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Abstract 

The effects of dissolved metal salts on the excited-state dynamics of acetophenone in solution have been 

explored using ultrafast transient absorption spectroscopy at two UV excitation wavelengths. In the absence 

of metal ions, the S1(nπ*) transition of acetophenone is excited at 320 nm, with intersystem crossing (ISC) 

occurring with a time constant ISC = 5.95  0.47 ps in acetonitrile solution. Excitation at 280 nm accesses 

the S2(ππ*) state, which internally converts (<0.2 ps) to S1 before undergoing ISC with ISC = 4.36  0.14 

ps. Coordination to Mg2+ ions makes the S2 state accessible to excitation at 320 nm, with the rate of S2  

S1 internal conversion reducing 3-fold, but the ISC rate increasing. These changes to the excited-state 

energies and dynamics of this model photosensitizer indicate that dissolved metal salts could modify the 

photochemistry of synthetically useful homogenous photocatalytic systems.  
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Photo-activated homogeneous catalysis is a well-established,1 and active field of chemical science.2–4 A 

recent trend in its applications to synthetic and polymerization chemistry involves moving away from 

inorganic photocatalysts towards more benign and sustainable organic alternatives.2 Acetophenone (ACP, 

see Figure 1) is one example of a candidate organic photocatalyst, and represents a class of aromatic 

carbonyl compounds the photochemistry of which has been studied for upwards of six decades.5–9 Aromatic 

carbonyl compounds have been used as photoinitiators in polymer chemistry,10 as photoreducing agents in 

hydrogen atom transfer reactions,7 and are capable of transferring excitation energy to triplet quenchers.5 

Their photoinitiating properties are thought to be governed largely by the nature of the triplet excited-states. 

The lowest-lying orbitals in the triplet manifold of ACP are either 3nπ* (with a carbonyl lone pair electron 

delocalized in the aromatic π* system) or 3ππ* in nature. Experimental characterizations of the triplet states 

of ACP and its derivatives are numerous, and call on many techniques such as laser flash photolysis,11 

ultrafast electron diffraction,12 phosphorescence, and electron spin resonance.9 Still, the roles of these 

electronic states in photo-excited ACP derivatives remain uncertain, in part due to the closeness in energy 

of the singlet and triplet states.13 Numerous crossing points and branching pathways between these states 

give rise to a complex photochemistry.  

The excited-state dynamics of a photoactive organic molecule can be manipulated by various means. For 

example, addition of electron withdrawing or donating groups can re-order excited-state energy levels.10,14,15 

Recently, there has been growing awareness of the importance of the local chemical environment in 

regulating the overall effectiveness of photocatalysts.16–18 Notably, Venkatraman and co-workers 

demonstrated hydrogen bonding between benzophenone and the solvent environment can dramatically alter 

the photophysical properties of this prototypical photocatalyst.18 They were also able to demonstrate the 

preferential photoexcitation of benzophenone molecules transiently hydrogen-bonded to phenol co-solute 

molecules, thereby enhancing the rate of bimolecular reaction beyond the diffusional limit.17 Coote and co-

workers used TD-DFT calculations to show that coordinated Lewis acids can tune excited-state energy 

levels in Irgacure 2959, a commercially available ACP derivative.10,15,19 This mechanism was validated 
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experimentally, using several different metal ions to establish orientated electric fields (OEFs) in gas-phase 

complexes.20 Similarly, externally applied electric fields have been shown to drive reaction pathways that 

would otherwise be energetically unavailable,21,22 and triplet excited-state reordering has been observed for 

ACP derivatives embedded within zeolite pores containing metal ions.23 However, most of these studies 

have concerned themselves with the spectroscopy and longer time photochemistry. 

 

 

Figure 1. Schematic representation of the electronically excited states of ACP of importance for its near 
UV photochemistry, and the available photophysical deactivation pathways. 

