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Aromatic amino acids have large UV absorption cross-sections and low fluorescence quantum yields.
Ultrafast internal conversion, which transforms electronic excitation energy to vibrational energy,
was assumed to account for the photostability of amino acids. Recent theoretical and experimen-
tal investigations suggested that low fluorescence quantum yields of phenol (chromophore of tyro-
sine) are due to the dissociation from a repulsive excited state. Radicals generated from dissocia-
tion may undergo undesired reactions. It contradicts the observed photostability of amino acids. In
this work, we explored the photodissociation dynamics of the tyrosine chromophores, 2-, 3- and 4-
hydroxybenzoic acid in a molecular beam at 193 nm using multimass ion imaging techniques. We
demonstrated that dissociation from the excited state is effectively quenched for the conformers of
hydroxybenzoic acids with intramolecular hydrogen bonding. Ab initio calculations show that the
excited state and the ground state potential energy surfaces change significantly for the conformers
with intramolecular hydrogen bonding. It shows the importance of intramolecular hydrogen bond in
the excited state dynamics and provides an alternative molecular mechanism for the photostability of
aromatic amino acids upon irradiation of ultraviolet photons. © 2011 American Institute of Physics.
[doi:10.1063/1.3526059]

I. INTRODUCTION

Although aromatic amino acids such as tyrosine have
large UV absorption cross-sections, the respective fluores-
cence quantum yields are small; indicating the presence
of fast nonradiative processes which efficiently quench the
fluorescence.1–4 The nonradiative process is assumed to be ul-
trafast internal conversion.2–5 Following internal conversion
(electronic-to-vibrational energy transfer) the highly vibra-
tionally excited molecules quickly dissipate their energy to
surrounding molecules through intermolecular energy trans-
fer before chemical reactions initiate. This so-called photo-
stability prevents the undesired photochemical reactions for
these molecules upon the irradiation with ultraviolet photons.
However, recent theoretical calculations6–10 suggested that
the low fluorescence quantum yields for phenol and indole
(chromophores for tyrosine and tryptophan) is due to dissoci-
ation from a repulsive excited electronic state, rather than fast
internal conversion to the ground electronic state. Dissocia-
tion from a repulsive excited state has been verified in recent
molecular beam experiments.11–14 Since this type of dissoci-
ation is swift, quenching is incomplete even in the condensed
phase. As a result, chemical reactions following the genera-
tion of radicals from the dissociation become an obstacle to
the photostability of amino acids. An alternative explanation
for the photostability of amino acids seems to be necessary.
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Unlike phenol, aromatic amino acids such as tyrosine
found in peptides and proteins all have additional long
and floppy functional groups. For example, tyrosine has a
CH2CHNH2COOH group in addition to the phenol moiety.
These molecules have many conformers, which typically in-
terconvert via hindered rotations about single bonds. Some
of them can form intramolecular or intermolecular hydrogen
bonding. Low barriers for interconversion, relative to the en-
ergy for photoexcitation or chemical transformation, result
in fast equilibrium for the various conformers. Consequently,
similar photochemical properties are usually expected for dif-
ferent conformers. Recently, it was found that the UV absorp-
tion spectra of the aromatic amino acids, as well as of small
peptides containing aromatic amino acids, can exhibit a pro-
nounced dependence on the ground-state conformation.15–23

On the other hand, only few examples of conformationally
controlled photodissociation have been observed,24–26 and
they are not amino acid related molecules. Little discussion
has been directed at the conformationally controlled photodis-
sociation of amino acids.

In this work, photodissociation of tyrosine
chromophores, 2-hydroxybenzoic acid (2-HBA), 3-
hydroxybenzoic acid (3-HBA), and 4-hydroxybenzoic
acid (4-HBA) are investigated in a molecular beam at 193 nm
using multimass ion imaging techniques. (The structures of
three molecules can be found in the figure below.) Hydrogen
atom elimination from a repulsive excited state is the major
channel for the majority of the conformers. This dissociation
mechanism is similar to the hydrogen atom elimination for
phenol. However, we found that hydrogen atom elimination
channel of 2-HBA conformers with intramolecular hydrogen
bonding is nearly quenched. Ab initio calculations show that
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these conformers have significantly different potential energy
surfaces. The implication of intramolecular hydrogen bond-
ing effects on the photostability of amino acid chromophores
upon the irradiation of UV photons is discussed.

