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A quantum-chemical study on the consequences of geometric modification and chelation on the electronic
structure and optical properties of a tetra(carboxylic acid)phenyleneethynylene dye, of interest for chemical
sensing applications, is presented. Rotation within the central biphenylene and complexation with divalent
metal ions- in particular Cu2+ - lead to notable changes in the absorption and emission profiles. Calculations
at both the density functional theory (DFT) and Hartree-Fock (HF) levels are used to evaluate geometric
potential energy surfaces for rotation within the central biphenylene unit; HF coupled with configuration
interaction singles (HF-CIS) is used to investigate the first excited state of the dye. Time-dependent DFT
(TDDFT) calculations are employed to assess changes in optical absorption and fluorescence as a function of
geometry and chelation.

I. Introduction

The extended conjugation provided by aryleneethynylene
structures is of interest in a number of applications, including
the investigation of conductance and switching in single-
molecule electronics;1,2 the design of electroluminescent and
photoconductive materials for organic electronics,3,4 including
those that contain transition-metal complexes;5 and as biological
probe fluorophores.4 In these applications, the geometric
conformation of the aryleneethynylene structures plays a
significant role in the observed electronic and optical properties.
For instance, change in conformation- along with electrostatic
charging and tilt- has been postulated as a possible mechanism
responsible for voltage-triggered switching.1 Additionally, lock-
ing of the molecular geometric conformation in a rotaxane
assembly has been shown to improve chemical stability,
electroluminescence efficiency, and fluorescence quantum yields
in solution;4,6 rotaxane structures provide this improved chemical
and physical performance partly through screening of environ-
mental effects.7

In this work, we are interested in a recently reported
phenyleneethynylene dye,1 (see Figure 1), that is encapsulated
by cyclodextrin.4 Although the free and rotaxanated dyes (FD
and RD, respectively) have minor absorption and wavelength
maxima differences, the fluorescence quantum yield of RD is
larger; additionally, the fluorescence quantum yield of FD in
aqueous buffer solution was quenched more readily by the
presence of divalent metal ions. Our focus, therefore, is on the
influence of the constraints imposed by the rotaxane. We
examine the ground-state potential energy surface (PES) of1
at the density functional theory (DFT) and Hartree-Fock (HF)
levels to determine the consequences of geometric modifications
on the electronic structure and optical properties. We addition-
ally investigate the effects of deprotonation and binding of
divalent metal ions. To gain perspective on the fluorescence
properties of1, we use HF coupled to configuration interaction
singles (CIS) to locate the adiabatic minimum geometry of the
first excited state. For comparison, we examine2 in order to

delineate the influence of the carboxylic acid groups on the
molecular system.

II. Computational Methodology

Geometry optimizations of1 and2 were carried out at both
DFT and HF levels with a 6-31G** split valence plus double
polarization basis set,8-10 whereas the deprotonated, closed-shell
anion states of1 (1-, 12-, 13-, 14-) were evaluated at the DFT
level. The DFT calculations were performed with the B3LYP
functionals, where Becke’s three-parameter hybrid exchange
functional11,12is combined with the Lee-Yang-Parr correlation
functional.13 To examine steric effects in the RD structure, PESs
were determined by freezing the torsion angle between the
phenyl rings of the central biphenylene unit at values from
0-90°; the remaining geometric parameters were allowed to
relax fully. For the fully optimized and frozen torsion geometries
at both the DFT and HF levels, time-dependent DFT (TDDFT)
calculations- using both the random-phase and Tamm-
Dancoff14 approximations (RPA and TDA, respectively)- were
performed to obtain information pertaining to the vertical
electronic excitations. The first-excited-state geometries of1
and2 were located using HF-CIS; subsequent TDDFT calcula-
tions on the excited-state geometries were performed to estimate
the fluorescence properties. Metal-coordinated systems (Mg1,
Ca1, andCu1) were also evaluated at the DFT, HF, and HF-
CIS levels of theory; the LANL2DZ effective core potential
was used for Cu.15 All DFT, HF, HF-CIS, and TDDFT
calculations were performed with Q-Chem (version 2.0).16* Corresponding author. E-mail: risko@northwestern.edu.

