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Abstract:

This study investigates the role of peripheral ligand modification in controlling the MLCT
energetics and photochemical stability of Ru(Il) polypyridyl complexes, using tbbpy- and
dppz-based systems as a comparative platform. By combining '"H NMR spectroscopy, steady-
state UV—Vis absorption, and time-dependent photochemical kinetics, we demonstrate that
peripheral ligands act as electronically active components rather than passive structural
substituents.

A key finding of this work is the spectral invariance of the Ru—tbbpy complex in both aprotic
(CHsCN) and protic (CHsOH) solvents, which provides a rare baseline for isolating solvent-
driven photochemical pathways. In contrast, incorporation of the m-extended dppz ligand
induces a systematic increase in the MLCT energy gap and markedly enhances photochemical
robustness under continuous irradiation. Kinetic analysis in methanol reveals pseudo-first-
order behavior for the tbbpy system, with an apparent rate constant of (3.3 = 0.2) X 1073 min™
and a half-life of approximately 210 min.

The emergence of new ligand-centered absorption bands upon irradiation indicates photo-
induced transformation into stable photoproducts rather than nonspecific decomposition. These
results highlight peripheral ligand design as an effective strategy for modulating MLCT
stability and improving the durability of Ru(Il)-based photosensitizers, offering mechanistic
insights relevant to the rational development of photoactive coordination complexes.

Keywords: Ru(Il) complexes, Photochemical degradation ,tbbpy and dppz ligands, pseudo-
first-order kinetics, Apparent rate constant, solvent effects, MLCT.
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1.Introduction

The design of effective photosensitizers utilizing Ru(Il) polypyridine complexes has attracted

considerable attention owing to their exceptional photophysical characteristics and chemical

stability. (Fennes et al., 2024)

A significant challenge in employing these complexes is comprehending the impact of
structural modifications and environmental factors, including solvent interactions, on their
electronic transitions and photochemical stability. (Sun et al., 2010)

While the coordination environment of Ru(Il) has been extensively studied, a more detailed
investigation into the role of peripheral ligand modification is essential for the purpose of
optimizing energy gaps and enhancing photostability (Sun et al., 2010; Lanquist et al., 2023).
Expanding upon our previous research concerning the influence of various solvents on the
spectroscopic characteristics of these systems, a more in-depth examination of the interplay
between ligand structure and solvent type is warranted . (Mohammed & Younis, 2025)

The primary mechanism that dictates the behavior of these complexes is photo-excitation. As

depicted in Figure 1, the absorption of visible light triggers a Metal-to-Ligand Charge Transfer

(MLCT) event, wherein an electron is elevated from the metal-centered d-orbitals to the ligand-

based n* orbitals. This excitation results in a transient state whose stability and relaxation

pathways are particularly sensitive to the electronic characteristics of the peripheral ligands

and the surrounding solvent environment. (Suneesh et al., 2014;Di Pietro et al., 2021; Cotic et

al.,2024)

In this study, we investigate the electronic properties and photochemical stability of two Ru(Il)

complexes featuring different peripheral ligands (tbbpy and dppz). By employing UV-Vis

spectroscopy and kinetic analysis, we aim to elucidate how ligand m-extension and solvent

nature dictate the degradation pathways and the overall integrity of the MLCT states, rather

than focusing on catalytic turnover.

Previous work has shown that solvent environment significantly modulates the spectroscopic

and photochemical properties of Ru(Il) polypyridyl complexes, affecting excited-state

behavior and stability (Mohammed & Younis, 2025).

Additionally, strategies that influence the interaction of Ru(I) chromophores with their

surroundings can alter their photostability under prolonged irradiation (Khanduja et al., 2023).
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Figure 1 . Comprehensive excited-state landscape of Ru(Il) polypyridine complexes
following photoexcitation(Cotic et al.,2024).

2. Experimental

2.1 Materials and methods

The Ru(Il) complexes investigated in this study were prepared following the methodology
described by Sven Rau et al. (Scheme 1). The Chem Draw scheme emphasizes the central
Ru(bpy):2 core and the differing peripheral ligands. All spectroscopic analyses, including UV—
Vis measurements, were conducted on the complexes prepared as described.
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Figure 2. Structures of the Ru(Il) complexes examined, illustrating the central Ru(bpy)> core
and the varying peripheral ligands. (Bolger et al., 1995; Ruslanova et al., 2002 ;Kuhnt et al.,
2010).