II. EXPERIMENTS

The experimental techniques have been described in de-
tails elsewhere.27–29 Basically molecules in a molecular beam
are photodissociated using a pulsed UV laser beam set at
193 nm. The resulting photofragments are ionized with a
pulsed VUV laser beam at 118 nm. Photofragment masses
are identified along with their translational energy distribu-
tions using multimass ion imaging techniques.

Because the vapor pressure of the hydroxybenzoic acids
is very low at room temperature, it is necessary to heat them
in order to increase their concentration in the molecular beam.
However, these compounds decompose easily on metal sur-
face at high temperature. A specially designed high temper-
ature pulsed nozzle is used to generate high concentration
of each compound in the molecular beam. A stainless steel
oven maintained at ∼100 ◦C is attached to the exit port of
a commercial pulsed nozzle (General valve series 9). The
front surface of the nozzle is covered with a 5 mm thick-
ness polyimide and the inner surface of the oven is coated
with graphite. The plunger of the pulsed nozzle made by poly-
imide passes through the 5 mm thick polyimide and extends
to the exit port of the oven to control the opening of the oven.
Each compound is mixed with graphite powder before load-
ing into the oven. Ultra pure Ne at a pressure of 250 Torr
flowed from the nozzle to the oven. The sample/rare gas mix-
ture is expanded through the exit port of the oven forming the
molecular beam. The VUV photoionization and time-of-flight
(TOF) mass spectrum are used to check the content of the
molecular beam before the photodissociation experiment is
initiated.

III. THEORETICAL CALCULATION

Ground state geometries for various conformers and
the corresponding interconversion transition states were cal-
culated with the B3LYP/6–31G method.30, 31 Energies of
these structures then were refined by the G3(MP2,CCSD)
scheme.32, 33 All ground-state electronic structure calculations
were performed using the Gaussian 03 package.34

The excited-state energy calculation was done using the
complete active space (CAS) theory with the 6-31+G(d,p)
basis set. The active space consists of 12π electrons and 12
orbitals (6π , 4π*, and 2σ*). A state averaged approach with
equal weighting was applied to calculate the two lowest states
of A′ and A′′ symmetry simultaneously. This calculation was
carried out using the MOLPRO 2009 program.35 For some
nonplanar structures of 2HBA, the time-dependent (TD)36

B3LYP theory with 6-311+G(d,p) basis set was applied to
calculate the ground- and excited-state energies for a more
consistent comparison to the energies of the planar structures
and due to the consideration of computational resources. The

FIG. 1. Photofragment ion images of 2-HBA. Pump and probe laser pulse
delay time are 38, 19, 38, and 100 μs for m/z = 92, 109, 120, and 137,
respectively.

TD-B3LYP calculation was performed using the Gaussian 03
package.

IV. RESULTS

A. 2-hydroxybenzoic acid (2-HBA)

The VUV photoionization/time-of-flight mass spectra of
2-HBA reveal that there is little contamination in the molec-
ular beam. Only a small amount of photofragment ion m
/z = 120 was observed. It is from the dissociative ionization of
the parent ion by excess VUV photon energy C6H4OHCOOH
+ hv (118 nm) → C6H4OCO+ (m/z = 120) + H2O. This
process is not rapid and it occurs during the ion acceleration
within the ion optics, resulting in the broadening of the feature
of the TOF mass spectra. Only trace amounts of impurities
(e.g., m/z = 92) were observed, likely due to the thermal de-
composition of parent molecules in the oven. See Fig. S1(a) of
supplementary material for the corresponding mass spectra.37

Photofragment ions m/z = 64, 92, 109, 120, and 137 were
observed from the dissociation of 2-HBA at 193 nm using
118 nm ionization photons. Ions m/z = 64, 92, and 120 have
large intensities, and 109 and 137 have small intensities. The
relative ion intensities of these fragments can be measured
from the TOF mass spectra, as illustrated in Fig. S1(b) of sup-
plementary material.37 Photolysis laser fluence in the region
of 1–9.5 mJ/cm2 was used in ion imaging measurement to
determine the photolysis photon number dependence of each
fragment. It showed that only fragments m/z = 64 result from
two-photon absorption with all the other fragments originat-
ing from one-photon absorption. In view of this, the discus-
sion of our findings concentrates exclusively on dissociation
channels resulting from one-photon absorption.

