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Pico- and nanosecond time-resolved resonance Raman (TR3) spectroscopy have been utilized to
study the dynamics and structure of p-hydroxyacetophenone (HA) and the p-hydroxyphenacyl-
caged phototrigger compound p-hydroxyphenacyl diethyl phosphate (HPDP) in acetonitrile solu-
tion. Transient intermediates were detected and attributed to the triplet states of HA and HPDP.
Nanosecond-TR3 measurements were done for two isotopically substituted HA molecules to help
better assign the triplet state carbonyl CdO stretching and the ring related vibrational modes.
The dynamics of formation and the spectral characteristics for the triplet states were found to be
similar for the HA and HPDP. The temporal evolution at very early picosecond time scale indicates
there is rapid intersystem crossing (ISC) conversion and subsequent relaxation of the excess energy
of the initially produced energetic triplet state. B3LYP/6-311G** density functional theory (DFT)
calculations were done to determine the structures and vibrational frequencies for both the triplet
and ground states of HA and HPDP. The calculated spectra reproduce the experimental spectra
and the observed isotopic shifts reasonably well and were used to make tentative assignments to
all the experimentally observed features. The triplet states were found to have extensive conjugated
ππ* nature with a single-bond-like carbonyl CO bond. We briefly compare the triplet structure
and formation dynamics of HA and HPDP as well as the conformational changes upon going from
the ground state to the triplet state. We discuss our present results in relation to the initial pathway
for the p-hydroxyphenacyl photodeprotection process. We also compare and discuss the properties
of the HA ππ* triplet state relative to the published results of other aromatic carbonyl compounds.

Introduction

Photoremovable protecting groups and caged com-
pounds have been receiving increasing interest due to
their diverse applications in biochemistry, photolithog-
raphy, and synthetic organic chemistry.1-8 The p-hydroxy-
phenacyl group was recently demonstrated to be a new
and efficient phototrigger for rapid and localized libera-
tion of various biological stimulants, such as inorganic
phosphate,6,7,9,10 peptides,8,11 amino acids,8,11,12 etc. in
aqueous solution. The p-hydroxyphenacyl cage has been

found to possess several superior properties compared to
the widely used o-nitrobenzyl cage4,6,13 and newly devel-
oped desyl cage systems.4,6,7,13 Therefore, the p-hydroxy-
phenacyl cage system has been proposed to become the
second generation of the R-keto cage type phototriggers.10

It has been shown that the photodeprotection reaction
of p-hydroxyphenacyl-caged compounds occurs only in
aqueous solution or in solvents containing appreciable
water.6-13 For example, the p-hydroxyphenacyl caged
phosphate reaction can be described as shown in eq 1.

By using product analysis, triplet quenchers,6,10,11 and
nano- and picosecond transient absorption,9,14 several
groups have performed mechanistic studies to under-
stand the cleavage and related rearrangement reactions
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of the p-hydroxyphenacyl photodeprotection processes.
Different mechanisms have been proposed, and there
remain conflicting interpretations and controversies about
the photophysical and photochemical pathways of these
processes. The divergences in these previous studies
revolve mainly about two issues: the multiplicity and the
primary photochemical step of the photorelease mecha-
nism. Givens, Wirz, and co-workers suggested that the
lowest triplet state is the precursor to the chemical
pathway, and they favor a cleavage mechanism involving
direct release of the leaving group from the excited triplet
state.6,9-11 On the other hand, Wan and co-workers
reported a singlet mechanism and proposed that the
primary step responsible for the photochemistry is
the single excited state intramolecular proton transfer
(ESIPT) from the phenolic proton to the ketone carbonyl
oxygen mediated by water solvent.14 In addition, work
by Falvey and co-workers on phenacyl esters lacking the
p-hydroxy group appears to indirectly support the triplet
mechanism. Falvey and co-workers observed that hydro-
gen abstraction from the solvent by the triplet carbonyl
oxygen to form the ketyl radical is the initial step for the
photocleavage reaction.14 The origin of the photolability
of the p-hydroxyphenacyl chromophore is still not well
understood, and further work is needed to better address
the overall photoexcited reaction pathways and to clearly
identify the reactive intermediate so as to clarify the
validity of the possible reaction mechanisms suggested
thus far.

Information about the triplet structure of the p-hy-
droxyphencyl-caged compounds and their intersystem
crossing (ISC) rate of the singlet to triplet conversion are
among the key experimental pieces of information needed
to establish the photodeprotection mechanism and clarify
the related ambiguity in the reaction pathways. Based
on time-resolved measurements employing the pico- and
nanosecond transient absorption techniques, the triplet
lifetime and tentative identification of several possible
transient species have been reported for a couple of
p-hydrophencyl compounds and the parent compound
p-hydroxyacetophenone (HA).9,14 However, the broad
structureless absorption spectra provide little structural
data for the triplet state and other possible intermediates.
Direct information on early time photophysical and
photochemical dynamics occurring immediately after
photoexcitation is still lacking due to the limited time
resolution of most previous experiments. Time-resolved
vibrational spectroscopy measurement with pico- or even
femtosecond time resolution16 should provide more in-
sight into the structure and dynamics of formation of the
intermediates previously observed in the transient ab-

sorption studies.9,14 Here, we report pico- and nanosecond
time-resolved resonance Raman (TR3) results for the
p-hydroxyphenacyl caged phosphate compound, the p-
hydroxyphenacyl diethyl phosphate (HPDP), and the
parent compound HA. Structures of the two compounds
are as follows.

From these spectra, we elucidate the structure as well
as the formation and decay kinetics of the triplet states
for HPDP and HA. These results provide additional
insight to differentiate the triplet vs singlet reaction
mechanisms previously proposed by other groups.

Besides their intriguing applications as photoprotect-
ing group for biological stimulants, which is one of the
major reasons for the present investigation, the impor-
tance of the photochemistry and triplet state properties
for the two compounds render the time-resolved vibra-
tional spectroscopic results of this work interesting in
their own right. The two molecules studied here belong
to substituted aromatic carbonyl compounds, and it is
well-known that the triplet states of these kinds of
compounds are important reactive intermediates in a
wide variety of photochemical reactions.17-24 Extensive
work has been reported in the literature to characterize
the triplet states and to correlate these properties with
their reactivity.17,18-22,25-30,31-33 Some time-resolved vi-
brational studies using both the TR3 34-37 and time-
resolved IR (TRIR)38-40 spectroscopy have been done to
investigate the possible correlation between the triplet
structure, especially the frequency of the triplet carbonyl
CdO stretching vibration, with the 3nπ* and 3ππ* elec-
tronic configurations and the triplet reactivity. Some
interesting trends have been reported. However, the
compounds studied previously are those with typical
lowest 3nπ* or 3ππ* state, or say well-separated 3nπ* and
3ππ* configurations. Further time-resolved vibrational
studies are needed to seek a more general correlation
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between the triplet structure-electronic configuration-
reactivity for the wide range of aromatic carbonyls,
especially those with close-lying 3nπ* and 3ππ* states,
whose structural studies remain very scarce in the
literature. The p-hydroxyphenacyl caged compounds
studied here and many other derivatives of acetophenone
have nearly degenerate 3nπ* and 3ππ* configura-
tions.17,20,22,28-31,41-43 It is possible that, due to the strongly
mixed character of the two configurations, the triplets
of these compounds could be substantially different from
those of the typical well-separated 3nπ* or 3ππ* states.
The spectra reported in this paper are therefore expected
to contribute to a better understanding to the triplet
states of derivatives of acetophenone that have nearly
degenerate 3nπ* and 3ππ* configurations.

The TR3 spectra presented here were acquired with 266
nm excitation and 400 (ps-TR3) or 416 nm (ns-TR3) probe
wavelength in acetonitrile solvent. The ISC rate was
estimated on the basis of the early picosecond temporal
evolution of the triplet state spectra, and the lifetime of
the triplet state was obtained from the spectral decay
up to 400 ns. For HA, the TR3 measurements have also
been done to the carbonyl carbon isotopic-substituted
(HA-13C) and ring-deuterated (HA-D4) compounds shown
below to help assign the triplet state carbonyl CdO
stretching and the ring-related vibrational modes.

To help determine the triplet-state geometry, vibra-
tional frequencies, and to make assignments to the
experimental vibrational bands, density functional theory
(DFT) calculations were also done employing the B3LYP
method with a 6-311 G** basis set for both the ground
and triplet states of the two compounds. The early time

dynamics, the comparison of the triplet-state structures
between the parent HA and caged HPDP compounds, and
a comparison of the triplet-state structure to that of the
corresponding ground state allow us to comment on the
present controversy over the initial stages of the phenacyl
deprotection mechanism and related processes. We also
discuss briefly our results in relation to the nature of the
triplet state and make comparisons to those reported
previously in the literature.

Experimental and Computational Methods

FT-IR spectra of the compounds studied were recorded using
a FT-IR spectrometer with the sample encased in solid KBr
windows. A normal Raman spectrum of the solid phase HP
was obtained using a Raman microspectrometer employing 514
nm excitation from an Ar ion laser. The spectral resolution of
these spectrometers were approximately 5 cm-1 for both the
Raman and IR spectra.

The ps-TR3 experiments were performed using a newly
developed ultrafast laser system in this laboratory that has
been described elsewhere.16,44 Briefly, the pump and probe
wavelengths were 267 and 400 nm with ∼15 and 8 µJ/pulse
energy, respectively, ∼1 ps pulse length, and ∼15 cm-1 line
width. The time resolution of the system is ∼2 ps, and the
time delay between the pump and probe pulses was changed
using an optical delay line. The laser beams were loosely
focused (∼250 and 150 µm for the pump and probe beam,
respectively) onto a thin film stream (thickness ∼500 µm) of
a recirculated acetonitrile solution with sample concentration
of ∼1 mM. The Raman light was collected in a back-scattering
configuration and detected by a liquid-nitrogen-cooled CCD
detector.

