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A. UV-visible absorption spectrum of oxybenzone in cyclohexane and methanol  

Figure S1 shows UV-vis absorption spectra of ~µM oxybenzone (OB) in cyclohexane and 

oxybenzone in methanol, taken with a Cary 50 UV-vis spectrophotometer with a 1 mm path 

length cuvette. From these UV-vis spectra, we selected the excitation wavelength of the pump 

pulse to be λex = 325 nm. 

 

 

 

 

 

 Figure S1. UV-vis absorption spectrum for OB in cyclohexane (black line) and OB in methanol (blue line). The excitation 
wavelength, λex, used is shown. A broad absorption can be seen which spans the UVA, UVB and UVC regions. 
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B. Global fits to TEA spectra between 355 and 415 nm; overall dynamics 

Global fitting is used to gain insight into the dynamical processes involved in the TEA spectra. 

Two features, an intense narrow peak centred at 366 nm and a flat, broad absorption spanning the 

range 425-575 nm dominate the TEA spectra. Here we consider only the dynamical processes 

associated with the narrow peak centred at 366 nm. We globally fit the TEA spectra (following 

chirp correction using the spectral analysis package KOALA, Grubb et al., Rev. Sci. Instrum. 

2014, 85, 064104) in the 355-415 range nm to model these processes for OB-cyclohexane 

(Figure S2a) and OB-methanol (Figure S2d). The resultant fits can be seen in Figure S2b for OB-

cyclohexane and Figure S2e for OB-methanol. The fit comprises two non-convolved exponential 

functions with associated lifetimes 1 and 2. Convolution with our instrument response function 

both with the TEAS and TVAS data was unnecessary given the dynamics being modelled are 

far-removed from the initial dynamics around time zero. For OB-cyclohexane, 1 = 375 ± 13 fs 

and 2 = 7.8 ± 2.8 ps, while for OB-methanol, 1 = 368 ± 13 fs and 2 = 4.9 ± 1.9 ps. The 

corresponding residual plots shown by Figure S2c (OB-cyclohexane) and Figure S2f (OB-

methanol) show that the fits accurately model the raw data. Further details regarding the global 

fitting procedure, as well as the fitting algorithm and error analysis (Section H), can be found in 

Chatterley, A.S. Probing Nonadiabatic Dynamics in Isolated Molecules with Ultrafast Velocity 

Map Imaging. Ph.D. Thesis, the University of Warwick, October 2013.  
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Figure S2. Global fit of OB-cyclohexane (A-C) and OB-methanol (D-F). (A and D): Data in the wavelength range 355-415 nm 

used in the global fit. (B and E): The resultant fitted values for the data in A and D. (C and F): The residuals between the 

experimental data (A and D) and fitted values (B and E). 
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C. Global fits to TEA spectra between 355 and 415 nm; early dynamics 

The short time dynamics of OB-cyclohexane and OB-methanol display a flat peak around time 

zero, which remains flat for ~100 fs. A representative transient signal extracted from the TEA 

spectra centred at 366 nm and averaged over a 6 nm slice, is shown for OB-cyclohexane (Figure 

S3a) and OB-methanol (Figure S3b). We attribute this feature to ultrafast internal conversion 

from S2 to S1 and then to intramolecular H-atom transfer (enol  keto tautomerization). The 

apparently broad and unresolved feature likely reflects limitations in our instrument time 

response (~100 fs). As described before, the global fits shown here and in the main text were 

thus performed for time delays 130 fs ≤ Δt ≤ 2 ns for OB-cyclohexane and 160 fs ≤ Δt ≤ 2 ns for 

OB-methanol.  

 

 

 

 

 

 

 

 

 Figure S3. 366 nm transients of OB-cyclohexane (A) and OB-methanol (B). In both cases, only data points indicated covered by 

the red line (and beyond) were included in the global fitting (see text for further details). 
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D. Global fits to TEA spectra between 415 and 650 nm 

As mentioned in Section B, a flat broad absorption from 425-575 nm dominates the TEA spectra. 

