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Photodissociation of 2,5-dihydroxyacetophenone (DHAP), an important matrix compound in matrix-assisted
laser desorption/ionization (MALDI), was studied in a molecular beam at 193 nm using multimass ion imaging
techniques. Two major dissociation channels were observed, including (1) C6H3(OH)2COCH3 f
OC6H3(OH)COCH3 + H and (2) C6H3(OH)2COCH3 f C6H3(OH)2 + COCH3. The minor channels include
C6H3(OH)2COCH3 f C6H3(OH)2CO + CH3 and/or C6H3(OH)2COCH3 f C6H3(OH)2 + CO + CH3. The
photofragment translational energy distribution suggests that reaction 1 occurs at an excited state in which
the potential along the O-H bond distance is repulsive. Comparison to the branching ratios from RRKM
calculations suggests that reaction 2 does not occur at either the ground state or the triplet state or that if it
does occur at one of these states it must not follow the RRKM model. A comparison to the photodissociation
dynamics of acetophenone and phenol and its derivatives was made.

I. Introduction

Ketones are known to dissociate efficiently via C-CO bond
cleavage after UV excitaton.1 Since the C-CO bond of an acyl
radical is weak, acyl radicals formed with a sufficiently high
internal energy may undergo further decomposition, producing
CO and alkyl radicals. One example whose dissociation mech-
anism has been studied extensively is acetone.2,3 Both acetyl
(CH3CO) and methyl (CH3) radicals are observed in the 248
nm photodissociation of CH3COCH3, whereas only CO + 2CH3

are identified to be products at 193 nm.
Acetophenone (C6H5COCH3) is the simplest aromatic ketone.

Early photochemical studies of acetophenone were motivated
by the search for a convenient source of phenyl radicals.4,5 The
photodissociation of acetophenone at 193 and 248 nm has been
studied using the time-of-flight mass spectrometric technique.6

Two major primary channels, C6H5COCH3 f C6H5CO + CH3

and C6H5COCH3 f C6H5 + COCH3, were observed with
comparable cross sections at the photolysis wavelength 193 nm.
However, 30%-50% of primary C6H5CO and CH3CO radicals
further decompose, yielding secondary products C6H5 + CO
and CH3 + CO, respectively. At 248 nm, most of the
acetophenone undergoes the first primary dissociation channel.
A minor photodissociation channel, C6H5COCH3 f C6H5CH3

+ CO, is identified at both 193 and 248 nm. Recent ultrafast
electron diffraction study of acetophenone shows that it
undergoes two channels upon excitation to S2 by 266.7 nm.7

Following femtosecond conversion to S1, one channel leads to
the dissociation products, benzoyl and methyl radicals, the other
channel leads to intersystem crossing to the triplet state.

Compared to acetophenone, 2,5-dihydroxyacetophenone
(DHAP, C6H3(OH)2COCH3) has a similar structure with two
additional hydroxy groups. DHAP is frequently used as a matrix
compound in matrix-assisted laser desorption/ionization (MAL-

DI).8 MALDI is regularly used for peptide and protein analysis,
but the details of mechanism are not understood. Several
mechanisms have been proposed.9 Photochemical ionization is
one of the proposed MALDI mechanisms.9a In this mechanism,
photoionization of matrix molecules is considered as the primary
process for subsequent ionization of an analyte in the gas phase.
However, several processes compete with photoionization after
the irradiation of matrix compounds by UV photons. They
include energy transfer and proton transfer between DHAP and
multiphoton absorption followed by dissociation. Although
DHAP is commonly used as the matrix compound for ultraviolet
MALDI, the photochemistry of DHAP is not clear. In this work,
we report the photodissociation of DHAP in a molecular beam
by multimass ion imaging techniques. Results are compared to
the photodissociation of acetophenone, phenol, and related
compunds.