The ns-TR3 measurements were done using an experimental
apparatus described previously.45-47 The pump wavelength
was 266 nm, and the 416 nm probe wavelength came from
the first Stokes of a hydrogen Raman shifted line pumped by
the third harmonic (355 nm) from the second Nd:YAG laser.
The time delay between the pump and probe beam was
controlled electronically by a pulse generator, and the time
resolution of these experiments was ∼10 ns. The energy of the
pump and probe pulses was in the 2-2.5 mJ range with a
repetition rate of 10 Hz. The arrangements for the sample and
Raman signal detection are similar to those used in the
picosecond experiments. To check the quenching effect by
oxygen, the measurements were performed under open air as
well as under nitrogen and with oxygen being bubbled through
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pump-probe spectrum. Acetonitrile solvent Raman bands
were used to calibrate the TR3 spectra with an estimated
accuracy of (5 cm-1 in absolute frequency.

HPDP was synthesized following the method suggested in
refs 48 and 49. The compound was characterized as follows.
1H NMR (400 MHz, CDCl3) δ: 1.41 (t, J ) 7.0 Hz, 6H), 4.28
(m, J ) 7.3 Hz, 4H), 5.17 (d, J ) 11.7 Hz, 2H), 6.79 (d, J ) 8.7
Hz, 2H), 7.51 (d, J ) 8.7 Hz, 2H), 7.57 (d, J ) 9.2 Hz, 2H),
9.08 (s, 1H). 13C NMR (100 MHz, CDCl3) δ: 16.1, 64.9, 68.8
(2C), 115.9 (2C), 125.5, 130.0 (2C), 162.6, 189.9. MS(EI) (m/z)
288 [C12H17PO6

+]. UV (CH3CN) λmax ) 275 nm. HA-13C and
HA-D4 were synthesized using the method suggested in ref
50. These compounds were characterized as follows. For
HA-13C: 1H NMR (400 MHz, CDCl3) δ: 2.56 (d, J ) 8.0 Hz,
3H), 5.45 (s, H), 6.89 (d, J ) 12 Hz, 2H), 7.92 (d, J ) 12 Hz,
2H). 13C NMR (100 MHz, CDCl3) δ: 179.2 (the carbonyl 13C).
MS (EI) (m/z): 137 [C7

13CH8O2
+], 122 [C6

13CH5O2
+], 93 [C6H5O+].

For HA-D4: 1H NMR (400 MHz, CDCl3) δ: 2.17 (3H), 5.59 (s,
H). The identity of the samples were further confirmed by
vibrational analysis of their FTIR spectra as given below.
Normal HA is available commercially and was used after
recrystallization. Spectroscopic grade acetonitrile solvent was
used as received for the TR3 measurements. UV absorption
measurements before and after sample use revealed no ap-
preciable degradation for samples used in both the ns- and
ps-TR3 experiments.

The optimized geometry, vibrational mode, and frequencies
for the ground-state HPDP and HA were obtained from B3LYP
density functional theory (DFT) calculations employing a
6-311G** basis set. The open-shell UB3LYP method with the
same basis set was used for the triplet computations. No
imaginary frequency mode was observed for any of the
optimized structures. The DFT Raman and IR activities were
also calculated to allow direct comparison with the experi-
mental spectra. Frequency calculations were also done for the
triplet and ground states of HA-13C, HA-D4, and carbonyl
oxygen isotopic substituted HA-18O. The spin densities were
obtained from the triplet calculations, and no appreciable spin
contamination was found. All the calculations were done using
the Gaussian 98 program suite.51

Results and Discussion

A. Optimized Structure and Vibrational Analysis
of the Ground State of HA and HPDP. Parts a and b
of Figure 1 display the optimized geometry found from
the B3LYP/6-311G** calculations for the HA and HPDP
ground states, respectively. Selected structural param-
eters and calculated total energy including the zero-point
energy are given in Table 1 for (a) HA and (b) HPDP. A
full list of the optimized geometry parameters and their
computed total energy can be found in the Supporting
Information. The X-ray diffraction data of crystallized

HA52,53 is also listed in Table 1a for comparison with the
computed ground state geometry. Figure 2 presents a
comparison of the experimental normal Raman and FTIR
spectra of HA, HA-13C and HA-D4 with the corresponding
B3LYP/6-311G** calculated spectra based on the opti-
mized structure shown in Figure 1. The comparison of
the calculated IR and experimental FTIR spectra for
HPDP is displayed in Figure 3. A Lorentzian function
with 10 cm-1 bandwidth was used to produce vibrational
bands for the calculated spectra. The calculated vibra-
tional frequencies were scaled by a factor of 0.9718 and
0.9809 for HA and HPDP, respectively. The scaled factors
minimize the root-mean-square difference between the
calculated and experimental frequencies for bands with
definitive or known identification.

Besides the structures (Figure 1) with the hydroxy
O-H bond being cis to the carbonyl CdO bond, isomers
with the O-H trans to the CdO were also calculated to
be stable for both HA and HPDP. The computed total
energy (including ZPE) of the trans conformation is very
close to that of the cis isomer with the energy difference
being less than 0.3 kcal/mol; the calculated IR and
Raman spectra are also almost identical for the two
isomers. They are hence indistinguishable, and both can
contribute to the experimental spectra. Very similar
results were found for the case of the triplets. We chose
the cis conformation as representative in the discussion
below for both the ground and triplet states.

Vibrational assignments to the experimental bands
were made based on a direct comparison between the
experimental and calculated spectra. A summary of the
experimental and calculated vibrational frequencies and
vibrational assignments for HA, HA-13C, HA-D4, HA-18O,
and HPDP are given in the Supporting Information.
Vibrational coupling was found to be quite extensive for
many vibrational modes, such as the ring C-C stretching
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FIGURE 1. Optimized structures for the ground and triplet
states of (a) HA and (b) HPDP computed from DFT calculations
using B3LYP (ground) and UB3LYP (triplet) methods with a
6-311G** basis set.
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motions that couple with the ring-substituted stretching
and the ring C-H bending vibrations that couple with
the hydroxy O-H bending vibrations. The descriptions
of the assignments are based on the atomic displacements
of the calculated normal mode and the depictions listed
in the tables of the Supporting Information (Tables
1S-4S) include only vibrations with predominant con-
tributions to the corresponding vibrational modes. Where
applicable, the Wilson notation54 is used to label the ring
C-H and C-C vibrations analogous to benzene motions.

It can be seen from Figure 1a and Table 1a that the
optimized structure of the ground state HA has Cs

symmetry with both the hydroxyl and carbonyl groups
within the ring plane. Computations using C1 symmetry
lead to an optimized structure almost identical to those
resulting from the Cs calculation. We therefore take the
Cs-optimized structure for our discussion on the ground-
state conformation. Comparison between the X-ray data52

and our calculated results shows that the differences in

the bond lengths are within 0.035 Å and those for the
bond angle are less than 1.7°, indicating reasonable
agreement between the DFT computation and the X-ray
measurements. However, we note that, unlike the cal-
culated planar structure, the X-ray result shows that the
carboxylic carbon atom (C(7)) is displaced by 0.0376 Å
from the ring plane and the C(dO)CH3 group is reported
to form a 6.9° dihedral angle with respect to the aromatic
ring for crystallized HA. This might be mainly due to the
intermolecular hydrogen bonding interactions and a
packing effect that have been found to be very extensive
in crystalline HA.52,53 Our planar structure is in agree-
ment with recent theoretical results for several analogous
aromatic carbonyl compounds55,56 and can be attributed
to the extended conjugation interaction between the ring
π system with the CdO π orbital. One indication for this

(54) Varsanyi, G. Assignments for vibrational spectra of seven
hundred benzene derivatives; Lang, L., Ed.; Adam Hilger: London,
1974; Vol. I.

TABLE 1. Structural Parameters for the Ground and Triplet States of HA (a) and HPDP (b) Calculated from the DFT
Calculations Using the B3LYP (Ground) and the UB3LYP (Triplet) Methods and a 6-311G** Basis Set

bond lengths (Å) bond angles (deg) dihedral angles (deg)

S0 exptl (S0) T1 S0 exptl (S0) T1 S0 exptl (S0) T1

C1-C2 1.398 1.371 1.405 C2-C1-C6 119.9 120.5 119.5 C6-C1-C2-C3 0.0 -0.5
C1-C6 1.400 1.378 1.405 C2-C1-O1 122.7 122.3 122.8 O1-C1-C2-C3 180.0 179.7
C1-O1 1.359 1.366 1.365 C1-C2-C3 119.8 118.2 120.7 C2-C1-C6-C5 0.0 -0.5
C2-C3 1.390 1.389 1.380 C2-C3-C4 121.0 122.7 120.9 C2-C1-O1-H1 0.0 1.3
C3-C4 1.400 1.387 1.429 C3-C4-C5 118.4 117.0 117.1 C6-C1-O1-H1 180.0 -178.5
C4-C5 1.404 1.390 1.435 C3-C4-C7 123.2 123.0 122.4 C1-C2-C3-C4 0.0 2.3
C5-C6 1.383 1.369 1.375 C4-C5-C6 121.3 121.1 121.3 C2-C3-C4-C5 0.0 -3.1
C4-C7 1.494 1.462 1.417 C1-C6-C5 119.7 120.5 120.4 C2-C3-C4-C7 180.0 179.2
C7-O2 1.217 1.216 1.317 C4-C7-O2 120.9 121.3 118.0 C3-C4-C5-C6 0.0 2.1
C7-C8 1.520 1.485 1.506 C4-C7-C8 118.8 120.0 126.1 C3-C4-C7-O2 180.0 173.1 161.9

O2-C7-C8 120.3 118.7 115.2 C3-C4-C7-C8 0.0 6.9 -7.2
C5-C4-C7-O2 0.0 -15.7
C5-C4-C7-C8 180.0 175.1
C4-C5-C6-C1 0.0 -0.4
O2-C7-C8-H2 0.0 37.1

total energya (hartree)
S0 T1

-460.0995 -459.9894

bond lengths (Å) bond angles (deg) dihedral angles (deg)

