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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 SrTiOs 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.

INTRODUCTION

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

On a surface, the oxyl radical is bound to a metal site, forming a terminal M-O*". When produced elec-
trochemically during OER, electrons and protons are taken from a water adsorbed species within the
hydration layer of the metal-oxide>®. The microscopic details of how the electron and proton transfers’™
arise determine the oxyl’s binding energy and kinetic stability with respect to the initial catalyst surface’
and therefore, its ability to catalyze the rest of the cycle. To arrive at these microscopic details, it would
be important to follow how the excited state potential energy surface (PES) of a stable population of oxyls
forms.
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When photons drive the electrochemistry by photo-electrochemistry at a semiconductor-liquid interface,
the necessary time resolution exists to track radical formation. In recent years, diverse optical probes of
photo-electrochemically excited OER from an electron doped SrTiOzs/electrolyte interface have investi-
gated the formation of surface oxygen intermediates'®!>. A critical one is the mid-infrared probe of the
vibrational structure of the surface bound oxyl radical'>. A molecular vibration near the longitudinal
optical phonon of SrTiO3; was observed to form upon valence band hole transfer to (or electron transfer
from) a hydroxylated site. The hole transfer occurs alongside proton transfer from the hydroxylated group
to a neighboring, bare oxygen site. The assignment was made using experimental correlations, density
functional theory calculations of the excited state PES, and connections between them. The detailed
theoretical calculation was required, because unlike an oxo such as Co=0,’ a new bond is not created
when the intermediate is formed. One of the experiment-theory connections is the spectral shape of the
mode, which exhibits a Fano resonance'®. In a Fano resonance, a narrow vibrational mode couples to a
broad continuum (e.g. excitations of delocalized carriers) that are also excited by the infrared probe. They
can be quite informative on how molecular structures couple to an extended, solid-state environment. For
example, Fano resonances describe plasmonic interactions between quantum nanocrystals and colloidal
molecules!” and adsorbed molecular catalysts'®.

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

SPECTRAL KINETICS OF OXYL RADICAL FORMATION

An ultraviolet light pulse first excites the wide-band gap semiconductor SrTiO3 (STO) to create delocal-
ized electrons and holes in the conduction and valence band respectively. In Figure 1a, this is depicted
by the pump pulse that takes the ground state of the perovskite (1) to the excited state (2) containing
delocalized holes on the largely O 2p valence band. The holes can preferentially trap at a distorted reaction
coordinate in early transition metal oxides'*?!. If they form on hydrated sites, they can form reactive
surface oxygen species (3) trapped by the polarization of the distortion?*?*. At the new reaction coordi-
nate, the vibrational transitions (3—>4) are characteristic of the surface oxygen species created.

That such a process is relevant to Nb-doped SrTiO; (n-STO) and creates meta-stable oxyl radicals was
investigated previously. Figure 1b summarizes the results by showing the density functional theory cal-
culation of the vibrational structure of the surface of the metal-oxide for the ground state PES, with the
hydration layer alone (left) and for the excited state PES (right), containing a coverage of terminal titanium
oxyl radicals (Ti-O*)'?. In place of the symmetric breathing mode in the ground state, an optically active
one appears due to the sub-surface oxygen motion perpendicular to the surface and directly underneath
the oxyl radical. The experimental conditions introduced methanol scavengers and correlated the observed
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vibration with O2 evolution to show that the mode occurred when holes could efficiently trap to the sur-
face!2. The experimental conditions also varied the doping of the semiconductor'?. For electron doped
STO by Nb, the electric field at the interface drives holes to the surface and the mode is observed, while
hole doped STO by Fe, the electric field is in the opposite direction and the mode is not observed. As
probed by its vibrational mode, the oxyl radicals were found to be stable through nanoseconds.

As introduced above, the vibrational mode exhibits a characteristic Fano resonance in which the mode
couples to neighboring continua. In the case of the oxyl radical’s vibration, the resonance exists both with
the continuum of the solid (a plasma excitation, delocalized carrier excitations) and of the liquid (a libra-
tional excitation of water). Previous work makes this conclusion by modulating the extent of the contin-
uum involved through doping the solid, comparing air to liquid interfaces, and deuterating the water!?.
That the vibration couples to continua within the solid and the liquid shows that it truly sits at the interface,
connecting the experimental phenomenology to the density functional theory calculations. In the follow-
ing work, we have chosen the air interface and the highest doping, 0.7 wt. % Nb, for which the continuum
of the solid dominates. When coupled to the vibrational mode, the plasma oscillations of the doped elec-
trons are polarized to screen the vibrational dipole; the signal of both the mode and the continuum are
seen only in p-polarization when the incoming light beam has a component perpendicular to the sample
plane!?.