Figure 1. Chemical structures and bond numbering scheme of1 and
2.
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III. Results and Discussion

Selected geometric parameters of the DFT and HF optimized
geometries for the neutral ground states (S0) of 1 and 2 are
provided in Table 1 with reference bond numbering given in
Figure 1. The DFT geometries of1 and2 are nearly identical;
such similarity indicates that the carboxylic acids have little
impact on theπ-conjugated structure. The carbon-carbon bond
between the phenylene rings in the central biphenylene unit is
relatively long at 1.481 Å; the torsion angle between these
phenylene rings is 38.9°. Through the carbon backbone of the
remaining structure, the phenylene rings show the bond-length
alternation (BLA) pattern17 expected for substituted aromatic
structures. The ethynylene segments have a great deal of BLA,
with the triple bond being 1.216 Å and the single bond on the
order of 1.424 Å. The HF-evaluated S0 states of1 and2 show
some deviation versus the DFT geometries, though the patterns
are similar. The carbon-carbon bond in the central biphenylene
segment is somewhat longer at 1.489 Å, and the biphenylene
torsion is more pronounced at 44.0°. The carbon-carbon bonds
in the phenylene rings are shorter than those defined at the DFT
level and show a smaller BLA pattern. The ethynylene units
have a much larger BLA, as the triple bond at the HF level of
theory is shorter (1.191 Å) and the single bonds longer (1.439
Å).

Because steric interactions in a rotaxane assembly forces the
phenyleneethynylene structure1 to lose some of its geometric
flexibility, 4 we followed the effects of geometry on the electronic
structure and subsequent optical properties of the system.
Potential energy surfaces for rotation about the biphenylene
torsional angleæ at both the B3LYP/6-31G** and HF/6-31G**
levels are shown in Figure 2; the associated geometric param-
eters are listed in Tables S1 and S2 in the Supporting
Information. As might be suggested by the ground state
calculations, the potential energy surfaces at the DFT and HF
levels differ slightly, though the relative trends are similar. For
energy differences less thankTat room temperature (∼0.6 kcal/
mol), the B3LYP/6-31G** calculations predict that torsions of

approximately 25-50° are easily accessible, and the HF
calculations with the same basis set predict a slightly larger range
of approximately 30-60°. The chief difference between the two
methodologies has to do with the rise out of the respective
surface minima toward either a fully planar (180°) or twisted
(90°) conformation. The DFT methodology predicts a sharp rise
in energy as the molecule moves toward the fully twisted
conformation, whereas the HF energies rise as the geometry
shifts toward the planar structure. These differences reflect a
common problem when comparing DFT and HF methodolo-
gies: due to the inherent self-interaction error that allows an
electron to repel itself, DFT methods tend to favor delocalized
solutions, while the neglect of electron correlation effects in
HF methods can lead to localized solutions;18-23 the DFT
calculations, therefore, tend toward the more planar structure
as the HF calculations favor the fully twisted structure.

Geometric parameters for the first-excited states (S1) of 1
and2, as determined at the HF-CIS/6-31G** level, are provided
in Table 1. As with the S0 states, differences in the S1 states of
1 and2 are minimal. The biphenylene unit, as has been shown
previously for biphenyl-containing compounds,24,25 virtually
planarizes in the S1 state. The planarization causes a shortening
in the biphenylene-bridged carbon-carbon bond to 1.427 Å as
the BLA in the phenylene rings move toward a quinoidal
structure. The shifts in bond lengths do not extend into the
external ethynylene-phenylene unit; the first carbon-carbon
bond decreases in length versus the S0 state, but the remaining
carbon-carbon bonds do not change much. The results point
to partial localization of the molecular excited state, a situation
known for highly conjugated molecules/oligomers.26

Selected geometric parameters of the deprotonated anion
states- the precursor states for the metal-complexed species
in aqueous environments- at the B3LYP/6-31G** level can
be found in Table S3 of the Supporting Information. Deproto-
nation of a single carboxylic acid group introduces a slight
asymmetry to the molecular structure that is predominately
localized in the phenylene ring containing the carboxyl group;

TABLE 1: Optimized Bond Lengths (Å) for the Ground States (S0) of 1 and 2 at Both the B3LYP/6-31G** and HF/6-31G**
Levels (see Figure 1 for bond numbering scheme) and the First Excited States (S1) of 1 and 2 at the HF-CIS/6-31G** Level.
∆(1-2) Values for Each Level of Theory