S0 T1 S0 T1 S0 T1

P1-O2 1.472 1.472 P1-O3-C6 123.0 123.3 O19-C16-C15-C14 179.9 179.3
P1-O3 1.595 1.592 P1-O4-C8 122.7 120.2 C15-C14-C13-C11 -179.9 -179.1
P1-O4 1.593 1.603 P1-O5-C10 120.3 121.6 C18-C13-C11-C10 2.6 -11.2
P1-O5 1.628 1.623 O2-P1-O3 113.6 114.5 C14-C13-C11-C10
O3-C6 1.450 1.451 O2-P1-O4 119.3 117.5 C13-C11-C10-O5 175.2 85.5
O4-C8 1.461 1.455 O2-P1-O5 113.4 114.0 C11-C10-O5-P1 92.2 121.3
C6-C7 1.514 1.514 O3-C6-C7 107.7 107.6 C10-O5-P1-O3 114.8 129.3
C8-C9 1.515 1.514 O4-C8-C9 109.8 107.7 C10-O5-P1-O4 -139.8 -125.0
O5-C10 1.422 1.461 O5-C10-C11 111.7 111.4 O5-P1-O3-C6 55.0 55.3
C10-C11 1.533 1.497 C10-C11-O12 120.4 116.7 O5-P1-O4-C8 73.4 76.4
C11-O12 1.215 1.314 C10-C11-C13 117.7 125.1 P1-O3-C6-C7 -176.2 -179.2
C11-C13 1.487 1.427 C11-C13-C14 118.3 120.2 P1-O4-C8-C9 -112.5 -172.4
C13-C14 1.405 1.431 C13-C14-C15 121.2 121.2 C18-C13-C11-O12 -177.6 156.9
C14-C15 1.382 1.376 C14-C15-C16 119.7 120.2 C14-C13-C11-O12 2.0 -20.7
C15-C16 1.401 1.404 C15-C16-C17 120.0 119.7 O5-C10-C11-O12 -4.6 -82.6
C16-C17 1.398 1.407 C16-C17-C18 119.8 120.5 C10-C5-P1-O2 -9.3 3.7
C17-C18 1.389 1.379 C18-C13-C14 118.4 117.5 O2-P1-O4-C8 -53.4 -50.2
C18-C13 1.401 1.426 C18-C13-C11 123.3 122.3 O2-P1-O3-C6 179.0 -179.4
C16-O19 1.358 1.360 C15-C16-O19 117.3 117.6
O19-H20 0.963 0.963 C16-O19-H20 109.7 109.6

total energya (hartree)
S0 T1

-1260.2830 -1260.1762
a Including zero-point energy.
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is that the bond length of C-C bond connecting the ring
and carbonyl subgroups (C(4)-C(7)) is calculated to be
1.49 Å, and this is shorter than the ∼1.52 Å normal C-C
single bond length.

To our knowledge, there has been no X-ray diffrac-
tion data published in the literature for HPDP that
can be used for comparison to the calculated geometry.
It can be seen from Figure 1b and Table 1b that, except
for the slight twisting (by ∼2°) of the ring connected
-C(dO)CH2- subgroup with respect to the ring plane,
the calculated geometric parameters related to the p-
hydroxyphenacyl subgroup are very similar to those in
HA. We note also that the p-hydroxyphenacyl conforma-
tion in HPDP is almost identical to that in p-hydroxy-
phenacyl acetate (HPA).16 This may imply that the
structure of the p-hydroxyphenacyl cage structure is little
affected by the existence or the type of leaving group.
Similar to the calculated structure of HPA, the O(5) atom
joining the phosphate and the p-hydroxyphenacyl cage
in HPDP is found to be nearly in the same plane defined
by the ring with the nearby H32 and H31 atoms on
opposite sides of the plane.

Inspection of Figures 2 and 3 shows that the experi-
mentally recorded Raman and IR spectra agree reason-

ably well with the B3LYP/6-311G** computed spectra for
both HA and HPDP, respectively. This confirms again
that the optimized structures from the B3LYP/6-311G**
computation are reasonable, and this makes assignments
of the vibrational bands relatively straightforward. By
comparing the results for HPDP with HA, one can find
that the p-hydroxyphenacyl group related local vibra-
tional modes, such as the carbonyl CdO stretching, the
ring C-C stretching dominated by the Wilson 8a, 8b, and
19a, the ring C-H in-plane bending (the Wilson 9a, 18b)
and out-of-plane bending, have the frequencies that
appear at similar positions: 1660, 1609, 1579, 1516, 1171,
1117, and 774 cm-1 for HPDP and 1647, 1605, 1587,
1514, 1171, 1115, and 783 cm-1 for HA. This is consistent
with the geometry results mentioned above. For a discus-
sion of the triplet structure and the deprotection mech-
anism of the phenacyl caged compounds, it is necessary
to mention here the mode dominated by the C10-O5
stretching vibration for HPDP (the motion leading to
direct cleavage of the phosphate leaving group from the
phenacyl cage structure). The mode with the largest
contribution from the C10-O5 stretching is at 1105 cm-1

but it can be seen from Table 2S (Supporting Information)
that this mode is mixed in character and couples with
the ring C-H in-plane bending and the phosphate methyl
group rocking vibrations.

It is obvious from Figures 2 and 1S (Supporting
Information) that the 13C and D4 isotopic substitutions
of HA lead to substantial changes of the vibrational
spectrum in terms of band frequencies and spectral
profiles. It is also clear that these changes are reproduced
reasonably well by the DFT calculations. Comparison of
the experimental and calculated IR spectra in Figure 2c,d
with those in Figure 2e,f shows that, on going from the
normal HA to HA-13C, there are generally small changes
in the relative intensities for the corresponding bands,
but several bands display obvious frequency downshifts
upon the 13C substitution. These bands are from modes
with vibration related to the carbonyl carbon atom (C7
in Figure 1a). This is confirmed by the DFT calculations.
For example, the carbonyl CdO stretching vibration
shifts down by ∼15 cm-1 from 1647 cm-1 for HA to 1632
cm-1 for HA-13C; the mode dominated by the ring-
carbonyl stretching (C4-C7 stretching at 1235 cm-1 for
HA) and that contributed by C4-C7 out-of-plane (1024
cm-1 for HA) and in-plane (966 cm-1 for HA) bending
motion shift down by ∼12, 12, and 10 cm-1, respectively,
upon the 13C substitution (Table 1Sa, Supporting Infor-
mation). The computed frequency downshifts are 39, 18,
11, and 8 cm-1, respectively, for these modes, consistent
with the experimental observation.

Comparison of the IR spectra and the results of
vibrational analysis between the normal (Table 1Sa
(Supporting Information), Figure 2c,d) and D4 deuterated
HA (Table 1Sb (Supporting Information), Figure 2g,h)
shows that the frequency shifts are not restricted to the
ring CH mode since there are also complex changes in
vibrational coupling between this and other modes within
the ring deuterated molecule that affect both frequencies
and intensities.57-60 To help interpret the excited state

(55) Wang, Y.-W.; He, H.-Y.; Fan, W.-H. TheoChem 2003, 634, 281-
287.

(56) Fang, W. H.; Phillips, D. L. ChemPhysChem 2002, 3, 889-892

(57) Kwok, W. M.; Ma, C.; Matousek, P.; Parker, A. W.; Phillips,
D.; Toner, W. T.; Towrie, M.; Umapathy, S. J. Phys. Chem. A 2001,
105, 984-990.

FIGURE 2. Comparison of the experimental and DFT cal-
culated Raman and IR spectra for the ground state of HA,
HA-13C and HA-D4. The asterisk (*) marks an ambient or stray
light artifact band. See the text for more details.
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spectra, it is worthwhile to mention several points
relating to the typical band shifts and variations of
vibrational features on going from the normal to HA-D4.
The ring C-H stretching modes shift down by ∼800 cm-1

from ∼3100 cm-1 in normal HA to ∼2300 cm-1 in HA-D4

(Table 1S, Supporting Information). Consistent with the
calculation, the four downshifted C-H stretching bands
have been observed clearly in the experimental FT-IR
spectra verifying the identification and purity of the
synthesized HA-D4 sample. The comparison between the
experimental and calculated spectra for HA-D4 in this

spectral region is provided in the Supporting Information.
Bands dominated by the ring CC stretching vibrations
were found to shift down by ∼15-30 cm-1, such as the
Wilson 8a and 8b modes that shift from 1605 and 1587
cm-1 for normal HA to 1588 and 1562 cm-1, respectively,
for HA-D4. The ring C-H bending dominated mode shift
down by ∼300-400 cm-1 upon ring deuteration. Some
examples are the frequencies of the ring C-H in-plane
bending modes where the Wilson 3, 9a, and 18b vibra-
tions shift from 1287, 1171, and 1115 cm-1 in normal HA
to 966, 818, and 791 cm-1, respectively, in HA-D4. Modes
showing substantial changes in vibrational coupling
components upon the ring deuteration are strongly mixed
modes, for example, those associated with the ring-
substituent stretching vibrations, i.e., C4-C7 and
C1-O1, and the ring C-C stretching described by the
Wilson 19a and 19b. These modes couple extensively with
the ring C-H bending vibrations in normal HA. How-
ever, the calculations show that the contributions of the
C-H bending motions are reduced or vanished in the
corresponding modes for HA-D4. This can lead to fre-
quency downshifts as well as upshifts on going from the
normal HA to HA-D4. Examples include modes domi-
nated by the Wilson 19a and 19b vibrations that show
frequency downshifts, whereas modes dominated by the
ring-substitution stretching motion exhibit upshifts from
normal HA to HA-D4.

B. Time-Resolved Resonance Raman Spectra.
Figures 4 and 5 display representative ps- and ns-TR3

spectra of HA and HPDP, respectively, in acetonitrile
acquired with pump and probe time delays varying from
0 to 200 ns for HA and 300 ns for HPDP. Only the bands
observed for the 500-2000 cm-1 region are shown in
Figures 4 and 5 since there were no obvious features
recognized below 400 cm-1 or in the 2000-3500 cm-1

region. For both HA and HPDP, comparison of the
spectra in Figures 4b and 5b with those in Figures 4a
and 5a, respectively, reveals that the spectral features
observed on the nanosecond time scale are the same as
those that appear in corresponding later time picosecond

(58) Kwok, W. M.; Ma, C.; Parker, A. W.; Phillips, D.; Towrie, M.;
Matousek, P.; Phillips, D. L. J. Chem. Phys. 2000, 113, 7471-7478.

