters (A, Ar, and D¢7) have never been compared
simultaneously using the same dataset. Finally, S¢ is a particularly interesting parameter, as it was
proposed as a CT quantification tool in the Multiwfn software package.’> While S¢ is based on
some of the same theory used to define D7, to our knowledge, it has not been tested on any large-
scale datasets in the literature.

The study presented herein represents, to our knowledge, first comparison of all five CT
parameters on the same data set. The twenty compounds studied here showed generally modest to
small CT character, however, these conclusions are not always the same depending on how the CT
is quantified. This provided the opportunity to examine the relationship between CT and method
accuracy for transitions that are hard to classify as either CT or local. Importantly, the selected
compounds in many ways represent a real-world dataset, as they were chosen essentially randomly
from the vast MWDL after verifying they fit into one of the molecular families of interest, and
then were experimentally characterized and subjected to computational study. Thus, this study is
a “live-fire” test of TD-DFT, CT quantification, and the utility of the MWDL.

We found that despite showing a larger error dependence on CT character, hybrid
functionals with modest (20 to 30%) HFg, are the most reliable for each dye family, significantly
outperforming a popular range-separated functional, CAM-B3LYP.3* We also found that the

relationship between error, CT character, and functional dependence is not straightforward for
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transitions with only moderate CT character. Notably, the trends are not consistent between each
dye family, with only two out of the five CT parameters (Ar and D7) showing the same general
trends with respect to functional dependence for both families consistently. This suggests that there
may be molecular structure-specific factors at work that play a role in producing the functional
dependence. While these results are only for two dye families, it raises the possibility that none of
the current CT parameters will be universally consistent for a broader test set of multiple diverse
molecular families. This highlights some of the successes and remaining challenges in
characterizing the CT character of excitations and benchmarking DFT methods for a large set of

structurally diverse compounds.

Methodology
UV-Vis Measurements and Other Characterization

Samples of each dye were taken directly from the MWDL; no further purification was
performed. These complexes were dissolved in acetonitrile and UV-Vis spectra were measured
using a Varian Cary 50 spectrophotometer. The dyes were also subjected to characterization by
NMR and LC-MS, the results of which are all provided in the Supporting Information.
Computational Methods
Structure optimizations and excited state calculations

All structures were optimized in vacuum with the B3LYP3>3® functional including
Grimme’s D2 dispersion correction (B3LYP+D2).3° The 6-311G* basis set*” and an ultrafine grid
were used for all calculations. Optimizations were performed in the gas phase, and all structures
were confirmed to be genuine minima from frequency calculations using the harmonic oscillator
approximation. All TD-DFT calculations were performed using the basis set indicated above with
the solvent (acetonitrile) modeled with an implicit polarized continuum model (IEFPCM) using
nonequlibrium solvation.*'-*3 In order to compare the TD-DFT results to the experimental UV-Vis
data, the calculated stick spectra were convoluted with the excitation energies times their
respective oscillator strength using a Lorentzian function with half-width-at-half-maximum
(HWHM) of 0.33 eV.

The solvent polarization was modeled within the standard linear response (LR) framework.
Given that it has been reported that CT transitions can be poorly described by the LR scheme,**

state-specific (SS) solvation was also investigated using the method demonstrated by Improta,
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Barone, Scalmani, and Frisch (IBSF).*> These results are discussed briefly at the end of the paper,
but unless noted otherwise all data is calculated using the LR polarization scheme.

Several functionals were employed to conduct TD-DFT calculations on the B3LYP+D2
optimized structures. The functionals chosen were BP86,% 4 B3LYP, PBE0,*-0 M06,’!
BHandHLYP, and CAM-B3LYP.3* The twenty five lowest-energy excited states were calculated
for all dyes with all functionals, with the exception of BP86 where only the five lowest-energy
excited states were considered. For BP86, calculations with more than the five lowest-energy
excited states failed to converge. However, for B3LYP and MO06, the results obtained for the
excited states analyzed in this work, which correspond to either the first or second lowest energy
excited state, are identical irrespective of whether 5 or 25 states were calculated in the TD-DFT
calculations. All electronic structure calculations were performed with the Gaussian 09 software
package revision D.01.>?

Quantification of CT character

Numerous parameters exist for quantifying CT character in electronic excitations and
several of these were applied to explore the relationship between CT and functional dependence.
These techniques have already been described in great detail in the literature,'4'¢ but as they are
important for the analysis in this work, a brief overview of each will be provided below. In general,
these parameters can be sorted into two categories: orbital-based parameters and density-based
parameters.