 

If OEF strategies employing coordinated metal ions are to be implemented to modify photochemical 

outcomes in solution, the induced changes to the electronically non-adiabatic internal conversion and 

intersystem crossing steps must be understood.  Here, we explore the influence of metal ion coordination 

on the excited-state dynamics of ACP, chosen as a model photosensitizer. Figure 1 shows a schematic 

diagram of the early-time relaxation pathways accessible in ACP following near-UV excitation. The α-

cleavage pathway from the 3nπ* state is reported to occur only if ACP is initially excited to the 1ππ* state, 

whereas excitation to the dark 1nπ* state produces a phosphorescence quantum yield near unity.8,9,13,14,24  To 
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examine how metal ion coordination affects the photochemical dynamics, we compare the internal 

conversion and intersystem crossing rates of ACP in solutions without and with dissolved Mg2+ or Li+ salts 

using ultrafast transient electronic absorption spectroscopy (TEAS). Detailed descriptions of the ultrafast 

laser system have been published elsewhere,25,26 and the Supporting Information provides a summary, as 

well as further experimental details.  

The steady-state UV spectra of ACP solutions with increasing molar equivalents of dissolved magnesium 

perchlorate in acetonitrile (ACN) are presented in Figure 2 for the wavelength range from 280 - 400 nm. 

The 1:0 ACP:Mg(ClO4)2 spectrum shows a weak 1nπ* absorption band centred around 320 nm, 

characteristic of carbonyl compounds. At shorter wavelengths (<300 nm), the broad and strongly allowed 

1ππ* transition is the dominant feature. Increasing equivalents of Mg2+ ions appear to extend the absorption 

via the 1ππ* band to longer wavelengths, ultimately eclipsing the 1nπ* band contribution. Drawing on the 

gas-phase cluster studies of Marlton et al.,20 we attribute this phenomenon to stabilization of the 1* state 

by coordination of a Mg2+ cation to the ACP carbonyl group. From these observations, the excitation 

wavelengths (λexc) selected for TEAS experiments were 280 and 320 nm, to compare excited-state dynamics 

following UV absorption in the 1ππ* and 1nπ* bands, and to explore the effects of metal ion coordination 

on the ultrafast photochemistry of ACP.  
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Figure 2. Steady-state UV-vis absorption spectra of ACP in acetonitrile with increasing equivalents of 
Mg(ClO4)2. 

Representative TEAS spectra of ACP in ACN (without added metal salts) for λexc = 280 nm and 320 nm 

are shown in panel a) of figures 3 and 4 respectively. When λexc = 280 nm, the early-time spectrum is 

dominated by the rapid decay of an excited-state absorption (ESA) band extending from 550 nm to beyond 

700 nm, centred around 680 nm. This band appears within the instrument response, and decays with a time 

constant (τ1) of 0.11 ± 0.02 ps into a broad absorption feature spanning 400 - 600 nm. This time constant is 

consistent with gas-phase results for the decay of the S2 (1ππ*) state of ACP.27 Following this rapid decay, 

the spectrum evolves with a further time constant (τ2) of 4.36 ± 0.14 ps, into a feature that persists beyond 

the time window of our measurement (1300 ps), characteristic of the T1 triplet-state absorption of ACP in 

acetonitrile,8 but cut off to wavelengths below ~360 nm because of the drop in intensity of the white-light 

continuum probe. The ISC rate is consistent with those observed for Irgacure-2959,28 and predicted by 

theory for ACP.29  Using the KOALA software package,30 overlapping ESA bands in the TEAS spectra 

were decomposed into a combination of two spectral basis functions representing the broad absorption from 

400 - 600 nm, and the enduring triplet-state signature, as well as a Gaussian function used to capture the 

rapidly decaying absorption seen at very early times.  Examples of these spectral decompositions are shown 

in the Supplementary Information. The time-dependent integrated intensities of these separate spectral 
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components were then fit to a sequential kinetic rate models, or globally fit to single or double exponential 

decays. When applied to the same dataset, the different fitting models produced rate constants that agreed 

within their uncertainties.   

Excitation of an ACP solution in ACN at 320 nm (Figure 4a) directly produces the broad ESA band lying 

between 400 and 600 nm, which decays into the long-lived triplet absorption with a time constant τ2 = 

5.95 ± 0.47 ps. We therefore assign this 400 – 600 nm ESA feature to absorption from the first singlet 

excited-state (S1, 1nπ*) of ACP and the rapidly decaying band spanning 550 - 700 nm seen in the λexc = 280 

nm experiment to absorption from the S2 (1ππ*) state. 

