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Abstract

In this study, we assessed the reliability and limitations of density functional theory (DFT) and
time-dependent density functional theory (TD-DFT) in predicting the spectroscopic and
electrochemical properties of four azo-amino acid Schiff-base Cu(ll) complexes by comparing
calculated ultraviolet-visible (UV-vis) absorption and circular dichroism (CD) spectra and
reduction potentials with experimental data obtained from spectroscopic measurements and
cyclic voltammetry (CV). The optimized coordination geometries were generally close to
square planar, whereas the phenylalanine complex showed the largest distortion, with a t4
value of 0.204. TD-DFT reproduced some major features of the experimental UV-vis and CD
spectra qualitatively; however, the calculated UV-vis bands were generally shifted toward
shorter wavelengths, whereas the CD spectra showed discrepancies in wavelength, intensity,
and sign. In particular, the positive experimental CD features in the approximately 300-325
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nm region were predicted with the opposite sign for all four complexes. For the Cu(ll)/Cu(l)
couples, the calculated reduction potentials differed by 0.21-0.32 V between the two
computational protocols, and the predicted ordering of reducibility also changed between the
two protocols. Moreover, this ordering was inconsistent with the trend inferred from the
lowest unoccupied molecular orbital energies. These results demonstrate that agreement in
spectral peak positions or frontier-orbital trends alone is insufficient to establish the
qguantitative reliability of DFT and TD-DFT predictions for transition-metal complexes.
Property-specific benchmarking and careful treatment of structural relaxation, solvation, and
possible conformational variability are therefore required when applying these methods to
such systems in solution.

Keywords
Azo-amino acid Schiff base Cu(ll) complexes; DFT calculations; TD-DFT calculations; UV-vis
spectra; circular dichroism spectra; reduction potential; implicit solvation model

1. Introduction

Density functional theory (DFT) calculations of the physical properties of transition metal
complexes can predict properties by carefully selecting computational parameters such as the
functional and basis set. DFT, developed by Kohn and Sham, is a non-parametric quantum
mechanical method that enables a more detailed and quantitative description of electronic
structures and energy levels [1, 2]. This has made it possible to calculate the magnetic and
spectroscopic properties, molecular structure, and electronic structure of metal complexes, and DFT
has been used for many yearsto study transition metal complexes [2]. Furthermore, in recent years,
the adoption of gradient-corrected and hybrid functionals has improved the agreement between
computational and experimental results. Time-dependent density functional theory (TD-DFT)
enables the calculation of excitation energies and optical absorption spectra by investigating
changes in electron density under time-dependent conditions and is used to study electronic
excitation [2, 3].

However, its accuracy varies greatly depending on the physical property of interest and the
system; while it is relatively reliable for reaction energies and structural optimization, it has been
pointed out that quantities such as the gap between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO), spin states, and redox potentials are highly
dependent on the calculation conditions and the treatment of the environment [4]. In transition
metal complexes in particular, spin multiplet competition and closely spaced electronic states often
arise because the electronic configuration changes due to slight variations in the d-orbital
occupancy of the metal center, the ligand field, or the coordination geometry [5, 6]. One
computational factor contributing to this dependence is the self-interaction error inherent in DFT
calculations and the resulting excessive charge delocalization [7, 8]. These effects systematically
influence orbital ordering, energy gaps, and charge transfer. Therefore, even when an empirical
correlation is observed between frontier orbital levels and redox susceptibility [9], orbital energies
alone have limited utility for quantitatively estimating redox potentials in solution [10].
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A similar trend is observed in TD-DFT calculations: while local excitations, such as r-rt* transitions
within ligands, are relatively easy to reproduce, excitation energies may systematically deviate in
excited states involving metal-to-ligand charge transfer, ligand-to-metal charge transfer or charge
transfer between ligands. In particular, for long-range charge-transfer transitions, commonly used
exchange-correlation approximations in TD-DFT may underestimate excitation energies [11, 12].
This limitation is related to the asymptotic behavior of exchange-correlation potentials and self-
interaction error, which can cause systematic errors in transitions with large charge-transfer
components [11, 12]. Furthermore, while circular dichroism (CD) spectra are also important in
systems containing chiral elements, it is not easy to sufficiently reproduce the experimental shapes
and relative intensities using excitation calculations based on a single structure alone, as these
spectra are sensitive to minute structural differences and the surrounding environment, such as the
solvent [13].

