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ABSTRACT: One of the most reactive intermediates for oxidative reactions is the oxyl radical, an electron-deficient oxygen 
atom. The discovery of a new vibration upon photoexcitation of the oxygen evolution catalysis detected the oxyl radical at 
the SrTiO3 surface. The vibration was assigned to a motion of the sub-surface oxygen underneath the titanium oxyl (Ti-O·-

), created upon hole transfer to (or electron extraction from) a hydroxylated surface site. Evidence for such an interfacial 
mode derived from its spectral shape which exhibited a Fano resonance—a coupling of a sharp normal mode to continuum 
excitations. Here, this Fano resonance is utilized to derive precise formation kinetics of the oxyl radical and its associated 
potential energy surface (PES). From the Fano lineshape, the formation kinetics are obtained from the anti-resonance (the 
kinetics of the coupling factor), the resonance (the kinetics of the coupled continuum excitations), and the frequency inte-
grated spectrum (the kinetics of the normal mode’s cross-section). All three perspectives yield a logistic function growth 
with a half-rise of 2.3 ± 0.3 ps and rate of 0.48 ± 0.09 ps. A non-equilibrium transient associated with photoexcitation is 
separated from the rise of the equilibrated PES. The logistic function characterizes the oxyl coverage at the very initial stages 
(t~0) to have an exponential growth rate that quickly decreases towards zero as a limiting coverage is reached. Such time-
dependent reaction kinetics identify a dynamic activation barrier associated with the formation of a PES and quantify it for 
an oxyl radical coverage.

1 
INTRODUCTION  2 
Surface oxygen intermediates form the basis of reaction mechanisms of heterogeneous catalysis on metal 3 
oxides.  Their coverages and formation rates guide the evolution of reactants into products.  One of the 4 
most reactive surface oxygen species is considered the oxyl radical with an electronic configuration of 5 
O•-.  For example, the oxyl radical has been invoked to explain O-O bond formation within the oxygen 6 
evolution reaction (OER) from water1-2.  In bi-radical recombination, two oxyls reduce their electron de-7 
ficiency by forming a bond between the two radicals3-4.   8 

On a surface, the oxyl radical is bound to a metal site, forming a terminal M-O•-.  When produced elec-9 
trochemically during OER, electrons and protons are taken from a water adsorbed species within the 10 
hydration layer of the metal-oxide5-6.  The microscopic details of how the electron and proton transfers7-8 11 
arise determine the oxyl’s binding energy and kinetic stability with respect to the initial catalyst surface9 12 
and therefore, its ability to catalyze the rest of the cycle.  To arrive at these microscopic details, it would 13 
be important to follow how the excited state potential energy surface (PES) of a stable population of oxyls 14 
forms. 15 
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When photons drive the electrochemistry by photo-electrochemistry at a semiconductor-liquid interface, 16 
the necessary time resolution exists to track radical formation.  In recent years, diverse optical probes of 17 
photo-electrochemically excited OER from an electron doped SrTiO3/electrolyte interface have investi-18 
gated the formation of surface oxygen intermediates10-15.  A critical one is the mid-infrared probe of the 19 
vibrational structure of the surface bound oxyl radical12.   A molecular vibration near the longitudinal 20 
optical phonon of SrTiO3 was observed to form upon valence band hole transfer to (or electron transfer 21 
from) a hydroxylated site.  The hole transfer occurs alongside proton transfer from the hydroxylated group 22 
to a neighboring, bare oxygen site.  The assignment was made using experimental correlations, density 23 
functional theory calculations of the excited state PES, and connections between them.   The detailed 24 
theoretical calculation was required, because unlike an oxo such as Co=O,9 a new bond is not created 25 
when the intermediate is formed.  One of the experiment-theory connections is the spectral shape of the 26 
mode, which exhibits a Fano resonance16.  In a Fano resonance, a narrow vibrational mode couples to a 27 
broad continuum (e.g. excitations of delocalized carriers) that are also excited by the infrared probe. They 28 
can be quite informative on how molecular structures couple to an extended, solid-state environment.  For 29 
example, Fano resonances describe plasmonic interactions between quantum nanocrystals and colloidal 30 
molecules17 and adsorbed molecular catalysts18.   31 

Here, we use the oxyl radical’s vibration and the associated Fano resonance to determine the reaction 32 
kinetics by which the hole traps and the oxyl radical forms.  The reaction kinetics are obtained through 33 
three characteristics and associated parameters of the Fano lineshape:   the anti-resonance (the kinetics of 34 
the coupling factor), the resonance (the kinetics of the coupled continuum excitations), and the frequency 35 
integrated spectrum (the kinetics of the normal mode’s cross-section).  That all three perspectives yield a 36 
logistic function growth with a half-rise of 2.3 ± 0.3 ps and rate of 0.48 ± 0.09 ps suggests that we are 37 
tracking the formation of the excited state PES through its underlying quantum states.  To show the meth-38 
odology, a particular electron doping (0.7% Nb) and an air interface is chosen; the air interface contains 39 
a hydration layer but no solvent.  The logistic function describes an exponential growth rate at the very 40 
initial stages (t~0) that quickly decreases towards zero as a limiting oxyl coverage is reached. A transient, 41 
non-equilibrium signal exists that is separated out in the analysis.  While such non-equilibrium effects are 42 
anticipated and intrinsically interesting, we focus on the logistic growth that resolves a dynamic activation 43 
barrier in the formation of an excited state PES. 44 