II. Experimental Section

The experimental techniques have been described in detail
in our previous reports,10-16 and only a brief account is given
here. DHAP vapor was formed by flowing ultrapure He through
a pulsed nozzle containing DHAP. The DHAP/He mixture was
then expanded to form the molecular beam. Molecules in the
molecular beam were photodissociated by 193 nm laser pulses,
and fragments were ionized by vacuum ultraviolet (VUV) laser
pulses. The distance and time delay between the VUV laser
pulse and the photolysis laser pulse were set such that the VUV
laser beam passed through the center of mass of the dissociation
products and generated a line segment of photofragment ions
through the center of mass of the dissociation products by
photoionization. To separate the different masses within the ion
segment, a pulsed electric field was used to extract the ions
into a mass spectrometer after ionization. At the exit port of
the mass spectrometer, a two-dimensional ion detector was used
to detect the ion positions and intensity distribution; the mass-
to-charge ratio and translational energy distributions for different
fragments were measured simultaneously. In this ion image, one
direction was the recoil velocity axis and the other direction
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was the mass axis. The image was accumulated for 0.1-0.5
million laser shots, according to the signal-to-noise ratio of the
image.

Depending on the velocity of the molecular beam, it was
necessary to change the distance between the photolysis laser
beam and the VUV laser beam to match the delay time between
these two laser pulses and to ensure that the ionization laser
would pass through the center of mass of the products. The
change of the distance between the two laser beams changed
the length of the fragment ion segment in the image. The images
were all in the line shape but with different lengths. However,
if the molecules were not dissociated after the absorption of
UV photons, these molecules contained high internal energy
and would remain within the molecular beam. They flew with
the same velocity (molecular beam velocity) to the ionization
region and were ionized by the VUV laser. Dissociation
occurred following the VUV photoionization for those hot
molecules, which absorbed UV photons and did not dissociate
into fragments before the arrival of the VUV laser beam. The
shape of the image from the dissociative ionization was very
different from that of the image from the dissociation products
of neutral parent molecules. Since ionization and dissociation
occurred at the same position, the image of dissociative
ionization was a two-dimensional projection of the photofrag-
ment ion’s three-dimensional recoil velocity distribution. It was
a disk-like image, rather than a line-shape image. In addition,
the size of the image from the dissociative ionization would
not change with the delay time. On the other hand, if fragments
cracked into small ionic species upon the VUV photoionization,
the shape of the image was also disk-like, but the width of the
image changed with the delay time. From the shape of the image
and its change with the delay time, the images from the
dissociation of neutral molecules, the dissociative ionization of
undissociated excited molecules, and the fragment cracking can
be easily distinguished.

Since the vapor pressure of DHAP is very low at room
temperature, it is necessary to increase the temperature of the
nozzle in order to increase the vapor pressure and therefore the
concentration of DHAP in the molecular beam. However, DHAP
was found to decompose easily at high temperature in a regular
stainless steel nozzle. A special design of pulsed nozzle was
made to generate a high concentration of DHAP in the molecular
beam. A stainless steel oven maintained at 70 °C was attached
to the front port of a pulse valve. The front surface of the nozzle
was covered with a sheet of polyimide, and the inner surface
of the oven was coated with graphite. The plunger of the pulsed
valve made by polyimide was extended to the exit port of the
oven to control the opening of the oven. DHAP mixed with
graphite powder was loaded in the oven. Ultrapure He at a
pressure of 400 Torr flowed from the nozzle to the oven. The
sample/rare gas mixture was then expanded through the exit
port of the oven to form the molecular beam. VUV photoion-
ization and time-of-flight (TOF) mass spectrometry were used
to check the content of the molecular beam before the photo-
dissociation experiment was performed. Figure 1 shows the mass
spectra obtained by VUV photoionization from the regular
stainless steel nozzle and our special nozzle. It shows that only
the parent mass of DHAP was observed from our special nozzle.
On the other hand, grievous degradation of DHAP occurred
inside the regular nozzle. It is likely that DHAP decomposed
into toluene in the regular nozzle, according to the observation
from the mass spectrum. However, further evidence is required
to identify the structure of m/e ) 92.

III. Results and Discussion

Fragments of m/e ) 151, 136, 133, 109, 81, 43, and 15 were
observed from the photodissociation of DHAP at 193 nm using
a 118 nm photoionization laser beam. Only fragments m/e )
151, 109, and 43 were observed using a 157 nm photoionization
laser beam. Fragment ion intensities as a function of photolysis
laser intensity were performed in the region of 0.26-2.1 mJ/
cm2, as illustrated in Figure 2. It shows that all the fragments
result from one-photon dissociation.