Treating solvent effects is critical in calculating spectroscopic and electrochemical properties.
Since electronic states are strongly influenced by stabilization through solvation [14-17], several
solvation models have been developed to incorporate this effect into calculations. One such model,
the implicit solvation model, treats the solvent as a continuous polar medium-that is, as a mean
field-significantly reducing computational cost while allowing the solvent environment to be
incorporated [14-17]. However, since this model cannot directly represent specific interactions such
as the local orientation of solvent molecules, ion-pair formation, and hydrogen bonding, errors
become apparent when reproducing excited states or redox potentials where the charge
distribution changes significantly [14-17]. Explicit solvation models, which incorporate individual
solvent molecules into the calculation, also exist and can describe electrostatic and non-covalent
interactions more directly [14, 18]. On the other hand, since the size of the computational system
increases, this approach involves increased computational complexity and longer calculation times,
making it difficult to apply to large systems. Furthermore, calculating redox potentials by evaluating
Gibbs free-energy differences (AG) by including structural relaxation, thermal corrections, and
solvation free energy constitutes a theoretically framework [19-21]. The computational framework
for predicting redox potentials in solution, including the treatment of reference electrodes, has been
systematically developed, allowing calculations under conditions closer to those observed
experimentally [21, 22]. However, the predicted values depend heavily on the choice of functional,
basis set, and solvation model.

Recent studies have increasingly integrated experimental characterization with computational
analyses of Schiff-base and amino-acid-containing metal complexes, including Cu(l) and Cu(ll)
systems, to investigate their molecular structures, electronic properties, and molecular interactions
[23-25]. DFT- and TD-DFT-based excited-state analyses have also been applied to conjugated
chromophores to examine their absorption and charge-transfer characteristics [26]. These studies
illustrate the broad utility of computational approaches, while the predictive performance of a given
computational protocol must still be assessed separately for each target property. Against this
background, it is significant to compare observables, such as those from spectroscopy and
electrochemistry, from the perspective of the limitations of density functional approximations and
solvation and environment models, to clarify where and under what conditions assumptions are
likely to break down. In this study, we aim to assess the limitations of DFT calculations for transition
metal complexes in solution by comparing experimental data from ultraviolet-visible (UV-vis)
absorption and CD spectroscopy and cyclic voltammetry (CV) with various parameters obtained
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from DFT and TD-DFT calculations for four azo-amino acid Schiff-base Cu(ll) complexes containing
substituents derived from different amino acids. Here, the main point is not simply to compare
calculated and experimental data, but to see where the calculations begin to deviate from the real
measurements. The discussion therefore focuses on how small changes in coordination geometry,
solvent treatment, and computational protocol can influence the predicted spectra and redox
behavior of these Cu(ll) complexes. Regarding solvent effects, we used the solvation model based
on density (SMD), an implicit solvation model, prioritizing computational efficiency and ease of use,
and discussed its limitations. Furthermore, to assess the dependence of AG-based redox-potential
predictions on the overall computational protocol, we compared the conventional B3LYP functional
[27, 28] combined with the 6-31+G(d) basis set for light atoms [29] and LANL2DZ for Cu [30] with a
wB97X-D-based protocol [31] using def2-TZVP for geometry optimization and vibrational frequency
calculations and def2-TZVPP for the final single-point energy calculations [32].

The four Cu(ll) complexes examined in this study were also considered as candidate redox
mediators for laccase-based bioelectrochemical systems. Laccase is a multicopper oxidase that
accepts electrons from organic substrates or metal ions and catalyzes the four-electron reduction
of oxygen to water [33]. This protein is used on the cathode side of biofuel cells; however, the power
conversion efficiency of such systems can be limited, and a mediator, such as a metal complex, can
be introduced between the protein and the electrode to facilitate electron transfer [34]. In this
context, reliable computational prediction of redox energetics and spectroscopic properties is
important for relating molecular structure to experimentally observable behavior and for evaluating
the suitability of such complexes as redox mediators. Assessing the limitations of DFT and TD-DFT is
therefore important for identifying which calculated trends can be interpreted reliably and where
method- or environment-dependent errors may affect conclusions regarding the behavior of these
complexes in solution. Accordingly, docking calculations with laccase were performed to examine
the possible influence of the local protein environment on each complex. The resulting docking
poses were used as qualitative models of the molecular environment surrounding the complexes.

2. Materials and Methods
2.1 Experimental Methods

The four complexes investigated in this study were previously reported azo-amino acid Schiff
base Cu(ll) complexes containing substituents derived from arginine, phenylalanine, threonine, and
valine (the R groups in Figure 1), hereafter abbreviated as the Arg, Phe, Thr, and Val complexes,
respectively [35, 36]. We previously described the synthesis and characterization of these
complexes [36], and we prepared the complexes used in the present study according to the reported
procedure.
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Figure 1 Structures of azo-amino acid Schiff base Cu(ll) Complexes (R: -(CH2)3-NH-
C(=NH)-NH; (Arg complex), -CH,-CgHs (Phe complex), -CH(OH)-CHs (Thr complex), -
CH(CHs) (Val complex)).