S0 S1

DFT HF HF-CIS

bond (Å) 1 2 ∆(1-2) 1 2 ∆(1-2) 1 2 ∆(1-2)

1 1.481 1.481 0.000 1.489 1.489 0.000 1.427 1.427 0.000
2 1.406 1.406 0.000 1.393 1.393 0.000 1.439 1.439 0.000
3 1.389 1.389 0.000 1.381 1.381 0.000 1.361 1.361 0.000
4 1.409 1.409 0.000 1.392 1.393 -0.001 1.419 1.420 0.001
5 1.423 1.423 0.000 1.439 1.439 0.000 1.415 1.414 -0.001
6 1.216 1.217 -0.001 1.191 1.192 -0.001 1.199 1.200 0.001
7 1.424 1.425 -0.001 1.439 1.440 -0.001 1.433 1.434 0.001
8 1.407 1.410 -0.003 1.391 1.393 -0.002 1.394 1.396 0.002
9 1.398 1.392 0.006 1.388 1.383 0.005 1.387 1.382 -0.005

10 1.398 1.397 0.001 1.387 1.386 0.001 1.388 1.387 -0.001
æ 38.9 38.9 0.0 44.0 44.0 0.0 2.0 1.5 -0.5

TABLE 2: Selected Valence Molecular Orbital Energies (eV) for 1 and 2 at the B3LYP/6-31G** and HF/6-31G** (italics)
Levels, andEg (HOMO -LUMO) for Each Structure

HOMO-3 HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2 LUMO+3 Eg

1 -7.31 -7.30 -6.42 -5.85 -2.14 -1.86 -1.86 -1.71 3.71
-9.62 -9.58 -8.59 -7.82 1.50 1.96 1.96 2.05 9.32

2 -6.95 -6.95 -5.95 -5.44 -1.70 -1.04 -0.24 -0.15 3.74
-9.25 -9.25 -8.11 -7.44 1.91 2.73 3.73 3.74 9.35

Mg1 -6.87 -6.87 -6.70 -6.12 -2.72 -2.54 -2.51 -2.41 3.40
Ca1 -6.47 -6.47 -6.42 -5.87 -2.52 -2.50 -2.36 -2.10 3.35
Cu1 -7.16 -7.10 -6.99 -6.67 -5.09 -3.27 -2.86 -1.99 1.58
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the remaining bond lengths are similar to those found in the
equilibrium geometry of the neutral ground-state, and the
biphenylene torsion is essentially unchanged. Three positional
isomers are possible upon bis-deprotonation: a geminally
deprotonated structure where deprotonation occurs for carboxylic
acid groups on the same phenylene ring, and two vicinally
deprotonated structures where deprotonation is either cisoid or
transoid about the long molecular axis. In the present gas-phase
calculations, the vicinal transoid isomer is the most stable, with
the vicinal cisoid isomer slightly higher in energy (0.21 kcal/
mol); the geminally deprotonated isomer, on the other hand, is
considerably energy destabilized (∼37 kcal/mol). These relative
energies point to the ability of the vicinal isomers to distribute
the charge associated with the dianion about the entire molecule,
while the charge in the geminal structure is forced to be localized
on one side of the molecular structure. In aqueous solutions,
however, especially in the presence of divalent complexing ions,
the deprotonation patterns may be significantly different. From
a geometric standpoint, the two vicinal structures possess nearly
identical bond lengths and the biphenylene torsion is 38.1°; the
geminal structure shows more deviation in bond length with
the biphenylene torsion reduced to 35.5°.

Continued deprotonation to the tris-deprotonated structure,
as in the case of mono-deprotonation, causes a break in the
overall molecular symmetry. There are distinct but small bond
length differences in the mono-deprotonated and bis-deproto-
nated sides of the molecular system; the biphenylene torsion is
35.2°. Full deprotonation restores the original molecular sym-
metry. We note that- even including the modest change of
the biphenylene torsion from 38.9° in the neutral, ground-state
structure to 36.8° in the fully deprotonated form- the geometric

changes incurred by1 upon losing four protons are minimal.
As expected from simple Coulomb arguments for the series of
deprotonations, the removal of the initial hydrogen atom is by
far the easiest, with each subsequent step becoming more
energetically costly. Recall that these calculations are gas-phase
representations of the deprotonated species and do not take into
account possible stabilization energies afforded by either
solvation or complexation. Recent work by Liptak et al.27-29

has again shown the (chemically obvious) importance of
including solvent effects in determining pKa with chemical
accuracy:30-47 an error of 1.36 kcal/mol in∆G° gives an error

Figure 2. Potential energy surface for rotation about the angleæ in 1
in the S0 and T1 electronic states at the B3LYP/6-31G** and HF/6-
31G** levels.