2.2 Photochemical Study

Photochemical investigations were carried out at ambient temperature using air-equilibrated
solutions in a 1 cm quartz cuvettes. The samples were irradiated with a 10 W blue light-emitting
diode (LED) source operating at 470 nm. The emitted light closely matches the solar spectrum
in terms of energy distribution. The LED employed in this study was a type A2022-110-BLUE.
2.3 Sample Preparation for Photolysis

Each sample was used as received, without further purification. All measurements were
performed in air, unless stated differently. Sample solutions were made in the absence of
ambient light, wrapped with aluminum foil, and tightly sealed to reduce light exposure and
evaporation. Samples were produced immediately before measurements. Complexes were
synthesized in acetonitrile and methanol at an approximately concentration of 1x10™*M .

To ensure complete dissolution and superior homogeneity of the complexes in various solvents,
an ultrasonic bath (Bandelin electronic KG, Germany) was utilized. This process also served
to degas the solutions prior to spectroscopic measurements, ensuring highly accurate and
reproducible data with an RSD of less than 3%.

3. Results

3.1 Ligand — dependent '"H NMR proton behavior of peripheral diimine ligands

The '"H NMR spectra reveal well-defined aromatic proton resonances corresponding to the
terminal ligands in the investigated systems. The 'H NMR data of complexes containing
peripheral tbbpy ligands were originally reported in the author’s master’s thesis, where they
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were primarily employed for structural confirmation rather than for an in-depth analysis of
peripheral ligand effects. (Mohammed & Younis, 2025)

In that earlier work, a ligand-focused interpretation at the individual proton level was not

undertaken. In the present study, these data are revisited and selectively summarized to enable

a direct comparison with peripheral ligands of distinct electronic character.

In the tbbpy-based systems, the aromatic proton signals of the terminal ligand are confined to

a relatively narrow chemical shift range. Specifically, the H*> and H® protons resonate at 6 =

7.8-8.2 ppm, while the nitrogen-adjacent proton H® appears further downfield at 6 = 8.4-8.6

ppm. These resonances are sharp, well resolved, and display splitting patterns consistent with

intraligand coupling.

A detailed summary of chemical shifts, multiplicities, and proton assignments for the peripheral
tbbpy ligand is provided in Table 1, while a more comprehensive set of experimental conditions
and extended '"H NMR assignments are discussed in detail in the author’s master’s thesis.
(Mohammed & Younis, 2025)

Table 1. Diagnostic 'H NMR protons of the peripheral tbbpy ligand.

0 T . Relevance to peripheral

Proton Qnm) Multiplicity | J (Hz) | Integration ligand

e 7 85 d 56 1H Aromatic p.roto.n sgnsmve to

electronic distribution

e 210 d 56 11 Symmetry-related aromatic
proton

He¢ 3. 48 d 82 1H N-adjacent pr.oto.n, strongest

deshielding
He 79.87 m 0 11 Partially overlapped, ligand
backbone

Notes: Only peripheral ligand protons directly involved in electronic modulation are reported.
(n.r =not resolved due to overlap).

For comparative purposes, the '"H NMR spectrum of complex 2 bearing a terminal dppz ligand
was recorded within the same collaborative research group and is provided exclusively as
Supporting Information (Figure 3) .
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Figure 3 ."H NMR spectrum (400 MHz) of complex 2 bearing a terminal dppz ligand
recorded in CD3CN at 298 K. (Isakov et al., 2019)

The spectrum shows a broader distribution of aromatic resonances compared to bipyridine-
type terminal ligands, spanning the 6 8.0-9.2 ppm region. The most downfield resonances (6
8.8-9.2 ppm) are assigned to protons adjacent to the phenazine nitrogen atoms, while the
remaining aromatic protons appear between 6 8.0 and 8.8 ppm ; detailed chemical shift th
assignments are summarized in Table 2.

Table 2. Diagnostic 'H NMR protons of the peripheral dppz ligand in complex 2

Proton (psm) Multiplicity (I:IIz) Integration | Relevance to terminal ligand
H? 8.12 d 6.1 1H Peripheral aromatic proton
H? 8.46 d 6.1 1H Fused ring proton
H® 8.75 d 8.4 1H N-adjacent proton
16 9.05 d 2.4 1 Most deshielded N-adjacent

proton

Notes: Reported protons represent the most sensitive positions to m-extension and nitrogen
proximity in the peripheral dppz ligand.