2.2 Physical Measurements

UV-vis spectra were measured using a JASCO V-650 spectrophotometer at 298 K as methanol
solutions in a 10 mm pathlength cell over the range of 200-600 nm. CD spectra were measured using
a JASCO J-820 spectropolarimeter under the same conditions as the UV-vis measurements (298 K,
methanol) in a 10 mm pathlength cell over the range of 200-600 nm. CV measurements were
performed using a BAS SEC2000-UV-vis and an ALS2323 BI-POTENTIOSTAT. A glassy carbon
electrode was used as the working electrode, a platinum wire as the counter electrode, and an
Ag/AgCl electrode as the reference electrode. Measurements were conducted in phosphate buffer
adjusted to pH 7. We used ultrapure water only to prepare the electrode-modification suspensions;
we did not use it as the electrolyte medium for the CV measurements. The scan rate was 0.05 V/s,
and the potential range was -1.0to +1.0 V vs Ag/AgCl. For comparison with the calculated potentials,
the potentials measured versus Ag/AgCl were approximately converted to the SHE scale by applying
an offset of +0.20 V.

2.3 Computational Methods

DFT and TD-DFT calculations were performed using Gaussian 09, Revision E.01 [37] for the
physical properties of four azo-amino acid Schiff base Cu(ll) complexes. We used GaussView 5 to
build the molecular structures and visualize the results. Solvent effects were considered using the
SMD implicit solvation model [17], with the solvent specified according to each experimental
condition.

2.3.1 Geometry Optimization and Vibrational Frequency Calculations

To reduce computational cost, initial geometry optimizations were performed in the gas phase
using the B3LYP functional [27, 28] with the def2-SVP basis set [32]. We then reoptimized the
resulting structures using the wB97X-D functional [31] with the def2-TZVP basis set [32]. This
stepwise optimization procedure was adopted primarily to reduce computational cost and to
provide robust starting geometries for the higher-level calculations. The gas-phase wB97X-D/def2-
TZVP optimized structures were used only as starting geometries for the subsequent solvent-phase
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optimizations described below. Although direct solvent optimization is possible, we selected this
stepwise procedure for computational efficiency and robust convergence. The four-coordinate
geometry around the Cu(ll) center was evaluated using the t4 index. The 14 analysis was performed
using the gas-phase wB97X-D/def2-TZVP optimized Cu(ll) structures. The t4 values were calculated
from the two largest coordination angles, a and B (a = N-Cu-N and B = O-Cu-0), according to eq. (1).
A 14 value of 0 corresponds to an ideal square-planar geometry, whereas a value of 1 corresponds
to an ideal tetrahedral geometry [38].

_ {360°— (a + B)}
a 141°

Ty (D

To further examine the electronic structure associated with the relatively large coordination-
geometry distortion of the Phe complex, natural bond orbital (NBO) analysis was performed for the
same gas-phase optimized structure at the wB97X-D/def2-TZVP level.

2.3.2 Excited State Calculations

The gas-phase wB97X-D/def2-TZVP optimized structures were used only as starting geometries
and were fully reoptimized in methanol using the wB97X-D functional [31], the def2-TZVP basis set
[32], and the SMD implicit solvation model [17]. We performed vibrational frequency calculations
at the same level of theory to assess the optimized structures. We then performed excited-state
calculations using TD-DFT at the same level of theory in methanol. The simulated UV-vis and CD
spectra were generated from the calculated excitation energies, oscillator strengths, and rotatory
strengths.

2.3.3 Calculation of Reduction Potentials

We calculated the reduction potential using eq. (2) [19-21];
AG
E,.q (vs SHE) = o E T 4.3 (V) (2)

where n is the number of electrons, and F is the Faraday constant. AG is the Gibbs free-energy
difference between the oxidized and reduced species, as defined in eq. (3).

AG = G(Red) — G(0Ox) 3)
We determined the Gibbs free energies of the oxidized and reduced species using eq. (4).
G = Eglec + Georr (4)

The electronic energy (Eeec) Was obtained from the “SCF Done” value in single-point energy
calculations. At the same time, the thermal correction (Gerr) Was derived from the “Thermal
correction to Gibbs Free Energy” value in vibrational frequency calculations. We used two
computational protocols for the reduction-potential calculations. In the B3LYP protocol, the Cu(l),
Cu(ll), and Cu(lll) structures were independently optimized in water using the SMD implicit solvation
model [17] at the B3LYP level [27, 28] with 6-31+G(d) for the light elements [29] and LANL2DZ for
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Cu [30]. Vibrational frequency calculations and subsequent single-point energy calculations were
performed at the same level of theory. In the wB97X-D protocol, the corresponding Cu(l), Cu(ll), and
Cu(Il) structures were independently optimized in SMD water [17] at the wB97X-D/def2-TZVP level
[31, 32], followed by vibrational frequency calculations at the same level. To evaluate the final
electronic energies with a more flexible basis-set description while limiting the computational cost
of geometry optimization and vibrational frequency calculations, single-point energy calculations
were performed on the optimized structures at the wB97X-D/def2-TZVPP level [31, 32] using SMD
water [17]. For each protocol, the Gibbs free energies were evaluated by combining the single-point
electronic energies with the thermal corrections obtained from the corresponding vibrational
frequency calculations. We compared the two protocols to assess how the calculated reduction
potentials depend on the overall computational protocol. The constant term of -4.3 V was applied
to convert the calculated potential to the Standard Hydrogen Electrode (SHE) scale [39].

