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The dissociation dynamics of gas phase phenol-ds molecules (C¢DsOH) following excitation at numerous
wavelengths in the range 275 = Ay = 193.3 nm have been investigated using the techniques of H (Rydberg)
atom photofragment translational spectroscopy and resonance enhanced multiphoton ionization spectroscopy.
The results are compared with those from recent studies of the fully hydrogenated and fully deuterated
isotopologues (CsHsOH and C¢DsOD), and various halo- and methyl-substituted phenols. Analysis of the
vibrational energy disposal within the phenoxyl-ds dissociation products identifies three distinct O—H bond
fission pathways, involving nonadiabatic coupling to dissociative states of '77o* character, following initial
¥ < gr excitation. Dissociation at lphm > 248 nm involves internal conversion (IC) to high vibrational levels
of the electronic ground (‘7z77) state and subsequent coupling to the lowest '7ro* potential energy surface
(PES) via a conical intersection (CI) between the 'wsr/'mo* PESs at extended O—H bond lengths (Ro-g).
Once Apho < 248 nm, dissociation proceeds directly, via a 'zzr*/'7wo* CL Both pathways yield phenoxyl-ds
products in selected vibrational levels of the ground (X?B;) electronic state. The detailed energy disposal
within the phenoxyl-ds(X) products shows many parallels with that deduced from companion studies of other
phenol isotopologues and various substituted phenols, but a notable isotope effect is identified, thus providing
yet greater insights into the factors controlling the vibrational energy disposal in the phenoxyl products. A
hitherto unobserved O—H bond fission channel yielding phenoxyl-ds fragments in the electronically excited
BZAZ state is identified at the shortest excitation wavelength (Ayhee = 193.3 nm) and rationalized in terms of
nonadiabatic coupling to, and subsequent dissociation on, the second excited '7ro* PES. Selective deuteration
as in phenol-ds causes little reduction in the intensity of the “slower” H atom products that are observed from
all phenol systems, suggesting that C—H/D bond fission makes at most a minor contribution to this feature.

1. Introduction

Phenol is the chromophore of the amino acid tyrosine and
its photochemistry has thus been the subject of extensive
experimental' "¢ and theoretical studies.””'” Phenol exhibits
strong ultraviolet (UV) absorption associated with 7% ~— 7
excitations, but low fluorescence quantum yields,'' indicating
the operation of one or more nonradiative decay mechanisms
from the photoexcited state(s). One such mechanism involves
deactivation via a '7ro* potential energy surface (PES), which
is dissociative along the O—H stretch coordinate, Ro-.° This
state arises from a 3s < s excitation in the vertical Franck—
Condon (vFC) region, but the 3s (Rydberg) electron density
evolves into an antibonding o* orbital upon extending Ro-p.
In what follows, descriptors like '7ror, ', lmo*, etc. are used
to represent diabatic states, while the adiabatic PESs are denoted
by Sg, S1, S, etc. As Figure 1 illustrates, the first '7o* state in
phenol is the second excited singlet state in the VFC region and
exhibits conical intersections (CIs) with both the '7z7r* and 'wr
PES:s.

O—H bond fission in phenol-/s has been investigated fol-
lowing excitation at many wavelengths in the range 206 < A
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=< 280 nm using the H (Rydberg) atom photofragment trans-
lational spectroscopy (PTS) technique.? The resulting total
kinetic energy release (TKER) spectra all show a fast, structured
component, attributable to H atom loss by dissociation on the
first 'zo* PES, analysis of which reveals that the phenoxyl
products are formed with very specific vibrational excitation.
Two O—H bond fission mechanisms were identified that yield
fast H atom products,? both of which are illustrated in Figure
1. Excitation at long wavelengths (A > 248 nm) populates
7zt levels at energies below the first 'zzr*/!ro* CI. Dissocia-
tion in this case is deduced to proceed via internal conversion
(IC) to high vibrational levels of the ground state, and
subsequent coupling via the '7zst/'ro* CI at extended Ro-y. The
H + C¢HsO products display an isotropic recoil velocity
distribution, with a mean total kinetic energy release (TKER)
~6000 cm™!. When excitation is at shorter wavelengths (Aphot
< 248 nm), O—H bond fission proceeds on a much faster time
scale, by direct coupling at the first 'wr*/'7wo* CI. The fast H
+ C¢H5O products that result are characterized by a mean TKER
~11500 cm™! and an anisotropic recoil velocity distribution.

TKER spectral analysis shows that the phenoxyl products
formed following O—H bond fission in the long wavelength
regime often populate short, odd-quanta only, progressions of
levels involving the out-of-plane ring puckering mode v,(a”).?
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Figure 1. Calculated CASPT?2 potential energy cuts through the O—H
stretch coordinate (Ro—y) for the ground (‘7z7r) and first two excited
lzr* and '7wo* states of phenol, illustrating the first three dissociation
limits for H + C¢Hs0. Three possible mechanisms of direct O—H bond
fission are highlighted. Two pathways result in the formation of
phenoxyl radicals in the ground (X?B,) state and differ depending
upon whether excitation is to energies above (purple dashed line)
or below (orange dashed line) the first 'w*/'wo* CI. A third,
hitherto unobserved, pathway is also proposed, characterized by
coupling at a higher 'wzr#/'wo* CI (blue dashed line) and formation
of excited (B2A,) state phenoxyl products.

