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With the aim of investigating qualitatively and quantitatively

the impact of using excited state relaxed or unrelaxed density

for the estimation of nature and characteristic of electronic

excited states, we analyzed the behavior of 52 exchange corre-

lation functionals for the prediction of density-based indexes

such as those recently introduced in literature to evaluate the

charge transfer distance (DCT) (Le Bahers et al. J. Chem. Theory

Comput. 2011, 7, 2498) in the case of a prototype family of

push–pull dyes. Our results show that while a qualitatively

consistent assessment of the nature of the excited states is

obtained using either the unrelaxed or the relaxed density,

from a quantitative standpoint we observe large discrepancies

in the charge transfer distance for electronic transitions having

substantial CT character. This behavior is independent of

nature of the exchange–correlation functional used. VC 2018

Wiley Periodicals, Inc.
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Introduction

In recent decades we have witnessed an intensive and increas-

ing use of theoretical approaches to describe and predict

excited state phenomena and properties of molecular com-

pounds.[1–3] Among different methods, Time Dependent Den-

sity Functional Theory (TD-DFT) has emerged as one of the

most applied, essentially due to its low cost to accuracy ratio

and to its simple formalism, making it widely available to both

theoretical and experimental chemists’ community.[4] Nonethe-

less, beside its numerous successes, it is nowadays well estab-

lished that TD-DFT approaches have severe drawbacks that

can be in large part ascribed to the quality of the underlying

density functional approximation used to describe the

exchange correlation energy.[1] Indeed, several works pointed

out that TD-DFT approaches yield significant errors when

applied to the description of charge transfer (CT) excitations,

especially when local exchange–correlation functionals (such

as Generalized Gradient Approximation, GGA or Local Density

Approximation, LDA) are used.[5] More specifically, these type

of functionals do not correctly recover the 1/R asymptotic

behavior relevant for the description of CT states and global

or range separated hybrid functionals, including in different

ways exact Hartree–Fock exchange have been often proposed

as a suitable alternative to improve TDDFT performances in

the description of this type of excited states.[6–8]

However, if a correct description of CT phenomena is still

difficult to achieve[7,9,10] the design of molecules able to give

rise to CT or charge separation (CS) at the excited state is a

flourishing experimental field due to their relevance in many

field of application ranging from artificial photosynthesis to

hybrid solar cells. One of the most common molecular topolo-

gies experimentally used to generate these type of excited

state is represented by the so-called push–pull systems, that

are made up of an electron donating group (D) and acceptor

group (A) covalently bound often in a rigid and rod-like fash-

ion by a spacer whose length and conjugation degree can be

eventually changed to tune their properties (e.g. the absorp-

tion energy).[11–13]

These systems display at least one low lying intensively

absorbing excited state with relevant CT character and sche-

matically corresponding to the transfer of an electron from the

D to the A, which leads to the formation of a formal [D1–A2]

excited state. However, in most cases, both the hole and the

electron at the excited state are far from being strictly local-

ized on the donor and the acceptor and, depending on their

chemical nature as well on that of the bridge, both the spatial

extent and the magnitude of the electron transfer can be sig-

nificantly different. Since both these parameters are relevant

for their applications, not surprisingly many indexes have been

devised in the last years to define the nature—and eventually

measure—the extent of CT excitation as well as to diagnostic

the reliability of TD-DFT approaches in calculating the energy

and intensity of the electronic transition.[3,12–15]

Among others, and for this purpose, an index (DCT) has

been recently developed by some of us, allowing to define the

spatial extent associated with a given transition, using only

the density distributions of the associated ground and excited

electronic states.[16] Furthermore, an index (the MAC index)

enabling to assess the degree of reliability of CT excitations

[a] F. Maschietto, M. Campetella, C. Adamo, I. Ciofini

Chimie ParisTech, PSL Research University, CNRS, Institut de Recherche de

Chimie Paris, 11 rue P et M Curie, Paris F-75005, France

E-mails: ilaria.ciofini@chimie-paristech.fr

and carlo.adamo@chimie-paristech.fr

[b] M. J. Frisch, G. Scalmani

Gaussian, Inc. 340 Quinnipiac St., Bldg. 40, Wallingford, Connecticut,

06492

Contract grant sponsor: The European Research Council (ERC); Contract

grant number: 648558

VC 2018 Wiley Periodicals, Inc.