We once again globally fit the TEA spectra in the range of 415 nm to 650 nm to model the 

dynamical process(es) involved for OB-cyclohexane (Figure S4a) and OB-methanol (Figure 

S4d). The resultant fits from this procedure can be seen in Figure S4b for OB-cyclohexane and 

Figure S4e for OB-methanol. This fit comprises a single exponential function with an associated 

lifetime 1. For OB-cyclohexane 1 = 493 ± 11 fs, while for OB-methanol 1 = 462 ± 14 fs. The 

corresponding residual plots are shown by Figure S4c (OB-cyclohexane) and Figure S4f (OB-

methanol), and once again demonstrate that the fits accurately model the data.  

 

 

 

 

 

 

 

 

 

Figure S4. Global fit of OB-cyclohexane (A-C) and OB-methanol (D-F). (A and D): Data in the wavelength range 415-650 nm 

used in the global fit. (B and E): The resultant fitted values for the data in A and D. (C and F): The residuals between the 

experimental data (A and D) and fitted values (B and E). 
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Figure S5. (A) Raw TVA spectra of OB-cyclohexane. (B) Blue-shift of the most intense GSB feature (ring stretching mode of 

the 3-methoxyphenol ring). Analogous TVA spectra (C) and transient (D) for OB-methanol-d4.  

E. Vibrational cooling from the TVA spectra 

TVA spectra are shown for OB-cyclohexane in Figure S5a and for OB-methanol-d4 in Figure 

S5c. The most intense feature, a ground state bleach (GSB), is assigned to the ring stretching 

mode of the 3-methoxyphenol moiety within the chelated-enol (see Section F). This GSB shifts 

to higher wavenumber over time, indicative of vibrational cooling of the ring stretching mode of 

the 3-methoxyphenol ring. The kinetics for the blue-shift are extracted by fitting this feature to a 

Gaussian function (fixed width) in each individual TVA spectrum, as previously described 

(Roberts et al., J. Phys. Chem. A. 2014, 118, 11211). The peak centre shifts extracted from this 

process are shown in Figures S5b and S5d for cyclohexane and methanol-d4, respectively, 

returning time-constants of 3.69 ± 0.15 ps (cyclohexane) and 2.66 ± 0.19 ps (methanol-d4). As 

suggested in the main text, the rate of vibration cooling is faster in methanol than cyclohexane 

from the additional hydrogen bonding between solvent and solute.  
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F. Difference spectra 

Figure S6h shows TVA spectra of OB-cyclohexane taken at 50 ps and 200 ps pump-probe time-

delays. Following the same procedure as outlined in the paper, difference spectra involving the 

oxetane photoproduct, non-chelated enol-OB, non-chelated keto-OB tautomers, ‘trans’ enol-OB 

and ‘trans’ keto-OB conformational isomers (with two isomers each) were calculated at the 

B3LYP/6-311+G** level of theory. These calculated spectra are shown in Figures S6a-S6g, 

along with the corresponding structures. The difference spectrum in each case is generated by the 

sum of the calculated bleach spectrum of chelated enol-OB and the absorption spectrum of the 

given photoproduct. The calculated harmonic wavenumbers of the chelated enol-OB have been 

scaled (by multiplying by a factor of 0.97) to best-match the values obtained from the 

experimental FTIR spectrum, and this same scaling was applied to the calculated wavenumbers 

of all other species of interest. The calculated band intensities and widths were derived from the 

calculated IR transition intensities, associating a 20 cm–1 Gaussian line shape with each spectral 

component, and assuming that every photoexcited chelated enol molecule that does not revert 

back to the S0 forms the specified photoproduct. The absence of a positive going signal at ~1640 

cm-1 in the difference spectrum for oxetane (Figure S6a, cf. the experiment (Figure S6h)) 

suggests that the oxetane is not a significant photoproduct. Likewise, the spectral mismatch of 

the positive going signal in the experiment (~1640 cm-1) and calculated difference spectrum 

(~1675 cm-1) also suggests that the non-chelated enol-OB tautomer is an unlikely photoproduct 

(Figure S6b), as is the ‘trans’ enol-OB isomers due to the positive going signal at ~1650 cm-1 

(Figures S6d and S6e). These results thus suggest the most likely products are either the non-

chelated keto-OB tautomer (Figure S6c) or the ‘trans’ keto-OB isomers (Figures S6f and S6g). 