 45 
SPECTRAL KINETICS OF OXYL RADICAL FORMATION 46 
An ultraviolet light pulse first excites the wide-band gap semiconductor SrTiO3 (STO) to create delocal-47 
ized electrons and holes in the conduction and valence band respectively.  In Figure 1a, this is depicted 48 
by the pump pulse that takes the ground state of the perovskite (1) to the excited state (2) containing 49 
delocalized holes on the largely O 2p valence band. The holes can preferentially trap at a distorted reaction 50 
coordinate in early transition metal oxides19-21.  If they form on hydrated sites, they can form reactive 51 
surface oxygen species (3) trapped by the polarization of the distortion22-23.  At the new reaction coordi-52 
nate, the vibrational transitions (34) are characteristic of the surface oxygen species created.  53 
 54 
That such a process is relevant to Nb-doped SrTiO3 (n-STO) and creates meta-stable oxyl radicals was 55 
investigated previously.  Figure 1b summarizes the results by showing the density functional theory cal-56 
culation of the vibrational structure of the surface of the metal-oxide for the ground state PES, with the 57 
hydration layer alone (left) and for the excited state PES (right), containing a coverage of terminal titanium 58 
oxyl radicals (Ti-O•-)12.  In place of the symmetric breathing mode in the ground state, an optically active 59 
one appears due to the sub-surface oxygen motion perpendicular to the surface and directly underneath 60 
the oxyl radical. The experimental conditions introduced methanol scavengers and correlated the observed 61 
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vibration with O2 evolution to show that the mode occurred when holes could efficiently trap to the sur-62 
face12. The experimental conditions also varied the doping of the semiconductor12.  For electron doped 63 
STO by Nb, the electric field at the interface drives holes to the surface and the mode is observed, while 64 
hole doped STO by Fe, the electric field is in the opposite direction and the mode is not observed.  As 65 
probed by its vibrational mode, the oxyl radicals were found to be stable through nanoseconds. 66 
 67 
As introduced above, the vibrational mode exhibits a characteristic Fano resonance in which the mode 68 
couples to neighboring continua.  In the case of the oxyl radical’s vibration, the resonance exists both with 69 
the continuum of the solid (a plasma excitation, delocalized carrier excitations) and of the liquid (a libra-70 
tional excitation of water).  Previous work makes this conclusion by modulating the extent of the contin-71 
uum involved through doping the solid, comparing air to liquid interfaces, and deuterating the water12.  72 
That the vibration couples to continua within the solid and the liquid shows that it truly sits at the interface, 73 
connecting the experimental phenomenology to the density functional theory calculations.  In the follow-74 
ing work, we have chosen the air interface and the highest doping, 0.7 wt. % Nb, for which the continuum 75 
of the solid dominates.  When coupled to the vibrational mode, the plasma oscillations of the doped elec-76 
trons are polarized to screen the vibrational dipole; the signal of both the mode and the continuum are 77 
seen only in p-polarization when the incoming light beam has a component perpendicular to the sample 78 
plane12.   79 
 80 
In-situ ultrafast IR spectroscopy in an attenuated total reflectance (ATR) geometry measures the subsur-81 
face vibrational mode. In this technique, an evanescent wave formed by total internal reflectance between 82 
the ATR crystal, a single bounce diamond, and air probes the sample surface24. As opposed to a propagat-83 
ing wave, the evanescent wave cannot couple directly to optical phonons of a bulk crystal due to a spatially 84 
decaying Poynting vector, such that the signal is dominated by surface modes.  The STO crystal is brought 85 
close enough to the diamond to be within the ~ 1 um evanescent decay of the mid-infrared probe25. The 86 
data is reported at each time delay as a change in the probe reflectance (ΔR) before and after above band 87 
gap pump (266 nm) excitation, calculated using optical density or Δ mOD = -log(Δ R/R)*10-3. The beam 88 
is p-polarized with a 60° angle to the sample normal.  A more detailed description of the experimental 89 
configuration can be found in Supplemental Figure 1.   90 

Figure 1.  Potential energy surface (PES) and vibrational probe of the oxyl radical. a) PES of the ground 91 
state of SrTiO3 at its minimum (1), the excited state PES of delocalized holes upon UV photoexcitation 92 
(2), and after the PES equilibrates, such that the hole traps in a new minimum of the reaction coordinate 93 
(3) that can be probed by a mid-infrared vibration (4).  b) On the right, the oxyl radical’s (yellow, spin 94 
orbital) subsurface vibration (red arrow) formed from a linear combination of dark (black, breathing) 95 
modes prior to excitation of the hydrated surface on the left. 96 
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Figure 2. Time evolution of the vibrational signal of the n-STO air interface in the first ten ps following 99 
excitation. The 2D contour plot (a) and associated spectra (b) and kinetic traces (c) depict the picosecond 100 
rise of the oxyl radical’s vibration. The vibrational peak begins to take shape within the first picosecond 101 
and reaches its final, converged lineshape by 4 ps. The y-axis of (b) and (c) correspond to the Δ mOD 102 
color scale of the contour plot (a) and represent a change in absorption based on Beer’s Law, or Δ mOD 103 
= -log(ΔR/R)*10-3 where R is the reflectance.   104 