[Here, and throughout this Article, we adopt Wilson’s labeling
scheme'? for the normal modes of phenol and the phenoxyl
radical.] Such specific energy disposal has been rationalized by
symmetry arguments. The ground and 'zz* states of phenol
both have A’ electronic symmetry. Evolution onto the '7o* PES,
of A” symmetry, at the '7zzr/'7to* CI thus requires distortion of
the nuclear geometry along one or more coupling coordinates
of appropriate (a”) symmetry. Theory®!® suggests that OH
torsion is particularly efficient at promoting such coupling, but
the observed population in product mode v14,, which involves
very similar nuclear motion in the parent molecule, has
encouraged suggestions” that this motion contributes to coupling
at the 'zzzt/'wo* CI. Population of mode v,g, (the C—O in-plane
wag, of a” vibrational symmetry) is observed also, in combina-
tion with vy, This has been attributed to a small change in
C—C—0 bond angle, possibly amplified by the impulse of the
departing H atom.? Photoexcitation at energies above the S;—Sy
origin can access a range of parent skeletal vibrations. In many
cases these are seen to map through into the phenoxyl products,
essentially acting as “spectator” modes during bond fission.
However, phenoxyl radicals formed with excitation at Ayne <
248 nm, i.e., at energies above the first 'zzzr*/'ro* CI, are found
to exhibit a progression in vg,, in combination with one quantum
of another out-of-plane ring puckering vibration, vie. By
analogy with behavior seen at longer wavelengths, activity in
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product mode v 4, was assumed to indicate that this mode assists
coupling at the first 'zror*/'wo* CL.

In all TKER spectra, the above fast, structured features rest
on a broad underlying component, which maximizes at low
TKER (~2000 cm™!). The current consensus identifies two
contributors to this background signal. One involves IC from
the photoexcited !7zzr* state and subsequent unimolecular decay
on the Sy PES, yielding slow H atoms and internally excited
partner fragments. The other involves unintended multiphoton
processes (e.g., multiphoton excitation, resonance enhanced by
the 'zror* state, to dissociative superexcited states.'?)

Broadly similar dissociation dynamics have been observed
for a number of substituted phenols, e.g., 4-fluorophenol'* and
4-methylphenol,'” in which the substituent is at the para-position.
However, two subtle dynamical differences were identified.
First, the para-substituted phenoxyl radicals formed with excita-
tion at long wavelengths are found to populate modes vg, and
Yoy, in combination with (odd-quanta of) mode vs,. The
additional presence of vy, reflects the fact that the CO moiety
can “wag” in-phase (v¢,) or out-of-phase (v;g,) with the
substituent. The second difference concerns the energy disposal
in the substituted phenoxyl products formed with excitation at
energies above the first 'z*/'ro* CI. TKER spectral analysis
reveals population of product modes vz, and V9, (built on v gy
= 1). Population of the ring breathe/C—O stretch mode (v9,)
was rationalized on Franck—Condon grounds; with the benefit
of hindsight it is likely that both these modes are also populated
in the phenoxyl radicals formed in the short wavelength
photolysis of bare phenol, but not recognized on account of the
near degeneracy between 3vg, and vg,.

The photolysis of fully deuterated phenol (phenol-dg) has also
been studied, using D (Rydberg) atom PTS.> TKER spectra
recorded at photolysis energies above the first 'zzr#/!wo* CI
were similar to those obtained for phenol-#¢ (albeit less clearly
resolved) but, in contrast to the case with phenol-/6, no fast
structured features were observed with excitation at longer
wavelengths. O—H bond fission in phenol-%; following excita-
tion at long wavelengths proceeds via IC to the ground state,
with O—H stretching overtones acting as acceptor modes in the
Sy state,'® and subsequent coupling at the 'wz/'wo* CI. Two
factors (at least) reduce the efficacy of this pathway in the case
of phenol-dg. First, the lower frequency of the O—D stretch
vibration reduces its efficiency as an acceptor mode facilitating
IC to the S state (as signified by the reported order of magnitude
increase in the '77r* = fluorescence lifetime (as compared with
phenol-#)).'® Second, the lower velocity of the departing D atom
could be expected to reduce the efficiency of passage around
the 'sz7t/'7ro* CI. Hence the experimental finding that O—D bond
fission in phenol-ds via the '7o* state only proceeds once the
excitation wavelength is sufficiently short to access the first
Yt/ wo* CL

This contribution explores further the effects of tuning the
phenol parent level density by selective deuteration of just
the C—H sites. [To avoid any future ambiguity, phenol-/g,
phenol-dq and phenol-ds are used here to represent, respec-
tively, the phenol molecule when nondeuterated, fully deu-
terated, and deuterated only at carbon sites. Thus, O—H bond
fission in phenol-ss generates phenoxyl-hs radicals, while
H(D) atom loss from the hydroxyl group of phenol-ds(-ds)
results in phenoxyl-ds products.] Several previous photo-
physical studies of the phenol-ds isotopologue have appeared.
It has been investigated previously by picosecond time-
resolved IR—UV pump—probe spectroscopy,'”!® as part of
a larger study of intramolecular vibrational redistribution
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(IVR) following population of OH and CH stretching
vibrations of various phenol isotopologues in their respective
So states. IVR rates from the OH stretch mode in phenol-#
were found to be 5.7x faster than that in phenol-ds,
suggesting a major role for doorway states composed of CH
stretching vibrations in the IVR process. The vapor phase
UV absorption spectrum of phenol-ds has been reported, '’
and the phenoxyl-ds radical has been probed by both Raman
and FTIR spectroscopy.’®?! Recent velocity mapped ion
imaging studies of phenol-ds photolysis at various wave-
lengths in the range 212.2 < Aphor < 258.6 nm?* found that
the broad H atom distribution evident at low TKER (~2000
cm™!) in the case of phenol-hg is substantially reduced with
phenol-ds, suggesting that a fraction of this feature in the
case of phenol-A¢ originates from C—H bond fission. Ultrafast
pump—probe imaging studies of phenol-ds photolysis at Apne
= 200 nm have been reported also;?* the fast and slow H
atom products observed in that study are both found to be
formed on a <150 fs time scale.