Orbital-Based Parameters

The two orbital-based parameters used here employ the ground state Kohn-Sham (KS)
orbitals, ¢; and ¢, for occupied and unoccupied orbitals, respectively, and the excitation
coefficients (K;,) determined for a relevant excitation from TD-DFT. The excited state
wavefunction can be described in terms of the linear combinations of pairs of ground state
molecular orbitals weighted with K, (K}, includes both excitation and de-excitation pairs, however
the latter only contribute small amounts in the present study). The first orbital-based parameter is
the A index proposed by Tozer et al., which provides a measurement of the degree of spatial
overlap between the orbital pairs involved in constructing the excited state.'* A completely local

excitation will have complete spatial overlap between the ¢, pair, resulting in a A value of 1, while
an entirely CT excitation will have no overlap, resulting in a A value of 0. The Ar index proposed

by Adamo et al. also makes use of ¢;, and K;,, but it measures the distance between the centroids
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of each orbital instead of calculating the spatial overlap between the ¢;, @, pairs.'® This provides
an MO-based description of how far the electron has “moved” during the excitation. The greater
this distance, the greater the CT character.
Density-Based Parameters

Interpreting CT in terms of the molecular orbitals involved is useful from the perspective
of traditional electronic structure theory and how to assign transitions. Alternatively, CT can be
characterized by changes in the overall electron density of the molecule during an excitation. The

change in electronic structure during an electronic transition can be expressed as the density

difference, Ap(r), between the ground state and excited state densities. Ap(r) itself will have
positive regions where electron density has increased during the transition (p+(r)) and negative

regions where it has diminished (p-(r)). The difference between the barycenters of p.(r) and p_(7)
is then referred to as Dcr, !> representing the distance over which charge transfer has occurred. This
parameter is thus interpreted similarly to Ar, but is based on ground and excited state densities
rather than linear combinations of orbital pairs. Note that a previous study has shown that D7 and
Ar (specifically a Ar variant based on natural transition orbitals!”) correlate well with each other.?3

Dcr does not account for how diffuse the electron density is for the ground or excited states

or how this diffusivity could impact CT. This can be assessed by considering the RMSD of p,(7),

referred to as o, which measures the spread of the density changes. The density accumulation

and depletion zones can be smoothed using o.,-, and these smoothed regions are referred to as
C.,(r)."> Essentially, C,,.(r) can be thought of as more “averaged” versions of p..(r), which
makes them simpler to interpret. Plots of C,,.(r) have been used previously to provide easier
visualization of the overlap of density differences.!> Here C.._(r) is used quantitatively by

measuring the overlap between C.(r) and C_(r) (referred to as S¢)*? as shown below:

S.=[C.(r)/4,C (r)/ 4 _ar (1)

where 4., are normalization constants. A larger S¢ provides evidence of a local excitation whereas
a smaller value indicates a charge transfer excitation. S can be thought of as a density analog to

the orbital-based A described earlier. S¢ has been proposed for use in the Multiwfn program (where
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it is referred to as S..),>> but we are not aware of any large-scale testing of its behavior in the
literature. All of the CT parameters are shown in a qualitative fashion in Figure 2. Note that the
descriptions given above are only meant to provide a simple physical interpretation of the

parameters. Those looking for a more rigorous discussion should consult the original literature.'#
16 ' With the exception of A, all excited state parameters were calculated with Multiwfn version

3.4.32 A was determined with a code developed in-house that was verified using data from Tozer’s

original paper.'

N/Sc cT local
—
0 1
local cT
Ar/Dct e R,
smaller larger

Figure 2. Qualitative cartoon illustrating CT parameters used in this study. For orbital-based parameters
the red and blue circles represent @, and for the density-based parameters they represent either p.,.(r) or
C.,,-(r) as appropriate.
Change in the Dipole Moment

The final CT parameter considered in this study is the change in the dipole moment
between the ground and excited state, Au. This quantity is calculated as the difference between the

ground and excited state dipole moments

Ap= \/(ﬂfs —HEV () = Y A (= i) 2)

where (4,447, 17°) and (p”, 407", 41" ) represent the ground and excited state dipole moment

vectors, respectively. A small change in the dipole moment corresponds to a local transition, while

a large change in the moment indicates a CT excited state.>3->4

Results and Discussion
Twenty organic dyes were obtained from the MWDL at NCSU (see Figure 1). The purity
of all samples was verified by NMR spectroscopy and mass spectrometry (see Supporting

Information for details). Having verified the purity of the samples, the experimentally measured

10
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UV-Vis spectra were compared with the calculated ones. Note, that to our knowledge the
experimental UV-Vis spectra of these dyes have never been reported before.