Journal of Computational Chemistry 2018, 39, 735–742 735

FULL PAPERWWW.C-CHEM.ORG

http://orcid.org/0000-0002-2638-2735
http://orcid.org/0000-0002-5391-4522
http://onlinelibrary.wiley.com/


has been more recently further derived from the DCT by us.[17]

Both these indexes are based on the evaluation of ground and

excited state density. According to the Z-vector method pro-

posed by Handy and Schaefer,[18] the TDDFT total electronic

excited state (ES) density can be refined by applying a post

linear-response correction, which accounts for relaxation

effects,[19] associated with electronic transitions, when the for-

mer is calculated either in the diabatic framework or vertically.

Since then several works have been published, on the impor-

tance of the inclusion of density relaxation effects in the adia-

batic framework and beyond.[20–23] As reported by the latter

works, the density variation within the adiabatic picture is

referred to as “unrelaxed” and differs from the diabatic, or

“relaxed,” picture by the inclusion of the effect of the charge

rearrangement and the change in bond order due to the elec-

tronic excitation. Accordingly, in this contribution we will use

the same terminology. In this work, we used a prototype

push–pull system (namely the family of the a,x-amino-nitro-

polyphenylene, Fig. 1) to evaluate the impact of ES density

relaxation on the computed density-based descriptor (i.e., the

DCT index). However, since the CT parameters are strongly

dependent on the exchange correlation functional used, this

effect will be evaluated for a large panel of density functional

approximations (52 functionals) ranging from LDA to range

separated hybrids. The energies and the density index associ-

ated with the CT excitation will be computed for each func-

tional, using either of the ES densities, namely the “relaxed”

and “unrelaxed” one. In such a way, we will quantitatively eval-

uate the effect of employing either of the two electronic den-

sity definitions in the calculation of the DCT. To evaluate this

effect as a function of the CT distance, the length of the

spacer has been varied increasing the number of spacer—phe-

nyl—units from 1 to 10 (refer to Fig. 1).

The paper is organized as follows: first some brief recall of

the methods will be given in the Theoretical background sec-

tion together with the computational details. Next, computed

excitation energies and density indexes will be discussed for

the different classes of functionals, with a focus on few

selected instructive examples (see Results and discussion sec-

tion). Finally, some general conclusions will be given.

Theoretical Background

Model

The procedure allowing to define from the GS and ES densities

the DCT is reported in Ref. 16. Here, we summarize the original

procedure and extend it to the context of “relaxed” and

“unrelaxed” densities. The computed difference of densities

between the excited and ground states is given by

Dq rð Þ5 qES rð Þ2 qGS rð Þ (1)

from which one can define two quantities (q1 and, analo-

gously, q2) accounting for the increase or decrease in density

resulting from an electronic transition:

q15
Dq rð Þ; if Dq rð Þ > 0

0; if Dq rð Þ < 0

(
(2)

together with the associated barycenters of density (R1 and

R2):

R15 x1; y1; z1
� �

5

Ð
rq1 rð Þd rð ÞÐ
q1 rð Þd rð Þ (3)

The spatial distance between the two barycenters of density

distributions is then used to quantify the length of the CT exci-

tation as:

DCT 5jR12R2j (4)

Clearly all these quantities depend on how ground and excited

state densities are computed. Within a TD-DFT linear response

formulation, excitation energies are defined as stationary

points of the functional

G X; Y; Z½ �5hX; YjKjX; Yi2 XhX; YjKjX; Yi21 (5)

X being a real Lagrange multiplier. The vectors <X; Yj5 X
Y

� �
are

defined in the Hilbert space of occupied and virtual molecular

orbitals. K and D are the so-called superoperators a full

description of which can be found in Ref. [18].

The total energy is given by the sum of the ground state

energy and the excitation energy. The standard procedure for

excited state calculations relies on the calculation of per-

turbed MO coefficients, relative to the excited state density.

By introducing the so-called relaxed densities, according to

the Z-vector method,[21] the procedure can be simplified by

computing a single, perturbation independent, set of orbital

rotations.

The Lagrangian L is an explicit functional of an external

perturbation.