Here, we present the results of a comprehensive study of
phenol-ds photolysis, including the 1 + 1 resonance enhanced
multiphoton ionization (REMPI) spectrum near the S; < S,
origin of phenol-ds and the corresponding H atom photofragment
excitation (PHOFEX) spectrum, and high resolution TKER
spectra of the H + C¢DsO products formed at many excitation
wavelengths both below and above the energy of the first '7z*/
!70* CI. Many similarities with the findings from previous
studies of other phenol isotopologues and substituted phenols
are recognizable, but the present studies also reveal clear isotope
effects on the vibrational energy disposal in the phenoxyl
radicals (which serve to clarify further the various factors that
determine this energy disposal) and shed more light on the
origins of the broad unstructured distribution of H atom products
(peaking at low TKER) that is observed at all excitation
wavelengths. An additional O—H bond fission channel is
identified when both phenol-ds and phenol-/; are excited at A
= 193.3 nm. This hitherto unobserved fragmentation pathway,
which involves nonadiabatic coupling to, and subsequent
dissociation on, the second excited 'mo* PES, results in
population of specific vibrational levels of the second excited
(B?A,) state of the phenoxyl-ds (-hs) products.

2. Experimental Section

Phenol-ds was obtained commercially (Aldrich >98% purity),
placed in a Swagelok filter housing positioned behind a pulsed
valve, and heated gently to ~50 °C to generate sufficient vapor
pressure for seeding in the argon backing gas (~700 Torr).

The experimental setup and procedure was identical to that
described previously.?*? Briefly, the pulsed photolysis laser
radiation intercepted the skimmed, pulsed molecular beam
of phenol-ds in Ar. The composition of the molecular beam
was interrogated by inserting a small time-of-flight (TOF)
mass spectrometer around the interaction region and monitor-
ing the 1 + 1 REMPI spectrum for phenol-ds as a function
of photolysis laser wavelength in the range 275 > Ayp > 264
nm. Introducing Lyman-o (121.6 nm/82259 ¢cm™!) radiation
(plus the 364.7 nm fundamental radiation from which it is
derived, by third harmonic generation in a phase matched
Kr/Ar mixture) a short (07 ~10 ns) time after the photolysis
laser pulse allowed measurement of the associated H atom
PHOFEX spectrum.

H (Rydberg) atom PTS studies required the introduction of
an additional laser pulse (with wavelength ~366 nm), synchro-
nous with the Lyman-a radiation. The 121.6 and 366 nm laser
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pulses induce two photon double resonant excitation of neutral
H atom fragments, via the n = 2 state, to states with high (n ~
80) principal quantum number, thereby enabling measurement
of H (Rydberg) atom TOF spectra. An applied dc field (20 V
cm™") ensured extraction of all prompt H* ions (formed by two-
color (Lyman-a plus a fundamental photon) absorption) from
the interaction region. The D atom TOF spectra were also
recorded, by tuning to resonance with the D atom Lyman-o
transition (82280 cm™!). The polarization vector (&pnov) of the
photolysis radiation could be aligned at any angle () relative
to the TOF axis using a polarization rotator. As before,** H atom
recoil anisotropies were investigated by collecting H atom TOF
spectra with &y, aligned at, respectively, 6 = 0°, 54.7° and
90°.

3. Computational Methods

Ab initio potential energy cuts through the O—H stretch
coordinate were calculated for the ground state, and the first
two 'z* and ';mo* states using complete active space self-
consistent field (CASSCF) and complete active space with
second-order perturbation theory (CASPT2) methods in
MOLPRO Version 2006.1.2° Ry_y was stretched and then fixed
while the rest of the geometry was optimized using CASSCF(12/
11)/aug-cc-pVTZ? for all states shown. CASPT2(12/11)/aug-
cc-pVTZ single point energies were then calculated at these
optimized geometries (freezing the carbon and oxygen ls
electrons). Intruder state problems were encountered in the
CASPT2 calculations, leading to explosions of wave function
and no convergence. A small imaginary level shift, as described
by Roos et al.?® was required to remove these and led to normal
convergence of excited state wave functions. The active space
for both CASSCF and CASPT?2 calculations comprised the three
benzene st and corresponding 7* orbitals, the 7z lone pair of
the oxygen atom, and two o orbitals and their corresponding
o* orbitals. Cuts through the resulting PESs were displayed in
Figure 1.

The true energy of the S;—S, origin is underestimated using
a 12/11 active space but can be reproduced more accurately
using a 10/9 active space. However, only with the larger active
space was it possible to capture properly the second '7r* and
7o excited states. The present calculations predict the observed
O—H bond strength and the threshold energies for the first
and second 'r*/'wo* Cls well. The predicted Too(A—X) and
Too(B—X) separations in the radical are also in good accord
with the experimental values.?’

4. Results

As with phenol-/g, the REMPI-TOF mass spectrum obtained
upon tuning to the wavelength of the S;—S, origin of phenol-
ds (Apnoe = 273.815 nm) is dominated by the parent ion peak
(m/z 99), with only small amounts of fragmentation products.
A peak at m/z 1 (H") is only observed following addition of
the 121.6 nm radiation (and the fundamental wavelength from
which it derives). As Figure 2 shows, the wavelength resolved
1 + 1 REMPI spectrum of phenol-ds in this region, and the
corresponding H atom PHOFEX spectrum, are both structured
and mirror one another closely. These spectra have been
assigned primarily with reference to the vapor phase absorption
spectra reported by Bist et al.,!® assisted by the results from H
(Rydberg) atom PTS measurements, as described later. These
assignments are summarized in Table 1.

TOF spectra of H-atom fragments resulting from photolysis
of phenol-ds were recorded at wavelengths corresponding to
several of the major resonances identified in Figure 2a. TOF
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Figure 2. (a) 1 + 1 REMPI spectrum for forming parent phenol-ds* ions (m/z 99) and (b) PHOFEX spectrum for forming H atom products in the
wavelength range 275 = Apn = 264 nm. Individual resonances, assigned with reference to Bist et al."” and the H (Rydberg) atom PTS studies

described below, are listed in Table 1.