The rest of the manuscript is organized as follows: First, we describe the ground and excited
state electronic structure of the dyes. We then summarize the results of our benchmarking studies
and identify the functionals that provide the best description of the transitions in the visible region.
Finally, we focus on understanding the relationship between the error in the calculated transition
energies, the amount of exact exchange in the functional, and the CT character of the excited states
of the dyes.

Ground state electronic structure

All dyes within each family share a common backbone (the highlighted components in
Figure 1), and these parent dyes are referred to as A0 and CO for the azo and cyano families,
respectively. Therefore, it is useful to understand the electronic structure of A0 and CO before
analyzing the substituted dyes. Figure 3 shows the frontier orbitals of the parent dyes (calculated
with B3LYP), along with the frontier orbitals of representative dyes from each family (A3 and
C10). The frontier orbitals of all other dyes are shown in the Supplemental Information. The
HOMO of A0 consists of 1 MOs (resembling the HOMO of benzene) on each aromatic ring
interacting in an antibonding fashion with a N-N n bonding MO. The LUMO consists of n* MOs
(resembling the LUMO of benzene) on each aromatic ring interacting in a bonding fashion with a
N—-N n* antibonding MO. A similar picture is seen for C0, except the aromatic MOs are now
interacting with C—C w and ©* MOs in the HOMO and LUMO, respectively. A strong resemblance
of the HOMO and LUMO of the substituted dyes with the HOMO and LUMO of the parent dyes
can clearly be seen. This resemblance is particularly strong for the LUMOs, while for the HOMOs
of A3 and C10 there is little-to-no N—N or C—C (alkene) bonding character respectively, unlike
what is seen for A0 and CO.

11
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Figure 3. Frontier KS MOs for representative (a) azo dyes and (b) cyano dyes. All orbitals were
calculated with the B3LYP functional.
General characterization of calculated transitions
Figure 4 shows the experimentally measured spectra of representative dyes from each
family (A3 and C10) and the calculated TD-DFT spectra with each of the functionals examined
(all spectra are reported in the Supporting Information). The TD-DFT reasonably reproduces the
qualitative shape of the UV-Vis spectra for each dye and changing the functional primarily shifts

the energies of the calculated excitations. Generally, increasing the amount of HFg, causes a blue

12
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shift of the spectra, as expected.!%2° Most of the dyes examined had in their experimental spectra

one large, broad absorbance in the visible region (An,x) and then varying amounts of high-energy
transitions in the UV-region assignable as n-n* transitions. The visible transitions are of greatest

interest for practical applications of dyes, and unless stated otherwise any further analysis will be

on Ay for all dyes.
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Figure 4. Experimentally measured and calculated TD-DFT spectra of (a) A3 and (b) C10.

The dominant KS MOs involved in describing A, based on the TD-DFT transition
densities are the HOMO and LUMO (although there are a few exceptions as discussed below),

examples of which are shown in Figure 3. For both families, these transitions can then be
qualitatively described as m-n*, HOMO to LUMO transitions. In the dyes investigated, there is

also an amine attached to the aromatic ring. The “lone pair” MO of the amine is conjugated to the
aromatic ring in an antibonding fashion in the HOMO, and to a lesser extent, the LUMO. This

reflects how there is some CT from the amine group to either the azo or alkene moiety depending

13
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on the dye family. These orbital shapes and assignments are essentially the same regardless of the
methodology used in the calculation. Qualitatively similar MOs have also been noted in CT
transitions of other organic dyes.?

Selection of A, from the TD-DFT results was straightforward for most of the dyes. For

the azo dyes, the oscillator strength of the lowest energy transition was either zero or relatively

small (less than 0.5), and can be assigned as an n-n* transition from the azo nitrogen lone pairs

into the N—N 7* orbital (this generally corresponds to the HOMO-1 to LUMO transition, see

Figure 3). The second transition, the HOMO to LUMO transition described earlier, possesses much
larger oscillator strength (0.62 to 1.41) and corresponds to A, There are a few isolated cases
(A4, A5, and A7) where the oscillator strength of the first transition is not completely negligible

as mentioned above, but it is still much lower than the second transition, and hence the second
transition was always chosen for A ..