L X; Y;X; Z;W½ �5 G X; Y;X½ �1
X

iar

ZiarFiar1
X

pqr�q

Wpqr Spqr2 dpq

� �
(6)

X and Y built the transition vector and represent, respectively,

occupied and virtual orbitals. As usual i,j,. . . label occupied

orbitals, a,b,. . . virtual, and p,q,. . . general MOs. G is the stan-

dard DFT functional, F is the effective Kohn Sham (KS) one-

particle Hamiltonian, in the basis of canonical KS MOs, diago-

nal and with the eigenvalues as diagonal entries. The Lagrang-

ian L is required to be stationary with respect to all its

parameters, X, Y, X, C, Z, W, hence fixing the MO coefficients C

for all values of external perturbation. Z and W account for

orthonormality. The minimization of eq. (6) under stationary

conditions gives rise to

Figure 1. The family of molecules considered and associated labeling

scheme (n 5 1 to 10).

FULL PAPER WWW.C-CHEM.ORG

736 Journal of Computational Chemistry 2018, 39, 735–742 WWW.CHEMISTRYVIEWS.COM



X
jbr0

A1BÞiarjbr0 Zibr05 2Riar

�
(7)

which is the so-called Z-vector equation, a full explanation of

which is given in Ref. [18]. The (A 1 B) term includes the differ-

ence in the orbital energy due to the excitation as well as the

electron repulsion integral and the exchange–correlation term,

Riar (see Ref. [5]). Once X, Y, X, C, Z, W have been determined

by solving L variationally, the excited state properties can be

calculated without recalculating the MO coefficients. Thus,

after the Z-vector eq. (7) has been solved, the “relaxed” one

particle difference density matrix P is obtained as P5T1Z .

Here T is the “unrelaxed” density matrix, containing the

products of the excitation vectors are defined as:

Tabr5
1

2

X
i

X1YÞiar X1YÞibr1 X2YÞiar X2YÞibr

� �����

Tijr5
1

2

X
a

X1YÞiar X1YÞjar1 X2YÞiar X2YÞjar

� o���n

Tair5Tiar50 (8)

Z encloses the relaxation of the ground state orbitals. The

information contained in P integrates the information provided

by the transition vector. While the latter is related to the

matrix elements between the ground state and the excited

states, P accounts for the difference of expectation value

between excited and ground states. For example, tr(Pv) is the

change of a electron-dependent property upon excitation

from the ground state. The summation of the ground state

density matrix and P returns the excited state properties. Pop-

ulation analysis of P allows for an intuitive illustration of the

charge redistribution induced by an electronic excitation. A

similar and simpler formalism holds for the CIS approach.[24]

“Relaxed” and “unrelaxed” densities, as defined above, have

been here used to evaluate the DCT and yield the correspond-

ing indexes RDCT and UDCT. The former reflects the spatial

extent associated with a given transition, where the electronic

density is allowed to “adapt” to the final configuration, while

the latter reproduces the CT distance, measured directly upon

vertical excitation. In other words the “relaxed” (RDCT), unlike

its “unrelaxed” (UDCT) counterpart accounts for the redistribu-

tion of the electronic charge due to the excitation.

Computational details

In this study, we have tested 52 different functionals to evalu-

ate the DCT parameters (relaxed and unrelaxed) for increas-

ingly long push–pull dyes. The optimized structures were

proven to retain a similar linear structure. All geometry opti-

mizations were performed in the gas phase using the devel-

opment version of the Gaussian suite of programs.[25]

Optimized GS structural parameters were determined for each

functional. Frequency calculations indicated that all optimized

structures correspond to true minima. Gas phase vertical sin-

glet–singlet excitation energies where computed at the TD-

DFT level using the same functional, on top of the optimized

geometries.

The 6–311G(d,p) atomic basis set was used for both the

ground- and excited-sate calculations. In addition, CIS refer-

ence calculations were performed at the same level of theory.

The benchmark includes a broad variety of functionals taken

from different classes (Table 1). As for the local density functionals

we tested the performance of the SVWN.[26,27] Furthermore, the

performance of a number of GGA and mGGA functionals, namely

BLYP,[28,29] BPBE,[28,30] BP86,[28,31] BPW91,[28,32] B97D,[33] OLYP,[29,34]

MPWP86,[35,36] MPWPW91,[36,37] MPWLYP,[29,36] HCTH,[38]

HCTH407,[38] PBE,[30] PBEPW91,[30,33] PW91,[32] SOGGA11,[39]

BMK,[40] M06L,[41] M11L,[42] TPSS,[43] VSXC,[44] tHCTH[45] was tested.

