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Molecules undergo a structural change to minimize the energy of excited states generated via external
stimuli such as light. This is particularly problematic for Cu(l) coordination complexes which are an intri-
guing alternative to the rare and expensive transition metal containing complexes (e.g., Pt, I, Ru, etc.) but
suffer from short excited state lifetimes due to D,q4 to D, distortion and solvent coordination. Here we
investigate strategic surface binding as an approach to hinder this distortion and increase the excited state
lifetime of Cu() polypyridyl complexes. Using transient absorption spectroscopy, we observe a more than
20-fold increase in excited state lifetime, relative to solution, for a Cu()) complex that can coordinate to
the ZrO, via both carboxylated ligands. In contrast, the Cu(i) complex that coordinates via only one ligand
has a less pronounced enhancement upon surface binding and exhibits greater sensitivity to coordinating
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lations suggest that the increased lifetime is due to surface binding which decreases the degrees of
freedom for molecular distortion (e.g., Dq to D,), with the doubly bound complex exhibiting the most
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Introduction

Molecules undergo a structural change to minimize the energy
of transient excited states that are generated via external
stimuli such as pressure, oxidants/reductants, magnetic fields,
or light. This process is intrinsic to all molecules but large
changes in structure, particularly of transition metal coordi-
nation complexes, can have a debilitating impact on their pro-
perties including decreased stability, lowered reactivity, and
shortened excited state lifetimes."™ This hinders their utility
in catalysis, lighting, solar energy conversion, and more.”® For
example, in lighting/light harvesting applications, tetrahedral
Cu(1) coordination complexes are an intriguing alternative to
molecules containing expensive and low abundance transition
metals like Ru(u), Pt(), and Ir(m).> However, the lowest energy
excited state of these Cu(i) complexes is typically dominated by

“Department of Chemistry & Biochemistry, Florida State University, Tallahassee,
Florida 32306, USA. E-mail: hanson@chem.fsu.edu

bDepartment of Chemistry & Biochemistry, University of Arizona, Tucson, Arizona,
85721, USA. E-mail: saavedra@arizona.edu

‘Department of Chemistry, North Carolina State University, Raleigh, North Carolina,
27601, USA. E-mail: elena_jakubikova@ncsu.edu

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4qi02410a

This journal is © the Partner Organisations 2025

metal-to-ligand charge transfer character where the resulting
d®, Cu(u) center favors a square planar geometry, resulting in a
D,q to D, distortion (Fig. 1).””° This distortion decreases the
energy of the excited states, enables access to additional relax-
ation modes, and opens sites for solvent coordination result-
ing in rapid, non-radiative decay.'**?

The most popular strategy to inhibit this type of distortion,
particularly in the prototypical Cu(i) bis(1,10-phenanthroline)
(phen) complexes, is via the addition of steric bulk to the
ligands."* Increasing the size of the moiety at the 2,9-position
from methyl groups (dmp) introduced by McMillin in the
1980s,"® to phenyl,'® sec-butyl,"” cyclohexyl,"® and tert-butyl,"
has resulted in Cu(i) phen-based emitters with lifetimes >1 ps
and emission quantum yields >5%, as compared 90 ns and

s
N T N, | AT
< Cu"\N —hy (-) cu" >
/N /N
N N N

Fig. 1 General depiction of the tetrahedral to square planar (i.e., D4 to
D,) distortion in the excited state of Cu(l) polypyridyl complexes, and
subsequent solvent (S) coordination.
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0.4% for the parent [Cu(dmp),]"."> While effective, this steric
bulk strategy can suffer from limitations like increased syn-
thetic complexity and decreased stability of the coordination
sphere.'® One can also hinder distortions by embedding the
molecules in a rigid matrix or glass®>*' but this strategy
hinders mobility and access to the molecules for use in cataly-
sis and photoinduced electron transfer.