Images for various fragments are shown in Fig. 1.
The image of m/z = 137 was weakly observed, due to a
small signal and interference from parent ion m/z = 138.
It is a line shape image, representing the dissociation chan-
nel: C6H4OHCOOH + hv (193 nm) → C6H4OCOOH (m
= 137) + H. The photofragment translational energy distri-
bution is illustrated in Fig. 2(a). Ion image of m/z = 120
is also a line shape image and represents the H2O elimina-
tion channel: C6H4OHCOOH + hv (193 nm) → C6H4OCO
(m = 120) + H2O. The translational energy distribution is
shown in Fig. 2(b). Fragment m/z = 109 has a disk-like im-
age. The width of the disk changes with delay time. It repre-
sents the dissociative ionization of heavy fragments (from H
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FIG. 2. Photofragment translational energy distribution of 2-HBA for re-
action (a) C6H4OHCOOH → C6H4OCOOH + H. (b) C6H4OHCOOH
→ C6H4OCO + H2O.

elimination channel) by VUV photoionization: C6H4OCOOH
+ hv (118 nm) → C6H5O2

+ (m/z = 109) + CO. The im-
age for fragment m/z = 92 contains both line-shape and disk-
like components. The line-shape image represents three body
dissociation, C6H4OHCOOH + hv (193 nm) → C6H4O (m
= 92) + H2O + CO. The disk-like image represents the dis-
sociative ionization of heavy fragments from H2O elimination
channel: C6H4OCO (m = 120) + hv (118 nm) → C6H4O+

(m/z = 92) + CO.

B. 3-hydroxybenzoic acid (3-HBA)

The VUV photoionization/time-of-flight mass spectra for
3-HBA shows that only minor impurities (m/z = 92) due to
thermal decomposition of parent molecules in the oven exist
in the molecular beam. See Fig. S2 of supplementary material
for the corresponding mass spectra.37

Only photofragment ion m/z = 137 was observed from
the dissociation of 3-HBA at 193 nm using 118 nm ioniza-
tion photons. The ion image as shown in Fig. 3 represents
the dissociation channel: C6H4OHCOOH + hv (193 nm)
→ C6H4OCOOH (m = 137) + H. The corresponding
photofragment translational energy distribution is illustrated
in Fig. 4. It shows a large portion of fast component and
a small portion of slow component. The slow component is
strongly interfered by the parent ion with the actual amount
being smaller than that shown in Fig. 4. The peak for the fast

FIG. 3. Photofragment ion images of 3-HBA. Pump and probe laser pulse
delay time is 92 μs.

FIG. 4. Photofragment translational energy distribution of 3-HBA for reac-
tion C6H4OHCOOH → C6H4OCOOH + H.

component is located at 35 kcal/mol. The maximum energy
release is close to that for the maximum available energy.
The large translational energy release is consistent with the
premise for dissociation from a repulsive excited state.

C. 4-hydroxybenzoic acid (4-HBA)

The VUV photoionization/time-of-flight mass spectra of
4-HBA show that only a trace amount of impurities (m
/z = 94) observed; likely due to the thermal decomposition
of parent molecules in the oven: C6H4OHCOOH → C6H5OH
+ CO2. See Fig. S3(a) of supplementary material for the cor-
responding mass spectra.37

Photofragment ions m/z = 65, 81, 109, 121, and 137 were
observed from the dissociation of 4-HBA at 193 nm using
118 nm ionization photons. Ion m/z = 137 have the largest
intensity. The other fragment ion intensities are two to three
times smaller than m/z = 137 intensity. The relative ion inten-
sities of these fragments are illustrated in Fig. S3(b) of supple-
mentary material.37 Photolysis laser fluence in the region of
1–8.3 mJ/cm2 was used in ion imaging measurement to deter-
mine the photon number dependence of the fragments. These
results confirmed that these fragments were entirely from one-
photon absorption.

The images of various fragments are shown in Fig. 5.
Image of m/z = 137 has the largest intensity and pertains
to the dissociation channel: C6H4OHCOOH + hv (193 nm)

FIG. 5. Photofragment ion images of 4-HBA. Pump and probe laser pulse
delay time are 35 μs for (a) and (b), and 83 μs for (c)–(e).

Downloaded 26 Jan 2011 to 163.28.96.12. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



034314-4 Yang et al. J. Chem. Phys. 134, 034314 (2011)

FIG. 6. Photofragment translational energy distribution of 4-HBA for re-
action (a) C6H4OHCOOH → C6H4OCOOH + H (b) C6H4OHCOOH
→ C6H4OHCO + OH.