TABLE 1: Assignments of Peaks Highlighted in Fig. 2,
Detailing the Identity and Vibrational Energies (E,;,) of the
Lza* Levels of Phenol-ds that Enhance the 1 + 1 REMPI
Probability in the Displayed Wavelength Range.
Assignments come Principally from Bist et al.'® but also
from the Recorded Phenol-ds TKER Spectra

label in Figure 2 Appo/nm  Fppo/cm™' Sy — Sy transition Eyy,/cm ™!

[1] 273.815 36521 Origin 0
[2] 271.62 36816 1623 295
[3] 271.013 36898 18b) 377
[4] 270.379 36985 6a) 464
[5] 270.106 37022 6b) 501
[6] 269.181 37149 Toul 628
[7] 268.531 37239 124 718
[8] 267.854 37333 18a 812
[9] 267.652 37361 9ah 840
[10] 267.044 37447 14/6a3 926
[11] 266411 37536 162312} 1015
[12] 266.330 37547 Toud 1026
[13] 265.568 37655 16a39a) 1134
[14] 265.353 37685 Tah 1164
[15] 265.221 37704 6a)124 1183
[16] 264.964 37741 6b)12) 1220
[17] 264.783 37767 9bi6b) 1246
[18] 264.369 37826 6a9a) 1305

spectra were also recorded at several shorter wavelengths in
the range 238 > Ay = 206 nm, where the wavelength
resolved REMPI and H atom PHOFEX spectra appeared
devoid of structure, and at the ArF laser wavelength (193.3
nm). Spectra recorded at the long wavelengths showed no
discernible sensitivity to the alignment of &, relative to the
TOF axis, whereas the early time part of the TOF spectrum
recorded at Apno ~230 nm was clearly more intense when 6
= 90° than when 6 = 0°. As in the case of phenol-As,” the
finding that these fast H atoms exhibit a negative (but
nonlimiting) recoil anisotropy parameter indicates that this
dissociation occurs on a time scale that is faster than the
typical parent rotational period.

The measured H atom TOF spectra were converted into
TKER space using eq 1

TKER = %mH(l + @)(51)2 (1)

where my (=1.0079 u) is the mass of the H atom, my is the
mass of the cofragment (taken to be a phenoxyl-ds radical, i.e.,
mg = 98.13 u), d is the path length from the interaction region
to the detector, and ¢ is the H atom TOF measured over this
distance. d is determined by recording the TOF spectrum of H
atoms resulting from the near UV photolysis of H,S and least-
squares fitting to the well characterized peaks associated with
the various H + SH (X, v, N) product channels using literature
values for Dy(H—SH)* and the diatomic term values.?!

The H atom TOF (and the TKER) spectra obtained from
photolysis of phenol-ds at any given A are qualitatively similar
to those reported previously for phenol-A4? but differ in a number
of revealing details. Figure 3 compares TKER spectra derived
from H atom TOF data measured following excitation of phenol-
he and phenol-ds at, respectively, their S; < S, origins (Figure
3a,b), at Aphee = 230 nm (Figure 3c,d) and at Appe = 193.3 nm
(Figure 3e,f). In both cases, O—H bond fission following
excitation to the 'zzzr* state occurs via coupling to the first lzo*
PES, resulting in a structured feature centered at TKER ~6000
cm™!or ~11 500 cm™', depending on whether photon absorption
promotes the molecules to energies below or above the first
Y/ 'wo* CI. All spectra exhibit an additional broad unstruc-
tured feature, peaking at TKER ~2000 cm™'. The pedestal
extending several hundred cm™! beyond the fastest sharp feature
in the spectra obtained at long Ay (Figure 3a,b) is most
plausibly attributed to dissociation following excitation of parent
hot bands that overlap the origin transition. Figure 3 illustrates
several noteworthy features. The relative intensities of the fast,
structured channel and the slow, unstructured signal observed
from phenol-ds and phenol-hs at any given photolysis wave-
length are similar, implying that most of the low TKER signal
observed in the present work must be associated with O—H
bond fission. Attempts to record D atom TOF spectra from
phenol-ds photolysis at several different Ay Were hampered
by very low signal levels, confirming the low propensity for
C—D bond fission. Second, as noted in the earlier studies of
phenol-/, photolysis,? the maximum of the slow feature shifts
to lower TKER as Ay is reduced from that of the S;—S, origin
(273.815 nm in the case of phenol-ds) to 230 nm. Third, the
TKER spectra obtained from H atom TOF measurements
following photolysis of both phenol-/s and phenol-ds at Aphe =
193.3 nm show an additional (structured) feature at TKER
~5000 cm™!, as illustrated in Figure 3e,f. This hitherto
unobserved feature is attributable to formation of phenoxyl-ds
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Figure 3. TKER spectra from (a) phenol-/, following photolysis at Ay, = 275.113 nm, (b) phenol-ds at Ay = 273.815 nm (i.e,. at the respective
S1—S origins), (c) phenol-/, and (d) phenol-ds at Ay, = 230 nm, and (e) phenol-/ and (d) phenol-ds at Ay = 193.3 nm. &y Was aligned at 6
= 90° in (a)—(d), while in (e) and (f), &no Was aligned at 6 = 0°. The insets in panels (d)—(f) show the weak structures evident in these spectra

at lower TKER (~4000—5000 cm™") on an expanded scale.

(-hs) products in their second (B2A,) excited state,?® following
dissociation on the second 'wo* PES.