A. H Atom Elimination Channel. The image of m/e ) 151
is a line-shape image. It is the product from H atom elimination.
The translational energy distribution for the H atom elimination
channel is shown in Figure 3. Fragment H atom was not
observed because the ionization energy of H atom is larger than
the VUV photon energy we used in this experiment. The large
translational energy release indicates that the dissociation occurs
from a state at which the potential along the O-H bond distance
is repulsive, or it is from a state with a large barrier in the exit
channel. Since the generation of two radicals from the ground
electronic state is not expected to have a large exit barrier, H
atom elimination must occur from the excited state. Instead of
the C-H bond in the alkyl group or aromatic ring, O-H is the
electronic chromophore at 193 nm and the H atom elimination
must result from the following reaction: C6H3(OH)2COCH3 (m
) 152) f OC6H3(OH)COCH3 (m ) 151) + H.

The velocity distributions of fragments m/e ) 136 and m/e
) 133 were found to be very similar to that of m/e ) 151. This
suggests that both m/e ) 136 and m/e ) 133 result from
dissociative ionization of fragment m ) 151 by VUV photo-
ionization due to excess VUV photon energy:
OC6H3(OH)COCH3 (m ) 151) + hν (118 nm) f
OC6H3(OH)CO+ (m ) 136) + CH3 or C8H5O2

+ (m ) 133) +
H2O.

The other possible explanation for m/e ) 136 is that it results
from CH4 elimination: C6H3(OH)2COCH3f C7H4O3 (m ) 136)
+ CH4. Although we are not able to detect CH4 due to its high

Figure 1. Time-of-flight mass spectra obtained from the 2,5-dihy-
droxyacetophenone (m ) 152) molecular beam generated from (a)
regular stainless steel valve and (b) specially designed valve. In addition
to m/e ) 152, its 13C isotopes due to natural abundance were also
observed. The photoionization wavelength is 118 nm.
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ionization potential, the following argument allowed us to
eliminate this channel. The peak of the total translational energy
distribution is located at 1.4 kcal/mol, and the maximum value
of translational energy is only 4 kcal/mol if m/e ) 136 is from
the CH4 elimination. Since the heat of reaction for CH4

elimination is only 34.8 kcal/mol and the available energy is as
large as 120 kcal/mol, the peak and maximum values of the
translational energy observed from m/e ) 136 are too small to
assume that m/e ) 136 is from CH4 elimination. A similar
argument can be applied to fragment m/e ) 133. If fragment
m/e ) 133 comes from m ) 134 (the heavy fragment of H2O
loss channel) due to the cracking upon ionization, then the peak
and maximum values of the fragment translational energy are
only 1.2 and 3.5 kcal/mol, respectively. They are too small for
the channel with such a small heat of reaction (∆H ) 78 kcal/
mol for C6H3(OH)2COCH3 f C8H6O2 (m ) 134) + H2O).

B. COCH3 and CH3 Elimination Channels. For the rest
of fragments m/e ) 109, 81, 43, and 15, the following analysis
shows that they must result from the major channel
C6H3(OH)2COCH3 f C6H3(OH)2 (m ) 109) + COCH3 (m )
43) and the minor channels C6H3(OH)2COCH3f C6H3(OH)2CO
(m ) 137) + CH3 (m ) 15) and/or C6H3(OH)2COCH3 f
C6H3(OH)2 (m ) 109) + CO (m ) 28) + CH3 (m ) 15). Due
to the large ionization energy of CO molecules, we cannot
observe CO fragments. Both m/e ) 109 and m/e ) 43 have
line-shape images, corresponding to the dissociation channel:
C6H3(OH)2COCH3 f C6H3(OH)2 (m ) 109) + COCH3 (m )
43). However, comparison of the momentum distributions of
these two fragments shows there is a small difference between
them. For example, if they match in the high momentum region,
then the momentum distribution of m/e ) 109 has a smaller
intensity in the low momentum region, as shown in Figure 4a.
One possibility is that some of the fragments m ) 109 with
larger internal energy dissociate into smaller fragments upon
ionization. On the other hand, the image of fragment m/e ) 81
is disk-like, but the width of the image changes with the
pump-probe delay time, indicating that m/e ) 81 results from
the dissociative ionization of heavy fragments. Indeed, the
momentum distribution of m/e ) 81 is very similar to that of
m/e ) 109 if we use a mass value of 109 in the calculation of
m/e ) 81 momentum distribution, as shown in Figure 4a. This
suggests that m/e ) 81 is from the dissociative ionization
(cracking) of fragment m ) 109 by VUV photoionization due
to the excess VUV photon energy. Our calculation, as shown
in Table 1, also supports that fragment m ) 109 can easily crack
into a smaller ionic fragment m/e ) 81 after 118 nm photo-
ionization. The momentum distribution difference between m/e
) 109 and m/e ) 81 must be caused by the cracking efficiency