→ C6H4OCOOH (m = 137) + H. The photofragment trans-
lational energy distribution is illustrated in Fig. 6(a). Ion im-
age of m/z = 121 has a line-shape image. It represents the
OH elimination channel: C6H4OHCOOH + hv (193 nm)
→ C6H4OHCO (m = 121) + OH. The photofragment trans-
lational energy distribution for this channel is shown in
Fig. 6(b). The fragments m/z = 109, 81, and 65 have disk-like
images with their widths changing with delay time between
pump and probe laser pulses. They result from the dissocia-
tive ionization of heavy fragments of H elimination chan-
nel by VUV photoionization: C6H4OCOOH + hv (118 nm)
→ C6H5O2

+ (m/z = 109) +CO, C6H4OCOOH + hv
(118 nm) → C5H5O+ (m/z = 81) + 2CO, and C6H4OCOOH
+ hv (118 nm) → C5H5

+ (m/z = 65) + CO + CO2, respec-
tively.

D. Structures and energies of conformers

Different orientation of hydroxyl and carboxyl groups in
hydroxybenzoic acids results in many conformers. 2-HBA has
eight conformers. The calculated structures, relative energies,
and barrier heights between these conformers are shown in
Fig. 7. The proximity of the hydroxyl and carboxyl groups
in 2-HBA leads itself to intramolecular hydrogen bonding.
These bonds can be formed as such: O–H—O=COH or
O–H—O(H)C=O, as for 2-HBA-1. 2HBA-2 and 2-HBA-5.
Two conformers of 2-HBA are not stable, and they are not
shown in Fig. 7. One has a geometry in which the hydroxyl
group and the OH portion of the carboxyl group point toward
each other. The other has a structure similar to 2-HBA-3, but
the OH portion of the carboxyl group points toward to the aro-
matic ring. This structure is not stable from the calculation by
G3 method, but it is stable in the B3LYP/6–31G* level calcu-

FIG. 7. The structures, energies of various conformers and barriers of 2-
HBA.

lation with a very small barrier (<1 kcal/mol) and it converts
to 2-HBA-6 easily. Energies are higher by 5–10 kcal/mol for
2-HBA conformers without intramolecular hydrogen bonding
(e.g., 2-HBA-3, 2-HBA-4, and 2HBA-6) than the 2-HBA con-
formers where intramolecular molecular hydrogen bonding is
present.

The hydroxyl and carboxyl groups in 3-HBA and 4-HBA
are too distant from one another for intramolecular hydrogen
bonding to be a factor. As a result, even the most stable con-
formers of 3-HBA and 4-HBA are 4∼6 kcal/mol higher in en-
ergy than that the conformer 2-HBA-1. 3-HBA also has eight
conformers and 4-HBA has only four conformers due to the
symmetry. See Figs. S4 and S5 of supplementary material for
the calculated structures, relative energies, and barrier heights
between these conformers.37 The 3-HBA conformers can be
divided into two groups, depending on whether the OH por-
tion of the carboxyl group points toward or away from the aro-
matic ring. Those conformers for which OH points away from
the aromatic ring (e.g., 3-HBA-1, 3-HBA-2, 3-HBA-3, and 3-
HBA-4) have energies ∼5 kcal/mol lower than conformers
for which OH is directed toward the aromatic ring (e.g., 3-
HBA-5, 3-HBA-6, 3-HBA-7, and 3-HBA-8). The direction of
the hydroxyl group in 3-HBA appears to be unimportant with
respect to the conformation energy. A similar trend in confor-
mation energy is also observed for 4-HBA.

Barrier heights between comformers are in the range of
3–12 kcal/mol. The energy difference between conformers
with hydrogen bonding and without hydrogen bonding is suf-
ficiently large such that most of 2-HBA remains as 2-HBA-1
at room temperature. On the other hand, various conformers
of 3-HBA (i.e., 3-HBA-1, 3-HBA-2, 3-HBA-3, and 3-HBA-
4) and 4-HBA (i.e., 4-HBA-1 and 4-HBA-2) coexist at room
temperature. Since the vibrational temperature in the molec-
ular beam is much lower than the room temperature (esti-
mated to be less than 100 K), almost all 2HBA molecules have
the structure like 2-HBA-1 in the molecular beam, whereas
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FIG. 8. The energies (kcal/mol) of the ground state and singlet excited states along the O-H bond distance (Å) in hydroxyl group. The solid squares, solid
circles, open triangles and open circles represent 1A′, 2A′, 1A′′, and 2A′′, respectively.

various conformers of 3-HBA and 4-HBA coexist in the
molecular beam.