In-situ ultrafast IR spectroscopy in an attenuated total reflectance (ATR) geometry measures the subsur-
face vibrational mode. In this technique, an evanescent wave formed by total internal reflectance between
the ATR crystal, a single bounce diamond, and air probes the sample surface®*. As opposed to a propagat-
ing wave, the evanescent wave cannot couple directly to optical phonons of a bulk crystal due to a spatially
decaying Poynting vector, such that the signal is dominated by surface modes. The STO crystal is brought
close enough to the diamond to be within the ~ 1 um evanescent decay of the mid-infrared probe?. The
data is reported at each time delay as a change in the probe reflectance (AR) before and after above band
gap pump (266 nm) excitation, calculated using optical density or A mOD = -log(A R/R)*10. The beam
is p-polarized with a 60° angle to the sample normal. A more detailed description of the experimental
configuration can be found in Supplemental Figure 1.
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Figure 1. Potential energy surface (PES) and vibrational probe of the oxyl radical. a) PES of the ground
state of SrTiO3 at its minimum (1), the excited state PES of delocalized holes upon UV photoexcitation
(2), and after the PES equilibrates, such that the hole traps in a new minimum of the reaction coordinate
(3) that can be probed by a mid-infrared vibration (4). b) On the right, the oxyl radical’s (yellow, spin
orbital) subsurface vibration (red arrow) formed from a linear combination of dark (black, breathing)
modes prior to excitation of the hydrated surface on the left.
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Figure 2. Time evolution of the vibrational signal of the n-STO air interface in the first ten ps following
excitation. The 2D contour plot (a) and associated spectra (b) and kinetic traces (c) depict the picosecond
rise of the oxyl radical’s vibration. The vibrational peak begins to take shape within the first picosecond
and reaches its final, converged lineshape by 4 ps. The y-axis of (b) and (c¢) correspond to the A mOD
color scale of the contour plot (a) and represent a change in absorption based on Beer’s Law, or A mOD
= -log(AR/R)*107 where R is the reflectance.

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

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

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

In parallel to the data presented in Figure 2 and analyzed within the manuscript, two other data sets taken
with the same experimental conditions were measured and analyzed. The contour plots, spectral slices,
and kinetic traces of all three data sets are shown in Figure S4, highlighting the reproducibility of the
measurements. While the overall signal strength varied due to the ATR geometry’s sensitivity to the
distance between the ATR crystal and the sample, the time-dependent spectra are consistent across the
three data sets.
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Figure 3. Free-form Fano fits of the spectral kinetics. (a) Illustrates the Fano fit (black line) that results
from excitation of the discrete mode (gray) and the coupled continuum (gray) by the infrared probe to
detect the resulting asymmetric spectrum (red dots). (b)-(f) show the time evolution of the Fano parame-
ters obtained from free fits: (b) The Fano asymmetry constant (q), (c) the resonant frequency (o), (d) the
coupled continuum excitations (A), (d) the coupling factor (I'), and the uncoupled continuum excitations
(Yo).
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Next, we turn to examining the data using the Fano lineshape, whose form is given by Equation 1. There
are several quantum mechanical wave functions involved in the Fano equation'®. ¥ represents the vibra-
tional wave function coupled to the continuum, such that |[<\P|T]i>[? is the square of the transition dipole
moment or intensity measured by the spectroscopy for the coupled vibrational mode; T is the dipole op-
erator and 1 is the initial state. y is the quantum mechanical wave function of the continuum and 4 in eq.
1 denotes |<yT]i>]%, or the intensity of the continuum light excitations coupled to the mode. Yo is the
same, but for the uncoupled continuum excitations; it is an additive, constant background in the region of
the mode frequency. The lineshape is a function of (@ — an)/2I". ax is the resonant frequency of the mode
after coupling to the continuum. I is equal to the square of the coupling constant of the mode to the
continuum and is a measure of the spectral width; with g=0, the Fano equation simplifies to a Lorentzian.
For a given I', the light frequency @ probes the Fano lineshape through the resonance.