(59) Ma. C.; Kwok, W. M.; Matousek, P.; Parker, A. W.; Phillips,
D.; Toner, W. T.; Towrie, M. J. Photochem. Photobiol. A 2001, 142,
177-185.

(60) Kwok, W. M.; Gould, I.; Ma, C.; Puranik, M.; Umapathy, S.;
Matousek, P.; Parker, A. W.; Phillips, D.; Toner, W. T.; Towrie, M.
Phys. Chem. Chem. Phys. 2001, 3, 2424-2432.

FIGURE 3. Comparison of the experimental (a) and DFT calculated (b) IR spectra for the ground state of HPDP. See the text
for more details.

TABLE 2. Spin Density Distribution for the Triplet
States of HA and HPDP Obtained from the DFT UB3LYP/
6-311G** Calculations

HA HPDP

FC1 0.257 FP1 0.003
FC2 -0.085 FO2 0.002
FC3 0.225 FC3 0.003
FC4 0.014 FO4 0.001
FC5 0.221 FO5 0.035
FC6 -0.114 FC6 0.000
FC7 0.452 FC7 0.000
FC8 0.014 FC8 0.000
FO1 0.057 FC9 0.000
FO2 0.922 FC10 0.043

FC11 0.462
FO12 0.884
FC13 0.040
FC14 0.195
FC15 -0.098
FC16 0.240
FC17 -0.062
FC18 0.192
FO19 0.064
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spectra (20 ps and afterward). This indicates that the
same species are detected in both the cases. The slight

differences in the relative intensity between the picosec-
ond and nanosecond spectra can be attributed to the
different probe wavelengths used for the respective TR3

measurements (400 nm in ps-TR3 vs 416 nm in ns-TR3).
In addition, it can be seen that the bandwidths for
features in the picosecond spectra are generally broader
than those in the nanosecond ones. Take the 910 cm-1

band in HA for example. Fits to the experimental band
with a Lorentzian band shape results in a FWMH of ∼13
and 26 cm-1 for a nanosecond and late picosecond spec-
trum, respectively. The broadness of the ps-TR3 bands
is therefore obviously due to the convolution of the
intrinsic Raman bandwidth with the line width (∼15
cm-1) of the picosecond laser pulse. The better spectral
resolution of the nanosecond TR3 spectra allows features
that are overlapped in the picosecond spectra to be
resolved clearly in the nanosecond spectra. For example,
the four features of HDPD, 1257, 1297, 1330, and 1371
cm-1 are resolved clearly in the nanosecond spectra
(Figure 5 b) but appear as an overall broad shoulder in
the picosecond spectra.

From Figures 4 and 5, it can be seen for both HA and
HPDP that the initial picosecond spectra (the 0-2 ps
spectrum) are almost featureless but develop rapidly at
very early times and decay in intensity on the nanosecond
time scale. By fitting the Raman features with Lorentzain
band shapes, Figures 6b and 7b display the time-
dependence of the ∼1600 cm-1 band areas in 0-100 ps
time scale for HA and HPDP, respectively. Decay of
this band on the nanosecond regime observed under
nitrogen purge conditions are shown in Figures 6a and
7a, respectively, for the two compounds. As displayed
together with the experimental data points, the kinetics
shown in Figures 4 and 5 can be fit well by one
exponential growth or decay function for both the pico-
second and nanosecond data for the two compounds. A
time constant of 5.3 and 6.7 ps, respectively, was found
for the early time growth and 86 and 150 ns, respectively,
for the nanosecond decay of HA and HPDP.

During the experiments, it was found that the nano-
second decay rates of both of the compounds increase
under open-air conditions, and the lifetimes were reduced
to less than 10 ns when the sample system was bubbled
with oxygen. These observations suggest that the tran-
sient species detected here is triplet in nature, and this
is consistent with the previous results of Wan and co-
workers14 and Givens and co-workers.9,11,12 These two
groups report that the triplet state is the sole intermedi-
ate formed by excitation of the p-hydroxyphenacyl caged
compounds in acetonitrile solvent. The published triplet-
state transient absorption data show that spectra of both
of the two compounds have a strong absorption around
the 400 nm probe wavelength used here for the TR3

measurements, implying that the vibrational bands of
the triplet state will be resonance enhanced in the
present experiments. This leads to further support to the
triplet-state assignment of the ps- and ns-TR3 spectra.
However, we note that the lifetime of HA obtained here
(86 ns) is noticeably shorter than the 700 ns lifetime
reported by Wan and co-workers14 and could be due to
trace amounts of oxygen still being present in our sample.
To our knowledge, there is no triplet-state lifetime
information available for HPDP in the literature. We
attribute our shorter lifetime as being due to the degas-

FIGURE 4. Picosecond (a) and nanosecond (b) time-resolved
resonance Raman spectra of HA in acetonitrile obtained with
a 266 nm pump excitation wavelength and 400 nm (picosecond
spectra) and 416 nm (nanosecond spectra) probe wavelengths
at various time delays that are indicated on the spectra. The
nanosecond spectra were obtained under nitrogen purge
conditions. The asterisks (/) mark solvent subtraction artifacts.
The # band is due to a stray laser line.

FIGURE 5. Picosecond (a) and nanosecond (b) time-resolved
resonance Raman spectra of HPDP in acetonitrile obtained
with a 266 nm pump wavelength and 400 nm (picosecond
spectra) and 416 nm (nanosecond spectra) probe wavelengths
at various time delays that are indicated on the spectra. The
nanosecond spectra were recorded under nitrogen purge
conditions. The asterisks (/) mark solvent subtraction artifacts.
The # band is due to stray laser line.
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sing method used in our experiment being not efficient
enough to reduce the concentration of residual oxygen
to a small enough value to get a very accurate lifetime
of the triplet state in the absence of oxygen. This is quite
possible since the sample arrangement used for the
experiment is an open-air recirculated system.

To validate further the triplet state assignment, we
have recently carried out femtosecond Kerr-gated time-
resolved fluorescence (KTRF) measurements on the two
compounds. These experiments were done with 266 nm
excitation in acetonitrile. Temporal evolution of the
fluorescence intensity and the fluorescence spectral
profile were found to be almost identical for the two
compounds and a ∼2 ps time constant was found for the
decay of the fluorescence intensities. This implies that
ISC conversion from the singlet to triplet state occurs
with a rate of ∼5 × 1011 s-1 for both the compounds.61

The ISC rate is close to reported value of 2.7 × 1011 s-1

and 3.8 ( 0.2 × 1011 s-1 for HA and HPDP, respectively.9
These results are also consistent with the general view
that aryl carbonyl compounds have high ISC yields and
rapid ISC rates.17,62-64 More importantly, we note that
the ISC rate correlates with the rapid growth of the TR3

spectra in the early picosecond time range. This provides
additional verification that the intermediates we ob-
served are indeed from the triplet state of HA and HPDP.

By carefully checking the early picosecond spectra
(Figures 4a and 5a), we found that, besides the intensity
changes, the frequency and bandwidth of the Raman
features also show temporal changes with a time constant
similar to the growth of the band intensity. The frequency
shifts up and bandwidth becomes narrower within the
first 20 ps. Taking the ∼1600 cm-1 band as an example,

(61) Ma, C.; Kwok, W. M.; Chan, W. S.; Zuo, P.; Phillips, D. L.
Unpublished work.

(62) Rentzepis, P. M. Science 1970, 169, 239-247.
(63) Damschen, D. E.; Merritt, C. D.; Perry, D. L.; Scott, G. W.;

Talley, L. D. J. Phys. Chem. 1978, 82, 2268-2272.
(64) Baronavski, A. P.; Owrutsky, J. C. Chem. Phys. Lett. 2001, 333,

36-40.

FIGURE 6. (a) Time-dependence of the HA triplet 1594 cm-1

band areas obtained in the nanosecond time-resolved Raman
measurements. (b) Time-dependence of the 1594 cm-1 band
areas obtained in the picosecond time-resolved Raman mea-
surement under nitrogen purge conditions. (c) Time depen-
dence of the 1594 cm-1 bandwidth (filled circle) and frequency
(open circle) obtained in the picosecond time-resolved Raman
measurement. Solid lines are results of fits to the experimental
data (see text).

FIGURE 7. (a) Time-dependence of the HPDP triplet 1612
cm-1 band areas obtained in the nanosecond time-resolved
Raman measurement under nitrogen purge conditions. (b)
Time-dependence of the 1612 cm-1 band areas obtained in the
picosecond time-resolved Raman measurement. (c) Time de-
pendence of the 1612 cm-1 bandwidth (filled circle) and
frequency (open circle) obtained in the picosecond time-
resolved Raman measurement. Solid lines are results of fits
to the experimental data (see text).
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the early time (0-100 ps) time dependencies of frequency
and bandwidth changes are displayed in Figures 6c and
7c for HA and HPDP, respectively. The changes observed
can be fit by one exponential with a time constant of
∼5-8 ps for both of the compounds. We attribute this
observation to the triplet state relaxation of excess energy
from the rapid ISC conversion and formation of an
unrelaxed energetic triplet state. It has been well-
recognized and demonstrated by ultrafast TR3 spectros-
copy that relaxation of excess energy produces band
changes of such as those observed here in the TR3 spectra
on a very similar time scale.65-69 Consistent with this,
the generation of a vibronically excited triplet state due
to the rapid ISC from an excited singlet state has been
suggested for aromatic carbonyl compounds in previous
studies.62,70

In the present TR3 measurements, the 267 nm pump
wavelength lies in the lowest strong absorption band of
HA and HPDP (UV absorption spectra are similar for the
two compounds in acetonitrile). The absorption originates
from the allowed S0 f S3 (1ππ*) transition of the HA
chromphore. A study of the singlet f triplet transition
by the phosphorescence excitation method found that the
S0 f T1 absorption appears at 395 nm for HA.33 The high
triplet state yield and extremely short lifetime of the
singlet excited states31,62 indicate that the ISC process
is the predominant deactivation pathway for most pho-
toexcited aromatic carbonyls including the p-hydroxy-
phenacyl caged compounds. We can therefore estimate
that the 267 nm excitation could introduce more than
12 000 cm-1 of excess energy, the availability of which
can be responsible for the early time dynamics of the
frequencies and bandwidth evolution observed here in
the ps-TR3 spectra.