E. Excited state potential energy along the (hydroxyl)
O–H bond

We calculated the PES for the ground state and the sin-
glet excited states along the O–H bond distance of hydroxyl
group for various conformers of HBA, as shown in Fig. 8.
Calculations also include PES for phenol and 2-methylphenol
for comparison.

For phenol, the figure shows that the lowest singlet ex-
cited state 2A′ is bound and its second excited state 1A′′ is
repulsive. The 1A′′ state crosses 2A′ at short O–H bond dis-
tance (∼1.1 Å) and then crosses the ground state at large O–H
bond distance (∼1.8 Å). This result is the same as the previous
investigation.8 Concerning 3-HBA, 4-HBA, 2-methylphenol,

and the 2-HBA conformers without intramolecular hydrogen
bonding (e.g., 2-HBA-3 and 2-HBA-4), calculations showed
that the lowest singlet excited state 2A′ is bound and the
second excited state 1A′′ is repulsive. The 1A′′ state crosses
2A′ at short O–H bond distance and then crosses the ground
state at large O–H bond distance. This result is similar to that
of phenol. Hydrogen atom elimination initiates via the pop-
ulation transfer from the bright state 2A′ to the dark state
1A′′, and then to the 1A′ ground state. The sum of these
two population transfer processes results in the H-atom elim-
ination on a repulsive potential energy surface, producing
ground-state products with large translational energies. En-
ergy at the crossing point between 1A′′ and 2A′ is about
135 kcal/mol relative to the ground-state energy minimum.
It is about 120 kcal/mol above the ground-state energy mini-
mum at the crossing point between 1A′′ state and the ground
state.
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FIG. 9. The potential energy surfaces of 2-HBA-1 along O–H bond distance and C–O–H angle in hydroxyl group.

By contrast, the properties of the PES are very differ-
ent for the 2-HBA comformers with intramolecular hydrogen
bonding (e.g., 2-HBA-1 and 2-HBA-2). For these confromers,
the 1A′′ state becomes a bound state at short O–H bond dis-
tances. The energy barrier for the change from bound to repul-
sive is as large as ∼160 kcal/mol (relative to the ground-state
energy minimum), thereby exceeding the 193 nm photon en-
ergy (148 kcal/mol). In addition, at large O–H bond distances,
the ground-state potential energies of these hydrogen-bonded
conformers do not increase as rapidly as the non-hydrogen-
bonded conformers. At large O–H distances, the formation of
zwitterionic like species such as Ph=O(–). . . (+)HO=COH or
Ph=O(–). . . (+)H2OC(O)H might be more favorable for the
hydrogen-bonded conformers. This reduces the ground-state
energy significantly at large O–H bond distance and avoids
intersecting with the 1A” state. As a result, the H atom elim-
ination from the repulsive excited state does not occur on the
1A” for the 2HBA conformers with intramolecular hydrogen
bonding.

To explore the potential energy surfaces on geometries
other than vicinity of the minimum energy structures on the
ground-state, we calculated the potential energy curves as a
function of both the O–H bond distance and C–O–H angle
in the hydroxyl group. Two integrated 3-D plots viewed from
different angles are shown in Fig. 9. The figure shows that
the region of potential well on the 1A” state becomes smaller
as the C–O–H angle increases. The 1A” becomes a repulsive
state as the angle reaches 150◦. This suggests that some of the
2-HBA-1 can dissociate into fragment through H-atom elimi-
nation channel if the C–O–H angle increases significantly on
the excited state during the dissociation process. However, be-
cause the crossing point between the 1A′′ and 2A′ states is as
high as 150 kcal/mol, it is anticipated that H-atom elimination
is not important for conformer 2-HBA-1 with intramolecular
hydrogen bonding.

Calculation of PES was also performed as a function of
both the hydroxyl O–H bond distance and the angle between
O–H bond axis and the plane of the aromatic ring for 2-HBA-
1. It shows that the 1A′′ state remains as a bound state at short
O–H bond distance and it does not cross with 2A′ state. As
we rotate the hydroxyl group of 2-HBA out of the plane, the
point group symmetry changes from CS to C1. The original
1A′ state (now the 3A state) has an avoided-crossing with the

original 2A′ state (now the 2A state) due to symmetry con-
straints. The out-of-plane rotation also keeps the ground state
surface well separated from the original dark state at most ro-
tational angles. The 1A and 2A states do not cross until the
hydroxyl group rotates 180 degrees and conformer 2-HBA-1
becomes conformer 2-HBA-3. See Fig. S6 of supplementary
material for the details of the PES.37 Although the conforma-
tion change is possible on the excited state, the weakly ob-
served H atom elimination from 2-HBA-1 suggests that in-
ternal conversion to the ground state is much faster than the
rotation of hydroxyl group on the excited state for 2HBA-1.
The hydrogen atom elimination of 2HBA-1 from the excited
state is almost completely quenched. Instead, dissociation on
the ground electronic state becomes the major channel.