We now seek to assign the vibronic structure evident in the
spectra resulting from phenol-ds photolysis, and to compare it
with that seen in the previous PTS studies of phenol-/.2 Such
analyses require knowledge of the (anharmonic) normal mode
wavenumbers of the phenoxyl-ds radical. These have been
calculated using Gaussian 03* at the DFT/B3LYP/6-311+G**
level of theory and are listed in Table 2 (labeled using the
Wilson notation'?). Anharmonic wavenumbers for the 33 normal
modes of the ground state phenol-ds parent are included in Table
2 also, along with the available experimental values,'” to
illustrate the predictive reliability of such calculations. Gaussian
03 calculations at this level of theory appear to replicate the
experimental values best in the case of the phenol-ds molecule.
[This same level of theory was used in our previous study of
phenol-4, also, for the same reason, though not reported as such
in the earlier publication.?] Before considering the spectral
assignments in detail, we note that assigning the fastest peak in
TKER spectra recorded at long and short /Iphm (e.g., Figure 3b,d)
to formation of H atoms plus phenoxyl-ds fragments in their v
= 0 level leads to contradictory values of the O—H bond
strength, Dy(H—OC¢Ds). As in phenol-hs,> however, internal
consistency can be achieved by assigning the fastest peak
observed in the spectra formed at long and short Ay to
formation of phenoxyl-ds fragments with, respectively, vis, =
I, and vi, = 1. Given such assignments, we obtain
Do(H—0OC4¢Ds) = 30030 + 40 cm™! from eq 2

DyH—-OC¢Ds) = E;,,, — TKER — E;, (2)

where Ej is the photon energy and Ejy is the internal energy
of the phenoxyl-ds fragments. This value is entirely compatible
with that determined previously for the O—H bond strength in
phenol-is, Dy(H—OC¢Hs) = 30015 & 40 cm™'.? For ease of

comparison, subsequent spectra are presented and discussed in
E; space, derived using the above value of Dy(H—OCDs).

Figure 4 shows six Ei, spectra obtained when phenol-ds is
excited at long Ay, corresponding to different vibronic features
within the S; < S, transition. Activity in fragment modes v,
and v,g, (the C—O in-plane “wag”) is observed at all excitation
wavelengths, such that all identified product states have a”
vibrational symmetry, as in the corresponding photolyses of
phenol-hs.2 However, there are also noteworthy differences in
the product energy disposal from photolysis of phenol-ds and
phenol-Ag, even with excitation at the respective S;—S, origins.
For example, the E;, spectrum from phenol-A4 excitation at its
S;—Sy origin shows a short (odd quanta only) progression in
V16, Whereas that from phenol-ds shows no obvious feature
attributable to vi5, = 3. Rather, as Figure 4a shows, the
additional features in the Ej, spectrum from phenol-ds photolysis
at the S;—S, origin are most readily assigned to population of
the in-plane ring twist mode ve, and the ring breathe/C—O
stretch mode v,9,, both in combination with vis, = 1. In
hindsight, it is possible that part (or all) of the intensity of the
feature previously assigned as vy, = 5 in the Ej, spectrum from
phenol-/A photolysis could be attributable to population of the
Viea = 1 + vio, = 1 mode of phenoxyl-hs, due to the near
degeneracy of vis, = 4 and vj9, = 1. However, the relative
population of product mode vi¢, = 3 is unarguably much greater
in the case of phenol-/s photolysis.

As in the earlier phenol-h4 studies,? a range of behaviors is
observed following excitation at energies close above the S;—S,
origin. For example, vibrational excitation in the photoexcited
S; molecules can act as a “spectator” to the fragmentation
process, and map through as population of the corresponding
mode in the resulting radical products. In other cases, however,
the parent vibration evolves into a different mode in the eventual
radical or is lost completely (and thus contributes to the product
TKER). Viewing spectra as in Figure 4 allows a clear
comparison of the vibrational energy disposal, since population
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TABLE 2: Calculated Anharmonic Wavenumbers for the Normal Mode Vibrations of Phenol-ds and the Phenoxyl-ds Radical,
Calculated Using Density Functional Theory at the DFT/B3LYP/6-311+G** Level (With Anharmonic Corrections), and the

Gaussian 03 Computational Suite’?*

phenol-ds phenoxyl-ds
anharmonic anharmonic
mode symmetry wavenumber/cm ™! expt/cm ™! (refs 33 and 19) symmetry wavenumber/cm !

O—H stretch a’ 3637 3656/2700 disappearing mode

20a a’ 2284 2281/2313 a 2283
2 a’ 2240 2258/2295 a 2278
13 a’ 2262 2249/2262 a 2268
8a a’ 1580 1567/1572 a 1506
19a a’ 1391 1404/1405 a 1416
Ta a’ 1190 1204/1187 a 1240
O—H bend a’ 1168 1179/1179 disappearing mode

1 a’ 956 960/960 a 936
18a a’ 882 837/840 a 856
9a a’ 839 869/879 a 830
12 a’ 754 756/754 a 719
6a a’ 517 513/513 a 511
20b a’ 2273 2262/2302 b, 2288
b a’ 2253 2294/2283 b, 2260
8b a’ 1576 1579/1578 b, 1441
19b a’ 1309 1372/1372 b, 1331
3 a’ 1365 1021/1021 b, 1237
14 a’ 1018 1301/1300 b, 1031
9b a’ 844 813/831 b, 847
15 a’ 816 -/810 b, 809
6b a’ 590 594/595 b, 568
18b a’ 387 386/386 b, 421
17a a”’ 844 776/766 a 853
10a a”’ 639 636/694 a 616
16a a”’ 361 357/358 a 327
5 a”’ 785 831/825 b, 787
17b a”’ 775 754/720 b, 781
10b a”’ 629 624/625 b, 663
4 a”’ 555 550/550 b, 496
16b a”’ 436 430/431 b, 415
O—H torsion a”’ 290 307/307 disappearing mode

11 a”’ 213 232/231 b, 172

“The calculated anharmonic wavenumbers for phenol-ds are compared with the fundamentals derived from experiment (from refs 19 and
33). Modes are quoted using the Wilson mode labelling scheme'? and ordered on the basis of the C,, symmetry labels of the phenoxyl-ds

products.

of any particular mode of the phenoxyl-ds product will be
revealed at the appropriate Ej,, irrespective of Epy. None of
the photolyses yield phenoxyl-ds products in their v = 0 level
(i.e., fragments with E;,, = 0). Excitation on the S;—S, 16a3
transition results in population in product modes v ¢,, V11, and
(possibly) vig, as shown in Figure 4b. The corresponding
excitation in phenol-/4 resulted in formation of phenoxyl-/s
products carrying vibrational excitation in the first two of these
modes, and in ve,. As with excitation at the S;—S, origin, the
observed progression in odd quanta of product mode v, is less
extensive in the case of phenol-ds photolysis than for phenol-
he.