Along with the former we report the performance of a number of

global hybrid-GGA and-mGGA functionals, B1LYP,[42] B1B95,[46]

B3LYP,[29,47] B3PW91,[32,47] B3P86,[31,47] B98,[48] BHandHLYP,[47]

HFPW91,[32] O3LYP,[29,34] mPW1PW,[36] PBE0,[49] SOGGA11X,[39]

M05,[50] M06,[51] M052X,[52] M062X,[51] M06HF,[53] M08HX,[54]

TPSSh,[43] tHCTHhyb,[45] for improved charge transfer description.

Finally, we included the Range Separated Hybrids (RSH) CAM-

B3LYP,[55] HSEH1PBE,[56] N12SX,[57] wB97,[58] wB97X,[58] wB97XD,[59]

and M11,[60] the long range corrected LC-PBE[55] and the Non sepa-

rable Gradient Approximation (NGA) functionals MN12L,[57] N12.[57]

The full list of optimized coordinates is provided as Support-

ing Information.

Table 1. List of functionals used in this work according to the exact exchange fraction (for range separated hybrids long range contribution is indicated).

Functional % HF Functional % HF Functional % HF Functional % HF

B97D 0 N12 0 B3LYP 20 BMK 42

BLYP 0 OLYP 0 B3P86 20 BHandHLYP 50

BP86 0 PBE 0 B3PW91 20 M08HX 52.23

BPBE 0 PBEPW91 0 B98 21.98 M062X 54

BPW91 0 PW91 0 N12SX 25 M052X 56

HCTH 0 SOGGA11 0 B1LYP 25 CAM-B3LYP 65

HCTH407 0 SVWN 0 mPW1PW 25 LC-PBE 100

M06L 0 tHCTH 0 PBE0 25 wB97 100

M11L 0 TPSS 0 HSEH1PBE 25 wB97X 100

MN12L 0 VSXC 0 M06 27 wB97XD 100

MPWLYP 0 TPSSh 10 M05 28 M11 100

MPWP86 0 O3LYP 11.61 B1B95 28 HFPW91 100

MPWPW91 0 tHCTHhyb 15 SOGGA11X 40.15 M06HF 100
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Results and Discussion

a,x-Amino,nitro-polyphenylene molecules (Fig. 1) have been

chosen as prototype family of push–pull systems, their first

excited state energy and nature strongly depending on the

spacer length between the electron donor (D, here an amino

group ANH2) and the acceptor (A, here a nitro group, ANO2).

The relaxed and unrelaxed CT indices associated with the first

electronic transition have been computed and will be ana-

lyzed to understand the impact of the use of relaxed or unre-

laxed excited state density on the computed properties. Of

note and as clearly already pointed out in previous literature

works,[3,11–13] depending on the nature of the spacer and on

the functional used we expect that the CT character associ-

ated with the first electronic transition to be substantially dif-

ferent. Structurally no significant differences are observed at

the ground state both for bond lengths and for interanular

dihedral angles when varying the exchange–correlation

functional.

In Figures 2 and 3 are reported, respectively, the computed

transition energy associated with the first excited state and

the corresponding UDCT and RDCT for all the 52 functionals

analyzed. Corresponding raw data are given as Supporting

Information together with a separate plot of UDCT and RDCT

values as a function of the spacer length.

The following labeling scheme has been applied: four differ-

ent symbols are used to group functionals as a function of

their exact exchange contribution. In particular, filled dots rep-

resent local functionals (CHF 5 0%), triangles are used with low

percentage of exact exchange (1%�CHF� 40%), while dia-

monds and twisted squares designate functionals with high

percentage exact exchange (40.15%�CHF� 65%) or 100% of

exact exchange. For range separated hybrids the long-range

contribution is considered.

