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ABSTRACT
Time-resolved photoionization measurements were performed on o-nitrophenol pumped with UV laser pulses at a central wavelength of
255 nm (4.9 eV) and probed with vacuum ultraviolet (VUV) pulses at 153 nm (8.1 eV). The photoelectron spectrum and time of flight
mass spectrum for ions were recorded at each pump–probe delay. The measurements are interpreted with the aid of electronic structure
calculations for both the neutral and ionic states. Evidence is found for the formation of a bicyclic intermediate followed by NO dissociation
through a process of internal conversion and intersystem crossing. The combination of photoelectron and photoion spectroscopy, together
with computational results, provides strong evidence of intersystem crossing that is difficult to establish with only a single technique.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0146399

I. INTRODUCTION
The excited-state dynamics of photoexcited molecules deter-

mine the outcome of many natural processes such as photosynthetic
light harvesting1 and DNA photoprotection2–4 and have potential
technological applications for solar energy conversion5 and opto-
electronics.6 Time-resolved photoelectron spectroscopy (TRPES)
allows one to track the flow of energy in excited molecular sys-
tems,7 although it provides limited information on time evolving
structures. Diffractive measurements allow one directly to probe
time dependent structures, but they usually involve larger scale
facilities.8–11 Photoion spectroscopy experiments can also provide
information on structural changes, if they are performed with
momentum resolution of the fragment ions and/or performed in
conjunction with structure or dynamics calculations that allow for
detailed interpretation of the fragment ion yields.12

Interactions between o-nitrophenol and solar UV have been
studied extensively, with particular emphasis on HONO disso-
ciation since the HONO molecules can lead to the formation
of smog.13 Previous ultrafast experimental and theoretical stud-
ies on o-nitrophenol have shown a broad range of dynamics,
including internal conversion (IC), intersystem crossing (ISC),
excited-state intramolecular proton transfer (ESIPT), and HONO

dissociation.14–19 Amajority of these studies explored photodynam-
ics following electronic excitation to the first excited singlet state (S1)
with photon energies around 3.6 eV. The results of resonance Raman
spectroscopy,14 time-resolved photoelectron spectroscopy coupled
with density functional theory (DFT) calculations,15,16 multi-
reference ab initio theoretical calculations,17 and non-adiabatic
molecular dynamics simulations18,19 provide a picture of relaxation
following excitation to S1: ultrafast intersystem crossing to T2 or T1
(due to strong spin orbit coupling), ESIPT occurring predominantly
on T1, and subsequent HONO dissociation on T1, or the forma-
tion of a vibrationally hot ground state after internal conversion
to S0. The theoretical kinetic barriers for the formation of various
products on the S1 and T1 surfaces have been reported, with the
lowest barrier observed for the formation of nitrosophenoxy + OH
through the aci-o-nitrophenol intermediate. The same study also
hypothesizes a fragmentation channel that forms hydroxyphenoxy
+ NO via a spiro-bicyclic nitro-nitrite intermediate but notes that it
is relevant when more energy is available to the molecule and com-
petes with other channels.20 Experimental studies of dynamics from
higher lying bright excited states, such as S4, have been limited.21

In this work, the excited-state dynamics of o-nitrophenol are
studied after excitation at 255 nm (4.9 eV). We use a combina-
tion of time-resolved ion spectroscopy (TRIS) and time-resolved
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photoelectron spectroscopy (TRPES) and make use of the electronic
structure calculations to determine the electronic states involved and
the dissociation pathways leading to the observed fragments.

II. COMPUTATIONAL DETAILS
All geometry optimizations were performed using the com-

plete active space self-consistent field (CASSCF) method, with an
active space consisting of 12 electrons in 10 orbitals (HOMO-6
to HOMO+3) and the 6-311+G(d) basis set [CASSCF(12, 10)/6-
311+G(d)]. Energies of excited states were calculated with state
averaged CASSCF, averaging over seven singlet and five triplet
states using equal weights [12SA-CASSCF(12, 10)/6-311+G(d)] for
all geometries mentioned in this work. The CASSCF energies were
corrected with the single state, single reference, complete active
space second order perturbation theory (CASPT2), containing six
singlet and four triplet states. Energies of the ionic states and
Dyson norms between the neutral excited states and the ionic states
were calculated using equation of motion-coupled cluster with sin-
gles and doubles for ionization potentials (EOM-IP-CCSD) with
the 6-311+G(d) basis set. Ionization potential (IP) for possible
fragments of nitrophenol (HONO and hydroxyphenoxy) were cal-
culated at the EOM-IP-CCSD/6-311+G(d) level using the ground
state minima optimized by density functional theory, specifically
B3LYP/6-311+G(d).