It is interesting to point out that the ∼5-8 ps time
constant for the changes of frequency and bandwidth
match well with the 5.3 (HA) and 6.7 ps (HPDP) time
constant of the intensity growth. Although the early time
development of the band intensity has been explained
vide supra as due to the formation of the triplet state,
this match may imply that, besides the ISC conversion,
the excess energy relaxation process is also responsible,
at least partially, for the early stage dynamics of the band
intensity for both the compounds. This provides an
interpretation for the small but noticeable difference
between the fluorescence decay time, i.e., ISC time
constant (∼2 ps), and the relatively longer 5.3 or 6.7 ps
growth of the triplet-state spectra.

According to the preceding descriptions and analysis,
it is clear that the ISC rate and dynamics of the excess
energy relaxation processes are quite similar for both the
parent HA molecule and the caged compound HPDP. We
note that such a similarity applies also to p-hydroxy-
phenacyl acetate (HPA) with the acetate as leaving

group.16 This may imply that the ISC and excess energy
relaxation processes are independent of the existence of
and the type of leaving groups. This means that these
processes and the photoexcitation absorption as well are
localized on the p-hydroxyphenacyl chromophore and are
little affected by the leaving group. Further discussion
on this point will be presented later in the paper.

C. Assignment of the Triplet State Spectrum of
HA. The optimized geometry and relevant structural
parameters of the triplet HA, obtained from the open-
shell DFT calculations, are given in Figure 1a and Table
1a, respectively, for comparison with the corresponding
ground-state results. The other details of the geometry
parameters and the total energy obtained from DFT
computations are listed in Supporting Information. In
Table 1a, we have also listed the calculated total energies
including the zero point energies, for both the triplet and
ground states, from which a 69.0 kcal/mol triplet-state
energy can be calculated. This triplet-state energy is in
good agreement with the observed 70.5 kcal/mol experi-
mental value and is also comparable to the 69.6 kcal/
mol calculated result reported by Wirz and co-workers.9

Figure 8 displays a comparison between the experi-
mental and calculated triplet state spectra for normal
HA, HA-13C, and HA-D4. No scale factor was used for the

(65) Ma. C.; Kwok, W. M.; Matousek, P.; Parker, A. W.; Phillips,
D.; Toner, W. T.; Towrie, M. J. Raman Spectrosc. 2001, 32, 115-123.

(66) Matousek, P.; Parker, A. W.; Towire, M.; Toner, W. T. J. Chem.
Phys. 1997, 107, 9807-9817.

(67) Iwata, K.; Hamaguchi, H. J. J. Phys. Chem. A 1997, 101, 632-
637.

(68) Hester, P. E.; Matousek, P.; Moore, J. N.; Parker, A. W.; Toner,
W. T.; Towire, M. Chem. Phys. Lett. 1993, 208, 471-478.
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FIGURE 8. Comparison of the experimental resonance
Raman spectra of the triplet state of HA (a), HA-13C (c) and
HA-D4 (e) with the corresponding DFT calculated triplet state
Raman spectrum (b), (d), and (f). The asterisks (/) mark solvent
subtraction artifacts. The # marks the band due to scattering
from the laser line.
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calculated spectra of HA and HA-13C, but a 1.014 factor
was used to scale the calculated spectrum of HA-D4, so
as to obtain a better match to the experimental spectrum.
It can be seen that the calculations reproduce reasonably
well the experimental spectra, especially in the cases of
HA and HA-13C. Some differences in the relative intensi-
ties among the various features between the experimen-
tal and calculated spectra are within expectations since
the former is obtained with resonance enhancement while
the latter corresponds to a normal Raman spectrum for
the triplet state. Preliminary assignments have been
made through a comprehensive consideration of the
isotopic shifts as well as the correlation between the
experimental (Figure 8a,c,e) and calculated (Figure 8b,d,f)
spectra. It can be seen that the DFT computation
reproduces the experimental spectra reasonably well, and
most of the spectral changes caused by the isotopic
substitutions are also reproduced by the calculations. The
observed triplet state band frequencies together with the
corresponding computed values and their preliminary
assignments are provided in the Supporting Information.

Most features observed in the triplet state spectra are
mainly from vibrations of the ring C-C stretching, the
ring C-H bending, and the ring-substitution stretching
motions. In the normal spectrum (Figure 8a,b), the 1594
(and its left-hand shoulder band), 1506, 762, and 637
cm-1 features are mainly due to various ring C-C
stretching vibrations. The 1325, 1257, 1158, 1095, and
920 cm-1 bands are predominately from various ring
C-H in-plane or out-of-plane bending motions coupled
differently with the ring C-C or other vibrations related
to the substituent group. Among these bands, the 1257
cm-1 band has a modest contribution from the carbonyl
C-O stretching motion. According to the DFT computa-
tion, the 1257 cm-1 band is the only one with a significant
C-O stretching contribution, or in an other words, there
was no localized carbonyl C-O stretching mode found
for the triplet state of HA. The strong feature at 1378
cm-1 and the weak feature at 1296 cm-1 are found to be
mixed modes with contributions mainly from the ring-
C(O)CH3 and ring-OH stretching, respectively, and cou-
pling with the ring C-H in-plane bending vibrations. The
1449 cm-1 feature can be attributed to the CH3 group
deformation vibration. The broadness of this feature may
imply that it could include an additional nearby feature
that is from a ring C-C stretching, according to the
calculation results.

The Raman band assignments described above agree
well with the isotopic shifts observed and calculated in
the HA-13C and HA-D4 spectra. Such as the assignment
of the normal 1378 cm-1 band to the ring-C(O)CH3

stretching is confirmed by the ∼20 cm-1 downshift of
the band frequency to the 1358 cm-1 in the experimental
HA-13C spectrum (Figure 8a,c)) and the ∼20 cm-1 down-
shift in the corresponding calculated spectrum. The result
that the mode is insensitive to the carbonyl 18O (Table
2Sa, Supporting Information) implies it has little con-
tribution from the carbonyl CO stretching motion. The
assignment of the 1573 cm-1 HA-D4 band to the ring C-C
stretching (Wilson 8a) is straightforward. The band shifts
downward by ∼24 cm-1 from the corresponding normal
band. The amount of the shift is very close to that
observed in the corresponding ground-state band on going
from the normal to ring deuterium HA. According to the

calculation, the substantial spectral differences between
HA-D4 (Figure 8e) and those of normal and 13C substi-
tuted HA are due to changes in the vibrational coupling
pattern and redistribution of the potential energy related
to the relevant modes induced by the ring deutera-
tion.57-61,71,72 It is quite certain that the rather weak
feature at ∼1832 cm-1 in the experimental normal HA
and HA-13C spectra is from the first overtone of the 910
cm-1 band. The lack of this band in the HA-D4 spectrum
is due to the absence of this fundamental in that
spectrum.

Identification of the triplet-state carbonyl CO stretch-
ing mode is important since it has been suggested by
previous vibrational studies that the frequency of this
mode can be taken as a direct indication for the nature
of the triplet state in term of its nπ* or ππ* electronic
configuration.34,38,73 The isotopic shift data is diagnostic
for identifying such a mode. In the ground state, the CO
stretching mode is at 1647 cm-1 (IR) for normal HA, and
it shifts downfield by 15 and 24 cm-1, respectively, upon
carbonyl 13C and 18O substitution.38 The mode is local in
character, and its frequency is insensitive to ring deu-
teration and appears at 1640 cm-1 in the HA-D4 spectrum
(Figure 2 and Table 1S (Supporting Information)). How-
ever, the experimental isotopic data for the HA triplet
state shown in Figure 8 and Table 3S (Supporting
Information) shows that no band displays a similar
isotopic shift behavior in the triplet state. This observa-
tion combined with the theoretical data for the HA,
HA-13C, and HA-D4 molecules indicates that there is no
localized CO stretching mode for the HA triplet state. It
is possible, however, that the CO stretching motion could
couple slightly with other vibrations of similar frequency.
As illustrated above, the normal band at 1257 cm-1 is
the most probable candidate. We cannot completely rule
out the possibility that the distinct CO mode is not
resonantly enhanced by the probe wavelengths used in
the present TR3 measurement. However, the reasonably
good agreement between the experimental and calculated
results leads us to believe that this is not the case.
Further discussion on this point is given below.

D. Assignment of the Triplet-State Spectrum of
HDPD. The optimized geometry and relevant structural
parameters of the HPDP triplet state are given in Figure
1b and Table 1b for comparison with the corresponding
ground state data. The full geometry parameters and
computed total energy from the DFT calculations are
listed in the Supporting Information. The computed total
energies, including the ZPE, have also been listed in
Table 1b for both the triplet and ground states, from
which a 67.0 kcal/mol triplet-state energy was estimated.
This triplet-state energy is close to the experimental
value of 70.6 kcal/mol derived from the phosphorescence
measurements of HPDP.8,9 Figure 9 displays a compari-
son between the experimental and unscaled calculated
triplet spectra. It can be seen that the calculations
reproduce the experimental spectrum reasonably well.
This allows straightforward assignment of the experi-

(71) Okamoto, H.; Inishi, H.; Nakamura, Y.; Kohtani, S.; Nakagaki,
R. Chem. Phys. 2000, 260, 193-214.