Figure 3. Energies of selected valence occupied (Eocc) and unoccupied
(Eunocc) as a function of biphenylene torsion angle for1 at the B3LYP/
6-31G** level.

Figure 4. TDDFT (B3LYP/6-31G**) theoretical absorption (s DFT
geometry; ‚‚‚ HF geometry) and emission spectra (- - - HF-CIS
geometry) for1 (top) and2 (bottom). Gaussian fits of the TDDFT
vertical excitations were carried out with a full-width at half-maximum
of 0.5 eV.
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of 1 pKa unit.27 Energies appropriate for comparison with
reactions in solution clearly must take into account solvation
effects.

Formation of Mg2+ and Ca2+ complexes introduces minor
geometric changes throughout the majority of theπ-conjugated
molecular structure; see Table S4 in the Supporting Information.
The external phenylene rings do undergo a distortion from
planarity- on the order of 3-5° - to allow for the complex-
ation of the divalent metal ions by the carboxylate anions; the
distortion “lifts” the outermost hydrogen from direct interaction
with the metal ion to provide closer contact with the carboxylate
units. The metal-oxygen bond for the Mg-O interaction is
1.908 Å and that for the Ca-O interaction is 2.140 Å, results
that are in line with the relative size of the metal ions; these
results are consistent with previous estimates of unidentate-like
binding interactions between carboxylate and these divalent
metal ions.48 As with 1 and 2, the HF-evaluated S0 states of
Mg1 andCa1show some deviation versus the DFT geometries,
though the patterns are similar. Complexation of Cu2+, on the
other hand, imposes notable changes on the exterior of the
π-conjugated molecular structure in addition to the deplanariza-
tion of the external phenylene rings. Although the central
biphenylene segment maintains a similar pattern toMg1 and
Ca1, the BLA patterns in the external phenylene rings increase
to provide a more quinoidal pattern; reduced BLA is observed
in the ethynylene linkages as well, where the single bonds
shorten and the triple bond lengthens. The Cu-O bonds are
1.892 Å. The Cu2+ metal ions act as stronger electron-
withdrawing agents than either Mg2+ or Ca2+, and point to
differences that could be expected from interactions between a
hard Lewis base (carboxylate anion) and either a hard Lewis
acid (both Mg2+ and Ca2+) or a borderline Lewis acid (Cu2+).
Such hard-soft acid-base interactions are of recent theoretical
interest and can show basis set and electron correlation
dependencies.49,50

To detail the sensitivity of the electronic excitations of1 to
geometric modification and complexation, we begin with a
description of the electronic states involved in the transitions.
Selected valence molecular orbital energies are listed in Table
2, with pictorial representations in Figure S1 of the Supporting
Information. The energies of the highest-occupied and lowest-
unoccupied molecular orbitals (HOMO and LUMO, respec-
tively) of 1 are energetically stabilized compared to2. The
HOMO-1, HOMO, and LUMO of1 and2 have the same spatial
distribution - fully delocalized across the entire carbon mo-
lecular structure. However, the degenerate LUMO+1 and

LUMO+2 of 1 are localized on the phenylenedicarboxylic acid
end groups, while those molecular orbitals in2 areπ*-orbitals;
we therefore expect differences in the optical transitions based
on these electronic states for the two molecular structures.
Similar patterns in eigenvalue energies and wavefunction
distribution are observed for the HF/6-31G** calculations.