While we are unable to rule out the non-chelated keto isomer, previous studies on related 
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systems lead us to favour the ‘trans’ keto conformers as more likely photoproducts (Verma et al., 

J. Am. Chem. Soc. 2014, 136, 14981 and Barbatti et al., Phys. Chem. Chem. Phys. 2009, 11, 

1406).  We also note that, without further experimental studies, we are unable to discriminate 

between ‘trans’ keto-OB 1 and 2 (Figures S6f and S6g) but that in the main manuscript and here, 

we choose to compare the experimental TVA spectra with that involving ‘trans’ keto-OB-1 on 

account of its slightly better overall fit.   
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Figure S6. (A-G) Difference spectra derived using the (scaled) calculated harmonic wavenumbers for the oxetane photoproduct 

(A), non-chelated enol-OB and non-chelated keto-OB tautomers (B-C), ‘trans’ enol-OB isomers (D-E) and ‘trans’ keto-OB 

isomers (F-G). (H) Shows the TVA spectra of OB in cyclohexane measured at 50 ps and 200 ps pump-probe time delays.  
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Figure S7. (A) TVA spectra of OB in methanol-d4 for 50 ps and 200 ps pump-probe time delays. (B) Difference spectrum derived 
from the (scaled) calculated harmonic wavenumbers for the chelated enol-OB tautomer and ‘trans’ keto-OB-1 conformational 
isomer. 

 

Analogous TVA spectra of OB-methanol-d4 for 50 ps and 200 ps pump-probe time-delays are 

shown in Figure S7a. The calculated difference spectrum derived from the chelated enol-OB 

(bleach spectrum) and ‘trans’ keto-OB-1 (absorption spectrum), scaled by 0.97, is again shown 

for comparison (Figure S7b). 

 

 

 

 

 

 

 

 

 

 

 

  



 11 

G. Triplet states 

Following the same procedure as discussed in Section F, we also determined difference spectra 

involving various triplet state photoproducts (Figure S8). In particular, we computed difference 

spectra for the chelated enol-OB and chelated keto-OB triplet state photoproducts, along with the 

non-chelated enol-OB and keto-OB triplet photoproducts, and finally the ‘trans’ enol-OB and 

keto-OB triplet photoproducts. All calculated harmonic wavenumbers were again scaled (by 

multiplying by 0.97) on the basis of matching the calculated wavenumbers for the chelated enol-

OB with the experimental FTIR spectrum. The absence of a positive going signal at ~1640 cm-1 

in all difference spectra tends to rule out significant triplet product formation – a view that is 

reinforced by the fact that none of the experimental TVA spectra show a positive going signal in 

the 1575-1625 cm-1 region (a predicted characteristic of all enol-OB triplet state photoproducts).  
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Figure S8. (A-H) Difference spectra derived from the harmonic frequencies for the chelated enol-OB and keto-OB triplet states 

(A-B), non-chelated enol-OB and keto-OB tautomers triplet states (C-D), ‘trans’ enol-OB isomers triplet states (E-F) and ‘trans’ 

keto-OB isomers triplet states (G-H). (I) TVA spectra of OB in cyclohexane for 50 ps and 200 ps pump-probe time delays.  
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H. Global fit uncertainties 

Uncertainties at the 95% level were assigned to each of the extracted lifetimes produced by the 

global fitting procedure using the support plane analysis technique (Warren et al., PLOS ONE. 

2013, 8, e70687 and Roelofs et al., Biophys. J. 1992, 61, 1147). Briefly, for each TEA spectrum, 

the time constants used in the global fit are varied in a systematic manner and the goodness of fit, 

𝜒2, is calculated at each point, while allowing all other parameters to vary. The ratio 
𝜒2

𝜒𝑚𝑖𝑛
2⁄ is 

determined, where 𝜒𝑚𝑖𝑛
2 , is the goodness of fit for the global minimum lifetimes (i.e. those 

reported). A 95% confidence interval is defined by: 

𝜒2

𝜒𝑚𝑖𝑛
2 = 1 +  

𝑝

𝜈
𝐹(0.95, 𝑝, 𝜈), 

where 𝑝 is the number of parameters in global fit, 𝜈 is the number of degrees of freedom and 𝐹 is 

the inverse F cumulative distribution function. The uncertainties reported are those which deviate 

maximally from the global minimum lifetimes. The equation above encloses a subset of possible 

combinations in parameter space, of dimensions equal to the number of lifetimes in the global fit, 

which have a chi-squared ratio below the 95% confidence interval. The maximum deviation of 

each lifetime from the globally determined values is taken to be the upper limit of the uncertainty 

and is the error reported.  