We also calculated similar potential curves for 2-
methylphenol, as shown in Fig. 8. The conformers of 2-
methylphenol that we calculated have structures in which
the hydroxyl group points toward the methyl group. These
structures are intended to imitate the geometry of 2-HBA-1.
However, replacing the carboxyl group with a methyl group
effectively eliminates the chance for intramolecular hydro-
gen bonding. The results reveal that the potential energy sur-
faces for the excited states are very similar to that for phenol
and conformers of 2-HBA without intramolecular hydrogen
bonding.

F. Excited state potential energy along the (carboxyl)
O–H bond

Repulsive excited state PES along the O–H bond dis-
tance of carboxyl group was also investigated by ab initio
calculation. However, the repulsive potential energy surface
is located at much higher energy than the photon energy we
used in this work, See Fig. S7 of supplementary material for
detailed description.37 The calculations confirm that H atom
elimination only occurs from the hydroxyl group.

G. Potential energies for dissociation channels on the
ground state

Calculations were performed for the potential energies
of intermediates, transition states and products for the vari-
ous dissociation channels of 2-HBA on the ground electronic
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FIG. 10. Potential energies of intermediates, transition states, and products
for various dissociation channels of 2-HBA on the electronic ground state.

state. They are shown in Fig. 10. The H2O elimination from
2-HBA features a low barrier (∼44 kcal/mol). This channel
occurs through the movement of hydrogen atom from hy-
droxyl group toward the OH portion in carboxyl group, re-
sulting in the product C6H4(O)CO and H2O. Another low-
energy dissociation channel is the CO2 elimination which has
very small heat of reaction, �H = 0.6 kcal/mol. However,
the energy barrier is quite large (∼68 kcal/mol). All the other
dissociation channels (i.e., H, OH, and COOH eliminations)
have large dissociation thresholds. The elimination of H2O is
the dominant channel for 2-HBA on the ground state due to
the low dissociation barrier. On the other hand, the hydroxyl
group is not sufficiently close to the carboxyl group in either
3-HBA or 4-HBA and therefore H2O elimination requires ex-
tensive isomerization before the reaction can take place. Con-
sequently, the energy barriers for H2O elimination in both 3-
HBA (87 kcal/mol) and 4-HBA (98 kcal/mol) are very large.
The barrier heights and the dissociation thresholds for the re-
maining dissociation channels for 3-HBA and 4-HBA are not
altogether different than those for 2-HBA. The CO2 elimina-
tion, which maintains the lowest dissociation barrier for 3-
HBA (74 kcal/mol) and 4-HBA (70 kcal/mol), becomes the
major channel for 3-HBA and 4-HBA on the ground state.
See Figs. S8 and S9 of supplementary material for the poten-
tial energy diagrams of 3-HBA and 4-HBA.37

V. DISCUSSION

A. Comparison to phenol and benzoic acid

Hydroxybenzoic acid contains both –OH and –COOH
functional groups. A comparison of the dissociation proper-
ties for HBA to those for both phenol and benzoic acid reveals
that a competition exists between these two functional groups
in HBA. The photodissociation of phenol at 193 nm shows
that the major dissociation channels include: H-atom, CO, and
H2O elimination; with greater than 70% of the H-atom elim-
ination occurring on a repulsive excited state.11 A small por-
tion of phenol molecules become highly vibrationally excited
in the ground state after internal conversion. Dissociation oc-
curs on the ground state for channels with low barrier heights,
including H- atom (89.1 kcal/mol), CO (84.0 kcal/mol), and
H2O (86.4 kcal/mol) elimination.