A pathway connecting the initial Franck–Condon (FC) geom-
etry to the observed products was created. The hypothesized reac-
tion coordinate consists of three main structures: the ground state
minimum o-nitrophenol (S0-NP), the intermediate prior to NO dis-
sociation (Spiro-NP), and the fragments following NO dissociation
(hydroxyphenoxy and NO). The structure of Spiro-NP was obtained
by geometry optimization along the first excited triplet state (T1)
surface, starting from a structure resembling the intermediate pro-
posed by Vereecken et al.20 A subsequent vibrational frequency
calculation resulted in all positive frequencies, which leads to the
conclusion that Spiro-NP represents a local minimum on the T1
surface. The points between S0-NP and Spiro-NP were obtained
by linear interpolation of internal coordinates (LIIC). They were
further refined using constrained optimization restricting the C–O
bond using 12SA-CASSCF(12, 10)/6-311+G(d). Optimizations were
done along both the S1 and T1 surfaces in order to determine the bar-
rier for each state. The points between Spiro-NP and the dissociated
fragments were obtained with constrained optimization along T1
using CASSCF, where the length of the C–N bond was constrained.
Excited-state energies along the path were calculated at higher accu-
racy using single point CASPT2(12, 10)/6-311+G(d) calculations, as
well as equation of motion-coupled cluster with singles and doubles
for excitation energies (EOM-EE-CCSD) with 6-311+G(d). Con-
strained optimizations restricting the C–O bond were also done for
the cation ground state D0 using EOM-IP-CCSD/6-311+G(d) in
order to obtain a barrier for dissociation for the cation.

The CASSCF and CCSD calculations were performed with
Molpro (2021.1) and Q-Chem (5.4.1), respectively.

III. EXPERIMENTAL SETUP
Experiments were performed using a titanium sapphire laser

system, which produced 1 mJ pulses centered at 775 nm with a

repetition rate of 1 KHz. Pump pulses were produced via third-
harmonic generation (255 nm, 4.9 eV), and probe pulses were
produced from fifth-harmonic generation (153 nm, 8.1 eV) via non-
collinear four-wave mixing in an argon cell.22 The detector consisted
of three velocity-map imaging (VMI) plates, two microchannel
plates (MCPs) to amplify the signal, a phosphor screen that can
map hit positions in 2D via fluorescence, and a CMOS camera to
image the phosphor screen. Ion yields were measured using a digital
oscilloscope to record the voltage from the hits on the detector. The
time of flight (ToF) of the hits allowed for discrimination between
the parent and fragment ion yields. For electrons, we recorded the
two-dimensional projection of the full 3D momentum distribu-
tion. Utilizing the 2D momentum information from the phosphor
images and the cylindrical symmetry about the polarization axis (p-
polarization in the plane of the detector for both the pump and
probe pulses), inverse Abel transforms were calculated to determine
the full 3D momentum, and thereby the energy distribution of the
electrons as a function of time delay. The pump–probe time zero
was determined by performing a pump–probe measurement with
ethylene. Ethylene was also used to calibrate the time resolution, by
modeling the ethylene signal as a convolution of the “true” signal
(the rapid exponential decay of the ethylene yield),23–25 and a Gaus-
sian instrument response function (IRF). The time resolution was
measured to be about 90 fs, using the FWHM of the IRF as a metric.
Powder samples of o-nitrophenol (Sigma-Aldrich, 98% purity) were
used to produce an effusive beam in the VMI chamber through a
thin nozzle.