Qualitatively, the results of the support plane analysis can been seen in Figure. S9. For 

the single extracted lifetimes for the TEA spectral region of 415-650 nm, we conclude that τ = 

493 ± 11 fs for cyclohexane (Figure S9a) and τ = 462 ± 14 fs for methanol (Figure S9b). Moving 

to the region of 355-415 nm, where we determined the requirement of two exponential functions 
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to recover the observed dynamics, support plane analysis reveals a contour across two 

dimensional parameter space, the limits of which are determined to be, τ1 = 375 ± 13 fs and τ2 = 

7.8 ± 2.8 ps in cyclohexane (Figure S9c) and τ1 = 368 ± 13 fs and τ2 = 4.9 ± 1.9 ps in methanol 

(Figure S9d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S9. Support plane analysis for the region 415-650 nm in cyclohexane (A) and methanol (B). The respective globally fitted 

lifetimes are shown, τGlobal, with a corresponding blue-dashed line indicating the 95% confidence interval for the ratio between the 

goodness of fits of the current lifetime, τ and τGlobal. Red circles indicate the lifetimes which are on the 95% confidence limit. (C) 

For the regions 355-415 nm in cyclohexane, two exponential decays recover the observed dynamics. The black contour encloses a 

subset of parameter space which gives a ratio below the confidence interval. The red circle indicates the location of the global fit, 

with a ratio of 1. A similar analysis is performed for OB-methanol (D). 
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I.  Methods 

Two experimental setups were employed in the present work, one located at the University of 

Warwick, where the TEAS measurements were recorded and the second at the University of 

Bristol, where TVA spectra were taken. In both laboratories, 10 mM solutions of OB (98%, 

Sigma-Aldrich), in either cyclohexane (> 99%) or methanol (≥ 99.6%) for TEAS and methanol-

d4 (≥ 99%) for TVAS, were delivered using a steel flow-through cell (Harrick Scientific), 

equipped with two CaF2 windows and a 100 µm thick Teflon spacer, which defines the optical 

path length. The sample was recirculated using a peristaltic pump (Masterflex) with PTFE tubing 

throughout, at a flow speed sufficient to ensure a fresh solution was sampled with each laser 

shot. Sample was excited using 325 nm (3.82 eV), ~50 fs pump pulses. The pump beam was 

focused ~20 mm behind the sample to ensure a beam waist at the sample of ~250 µm (~5 times 

that of the probe) and return pump fluences of 1–2 mJ cm-2. The use of a 500 Hz mechanical 

chopper (Thorlabs) in the pump beam created alternating pumped and non-pumped sample 

spectra from which a difference spectrum may be calculated. Pump–probe delays (up to 2 ns for 

TEAS and 1.3 ns for TVAS) were created using a motorized optical delay line in the probe beam 

path. The pump and probe pulses in each laboratory were generated from commercially available 

femtosecond Ti-sapphire regenerative amplified laser systems operating at 1 kHz. In the 

Warwick TEAS setup, the output the laser system (SpectraPhysics, Spitfire XP) was split to give 

two 800 nm beams: (i) 950 mW and (ii) 50 mW. The 325 nm pump pulses were generated using 

an optical parametric amplifier (OPA) (Light-Conversion, TOPAS). Broadband white light 

continuum (340 to 675 nm) probe pulses were generated by focusing attenuated beam (ii) into a 

vertically translated CaF2 window and detected using a fibre coupled UV/Vis spectrometer 

(Avantes, AvaSpec-ULS1650F-USB2). Probe polarisation was held at the magic angle (54.7º) 
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relative to the pump polarisation. The Bristol TVAS setup split the output of the laser (Coherent, 

Legend Elite HE+) to give two 800 nm, 2.45 W beams that were used to seed two OPAs 

(Coherent, OPerA Solo). One OPA was used to generate 325 nm pump pulses and the second 

produced mid-IR probe pulses centred on 1580 cm-1 with a bandwidth of 300 cm-1. IR probe 

light was detected by a liquid nitrogen cooled mercury cadmium telluride array (Infrared 

Associates Inc., MCT-10−128; 128 pixels) coupled to a spectrometer (HORIBA Scientific, 

iHR320).  

 

 

 

 

 

 