Three dissociation channels were observed from the pho-
todissociation of benzoic acid at 193 nm: (1) C6H5COOH
→ C6H5 + COOH, (2) C6H5COOH → C6H5CO + OH, and
(3) C6H5COOH → C6H6 + CO2.38 Comparisons of experi-
mental measurements with potential energies obtained from
ab initio calculations and the branching ratios from the Rice–
Ramsperger–Kassel–Marcus (RRKM) theory suggest that the
first two dissociation channels occur on the electronic ex-
cited states and CO2 elimination occurs on the ground state.
The CO2 elimination is the only dissociation pathway with
a relatively low barrier height (71.7 kcal/mol) on the ground
state. Dissociation barriers for the other elimination channels
are significantly larger. Branching ratios for these channels
are very small on the ground state. They include the fol-
lowing: CO elimination (87 kcal/mol), H2O elimination (81
kcal/mol), H-atom elimination (107 kcal/mol), OH elimina-
tion (107 kcal/mol), and COOH elimination (108 kcal/mol).

A comparison of phenol, benzoic acid, and HBA shows
that hydroxyl group plays a key role in HBA. For conformers
of HBA that do not exhibit intramolecular hydrogen bonding,
dissociation occurs only on the excited state and is dominated
in large part by the hydroxyl group. For example, hydrogen
atom elimination on the excited state is the major channel for
both 3-HBA and 4-HBA. Only a small amount of OH elimina-
tion from carboxyl functional group in 4-HBA was observed.
However, for 2-HBA conformers with intramolecular hydro-
gen bond, the H-atom elimination channel on the excited state
is almost closed. Dissociation on the excited state, analogous
to that for benzoic acid, does not occur, either. The COOH
group remains as a spectator and does not play a role in the
excited state dissociation dynamics. These conformers sim-
ply become highly vibrationally excited in the ground state.
Dissociation occurs only through H2O elimination, which has
the lowest dissociation barrier (44.5 kcal/mol). Dissociation
channels that feature CO and CO2 elimination on the ground
state (analogous to that in phenol and benzoic acid) have rela-
tively large energy barriers and therefore cannot compete with
H2O elimination.

B. Conformationally controlled photodissociation
dynamics

Energy for photoexcitation is usually much larger than
the barrier between conformers. Fast equilibrium between
various conformers occurs. Therefore, similar photochemical
properties for different conformers are expected. Only few
examples of conformation-selective photodissociation have
been observed. One is the photodissociation of formic acid
in solid Ar.24 Cis formic acid was shown to preferentially dis-
sociate upon UV photolysis into H2 and CO2, whereas the
trans isomer dissociated into H2O and CO. The dissociation
mechanism remains unclear. Dissociation on the ground state
due to the “conformation memory” has been proposed. How-
ever, theoretical calculations suggest that interconversion be-
tween cis and trans conformers on the ground state is faster
than the dissociation processes.39 Therefore, dissociation on
the ground state cannot produce the different products for cis
and trans conformers, respectively. The confinement by the
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matrix material, or the dynamics on the S1 state was proposed
to explain the results.

Park and co-workers reported distinct kinetic energy re-
lease in dissociation of specific iodopropane ion conformers
prepared by mass analyzed threshold ionization.25 Thermo-
dynamic arguments and ab initio calculations indicate that
this difference in kinetic energy release results from differ-
ent reaction channels, with gauche-1-iodopropane ions form-
ing 2-propyl ions and anti-1-iodopropane ions forming pro-
tonated cyclopropane ions. They ascribed this result to either
the H-atom migration or methyl group movement during the
C-I bond cleavage on the repulsive excited states.

In another study, ion imaging experiment reveals dis-
tinct photodissociation dynamics for propanal cations initially
prepared in either the cis or gauche conformation.26 Gauche
propanal cations dissociate into both hydroxyallyl cations and
propanoyl cations, whereas cis propanal cations strongly fa-
vor formation of hydroxyallyl cations. This was attributed to
the distinct ultrafast dynamics in the repulsive-like excited
state along the H or CH3 migration, which deposits each con-
former in isolated regions of the ground-state potential energy
surface. From these distinct regions, conformer interconver-
sion does not effectively compete with dissociation.

Excited state enol-keto isomerization in 2HBA has been
studied in a supersonic jet expansion.40 Two carboxylic group
rotamers of 2HBA with significantly different photophysical
properties are found. 2HBA-1, the major form of 2HBA in
the expansion, can undergo excited state tautomerization reac-
tion. A nonradiative decay process with an activation energy
of ∼1100/cm is deduced from an abrupt decrease in fluores-
cence lifetimes above this energy. The other rotamer, 2HBA-2
cannot undergo excited state tautomerization.