The HOMO and LUMO energy levels used for comparison with the electrochemical trends were
obtained separately from the Cu(ll) structures optimized in SMD water [17] at the wB97X-D/def2-
TZVP level [31, 32].

2.3.4 Docking Calculation

As a supplementary analysis to examine the influence of the surrounding environment, we
performed docking calculations using GOLD software from the Cambridge Crystallographic Data
Centre (CCDC) [40]. The crystal structure of laccase from Trametes versicolor was obtained from the
RCSB Protein Data Bank (PDB ID: 1GYC) and used as the receptor model [41, 42]. The docking search
space was defined as a sphere with a radius of 17 A centered on the Type 1 copper site, considering
the size of the Cu(ll) complexes. We used the DFT-optimized structures as ligand structures for
docking. The top-ranked docking poses were evaluated based on the GOLD score and its component
terms.

3. Results and Discussion
3.1 Optimized Structures and Coordination Geometry

Figure 2 shows the optimized structures of the four azo-amino acid Schiff base Cu(ll) complexes
obtained from DFT calculations. Vibrational frequency analysis found no imaginary frequencies for
any DFT-optimized structure, confirming that they correspond to local minima on the potential-
energy surface. For the subsequent discussion, the variation in Cu-X bond lengths around the Cu(ll)
center, the average cis coordination angle, the two trans coordination angles, and the coordination-
geometry distortion index, 14, were extracted from the optimized structures. Table 1 summarizes
these values.
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Figure 2 DFT-optimized structures of the azo-amino acid Schiff-base Cu(ll) complexes ((a)
Arg complex; (b) Phe complex; (c) Thr complex; (d) Val complex).

Table 1 Selected geometric parameters and 11 values of DFT-optimized azo-amino acid
Schiff base Cu(ll) complexes. (A(Cu-X) is defined as the difference between the maximum
and minimum Cu-X bond lengths, where X represents the four coordinating atoms
around the Cu(ll) center. The average cis angle was calculated from the four cis X-Cu-X
coordination angles around the Cu(ll) center, excluding the two trans angles. T4 was
calculated from the two largest coordination angles.

complex A(Cu-X)/A average cis angle/° trans (O-Cu-0)/° trans (N-Cu-N)/° T

Arg 0.080 90.03 176.25 174.44 0.066
Phe 0.061 90.79 167.10 164.13 0.204
Thr 0.078 90.04 175.90 174.18 0.070
Val 0.078 90.05 175.15 174.10 0.076

There were no large differences in A(Cu-X) among the optimized structures of the four complexes.
The A(Cu-X) values were 0.061 to 0.080 A, indicating that the amino acid-derived substituents had
only a limited effect on the Cu-ligand bond-length variation within the primary coordination sphere.
The average cis angles were also close to 90° for all complexes, suggesting that the local
coordination environment around Cu(ll) was approximately square planar. In contrast, the trans
coordination angles showed more pronounced differences, especially in the Phe complex. The Arg,
Thr, and Val complexes showed trans O-Cu-O and N-Cu-N angles close to 180°, whereas the
corresponding angles in the Phe complex decreased to 167.10° and 164.13°, respectively.
Furthermore, when using the tetrahedral geometric parameter 1 to quantify differences in
coordination geometry, the Arg, Thr, and Val complexes showed values of approximately 0.07 to
0.08. A t4 value closer to zero indicates greater square-planar character. The Phe complex showed
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a significantly higher value of approximately 0.204. This indicates that the Phe complex exhibited
the greatest deviation from an ideal square-planar geometry among the four complexes. The larger
T4 value of the Phe complex therefore arises primarily from angular distortion of the coordination
environment rather than from unusually large variations in the Cu-ligand bond lengths. As an
experimental reference for comparison, the crystal structure of a closely related L-leucine-derived
azo-amino acid Schiff-base Cu(ll) complex with an imidazole ligand [35] exhibits an approximately
square-planar Cu(ll) coordination environment. The two independent molecules in the crystal
structure show trans N-Cu-N angles of 175.37° and 174.23° and trans O-Cu-O angles of 177.38° and
177.84°, respectively, corresponding to estimated 14 values of 0.051 and 0.056. These
experimentally derived values are similar to the calculated ts values of the Arg, Thr, and Val
complexes (0.066-0.076), whereas the Phe complex shows a substantially larger value of 0.204. To
further examine the electronic structure associated with this distortion, we performed NBO analysis
using the same gas-phase optimized structure of the Phe complex. Natural population analysis
yielded a natural charge of +1.04e on the Cu center, while the natural electron configuration showed
a Cu 3d population of approximately 9.29 electrons. These results indicate appreciable electronic
interaction between the Cu center and the coordinating ligand atoms. Although this present analysis
does not allow the distortion to be assigned uniquely to a specific steric, -1, or other noncovalent
interaction, the combined geometric and NBO results suggest that the enhanced distortion of the
Phe complex reflects coupled conformational and electronic effects.

