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DFT and TD-DFT calculations in the gas phase and water have been performed for both anionic and zwitterionic
forms of urocanic acid (UA) to gain an insight into the origin of its wavelength-depen&ént
photoisomerization. Theoretical examination of the rotational flexibility of the carboxylic acid group by the
B3LYP/6-31+G(d,p) method in conjunction with the COSMO solvent model supports the earlier suggestion
(Danielsson, J.; Soderhall, J. A.; Laaksonen,Mal. Phys 2002 100, 1873) that in aqueous solution the
carboxylic acid group may rotate. Our TD-B3LYP results on vertical excitation energies for the different
C=C—COO rotamers of zwitterionic UA indicate that deviation from planarity may lead to an alteration of

the excited-state order. We suggest two possible singlet/triplet conical intersections (S2/T5 and S1/T3) located
around 306 and 314 nm. A mechanistic discussion and simplified Jablonski-type diagrams are presented for
three spectral regions where UA exhibits different photobehavior: (i) before S2/¥806 nm), (ii) between

two, S2/T5 and S1/T3, intersections (306 M < 314 nm), and (iii) after S1/T3 (UV-A irradiation @t >

314 nm).E/Z photoisomerization occurs in the narrow spectral region ii on titesinglet excited surface.

The comparison of molecular orbitals and an effective electronic potential analysis of anionic UA forms
suggest that the excited state of parent N-anionic UA undergoes proton photoattachment, whereas T-anionic
UA does not change its protonation state upon becoming excited. It is suggested that the formation of
zwitterionic species from excited N-anionic UA is responsible for a similar photochemical behavior at different
pH values (5.0 and 7.0) under the photostationary irradiation. The presence of the second tautomeric component
can be one of the reasons for the slight differences for zwitterionic and anionic UA solutions observed
experimentally in the transient absorption dynamics and fluorescence spectra.

1. Introduction TABLE 1: UA and Me-UA E/Z Isomerization Quantum
) ] Yields at Different Wavelengths
trans-Urocanic acid ttans-UA), produced by the enzyme

histidase as a product of the metabolic deamination of histidine, e (UAT g fer (Me'UA)bZDCHj
is a major ultraviolet (UV) absorbing component in the wavelength, nm y
epidermis with strong absorption in the UV-B regibit is (N © N J %
believed that itZ-isomer,cis-urocanic acid, formed upon UV i1 H( /
irradiation viaE/Z photoisomerization, possesses immunomodu- 254 0.043; 0.058 0.94
lating properties which may compromise the immune system.
Thus, the underlying photophysical/chemical processes are of 200 ’ o8
significant interest for the understanding of urocanic acid’s 290 0.079 0.78
biological mode of action. 313 049; 0.52 0.67

It has been found thatansUA has very unusual wavelength-
dependent photobehavide/Z isomerization has its maximum aData are from ref 4, aqueous solutioh®ata are from ref 5a,

efficiency at the red edge of the absorption spectrum, whereasacetonitrile solutions.

irradiation into the absorption band maximum results in very getermines its specific walength-dependent betiar. It is

little cis-isomer formatiorf*?However, the methyl ester of UA important to note that, in aqueous solutiorans-UA exhibits

(Me-UA) studied by Lewis et &i*-°shows the opposite behavior  jgentical wavelength-dependent photochemistry regardless of

(Table 1). Recent studies on some urocanic acid derivatives pH (5.6-7.2)% To our knowledge, this fact has not been

demonstrated that replacing the carboxylic acid hydrogen with 54qressed previously from a theoretical perspective. Here we

CHs, CoHs, and GiHps does shift theE/Z isomerization consider both forms afans-UA, two anionic tautomers and a

efficiency to shorter wavelengthsthus the nature of the  ,ytterion. The experimental studies indicate that at pH 5.6 UA

carboxyl group free acid or esterin the UA molecule  gyisis in its zwitterionic form and becomes an anion at pH'Y.2.