Figure 2 clearly shows that the evolution of the computed

transition energy as a function of the number of spacers is

extremely functional dependent. In this context, it is worth to

recall that, experimentally, no significant variation of the exci-

tation energy is observed when varying the spacer from 1 to 4

phenyl units. However, and as expected from previous litera-

ture works,[12,13,16] a strong decrease in the computed transi-

tion energy is observed as a function of the spacer length for

practically all local functionals (labeled with dots in Figures 2

and 3) such as LDA and GGAs: namely SVWN, B97D, BLYP,

BP86, BPBE, BPW91, HCTH407, HCTH, MPWLYP, MPWP86,

MPWPW91, OLYP, PBEPBE, PBEPW91, PW91, SOGGA11. These

functionals all converge to very low transition energy (of the

order of 978–1120 nm) for the longest bridge unit. Qualita-

tively the same behavior is observed for functionals containing

low percentage (i.e., below 40%) of exact exchange labeled

with triangles in Figures 2 and 3 (namely B1B95, B1LYP, B3LYP,

B3P86, B3PW91, B98, mPW1PW, O3LYP, PBE1PBE, M05, M06,

tHCTHhyb, TPSSh, HSEH1PBE, and N12SX) though the pre-

dicted transition energy for the longest—10 units—bridge is

slightly higher, ranging from 412 nm for M05 functional to

658 nm or tHCTHhyb functional.

This—wrong—qualitative and quantitative prediction is

related to the wrong asymptotic behavior of the exchange

correlation functional used, as clearly already pointed out in

previous works,[17,28,61] giving rise to a low lying (dark) state of

CT nature. Indeed, analyzing the corresponding UDCT indexes

computed for all local functionals (Fig. 3), it is clear that all

these approaches predict a first transition corresponding to an

excitation from the HOMO (localized on the donor group) to

the LUMO (centered on the acceptor unit), the charge transfer

distance associated with it ranging from 5 Å to 40 Å as func-

tion of the number of spacer units. In this case, the predicted

Figure 2. Computed transition energy associated with the first excited state. Different markers indicate distinct percentages of exact exchange (CHF) associated

with the functionals: respectively filled dots for pure functionals (CHF 5 0%), triangles for low percentage hybrids (1%�CHF� 40%), diamonds for high

percentage hybrids (40.15%�CHF� 65%), and twisted squares for full hybrid functionals (CHF 5 100%). [Color figure can be viewed at wileyonlinelibrary.com]
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CT distances are not very different from the geometrical dis-

tance between the D and the A groups and increase practi-

cally linearly with the bridge length. Indeed, the distance

between the nitrogen atoms of the amino and nitro groups

ranges from 5.5 Å (for n 5 1) to 44.1 Å (for n 5 10). The differ-

ence observed between the geometrical D–A distance and the

computed UDCT index is indeed related to the conjugation of

both the donor and the acceptor to the bridge units implying

a partial delocalization of both HOMO and LUMO on the

bridge. In fact, the DCT is directly measured from the positive

and negative barycenters of charge, which, in the case of

HOMO–LUMO excitations are always placed along the p-bridge

rather than on the Donor/Acceptor moieties at edges of the

molecule. For the sake of clarity in Supporting Information—

Table S4—it is given a graphical representation of the positive

and negative barycenters of charge, together with the differ-

ence density plot for each compound, computed at PBE0

level.

Not surprisingly, relaxation of the excited state density

strongly impacts the computed CT distance, especially in the

case of large hole-electron separation. Indeed, the largest RDCT

values—around 20 Å—are practically half of the corresponding
UDCT ones—around 40 Å. Of note, the effect of relaxation

increases as a function of the effective CT distance so that,

overall, a linear increase in the computed RDCT as a function of

the spacer is still found though with a smaller increase per

spacer unit (18.3 Å for the RDCT with respect with 34.6 Å for

the UDCT at PBE level).

These general observations both on the nature of the elec-

tronic transitions and on the effect of relaxation on the com-

puted CT distance holds also for functionals possessing low

(below 40%) exact like exchange (all represented as triangles

in Figures 2 and 3).

In this case, although the predicted energies are not as

strongly affected as for local functionals by the bridge length,

a strong CT character is computed for all molecules with asso-

ciated CT distances not very different from those computed

for the corresponding GGA functionals. This behavior can be

easily spotted by comparing the transition energies, UDCT and
RDCT computed at PBE and PBE0 (25% o exact-like exchange)

as reported in Table 2. Also in this case, relaxation of the

excited state density determines a very strong variation of the

associated DCT value: a RDCT smaller than the UDCT, their differ-

ence linearly increasing with the CT length.