3.2 UV-vis and CD Spectra

Figure 3 and Figure 4 show the experimental and calculated UV-vis and CD spectra, respectively,
for each complex. Table 2 and Table 3 summarize quantitative comparisons of the selected near-UV
absorption and CD features, respectively.
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Figure 3 UV-vis spectra of azo-amino acid Schiff base Cu(ll) complexes (left: calculated
values, right: experimental values. (The legend in the upper right indicates the
concentration of the sample solution.) (a) Arg complex; (b) Phe complex; (c) Thr complex;

(d) Val complex.
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Figure 4 CD spectra of azo-amino acid Schiff base Cu(ll) complexes (left: calculated
values, right: experimental values. (The legend in the upper right indicates the
concentration of the sample solution.) (a) Arg complex; (b) Phe complex; (c) Thr complex;
(d) Val complex.
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Table 2 Selected experimental and calculated near-UV absorption parameters of azo-

amino acid Schiff base Cu(ll) complexes. (Aexp represents the experimental absorption

feature, Acic represents the calculated excitation wavelength, and |AA| is defined as
|Acalc - Aexp|. f denotes the oscillator strength. Percentages for the dominant MO
transitions represent approximate configurational contributions estimated from the

squared excitation coefficients. a and B denote alpha- and beta-spin molecular orbitals,
respectively. LC denotes ligand-centered. For the Phe complex, the experimental near-
UV spectrum showed a broad absorption plateau between 361 and 401 nm; therefore,

the experimental feature is reported as a wavelength range and | A\| was not calculated.

Dominant MO Electronic
C [ A A AN
omprlex exp/NM cale/nm |AA[/nm £ transitions (%) assignment
Ar 364 345.99 18.01 1.0931 1330 - 134a (43.6) LCmt > n*
8 ' ' ' 1328 - 133B (45.3)
361-401 130a - 131a (44.1)
Ph 347.13 - 1.1309 LC *
© (broad) 1298 - 1308 (45.5) mom
11 11 .2
Thr 359 34592  13.08 1.0420 8a>119a(432) o
117B - 118 (44.3)
1180 > 119a (37.4)
Val 351 353.90 2.90 0.9586 LCmt > n*

1178 - 118B (42.8)
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Table 3 Selected experimental and calculated CD features of the azo-amino acid Schiff-
base Cu(ll) complexes. Aexp and Agexp denote the experimental values, whereas Acaic and
Agcac refer to extrema of the broadened simulated ECD spectra. |AA| is defined as |Acaic
- Aexp|. “TD-DFT excitation(s)” denotes the wavelength(s) of the individual vertical
excitation(s) that principally contribute to each broadened calculated ECD feature. The
listed R(length) values correspond to these individual excitations. R(length) represents
the rotatory strength of an individual vertical excitation and is therefore not directly
equivalent to Ae obtained from the broadened simulated ECD spectrum. “Positive”
indicates a positive experimental CD feature when a single representative At value was
not assigned.

TD-DFT
complex Aexp/nM  Agexp Acaic/nm  Agcalc |AN|/nm excitation R (length)
(s)/nm
255 +22.30 252 +5.8343 3 251.96 +30.2614
Arg 305 +26.16 322 -7.5156 17 317.36 - -34.1454
329.97 +20.8150
415-450 positive 429 +9.6582 - 427.22 +56.5125
251.19 +51.4163
255 +56.84 230 +26.2791 25 220.62 +48.7745
216.34 +45.1594
226.07 +26.5952
Phe 300-320 positive 307 -5.8625 - 317.69 -41.7512
337.03 +20.2482
350-370 positive 362 +2.6716 - 335.31 +9.5159
347.13 +4.9843
220.95 +20.4446
252 +47.32 222 +5.8521 30 220.05 +9.5678
Thr 226.27 -16.2413
305-306 +34.85 305 -4.5977 0-1 318.57 -48.8895
445 +18.70 428 +1.1928 17 428.43 +7.5604
244 .34 -28.6578
249 +41.24 250 -4.3068 1 243.73 -18.7076
246.60 +25.8928
val 31653  -41.5701
306 +32.77 325 -18.6774 19
331.59 -39.1773
445 +15.13 434 +18.7381 11 432.90 +109.6746