 

Figure 3 - Transient electronic absorption spectra and kinetic decay traces of a) ACP, λexc = 280 nm, b) 
ACP + Mg2+, λexc = 280 nm, in ACN. The arrows displayed in TEAS panels show the directions of temporal 
evolution of the ESA bands. Panels c) and d) show time-dependent integrated intensities of TEAS spectral 
decompositions (dots) and sequential kinetic fits (solid lines). In panel d), the negative intensities arising 
from the fits to the S2 ESA basis function after its initial decay may result from difficulties in baseline 
correcting the broad and weak transient absorption spectra, or the overlap of the S1 and shifted S2 ESA 
basis functions.   



 

7 
 

 

Figure 4 - Transient electronic absorption spectra and kinetic decay traces of a) ACP, λexc = 320 nm and 
b) ACP + Mg2+, λexc = 320 nm, in ACN. Panels c) and d) show time-dependent integrated intensities of 
TEAS spectral decompositions (dots) and global c) and sequential d) kinetic fits (solid lines). 

 

TEAS spectra of ACP in ACN with 6 molar equivalents of Mg2+ ions dissolved in solution are displayed in 

panel b) of Figures 3 and 4 at the two excitation wavelengths λexc = 280 nm and λexc = 320 nm, respectively. 

We chose to work with this excess of Mg2+ ions to drive the equilibrium between coordinated and 

uncoordinated ACP molecules towards the coordinated species, so that our measurements resolve their 

contribution to the photodynamics. Control experiments for Mg(ClO4)2 in ACN in the absence of ACP 

yielded no transient electronic spectroscopy response. The λexc = 280 nm spectra are broadly similar to the 

example without Mg2+ but with a key difference: the band previously assigned to S2 in Figure 3a is shifted 

by approx. 50 nm to shorter wavelength, spanning the region 500 - 700 nm, consistent with stabilization of 

the S2 state by Mg2+ ions. This band decays rapidly (τ1 = 0.13 ± 0.02 ps) into an ESA assigned to the S1 
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state. Intersystem crossing into a triplet state (τ2 = 4.45 ± 0.28 ps) agrees within uncertainties with that 

reported for the Mg2+-free system. Absorption from the T1 state is approximately three times as intense as 

in the absence of Mg2+ ions, suggesting a potential reordering wherein the lowest lying triplet state has ππ* 

character. Such a reordering of the triplet states was observed spectroscopically for ACP derivatives trapped 

within lithium-ion containing zeolites,23 where lithiation of the carbonyl group stabilized the lone pair 

orbital energies, effectively raising the energy of states with n* character. The effects of adding water to 

the acetonitrile solutions of ACP and Mg(ClO4)2 are described in the supporting information. 

The λexc = 320 nm TEAS data (Figure 4b) for ACP solutions in ACN with added Mg2+ ions also feature an 

S2 ESA band between 500 and 700 nm, which internally converts to reveal the S1 ESA band with a time 

constant of τ1 = 0.63 ± 0.05 ps. The population of the S1 state decays concurrently into a triplet state with a 

time constant τ2 = 4.58 ± 0.32 ps which is more than 1 ps faster than in Mg2+-free experiments at this 

wavelength. These observations suggest that a subpopulation of ACP coordinated to Mg2+ ions in solution 

can be photoexcited to the 1* state at 320 nm. The slower internal conversion (τ1 = 0.63 ps) step in the 

excited-state evolution following 320 nm excitation is indicative of nuclear dynamics in the S2 state that 

take longer to reach the seam of conical intersections coupling the S2 and S1 surfaces than following 280 

nm excitation (τ1 <0.2 ps) under otherwise similar conditions. In contrast, the Mg2+-ion coordination 

appears to enhance the rate of ISC, in this case either favourably shifting the location of the crossing 

between the singlet and triplet surfaces, enhancing the spin-orbit coupling interaction, or accelerating the 

nuclear dynamics along the appropriate reaction coordinate. No significant difference in ISC rate is 

observed between sequential, global, or independent exponential decay fitting models. Consistent with 

predictions by Huix-Rollant et al.,13  this agreement indicates that the growth of T1 population is controlled 

by the S1 lifetime, and not limited by internal conversion from T2 to T1, nor by vibrational energy transfer 