Parts c, d, and e of Figure 4 display E, distributions in the
phenoxyl-ds fragments resulting from excitation on the S;—Sg
6a, 6bj and 12} resonances of phenol-ds. Each reveals a strong
propensity for retention of the excited parent mode in the
eventual radical products; the dominant peak in the respective
E; profiles is assignable to one quantum of the photoprepared
“spectator” mode in combination with v, = 1. Weaker peaks
attributable to v, = 1 reveal some probability for the vibration
to be lost to kinetic energy. Similar behavior was observed
following excitation via the S;—S, 18bj, 9a} and 1{(6a3)
transitions. In all such cases, the TKER/E;,, peak assignments
serve to reinforce the 1 + 1 REMPI spectral assignments given
in Table 1 (and vice versa). In other cases, however, the excited

parent mode appears to couple efficiently into product transla-
tion; excitations demonstrating such behavior include the S;—S,
18a}, (Figure 4f) and 7aj transitions. Note how these assignments,
involving a limited set of fundamentals, serve to validate the
product mode assignments given following excitation at the
phenol-ds S;—S, origin. The dominant peak in the E;, spectrum
obtained with excitation at the S;—S 6b}, transition (Figure 4d),
for example, is attributable to phenoxyl-ds products with ve, =
1 (together with vig, = 1). It falls at the same E;, as a feature
in the spectrum obtained with excitation at the S;—S, origin,
which is assigned accordingly (Figure 4a).

Figure 5 shows Ej, spectra obtained following dissociation
of phenol-ds at Ay = (a) 234 nm, (b) 230 nm, (c) 224 nm,
and (d) 222 nm, i.e., at excitation energies above the first '7zr*/
I77o* CI. These Ej, spectra are very similar to those recorded
for phenol-is and phenol-ds at these same short wavelengths.”
As noted previously, internally consistent O—H bond strengths
for both phenol-/4 and phenol-ds are only obtained if the feature
at highest TKER (lowest Ej,) is assigned to v, = 1, suggesting
a role for parent mode v4, in promoting coupling at the 'sz*/
770 CI. Each spectrum shows a series of peaks which are most
plausibly assigned to progressions in Vg, built on a progression
of v19,. The corresponding E;, spectra resulting from photolysis
of phenol-4, were originally assigned to a single long progres-
sion in v,g,” but, given the near-degeneracy of v,o, and 3v g, in
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Figure 4. E;, spectra of the phenoxyl-ds products resulting from
photolysis of phenol-ds at Ay, = (a) 273.815 nm, (b) 271.620 nm, (c)
270.379 nm, (d) 270.106 nm, (e) 268.531 nm, and (f) 267.854 nm,
resonant with the S;—S, 00, 16a3, 6a), 6b}, 12{, and 18a} transitions,
respectively. Peak assignments follow from the calculated anharmonic
vibrational wavenumbers of the phenoxyl-ds radical listed in Table 2.
In all cases, &0 Was aligned at 6 = 90°.

the phenoxyl-As radical (which is reduced in phenoxyl-ds), the
alternative assignment offered here is more likely to apply in
the case of phenol-/; also. Some of the TKER spectra recorded
in this wavelength range show hints of structure within the low
TKER feature also, as illustrated for the Ay, = 230 nm case
(Figure 3d, inset). The high TKER limit of this structure
correlates well with that expected for formation of phenoxyl-ds
products in their first excited (A?B,) electronic state (given
Too(A2B,—X?B;) ~ 8000 cm ™! (ref 29)). It is thus tempting to
regard this weak structure as indicating some branching into
the H + phenoxyl-ds (A2B,) product channel, as a result of
coupling via the first '7zzr*/!t0* CI, evolution on the 'wo* PES
and further nonadiabatic coupling at the 'wo*/'sr CI at large
RO—H-

TKER spectra recorded following photolysis of phenol-ds and
phenol-/i at Aphee = 193.3 nm (Figure 3e,f) display an envelope
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Figure 5. E;, spectra of the phenoxyl-ds fragments resulting from
photolysis of phenol-ds at Ayho = (a) 234.0 nm, (b) 230.0 nm, (c) 224.0
nm, and (d) 222.0 nm. The dashed combs indicate the product state
internal energies predicted using the calculated anharmonic wavenum-
bers for phenoxyl-ds radicals listed in Table 2. In all cases, o Was
aligned at 6 = 90°.

at high TKER, attributable to O—H bond fission yielding ground
state phenoxyl-ds (-hs) fragments, following coupling at the first
lm#/'wo* CI. These spectra also show an additional, weak
feature at TKER ~5000 cm™'. This feature, which is most
notable when & is aligned at 6 = 0°, shows reproducible fine
structure, as shown on an expanded scale in the insets to Figure
3e,f. Again, the observation of such structure is consistent with
selective population of just a few product vibrational states, and
thus with parent dissociation on a repulsive excited state PES.
Given Dy(H—OC¢Ds), the measured TKER implies Ej, ~
16 800 cm™!. This value matches well with the documented term
value for the second (B%A,) excited electronic state of the
phenoxyl radical: Ty(B*A,—X?B;) ~ 16 360 cm™" (ref 29). The
observed structure is thus attributed to formation of this excited
radical, in low vibrational states, following coupling to, and
dissociation on, a higher 'zo* PES as illustrated in Figure 1.
The structure is less well resolved than that observed in the
channel leading to ground state phenoxyl-ds (-hs) fragments at
longer Aot but the peak spacing (~350 cm™') again hints at a
progression in product mode v gp.