The initial ten picoseconds of the oxyl radical’s formation is illustrated in Figure 2. In the contour plot 105 
(Figure 2a), substantial changes occur within the first four picoseconds until the signal converges to a 106 
final, unchanging spectral shape. The contour plot exhibits a distinctively asymmetric spectral shape, with 107 
a peak optical density (red) at 786 cm-1.  On the higher frequency side of the peak, the optical density 108 
drops sharply while on the lower frequency side, it drops gradually.  This asymmetry aligns with expec-109 
tations for a Fano resonance, as will be explored in more detail below. The optical density of the Fano 110 
peak is negative due to the refractive indices involved in the attenuated total reflection geometry, as dis-111 
cussed elsewhere.  A transient background also exists—the short-lived positive optical density (dark blue) 112 
on the higher frequency side of the peak.   113 

Spectral slices at specific delays are shown in Figure 2b. While the signal grows in, the spectral width 114 
also increases as seen by the peak to valley distance in the blue (0-1 ps) versus pink (2-4 ps) spectra. The 115 
transient background, with a positive maximum near 810 cm-1, grows in and then decays.  Kinetic traces 116 
at specific frequencies are shown in Figure 2c.  There are three regimes: green for frequencies near the 117 
Fano resonance (796-810 cm-1, as will be determined below), red for frequencies below this Fano reso-118 
nance (760-796 cm-1), and blue for frequencies higher than this Fano resonance (810-845 cm-1). For the 119 
wavenumbers covered within the blue frequency regime, the transient background dominates while for 120 
those covered by the red frequency regime, the signal of the Fano peak dominates.   For both the spectral 121 
slices and the kinetic traces, the data demonstrate a converged signal by 4 ps.   122 

The presented data underwent two separate procedures to eliminate artifacts and background signals. First, 123 
regular oscillations in wavenumber are observed, likely due to the mid-infrared detection electronics.  124 
Since these oscillations have a constant frequency spectrum in time and are additive to the oxyl signal, 125 
they can be removed using a low pass FFT filter, as shown in Figure S2a. Second, a background due to 126 
the pump-probe response from the diamond ATR crystal is taken without the presence of the STO sample 127 
after each measurement and subtracted out. While the bandgap of diamond is above that of the pump 128 
beam (5.5 eV vs 4.7 eV), pump-probe responses in the IR range at similar pump wavelengths (273 nm, 129 
310 nm) and peak fluences (~GW/cm2) have been attributed to two photon absorption26-27.  Since the 130 
diamond response is also generally a narrow, symmetric peak about time zero, it has been used as an 131 
autocorrelation measurement of the pump and probe27. We have a similarly symmetric peak (Figure S2b) 132 
and use it to determine time zero by a gaussian fit (Figure S2c). 133 
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The instrument response function (IRF) was measured previously by a cross-correlation of the pump pulse 134 
(266 nm) with a 150 fs, 800 nm pulse, determining a pulse width of 0.4 ps (Figure S3a). This resolution 135 
is sufficient to accurately resolve the rise without distorting the kinetics. A convolution of the IRF with 136 
the logistic function used for fitting the reaction kinetics (discussed below) yielded a fit that is unchanged 137 
in comparison to the non-convolved logistic function (Figure S3b).  138 

In parallel to the data presented in Figure 2 and analyzed within the manuscript, two other data sets taken 139 
with the same experimental conditions were measured and analyzed.  The contour plots, spectral slices, 140 
and kinetic traces of all three data sets are shown in Figure S4, highlighting the reproducibility of the 141 
measurements.  While the overall signal strength varied due to the ATR geometry’s sensitivity to the 142 
distance between the ATR crystal and the sample, the time-dependent spectra are consistent across the 143 
three data sets.   144 
 145 

|< 𝑌𝑌|𝑇𝑇|𝑖𝑖 >|2 =
𝐴𝐴(𝑡𝑡) �2(𝜔𝜔 − 𝜔𝜔0)