Molecular orbital energies for the torsionally constrained
structures at the B3LYP/6-31G** level are plotted in Figure 3.
Starting with the fully planar structure of1, the HOMO-LUMO
energy gap (Eg) is 3.51 eV, as the molecular orbital shapes and
energy patterns are the same as in the equilibrium geometry.
As the torsion moves from the planar orientation,Eg increases
to a high of 4.30 eV at 90° as the HOMO becomes more
energetically stable and the LUMO slightly destabilizes. The
energetic stabilization of the HOMO, along with destabilization
of the HOMO-1, leads to the formation of a degenerate set of
molecular orbitals at 90°; a similar molecular orbital degeneracy
is observed for the virtual orbitals as the LUMO becomes
energetically degenerate with the LUMO+1 and LUMO+2.
Such degeneracy in the HOMO could lead to possible biradi-
caloid-like character. As a check, the lowest-lying triplet states
(T1) were optimized at both the DFT and HF levels; in addition,
the T1 biphenylene torsional profile was also examined, see
Figure 2. Both methodologies indicate that the T1 states are
higher in energy than the S0 state; for the optimized structures,
∆E(T1-S0) is 2.3 eV for DFT and 1.1 eV for HF. We thus
expect limited biradicaloid character (in the gas phase); higher-
order, multielectron calculations are necessary, however, to
confirm this assertion.

Complexation with Mg2+, Ca2+, and Cu2+ brings about
changes in the valence molecular orbitals as new orbitals with
density on the divalent metal and carboxylate groups are
introduced, see Figure S2 in the Supporting Information. For
the Mg2+ and Ca2+ containing chelates, the HOMO and
HOMO-1 are dominated by the sameπ-type orbitals shown in
the parent compound. The LUMO ofMg1 is similar to that of
1, while the LUMO+1 and LUMO+2 are magnesium-localized
orbitals with character of the outermost s-electronic state. For
Ca1, the relative ordering of these first few unoccupied orbitals
switches as the LUMO and LUMO+1 are the localized,
isoenergetic s-type metal orbitals and the LUMO+2 is the lowest
π*-type orbital of 1. These results are in line with expected
interactions based on the electronic configurations of the metal
ions- Mg2+ and Ca2+ have closed-shell configurations of [Ne]-
3d0 and [Ar]3d0, respectively. Such closed-shell configurations
lead to very weak crystal field splitting and strong ionic nature

TABLE 3: TDDFT (B3LYP/6-31G**) Vertical Absorption Energies (eV), Oscillator Strengths, and Configurations of
Excitations

energy oscillation strengtha configuration

1 3.36 2.18 HOMOf LUMO (98%)
2 3.40 2.16 HOMOf LUMO (98%)

4.60 0.42 HOMO-8f LUMO (8%); HOMO-1f LUMO+1 (83%)
Mg1 3.07 1.95 HOMOf LUMO (98%)

3.27 0.12 HOMO-1f LUMO+1 (5%); HOMOf LUMO+2 (93%)
4.01 0.41 HOMO-4f LUMO (6%); HOMO-1f LUMO+3 (80%)

Ca1 3.01 0.63 HOMO-1f LUMO+1 (5%); HOMOf LUMO (93%)
3.17 1.48 HOMOf LUMO+2 (96%)

Cu1 1.33 0.64 HOMO-3f LUMO (5%); HOMO f LUMO (37%)
2.55 0.58 HOMO-9f LUMO (8%); HOMO-5f LUMO (7%); HOMO-3f LUMO+1 (4%);

HOMO f LUMO+1 (20%); HOMOf LUMO+2 (3%)
2.78 0.29 HOMO-22f LUMO (3%); HOMO-9f LUMO (34%); HOMOf LUMO+1 (6%)
3.22 0.44 HOMO-18f LUMO (17%); HOMO-16f LUMO (3%); HOMO-3f LUMO+1 (4%);

HOMO f LUMO+1 (8%); HOMOf LUMO+2 (8%)
3.37 0.21 HOMO-32f LUMO (5%); HOMO-21f LUMO (22%); HOMO-18f LUMO (3%);

HOMO-3 f LUMO+1 (4%); HOMOf LUMO+1 (4%)

a Transitions with oscillator strengths greater than 0.1 are listed.
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in the bonding between divalent metal ions and carboxylate
groups;51 indeed, analysis of the Mulliken charges reveals a
strong ionic interaction along the Mg-O and Ca-O bonds in
these structures. The situation forCu1, as might be anticipated
for the Cu2+ 3d transition metal with an outermost valence
electronic configuration of [Ar]3d9,51 is notably different.
Orbitals coupling the exterior phenyelencarboxylate of1
(LUMO+1 and LUMO+2) with d-orbitals of the metal center
are introduced, in turn pushing theπ-centered HOMO and
LUMO of 1 to the HOMO-3 and LUMO+1 of the Cu2+-
chelated compound. Because the HOMO and LUMO are
centered about the metal d-orbitals, Eg is dramatically reduced
versus the other chelates.