As evident by numerous experimental studieéshe mech-

* To whom correspondence should be addressed. E-mail: odmitr@udel.edu. 5nism oftransUA photoconversion is complex and still unclear

T University of Delaware. . . . )
Two typical models have been considered to explain the

* University of Vienna.
8 Roskilde University. wavelength dependence: (i) ground-state conformational céftrol;
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(i) involvement of different excited states. Experimental studies

established that unique photoreactivity does not arise from the cEzwta

presence of multiple ground-state conforntérsut rather it is
due to different electronic statésHowever, to date no general

explanation for the existence of three spectral regions (see
below) of the different photobehavior in aqueous solution has q
been put forth. Urocanic acid has also attracted much compu-

tational effort; a variety of theoretical methods have been tised.
Despite the experimentally observed activity of the triplet excited
statd® ¢ of transUA, its potential role in aqueous media has

not been the focus of previous computational studies. In this

connection, our study is aimed at the investigation of the overall
activity of triplet and singlet excited states. It is important to
note the following findings that stimulated our study: (a) Using
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MD simulations, Danielsson, "8lerhidl, and Laaksonen have
demonstrated that the carboxylic acid group rotates freely in
an aqueous solution of the zwitterionic foffn.Thus, we
investigate here the vertical excitation energy dependence on
the carboxylic acid group torsion. (b) The order and character
of the excited states are different in the gas phase and in water
media. In aqueous solution, the photoizomerizing state does not
absorb and has been assigned to them* transition?¢ whereas

in the gas phase, a study @fansUA in a supersonic jet
indicated that photoisomerization occurs after vertical excitation
to a strongly absorbing state (S1) which the authors assigned
to w — 7*.° Theoretical studies predict that this is the lowest-
lying vertical excited state for neutradans-UA.4"8b B

Finally, thr_ee_mechanls_,nc pictures based o_n diffetesms Figure 1. Zwitterionic structures of UA optimized at B3LYP/6-
UA photoactivities experimentally observed in three spectral 317.G(d,p) in the gas phase. Numbers in parentheses are at the
regions are proposed in the present paper: (i) Irradiation with Mp2/6-31-G(d) level of theory.
high-energy photons (264 and 266 nm) results in intersystem
crossing (ISC) and the population of triplet states. The studies overlap weighting factot§cd were taken as 1.267 and 0.585,
were performed at pH 5.6 and 7.2, where UA exists in its and the excited state was obtained by selecting the SCF option
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zwitterionic and anionic forms, respectiveély(ii) Regardless
of pH (5.6 or 7.2), at 306 and 313 nm, an efficieBfZ
photoisomerization dominates. No ISC has been obséafed.
(iii) Excitation in the UV-A region (326-400 nm) results in
competing ISC ande/Z processes with the peak of triplet
formation at~340 nm (pH 7.3).c-e3b

2. Computational Details

Quantum chemistry calculations were carried out using the
Gaussian98 program syst¥mutilizing gradient geometry
optimization!! All geometries were fully optimized using the
B3LYP functional?13with the 6-3H-G(d,p) basis set and the
COSMO solvation model (polarizable conductor moteh)ith
a dielectric constant = 78.9. Vertical energies of the singlet-

and triplet-excited-state transitions have been calculated using

the time-dependent DFT meth&dTD-B3LYP/6-31H-G(d,p),
which has been shown to be excellent for modeling ionic,
rotameric, and protomeric forms of urocanic a¥idlD-DFT
provides good quantitative accuracy for small moleculesgNH
CHg, H20),'%4and its computational economy makes it a good
candidate for application to more complicated molecifés.

Corrections for water solvation in the excited states were made

using COSMO model calculations (dielectric constast 78.9)
in conjunction with the TD-B3LYP/6-31£G(d,p) method. The

partial charges were calculated using an MP2 density, a

6-31+G(d,p) basis set, and the NBO meth&dmplemented

in the Gaussian 98 program. For the prediction of effective
electronic potential8W (see below}8® partial atomic charges
for ground and excited electronic states were computed with
the ZINDO/S%¢ method as implemented in the HyperCH&Mm
molecular modeling package. The ZINDO#-¢ and n—x

“Next lowest state”. For the anionic UA normal and tautomeric
forms, the energy of this stata£*) is predicted to be 5.0 and
4.6 eV above that of the ground-state configuration. This is in
good quantitative agreement with the TD-B3LYP results.

The reliability of TD-B3LYP/6-31#G(d,p) solution-phase
(water) calculations has been tested by comparing them with
recent MS-CASPT2 results for the anionic form of urocanic
acid’9 TD-DFT excitation energies forPA’, 13A"", 28A", 11A"
2IA', and 3A’ excited states (Supporting Information) are in
satisfactory agreement with the MS-CASPT2 energies from ref
79 as well as with similar TD-DFT calculations performed by
Danielsson et &P As discussed by Page et’dland Danielsson
et al.8°there is a problem obtaining reasonable gas-phase results
for zwitterionic UA (zwUA) because of charge separation; thus,
one must account for solvent effects.