Figure 2. Fragment ion intensity as a function of 193 nm photolysis laser intensity. VUV wavelength is 118 nm for (a)-(f) and 157 nm for
(g)-(i). The slopes are all very close to 1, indicating one-photon dissociation.

Figure 3. Fragment translational energy distribution for reaction
C6H3(OH)2COCH3 f C6H3(OH)(O)COCH3 + H. The translational
energy is displayed in center-of-mass frame. The VUV wavelength is
157 nm.
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difference of m/e ) 109 with different internal energy. Frag-
ments with large internal energy (therefore small momentum)
are easier to crack into smaller ionic fragments. As a result, the
intensity of m/e ) 81 is larger than that of m/e ) 109 in the
low momentum region. The sum of the momentum distributions
of m/e ) 81 and m/e ) 109 is very close to the momentum
distribution of m/e ) 43, except the intensity of m/e ) 43 now
becomes a little smaller than the sum of m/e ) 109 and m/e )
81 momentum distributions in the low momentum region, as
shown in Figure 4b.

The observation of the line-shape image for m/e ) 15 without
the corresponding heavy fragment partner m/e ) 137 suggests
two possibilities. First, fragment m ) 15 may come from the
secondary dissociation of the fragment COCH3 (m ) 43) with
large internal energy (i.e., slow velocity): COCH3 (m ) 43) f
CO + CH3 (m ) 15). This can explain why the momentum
distribution of m/e ) 43 is a little smaller than the sum of m/e
) 109 and m/e ) 81 momentum distributions in the low
momentum region. After the secondary dissociation, the velocity
of fragment CH3 may change a lot from the initial COCH3

velocity due to the small mass of CH3 compared to CO. For
such a three-body dissociation, it is difficult to verify the

secondary dissociation from simple momentum distributions,
i.e., comparison of the momentum distribution between the sum
of CH3 (use m ) 43 in momentum calculation) and COCH3

and the sum of m/e ) 81 (use m ) 109 in momentum
calculation) and m/e ) 109.

The second possibility is that the heavy fragment partner m
) 137 undergoes secondary dissociation into m ) 109 and m
) 28 completely. Since the mass of 109 is much larger than
the mass of 28, the velocity of m ) 109 does not change very
much from that of m ) 137 after the secondary dissociation.
For such a three-body dissociation, the secondary dissociation
process can be verified by the simple momentum match. Since
the momentum distributions of m ) 109 (use m ) 137 in
momentum calculation) and momentum distributions of m/e )
15 are very different, it indicates that most of m ) 109 does
not result from m ) 137 due to the secondary dissociation.
Therefore, the amount of mass 109 that results from the fragment
m ) 137 is small. On the other hand, the momentum distribution
of m ) 109 and m ) 43 are very close, suggesting most of m
) 109 comes from C6H3(OH)2COCH3f C6H3(OH)2 (m ) 109)
+ COCH3 (m ) 43). If we take a small fraction of the
momentum distribution from m/e ) 109 and use m ) 137 in
the momentum calculation to match with that of m/e ) 15, as
illustrated in Figure 4c, then the sum of the momentum
distribution of m/e ) 81 and the rest of the momentum
distribution of m/e ) 109 matches very well with that of m/e
) 43, as illustrated in Figure 4b. This indicates the minor
channel C6H3(OH)2COCH3f C6H3(OH)2CO (m ) 137) + CH3

(m ) 15), and the heavy fragment undergoes secondary
dissociation C6H3(OH)2CO (m ) 137)f C6H3(OH)2 (m ) 109)
+ CO (m ) 28).