(72) Okamoto, H.; Inishi, H.; Nakamura, Y.; Kohtani, S.; Nakagaki,
R. J. Phys. Chem. A 2001, 105, 4182-4188.

(73) George, M. W.; Kato, C.; Hamaguchi, H. Chem. Lett. 1993, 5,
873-876.

Study of the Triplet States of p-Hydroxyacetophenone

J. Org. Chem, Vol. 69, No. 20, 2004 6651



mental bands by associating the corresponding features
in the two spectra. The details of the triplet state
frequencies and vibrational assignments are given in the
Supporting Information.

By comparing the triplet state vibrational assignments
for HDPD (Table 4S, Supporting Information) with that
for HA (Table 3S, Supporting Information), it can be seen
that the resonance enhanced bands observed experimen-
tally for both compounds are mostly from similar vibra-
tional modes and appear at comparable frequencies. For
example, the ring C-C stretching related modes are
found to be at 1594, 1506, and 762 cm-1 for HA (above)
and at 1612, 1504 (calculated), and 768 cm-1, respec-
tively, for HPDP; the ring C-H bending dominated
modes at 1325, 1296, 1257, 1158, 1095, and 920 cm-1 for
HA that appear at 1330, 1297, 1257, 1162, 109, and 921
cm-1, respectively, for HPDP. In addition, like the case
of HA, there is also a weak feature at ∼1850 cm-1 in the
HPDP spectrum, which was attributed analogously to the
first overtone of the 921 cm-1 mode. This similarity
indicates that (i) the p-hydroxyphenacyl chromophore is
responsible for the triplet state resonance enhancement
promoted by the probe wavelengths (400 or 416 nm) in
HPDP and (ii) the existence of the phosphate leaving
group has little influence on the geometry of the p-
hydroxyphenacyl moiety in the triplet excited state.

However, although there are significant similarities,
we also note some differences between the triplet-state
spectra of HA and HPDP. Comparison of the HPDP
spectrum in Figure 9a with the HA spectrum in Figure
8a shows that the relative intensity distribution of the
bands in HPDP is not the same as that in HA. An
example of this is the intensity ratio between the ∼1600
to ∼1450 cm-1 features is higher in HPDP than in HA.
Also, taking the ∼1370 cm-1 feature as a reference, the
relative intensities of the features at ∼1257, 1297, and
1370 cm-1 are substantially larger in HPDP than in HA.
These results mean that, although only modestly, the
leaving group does induce some modest perturbation,
probably in regard to slight modification of the electronic
configuration, on the triplet state properties and struc-
ture.

Moreover, there appears to be an additional feature
at ∼913 cm-1 in the experimental spectrum of HPDP,
compared with the spectrum of HA. A feature at 913 cm-1

has been calculated for the HPDP triplet state (Figure
9c and Table 4S, Supporting Information). The existence
of a nearby strong feature at ∼920 cm-1 and involvement
of a solvent band at a similar position causes some
uncertainty on the identification of this feature. It was
found to be mainly from a C-O stretching vibration that
could lead to cleavage of the leaving group from the
p-hydroxyphenacyl “cage”. The counterpart of this stretch-
ing vibration in the ground state is at 1105 cm-1 (above).
If this triplet state vibrational band assignment is correct,
then this band shifts downfield by about 190 cm-1 in
going from the ground to triplet state, indicating that the
C10-O5 bond becomes obviously weakened in the triplet
state compared to the ground state. This is consistent
with the triplet state structural data presented be-
low.

E. Structure and Nature of the Triplet States of
HA and HDPD. It can be seen from Figure 1 and Table
1 that, for both HA and HPDP, the molecular structure
changes significantly in going from the ground state to
the triplet state and that the extent and trend of the
changes are quite similar for the two molecules. For HA,
the triplet state is found to have C1 symmetry due to the
twisting of the -C(O)CH3 group and rotation of the -CH3

group around the -C(O)-C bond. This leads to the
breaking of the ground state Cs symmetry. Thus, the
plane constituted by the carbonyl group and the -CH3

group carbon atom is found to twist out of the ring plane
by ∼16° in the triplet state, compared with the ground
state, and the -CH3 group rotates around the C7-C8
bond by ∼37° (Figure 1a) in the triplet state. This type
of orientation change between the ring and attached
carbonyl group has been predicted for several simple
aromatic carbonyl compounds in previous work using
singlet-triplet-state absorption and phosphorescence
measurements.29-31,33 Our results show an analogous
variation in this regard for HPDP. The ring connected
carbonyl group twists out of the ring plane by ∼21° in
the triplet state vs ∼2° in the ground state and the
rotation about the C11-C10 (Figure 1b) bond induces a
substantial change in the relative orientation between
the p-hydroxyphenacyl moiety and the leaving group. The
carbonyl carbon atom maintains its sp2 character in both
the triplet and ground states as indicated by the ∼360°
sum of angles around it (C7 in HA and C11 in HPDP).

Bond lengths also vary substantially on going from the
ground state to the triplet state. For both HA and HPDP,
the ring center C-C bond shows some shortening (by
∼0.01 Å) but the shoulder C-C band near the carbonyl
substituent lengthens by ∼0.03 Å, and the carbonyl C-O
bond increases greatly by ∼0.1 Å. The C-C bond con-
necting the ring and carbonyl group shortens extensively
by ∼0.08 and ∼0.06 Å, respectively, for HA (C4-C7) and
HPDP (C13-C11), and the nearby C-C bond length,
C7-C8 in HA and C11-C10 in HPDP, becomes reduced
by 0.02 and 0.04 Å, respectively, in the triplet state. For
HPDP, the bond length of the C-O bond connecting the
p-hydroxyphenacyl and the leaving group (C10-O5)
increases by ∼0.04 Å in the triplet state compared to the
ground state, but the structural parameters related to

FIGURE 9. Comparison of the experimental resonance
Raman spectra of the triplet state of HPDP (a) with the
DFT calculated triplet state Raman spectrum (b).
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the phosphate leaving subgroup remain almost un-
changed in the triplet state and the ground state.

The structural changes in the triplet state compared
to the ground state are consistent with the associated
frequency variations on going from the ground to triplet
states for both HA and HPDP. For example, the slight
bond length change for the ring center C-C bond is
consistent with the observation that the mode dominated
by stretching of this bond (the Wilson 8a band) shows
little frequency change in the triplet state (1599 and 1612
cm-1 for HA and HPDP, respectively) compared to its
ground-state values (1596 and 1609 cm-1 for HA and
HPDP, respectively). Similarly, the significant shortening
of the C-C bond joining the ring and carbonyl group is
in line with the frequency increase for the mode contrib-
uted most by the stretching of this bond that have been
identified at 1378 and 1371 cm-1, respectively, for the
triplet states of HA and HPDP compared to 1235 and
1237 cm-1, respectively, for the HA and HPDP ground
state. The bond length and stretching frequency of this
bond indicate that the bond gains significant double-bond
character in the triplet state. This suggests that the
calculated structures and the preliminary vibrational
assignments made based on the calculations are reason-
able and can provide a valid interpretation of the
experimental spectroscopic observations detailed here.

The carbonyl C-O stretching mode deserves a special
comment due to its essential role in the nature and
properties of the triplet states for aromatic carbonyl
compounds. As illustrated previously, our results show
that there is no localized C-O stretching mode in the
triplet states for both HA and HPDP. The only possible
band with a noticeable contribution from the C-O
stretching has been found, according to the DFT calcula-
tions, at 1257 cm-1 for both HA and HPDP (Tables 3S
and 4S, Supporting Information). Compared with the
localized C-O stretching frequency in the ground state
(1654 and 1660 cm-1 for HA and HPDP, respectively),
this corresponds to a ∼400 cm-1 downfield shift for the
triplet state, indicating a striking weakening of this bond
in the triplet state compared to the ground state. This is
in good agreement with the calculated 0.1 Å increase of
the C-O bond length on going from the ground state to
the triplet state. We note that the triplet state C-O bond
length (1.317 and 1.314 Å for HA and HPDP, respec-
tively) becomes parallel to the single C-O bond length
connecting the ring and hydroxyl group (C1-O1 length
of 1.359 Å in HA and C16-O19 length of 1.358 Å in
HPDP). This implies single-bond character for the car-
bonyl group in the triplet state as compared with the
typical double CdO bond in the ground state.

According to the results of the DFT molecular orbital
(MO) calculations for both HA and HPDP on going from
the ground state to the triplet state, the above mentioned
structural and vibrational changes are due to an electron
excitation from the highest occupied π bonding orbital
to the lowest unoccupied π* orbital. The bonding π orbital
resides mainly on the ring shoulder C-C bonds, while
the π* orbital contributes to both the ring and carbonyl
orbitals with some π-bonding character for the C-C bond
connecting the two parts. The DFT calculations find a
similar ππ* transition character for the HPDP triplet
state. This ππ* transition therefore causes a reduction
in the electron density for the ring and carbonyl portions

of the molecule but an increase of the electron density
for the connecting C-C bond. This presents an explana-
tion for the frequency shifts and geometric changes for
the corresponding subgroups in the triplet state relative
to the ground state.

On the basis of the studies of the triplet-state lifetime,
the reactivity of the triplet state toward hydrogen atom
abstraction reactions, and the shape and position of the
phosphorescence spectrum, it has been concluded previ-
ously that the triplet state of HA is ππ* in nature.17,33

Our results are consistent with this. However, we note
that our results regarding the carbonyl configuration are
not quite in line with the earlier suggested correlation
between the triplet state nature and the carbonyl C-O
stretching frequency. Previous TR3 and TRIR work found
that the frequency of the C-O stretching appears in the
1500-1600 cm-1 range for typical ππ* triplet states and
in the 1200-1400 cm-1 region for nπ* nature triplet
states.34-36,38,39,73 Examples of the former case are the
1522, 1600, and 1542 cm-1 C-O stretching frequencies
for the triplet states of 4-phenylbenzophenone,34,73 fluo-
renone,38 and duroquinone,40 respectively, and an ex-
ample for the latter case is the 1222 cm-1 C-O frequency
for the benzophenone triplet state.35,36 These studies
concluded that the carbonyl C-O bond retains its double-
bond character for the ππ* triplet state but gains single-
bond character for the nπ* triplet state. Based on this
correlation, the ππ* triplet states of HA and HPDP will
be predicted to have a double bonded carbonyl group,
rather than a nearly single C-O bond, as discussed here.
This discrepancy must stem from a fundamental differ-
ence in the electronic properties of the compounds studied
here and those examined in the previous investigations
and can be understood in the following manner.