Regarding the UV-vis spectra, the higher-energy absorption region below approximately 270 nm
contains several closely spaced calculated excitations and was therefore not assigned to a single TD-
DFT state. To clarify the electronic origins of the intense near-UV absorption bands, we examined
the dominant TD-DFT excitation components and the spatial distributions of the corresponding
molecular orbitals (Table 2). The intense calculated transitions were obtained at 345.99 nm for Arg
(f=1.0931), 347.13 nm for Phe (f = 1.1309), 345.92 nm for Thr (f = 1.0420), and 353.90 nm for Val
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(f=0.9586). In each complex, the excitation is dominated by paired a- and B-spin molecular-orbital
transitions, with their approximate configurational contributions summarized in Table 2. Inspection
of the corresponding occupied and virtual molecular orbitals showed that they are predominantly
distributed over the conjugated azo-Schiff-base ligand framework. These intense near-UV bands are
therefore assigned mainly to ligand-centered m - n* excitations rather than to predominantly
metal-to-ligand or ligand-to-metal charge-transfer transitions. Minor mixing with orbitals influenced
by the Cu coordination environment cannot be excluded; however, no predominant MLCT or LMCT
character was identified for these intense transitions. The quantitative comparison of selected
experimental and calculated CD features is summarized in Table 3. In the approximately 300-325
nm region, the experimental CD features are positive for all four complexes. In contrast, the
calculated spectra show negative features at 322, 307, 305, and 325 nm for the Arg, Phe, Thr, and
Val complexes, respectively. In particular, the calculated negative feature of the Thr complex at 305
nm nearly coincides with the experimental positive feature at 305-306 nm. In comparison, the
calculated Val feature at 250 nm differs by only 1 nm from the experimental positive feature at 249
nm but has the opposite sign. These results show that close agreement in wavelength does not
necessarily indicate correct reproduction of the CD sign. At longer wavelengths, the calculated
positive features at 429, 428, and 434 nm for the Arg, Thr, and Val complexes, respectively,
reproduce the experimentally observed positive sign. For the Phe complex, the calculated positive
feature at 362 nm lies within the experimental positive region at approximately 350-370 nm. The
wavelength, sign, and intensity discrepancies in the CD spectra highlight several sources of
uncertainty in the present computational treatment. We performed the calculations at the wB97X-
D/def2-TZVP level with the SMD solvation model using a single optimized conformer, without
vibronic effects or conformational averaging. In addition, the continuum solvation model does not
explicitly represent specific solvent orientations, hydrogen bonding, or other local solvent-complex
interactions. Therefore, the remaining discrepancies may reflect the combined effects of the choice
of functional and basis set, TD-DFT limitations for excited states with appreciable charge-transfer
character, conformational variability, vibronic effects, and the approximate treatment of solvation.
Because these factors were not examined independently, their relative contributions cannot be
determined from the present results. The variation in the degree of agreement among the different
spectral regions and complexes further suggests that complex-specific electronic-structure and
conformational effects may also contribute. Comparative calculations using alternative
computational levels, multiple conformers, and microsolvated models could help distinguish these
effects.
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3.3 Electrochemical Properties

3.3.1¢CV

Figure 5 shows the CVs of the four complexes.
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Figure 5 CV of azo-amino acid Schiff base Cu(ll) complexes ((a) Arg complex; (b) Phe

complex; (c) Thr complex; (d) Val complex, under N, atmosphere (orange) and O3
atmosphere (blue)).

Although no sharp and well-defined redox peaks were observed, a gradual increase in cathodic
current became apparent from approximately -0.3 V vs Ag/AgCl. In addition, a broad reduction
feature was observed at approximately -0.7 to -0.8 V vs Ag/AgCl. Because the cathodic responses
were broad and irreversible, a unique equilibrium reduction potential could not be determined for
each complex from the present CV data. The observed irreversibility may partly reflect structural
reorganization coupled to electron transfer. Comparison of the DFT-optimized Cu(ll) and Cu(l)
structures indicated oxidation-state-dependent relaxation of the Cu-ligand coordination
environment. Such structural relaxation may contribute to the broad irreversible reduction
responses. However, the present data cannot distinguish these present data possible contributions
from subsequent chemical reactions or electrode adsorption.

3.3.2 Reduction Potential Prediction

Table 4 shows the standard reduction potentials for Cu(ll)/Cu(l) and Cu(lll)/Cu(ll) couples of each
complex predicted from DFT calculations.
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Table 4 Calculated reduction potentials (V vs SHE) of azo-amino acid Schiff base Cu(ll) complexes.

Arg Phe Thr Val
Cu(ll)/Cu(l) Cu(l)/Cu(ll) Cu()/Cu(l) Cu(l)/Cu(ll) Cu(l)/Cu(l) Cu(lil)/Cu(ll) Cu(ll)/Cu(l) Cu(lll)/Cu(ll)

Ered (V VS SH E)

-0.515 1.021 -0.492 1.014 -0.428 1.074 -0.471 1.002
(B3LYP/6-31+G(d), LANL2DZ)
Ered (V VS SHE)

-0.724 1.099 -0.782 1.090 -0.727 1.119 -0.795 1.066
(WB97X-D/def2-TZVPP)
AEreq (V vs SHE)