Γ(𝑡𝑡) + 𝑞𝑞�
2

1 + �2(𝜔𝜔 −𝜔𝜔0)
Γ(𝑡𝑡) �

2 + 𝑌𝑌0 Equation. 1 

 146 

 147 

Figure 3. Free-form Fano fits of the spectral kinetics.  (a) Illustrates the Fano fit (black line) that results 148 
from excitation of the discrete mode (gray) and the coupled continuum (gray) by the infrared probe to 149 
detect the resulting asymmetric spectrum (red dots). (b)-(f) show the time evolution of the Fano parame-150 
ters obtained from free fits: (b) The Fano asymmetry constant (q), (c) the resonant frequency (ω0), (d) the 151 
coupled continuum excitations (A), (d) the coupling factor (Γ), and the uncoupled continuum excitations 152 
(Y0). 153 
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Next, we turn to examining the data using the Fano lineshape, whose form is given by Equation 1.  There 154 
are several quantum mechanical wave functions involved in the Fano equation16.  Ψ represents the vibra-155 
tional wave function coupled to the continuum, such that |<Ψ|T|i>|2 is the square of the transition dipole 156 
moment or intensity measured by the spectroscopy for the coupled vibrational mode; T is the dipole op-157 
erator and i is the initial state.  ψ is the quantum mechanical wave function of the continuum and A in eq. 158 
1 denotes |<ψ|T|i>|2, or the intensity of the continuum light excitations coupled to the mode.  Y0 is the 159 
same, but for the uncoupled continuum excitations; it is an additive, constant background in the region of 160 
the mode frequency. The lineshape is a function of (ω − ω0)/2Γ. ω0 is the resonant frequency of the mode 161 
after coupling to the continuum.  Γ is equal to the square of the coupling constant of the mode to the 162 
continuum and is a measure of the spectral width; with q=0, the Fano equation simplifies to a Lorentzian.  163 
For a given Γ, the light frequency ω probes the Fano lineshape through the resonance.    164 

Figure 3a shows representations of the bare vibrational mode, the continuum excitations, and the Fano 165 
lineshape of the coupled vibrational mode.  Fano parameters A (an intensity at ω=ω0), Γ (a spectral width), 166 
ω0 (the resonant frequency), and Y0 (constant background) on the Fano lineshape are depicted.  The main 167 
continua contributing to the Fano lineshape come from electron plasma and delocalized carrier excitations 168 
in the STO substrate28. The electronic plasma continuum is a broad peak centered at 400-500 cm-1 and 169 
extends past the 802 cm-1 vibrational mode, as represented by the gray spectrum.  In addition to this, there 170 
are delocalized carrier excitations due to both dopant electrons and electron-hole pairs created upon pump 171 
excitation.  172 

The coupling between the mode and the continuum results in an asymmetric lineshape when light simul-173 
taneously excites the mode and the coupled continuum. That asymmetry is defined by the parameter q: 174 

𝑞𝑞2 =
2|< 𝜙𝜙|𝑇𝑇|𝑖𝑖 >|2

𝜋𝜋|< 𝜓𝜓|𝑇𝑇|𝑖𝑖 >|2Γ
     𝐸𝐸𝑞𝑞𝐸𝐸𝐸𝐸𝑡𝑡𝑖𝑖𝐸𝐸𝐸𝐸 2 175 

Thus, q2 is proportional to the ratio of light excitations of the bare but dielectrically screened mode 176 
(|<φ|T|i>|2) to that of the coupled continuum light excitations (|<ψ|T|i>|2). The denominator represents the 177 
number of continuum excitations that contribute to the Fano resonance within the width of the mode, 178 
given by Γ; ψ is reported as a density of states such that q is unitless.  For our data, with a q value near –179 
1, Γ is the difference between the maximum and minimum of the Fano peak, as depicted in Figure 3a.  180 

The spectra shown in Figure 2b were freely fit with the Fano lineshape at each time delay.  The quality of 181 
the fits for the main manuscript data are shown in Figure S5.  The resulting time-dependence of the Fano 182 
parameters are shown in Fig. 3b-3f.  Interestingly, the asymmetry parameter q (Fig. 3b) and the resonant 183 
frequency ω0 (Fig. 3c) are fairly time independent.  The coupled continuum excitations of A (Fig. 3d) and 184 
the coupling factor defined by Γ (Fig. 3e) both exhibit rising kinetics that converge to a final value by 4 185 
ps, while the uncoupled continuum excitations of Y0 (Fig. 3f) rise and decay by 4 ps.  In addition, a 186 
transient can be seen in A before the kinetics stabilize. 187 

Free fits performed on all three data sets are shown in supplemental figure S6. While overall similar trends 188 
for each parameter are shown, some parameters are highly correlated and changing one can be compen-189 
sated by changing another.  An example of when this occurs is the third data set for which q becomes time 190 
dependent, and A has a different time dependence than that shown in Fig. 3d.  Thus, one set of free fits is 191 
not necessarily unique. 192 

 193 

 194 
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 195 

Figure 4. Extraction of A(t), Γ(t), and S(t) by frequency regimes of the Fano resonance. (a) Depicts the 196 
resonant frequency (ω0) and anti-resonant frequency (ωΑ) used to determine A(t) and Γ(t) respectively on 197 
the 10 ps spectrum.  The frequency integrated spectrum is S(t). (b-d) show the time evolution of A(t) (b), 198 
Γ(t) (c), and S(t) (d) along with the corresponding logistic fits and associated time constants. The manual 199 
determination of Γ(t) < 1 ps is shown in (c).  The instrument response function (IRF) and standard devia-200 
tion range of the data (σ range) are given in (d). 201 