Theoretical calculations have been performed on the
excited-state intramolecular proton transfer in 2HBA-1.41 In
one study, hydrogen transfer (PT) curves have been computed
for two excited states. An essentially barrierless and very shal-
low energy profile has been found for the ππ* state. For the
nπ* state the keto minimum is more pronounced than for the
ππ* state and, depending on the case, energy barriers rang-
ing from values <0.1–0.5 eV were found. In the other study
of 2HBA,42 hydrogen transfer along the intramolecular hy-
drogen bond as well as torsion and pyramidization of the car-
boxy group have been identified as the most relevant photo-
chemical reaction coordinates. The keto-type planar S1 state
reached by barrierless intramolecular hydrogen transfer rep-
resents a local minimum of the S1 energy surface, which is
separated by a very low barrier from a reaction path leading
to a low-lying S1–S0 conical intersection via torsion and pyra-
midization of the carboxy group. Similar excited state hydro-
gen transfer along the intramolecular hydrogen bond has been
found in many other molecular systems.43, 44

Our investigation shows that the repulsive excited state
potential energy surface also plays an important role in the
photodissociation of HBA. However, the mechanism for con-
formation dependence of HBA photodissociation is not ex-
actly the same as those two examples described above. Pho-
toexcitation of HBA does not directly reach the repulsive
potential energy surface. Population transfer from a stable,
bright state to a dark, repulsive state is necessary for dissoci-

ation on repulsive potential energy surface. There are several
processes compete with each other. Excited state hydrogen
transfer along the intramolecular hydrogen bond followed by
internal conversion to the ground state for 2HBA-1 is much
faster than the interconversion from conformer 2HBA-1 to
conformer 2HBA-3. It is also faster than the population trans-
fer from the bound state to the repulsive state. On the other
hand, population transfer to the repulsive state is much faster
than internal conversion for conformers without intramolecu-
lar hydrogen bonding, like 3HBA and 4HBA.

C. Implications of intramolecular hydrogen bonding
effects on photostability of amino acid chromophores

The PES of phenol and phenol with intermolecular hy-
drogen bonding, like phenol-(NH3)n and phenol-(H2O)n clus-
ters, have been reported.7 The second excited state becomes a
bound state for these clusters. It crosses the first excited state,
but does not cross the ground state. The PES of the second-
excited state shows that the conformation with the hydrogen-
bonded H atom on the NH3 (or H2O) side, like C6H5O–H–
NH3 (or C6H5O–H–OH2), is more stable than the conforma-
tion with the H atom on the phenol side, like C6H5O–H–NH3

(C6H5O–H–OH2). The population on the first excited state
from photoexcitation can be transferred to the second excited
state through the crossing between these two states, followed
by hydrogen atom transfer on the second excited state. How-
ever, as the distance between phenol and NH3 increases, the
second excited state becomes repulsive, and these clusters dis-
sociate into phenoxy radical and (NH3)nH or (H2O)nH.

Unlike these clusters with intermolecular hydrogen bond-
ing, the distance between hydrogen bond donor and accep-
tor for molecules like 2-HBA-1 with intramolecular hydro-
gen bonding cannot change significantly. Dissociation on the
excited state would not happen for these molecules. Internal
conversion followed by dissociation on the ground state be-
comes the major channels for the conformers of 2-HBA with
intramolecular hydrogen bonding. Under collisionless condi-
tions (as in a molecular beam and low pressure gas phase)
HBA molecules absorbing UV photons will eventually dis-
sociate into fragments, either from an excited state (for con-
formers of HBA without intramolecular hydrogen bonding)
or the ground state (for conformers of HBA with intramolec-
ular hydrogen bonding). Dissociation on the ground state is
relatively slow and can easily be quenched in collision con-
ditions (as in the condensed phase) by rapid intermolecular
energy transfer. On the other hand, dissociation from a repul-
sive excited state is swift and is not readily quenched by col-
lisions. Consequently, conformers of HBA with intramolecu-
lar hydrogen bonding would not dissociate into fragments as
readily as those conformers without intramolecular hydrogen
bonding in collision conditions.

These photochemistry properties are not likely limited to
HBA. In general, the formation of zwitterionic species for
molecules initially having intramolecular hydrogen-bonding
easily gives rise to the noncrossing between the repulsive ex-
cited state and the ground state, resulting in the shutdown of
dissociation from the repulsive excited state. This noncross-
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ing provides an alternative mechanism for the photostability
of amino acid chromophores upon irradiation of UV photons.
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