5. Discussion

The present studies of phenol-ds photolysis serve to confirm,
and extend, insights and conclusions derived from previous
studies of phenol-h4,> 4-fluorophenol'* and 4-, 3-, and 2-meth-
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ylphenol.'> Analysis of the product state distributions resulting
from phenol-ds photolysis at many different UV wavelengths
yields an internally consistent value for the O—H bond strength,
Do(H—OC4¢Ds) = 30 030 & 40 cm™!, if the peaks at highest
TKER in spectra recorded in the “long” and “short” wavelength
regions are assigned to population of, respectively, product
modes Vi, = 1 and vy, = 1. Both of these modes involve out-
of-plane ring distortions (in the fragment and the corresponding
parent molecule) and, as such, have the appropriate a” symmetry
to facilitate coupling to the repulsive 'zro* PES at the relevant
CIs. However, theory®!? indicates that OH torsion around the
C—0 bond is the dominant first-order coupling mode at these
CIs, and the activity in fragment modes V6, and V¢, is probably
better pictured as a consequence of intermode mixing in the
vicinity of the Cls, reflecting the multidimensionality of the
PESs and their couplings.

O—H bond fission in phenols at long wavelengths proceeds
via IC from the photoexcited 'stsr* state to ground state levels
involving sufficient O—H stretching excitation to couple to the
770 PES via the lower cone of the '7wz/'7to* CI at extended
Ro-p. Possible Sy acceptor levels for such O—H bond fission
(henceforth represented as Sy*) are the OH stretch overtones
themselves, and combination modes built on such overtones.
Given that the calculated wavenumber separation between
successive OH stretch overtones in the szt potential at the
energy of the S; origin is >1000 cm™!,3* the latter—i.e., OH
stretch overtones in combination with low frequency symmetric
(a") vibrations—must be dominant among those states having
sufficient energy in OH stretching motion to be capable of O—H
bond fission. Factors determining which particular Sy level (or
levels) will be populated following excitation on any given
S1—Sy resonance and subsequent IC will include the extent of
any energy mismatch between the S| and Sy levels (which can
be accommodated if the Sy* level has sufficient energy width
on account of its short lifetime with respect to dissociation),
and the overlap of their respective vibrational wave functions.

The earlier analyses of the S;—S, absorption spectra of
phenol-ds, phenol-4g, etc.! revealed which a’ modes are
Franck—Condon active in vertical excitation, and thus provide
a first order guide as to which modes might be expected to be
Franck—Condon favored in the S; ~~> S* IC step. Notably,
all of the a’ vibrations identified in Figure 4, and in the earlier
analyses of Ei, spectra of phenoxyl-hs radicals resulting from
long wavelength photolysis of phenol-/,> match with parent
modes that are active in S;—S, absorption. Thus we arrive at a
rationale for the factors influencing the product vibrational
energy disposal observed in the long wavelength photolysis of
phenol-ds and in the earlier high resolution PTS studies of
phenol-/6. Photoexcitation prepares an S; level with specific
vibrational excitation. If this excitation is in a “spectator’” mode,
remote from the O—H bond, it may be retained in the S; ~~>
So" IC step and in the subsequent nonadiabatic transfer at the
Y/'wo* CI and map through into the eventual products.
Vibronic symmetry must be conserved in the S; ~~> Sy IC
step, but energy conservation may require excitation of (a’)
modes additional to just the proximate OH stretch overtone.
Again, if these a” vibrations (in Sy*) are only weakly coupled
with the breaking O—H bond, they can be expected to reveal
themselves in the eventual product vibrational energy disposal.

Nonadiabatic transfer at the '7zzr/'7ro* CI involves an A’ —
A” change in electronic symmetry which, experiment shows,
is compensated by an a” — a” change in overall vibrational
symmetry. This has been discussed as an illustrative example
of the geometric phase effect in a molecular photodissociation®
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and, in the case of phenol-ds, accounts for the dominance of
product states carrying one quantum of v,¢,—the skeletal mode
which, along with the OH torsion, is most actively involved in
coupling at the '7z7t/'7to* CI. The phenoxyl-ds products observed
in the present study display excitation in vjs, = 1 only, whereas
the earlier phenol-/ photolysis studies? deduced formation of
phenoxyl-As products with vis, = 1, 3, and 5. As noted earlier,
the peak attributed to phenoxyl-/s products with v, = 5 could
alternatively be assigned to population with vig, = 1 + vjg, =
1, but the v;6, = 3 product assignment in the long wavelength
photolysis of phenol-h appears robust. It is not obvious why
coupling at the '7z77/'wo* CI should generate substantially more
excitation in product mode v, in the case of phenol-/44 than in
phenol-ds. This isotope effect might reflect subtle differences
in the interplay between the various coupling modes (and thus
in the nonadiabatic dynamics) at the 'z7t/'776* CI or could be
indicative of differences in the S; ~~> S, IC step. For example,
given the above discussion, the observation of phenoxyl-hs
products with v;s, = 3 could imply that favored Sy* acceptor
levels in phenol-hg carry vis, = 2. [Table 1, and the UV
absorption studies'® both indicate some Franck—Condon activity
in the S;—S, 16a3 transition]. Finally, the departing H atom will
exert a tangential impulse on the O atom, which would be
expected to manifest itself via population of product mode vg,
(the C—0O wag), as observed.

Excitation at shorter Apno, at energies above the first Lo/
0% CI, results in the formation of fast H + phenoxyl-ds (f()
fragments, with the latter carrying vibrational excitation in Vg,
(the in-plane C—O wag), v, (Which involves a combination
of in-plane ring-breathing and C—O stretching motions) and
Vigb- Activity in vi9, and vig, can be understood in terms of
forces acting as a result of the initial 7* < 7 excitation, and
the impulse associated with the eventual O—H bond fission,
respectively, while activity in v, is considered to be a signature
of the nonadiabatic coupling at the CI. The observed energy
disposal parallels that deduced following H atom loss from
4-fluorophenol' and 4-methylphenol,' though v, is identified
as the favored in-plane ring-breathe/C—O stretch mode in the
4-fluorophenoxyl products. As discussed earlier, the phenoxyl-
hs radicals resulting from phenol-A¢ photolysis at these short
wavelengths almost certainly carry excitation in mode v o, also,
though this was not recognized in the original analysis as a result
of the near degeneracy of 3vg, and v9,.> Some TKER spectra
measured in the short wavelength range (e.g., at Ao = 230
nm, Figure 3d) show hints of additional structure which may
be attributable to formation of H + phenoxyl-ds (A) products.
The deduced branching into this excited product channel at the
Lzo*/'r C1 would not be surprising (it is observed in the
corresponding dissociation of thiophenol, for example®) and
lends support to the interpretation of recent velocity map
imaging studies of H atoms arsing in the vibrationally mediated
UV photolysis of phenol-ds.??