Figure 3a shows representations of the bare vibrational mode, the continuum excitations, and the Fano
lineshape of the coupled vibrational mode. Fano parameters A (an intensity at w=a»), I" (a spectral width),
an (the resonant frequency), and Yo (constant background) on the Fano lineshape are depicted. The main
continua contributing to the Fano lineshape come from electron plasma and delocalized carrier excitations
in the STO substrate®®. The electronic plasma continuum is a broad peak centered at 400-500 cm™ and
extends past the 802 cm™! vibrational mode, as represented by the gray spectrum. In addition to this, there
are delocalized carrier excitations due to both dopant electrons and electron-hole pairs created upon pump
excitation.

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

; 2
, _ 2<9ITIi >|
m|< Y|T|i >|°T

Equation 2

Thus, q* is proportional to the ratio of light excitations of the bare but dielectrically screened mode
(|<&|T|i>|) to that of the coupled continuum light excitations (|<y|T[i>[*). The denominator represents the
number of continuum excitations that contribute to the Fano resonance within the width of the mode,
given by I'; v is reported as a density of states such that q is unitless. For our data, with a q value near —
1, I is the difference between the maximum and minimum of the Fano peak, as depicted in Figure 3a.

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

Free fits performed on all three data sets are shown in supplemental figure S6. While overall similar trends
for each parameter are shown, some parameters are highly correlated and changing one can be compen-
sated by changing another. An example of when this occurs is the third data set for which q becomes time
dependent, and A has a different time dependence than that shown in Fig. 3d. Thus, one set of free fits is
not necessarily unique.
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Figure 4. Extraction of A(t), I'(t), and S(t) by frequency regimes of the Fano resonance. (a) Depicts the
resonant frequency (o) and anti-resonant frequency (wa) used to determine A(t) and I'(t) respectively on
the 10 ps spectrum. The frequency integrated spectrum is S(t). (b-d) show the time evolution of A(t) (b),
I'(t) (c), and S(t) (d) along with the corresponding logistic fits and associated time constants. The manual
determination of I'(t) < 1 ps is shown in (c). The instrument response function (IRF) and standard devia-
tion range of the data (o range) are given in (d).

EXTRACTING TIME-DEPENDENCE OF FANO PARAMATERS: A(t), I'(t), and S(t)

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

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

< W|T|i >|? = A(t) - q*° Equation3

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

Similarly, the anti-resonance frequency (wa) can be used to determine the time evolution of the coupling
factor (I'(t)). The anti-resonance is located at the minimum of the concavity in the Fano lineshape, as
labeled in Figure 4a. In the absence of a constant offset (Yo), ®wa occurs at the zero of the Fano lineshape,
such that:

_ —qr(t)

)
A 2

+ wy Equation 4

Given the existence of an offset, extracting ma from the data is done by taking the first and second deriv-
atives of the spectrum to find the frequency at which the first derivative is zero and the second derivative
is negative (Figure S7a). Once this frequency is extracted at each time delay, I'(t) is derived from Equation
4 with wo = 802 cm™ and q = -1.2. The resulting time evolution is shown in Figure 4c and like A(t),
exhibits an S-shaped growth that saturates by 4 ps.

At the earliest time delays, the data do not fit perfectly to a Fano lineshape which especially affects the
extraction of I'(t). The method to extract wa uses the Fano fits of each spectrum rather than the data itself
because the point density in the fit is much greater than the data (taken at each pixel of the detector) and
produces a smooth I'(t) in comparison (Figure S7b). This results in a value of I' that does not accurately
reflect the anti-resonance at the earliest time delays (Figure S7¢). Therefore, for these time delays, wa are
extracted manually and the resulting I' values are shown as blue circles in Figure 4c. Nonetheless, a
change in I'(t) is noticeable below 0.75 ps. Even faster processes could be at play in the hole trapping
reaction, and we do not attempt to ascribe their origin here.