It has been quite clear that for aromatic carbonyl
compounds the pure nπ* excitation leads to an electronic
transition localized on the carbonyl group, while the pure
ππ* transition induces changes in the electron distribu-
tion localized on the ring sub-group.17,28,33,55,56 The fre-
quency of the observed vibrational bands such as the
C-O stretching band is a reflection of the associated bond
order and is related to the electron-overlap population
for the correspond bond. In this sense, it is reasonable
to expect that the C-O bond will become single bond-
like and the C-O frequency appears in the single bond
C-O stretching region for a nπ* triplet state whereas it
retains the double-bond character for a ππ* triplet state.
This justifies the correlation of the C-O stretching
frequency with the triplet state nature proposed in the
earlier studies.34-36,38,39,73 As manifested by the absorption
and phosphorescence measurements, the nπ* and ππ*
levels are found to be well-separated for the above-
mentioned aromatic carbonyl compounds examined in the
previous vibrational spectroscopic studies and the triplet
states of these compounds have been established to be
predominately nπ* or ππ* in nature, though not pure nπ*
or ππ* in character.17,31,33,74,75

However, when the two configurations are close in
energy or almost isoenergetic, as in the case of acetophe-
none and its derivatives, the properties of the triplet
states cannot be described by this simple interpretation
and have been found to be highly sensitive to modest
perturbations. For example, the type and position of the
ring substituent group, the temperature, the polarity, or
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the hydrogen-bonding strength of solvent environment,
etc. can induce noticeable changes. Extensive spectro-
scopic studies have been performed to seek a link between
the nature of the triplet state and the substituent or
solvent effects for these compounds.17,20,22,28-31,33 It has
been established that the extent of electronic and vibra-
tional mixing between the nearby nπ* and ππ* triplet
states are among the major factors to account for the
observed complicated spectroscopic characteristics and
the widely different triplet-state reactivity.17,20,22,28-31,33

In the case of HA and HPDP, the presence of the para-
electron donating -OH group leads to an energy increase
for the ring π orbital and subsequently causes (i) a
lowering of energy for the ππ* transition relative to the
nπ* transition and (ii) a change in the extent of conjuga-
tion between the ring π system and the carbonyl π
orbital.17,28,30,33 This accounts for (i) the reversion of the
triplet state from nπ* in acetophenone to ππ* in HA and
(ii) delocalization of the π conjugation between the ring
and carbonyl π system. Our DFT-calculated MO results
indicate consistently that the half-occupied π* orbital has
a significant component from the carbonyl π* contribu-
tion. By showing that the free spin density distributes
mainly on the carbonyl carbon and oxygen atoms, with
some appreciable amount distributed on the three-ring
carbon atoms (see Table 2), our calculated results for the
spin density also supports the delocalization of the π
system for the ππ* triplet states of HA and HPDP. The
increased conjugation is thus responsible for the sub-
stantial weakening of the C-O bond and the considerable
strengthening of the ring-carbonyl between C-C bond
in the triplet state compared with the ground state. A
large change in the C-O force constant for the ππ* triplet
state compared with the ground state has been reported
in previous studies for some closely related aromatic
carbonyl compounds.31,33 Since the extent of this conjuga-
tion could be different for the wide variety of acetophe-
none derivatives with substituents of different electron
donating ability, it is reasonable to infer that there could
be no general applicable description for the C-O bonding
character in the ππ* triplet state. It is probable that the
C-O bond could be double bond-like for the ring localized
ππ* triplet states but single bond-like for extensively
delocalized ππ* triplet states.

In the particular case of the C-O stretching mode, our
results suggest that there is no such localized mode for
the triplet states of HA and HPDP. A similar conclusion
has appeared in several earlier publications31,33,37 and has
been interpreted as being due to a decrease in the C-O
frequency and a strong mixing of this mode with other
vibrations of similar frequency so that the triplet state
C-O stretching does not exist as a separate normal mode
like that in the ground state. We note that, even for the
compounds where the C-O mode was identified dis-
tinctly, the vibrational mixing of this mode with others
has also been reported to be extensive.34-36 This effect
was taken to account for the observed extent of the
carbonyl 18O and 13C isotopic shift. These shifts were
observed to be noticeably smaller than those expected for
a pure C-O stretching mode.

Vibrational coupling between the nearby nπ* and ππ*
configurations has been established to be the other
important factor in determining the triplet state struc-
ture for the acetophenone family of compounds. The

torsional vibration of the -C(O)CH3 group with respec-
tive to the ring plane and rotation of the -CH3 group
around the connecting C-C axis have been identified as
effective out-of-plane modes to couple the two states for
the acetophenone triplet states and this coupling was
found to result in large conformational changes along the
two coordinates for the triplet state structure.29-31,33 Our
results for the triplet state optimized structures shows
that similar conformational changes also occur in the
triplet states of HA and HPDP. For instance, for both
the compounds, the carbonyl groups are found to be
within or nearly within the ring plane in the ground
state, but twisted out from the ring plane by ∼16° (HA)
or 20° (HPDP) in the triplet state. In addition, the
twisting was accompanied by the rotation around the
C-C bond joining the carbonyl group and the nearby
-CH2 group. We therefore suggest that the vibrational
coupling effects apply also for the triplet states of
p-hydroxy-substituted acetophenone derivatives, though
the energy gaps between the nπ* and ππ* are slightly
wider in these compounds compared with that in aceto-
phenone.17,33

In general, our results indicate that the triplet states
of HA and HPDP are conjugated ππ* in nature with a
single bond like carbonyl group and a modestly twisted
carbonyl structure. It appears that the previously pro-
posed link between the carbonyl configuration and triplet-
state nature is not applicable to the triplet states of these
two compounds. We note that, besides the work reported
here, there is little vibrational data available in the
literature for the triplet states of aromatic carbonyl
compounds with closely lying nπ* and ππ* configurations.
Further accumulation of experimental vibrational fre-
quency data for these compounds is highly desired in
order to develop a more general understanding of the
triplet state structure in terms of (i) the carbonyl-bonding
character, (ii) the twisting conformation of the carbonyl
group related to the ring plane, and (iii) and the ex-
tent of delocalization between the ring and carbonyl π
systems. We feel that further investigations of this kind
are also essential for seeking a comprehensive link
between the structures and the wide range of the triplet
state reactivity observed for aromatic carbonyl com-
pounds.

F. Discussion Regarding the Initial Step of the
Phenacyl Photodeprotection Reactions. The dynam-
ics and structural information presented here for the
triplet states of HA and HPDP have important implica-
tions in understanding the photodeprotection mechanism
of the p-hydroxyphenacyl caged phototrigger compounds.
To better address this point, we include the data reported
here with our recent results for another p-hydroxyphen-
acyl caged compound, HPA (p-hydroxyphenacyl ac-
etate).16 Figure 10 displays a comparison between the
triplet state resonance Raman spectra of HA, HPDP and
HPA. It is obvious that the triplet state spectrum of HPA
is almost identical to that of HPDP, and both are sim-
ilar to HA triplet state spectrum. This corroborates the
conclusion that the p-hydroxyphenacyl moiety is the
chromophore responsible for the photoexcitation and
Raman enhancement and that the triplet state structure
is little affected by the existence and the type of leaving
group. Under nitrogen purge conditions, the triplet state
lifetime of HPA was found to be ∼137 ns, similar to that
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of HPDP (150 ns) but longer than the HA triplet state
lifetime (86 ps). The longer triplet state lifetimes for
HPDP and HPA imply faster triplet state deactivation
dynamics for HA than for HPDP and HPA. However, the
ISC conversion was found to be equally rapid for HPA
(less than 2 ps time constant) as for HA and HPDP.

In general, our work indicates unambiguously that
photoexcitation of the p-hydroxyphenacyl caged com-
pounds, including the parent compound HA, in acetoni-
trile solvent leads to solely photophysical processes, and
a rapid generation of the triplet state by ∼5 × 1011 s-1

ISC conversion from the excited singlet followed by
nanosecond decay of the triplet state to the ground state.
This result is in full agreement with the previous results
from Givens and co-workers6,7,9 and Wan and co-work-
ers.14 For HPA and HPDP as well as all p-hydroxyphen-
acyl caged compounds studied previously, the photoin-
duced cleavage and accompanying rearrangement reac-
tions were found to take place only in water or in water
mixed solvents. Although the work here was not done in
a water involved environment, the ∼5 × 1011 s-1 triplet
state generation rate enables us to make comments
regarding one of the major arguments about the phenacyl
photodeprotection mechanism, that is, the issue of mul-
tiplicity. Givens and co-workers suggest that the photo-
release occurs from the phenacyl triplet state,6,7,9 whereas
Wan and co-workers emphasized that the initial step is
the excited-state intramolecular proton transfer (ESIPT)
from the excited singlet state.14 Our present result
strongly favors that the triplet state is the transient
precursor to the cleavage and related processes, although
the detailed reaction pathway for the following steps has
not been fully elucidated so far. This is further cor-
roborated by the following issues: (i) To compete ef-
fectively with the ∼5 × 1011 s-1 ISC conversion, the
singlet state proton transfer proposed by Wan and co-
workers must occur with a subpicosecond time constant.
This is rather unlikely since the suggested proton-
transfer mechanism is not a direct proton transfer
between the donor and acceptor that may be reasonable
to expect to occur on a subpicosecond or even femtosecond
time scale.18,76-81 It is a kind of water-mediated process

between the well-space-separated proton donor (the -OH
group) and acceptor (the carbonyl oxygen atom). It is
conceivable that a suitably located and oriented water
cluster composed of several water molecules may be
required for such a mediated process to occur. Such a
water cluster formation process necessitates translation
and rotation of the water molecules, and this likely leads
to the proton transfer to happen on a slower time scale
and to subsequently not be efficient enough to compete
with the very rapid ISC conversion. (ii) Transient absorp-
tion measurements for HPDP by Givens, Wirz, and co-
workers found a sharp increase of the triplet state decay
rate (with 400 ps time constant) in water/mixed aceto-
nitrile (1:1 by volume) compared with that in pure
acetonitrile solvent.9 (iii) Preliminary ps-TR3 measure-
ments for HA, HPDP, and HPA in water/mixed acetoni-
trile (1:1 by volume) show that the early time develop-
ment of the corresponding triplet state spectra are the
same as those observed in neat acetonitrle, whereas the
triplet state lifetimes become shortened differently for
the three compounds in mixed water solvent compared
to those in acetonitrle.61