IV. RESULTS/DISCUSSION
Ion ToF traces show yields of parent ion and multiple

fragments. However, after subtracting a background trace at a
pump–probe delay of −500 fs, the two prominent peaks showing
delay-dependent yields were masses 139 and 109 amu, as shown in
Fig. 1. These peaks correspond, respectively, to the parent ion and a
hydroxyphenoxy fragment that forms from NO dissociation.20 Pre-
vious work on the excited-state dynamics of nitrophenol showed
evidence of HONO dissociation after isomerization,13,15 but there

FIG. 1. ToF trace at delay = 30 fs. A “background” ToF trace at delay = −500 fs
was subtracted from the trace at 30 fs to produce the result shown. The inset
shows the time-dependent integrated parent ion yield (cyan) and hydroxyphenoxy
ion yield (magenta), with the integration regions color-coded in the ToF trace.
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has not been any previous observation of neutral photodissociation
to form NO and hydroxyphenoxy. A pathway for this dissociation,
however, which requires the rearrangement of the NO2 group, has
been shown theoretically for the ground singlet and lowest triplet
surfaces.20

Motivated by the intermediate proposed by Vereecken et al.,20
calculations were performed to determine how the hydroxyphe-
noxy fragment is formed upon excitation of nitrophenol at 255 nm.
The calculation results are summarized in Fig. 2. Excitation at
255 nm (4.84 eV) launches a wave packet on the S4 state, which
can undergo rapid internal conversion to lower electronic states, as
well as intersystem crossing to triplet states. The lowest triplet state
is particularly interesting because there is a low barrier to isomer-
ization (forming Spiro-NP) and dissociation (forming hydroxyphe-
noxy+NO). Thismotivates TRPES to follow the internal conversion
dynamics (via changes to the photoelectron energies as a function
of pump–probe delay) and TRIS to follow the isomerization and
dissociation dynamics (via changes to the fragment ion yields vs
pump–probe delay).

The TRPES experiments reveal excitation to the S4 state fol-
lowed by ionization to the D0 and D1 states, as shown in Fig. 3.
Ionization to these states is predicted based on the Dyson norms,
which are proportional to the probability for one photon ioniza-
tion. The Dyson norms are calculated to be 0.29 and 0.60, for
D0 and D1 states, respectively. The S4 state is described as a
pi -> pi∗ excitation, and the most likely ionization event is remov-
ing an electron from pi∗ leading to D1, justifying the large Dyson
norm. Some ionization to D0 occurs as well because of configura-
tion mixing. The photoelectron spectrum at zero time delay shows
a large peak from 1.5 to 3 eV, consistent with ionization to D1, as
well as some yield between 3 and 4 eV, consistent with ionization
to D0 facilitated by configuration mixing. The electron yield and

average energy exhibit rapid decays, consistent with rapid internal
conversion to S1.

With regard to the ion data, the clear visibility of the 139 and
109 amu peaks after background subtraction indicates significant
time dependence in the yields and branching ratio. The time dynam-
ics were further investigated by integrating the yields from the two
peaks at each time delay. The results of this integration are shown
in the inset of Fig. 1 and in more detail in Fig. 4. The yield curves
are both normalized with respect to the maximum parent ion yield,
which means the hydroxyphenoxy ion yield has a slightly larger
maximum amplitude. The time at which the hydroxyphenoxy ion
yield is maximum differs from the parent ion by about 50 fs, suggest-
ing a transformation enhancing the hydroxyphenoxy yield which
takes about 50 fs.

In order to quantify the differences between the parent and
hydroxyphenoxy yields, the yields are fit to a model which consid-
ers exponential decay of both yields, with both prompt and delayed
contributions to the hydroxyphenoxy ion yield. The delay between
the parent and hydroxyphenoxy yields motivates the delayed
contribution in the model, while the fact that the hydroxyphe-
noxy yield is larger than the parent, and that it also appears in
electron impact spectra,26 motivates a prompt contribution (i.e.,
vertical ionization followed by dissociation of the cation) in the
model.