The TDDFT (B3LYP/6-31G**)-determined vertical excitation
energies (3.36 eV for1 and 3.40 eV for2) are in relatively
good agreement with the empirically derived absorption data
for 1 (λabs,max) 3.80 eV [326 nm] in aqueous buffer)4 and2
(λabs,max) 4.02 eV [308 nm] in dioxane),3 see Table 3 (Table
S5 in Supporting Information) and Figure 4. The energetic red-
shift in the calculated transitions versus experimental data are
a common problem for TDDFT methods due to the over-
delocalization problem (vide supra); in addition, solvent cor-
rections should be made for a fair comparison. These principal
transitions are predominately HOMOf LUMO in nature.
TDDFT of the HF/6-31G**-optimized geometries show similar
patterns, though the vertical excitation energies are blue-shifted
by 0.2 eV, a result of the slight geometric differences between
the DFT and HF optimized geometries. Assuming the validity
of Kasha’s rule52 for these systems, TDDFT emission energies,
calculated on the basis of the HF-CIS/6-31G**-optimized
geometries of the lowest excited state, are 3.00 eV for1 and

3.03 eV for2; again, these results are in good agreement with
experimental data (3.38 eV [367 nm]4 for 1 and 3.39 eV [366
nm]3 for 2).

Rotating the biphenylene unit from 0 to 90° induces a blue
shift in the main absorption vertical transition energies of1 (see
Table S6 in the Supporting Information)- a shift that
corresponds well with the increase inEg energy as the torsional
angle is increased; importantly, there is also considerable change
in oscillator strength (from 2.4 at 0° to 1.7 at 80°) along the
rotational PES. Likewise, a strong blue shift in the vertical
transition energies (see Table S7 in the Supporting Information)
and range of oscillator strengths (from 2.5 at 10° to 2.1 at 50°)
occurs for the calculated emission profile along the PES. These
results help characterize the emission intensity differences
between the inclusion of1 in a rotaxane assembly versus being
free in solution:4 by impeding the free rotation within the
biphenylene unit and limiting internal conversion processes,1
is constrained to lose the absorbed energy through a photon
from a sterically hindered geometric configuration rather than
via heat through nonradiative (vibrational) decay pathways.

As expected from the changes in the molecular orbital
structure, additional transitions appear in the absorption profiles
of the chelated structures, see Figure 5. ForMg1 andCa1, the
dominant optical signal is principally composed of theπ f π*
transition observed in1 and2; the transitions, though, are red-
shifted versus1. Near these predominant vertical transitions,
lower intensity transitions principally composed ofπ f metal
charge transfer are found; this transition is blue-shifted by 0.2
eV for Mg1, but red-shifted by approximately the same amount
for Ca1, results in line with the relative energetic ordering of
the outermost s-type orbitals of the metal with respect to the
lowestπ*-orbital of the dye. There is an additional transition

Figure 5. (a) Mg1 and (b)Ca1 TDDFT (B3LYP/6-31G**) theoretical absorption (s DFT geometry;‚‚‚ HF geometry) and emission spectra (- - -
HF-CIS geometry). (c) Comparison of the TDDFT-RPA theoretical absorption spectra for the DFT-optimized geometries ofCu1 and1. (d) Normalized
Cu1 RPA and TDA evaluations of the vertical excitation energies at the DFT (s) and HF (- - -) geometries. The calculated absorption spectrum
of 1 is provided for reference. Gaussian fits of the TDDFT vertical excitations were carried out with a full-width at half-maximum of 0.5 eV.
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near 4 eV forMg1 that is ofπ f π* character. TDDFT of the
HF/6-31G**-optimized geometries show similar patterns, though
the vertical excitation energies are blue-shifted as in1 and2, a
result of the slight geometric differences between the DFT and
HF minimum geometries. Analyses of the HF-CIS/6-31G**-
optimized first-excited states show that the principal emission
peaks are red-shifted to approximately 2.9 eV. These emission
peaks are slightly red-shifted (∼0.1 eV) versus1. This negligible
shift in the principal emission peak agrees well with the
experimental finding that Mg coordination results in limited
emission quenching of the dye without changing the emission
frequency.4