EXTRACTING TIME-DEPENDENCE OF FANO PARAMATERS: A(t), Γ(t), and S(t) 202 

Fortunately, distinct frequencies within the Fano lineshape uniquely determine A(t) and Γ(t) if q and ω0 203 
are constant.  The constancy of q and ω0 is on the one hand supported by the free fits, for which it generally 204 
occurs.  On the other hand, conceptually the constancy of q can be understood by its construction from 205 
the underlying quantum mechanical wave functions of the two parts contributing to the Fano resonance: 206 
a ratio of the light excitations of the bare mode (the numerator) to those of the coupled continuum within 207 
the mode’s width (the denominator).  If as the bare mode forms, it couples at each instant to the continuum, 208 
then q should be constant in time. Similarly, if the coupling occurs at each instant, the resonant frequency 209 
should be constant in time.  A justification for such an instantaneous coupling is that the electronic re-210 
sponse to atomic motion is considered fast on the time scale of the atomic motion itself.  The Born-211 
Oppenheimer approximation is an example of such a justification, albeit for how electrons in a bond 212 
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respond to atomic motion.  We will return to this justification below with data itself and a frequency 213 
integration of the Fano lineshape. 214 

If q and ω0 are time-independent, then the Fano lineshape evaluated at the resonant frequency uniquely 215 
extracts the time evolution of the coupled continuum excitations (A(t)).  At the resonant frequency, Equa-216 
tion 1 simplifies to: 217 

|< Ψ|𝑇𝑇|𝑖𝑖 >|2 = 𝐴𝐴(𝑡𝑡) ⋅ 𝑞𝑞2      𝐸𝐸𝑞𝑞𝐸𝐸𝐸𝐸𝑡𝑡𝑖𝑖𝐸𝐸𝐸𝐸 3 218 

 219 

From the free fits, ω0 and q were determined to be 802 cm-1 (Figure 3c) and -1.2 (Figure 3b) respectively. 220 
For a q near -1, ω0 is located at approximately the half-rise of the peak (Figure 4a).  Using these values, 221 
A(t) shown in Figure 4b exhibits an S-shaped growth that saturates beyond 4 ps and does not contain the 222 
transient of the free fits (Figure 3d).   223 

Similarly, the anti-resonance frequency (ωΑ) can be used to determine the time evolution of the coupling 224 
factor (Γ(t)). The anti-resonance is located at the minimum of the concavity in the Fano lineshape, as 225 
labeled in Figure 4a.  In the absence of a constant offset (Y0), ωΑ occurs at the zero of the Fano lineshape, 226 
such that:  227 

 𝜔𝜔𝐴𝐴 = −𝑞𝑞Γ(𝑡𝑡)
2

+ 𝜔𝜔0   𝐸𝐸𝑞𝑞𝐸𝐸𝐸𝐸𝑡𝑡𝑖𝑖𝐸𝐸𝐸𝐸 4 228 

Given the existence of an offset, extracting ωA from the data is done by taking the first and second deriv-229 
atives of the spectrum to find the frequency at which the first derivative is zero and the second derivative 230 
is negative (Figure S7a). Once this frequency is extracted at each time delay, Γ(t) is derived from Equation 231 
4 with ω0 = 802 cm-1 and q = -1.2. The resulting time evolution is shown in Figure 4c and like A(t), 232 
exhibits an S-shaped growth that saturates by 4 ps.   233 

At the earliest time delays, the data do not fit perfectly to a Fano lineshape which especially affects the 234 
extraction of Γ(t). The method to extract ωΑ uses the Fano fits of each spectrum rather than the data itself 235 
because the point density in the fit is much greater than the data (taken at each pixel of the detector) and 236 
produces a smooth Γ(t) in comparison (Figure S7b). This results in a value of Γ that does not accurately 237 
reflect the anti-resonance at the earliest time delays (Figure S7c). Therefore, for these time delays, ωΑ are 238 
extracted manually and the resulting Γ values are shown as blue circles in Figure 4c.  Nonetheless, a 239 
change in Γ(t) is noticeable below 0.75 ps. Even faster processes could be at play in the hole trapping 240 
reaction, and we do not attempt to ascribe their origin here. 241 

We now turn to one more way of extracting the time dependence of the Fano parameters and that is 242 
through a frequency integration of the spectrum at each time delay.  The resulting S(t) is shown in Figure 243 
4d.  Interestingly, like A(t) and Γ(t), S(t) exhibits an S-shaped growth that saturates.  As derived by U 244 
Fano16, the integration, S, of the Fano lineshape represents the cross-section of the bare, screened mode 245 
after a simple subtraction of the coupled continuum excitations (A), integrated over the same frequency 246 
range.  Without this correspondence, the frequency dependence of the underlying parameters invalidates 247 
the derivation of the Fano resonance.  That S(t) exhibits a regular growth and one that resembles A(t) 248 
supports the applicability of the Fano resonance here.  Furthermore, it suggests that the cross-section of 249 
the bare, screened mode is created essentially at the same time as that of the cross-section of the coupled 250 
continuum excitations, which helps justify the constancy of q and ω0 described above.   251 
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The S-shaped growth of A(t), Γ(t), and S(t) suggests the use of a logistic growth function (Equation 5) to 252 
describe the kinetics. This yields two-time constants, along with the saturation of the growth (max): τ, 253 
which describes the rate of the rise, and t1/2, which defines the half-rise of the growth29. The logistic 254 
function used to fit the data is: 255 