In summary, fragment m ) 109 comes from the major
channel C6H3(OH)2COCH3f C6H3(OH)2 (m ) 109) + COCH3

(m ) 43). Fragment CH3 mainly results from the minor channel
C6H3(OH)2COCH3 f C6H3(OH)2CO (m ) 137) + CH3 (m )
15) or the minor secondary dissociation channel COCH3 (m )
43) f CO (m ) 28) + CH3 (m ) 15). Ion m/e ) 81 results
from fragment cracking upon ionization, C6H3(OH)2 (m ) 109)
+ hν (VUV) f C5H4OH+ (m/e ) 81) + CO, and heavy
fragment m ) 137 undergoes secondary dissociation,
C6H3(OH)2CO (m ) 137) f C6H3(OH)2 (m ) 109) + CO (m
) 28). The translational energy distributions for these dissocia-
tion channels are illustrated in Figure 5.

C. Theoretical Calculations. We used ab initio methods to
calculate geometries and energies of various transition states
and dissociation products in the ground electronic state and
triplet state. In the calculations, the geometries were optimized
at the hybrid density functional B3LYP/6-31G* level, and the
energies were calculated using a G3 model chemistry scheme.
In addition, RRKM calculations of energy-dependent reaction
rate constants were performed for most relevant dissociation
processes. The dissociation barriers, thresholds, and branching
ratios from calculations are listed in Table 1.

All the simple bond fission dissociation channels that generate
two radicals, including H, OH, CH3, and COCH3 eliminations,
do not have exit barriers, or very small barriers from molecular
structure geometric relaxation. The calculations show that H
atom elimination channels have dissociation thresholds in the
region of 116.8-84.6 kcal/mol, depending on the position of
the H atom. The H atom eliminations from the hydroxyl groups
have low dissociation thresholds, and H atom eliminations
directly from the aromatic ring have high thresholds. OH
eliminations also have high thresholds, but the thresholds for
CH3 and COCH3 eliminations are low. All the dissociation

Figure 4. Fragment momentum distribution for (a) m/e ) 43 (solid
squares), 81 (open triangles), and 109 (open circles); (b) m/e ) 43
(solid squares), sum of m/e ) 81 and 109 (open squares), and sum of
m/e ) 81 and 109 after subtraction of small fraction of m/e ) 109
(open triangles); and (c) m/e ) 15 (solid squares) and m/e ) 137 (from
the small fraction of m/e ) 109, open squares). The momentum
distribution is displayed in center-of-mass frame. Ions were obtained
by 118 nm photoionization, except m/e ) 43 obtained by 157 nm.
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channels that generate two closed shell molecules have high
barriers, but small heats of reaction. The RRKM calculations
show that the ground state dissociation is dominated by CH4

elimination due to the lowest dissociation barrier. A small
amount of CH3 elimination also occurs. This is not consistent
with our experimental observation. On the other hand, the triplet
state dissociation mainly includes two dissociation channels, i.e.,
CH3 elimination and COCH3 elimination. However, the branch-
ing ratios still do not agree with our experimental measurement
very well. This suggests that the dissociation does not occur on
either the ground state or the triplet state, or that the dissociation
does not follow the statistical dissociation rate. At this moment,
we do not have further evidence to show how the dissociation
actually occurs.

On the other hand, theoretical calculations do support the
possible secondary dissociation channels. Calculation indicates
that the dissociation barrier for the secondary dissociation

COCH3 fCO + CH3 is only 14.8 kcal/mol. Since the
dissociation energy for the primary dissociation
C6H3(OH)2COCH3f C6H3(OH)2 + COCH3 is only 106.8 kcal/
mol, the available energy (E(193 nm) - 106.8 ) 41.3 kcal/
mol) is more than enough for fragments to undergo secondary
dissociation. A similar situation occurs in C6H3(OH)2COCH3

f C6H3(OH)2CO + CH3. The dissociation energy is only 73.6
kcal/mol. The barrier of the secondary dissociation
C6H3(OH)2CO f C6H3(OH)2 + CO is only 27 kcal/mol.
Therefore, the fragment C6H3(OH)2CO (m ) 137) generated
with the available energy of 74.5 kcal/mol can easily dissociate
into smaller fragments C6H3(OH)2 + CO.