We now turn to one more way of extracting the time dependence of the Fano parameters and that is
through a frequency integration of the spectrum at each time delay. The resulting S(t) is shown in Figure
4d. Interestingly, like A(t) and I'(t), S(t) exhibits an S-shaped growth that saturates. As derived by U
Fano'S, the integration, S, of the Fano lineshape represents the cross-section of the bare, screened mode
after a simple subtraction of the coupled continuum excitations (A), integrated over the same frequency
range. Without this correspondence, the frequency dependence of the underlying parameters invalidates
the derivation of the Fano resonance. That S(t) exhibits a regular growth and one that resembles A(t)
supports the applicability of the Fano resonance here. Furthermore, it suggests that the cross-section of
the bare, screened mode is created essentially at the same time as that of the cross-section of the coupled
continuum excitations, which helps justify the constancy of q and wo described above.
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The S-shaped growth of A(t), I'(t), and S(t) suggests the use of a logistic growth function (Equation 5) to
describe the kinetics. This yields two-time constants, along with the saturation of the growth (max): T,
which describes the rate of the rise, and ti», which defines the half-rise of the growth?’. The logistic
function used to fit the data is:

max

==

Base is a constant background used especially for fitting I'(t) starting at 0.75 ps. The fits, shown on top
of the data in Figure 4, nicely describe the growth kinetics of all three Fano parameters.

f@®) =

+ base Equation5

Furthermore, they all exhibit similar t and t12 values. Each of the three data sets yields three evaluations
of these time constants by A(t), I'(t), and S(t). The results are shown in Figure S8 and the time constants
are compiled in Table S1. The nine separate determinations of the time constants lead to the following
average values and standard deviations: t© = 0.48 = 0.09 ps and ti» = 2.3 = 0.3 ps. The range of logistic
curves given by the average values + one standard deviation is displayed in Figure 4d in gray and detailed
in Figure S9, which also describes the effect of changing t and ti2 individually. The IRF on Figure 4d
shows that the time-resolution would not affect the fits.

An exponential rise of the form 1 — e ~¢/7 (Equation S2) is often used to fit the reaction kinetics of similar
systems following light excitation. To explore the validity of such a fit, A(t) extracted at the resonant
frequency (801 cm™) (Figure S10a) and the kinetic trace at the Fano peak maximum (786 cm™) (Figure
S10b) were each fit by an exponential rise. A time-zero offset between 0 ps and 2 ps was included to
account for any time dynamics that were not measured by the probe (e.g. of delocalized carriers). For the
exponential rise to capture the second half of A(t), the fit must be initialized with an offset of 2 ps, which
results in a failure to capture the initial time delays at all. The same occurs for the kinetic trace at the peak
maximum, which rises faster than A(t) and yet, the simple exponential cannot fully capture both ends of
the time trace. Thus, the logistic function represents a more accurate and holistic function with which to
model the oxyl formation kinetics by its specific vibration. The logistic formation is different than the
rising exponential fits of the visible stimulated emission or the coherent terahertz oscillations that provide
information on the electronic levels'' and the continuum lattice strain'> due to hole-polarons on n-STO
respectively. When probed in a more collective way, for which different geometries of hole-traps are not
distinguished, a rising exponential can be fit with a 1.3 ps time-constant. We also note that the kinetics
at the Fano peak maximum (Figure S10b) and away from resonance are different than that extracted by
the Fano parameters.
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Figure 5. Modelling the equilibrated PES of the oxyl and the non-equilibrium transient. (a) Contour plot
of the Fano resonance of the equilibrated PES with associated spectral slices (b) and kinetic traces (c).
The input parameters for q, wo, I'(t), and A(t) are described in the text. (d)-(f) show the difference between
the raw data (Figure 2) and the model for the equilibrated PES (a-c), which extracts the contour plot (d),
spectral slices (e), and kinetic traces (f) of the non-equilibrium transient.

REACHING AN EQUILIBRIUM POTENTIAL ENERGY SURFACE OF OXYL RADICALS

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

To separate out the formation of the excited state PES, a Fano lineshape is built from the two time-inde-
pendent parameters, q and wo, and the two time-dependent parameters, A(t) and I'(t). Figure 5a shows
the contour plot of a Fano equation with q=-1.2 (Figure 3b), 00=802 cm™! (Figure 3c), and logistic function
growths for A(t) and I'(t) with t=0.48 and t1» =2.3. For A(t), the logistic function rises from zero (base)
to a maximum of 3 mOD (max) as derived from Figure 4b. For I'(t), a base of 15 cm™! rises by 15 cm!
(max) to saturate at 30 cm™ as derived from Figure 4c.