𝑓𝑓(𝑡𝑡)  =
𝑚𝑚𝐸𝐸𝑚𝑚

�1 + exp �
𝑡𝑡1
2
− 𝑡𝑡

𝜏𝜏 ��

  +  𝑏𝑏𝐸𝐸𝑏𝑏𝑏𝑏    𝐸𝐸𝑞𝑞𝐸𝐸𝐸𝐸𝑡𝑡𝑖𝑖𝐸𝐸𝐸𝐸 5 256 

Base is a constant background used especially for fitting Γ(t) starting at 0.75 ps.  The fits, shown on top 257 
of the data in Figure 4, nicely describe the growth kinetics of all three Fano parameters. 258 

Furthermore, they all exhibit similar τ and t1/2 values.  Each of the three data sets yields three evaluations 259 
of these time constants by A(t), Γ(t), and S(t).  The results are shown in Figure S8 and the time constants 260 
are compiled in Table S1.  The nine separate determinations of the time constants lead to the following 261 
average values and standard deviations:  τ = 0.48 ± 0.09 ps and t1/2 = 2.3 ± 0.3 ps. The range of logistic 262 
curves given by the average values ± one standard deviation is displayed in Figure 4d in gray and detailed 263 
in Figure S9, which also describes the effect of changing τ and t1/2 individually.  The IRF on Figure 4d 264 
shows that the time-resolution would not affect the fits.  265 

An exponential rise of the form 1 − 𝑏𝑏−𝑡𝑡/τ (Equation S2) is often used to fit the reaction kinetics of similar 266 
systems following light excitation.  To explore the validity of such a fit, A(t) extracted at the resonant 267 
frequency (801 cm-1) (Figure S10a) and the kinetic trace at the Fano peak maximum (786 cm-1) (Figure 268 
S10b) were each fit by an exponential rise.  A time-zero offset between 0 ps and 2 ps was included to 269 
account for any time dynamics that were not measured by the probe (e.g. of delocalized carriers).  For the 270 
exponential rise to capture the second half of A(t), the fit must be initialized with an offset of 2 ps, which 271 
results in a failure to capture the initial time delays at all. The same occurs for the kinetic trace at the peak 272 
maximum, which rises faster than A(t) and yet, the simple exponential cannot fully capture both ends of 273 
the time trace. Thus, the logistic function represents a more accurate and holistic function with which to 274 
model the oxyl formation kinetics by its specific vibration.  The logistic formation is different than the 275 
rising exponential fits of the visible stimulated emission or the coherent terahertz oscillations that provide 276 
information on the electronic levels11 and the continuum lattice strain15 due to hole-polarons on n-STO 277 
respectively.  When probed in a more collective way, for which different geometries of hole-traps are not 278 
distinguished, a rising exponential can be fit with a 1.3 ps time-constant.  We also note that the kinetics 279 
at the Fano peak maximum (Figure S10b) and away from resonance are different than that extracted by 280 
the Fano parameters.     281 

 282 
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 283 

Figure 5. Modelling the equilibrated PES of the oxyl and the non-equilibrium transient. (a) Contour plot 284 
of the Fano resonance of the equilibrated PES with associated spectral slices (b) and kinetic traces (c). 285 
The input parameters for q, ω0, Γ(t), and A(t) are described in the text. (d)-(f) show the difference between 286 
the raw data (Figure 2) and the model for the equilibrated PES (a-c), which extracts the contour plot (d), 287 
spectral slices (e), and kinetic traces (f) of the non-equilibrium transient.   288 

REACHING AN EQUILIBRIUM POTENTIAL ENERGY SURFACE OF OXYL RADICALS 289 

By using the kinetics extracted by the resonant frequency for A(t), of the shift in the anti-resonant fre-290 
quency for Γ(t), and the frequency integrated spectrum for S(t), a common logistic function rise was found 291 
with a τ of 0.48 ps and a t1/2 of 2.3 ps.  Since the logistic function exhibits a smooth increase that then 292 
saturates, it cannot itself describe transients within the data.  In the following, we utilize this finding to 293 
separate components of the data that describe an equilibrium reached by a meta-stable excited state surface 294 
from a decaying transient.   We then consider what the kinetics of this equilibration say about the mech-295 
anism of hole-trapping to create the excited state PES of oxyl radicals.   296 

To separate out the formation of the excited state PES, a Fano lineshape is built from the two time-inde-297 
pendent parameters, q and ω0, and the two time-dependent parameters, A(t) and Γ(t).  Figure 5a shows 298 
the contour plot of a Fano equation with q=-1.2 (Figure 3b), ω0=802 cm-1 (Figure 3c), and logistic function 299 
growths for A(t) and Γ(t) with τ = 0.48 and t1/2 = 2.3.  For A(t), the logistic function rises from zero (base) 300 
to a maximum of 3 mOD (max) as derived from Figure 4b.  For Γ(t), a base of 15 cm-1 rises by 15 cm-1 301 
(max) to saturate at 30 cm-1 as derived from Figure 4c.     302 