For the cyano dyes, the lowest energy transition corresponding to the HOMO-LUMO
transition displayed a wide range of oscillator strengths (from 0.09 to 1.08. The nitro-containing
cyano dyes (C3, C4, and C5) possessed a second transition slightly more intense than the first
transition and close in energy, making it difficult to tell which one (or if both) was responsible for

the experimental A, This second transition corresponds to the HOMO-LUMO+1 transition,
where the LUMO+1 is an orbital of n* character centered on the nitro group (see Supporting

Information). Ultimately, the most intense transition was always chosen as A,x whenever there
was ambiguity for the cyano dyes. Note that the results do not change significantly with the other
assignment and a brief analysis of the alternative assignments is provided in the SI.
Functional dependence of error

As can be expected based on the spread of the calculated spectra in Figure 3, some
functionals match the experimental values of A, more accurately than others, and these results
are summarized in Table 1 and Figure 5. Overall, the determined mean unsigned errors (MUESs)
and mean signed errors (MSEs) were similar for each dye family. Note that error here is referred
to as AE,.x which is taken as E;(calc) - Eax(expt), where E., 1s simply A, reported in eV. For
both the MSE and MUE, B3LYP, PBEO, and M06 yielded the smallest errors. All three of these

functionals possess intermediate amounts of HFg, with 20%, 25%, and 27%, respectively. The one

14
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GGA functional examined, BP86 (0% HFg,), did considerably worse than the hybrids, while
BHandHLYP (50% HFgy) and the range-separated CAM-B3LYP (65% HFg, at large distances)
had the overall worst errors. From an empirical standpoint, if the goal is simply to match A, as
closely as possible, it is advisable for complexes similar to the dyes examined here to choose
functionals with HFg, between 20-30%. These general recommendations are completely in line
with conclusions that have been reached in other benchmarking studies on organic dyes.!%2° It has
been suggested previously that the success of hybrid functionals with modest amounts of HFg,
may be the result of the functional’s inherent error and the LR solvation scheme’s error cancelling
each other out.** Although not evaluated here, one route to reducing the calculated errors in general
is to employ the Tamm-Dancoff Approximation (TDA) as it has been shown to decrease errors
associated with local excitations (i.e., excitations with a large A) that have triplet instability
issues.> The excitations calculated in this study are, however, of “intermediate” CT character (see
below), and it is not clear how effective the TDA would be. Exploring the impact of TDA is
potentially worth considering in future studies on these systems.

AE .« 1s also plotted for each compound in Figure 5 which shows that BP86 virtually
always redshifts calculated transitions relative to experiment, while CAM-B3LYP and
BHandHLYP almost always blueshift relative to experiment; both of these trends are expected.!®
29 The functionals with intermediate amounts of HFg, have varying signs of error (i.e., can both
blueshift and redshift), but the errors are usually smaller than the errors of the other functionals.
Note that A1 appears to be an outlier amongst the azo dyes, as CAM-B3LYP and BHandHLYP
are very accurate, while the excitation energies calculated with other functionals are more red-
shifted than usual. This is possibly due to proton tautomerism on the triazole ring, which may
occur rapidly in this system.3¢-37 The calculations reported here are for the complex shown in
Figure 1, as this was the complex as labeled in the MWDL. Calculations on the most relevant
alternative tautomer of this structure, which is roughly isoenergetic, do show a blueshift of the
spectra for each method by ~0.2 eV, bringing these results closer in line with the rest of the data.
This data is described in more detail in the SI.

Table 1. MUEs and MSEs for calculation of AE,, for each dye family as determined with different
functionals. All values are reported in eV.

MUE/MSE
(eV)

Cyano  0.37/-0.36 0.17/0.07 0.23/0.17 0.22/0.17  0.61/0.61 0.51/0.51

BP86 B3LYP PBEO MO6 BHandHLYP CAM-B3LYP

15
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Azo 0.35/-0.35 0.19/0.00 0.19/0.09 0.17/0.06  0.45/0.45 0.38/0.37
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Figure 5. AE,,,x determined for all six functionals for both dye families.