The parent ion data are fit to an exponential decay,

Nparent(t) = θ(t0)Nparent(t0)e−(t−t0)/τ1 , (1)

convolved with the Gaussian IRF. Here, θ(t) represents a Heavi-
side step function. From the fit, the decay constant is found to be
τ1 = 118 ± 13 fs. The hydroxyphenoxy fragment ion yield is mod-
eled as coming from a combination of two different mechanisms

FIG. 2. Illustration of the proposed dynamics. The o-nitrophenol molecule is excited to the S4 state and can be ionized from this state with the probe photon. The molecule
undergoes internal conversion to the S1 state and intersystem crossing to triplet states. From the T1 state, the o-nitrophenol forms an intermediate spiro-bicyclic structure
and then dissociates to form hydroxyphenoxy and NO.
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FIG. 3. Top: Experimental TRPES spectrum for o-nitrophenol, with signals from
ionic states D0 and D1 labeled. Bottom: The energies of these states and Dyson
norms of ionization from the S4 state. Excitation energies of neutral nitrophenol
are calculated at the CASPT2 level, while ionization energies and Dyson norms
are calculated at the EOM-IP-CCSD level. Dyson norms are indicated with bold
gray and brown colors for the S4-D0 and S4-D1 pairs, respectively.

(with yields labeled N fragment,1 and N fragment,2) plus a constant C that
could be interpreted as a “long-term” decay process beyond the time
scale investigated. Here, N fragment,1 and N fragment,2 represent (1) frag-
ment ions produced directly by the pump and probe pulses without
intervening molecular dynamics and (2) a separate, sequential pro-
cess that involves some excited-state dynamics between the pump
and probe pulses.27 A model containing only the sequential mecha-
nism was found to be incomplete in capturing the dynamics of the
fragment ion yield, as shown in Appendix A. Accounting for the two
mechanisms, the full yield becomes

Nfragment = θ(t0)(αNfragment,1 + βNfragment,2 + C), (2)

in which α and β are coefficients of proportionality such that α + β
= 1. The equations for the two components are then

Nfragment,1(t) = Nfragment(t0)e−(t−t0)/τ2 , (3)

FIG. 4. Parent and hydroxyphenoxy fragment ion yields as a function of
pump–probe delay together with fits to the data. The data and fits are normalized
with respect to the maximum parent ion yield.

Nfragment,2(t) = Nfragment(t0)e−(t−t0)/τ2

+ τ2
τ1 − τ2Nparent(t0)(e−(t−t0)/τ1 − e−(t−t0)/τ2). (4)

The combination of these equations, as described above, results in
the equation

Nfragment(t) = θ(t0)(Nfragment(t0)e−(t−t0)/τ2

+ βτ2
τ1 − τ2Nparent(t0)(e−(t−t0)/τ1 − e−(t−t0)/τ2) + C).

(5)

Fitting the fragment data to this equation, with the results
from the parent ion fit, the fragment fit parameters are found to
be τ2 = 190 ± 30 fs, β = 0.7 ± 0.4, and C = 0.164 ± 0.009. Although
the fit allows a value of β = 1.1 within the uncertainty, only values
of β between zero and one make physical sense. The fitting results
suggest that most of the hydroxyphenoxy ion yield (β = 0.7) is pro-
duced by ionization of the molecule from an intermediate structure
(i.e., Spiro) formed on the excited state in about 118 fs (τ1), with
dissociation to form hydroxyphenoxy taking place in about another
190 fs (τ2). The fact that the fits produce a nonzero value for the
long time yield of the hydroxyphenoxy ion (C = 0.164), whose ion-
ization potential of 8.1 eV allows for some threshold ionization by
the probe pulse, is consistent with neutral dissociation. These ion
results are compared to the electron data in Appendix C.

A more detailed description of the pathway from the parent
molecule to the spiro-intermediate and then to the hydroxyphenoxy
+ NO dissociation is shown in Fig. 5. There are two parts to this
pathway; the first one connects the initial Franck–Condon structure
to the Spiro intermediate via linearly interpolated geometries, while
the second part is obtained from a constrained optimization along
the T1 surface with the dissociating C–N coordinate constrained.
These calculations show that the initially populated S4 state can
rapidly decay to the lowest S1 state because of the high density of
states. Based on previous theoretical and experimental calculations,
we expect that intersystem crossing from S1 to the triplet manifold
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FIG. 5. Energies at the CASPT2/6-311+G(d) level of five singlet and two triplet
electronic states of nitrophenol along the proposed reaction pathway to HPN
+ NO. In the first half, interpolated geometries (LIICs) from S0-NP to Spiro-NP
are used, while the geometries of the second half are obtained from constrained
optimizations along NC.