Select spectral slices at 1-2 ps, 2-4 ps, and 4-10 ps are shown in Figure 5b.  As depicted there, ω0 is 303 
constant, while ωA redshifts.  The redshift is anticipated from Eq. 4 as Γ grows in time.  While such a 304 
redshift can be seen in the data itself (Figure 2b), it becomes clearer in the modelling for which the tran-305 
sient Y0 is not included.  Select kinetic traces prior to ω0, near ω0, and through ωA are shown in Figure 306 
5c.  Both the kinetic traces and the spectral slices for ω> ωA more clearly show the tail of the Fano line-307 
shape obscured in the data by the transient Y0 (Figure 2c).  Overall, the spectral and kinetic traces follow 308 
that of the raw data (Figure 2b-c) when the uncoupled background is avoided either in frequency (< 800 309 
cm-1) or in time (> 4 ps).    310 
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To identify the transient in the data, we have subtracted this equilibrium model from the raw data to obtain 311 
the contour plot in Figure 5d. The spectral slices and kinetic traces are shown for select time delays and 312 
frequencies in Figure 5e and Figure 5f.  The entirety of the signal is transient and there are two compo-313 
nents: a peak in the region of the anti-resonance, and a fairly symmetry peak of opposite sign below the 314 
resonance.  Interestingly, at the resonant frequency, there is a negligible transient.  The two components 315 
reflect the transient Y0(t) and the transient within A(t) seen in the free Fano fits of Figure 3f and 3d 316 
respectively.  While the background to the Fano lineshape is then frequency dependent, it is also of a 317 
particular shape such that the kinetics extracted at ω0, by the shift in ωA, and the integrated spectrum 318 
isolate the kinetics of equilibration.  The non-equilibrium component is avoided at the resonant frequency, 319 
does not appreciably change the anti-resonant frequency, and being approximately symmetric across the 320 
resonance, integrates to ~ zero within the frequency window.  While this is the outcome of the data anal-321 
ysis using the distinctive Fano lineshape, why such a clean separation is possible is not a priori clear and 322 
would require an atomistic understanding of how non-equilibrium transients couple to the vibration as the 323 
PES forms. One of the possible origins of the non-equilibrium transient are electron-hole excitations by 324 
the pump that couple to the vibration temporarily before they decay.   325 

We now turn to how to visualize populating an electron doped semiconductor surface with oxyl radicals 326 
using a logistic function rise and further, one that is consistent across several Fano parameters.   Each of 327 
the parameters have a distinct physical meaning, as discussed in detail above.  S(t) is a measure of the 328 
transition dipole of the bare, screened vibration while A(t) and Γ(t) are measures of how that vibration 329 
couples to its surroundings.  Since they all rise with a similar logistic function suggests that as the oxyl 330 
forms, the vibration simultaneously couples to the electronic continuum.  One could rationalize this result 331 
by the time required for a change in the vibrational dipole moment to couple to the electronic continuum, 332 
which could be instantaneous at the time-resolution of the experiment as discussed above.   333 

On the other hand, the logistic function growth is itself more difficult to describe, since it means that the 334 
reaction kinetics change in time as the oxyl forms.  In the t=0 limit, the rate of growth is exponential, 𝑏𝑏𝑡𝑡/τ.  335 
That growth rate decreases towards zero as the oxyl fully forms and a limiting coverage is reached.  As 336 
cartooned in Figure 1, the process is initially barrier less, but as the reaction coordinate extends to form 337 
the oxyl, an activation barrier grows in.  Since the formation of the oxyl in the theoretical calculation 338 
requires a ~10% extension of the titanium-oxygen bond12, 22, an activation barrier would be anticipated 339 
for the fully formed oxyl due to the polarization that traps the hole.  In terms of the ergodicity of the hole-340 
trapping reaction, there is no barrier to release energy to the surroundings initially and that grows as the 341 
equilibrium reaction coordinate of the oxyl forms.   342 

Another way to understand how the growth rate slows is through the interaction between oxyls.  In the 343 
experiments, a population of oxyls is created and this population saturates with photoexcitation fluence, 344 
as shown previously.  Since a larger population of photoexcited holes does not create a larger oxyl popu-345 
lation, the oxyl coverage is surface limited11, 15.  Likely, this surface limitation comes from their repulsive 346 
Coulombic interaction.  To what extent repulsive interactions between a surface coverage of oxyls or the 347 
reaction coordinate polarization itself leads to the observed logistic growth would require atomistic sim-348 
ulations of the hole-trapping event.    349 

Finally, we shortly comment on these results from the perspective of Marcus theory of electron transfer 350 
for molecules on the one hand, and polaronic distortions in solids on the other. Marcus theory describes 351 
how molecular distortions within the molecule and its surroundings lead to a reorganization energy and 352 
driving force for electron transfer that together define its transition state and activation barrier30.  The 353 
reaction kinetics then follow a well-defined law that can be modulated experimentally by, for example, 354 
the solvent environment and bonding within the molecule.  Ultrafast optical spectroscopy has played an 355 
important role in defining the scope of the theory by measuring electron transfer kinetics as a function of 356 
these parameters.   However, Marcus theory deals with two states—an initial and final one—with a single 357 
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activation barrier and so, it is not immediately clear how to apply the theory to a dynamically evolving 358 
one.  On the other hand, more recently, ultrafast x-ray31 and multi-dimensional, optical spectroscopy32 of 359 
molecular electron transfer depict a multitude of dynamic structural distortions involved in forming the 360 
final reaction coordinate.   On the solid-state side, ultrafast x-ray diffraction probes polaronic distortions 361 
and especially in the halide perovskites33-34.  The closest study we are aware of to a dynamic activation 362 
barrier are those that measure a radially expanding strain field due to picosecond polaron formation and 363 
its subsequent relaxation; corresponding ultrafast optical spectroscopy further associates a time-dependent 364 
effective mass33. 365 