The explicit relationship between AE, ., and HFg, is shown more clearly in Figure 6 for
each dye family. All the dyes show a similar, roughly linear dependence of AE,,,x on HFg,. Note
that CAM-B3LYP was treated as if it had a constant HFg, value of 65%, when in reality this varies
as a function of 7, and hence it deviates from the line. As the HF, is increased, the error for all
complexes changes from being negative (red shift) to positive (blue shift) as would be expected.!®
29 This relationship between HFg, and error agrees with the results in Table 1 and Figure 5 for
most compounds considered. Figure 6 again shows that intermediate values of HFg display the
smallest errors overall. Based on this data, it appears that while CAM-B3LYP and BHandHLYP
have the advantage of showing the weakest dependence on CT as discussed below, their results
have larger error. For the compounds considered, these are not the ideal functionals to choose for

matching experiment.
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Figure 7 shows the correspondence between the calculated values of E,;,x and the measured
ones; if the calculated values were perfectly accurate then each of these plots would be exactly
linear (R’ = 1 for a linear fit) with a slope of 1. While the cyano dyes have reasonably good
correlations (R’ from 0.58 to 0.97), the azo dyes show much worse behavior (R? from 0 to 0.23).
The difference in systematic behavior between the two dye families may be the result of the azo
dyes spanning a smaller range of excitation values (~0.5 eV vs. ~1.5 eV), but the fact that the azo

dyes do not show a strong systematic error over a 0.5 eV range is still troubling.

0.6 | Azodyes
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= 0.2
2 0 —
£ 0.2
w
g 04 Al s AG
. A2 A7 —
0.6 A3 A8
-0.8 Ad fY: p—
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HF,
1
0.8 }| Cyano dyes
0.6
< 0.4
L 02
i 0
i -0.2 Gl === CB
-0.6
C4 - CO
'0-18 C5 mmmmm C1() s

0O 10 20 30 40 50 60 70
HF

Ex

Figure 6. AE,,,x as a function of HFg, of the functional for each dye family.
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Figure 7. Relationship between calculated and experimental excitation energies (E.,,) in each dye family.

Note that only the data for three functionals (BP86, B3LYP, and CAM-B3LYP) are shown for simplicity.

Calculated HOMO-LUMO gaps and excitation energies

We have calculated HOMO-LUMO gaps for both series of dyes in order to evaluate
whether the data that can be easily obtained from the ground state electronic structure calculations
(such as orbital energies) could be employed to estimate the excitation energies for a large set of
the dyes. Interestingly, the HOMO-LUMO gaps calculated with the B3LYP functional are within
0.3 eV of the experimental values for both dye families (see Table 2), with other functionals
exhibiting substantial errors (0.5-2.6 eV), suggesting that B3LYP may be a good functional for
fast preliminary screening of a large data set. High accuracy for HOMO-LUMO gaps has been
seen for B3LYP in the past but was noted to likely be the result of fortuitous error cancellation,®
suggesting that while the utility of the B3LYP results is encouraging, they should be interpreted
cautiously. The plots of calculated HOMO-LUMO gaps vs. the measured E,,,x (shown in Figure
8) show essentially the same behavior as the plots of calculated E, .« vs. the measured E,.x (see
Figure 7). The cyano dyes display very good correlations (R’ from 0.75 to 0.92), while the azo
dyes show no correlation (R? from 0 to 0.03). This indicates that calculated HOMO-LUMO gaps
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may serve as a useful indicator for how accurate the calculated TD-DFT excitation energies will

be in predicting trends for a particular set of dyes.

Table 2. MUEs and MSEs for calculation of AE,,, for each dye family using HOMO-LUMO gap as
determined with different functionals. All values are reported in eV.

MU(E@;[SE BP86 B3LYP PBEO M06  BHandHLYP CAM-B3LYP
Cyano  0.97/-0.97 0.29/0.27 0.58/0.58 0.73/0.73  2.28/2.28 2.62/2.62
Azo 0.99/-0.99 0.25/0.18 0.50/0.50 0.60/0.60  2.11/2.11 2.49/2.49
_ ¢ [+ BPes
2> B3LYP -
S ;|4 CAM-BILYP ag-sdereis
3 R =0.07
S 4
o
§ /
2 3¢ . ., W
g 5 / -
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= :
2 °| o RREET
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Experimental E,, (eV)

Figure 8. Relationship between calculated HOMO-LUMO gaps and experimental excitation energies
(Emax) in each dye family. Note that only the data for three functionals (BP86, B3LYP, and CAM-B3LYP)

are shown for simplicity.