to the solvent. However, quantum dynamical simulations will be required to determine more precisely the 

effects of coordination of Mg2+ ions to the chromophore.  
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As observed in the gas-phase studies by Marlton et al.,20 coordination of an Mq+ ion (including, but not 

limited to Mg2+) to the ACP derivative Irgacure-2959 creates an oriented electric field, stabilising the ππ* 

state and destabilising the nπ* state. Evidenced by a red-shift in the absorption band, the magnitude of the 

stabilization of the ππ* state was found to be up to 1 eV. Bound Mq+ cations have been shown to cause 

shifts in electronic31 and vibrational32 transitions in gas-phase clusters, and metal chlorides are employed to 

tune electrostatically photoinitators in polymerization reactions.10 Marlton and co-workers also predicted 

that the OEF created by the Mq+ species may have some effect on the rate of ISC, but that any electric field 

effects would be significantly diminished in solution.20 However, our results show that the influence of 

Mg2+ ions remains pronounced in acetonitrile. We access the S2 1ππ* state directly by excitation at 320 nm 

in the presence of Mg2+ ions, compared to 280 nm in the absence of metal ions, indicating that the 1ππ* 

state has been stabilized by about 0.55 eV. We also observe a depressed rate of internal conversion and an 

enhanced rate of intersystem crossing for long wavelength excitation of ACP coordinated with Mg2+ ions 

in solution, phenomena which steady-state gas-phase spectroscopy and TD-DFT calculations have not 

previously reported. The Norrish Type-1 dissociative photochemistry of aromatic carbonyls was shown by 

Zewail and co-workers to be sensitive to the nuclear dynamics,12  and our current observations may 

therefore imply that metal-ion coordination to the carbonyl chromophore leads to alternative (and 

potentially undesirable) photochemical outcomes beyond the intended use of ACP derivatives as 

photocatalysts or photoinitiators.  In gas-phase clusters of Irgacure-2959, stabilization of the 1* state was 

observed in complexes with several different metal ions.20  We therefore expect our observations for Mg2+ 

complexes with ACP to generalize to other metal ions in solution.  To test this inference, we conducted 

further experimental measurements for ACP solutions with added Li+ ions.  

The effects of addition of LiCl to solutions of ACP in tetrahydrofuran (THF) are shown in supplementary 

Figures S2 and S3 for excitation wavelengths exc = 280 and 320 nm, respectively. The insolubility of LiCl 

in ACN necessitated a change of solvent and so prevented more direct comparison to the effects of Mg2+ 

coordination described above.  The outcomes are somewhat different: for example, the ESA spectra of ACP 
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in THF with 6 molar equivalents of LiCl in Figs. S2b) and S3b) show only subtle changes from those in 

Figs. S2a) and S3a) obtained without added LiCl, indicating weaker Li+ ion coordination to ACP, or 

reflecting the smaller OEF resulting from complexation to a singly charged cation. As was observed for 

ACP solutions in ACN, excitation at 280 nm results in a broad absorption band spanning 550 - 700 nm, 

which rapidly transforms (<200 fs) into a broad feature peaking at 450 nm. We again assign these features 

to the 1ππ* and 1nπ* states of ACP, respectively. The 1nπ* feature then evolves into a characteristic triplet-

state absorption band. For ACP solutions in THF without added LiCl, excitation at 320 nm leads to a slightly 

faster rate of ISC than at 280 nm (2.78 ± 0.26 ps versus 3.85 ± 0.10 ps); in both cases, these dynamics are 

faster than the corresponding processes in ACN. In the presence of Li+ ions, an additional weak absorption 

centred at 600 nm, which decays to baseline with a time constant of 0.11 ± 0.05 ps, is observed following 

320 nm excitation. By analogy to the TEAS data for ACP solutions containing Mg2+ ions (Figure 4) 

obtained at this excitation wavelength, we assign this band to ESA from the S2 (1ππ*) state, which becomes 

energetically accessible at longer wavelengths because of ACP coordination to lithium ions in solution. The 

intensity of this ESA is significantly less than in analogous Mg2+ experiments, consistent with a lower 

population of coordinated ACP : Li+ complexes in solution. The presence of Li+ has no measurable effect 

on the rate of internal conversion from S2 to S1, nor on the rate of intersystem crossing. Photophysical 

results for both Mg2+ and Li+ coordination to ACP in solution are summarized in Table 1.   
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Table 1. Collated Excited-State Relaxation Time Constants for ACP Recorded at Two Excitation 
Wavelengths in ACN and THF Solutions with and without Magnesium or Lithium Salts.(a)  