will be very fast.16–18 Specifically, surface hopping calculations pre-
dicted the intersystem crossing to happen in less than 100 fs,18 while
previous photoelectron spectra supported these fast timescales.16

The most important observation from Fig. 5 is that the T1 state
is the only state that does not have a significant energy barrier along
this reaction pathway, unlike the S1 state, which has a large barrier. It
should be noted that the barriers shown in this figure are not the true
barriers but rather upper estimates of the true barriers. An additional
plot of this path is shown in Fig. 7 using EOM-EE-CCSD, which
also confirms that T1 is the reactive state for dissociation. The true
barriers have been calculated using the constrained optimizations
along S1 and T1, and it was confirmed that the barrier on T1 is about
0.5–0.6 eV, while that on S1 is 1.7–1.8 eV (using electronic struc-
ture theory that includes correlation, CASPT2, and CCSD). Table I
shows the barriers using different levels of theory. The low barrier on
the T1 state is further evidence that intersystem crossing is necessary
in the formation of hydroxyphenoxy + NO, making this fragment
a clear signature of intersystem crossing. Based on these energies,
we can also explain why the hydroxyphenoxy + NO pathway has
not been detected when exciting to S1, since this does not provide
enough energy to overcome the barrier on T1, which, although small,
is not negligible. On the other hand, excitation to S4 provides the
extra energy that can easily be used to go over the barrier and reach
the Spiro intermediate. Once the intermediate is reached, further
dissociation is spontaneous, as indicated on the right side of Fig. 5.

In order to investigate whether dissociation can happen directly
in the cation, we calculated the energies of low lying states of the
molecular cation as a function of C–O bond length, i.e., from the
S0 minimum to the Spiro intermediate. The strict LIIC geometries

TABLE I. Barriers (in eV) connecting S0-NP to Spiro-NP along the minimum energy
paths on S1 and T1 surfaces obtained by constrained optimizations along the C–O
bond. Geometries were generated using 12SA-CASSCF(12, 10) and gradients for
the respective state.

CASSCF CCSD CASPT2

S1 1.60 1.83 1.71
T1 1.33 0.56 0.46

were used, as well as geometries generated by constrained optimiza-
tion along D0. The calculations, whose results are shown in Fig. 7,
indicate that both D0 and D1, which have sizable Dyson norms from
the excited states, have barriers to dissociation and do not facilitate
the production of the hydroxyphenoxy fragment ion. The barrier
on D0 based on the constrained optimization calculations is found
to be 1.27 eV. We note, however, that these results also provide a
mechanism for the formation of the hydroxyphenoxy fragment ion
via vertical ionization from the ground state with energies above
11 eV. The vertical ionization energy of D2 is less than the combined
pump and probe pulse energies (13 eV). Ionization to D2 provides
the molecule with sufficient energy to lead to dissociation, by inter-
nal conversion to the lower cationic states, which has been found to
take place on femtosecond timescales.28 The conversion of electronic
energy into vibrational on D0 provides enough energy to overcome
the barrier to dissociation. In conclusion, non-resonant ionization
from the ground state of the neutral molecule with pump + probe
(13 eV) can produce D0, D1, and D2. While D0 and D1 cannot frag-
ment, D2 can (via internal conversion), producing some fragment
ions for zero pump–probe delay. However, following excitation by
the pump pulse, Dyson norms for ionization by the probe pulse favor
only D0 and D1, which do not fragment if created near the ground
state minimum geometry. Thus, while fragmentation in the cation is
possible for direct ionization from the ground state and can explain
the prompt formation of the fragment ion, it does not explain the
delayed production of the fragment ion.