Relationship between CT and functional dependence

It is well known that different DFT functionals have varying degrees of success when

dealing with CT excitations.!%?° The key factor influencing this behavior is the amount of HFg,.
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In this study, CAM-B3LYP and BHandHLYP incorporate a greater amount of HFg, and are
therefore in theory better suited for handling CT excitations. Previous results studying CT
transitions have shown that CAM-B3LYP showed no dependence of AE,,,x on CT, while hybrids
showed modest dependence, and then pure functionals showed the greatest dependence.!* This of
course leads to the problematic issue of deciding whether the transitions investigated are in fact
best classified as CT as opposed to local. As will be discussed below, the general conclusion
reached here is that it is likely that the excitations under study have weak to moderate CT character,
and hence the relationship between CT and AE,,.x may be more nuanced than for transitions with
higher CT character.

A significant challenge for evaluating the connection between CT character and error is
that there is not one “correct” method of measuring CT character. Although CT character can at
times be qualitatively easy to recognize when viewing molecular orbitals, it is nontrivial to
quantify. Many different parameters have been proposed to quantify it, but there is no universally
accepted measure of CT. To account for this lack of an accepted parameter, five different methods

were chosen to measure CT (see Figure 2), increasing the likelihood of being able to capture a
correlation if it is present. Of the methods examined, A and Ar are both derived from analysis of
calculated KS MOs, while D7 and S, are both calculated from ground and excited state densities.
Finally, Ap relies on comparison of ground and excited state dipole moments. As discussed earlier,

to our knowledge, no large-scale evaluation on the behavior of S. has been published previously.
Orbital-based CT parameters are shown in Figure 9, density-based CT parameters are shown in
Figure 10, and the Ap parameter is shown in Figure 11.

Previously, A values between 0.1 to 0.8 have been associated with CT;!¢ this large range,
however, limits its discriminatory power. Based on this range, every Ay transition examined here
can be classified as a CT transition. Significant CT character was previously assumed if Ar was
greater than 1.5 A,'6 meaning A for every cyano dye and every functional is classified as CT.
The azo dyes show more variation in Ar; A, for Al, A8, A9, and A10 dyes are all greater than
1.5 A regardless of the functional and are therefore always classified as CT. The remaining azo
dyes have Ar values much closer to the 1.5 A cutoff, and are better classified as having an
intermediate CT character. Note as well that for these dyes, because Ar is so close to the cutoff,

results for a single A, transition from different functionals can provide Ar values above or below
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the 1.5 A cutoff. Thus, usage of different functionals for parameter measurement can change how
a transition is actually classified (CT vs. local).

The density-based CT parameters shown in Figure 10 show similar trends overall as the
orbital-based parameters, but the functional dependence in general appears to be more severe
(especially note the variance in D¢r for C4, C5, Al, A9, and A10). Finally, the functional
dependence of the Ap parameter is shown as well in Figure 11. While several dyes show little

variation in Ap as the functional changes, several of the dyes fluctuate significantly (as for D¢y
C4, C5, A1, A9 and A10, but also C1, C2, and C3). Functional dependence of CT parameters

(which has been reported previously'®) can make it difficult to define clear cutoffs for when a
transition i1s CT or local. In extreme cases (very high or very low CT character), this level of
discrimination may not be that troublesome, but as can be seen for this data set, which includes
numerous transitions of intermediate CT character, this spread can make differentiating CT from
local transitions difficult. Furthermore, note that the benchmarking done in the literature so far has
been on calculating the energy of a transition, and there is no rigorous reason to assume that a

functional that can properly calculate A, will also be the best one for quantifying CT.
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Figure 9. Calculated orbital-based CT parameters for both sets of dyes.
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To determine the relationship between CT character and functional accuracy, plots of
AE .« vs. each CT parameter were generated (Figures 12 and 13 for A and Ar respectively; other

plots are given in the SI). These figures show that for the azo family the amount of HFg, present
in the functional has a clear effect on the degree to which AE,,, can be predicted from CT
character. The lower the HFg, (recall that it is O for BP86), the stronger the dependence of AE, .«
on CT character. The cyano dye family shows the same behavior for Ar, but the impact of
functional is not as clear for the relationship between AE,,, and A; BP86 still shows a high
correlation for both parameters, but CAM-B3LYP and B3LYP both show the same weak
correlation despite having very different HFg, (65% and 20% respectively).
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To visualize this behavior more clearly for the entire data set (all CT parameters and all
functionals), several heat maps were generated based on the R? values for plots similar to Figures
12 and 13 (see Figure 14). The x-axis in these plots indicates the functionals used, while the y-axis
indicates which CT parameter is being correlated against AE,,.x. Each square was then colored
based on the magnitude of R?, where the darker/warmer colors signify larger calculated values of
R’ and therefore a stronger dependence of AE,,, on CT. If the HFg, dependence of AE,,,, was

equally well predicted by each CT parameter and was similar to what Tozer had reported
previously for A,'* then the heat map should be very dark on the left side of the plot (low HFE,)

and become increasingly light on moving to the right side of the plot (high HFgy).