CONCLUSIONS 366 

The work identifies the formation of an excited state PES that reaches a meta-stable equilibrium for an 367 
oxyl radical surface coverage.  As such, it describes how stable reactive oxygen intermediates form for 368 
oxygen evolution catalysis, among other important catalytic reactions.  The formation of the excited state 369 
PES is identified through the increasing cross-section of a vibration coupled to its immediate surround-370 
ings.  The coupling allows a Fano resonance and its associated parameters to be applied to the time-371 
evolution of the spectral kinetics.  Through the fitting of these parameters by the logistic function, the 372 
time dynamics show that holes initially trap with barrier-less kinetics until an activation barrier accumu-373 
lates as the polarization due to a distorted reaction coordinate grows; the rates likely depend also on the 374 
Coulombic interaction between the trapped holes or oxyls.   375 

EXPERIMENTAL METHODS: 376 

Sample and ATR Cell: 0.7% Nb-doped by weight SrTiO3 single crystal samples with a (100) crystallo-377 
graphic orientation were acquired from MTI. The crystals measured 10 mm x 10 mm x 0.5 mm in size, 378 
with the front side of the sample polished to an arithmetic mean roughness of 0.5 Å. 379 
 380 
For each measurement a custom-built ATR cell made of PEEK plastic was employed, shown in Figure 381 
S1. The internal reflection element (IRE) used was a single-bounce 45° trapezoidal diamond (GladiATR 382 
plate, Piketech) with a 1 mm front facet and 1.4 mm side facets. The STO samples were mounted within 383 
the cell using epoxy (Loctite 615). While the epoxy was still wet, the sample was lightly pressed against 384 
the IRE using a Thorlabs Polaris P20 actuator and allowed to fully dry, ensuring the crystals' alignment 385 
was parallel with the IRE. 386 
 387 
Transient Infrared Setup: The pump and probe beams were generated using a Legend Coherent Elite 388 
amplifier Ti:sapphire laser, emitting 800 nm pulses with a temporal width of 150 fs and a repetition rate 389 
of 1 kHz. A portion of the light was directed through a 0.5 kHz chopper and then converted through third 390 
harmonic generation to a 266 nm pump beam. The pump was directed through the front facet of the IRE 391 
at normal incidence to excite the STO sample. Before reaching the IRE, the pump was focused and atten-392 
uated using a focusing lens and variable OD filters, resulting in a beam size of 665 µm FWHM with a 393 
fluence of 0.1 mJ/cm2 at the sample position.  With a 400 fs pulse beam width determined by a cross-394 
correlation (IRF in Figure S3a), this results in a peak fluence in the diamond of 1.14 GW/cm2.   395 
 396 
Another portion of the 800 nm pulse was directed into an optical parametric amplifier (Opera Solo) to 397 
convert the light to infrared pulses with a center wavelength of 800 cm-1 and a 150 cm-1 bandwidth with 398 
P polarization. This polarization has a component perpendicular to sample and allows for exciting the 399 
oxyl vibrational mode that is likewise perpendicular to the sample surface. The IR beam was then split 400 
using a 50/50 beam splitter to create a probe and reference line. The probe, with a beam size of 350 µm 401 
FWHM, was sent through the IRE in the ATR cell at an incidence angle of 60° using a focusing lens. This 402 
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resulted in an evanescent wave penetration depth of 1.1 µm at the diamond/air interface used for meas-403 
urements. 404 
 405 
After passing through the IRE, the probe was collimated and focused into an entrance slit for an Acton 406 
SP-2300 spectrograph (Princeton Instruments), where it was dispersed onto the top row of a dual-array 407 
64-element detector (MCT-12-64, Infrared Associates). The reference beam was directed to the bottom 408 
array of the detector. The signal was amplified using a boxcar amplifier (FPAS boxcar integrator) and 409 
sent to a computer. The delay between pump and probe pulses was controlled by a delay stage (MTM 410 
250CC1, Newport). The probe was normalized using the reference line to account for shot-by-shot dif-411 
ferences. 412 

Transient IR ATR measurements: During the experiments, the sample was pressed into the 1.1 µm 413 
penetration depth of the evanescent wave at the diamond/air interface using the actuator. The sample was 414 
photoactivated by the 266 nm 0.5 kHz pump and probed with the IR 800 cm-1 1 kHz probe. The absorb-415 
ance was calculated using Beer's Law with ∆A = -log(∆R/R), where ∆R is the change in reflectivity before 416 
and after exciting with the pump, and R is the initial reflection before excitation, measuring the change in 417 
reflectance of the sample before and after being pumped. Spectra were collected with a 67 fs step across 418 
the desired time range. Following each experiment, the sample was removed from the evanescent wave 419 
and a transient background was recorded under the same experimental conditions. 420 
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