While in this study we observe the fragmentation pathway to
the hydroxyphenoxy fragment, many previous studies have observed
other dissociation channels, which should also be operative in our
experiments. However, in order for us to detect them, we need to be
able to ionize and observe the formed fragments. We calculated the
ionization potentials for both the HONO and hydroxyphenoxy frag-
ments [at the EOM-IP-CCSD/6-311+G(d) level], which are 10.84
and 8.11 eV, respectively, indicating we are not able to measure
HONO formation with our probe pulses, while the production of
hydroxyphenoxy is just barely observable with threshold ionization
by the probe. Therefore, our measurements do not rule out HONO
formation, as we are simply not able to observe it if formed.

V. CONCLUDING REMARKS
TRPES and TRIS experiments were performed on

o-nitrophenol pumped at 255 nm to the S4 state. Previous
TRPES data of this excited state led to speculation regarding the
dynamics from this state,21 but the combination of TRPES and TRIS
more clearly reveal a process of internal conversion followed by
intersystem crossing. The ability to distinguish between different
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ions and to measure separately their time-dependent yields led to
evidence of a novel reaction mechanism resulting in dissociation to
form hydroxyphenoxy and NO. The experimental results are found
to agree with electronic structure calculations and LIICs for the
proposed dissociation mechanism. In particular, the LIICs show a
much smaller energy barrier on the T1 state compared to S1, greatly
strengthening the evidence of intersystem crossing. Altogether,
the results illustrate the power of studying quantum molecular
dynamics through a combination of multiple observables, with both
experiment and theory playing key roles.
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APPENDIX A: FURTHER REMARKS ABOUT
THE HYDROXYPHENOXY YIELD FIT

Before the current fit model was developed, a simpler model
was tested in which the parent ion yield follows an exponential decay

FIG. 6. (a) Hydroxyphenoxy yield, together with the simple model assuming only
a sequential decay pathway. (b) Residuals for the simple model (green) and the
model used in the main text (black).

as noted previously and the hydroxyphenoxy fragment yield follows
only the sequential mechanism such that

Nfragment(t) = θ(t0)( τ2
τ1 − τ2Nparent(t0)(e−(t−t0)/τ1 − e−(t−t0)/τ2) + C)

(A1)

as N fragment(t0) = 0 in this case. However, as shown in Fig. 6, despite
optimization this model still failed to capture the dynamics of
hydroxyphenoxy yield near time zero, where the fit curve rises too
late and does not reach the amplitude of the data. These results
motivated the more complex model described previously. Further
comparison of the two fitting models is shown in the residuals cal-
culated for both fits, in the second plot of Fig. 6. The deviations
from zero in the residuals for the “sequential-only” fit parallel the
inaccuracies of the fit near time zero.

As noted in themain text, we calculated the energies of the ionic
states between the neutral ground state and the Spiro intermediate
in order to determine whether the hydroxyphenoxy yield could be
explained by dissociation of the cation after ionization by the probe
pulse. Figure 7 shows the energies of the first few neutral and ionic
states as a function of the C–O bond length associated with the Spiro
intermediate.
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FIG. 7. Energies for the relevant neutral (using EOM-EE-CCSD) and ionic (using
EOM-IP-CCSD) states as a function of C–O bond length. The ionic states and
neutral singlet states all display a barrier to dissociation, while the lowest lying
triplet has no barrier. The energies are only calculated up to the Spiro intermediate
since the CCSD cannot properly describe the subsequent dissociation.

APPENDIX B: DERIVATION OF THE FITTING
EQUATION FOR THE HYDROXYPHENOXY ION YIELD

As described in the main text, the hydroxyphenoxy ion fit has
two components, given by the equations

Nfragment,1(t) = Nfragment(t0)e−(t−t0)/τ2 , (B1)

Nfragment,2(t) = Nfragment(t0)e−(t−t0)/τ2

+ τ2
τ1 − τ2Nparent(t0)(e−(t−t0)/τ1 − e−(t−t0)/τ2). (B2)

The first equation models a simple exponential decay from an initial
amplitude. The second equation, derived below, follows a sequential
model in which the rise in the hydroxyphenoxy ion yield occurs as a
result of the decay in the parent ion yield. In accordance, the deriva-
tion of the equation for N fragment,2(t) begins with the differential
equation

dNfragment,2(t)
dt

= Nparent(t)
τ1

− Nfragment,2(t)
τ2

. (B3)

Substituting the exponential solution for the parent ion yield, this
equation becomes

dNfragment,2(t)
dt

= Nparent(t0)e−(t−t0)/τ1
τ1

− Nfragment,2(t)
τ2

. (B4)

Multiplication of the terms by et/τ2 , along with some simple
rearrangement, leads to the result

et/τ2
dNfragment,2(t)

dt
+ et/τ2 Nfragment,2(t)

τ2
= et/τ2 Nparent(t0)e−(t−t0)/τ1

τ1
.