-0.209 0.078 -0.290 0.076 -0.299 0.045 -0.324 0.064

(WB97X-D-B3LYP)
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The predicted reduction potential varied significantly between the two computational protocols.
The largest difference was observed for the standard reduction potential of the Val Cu(ll)/Cu(l)
couple, with a discrepancy of 0.324 V. Furthermore, regarding the Cu(ll)/Cu(l) potential, the B3LYP-
based protocol predicted the highest potential for the Thr complex. In contrast, the wB97X-D-based
protocol predicted the most positive potential for the Arg complex. These results show that both
the calculated values and the relative ordering of the complexes depend on the overall
computational protocol. Thus, the present calculations clearly show that the predicted Cu(ll)/Cu(l)
reduction potentials are substantially dependent on the overall computational protocol. However,
because the functional and basis-set treatments changed simultaneously between the two
protocols, we cannot separate their individual contributions to these differences. The broad
experimental reduction feature observed at approximately -0.7 to -0.8 V vs Ag/AgCl corresponds to
approximately -0.5 to -0.6 V vs SHE. The potential range of the broad irreversible reduction feature
was closer to the calculated Cu(ll)/Cu(l) potentials than to the Cu(lll)/Cu(ll) potentials, providing a
tentative basis for assignment to the Cu(ll)/Cu(l) process. However, because the experimentally
observed response was broad and irreversible, whereas the calculated values represent
thermodynamic reduction potentials, the experimental response may also include contributions
from structural reorganization and kinetic processes following electron transfer. Therefore, this
comparison should be regarded as qualitative rather than quantitative. The B3LYP-based Cu(ll)/Cu(l)
potentials (-0.515 to -0.428 V vs SHE) were numerically closer to the experimentally observed broad
reduction region (approximately -0.5 to -0.6 V vs SHE) than the wB97X-D/def2-TZVPP values (-0.795
to -0.724 V vs SHE). However, because the experimental cathodic responses were broad and
irreversible, we could not extract well-defined equilibrium reduction potentials for the individual
complexes. Accordingly, formal absolute deviations (|AE|) and mean absolute errors (MAEs)
relative to experimental thermodynamic reduction potentials were not calculated, because
assigning a single experimental potential for each complex would require an arbitrary operational
definition and would imply an unjustified equivalence between the irreversible CV response and the
calculated thermodynamic reduction potential. The closer numerical agreement of the B3LYP-based
values should therefore not be interpreted as demonstrating that this protocol is intrinsically more
accurate, because kinetic effects, oxidation-state-dependent structural reorganization, and possible
error cancellation may contribute to the apparent agreement. Predicting reduction potentials from
AG is theoretically sound because it incorporates oxidation-state-dependent structural relaxation,
thermal corrections, and solvation. However, the remaining discrepancies between the calculated
and experimental electrochemical behavior also suggest a limitation of the present implicit-solvent
treatment. Although the SMD model accounts for the bulk dielectric response of water, it does not
explicitly describe local solute-solvent interactions around the metal center. In particular, first-shell
water molecules may interact differently with the Cu(ll) and Cu(l) states through hydrogen bonding,
electrostatic interactions, or transient coordination, potentially affecting both structural
reorganization and reduction free energies.

3.3.3 HOMO-LUMO

Figure 6 shows the calculated HOMO and LUMO energy levels and the corresponding HOMO-
LUMO gaps.
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Figure 6 Frontier orbital levels of azo-amino acid Schiff base Cu(ll) complexes.

The HOMO-LUMO gaps showed little variation among the four complexes, indicating that the
amino acid-derived substituents had only a small effect on the overall frontier orbital energy gap.
In contrast, the LUMO energy levels followed the order Thr > Arg > Phe > Val. In related Cu(ll)
complexes, lower LUMO energy levels have been correlated with greater reducibility [9]. Based on
the frontier-orbital calculations in this study, the Val complex would therefore be expected to be
the most readily reduced.

However, this ordering did not match that obtained from the AG-based reduction-potential
calculations described above. This discrepancy reflects the different physical meanings of the two
descriptors: the LUMO energy is an orbital-based descriptor of the electronic structure of a single
oxidation state, whereas the reduction potential derived from AG reflects the free-energy difference
between the independently relaxed Cu(ll) and Cu(l) states, including oxidation-state-dependent
structural reorganization, thermal corrections, and solvation effects. Furthermore, the AG-based
reduction potentials themselves showed substantial dependence on the computational protocol,
with differences of 0.21-0.32 V between the B3LYP and wB97X-D protocols and changes in the
predicted ordering of reducibility. Because identifying the specific electronic origin of this
divergence would require a systematic analysis of both oxidation states across the full series, we
limit our interpretation to the trends supported by the present calculations and do not assign the
discrepancy to a specific electronic redistribution mechanism. These results highlight a key
limitation of using either frontier-orbital energies or reduction potentials from a single
computational protocol as quantitative predictors of redox behavior in transition-metal complexes.
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Benchmarking against well-defined reversible experimental redox potentials under matched
conditions would help access the magnitude of these method-dependent errors.