Azo All Dyes Cyano

0.5

BP86
B3LYP
PBEO
MO06
BP86
B3LYP
PBEO
M06
BP86
B3LYP
PBEO
MO06

BHandHLYP
CAM-B3LYP
BHandHLYP
CAM-B3LYP
BHandHLYP
CAM-B3LYP

Figure 14. Heat maps showing R? for the correlation of each CT parameter with AE ;.

From the coloring of the maps, it is clear that several CT parameters in each dye family
obey this relationship, but that this behavior is not always consistent between the two families. For
the cyano family, the relationship between AE,.x and A as well as Au shows no consistent
dependence on the amount of HFg, in the functional (as expected based on Figure 12), but there is
a clear relationship with Ar, D¢y, and S¢. The azo family also shows strong relationships with all
CT parameters, with the exception of Ap. Specifics aside, the truly critical observation to draw
from these results is that the two dye families do not exhibit the same types of relationships
between AE,..x, HFEgy, and CT. This is evident when all of the dyes are taken together as one dataset.
Only the distance-based (Ar and D7) parameters show consistent functional dependence for both

sets of dyes, a result which is consistent with previous work that showed that Ar and D7 generally
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correlate well with each other.>3 The fact that A and Ar behaved similar in one dataset but not the
other may also be consistent with previous work that showed that while the two parameters
generally complement each other, A has weaker CT discriminating ability and occasionally failed
in challenging cases.!¢ Particularly interesting is that S. showed the expected functional
dependence for each family separately, but this relationship is significantly lessened for the entire
dataset. Therefore, while the distance-based parameters certainly appear to have a more predictable
relationship between error and functional choice, it is entirely possible that addition of another
family of dyes would change this conclusion. Different functional dependence for dyes of different
molecular sizes? has been reported previously. To our knowledge however, different functional
dependence for different dye families and a molecular family-specific relationship between CT,
error, and functional has not been discussed before, and should be considered when evaluating
functional behavior.

Note we also explored the possibility that the erratic and confusing correlations between
error and CT need to make use of multivariable linear regression. This idea was examined using
LASSO analysis (see SI for discussion) but it did not result in significantly different conclusions.
Another possible explanation is that the present set of molecules is too small to make strong
conclusions. We are currently addressing this by analyzing more dyes from the MWDL, but if that
is truly the case, then it does not bode well for CT being a useful diagnostic for functional
dependence as practical computational studies will not always have access to massive sets of data.
Overall, the results of the CT analysis show that the relationship between AE,,.x, HFg, and CT is
not straightforward. These relationships may be particularly ambiguous when dealing with
excitations with only moderate CT character. It is still likely that CT can serve as a useful tool for
functional choice as seen with Ar and D7 here, but it should be approached cautiously and with
the understanding that the quantification of CT character and its significance may vary
considerably between different molecular families.

One final point to be addressed is the choice of solvent polarization scheme for the TD-
DFT calculations. As discussed in the methodology section, all the data presented thus far used
the typical LR scheme, although SS solvation has been recommended for handling CT transitions,
particularly with range-separated hybrid functionals such as CAM-B3LYP.* As the dyes analyzed
here exhibited moderate CT character it was not clear how SS solvation would change the results.

To gauge this, AE,,x was calculated using the IBSF SS polarization scheme, and the MUE and
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MSE are reported in Table 3. A technical issue that must be addressed was that in several instances
applying SS corrections would change the nature of the excited state that was converged upon;
essentially picking a different root than was originally specified in the LR calculation. This made
it impossible to have a consistent comparison between the IBSF and LR data for every dye and
functional. Fortunately, these problems only occurred for several BP86 calculations, and also for
the dyes C3, C4, and C5 (all functionals), so this data was then omitted for determining the effect
of SS solvation corrections (discussed in SI).