Overall, we can thus conclude that as soon as the CT dis-

tance is larger than 5 Å, substantial differences between com-

puted UDCT and RDCT are observed so that estimation of

quantities from the UDCT values could be affected by substan-

tial errors.

When using hybrid functionals, with exchange contribution

greater than 40% the situation becomes more involved. Here,

we will focus on the behavior of three global hybrids—of very

different conception—possessing from 40% to 56% of exact

like-exchange that is: SOGGA11X, BHandHLYP, and M08HX.

In this case, and contrary to the functionals analyzed up to

now, the nature of the first computed transition varies as a

function of the spacer length as clearly pointed out by both

the computed UDCT and RDCT values.

The CT character, i.e. the computed DCTs, increases as a

function of the bridge length, due to a partial contribution to

the HOMO and the LUMO of the D and A units, respectively,

up to a given bridge length (of 35.4 Å for SOGGA11X, 22.9 for

BHandHLYP, and 23.0 for M08HX) starting from which the

bridge contribution to the HOMO and LUMO becomes pre-

dominant and the CT character decreases. UDCT and RDCT over-

all show a bell-shape behavior with a maximum on DCT

Figure 3. Computed RDCT and UDCT values (in Å) associated with the first excited state as a function of the spacer length (n). Different markers indicate dis-

tinct percentages of exact-like exchange (CHF). Filled dots for pure functionals (CHF 5 0%), triangles for low percentage (1%�CHF� 40%), diamonds for

high percentage (40.15%�CHF� 65%), and twisted squares for 100% of exact like exchange. [Color figure can be viewed at wileyonlinelibrary.com]
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indeed smaller than those computed for their corresponding

local counterpart. For instance, a maximal UDCT of 10.1 Å is

computed for BHandHLYP for 5 bridge units while, while for

the same bridge length, a value of 19.4 Å and 18.3 Å are com-

puted at BLYP and B3LYP level, respectively.

As already noted for local or low HF percentage functionals

(dots and triangles in Figures 2 and 3) excited state density

relaxation has a stronger impact on the computed DCT for

larger CT distance. Nonetheless, the relative relaxation (i.e., the

difference between UDCT and RDCT) for a given UDCT value

seems rather insensitive to the functional used. Clearly as soon

as the electronic excitation becomes of negligible CT nature

(such in the case of transition with dominant bridge contribu-

tion to both the HOMO and the LUMO) the computed UDCT

and RDCT converge to the same value. This is what is observed

for the three analyzed functionals for the longest bridge

lengths.

The behavior of hybrid functionals containing high percent-

age of exact-like exchange, around 55%, (such as the M052X—

N� 3 and M062X—N� 5 for instance) is rather different. In

this case, the HOMO and LUMO are both delocalized on the

bridge and thus no CT character associated with the first elec-

tronic transition is computed independently on the bridge

length. This gives rise to a flat UDCT and RDCT profile with neg-

ligible difference between the two indexes. This behavior

becomes more and more pronounced as the amount of exact

exchange included reaches the highest percentage (i.e.,

M06HF, M11, and wB97 series) but interestingly it is not what

is computed at CIS level for which a partial CT character is

indeed computed (refer to Table 2) also for longer bridge

reaching its maximum value for n 5 3.

This behavior is rather similar to that observed for high per-

centage exact exchange functionals (such as LC-PBE and see

Table 2 and Figures 2 and 3) though low lying CT states can

Table 2. UDCT and RDCT (in Å) and excitation wavelength (k in nm) computed at different level of theory for the first electronic transition of the family of

molecules depicted in Figure 1 as a function of the number of spacers (n, varying from 1 to 10). Computed oscillator strength values (f in a.u.) are

reported in brackets. Experimental values in ethanol are taken from Ref. [15].