Here, we introduce strategic surface binding as an alterna-
tive approach to hinder the distortion of Cu(i) polypyridyl com-
plexes. We use metal ion-coordinating functional groups on
the ligands to bind to a metal oxide substrate with the goal of
hindering the D,q4 to D,-type distortion. We demonstrate that
there is a >20-fold increase in excited state lifetime, relative to
solution when both ligands are bound to the surface. This
offers a new paradigm to extend the excited state lifetime of
Cu() coordination complexes and hinder undesirable distor-
tion pathways for molecules in response to stimuli.

Results and discussion
Synthesis and surface loading

The two Cu(r) complexes used for this study (1 and 2) are
shown in Fig. 2. The 6,6-dimethyl-2,2-bipyridine scaffolding
was selected, as opposed to the more common phenanthroline
ligands, because of the relative ease of synthesizing COOH
functionalized ligands.>* The same or similar complexes were
previously bound to metal oxide surfaces for application in
dye-sensitized solar cells (DSSCs).>* The position and number
of ligands with the COOH functional groups were selected in
such a way to allow only one (for 1) or both (for 2) ligands to
bind to the metal oxide surface (Fig. 2; bottom).

Complexes 1 and 2 were prepared following previously pub-
lished procedures.**** Synthetic details and structural character-
ization are provided in the ESL{ Both 1 and 2 exhibits strong
absorbance (Fig. 3a and Fig. S17) from 250-350 nm and a weaker
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Fig. 2 Molecular structure (top) and envisioned ZrO, binding modes
(bottom) for complexes 1 and 2.
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Fig. 3 Normalized absorption spectrum of 1 and 2 in MeOH (a) and on
ZrO; (b).

feature at 400-600 nm that are attributed to n-n* and metal-to-
ligand charge transfer (MLCT) transitions, respectively.>*

The complexes were loaded onto the surface via soaking a
ZrO, film in a 500 pM MeOH solution of 1 and 2. The adsorp-
tion isotherms are provided in the ESI (Fig. S2). As opposed
to the more ubiquitous TiO,, ZrO, was selected as the meso-
porous oxide substrate® for these studies because its relatively
high conduction band®® allows for the excited state dynamics
of the molecule to be studied in the absence of electron trans-
fer quenching to the substrate. From fits to the absorption iso-
therms,”” the complexes exhibit maximum surface coverages
of 2.1 x 10~ mol em™? for 1 and 3.6 x 10~® mol cm ™ for 2.

When bound to the surface (ZrO,-X), the complexes main-
tain the same spectral features and energies, (Fig. 3b) albeit
with peak broadening that is commonly attributed to inhomo-
geneous environments for molecules on metal oxide sur-
faces.”® The lack of shift in the absorption energy/features
suggests that the surface binding has minimal impact on ener-
getics or protonation state, for example, and that the ground
state structure of the molecule in solution is largely retained
when bound to the surface.

Excited state dynamics

The excited-state dynamics of the Cu(i) complexes in MeOH
and on ZrO, submerged in MeOH were measured by transient
absorption (TA) spectroscopy and the results can be seen in
Fig. 4. TA was chosen to monitor the excited state because the
complexes were non-emissive even in rigid glass and at 77 K.
Upon 500 nm excitation, the complexes exhibit a bleach of
the MLCT absorption band at <550 or 600 nm and an excited
state absorption (ESA) feature at >550 or 600 nm, analogous to
[Cu(phen),]* derivatives."®> Worth noting is that the spectral
features of 1 are redshifted relative to 2 (Fig. 4) presumably
due to the 4,4"-, rather than 5,5"-position of the COOH groups,
respectively, similar to the shift observed in ruthenium poly-

This journal is © the Partner Organisations 2025
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Fig. 4 Transient absorption spectra of complex 1 (a and c) and 2 (b and
d) in MeOH (a and b) and on ZrO, in MeOH (c and d) (lex = 500 nm).

pridyl complexes.> For all the complexes in solution, at early
time scales (<30 ps) there is a blueshift of the ESA feature
(Fig. 4) that is often attributed to vibrational cooling.* In con-
trast, a more subtle blue shift occurs in ~500 ps for the surface
bound complexes.