 Acetonitrile 

 exc = 280 nm exc = 320 nm 

 ACP ACP : Mg2+ ACP ACP : Mg2+ 

1 / ps 0.11  0.02 0.13  0.02 - 0.63  0.05 

2 / ps 4.36  0.14 4.45  0.28 5.95  0.47 4.58  0.32 

 Tetrahydrofuran 

 exc = 280 nm exc = 320 nm 

 ACP ACP : Li+ ACP ACP : Li+ 

1 / ps 0.15  0.02 0.17  0.02 - 0.11  0.05 

2 / ps 3.85  0.10 3.63  0.35 2.78  0.26 2.69  0.25 
(a) Time constants obtained for all the studied solvent environments are reported in supplementary information Table S1. 

 

Comparisons between TEAS measurements for ACP solutions without and with dissolved metal salts 

illustrate that complexation with metal ions can influence the excited-state ultrafast photodynamics of this 

organic molecule. By stabilizing the energies of excited singlet and triplet * states and destabilizing the 

n* states,14 coordination to Mg2+ or Li+ ions modifies the early time dynamics of the UV-photoexcited 

ACP in ways that steady-state spectroscopy measurements cannot capture. However, the dynamical impacts 

are more evident for Mg2+ than Li+.  Although any measured effects of coordination to Li+ on the excited-

state dynamics of ACP are subtle, we observe a small population of coordinated ACP molecules in THF 

solution, and so can populate the S2 state of ACP-Li+ complexes directly by photoabsorption at 320 nm. In 

contrast to Mg2+ experiments, we do not identify any effect of Li+ ion coordination on the time constants 

for either the IC or ISC pathways, in part because the lesser degree of association of ACP to the Li+ ions 

means our measurements may be dominated by the remaining uncoordinated ACP molecules in solution. 

The gas-phase studies by Marlton et al.20 for a range of metal-ion clusters point to the wider generality of 

our observations beyond the two metal ions studied in this work. 



 

12 
 

Regardless of the solvent or whether metal ions are present in the solution, internal conversion from the S2 

to the S1 state typically occurs on a sub-200 fs timescale following 280-nm excitation of ACP.  Clear 

changes to the steady-state and transient absorption spectra reveal that coordination to an Mg2+ ion stabilizes 

the energy of the ACP S2 state sufficiently to make it directly accessible by 320-nm excitation of ground-

state ACP in an ACN solution with added Mg(ClO4)2.  However, the subsequent IC to the S1 state is slower 

(630 fs) at this longer excitation wavelength, most likely because of changes to the locations of S2/S1 conical 

intersections resulting from S2-state stabilization and S1-state destabilization by Mg2+-ion coordination. 

Intersystem crossing rates from the S1 state into the triplet manifold show both wavelength and solution 

dependence, typically occurring more slowly in acetonitrile than THF solutions.  The metal ion coordination 

also has an impact; for example, when exciting an ACP and Mg2+-ion solution in acetonitrile at 320 nm, 

the ISC is faster by >1 ps than for the corresponding acetonitrile solution without Mg2+ ions.  

These results provide insights into just some of the consequences for ultrafast photochemical processes in 

solution of the addition of co-solutes. Under synthetic photochemistry conditions, the presence of reaction 

biproducts or reagent counter-ions may present unforeseen complications, for example by altering the 

energies of electronically excited states, the nuclear dynamics, and the timescales for electronically non-

adiabatic pathways in excited state photocatalysts.  Hence, the addition of metal salts may have implications 

for the performance of photoactive synthetic agents, in particular if the desired excited-state pathways are 

in competition with other unwanted photochemical outcomes.  

Supporting Information 

Experimental methods; TEAS measurements of ACP and ACP + metal salt solutions in an ACN : water 

mixture and in THF; example basis set spectral decompositions; and tables of internal conversion and 

intersystem crossing time constants for all solutions studied. 
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