D. Comparison to Phenol, p-Methylphenol, p-Ethylphe-
nol, p-(2-Aminoethyl)phenol, and Acetophenone. Recent ab
initio calculations17-19 suggest that the low fluorescence quantum
yield of phenol is due to the dissociative character of the
electronic excited state potential energy surface, instead of fast
internal conversion to the electronic ground state. These
calculations show that absorption of UV photons at 290-240
nm corresponds to the photoexcitation of phenol to the S1 ππ*
excited state. The second excited state has a significant
antibonding σ* character with respect to the OH bond distance.
The population of the bright state, S1, can be transferred to the
dark state, S2, through a conical intersection. As a result, instead
of internal conversion to the ground electronic state, predisso-
ciation through ππ* and πσ* coupling results in rapid quenching
of the fluorescence. Indeed, the H atom elimination from the
repulsive electronic excited state of phenol has been verified in
a recent molecular beam experiment.20-22 H atom elimination
was also found in the photodissociation of p-methylphenol and
p-ethylphenol.23 The photofragment translational energy distri-
butions and potential energy surfaces from ab initio calculations
suggest that H atom elimination occurs from a repulsive excited
state. On the other hand, the H atom elimination channel is
quenched completely by internal conversion and/or intersystem
crossing in p-(2-aminoethyl)phenol. Only C-C bond cleavage
was observed from p-(2-aminoethyl)phenol.23 However, these
side-chain size-dependent dissociation properties were not found
in the photodissociation of DHAP. H atom elimination from
the repulsive excited state still remains as one of the primary
dissociation channels in DHAP.

TABLE 1: Reaction Barrier Heights, Heat of Reactions, and Branching Ratiosa

reactions barriers ∆H branching ratiosb

S0 (0)
C6H3(OH)2COCH3 f C6H2(OH)2COCH3 + H 113.7-116.8
C6H3(OH)2COCH3 f C6H3(OH)2COCH2 + H 98.2
C6H3(OH)2COCH3 f C6H3(OH)(O)COCH3 + H 84.6-91.8 94.0-90.2
C6H3(OH)2COCH3 f C6H3(OH)2CO + CH3 73.6 19
C6H3(OH)2COCH3 f C6H3(OH)2 + COCH3 106.8

C6H3(OH)2COCH3 f C6H3(OH)(O)CO + CH4 67.7 34.8 81
C6H3(OH)2COCH3 f C6H2(OH)COCH3 + H2O 87.3 72.3
C6H3(OH)2COCH3 f C6H4(OH)CH3 + CO 98.7 7.6
C6H3(OH)2COCH3 f C6H4(OH)COCH3 + OH 110.7-119.6

T1 (70.7)
C6H3(OH)2COCH3 f C6H3(OH)2COCH3 + CH3 98.3 73.6 99
C6H3(OH)2COCH3 f C6H3(OH)2 + COLH3 109.4 106.8 1

Fragment Cracking
COCH3 f CO + CH3 6.4 14.8
C6H3(OH)2 f C6H3(OH)2

+ 192.9c

C6H3(OH)2
+ f cyclic C5H4OH+ + CO 26.9 -30.9

a Energies in units of kcal/mol. b Branching ratios are calculated using RRKM method for S0 and T1 separately. c Vertical ionization
potential.

Figure 5. Fragment translational energy distribution for reactions (a)
C6H3(OH)2COCH3f C6H3(OH)2 + COCH3 and (b) C6H3(OH)2COCH3

f C6H3(OH)2CO + CH3. The translational energy is displayed in
center-of-mass frame.
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On the other hand, ketone dissociation character, i.e., C-CO
bond cleavage, still plays an important role in the dissociation
process. The major channel is C6H3(OH)2COCH3f C6H3(OH)2

+ COCH3. The minor channel is C6H3(OH)2COCH3 f
C6H3(OH)2CO + CH3, or three-body dissociation
C6H3(OH)2COCH3 f C6H3(OH)2 + COCH3 f C6H3(OH)2 +
CO + CH3. The result suggests bifurcation in the excited state.
One possibility is predissociation through ππ* and πσ*
coupling, resulting in H atom elimination. The other possibility
is the internal conversion and/or intersystem crossing to the
lower states and eventually C-CO bond cleavage occurs.
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