Comparing the solution and surface bound TA spectra,
perhaps the most notable observation is the dramatic change
in decay kinetics. Whereas the solution samples have returned
to baseline in <300 ps, spectral features for the surface bound
complexes are observed for several nanoseconds. Attempts to
globally fit the decay kinetics using either sequential or paral-
lel models were unsuccessful for the surface bound complexes
(ZrO,-X). This difficulty is not uncommon for these types of
samples and again is attributed to inhomogeneous environ-
ments for molecules on metal oxide surfaces.?® However, the
single wavelength decay dynamics were fit with a single and
biexponential function for solvated and ZrO, bound species,
respectively (Table S17). Regardless of wavelength, the biexpo-
nential fits to the ESA feature of ZrO,-X samples (X = 1 or 2)
gave a consistent trend in both the fast (~50 and ~270 ps for 1
and 2) and slow (~600 and ~2000 ps for 1 and 2) components
with approximately equal amplitude contribution for each
(Table S1t). Given that the trends in decay were similar across
ESA features (and across several independent samples), we
chose representative wavelengths and weighted average life-
times and the results are shown in Fig. 5 and Table 1,
respectively.

When solvated in MeOH, the complexes exhibit excited
state lifetimes <80 ps. In contrast, the lifetime for surface
bound complexes is much longer and when compared solu-
tion, the lifetime increases ~8-fold for 1 and 22-fold for 2
(Table 1). Increased excited state lifetime for surface bound Cu
(1) complexes has been observed before and was attributed to
intermolecular packing hindering non-radiative distortions.*"
For the complexes studied here, the lifetimes did decrease

This journal is © the Partner Organisations 2025

View Article Online

Research Article

Normalized AA
=]

0.014

Time (ns)

Fig. 5 Excited state decay traces for of 1 and 2 solvated and on ZrO, in
MeOH at 690 nm and 610 nm, respectively (lex = 500 nm).

Table 1 Excited state lifetime for solvated and surface bound com-
plexes 1 and 2 in MeOH?

7 in solution” (ps) 7 0on ZrO, ° (ps) 7in PMMA®? (ps)

1 80
2 90

640
1960

2560
4600

“Fits at 690 nm for 1 and 610 nm for 2. ”Single exponential fits.
“Weighted average of biexponential fits. ? The ethyl ester protected ver-
sions of the molecule (1g and 2g).

when the surface loading was reduced by half (Fig. S3 and
Table S2t), from 640 to 430 ps for 1 and 1960 to 1060 ps for 2
indicating the intermolecular interactions are not solely
responsible for the lifetime increase. Instead, we attribute it to
the surface binding decreasing excited state distortion of the
complexes, and solvent coordination (vida infra), with the most
pronounced behavior being complex 2 where both ligands are
bound to the surface. For reference, we have included the
excited state spectra (Fig. S41) and lifetime (Table 1) for 1 and
2 in PMMA where the rigid matrix significantly hinders mole-
cular mobility/flexibility.’*** Relative to the molecules in
PMMA, ZrO,-2 more closely (43% of the PMMA lifetime)
resembles that of the rigid environment than ZrO,-1 (25%).

As mentioned above, solvent coordination to the planar-
ized, D, distorted Cu(i) complex can play a role in the excited
state decay dynamics. Previous theoretical, time-resolved emis-
sion, and X-ray absorption studies on [Cu(dmp),]" derivatives,
have indicated that structural distortion can occur on the sub-
picosecond timescale, followed by solvent coordination and
relaxation on the 1-10 ps time scale.”** MeOH was selected as
the solvent of choice for the preliminary measurements due to
the limited solubility and surface stability of 1 and 2 in other
solvents. MeOH is known to serve as a coordinating Lewis Acid
and excited state quencher for Cu(i) complexes.*®
Consequently, MeOH can serve as an indirect probe of the
structural distortion that enables quenching via coordination.