3.4 Docking Calculation

Figure 7 shows the top-ranked docking poses near the Type 1 copper site obtained using GOLD.
The displayed structures include residues located within 4 A of each complex. Table 5 summarizes
the GOLD scores and their component terms for the four complexes.
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Figure 7 Docking poses (within 4 A) of the azo-amino acid Schiff-base Cu(ll) complexes
((a) Arg complex; (b) Phe complex; (c) Thr complex; (d) Val complex).

Table 5 GOLD scores and component terms for each complex.

Arg Phe Thr Val
Goldscore.Fitness 59.9079 56.9975 45.5997 50.4599
Goldscore.External.HBond.Weighted 3.3783 0.0000 0.0000 1.1847
Goldscore.External.Vdw.Weighted 62.7890 61.1318 48.3464 51.6683
Goldscore.Internal.Torsion.Weighted -5.4080 -1.1367 -1.0814 -1.6697
Goldscore.Internal.Vdw.Weighted -0.3608 1.0869 -2.8007 -0.7946
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The GOLD score analysis showed that the “External Vdw” term made the largest contribution for
all complexes, suggesting that hydrophobic interactions in the cavity near the Type 1 copper site
dominate during docking. For the Arg and Val complexes, the “External Hbond” term also made a
small favorable contribution, suggesting the presence of local polar interactions. Furthermore,
docking poses within 4 A showed many hydrophobic residues (e.g., Ala, Gly, Pro) and aromatic
residues (e.g., Phe, His) within 4 A of the complexes. These results are consistent with docking within
a hydrophobic pocket near the Type 1 copper site.

4. Conclusions

In this study, we assessed the reliability and limitations of DFT and TD-DFT calculations for
predicting the spectroscopic and electrochemical properties of four azo-amino acid Schiff-base Cu(ll)
complexes. The optimized coordination geometries were generally close to square planar, whereas
the phenylalanine complex exhibited the largest distortion, with a 14 value of 0.204. TD-DFT
gualitatively reproduced some major features of the experimental UV-vis and CD spectra; however,
the calculated UV-vis bands were generally shifted toward shorter wavelengths, whereas the CD
spectra showed discrepancies in wavelength, intensity, and sign. Most notably, the positive
experimental CD features in the approximately 300-325 nm region were predicted with the opposite
sign for all four complexes, showing that agreement in peak position alone does not ensure correct
reproduction of the chiroptical response. However, some longer-wavelength positive CD features
were reproduced with the correct sign. These discrepancies should not be attributed solely to the
SMD implicit solvation model. They may arise from the combined effects of the choice of functional
and basis set, TD-DFT limitations for excited states with appreciable charge-transfer character, the
neglect of vibronic effects and conformational averaging, and the incomplete description of specific
solvent-complex interactions.

For the Cu(Il)/Cu(l) couples, the calculated reduction potentials differed by 0.21-0.32 V between
the two computational protocols, and the predicted ordering of reducibility also changed between
the two protocols. These results demonstrate substantial computational-protocol dependence of
both the calculated reduction potentials and the relative ordering of the complexes. Because the
functional and basis-set treatments changed simultaneously between the two protocols, however,
we can not seperate individual contributions to these differences from the present calculations.
Furthermore, this ordering was inconsistent with the trend inferred from the LUMO energies. This
inconsistency represents a central finding of this study: qualitative agreement in spectral profiles or
frontier-orbital trends does not necessarily ensure quantitatively reliable predictions of the redox
behavior of transition-metal complexes. Unlike the LUMO energy, which is an orbital-based
descriptor of a single oxidation state, a AG-based reduction potential includes oxidation-state-
dependent structural relaxation, thermal corrections, and solvation. Together with the
spectroscopic discrepancies described above, these results emphasize the need for property-
specific benchmarking and careful evaluation of the computational protocol and environmental
treatment when applying DFT and TD-DFT to transition-metal complexes in solution.

The docking results further illustrated that the complexes may experience different local
molecular environments near the Type 1 copper site of laccase. However, interpret the resulting
docking poses as qualitative models of possible environmental effects rather than as direct evidence
of an electron-transfer mechanism. Future work should progressively extend the present implicit-
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solvent treatment by introducing explicit first-shell solvent molecules in microsolvation models,
followed by cluster-continuum and environmental-embedding approaches. Because both
spectroscopic and redox properties may depend on molecular conformation and local solvent
arrangement, these approaches should ideally be combined with conformational and solvent-
configuration sampling. Such developments would help distinguish limitations arising from the
electronic-structure method from those associated with the continuum treatment of solvation.
They would provide a route toward a more realistic description of local-environment-dependent
spectroscopic responses and redox behavior, including specific solvent orientations, hydrogen
bonding, and transient solvent coordination around the metal center.
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       𝜏 4 =    { 360 ° −  ( 𝛼 + 𝛽 ) }  141 ° #  ( 1 )


       E  r e d    ( v s   S H E ) = −   𝛥 G  n F − 4 . 3    ( V ) #  ( 2 )


     𝛥 G = G  ( R e d ) − G  ( O x ) #  ( 3 )


     G =   E  e l e c +   G  c o r r #  ( 4 )