We note, however, that the 267 nm excitation employed
in the present work is at a shorter wavelength than those
used in previous relevant studies that are typical above
300 nm.6,8,10-12,14 As mentioned above, the 267 nm pump
leads to instantaneous population of the S3 state while
the longer than 300 nm excitation populates mainly the
S1 state. Previous work finds that, for certain aromatic
carbonyl compounds, the ISC rate and triplet yield
can be affected substantially by the excitation wave-
length.43,82,83 It is thus necessary to consider the possible
influence caused by this difference in the excitation in
terms of the ISC process for the compounds studied here.
Although the data presented provide no direct informa-
tion for discussion of this issue, our very recent KTRF
experiment on HP, HPDP, and HPA shows that, even
with the 267 nm excitation, the ISC occurs from the S1

state following the direct 1nπ* (S1) f 3ππ* (T1) pathway
and the ISC mechanism is the same in H2O mixed (1:1
by volume) and neat acetonitrile with rather similar rate
in both the solvents.61 This implies that development of
the triplet population does not depend on the excitation
wavelength when the S3 excitation introduces more
excess energy into the system than S1 excitation. We
therefore believe that the photophysical and photochemi-
cal processes for HA and the p-hydroxyphenacyl caged
compounds is not affected substantially by the excitation
wavelength.
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FIGURE 10. Comparison of the triplet state spectra of HA,
HPDP and HPA obtained using nanosecond time-resolved
resonance Raman spectroscopy with 266 nm pump and 416
nm probe wavelengths. The asterisks (/) mark solvent sub-
traction artifacts. The # band is due to stray laser line.
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An important observation related to the triplet state
conformation that is helpful in better understanding the
solvent dependence of the photorelease mechanism is
that, upon going from the ground state to the triplet
state, the structural and bonding changes for HPDP and
HPA resemble those for HA in terms of the p-hydroxy-
phenacyl moiety. This together with the fact that the
parent compound HA, bearing no leaving group, indicates
that for the phenacyl caged compound, regardless of the
kind of leaving group, the excitation energy is localized
and lies predominately in the p-hydroxyphenacyl chro-
mophore. This implies that after generation of the triplet
state, further processes, most likely triplet state depro-
tonation and/or protonation reactions42,75,84-86 and solva-
tion of leaving group,44,87 are required to induce an energy
or/and charge redistribution between the phenacyl cage
and the leaving group and consequently trigger the
photodeprotection and rearrangement to occur. In this
regard, our results provide an explanation to the experi-
mental observation that the photorelease reaction does
not happen in accetonitrile solvent, where only the triplet
state is formed. This, on the other hand, implies that
water, as a solvent and likely participant, must play a
crucial role in the cleavage related processes.

For HPDP and HPA, the structural and bonding
changes associated with the leaving groups in the triplet
states compared with ground states are speculated to
bear information regarding the photorelease pathway for
the phenacyl caged compounds. Such conformational
changes includes (i) a variation of the relative orientation
between the leaving groups and the phenacyl subgroup
and (ii) a small but noticeable lengthening (by ∼0.04 Å)
of the C-O bond joining the phenacyl and leaving group.
The extent of these changes is comparable in HPA and
HPDP. Although the slight lengthening of the C-O bond
appears to favor a direct cleavage of this bond being
responsible for release of the leaving group, its small
extent is not convincing enough to lend a solid support
to this argument. This is especially true when taking into
account that the extent of the lengthening is almost
identical for HPA and HPDP, whereas the photorelease
rate is much faster for HPDP than HPA.7,14,61 Further-
more, the relative orientational change of the leaving
group to the phencyl cage seems to be caused by rotation
of the carbonyl connecting -C(O)-CH2- bond, with not
much relevance to the cleavage step. However, at the
present stage, we cannot rule out completely the direct
cleavage pathway proposed by Givens and Wirz.6,9-11

The ππ* nature triplet state of the phenacyl compounds
and lack of the triplet state reactivity toward hydrogen
atom abstraction implies this pathway is not applicable
to the p-hydroxyphenacyl system, although it has been
shown to account for photorelease of unsubstituted
phenacyl caged compounds.15

Plausible mechanisms for the water-assisted cleavage
pathways for the p-hydroxyphenacyl system could be (i)
triplet-state protonation and/or deprotonation or (ii)

water-catalyzed solvation of the leaving group to drive
direct dissociation into ions. Regarding the first possibil-
ity, it is interesting to mention the well-established fact
that phenols become stronger acids upon electronic
excitation while aromatic ketones become stronger
bases.14,84-86 For HA, HPA, HPDP, and any other p-
hydroxyphenacyl caged compounds with the two func-
tional groups on the same chromophore, protonation at
the carbonyl oxygen and/or deprotonation at the hydroxy
site is highly likely to occur after photoexcitation. Such
processes could possibly manifest themselves as the so-
called formal intramolecular proton transfer but on the
triplet state manifold due to the rapid ISC rate, rather
than on the singlet manifold suggested by Wan and co-
worker.14 These steps could lead to needed structural and
electronic modification for the cleavage to occur. Regard-
ing the second possibility, recent ps-TR3 works by Kwok,
Zhao, Phillips, and co-workers demonstrates that the
water-catalyzed solvation of the leaving group is respon-
sible for the decomposition of polyhalomethanes in water
involved environments and this reaction pathway has
been confirmed nicely by theoretical calculations.44,87 It
is possible that the p-hydroxyphenacyl caged compounds
with different leaving groups depend on dynamic com-
petition between the protonation/deprotonation and wa-
ter solvation of the leaving group or that the photorelease
processes follow a different pathway and mechanism.
Further ps-TR3 experiments involving changing the
nature of the leaving group, the water concentration in
the mixed solvent, the pH value of the solvent, etc.,
should prove useful in better elucidating the overall
mechanism for the deprotection reaction and relevant
processes of p-hydroxyphenacyl caged compounds.

Conclusion

Picosecond and nanosecond TR3 spectroscopy has been
performed to study the structure and dynamics of the
excited state of HA and the p-hydroxyphenacyl caged
phototrigger compound HPDP in acetonitrile solvent. For
both compounds, oxygen-sensitive intermediates have
been detected and were attributed to ππ* triplet states
with estimated lifetimes of ∼40 and ∼150 ns for HA and
HPDP, respectively. The ns-TR3 measurements have also
been done for HA-13C and HA-D4 to help aid the assign-
ment of the triplet state carbonyl CsO stretching and
the ring related vibrational modes. The triplet-state
spectrum of HA and its spectral development at very
early picosecond times were found to be quite similar to
those of HPDP. We found that the triplet states are
generated rapidly after photoexcitation (∼5 × 1011 s-1

ISC rate). Combined with the early time dynamics of the
Raman bandwidth and frequency changes, we attributed
the early picosecond spectral evolution to the combined
consequences of the triplet state formation process and
the relaxation of excess energy of the initially formed
energetic triplet state produced from this rapid ISC
conversion. These results favor that the triplet state is
the precursor responsible for the photorelease and rear-
rangement processes of the p-hydroxyphenacyl caged
compounds. DFT calculations were done for both the
excited triplet states and singlet ground states in order
to elucidate the structures and vibrational frequencies
for the two compounds. The calculated spectra reproduce
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the experimental spectra and the observed isotopic shifts
for carbonyl 13C and ring deuteration of HA reasonably
well and were used to make tentative assignments to all
the experimentally observed features. The observed
frequency changes for the corresponding ground-state
vibrational modes to those of the triplet state correlate
with the calculated structural changes between the two
states. For HPDP, the triplet state conformation of the
p-hydroxyphenacyl moiety closely resembles the triplet
state structure of HA. Comparison of the triplet state
structures for HA, HPDP, and HPA with the correspond-
ing ground state structures shows that the photoexcita-
tion, and thus the induced conformational and bonding
changes, are localized on the p-hydroxyphenacyl group,
with the leaving groups little affected. This provides a
possible explanation for the solvent dependent behavior
of the phenacyl photorelease process. For both HA and
HPDP, the major structural changes on going from the
ground state to the triplet state are the significant
lengthening of the carbonyl C-O bond and extensive
shortening of the C-C bond connecting the ring and the
carbonyl group. These changes are accompanied by the
ring shoulder C-C bond becoming modestly longer and
the center C-C bond becoming slightly shortened. The
experimentally observed isotopic shifts, in conjunction
with the DFT MO and spin density results, indicates that
the triplet states of HA and HPDP can be described by a
delocalized ππ* transition with extensive conjugation

between the ring and carbonyl π* systems. There was
no localized carbonyl C-O stretching mode observed for
the triplet states of HA and HPDP. The slightly twisted
carbonyl conformation in the triplet states was attributed
to vibrational coupling of the closely lying ππ* and nπ*
configurations. For HPDP, the C-O bond connecting the
phenacyl and leaving group shows a modest lengthening
in the triplet state, and due to rotation of the carbonyl
connecting C-CH2 group, the relative orientation of the
phosphate leaving group with respect to the phenacyl
group changes substantially in the triplet state from the
ground state. However, further work is yet required to
completely elucidate the cleavage pathway for phenacyl
photodeprotection reactions.
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