As noted above, the valence molecular orbital structure of
Cu1 greatly differs versus those ofMg1 and Ca1 due to
coupling between the Cu2+ d-orbitals and the exterior phenye-
lencarboxylate orbitals of the dye- a difference that in turn
alters the nature of the vertical electronic transitions and optical
spectrum, see Table 3 and Figure 5. The first TDDFT transition
for the DFT ground-state structure- described as HOMOf
LUMO - involves the coupled metal-dye exterior orbitals and
is located at 1.3 eV; a result in line with the smallerEg for Cu1
versus the other chelated structures. In the visible portion of
the spectrum, the principal peak near 3 eV observed for the
other species is replaced by two lower-intensity bands each
comprising two vertical transitions involving a number of metal-
and π-centered molecular orbitals; these visible bands are in
line with those recently reported for a Cu2+-spiropyran dye
complex designed to take advantage of the fluorescence inner
filter effect with a porphyrin-based fluorescer.53 The different
valence electronic structure ofCu1 moreover leads to significant
differences in the evaluation of the ground and excited-state
minima at the HF and HF-CIS levels of theory. The HF
calculations ofCu1 (in direct contradiction to the other HF
evaluations considered herein) gave a planar geometry with
similar geometric parameters to that for the S1 state of1, whereas
the inclusion of electron correlation through the use of CIS gave
the twisted S0-like structure of1. These results (along with the
large number of closely spaced Cu d-orbitals intertwined with
π-orbitals localized on the dye) point to the need for the
extensive treatment of electron correlation through high-level
complete active space calculations (e.g., CASSCF) for an
accurate determination of the minimum wave function ofCu1;
indeed, this is already often a necessary step for the proper
description of twisted “tictoid” molecular species with close-
lying electronic levels.54,55 In addition, the slight alterations of
the minimum HF and HF-CIS geometries versus the DFT
structure result in electronic configurations that give imaginary
RPA roots in subsequent TDDFT evaluations. Nonetheless, as
we are principally interested in describing how Cu2+ chelation
might shift the absorption and emission spectra of1, we can
use the TDA results of the minimized geometries for evalua-
tion.56 Indeed, using the HF structure with the planar biphe-
nylene motif induces a red-shift of the principal transitions of
Cu1 versus the twisted-biphenylene DFT structure. The results
for the twisted and planarCu1 geometries suggest reasons for
both the dramatic decrease in emission intensity and the
broadening of the emission line shape for the Cu2+-coordinated
dye in ref 4: because the principalCu1 transition is located at
a significantly lower energy, following Kasha’s rule, one would
expect the main emission peak ofCu1 to be at a much lower
energy versus1 resulting in a lower emission intensity for the
(unbound) dye in the presence of Cu2+ in solution; in addition,
the presence of other vertical transitions in the 3-4 eV range
for Cu1 will lead to an overall broadening of the spectrum

versus1. The above notable changes in the spectra of the metal-
complexed species suggest that1 can be of interest in chemical
sensing applications.

IV. Conclusion

We have examined how modifications to the geometric
structure and chelation influence electronic structure and optical
characteristics of1. The PES for rotation within the biphenylene
segment shows that rotation between 25 and 50° is freely
allowed at room temperature. The electronic structure and
absorption properties for geometries in this range vary slightly.
The lowest excited-state geometry has a nearly planar biphe-
nylene configuration. Because of the nearly flat potential for
rotation within the biphenylene segment, the presence of
nonradiative decay pathways has been postulated as the reason
that 1 free in solution has a lower emission intensity than its
rotaxanated (geometrically constrained) couterpart.4 Indeed, we
have seen a range of transition energies and oscillator strengths
for the primary absorption and emission profiles along the PES
for rotation in the biphenylene segment that could be frozen
out in the sterically hindered RD structure and lead to larger
emission intensities versus FD through the limitation of internal
conversion pathways. Chelation of1 with Mg2+ and Ca2+ alters
the geometric structures only slightly, but complexation with
Cu2+ introduces more significant changes. The electronic
structures for these chelated species show orbital density residing
on the metal ions that in turn alter the absorption properties by
changing the nature of the electronic excitations; in particular,
orbital energy ordering changes for the Cu adduct lead to a very
strong predicted change in the optical spectrum. These changes
result in absorption and emission profile modifications that
should allow for the detection of divalent metal ions in sensing
applications.
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