PBE PBE0 LC-PBE CIS
Exp

n k (f ) RDCT
UDCT k (f ) RDCT

UDCT k (f ) RDCT
UDCT k (f ) RDCT

UDCT k

1 379 (0.29) 2.2 4.6 312 (0.41) 2.3 4.0 281 (0.00) 2.0 2.7 235 (0.00) 0.6 0.7 372

2 557 (0.27) 3.9 8.1 391 (0.44) 3.9 7.1 285 (0.00) 3.1 4.1 252 (0.95) 2.3 3.0 377

3 731 (0.17) 5.8 11.6 428 (0.35) 5.7 10.4 285 (0.00) 3.4 4.2 256 (1.42) 2.4 3.0 358

4 868 (0.08) 7.8 15.3 441 (0.22) 7.6 14.0 285 (0.00) 3.4 3.4 259 (1.95) 2.0 2.4 340

5 949 (0.04) 9.8 19.1 443 (0.13) 9.5 17.7 263 (2.66) 2.5 2.6 260 (2.50) 1.6 1.8 -

6 999 (0.02) 11.9 23.2 443 (0.06) 11.5 21.8 256 (0.00) 2.6 2.8 263 (3.07) 1.3 1.4 -

7 1026 (0.01) 14.0 27.3 442 (0.03) 13.6 26 256 (0.00) 2.5 2.7 264 (3.62) 1.0 1.1 -

8 1046 (0.00) 16.1 31.6 441 (0.01) 15.7 30.3 285 (0.00) 1.5 1.5 265 (4.18) 0.9 0.9 -

9 1056 (0.00) 18.3 35.8 440 (0.00) 17.9 34.5 285 (0.00) 1.3 1.3 266 (4.73) 0.7 0.7 -

10 1065 (0.00) 20.6 40.2 439 (0.00) 19.2 38.8 285 (0.00) 1.1 1.1 267 (5.28) 0.6 0.6 -

Figure 4. Difference between UDCT and RDCT values (DDCT in Å) for selected functionals, as a function of the spacer length (n). The DCT values are associ-

ated with the first excited state. Consistently with the previous figures, different markers indicate distinct percentages of exact-like exchange (CHF). Filled

dots for pure functionals (CHF 5 0%), triangles for low percentage (1%�CHF� 40%), diamonds for high percentage (40.15%�CHF� 65%) and twisted

squares for 100% of exact like exchange. [Color figure can be viewed at wileyonlinelibrary.com]
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intercalate to local bridge centered transition for specific

bridge lengths giving rise to a non continuous evolution of

both UDCT and RDCT as a function of the bridge length as in

the case of CAM-B3LYP. This is also true for functionals such as

M08HX, M11, or wB97 CT and bridge centered states get close

in energy for intermediate spacer lengths (5–6 units) eventu-

ally switching in energy thus giving rise to the bell-shape

behavior of the DCT.

Among the 100% exact exchange functionals, the only

exception to this behavior is found in HFPW91 (PW91 correla-

tion with 100% Hartree2Fock exchange), which displays a

more local like behavior.

The dependence of the DCT behavior with respect to the addi-

tion of HF exact exchange is summarized in Figure 4, where the

difference between UDCT and RDCT (DDCT) as a function of the

number of spacers is plotted for a selected number of function-

als. More local functionals display a strictly monotonically

increasing DDCT. As soon as 40% of HF exact exchange is

included, a bell shaped difference DCT function is found: the

DDCT function increases as the CT character becomes more pro-

nounced, and decreases for longer chains. Finally, functionals

with 100% HF exact exchange tend to localize the transition on

the bridge, thus minimizing the unrelaxed–relaxed difference,

which results in a flattened DDCT profile.

Conclusions

The impact of the use of relaxed or unrelaxed excited state

density for the estimation of nature and characteristic of elec-

tronic excited states with a recently developed density-based

index (DCT) has been assessed using as test case a family of

prototype push–pull molecule and 52 different exchange cor-

relation density functional belonging to different density func-

tional classes.

The following general conclusions can be drawn:

� For a qualitative description UDCT and RDCT provide the

same description independently on the nature (CT or not)

of the transition analyzed. Thus, to characterize the

nature of electronic transitions the associated UDCT value

(which can be computed on fly without any additional

computational cost) can be safely used.

� For a quantitative description, UDCT and RDCT provide sim-

ilar values only in the case of transitions with moderate

CT length (corresponding to distances around 4–5 Å). For

transition with higher CT values, the use of RDCT is

warmly recommended. This behavior is independent of

the nature of the exchange–correlation functional used.

Furthermore, the effect of relaxation (i.e., the difference

between UDCT and RDCT) seems rather insensitive to the

functional used but only related to the CT distance, as

calculated using the UDCT value. Therefore, when aiming

at quantitatively comparing CT distances (for instance

with the purpose of defining the most effective bridge in

push–pull systems) the use of RDCT should be preferred.
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