3.2 Effect of peripheral ligand on UV-Vis absorption properties of Ru(Il) complexes
The UV—Vis absorption maxima (Amax) and corresponding energy gaps (AE) for Ru—tbbpy and
Ru—dppz complexes in CH3CN and CH30H are presented in Figure 4.

UV-Vis A ., and AE values for Ru complexes
450 2.88
el
446 446 28 2.87 L 2.86
445 -
L 2.84
_ a0 L 2.82 _
E >
£ L 28 2
: E
< 435 L 2.78
432
L 2.76
430 -
L 2.74
425 T T T B 2.72
Ru—tbbpy Ru—tbbpy Ru—-dppz Ru—dppz

Figure 4. UV-Vis absorption maxima (Amax, nm ; blue bars) and corresponding optical band
gaps (AE, eV; red line with markers) for Ru-tbbpy and Ru—dppz complexes measured in
CH3CN and CH30H. The numerical values of and AE are indicated above each bar and data
point.

Ru—tbbpy exhibits MLCT absorption bands at A = 446 nm with an optical band gap of AE =
2.78 eV in both solvents, indicating minimal solvent dependence. In contrast, Ru—dppz displays
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blue-shifted MLCT bands at A = 432—433 nm accompanied by larger band gaps ( AE = 2.86—
2.87 eV).

These difference reflect the stronger m-acceptor character and extended conjugation of the dppz
ligand, which stabilized the ligand-centered orbitals and leads to higher MLCT transition
energies. Overall, the figure provides a clear comparison of the ligand-dependence electronic
properties of the studied Ru(Il) complexes.

Figure 5 shows the UV—Vis absorption spectra of tbbpy recorded at different irradiation times
(10 min—24 h) in acetonitrile. A pronounced overlap of the spectra is observed in the visible
region (=450-500 nm), with no systematic decrease in absorbance intensity over time. This
observation is quantitatively supported by the negligible absorbance variations (AA% < 3%)
and the near-zero apparent rate constants calculated at 484 and 487 nm (Table 3).
Consequently, no meaningful photodegradation half-life could be extracted within the
experimental timeframe, and the half-life of tbbpy is estimated to be far greater than 24 h.
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Figure 5. Absorption spectra of [(tbbpy)2Ru(tpphz)](PFe). at 24°C in CH3CN.

In contrast, a significant increase in absorbance is observed in the UV region around 280 nm
upon prolonged irradiation (Figure 4). As summarized in Table 3, the absorbance at 280 nm
increases by more than 170% after 24 h, which precludes the application of first-order
photodegradation kinetics at this wavelength. These changes are therefore attributed to the
formation of photogenerated species rather than direct decomposition of the parent compound.

Table 3. UV—Vis absorption bands, time-dependent behavior, and electronic transition
assignments of tbbpy in acetonitrile (1x10~* M, 1 cm).

A
(nm)
280 | 0.2634 | 0.7222 | +174.2 | Strong increase n — n* (ligand-centered, LC)

* * (11 _
383 | 0.0708 | 0.0744 | +5.1 Slight increase n—n*/m— n* (ligand

Ao Aesany | AA% | Time dependence | Assigned electronic transition

centered)
484 | 0.0292 | 0.0293 | +0.3 Essentially MLCT (Ru?* — tbbpy)
constant
487 | 0.0269 | 0.0275 | +2.2 Essentially MLCT (Ru>* — tbbpy)
constant
500 | 0.0169 | 0.0196 | +15.9 Minor increase MLCT tail / vibronic band
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3.3 Photochemical Kinetics and Stability in Methanol

Time-dependent UV—Vis absorption measurements were carried out in methanol to investigate
the photochemical behavior and stability of the Ru(Il) complex. The MLCT absorption band
exhibited gradual changes in intensity upon irradiation, while the position of the absorption
maximum (A max ) remained essentially unchanged over the monitored time interval, suggesting
that the dominant process involves absorbance modulation rather than significant spectral
shifting as shown in Figure 6.
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Figure 6: Spectral kinetic study of the photodecomposition of [(tbbpy)Ru(tpphz)](PFs). in
CH30OH. (a) Pseudo-first-order kinetic plot showing the linear relationship between In(Ao/Ay)
and time (min) at 24°C. (b) Time-dependent UV-Vis absorption spectra showing the
evolution of absorbance intensity over different time intervals (from 0 to 4 hours).