(B5)

However, the left side of the equation can be represented as a single
derivative,

d
dt
(et/τ2Nfragment,2(t)) = et/τ2 Nparent(t0)e−(t−t0)/τ1

τ1
. (B6)

Integration leads to the result

et/τ2Nfragment,2(t) = τ2
τ1 − τ2Nparent(t0)et0/τ1e(1/τ2−1/τ1)t + K, (B7)

in which K is a constant. The initial condition at t = t0 is used to
solve for K,

K = Nfragment(t0)et0/τ2 − τ2
τ1 − τ2Nparent(t0)et0/τ2. (B8)

Substituting this value for K, the integrated equation becomes

et/τ2Nfragment,2(t) = τ2
τ1 − τ2Nparent(t0)et0/τ1e(1/τ2−1/τ1)t

+Nfragment(t0)et0/τ2

− τ2
τ1 − τ2Nparent(t0)et0/τ2. (B9)

Finally, division by et/τ2 on both sides of the equation and rear-
rangement of terms give the equation for the fragment ion yield as a
function of time,

Nfragment,2(t) = τ2
τ1 − τ2Nparent(t0)(e−(t−t0)/τ1 − e−(t−t0)/τ2)

+Nfragment(t0)e−(t−t0)/τ2. (B10)

As described in the main text, the full hydroxyphenoxy yield is
modeled as a superposition of the two components,

Nfragment(t) = αNfragment,1(t) + βNfragment,2(t) + C, (B11)

in which α + β = 1. Substituting the equations for N fragment,1(t) and
N fragment,2,

Nfragment(t) = αNfragment(t0)e−(t−t0)/τ2

+ βNfragment(t0)e−(t−t0)/τ2 + βτ2
τ1 − τ2Nparent(t0)

× (e−(t−t0)/τ1 − e−(t−t0)/τ2) + C. (B12)

However, because α + β = 1, the equation simplifies to

Nfragment(t) = Nfragment(t0)e−(t−t0)/τ2 + βτ2
τ1 − τ2Nparent(t0)

× (e−(t−t0)/τ1 − e−(t−t0)/τ2) + C, (B13)

leading to the final form of the fitting equation for the hydroxyphe-
noxy yield.

APPENDIX C: COMPARISON OF INTEGRATED
TRPES ENERGIES TO ION YIELDS

For a closer comparison between ion and electron data, the
TRPES spectrum shown in Fig. 3 was integrated along different
energy “bands” at each delay, as shown in Fig. 8. The first panel in
the figure shows that the high-energy electrons (1.5–4.0 eV) roughly
track the parent ion, while the low-energy electrons (0–1.5 eV)
roughly track the fragment ion. As shown in the second panel, focus-
ing in on a narrower region at the lowest energies (0–0.8 eV) shows
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FIG. 8. Ion yields in comparison with integrated energy “bands” of the TRPES
spectrum for each delay. All ion and integrated electron yields are scaled individ-
ually such that the maximum yield of each ion fit or electron integration region is
one.

a clearer parallel with the fragment ion yield at long times. In this
figure, all ion and integrated electron yields are scaled individually
such that the maximum yield of each ion fit or electron data inte-
gration is one. While it is tempting to associate the highest energy
electrons with geometries close to the FC point, middle energy elec-
trons with the Spiro intermediate, and the lowest energy electrons
with the formation of hydroxyphenoxy, this is likely a gross over-
simplification. For this reason, it is more scrupulous to associate the
decay of the photoelectron energy only loosely with the general pro-
gression from the FC geometry through the Spiro intermediate to
the hydroxyphenoxy product.
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