To investigate the role of solvent in the excited state decay
of solvated and surface bound Cu(i) complexes, we generated

Inorg. Chem. Front,, 2025, 12,1295-1302 | 1297
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the more soluble ethyl protected version of 1 and 2 (1g and
2g). As can be seen in Fig. S5 and 6,} the steady-state and
time-resolved absorption spectral features of 1 and 1g;, 2 and
25, are similar. This indicates that other than increasing the
solubility, the ethyl group has minimal impact on the photo-
physical properties of the complexes. The absorption and TA
spectra (Fig. S7 and S8t) were measured in CHCls, the decay
traces fit and theresults are summarized in Table 2.

For both 15 and 2g, there is an ~40-fold increase in life-
time from MeOH to CHCI; which we attribute to the absence
of excited state quenching via solvent coordination in CHCl;.*
Likewise, for ZrO,-1 there is a nearly 4-fold increase in lifetime
in the non-coordinating CHCl;. In contrast, for ZrO,-2 the life-
time slightly decreases from MeOH to CHCIl; suggesting that
the solvent dependent quenching mechanism for 2 in solution
(i.e., MeOH coordination) is significantly less prominent when
it is bound to the surface. This outcome is consistent with
inhibited D,q4 to D, distortion for ZrO,-2 which hinders access
for coordinating solvents to the metal center. Interestingly, the
lifetime decrease for ZrO,-2 in CHCl; suggests that alternative
non-radiative modes are available when bound to the surface.

Computational analysis

To gain insights into the electronic structure and degree of dis-
tortion upon excitation, we used density functional theory
(DFT) (B3LYP,***” SDD/6-311G*;***° details in the ESI}) to
optimize the geometries of compounds 1 and 2 in their singlet
ground and lowest-energy triplet state. The ground state MO
diagrams for the complexes are shown in Fig. 6 and Fig. S10.7
Both complexes exhibit ligand-based LUMOs and Cu-based
HOMOs (Fig. 6), where HOMO through HOMO-4 can be
described as primarily metal centered, 3d orbitals (see
Table S37).

Using the ground state optimized geometry, the excited
state transitions for 1 and 2 were then calculated using time-
dependent density functional theory (TD-DFT) with the same
model and the results are summarized in Tables S4 and 5t
with the simulated spectrum shown in Fig. S12.1 In agreement
with experiment, the complexes exhibit strong, higher-energy
peaks (<350 nm) that have ligand centered character (i.e., n-1*)
and lower-intensity peaks at ~500 nm that are MLCT in charac-
ter. Transition dipole moments for the MLCT band were
obtained from TD-DFT calculations and the results are sum-
marized in Table S6f with the transition dipole moment

Table 2 Excited state lifetime in MeOH and CHCl; for solvated 1g; and
2g¢ and ZrO, bound 1 and 2

7 in solution” (ps) 7 on ZrO, (ps)

In MeOH In CHCl; In MeOH In CHCI;
1g 70 2660 1 640 2420
2§ 55 2640 2 1960 1660

“For 1g and 2g. From weighted average of biexponentail fits at
690 nm for ZrO,-1 and 610 nm for ZrO,-2.
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Fig. 6 Energy level diagrams for 1 and 2 with the HOMO (bottom, red
line) and LUMO (top, blue line) orbitals.

vectors visualized in Fig. S13.7 For both complexes, the MLCT
transition dipoles are oriented from the metal center and
bisect the bipyridine ligands. This orientation is consistent
with previously reported Ru(n) and Os(u) tris-bipyridine
complexes.*>*" From the geometry optimized lowest-energy
triplet state, 1 and 2 also exhibits MLCT character as con-
firmed by the spin density and natural orbital analysis
(Fig. S147%).