Kinetic analysis was conducted by tracking the time-dependent changes in the intensity of the
MLCT absorption band at Amax . Absorbance values obtained from the UV—-Vis spectra (Figure
5(b)) were analyzed under the assumption of pseudo-first-order kinetics. This assumption is
supported by the constant irradiation conditions and the large excess of solvent. The plot of
In(Ao/A¢) versus irradiation time (Figure 5(a)) exhibited a linear correlation, indicating first-
order reaction behavior. The proportionality between absorbance and concentration was
assumed to follow the Beer—Lambert law.

The photochemical degradation of the complex (tbbpy).Ru(tpphz). was quantitatively
analyzed using a pseudo-first-order kinetic model. The apparent rate constant (kapp), obtained
from the slope of the linear regression of In(Ao/A¢) versus irradiation time within the interval
over which linearity was maintained, was determined to be (3.3 £+ 0.2) x 10~ min'. The high
correlation coefficient (R? = 0.9845) indicates that the experimental data are well described by
the adopted kinetic model under these conditions.

Based on this rate constant, the corresponding half-life (ti2) was calculated using tin =
In(2)/kapp, yielding a value of (210 + 13) min (approximately 3.5 h). It should be noted that this
half-life is intrinsically linked to the validity of the pseudo-first-order model and is therefore
applicable only within the regime where the linear kinetic behavior is observed. The reported
uncertainty reflects minor experimental fluctuations and supports the reproducibility of the
measurements performed at 24 °C in CH3OH.

These results indicate that the complex undergoes measurable photo-induced degradation in
methanol, displaying moderate photostability under the investigated conditions. This behavior
is consistent with the presence of solvent—solute interactions in the protic methanol medium,
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3.4 Time — dependent UV- Vis analysis and photostability

To complement the kinetic analysis presented in Section 3.3, the time-dependent UV—Vis
spectra of the Ru(Il) complex in methanol were recorded and analyzed. These spectra provide
insight into the photochemical behavior of the complex under continuous irradiation. As shown
in Figure 5, the MLCT bands at 484 and 487 nm remain essentially unchanged over 24 h,
indicating notable photostability of the MLCT transitions. In contrast, the high-energy ligand-
centered absorption at 280 nm shows a significant increase in absorbance (+85.4%), consistent
with T — ©* transitions localized on the ligand framework. Minor variations observed around
500 nm are attributed to vibronic contributions within the MLCT tail rather than to
photodegradation.

All measured absorbance values at the MLCT bands, along with the corresponding In(Ao/A¢)
calculations, are summarized in Table 4, providing a comprehensive record of the temporal
evolution of the spectral features. These absorbance trends correlate with the pseudo-first-order
kinetics reported in Section 3.3, reinforcing the observation that the Ru(Il) complex maintains
its structural integrity and excited-state stability in methanol under prolonged irradiation.

Table 4. UV—Vis absorption bands, time-dependent behavior, and electronic transition
assignments(1 x 104 M, 1 cm, CH3;0H).

A
(nm)
280 | 0.1781 | 0.3302 | +85.4 Strong increase n — n* (ligand-centered, LC)

* * (14 -
383 | 0.0440 | 0.0467 | +6.1 Slight increase n—n*/n— n* (ligand

Ao A @24n) | AA % | Time dependence | Assigned electronic transition

centered)
484 10.0199 | 0.0190 | —4.5 Essentially MLCT (Ruz — tbbpy)
constant
487 | 0.0185 | 0.0173 | —6.5 Essentially MLCT (Ru?* — thbpy)
constant
500 | 0.0122 | 0.0105 | —13.9 Minor decrease MLCT tail / vibronic band

4. Discussion

4.1. Structural Influence of Peripheral Ligands on the Electronic Environment

The comparative '"H NMR analysis confirms that peripheral ligand modification induces
measurable perturbations in the electronic environment of Ru(Il) complexes. The
systematically larger downfield shifts observed for the dppz-based complex, particularly for
nitrogen-adjacent aromatic protons, reflect enhanced m-delocalization and reduced local
electron density. These effects indicate stronger electronic communication between the
peripheral ligand and the metal center, supporting the conclusion that such ligands actively
modulate metal-ligand interactions rather than acting as passive structural appendages.