The fast H 4+ phenoxyl-ds (X) product channel is still evident
with excitation at Ay = 193.3 nm (Figure 3f), but the new
feature to note in this TKER spectrum is the structure attribut-
able to formation of phenoxyl-ds fragments in the B?A, state.
Similar product branching is seen when phenol-/; is excited at
this wavelength, but not at Ay, = 206 nm.? This attribution
implies the existence of another CI in the Ro—y exit channel,
which is open following vertical excitation with an energy ~6.4
eV and provides a route from the one (or more) optically bright
bound states populated by photoexcitation at this energy to the
second !zo* state (of 'A” (A, in C,,) symmetry), as illustrated
in Figure 1. As noted earlier, this channel appears most clearly
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when & is aligned at 6 = 0°, implying a positive recoil
anisotropy parameter, which would be consistent with excitation
to the second !7z* state and subsequent prompt dissociation
via the second 'zzr*/'o* CI, as illustrated in Figure 1. It is
unclear at this stage what role, if any, this B state product
channel might play in the production of prompt, slow H atoms
observed in recent ultrafast pump—probe studies at Apno ~200
nm.?

Finally, the persistence of the broad feature centered at low
TKER (~2000 cm™!), which is evident in all spectra recorded
with the phenol-ds parent, establishes that this is largely
associated with an O—H bond fission—a conclusion that is
reinforced by the paucity of D atom signal. Such a finding
contrasts with that of Hause et al.,>> who reported notable
reductions in the slow H atom signal upon ring deuteration.
These results are not necessarily contradictory, however, since
one can envisage several contributory O—H bond fission
mechanisms, namely, IC from the photobright '7zr* state and
subsequent unimolecular decay on the Sy PES, and a number
of multiphoton induced fragmentation processes, e.g., two
photon excitation to, and dissociation from, superexcited states.'?
Clearly, the relative contributions could depend sensitively on
the experimental conditions (e.g., excitation wavelength and,
particularly, laser pulse intensity and duration). Indeed, the low
TKER feature at long Ay is centered at ~2000 cm™ !, while at
shorter excitation wavelengths, this shifts to ~1500 cm™,
hinting that multiphoton processes are more likely with excita-
tion near the S; — S, origin.

6. Conclusions

H atom loss from phenol-ds following excitation at many
wavelengths in the range 275 = Ay = 193.3 nm has been
investigated using a combination of 1 + 1 REMPI spectroscopy
(at the longer excitation wavelengths) and H (Rydberg) atom
PTS methods. O—H bond fission in phenol-ds is shown to occur
via mechanisms similar to those observed for phenol-4, i.c.,
by coupling to the lowest energy 'sro* PES either by indirect
means, after IC to high vibrational levels of the electronic ground
state and subsequent coupling via the '7z7t/!7t0* CI (at the longer
excitation wavelengths) or, at shorter wavelengths, by non-
adiabatic coupling via the first 'szr*/!;wo* CL.? Broadly similar
behavior has been reported previously in the UV photolysis of
4-fluoro- and 4-chlorophenol,'* and in 2-, 3-, and 4-methylphe-
nol.’> O—D bond fission in phenol-ds, however, is only observed
at excitation energies above the 'zzr*/!wo* CL? The present
work provides further illustration of the generality, and ef-
ficiency, of 'mo* state mediated O—H bond fission following
UV photoexcitation of phenols and, at the shortest excitation
wavelength studied (Apnee = 193.3 nm), provides the first clear
evidence of dissociation via a higher energy 'mm*/'mo* CI,
yielding phenoxyl-hs (-ds) fragments in their second (B*A,)
excited state. It also offers additional insights into the origin(s)
of the pronounced low kinetic energy feature observed in TKER
spectra from photolysis of all phenols, clearly associating it with
one or more O—H bond fission processes, e.g., unimolecular
decay on the Sy PES (following IC from the photoexcited zzr*
state) and/or decay from superexcited states populated via two
(or more) photon absorption.

The energy resolution of the H (Rydberg) atom PTS method
is sufficient to allow measurement and analysis of the vibrational
energy disposal in the phenoxyl-ds products from photolysis of
phenol-ds, its dependence on Ay, and thus determination of
the O—H bond strength, Dy(H—OC¢Ds) = 30 030 + 40 cm™L.
The detailed energy disposal shows many similarities with, but
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also differences from, that deduced from companion studies of
other isotopologues of phenol, and from substituted phenols.
Specifically, neither v = 0 products nor any products with
overall a’ vibrational symmetry are observed. All populated
product states are deduced to carry a quantum of vy, or vy (if
formed by indirect coupling via the 'zz7t/!;t0* CI) or a quantum
of 14 (When the 'to* PES is accessed via the first '/ o™
CI), often in combination with one or more modes of a’
symmetry. Factors identified as influencing the detailed vibra-
tional energy disposal, and its sensitivity to Apne, isotopologue,
and ring substituents include: the propensity for retaining
skeletal, “spectator” motions introduced in the initial parent
photoexcitation and/or in the S; ~~> Sy* IC step; the a” — a”
change in overall vibrational symmetry introduced by the
nonadiabatic coupling at the respective Cls, and the tangential
force exerted by the departing H atom on the O atom once the
molecule has accessed the 'mo* PES.
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