Given our interest in the structural distortion of the com-
plexes, we used the interligand dihedral angle (¢)** to evaluate
the degree of planarization between the ground and lowest-
energy *MLCT states (Table 3). The interligand dihedral angle
(p)** is the angle between planes of the bipyridine ligand
(Fig. S11f). Note that since the complexes do not exhibit
perfect D,q symmetry, there are two different measurements of
this angle, so the values reported in Table 3 correspond to
their average. The ¢ = 90° corresponds to the tetrahedral struc-
ture, while ¢ = 0° or 180° describe a square planar structure.
We have also calculated Ag = |90° — ¢| that provides an infor-
mation on deviation from tetrahedral conformation. The
results are summarized in Table 3. For 1 and 2 we see flatten-
ing of the structure going from singlet to triplet state. The
change is more pronounced for complex 2, where the complex
flattens by 9° going from singlet to triplet (this can be seen by
comparing Ag), and less apparent for complex 1 where it only
flattens by additional 2°.

Collectively, the theoretical outcomes describe analogous
behavior between 1 and 2 and prior Cu(i)(phen),
complexes.”>® Namely, excitation into a MLCT transition
results in a ligand-centered reduction and oxidation of the Cu

Table 3 Interligand dihedral angle (p) and Agp = |90° — ¢| for singlet
ground state and triplet states of 1 and 2

Singlet Triplet

@ Ag @ Ag
1 81° 9° 101° 11°
2 74° 16° 65° 25°

This journal is © the Partner Organisations 2025
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(1) to Cu(u), which results in molecular distortion to a more
square planar geometry (see Fig. 1). Our experimental results
suggest that this process is inhibited by strategic surface
binding.

Structural characterization

To gain insights into the structures of these interfaces we per-
formed attenuated total reflectance infrared spectroscopy
(ATR-IR) measurements on both the neat powders and ZrO,
films of 1 and 2 and the results are shown in Fig. 7 and
Fig. S15.1

In the neat powder, the complexes exhibit prominent peaks
at 1715 cm™ ' and 1700 cm™" for 1 and 2, respectively, that are
assigned to the C=O stretching mode (vc—o) and peaks at
1225-1245 cm™* for the C-O stretching mode (vc_o).** The
C=O0 stretching assignment is consistent with the calculated
vibrational spectra (Fig. S16 and 171) where the highest energy
feature in the fingerprint region is the vc—o mode, along with
a C-O stretch and O-H bands in the 1000-1700 cm™" region.
Upon binding to the surface, there is a notable decrease in the
relative amplitude of the unbound v¢c—o and vc_o modes and
an increase in the intensity of the carboxylate symmetric (vs)
and asymmetric (v4) stretching in the 1600-1650 cm™ region,
which is attributed to surface binding.** It is important to
note that while the amplitude of the unbound COOH modes
decreases, they are still present in the surface bound samples.
Given the geometric limitations of the molecules (i.e., COOH
groups on opposite sides), presumably, only half of the COOH
groups are capable of binding to the surface and thus signal
due to the unbound COOH groups is still observed.

Polarized UV-Vis attenuated total reflection (p-ATR) spec-
troscopy offers a powerful means of determining the orien-
tation of molecular transition dipole moments relative to the
surface normal.***” Here we performed p-ATR on 1 and 2
bound to an indium tin oxide (ITO) surface and the results are
summarized in Table 4 and Table S8f with the loading con-

1800 1700 1600 1500 1400 1300 1200

Wavenumber (cm'1)

Fig. 7 ATR-IR absorption spectra of neat powder (black) and ZrO,
bound (red) 1 and 2.
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Table 4 Transition dipole moment tilt angles and surface coverage of 1
and 2 on ITO as determined from p-ATR?