The data in Table 3 show that application of the IBSF scheme offered mild improvement
for the AE,.x obtained from CAM-B3LYP (as expected) and BHandHLYP calculations; reducing
their MUE by 0.11 eV for the cyano dyes and 0.03 eV for the azo dyes. Note, that these functionals
still perform poorly compared to the other hybrid functionals, even with this improvement. For all
other functionals, the IBSF method only increased the error, sometimes considerably so in the case
of the azo dyes. Given the generally underwhelming effect of the IBSF corrections, an in-depth
analysis of the IBSF-calculated CT parameters was not conducted. However, some discussion of
this issue is provided in the SI. There are other SS solvation schemes available,*-0 and it may
prove interesting in future work to see how the chosen solvent polarization scheme affects
calculated CT parameters.

Finally, another promising avenue of functional and solvation model optimization for
TDDFT is the use of screened range separated hybrid functionals in tandem with PCM models
(SRSH-PCM). A recent study showed significant error reduction in the characterization of CT
transitions using SRSH-PCM in comparison to standard RSH functionals.®! In future work we plan
to evaluate the SRSH-PCM model on our test set of “intermediate” CT transitions, along with the
optimally-tuned functionals mentioned in the introduction, to see if they show error dependence

on CT parameters as the “standard” functionals evaluated here.

Table 3. MUEs and MSEs for calculation of AE,,, for each dye family as determined with
different functionals using the LR and IBSF SS solvent polarization schemes. Data for BP86 and
dyes C3, C4, and CS have been omitted (see text). All values are reported in eV.

MUE/MSE Solvation
(eV) scheme

Cyano IBSF 0.24/-0.04 0.26/0.04 0.27/0.05  0.40/0.40 0.31/0.31

B3LYP PBEO MO6 BHandHLYP CAM-B3LYP
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LR 0.22/0.08 0.24/0.15 0.23/0.16  0.51/0.51 0.42/0.42
IBSF 0.32/-0.12 0.31/-0.02 0.29/-0.03  0.42/0.39 0.35/0.31
LR 0.19/0.00 0.19/0.09 0.17/0.06  0.45/0.45 0.38/0.37

Azo

Conclusions

Twenty compounds were selected essentially at random from the MWDL and their
experimental and computational characterization was used to draw new insights about the impact
of CT on error in TD-DFT and its dependence on molecular family. The MWDL was shown to be
an excellent source of interesting organic dyes for TD-DFT benchmarking, and the results obtained
from this work will be useful for further characterization of similar azo and cyano dyes from the
library. It was conclusively demonstrated that functionals with intermediate HFg, (20-30%) are
the most accurate for matching the experimentally determined values of A, for all of the dyes
examined. Interestingly enough, CAM-B3LYP was found to be very poor at matching
experimental values, although it did show very little dependence of its error on CT character. It is
also important to note that while the cyano dye family exhibited systematic error in calculated E,«
for most of the DFT functionals examined, the error in calculated E,,.x for dyes in the azo family
was not systematic for any of the functionals examined. This illustrates the difficulty in utilizing
TD-DFT even for predicting qualitative trends in excitation energies in certain dye families and in
extrapolating usefulness of a particular functional from one dye family to another. Interestingly,
calculated HOMO-LUMO gaps were found to be a useful predictor for the accuracy of the
calculated TD-DFT excitation energies.

Beyond being able to generally recommend what functionals are useful for these types of
dyes, the present work also explored the relationship between CT and a given functional’s accuracy
in matching the experimental A, This study compared three popular CT quantification methods
(A, Ar, and D7) simultaneously on the same dataset and also included the previously untested S¢
parameter along with the dipole-based parameter Ap. There was a strong dependence of Ay, on
HFg, for each dye family, but the actual errors were not systematic across the two molecular
families, which can make qualitative and quantitative comparison of the dyes across different
families difficult. It was found that while Ar and D¢y demonstrated a consistent relationship

between AE,,x and the amount of HFg, in the DFT functional for both dye families, no other CT
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parameter was equally reliable. While A and S¢ parameters have shown some systematic behavior,
it was only within specific families of dyes. Finally, the Au parameter did not exhibit systematic
behavior in any of the dye families. This study has provided evidence that the relationship between
the CT character of a transition and AE,,,, is not necessarily straightforward, and that the origin of
functional dependence of TD-DFT calculations on organic dyes is complex and requires careful

choices on how to quantify CT character.

Supporting Information

Molecular orbitals of all dyes, calculated and experimental UV-Vis spectra, LASSO analysis,
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