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

We now turn to how to visualize populating an electron doped semiconductor surface with oxyl radicals
using a logistic function rise and further, one that is consistent across several Fano parameters. Each of
the parameters have a distinct physical meaning, as discussed in detail above. S(t) is a measure of the
transition dipole of the bare, screened vibration while A(t) and I'(t) are measures of how that vibration
couples to its surroundings. Since they all rise with a similar logistic function suggests that as the oxyl
forms, the vibration simultaneously couples to the electronic continuum. One could rationalize this result
by the time required for a change in the vibrational dipole moment to couple to the electronic continuum,
which could be instantaneous at the time-resolution of the experiment as discussed above.

On the other hand, the logistic function growth is itself more difficult to describe, since it means that the
reaction kinetics change in time as the oxyl forms. In the t=0 limit, the rate of growth is exponential, e*/".
That growth rate decreases towards zero as the oxyl fully forms and a limiting coverage is reached. As
cartooned in Figure 1, the process is initially barrier less, but as the reaction coordinate extends to form
the oxyl, an activation barrier grows in. Since the formation of the oxyl in the theoretical calculation
requires a ~10% extension of the titanium-oxygen bond'* ??, an activation barrier would be anticipated
for the fully formed oxyl due to the polarization that traps the hole. In terms of the ergodicity of the hole-
trapping reaction, there is no barrier to release energy to the surroundings initially and that grows as the
equilibrium reaction coordinate of the oxyl forms.

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

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

CONCLUSIONS

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

EXPERIMENTAL METHODS:

Sample and ATR Cell: 0.7% Nb-doped by weight SrTiO; single crystal samples with a (100) crystallo-
graphic orientation were acquired from MTI. The crystals measured 10 mm x 10 mm x 0.5 mm in size,
with the front side of the sample polished to an arithmetic mean roughness of 0.5 A.

For each measurement a custom-built ATR cell made of PEEK plastic was employed, shown in Figure
S1. The internal reflection element (IRE) used was a single-bounce 45° trapezoidal diamond (GladiATR
plate, Piketech) with a 1 mm front facet and 1.4 mm side facets. The STO samples were mounted within
the cell using epoxy (Loctite 615). While the epoxy was still wet, the sample was lightly pressed against
the IRE using a Thorlabs Polaris P20 actuator and allowed to fully dry, ensuring the crystals' alignment
was parallel with the IRE.

Transient Infrared Setup: The pump and probe beams were generated using a Legend Coherent Elite
amplifier Ti:sapphire laser, emitting 800 nm pulses with a temporal width of 150 fs and a repetition rate
of 1 kHz. A portion of the light was directed through a 0.5 kHz chopper and then converted through third
harmonic generation to a 266 nm pump beam. The pump was directed through the front facet of the IRE
at normal incidence to excite the STO sample. Before reaching the IRE, the pump was focused and atten-
uated using a focusing lens and variable OD filters, resulting in a beam size of 665 um FWHM with a
fluence of 0.1 mJ/cm? at the sample position. With a 400 fs pulse beam width determined by a cross-
correlation (IRF in Figure S3a), this results in a peak fluence in the diamond of 1.14 GW/cm?.

Another portion of the 800 nm pulse was directed into an optical parametric amplifier (Opera Solo) to
convert the light to infrared pulses with a center wavelength of 800 cm™ and a 150 cm™ bandwidth with
P polarization. This polarization has a component perpendicular to sample and allows for exciting the
oxyl vibrational mode that is likewise perpendicular to the sample surface. The IR beam was then split
using a 50/50 beam splitter to create a probe and reference line. The probe, with a beam size of 350 um
FWHM, was sent through the IRE in the ATR cell at an incidence angle of 60° using a focusing lens. This
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resulted in an evanescent wave penetration depth of 1.1 um at the diamond/air interface used for meas-
urements.

After passing through the IRE, the probe was collimated and focused into an entrance slit for an Acton
SP-2300 spectrograph (Princeton Instruments), where it was dispersed onto the top row of a dual-array
64-element detector (MCT-12-64, Infrared Associates). The reference beam was directed to the bottom
array of the detector. The signal was amplified using a boxcar amplifier (FPAS boxcar integrator) and
sent to a computer. The delay between pump and probe pulses was controlled by a delay stage (MTM
250CCl1, Newport). The probe was normalized using the reference line to account for shot-by-shot dif-
ferences.

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