ITOX Tilt angle (°) Surface coverage (mol cm™2)
1 47 +2 1.1 x107'° (20.12)
2 62+2 9.0 x 107" (2.3)

“All values are the average of three measurements with the standard
deviation reported as the relative error.

ditions shown in Table S7.1 ITO was selected as the substrate
because it is commercially available, has a low surface rough-
ness (0.5 = 0.1 nm), and the molecular orientation of absor-
bates is expected to be similar to that on ZrO,.*® In agreement
with that observed for the ZrO, films (vide supra), the surface
coverage was found to be similar between the complexes (~1 x
107'° mol ecm™?). Assuming a hexagonal packing on a planar
(i.e., atomically flat) surface, this equates to a center-to-center
intermolecular distance of ~15 A,*® which is in good agree-
ment with full monolayers of related transition metal-polypyri-
dyl complexes.*’

The tilt angle of the molecules was determined from the
dichroic ratio (Fig. S18-201) of the absorbance values
measured using transverse magnetic and transverse electric
polarized light at the MLCT transition (350-600 nm).>® The
complexes with carboxylic acid groups in the 5,5’ position of
the bipyridine, 2 exhibited tilt angles of 62°. In contrast, for 1,
where the COOH groups are in the 4,4’ position, the tilt was
47° relative to surface normal.

Based on the combination of theoretical and experimental
results described above, Fig. 8 shows the proposed orientation
of the molecules on a metal oxide surface. The ground state
optimized geometry of the complexes was oriented relative to
the surface normal based on the calculated transition dipole
moment and the p-ATR results. Based on the ATR-IR results,
we assume that two of the four COOH groups of 1 and 2 were
bound to the surface. These structures are consistent with the
anticipated structure depicted in Fig. 2 and further support
the hypothesis that in 1 only one of the ligands can bind,
whereas in 2 both can bind which hinders the tetrahedral to
square planar distortion.

47°

Fig. 8 Proposed structure of 1 (left) and 2 (right) on a metal oxide
surface with the transition dipole moment in orange (H atoms omitted
for clarity).
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Conclusions

Here we studied the structural and excited state properties of
two Cu(1) bipyridine complexes (i.e., 1 and 2) with variation in
the position of the COOH surface binding group. Theoretical
calculations for the complexes in solution point to a mecha-
nism consisting of (1) excitation into a MLCT transition, (2)
ligand-centered reduction and oxidation of the Cu(r) to Cu(u),
and (3) molecular distortion from a tetrahedral to a square
planar geometry. Upon ZrO, surface loading, ATR-IR and
P-ATR measurements as well as geometric considerations indi-
cate that molecules 1 are bound to the surface via a single
ligand and molecule 2 coordinates via both carboxylated
ligands. Using transient absorption, we observe a dramatic
increase in the excited state lifetime for the molecules on a
ZrO, surface, relative to solution, with the most pronounced
increase for complex 2. Furthermore, for 2 bound to the
surface, the excited state quenching by a coordinating solvent
like MeOH, was less pronounced than the singly bound deriva-
tive (i.e., 1) and it behaves more like that in a rigid matrix like
PMMA. The increase in lifetime is not due to intermolecular
interactions or energetic changes of the complex. Instead, we
attribute it to surface binding decreasing the degrees of
freedom for the molecules to distort with the doubly bound
complex 2 having the greatest barrier to distortion. The hin-
dered mobility decreases the excited state quenching via D,4 to
D,-type distortion and subsequent solvent coordination.
Collectively, these results demonstrate that molecular immo-
bilization via strategic surface binding is an alternative and
innovative means of inhibiting undesired structural distortion
for molecules responding to stimuli like light. However, it is
important to acknowledge that the utility of these particular
molecules is limited by their relatively short lifetime and non-
emissive nature. But we hope these results will usher in a new
paradigm for the design of molecule-metal oxide interfaces
resulting in increased excited state lifetimes and efficiencies
for light emission/harvesting applications as well as in
electro-/photocatalysts where structural trapping at the inter-
face could lead to coordinatively unsaturated sites and high
energy species favorable for increased/unique reactivities.
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