4.2. Ligand-Dependent MLCT Energetics

The observed hypsochromic shift and increase in AE for the Ru—dppz complex are consistent
with stabilization of ligand-centered n* orbitals induced by m-extension. While an increased
energy gap is commonly associated with reduced non-radiative decay rates, the present study
limits its conclusions to enhanced photochemical robustness rather than direct lifetime
extension, as no time-resolved measurements were performed. Nevertheless, the spectral trends
strongly suggest that peripheral ligand design can indirectly influence excited-state
deactivation pathways.

4.3. Solvent-Mediated Photochemical Pathways

83| Albahit Journal of Applied Sciences



The marked contrast between acetonitrile and methanol highlights the decisive role of solvent—
solute interactions. In methanol, the growth of high-energy ligand-centered absorption bands
indicates photochemical transformation rather than simple decomposition. Although the exact
nature of the photogenerated species remains unresolved, the preservation of MLCT bands
confirms retention of the Ru(Il) coordination core. These findings emphasize that
photostability is governed not solely by ligand electronics but also by solvent accessibility to
excited-state relaxation channels.

4.4. Design Implications Rather Than Catalytic Claims

Rather than demonstrating photocatalytic activity directly, this study provides mechanistic
insights relevant to photocatalyst design. The ability of m-extended peripheral ligands to
modulate MLCT energetics and suppress rapid photodeactivation represents a valuable strategy
for developing more robust Ru(Il)-based photosensitizers. Future studies integrating time-
resolved spectroscopy and catalytic testing will be required to translate these photophysical
advantages into functional photocatalytic systems.

Conclusion

This study demonstrates that the stability of the Metal-to-Ligand Charge Transfer (MLCT)
state is a direct function of strategic peripheral ligand design. By exploiting the spectral
invariance of the Ru—tbbpy complex across both aprotic and protic solvents (where absorption
maxima remained identical), we successfully isolated the role of solvent-solute dynamics in
photodegradation.

The 'H NMR data confirmed that the m-extended architecture of the dppz ligand does not
merely shift the energy gap, but provides a structural "shield" that enhances photochemical
resilience compared to the tbbpy analogue. While kinetic analysis identified a clear
susceptibility of tbbpy in protic media, the emergence of stable, blue-shifted absorption bands
suggests that the process is not a simple decomposition, but rather a photo-induced
transformation into new stable species. These findings provide a blueprint for developing more
durable Ru(Il) sensitizers by tailoring the peripheral ligand environment to suppress non-
radiative decay pathways in reactive solvents.

Future work

To further build upon these findings, our future work will focus on identifying the specific
photoproducts of Ru-tbbpy degradation using Liquid Chromatography-Mass Spectrometry
(LC-MS). Additionally, we aim to employ Femtosecond Transient Absorption Spectroscopy
to directly measure the MLCT excited-state lifetimes and explore the fast relaxation dynamics.
Finally, computational studies using Density Functional Theory (DFT) will be conducted to
model the protective shielding effectnof the dppz ligand at the molecular level, providing a
comprehensive framework for designing more resilient photocatalysts.
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Figure S. Absorption spectra of [(tbbpy)Ru(tpphz)](PFs)2 at 24°C in CH;0H
Table L1. Electronic absorption data of ruthenium complexes in different solvents.

Complex (ligand) | Solvent Aabs (NM) Assignment AE (eV)
Ru—tbbpy CH:CN | 201,282, 382,446 | n—n*, MLCT 2.78
Ru—tbbpy CHs;OH | 207,284, 381,446 | n—n*, MLCT 2.78
Ru—dppz CHs;CN | 289, 315, 386,433 | n—n*, MLCT 2.86
Ru—dppz CHsOH | 289,314, 385,432 | n—n*, MLCT 2.87

Note : AE values were estimated from the lowest-energy MLCT absorption maximum using
AE = 1240/A.

Table L2: Statistical Parameters and Uncertainty Estimates

Parameter Value Uncertainty / Note
Rate Constant(k) 0.0033 min’! +(0.0002 min’!
Coefficient of Determination (R?) 0.9845 High reliability
Initial Absorbance Ratio (In(Ao/A¢) t=0) 0.0000 Standard reference point
Mean Absolute Error (MAE) ~0.012 Average deviation from the fit
Maximum Observed Value 1.2039 Recorded at1440 min
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