To describe the geometries of ttrans-isomer of zwUA, we
use the following abbreviations: “E” is equivalent to the above
“trans’ (E-isomer). “c” and “t” refer tocis andtransgeometries,
respectively, about the single«€C bond attached to the five-
membered ring and determined by torsional arglez=C—C=C.

In this study we focus on zwUA (section 3.1), since this form
dominates under physiological conditions (p# 4—6). An
anionic UA will be discussed in section 3.2.

3. Results and Discussion

3.1. Zwitterionic Form of Urocanic Acid. Both zwitterionic
UA conformers, cE-zwUA and tEwUA, optimized in the gas
phase are nonplanar (Figure 1) as also noted by Danielsson et
al 8 The tE-zwUA conformer is preferred by 1.2 and 0.8 kcal/
mol in the gas phase and in water. No significant conformational
influence was found for the excited states of neutral and anionic
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TABLE 2: NBO Charges of the Functional Units of Neutral, summarized in Table 3. Our excitation energies for planar tE-
Anionic, and Zwitterionic Urocanic Acid Optimized at the zWUA agree very well with the TD-B3LYP/PCM results
B3LYP/6-31+G(d.p) Level in the Gas Phase presented in ref 8b. We also found that there are two “dark”
tE-UA planar nonplanar first singlet excited states of -~ #* character (S1, HOMG—~
unit tEc-UA  anion tE-zwUA® tE-zZwUA LUMO [n(anti-00) — 7*(C=C)], and S2, HOMO— 2 —
five-membered ring 0.026 —0.085 0.792 0.774 LUMO [n(symm-O0O)— n*(C=C)], in planar zwUA) with
—CH=CH— 0.026 —-0.070  —0.038 —0.056 almost zero oscillator strength followed by “bright” — 7*
COO(H) —0.052 -0845 —0.754 —0.719 transitions. The transition assignments were based upon detailed
3 Transition structurey(=79.4i cnr?) consideration of molecular orbitals shown in Table 4 and

principal configurations from the TD-B3LYP calculations. A
forms of UA8 Thus, we report here only the results for the tE  comparison of molecular orbitals in Table 4 indicates that there
conformation, which is the most stable, whereas almost identical are pronounced changes upon carboxylic acid group rotation
results for cE-zwUA are given in the Supporting Information. (from 0° to —60°), which affect the character of calculated

Planar tE-zwUA, located in the gas phase, represents aexcited-state transitions. In the twisted structures, HOMO
transition structure which is slightly higher in energy than the orbitals possess somein addition to n character (antibonding
nonplanar ground-state minimum by 0.9 kcal/mol and has a combination of two in-plane oxygen lone pairs, Table 4). Thus,
small imaginary frequencyy( = 79.4i cntl) characterized by  initially forbidden transitions to the excited singlet states S1
two torsional vibrations: vibration of the carboxylic acid group and S2 become allowed due to the planarity distortion, which
around the carboncarbon bond and HC=C—H torsion is reflected by increased oscillator strengths (Table 3).
vibration. The rotamer with its C3=C2—C1—O0 dihedral angle Using the simplified approach from our earlier study on
fixed to —60° is 0.7 kcal/mol higher in energy than the previtamin D¥’2we have simulated the UV absorption spectrum
nonplanar minimum shown in Figure 1. Thus, in the gas phase, of zwUA (Figure 2). Our simulation is based upon the
the ground-state potential energy surface (PES) is quite shallow.assumption that 9 —30°, and —60° rotamers are equally

The fact that the global minimum for zwitterionic UA in the  populated and have a Gaussian band shape of half-width equal
gas phase is a nonplanar structure can be understood from & 25 nm, whose maximum occurs at the FranGondon
comparison of NBO charges of the functional units of tE-zwUA transition wavelength’® The maximum of the simulated
(Table 2). The charge separation is maximal in planar tE-zwUA, spectrum is around 255 nm, which differs from the experimental
thus providing electrostatic destabilization for this structure. If maximum {max = 268 nm at pH 5.6§%¢ Nevertheless,
solvent is accounted for, the charge separation is stabilized andqualitatively, it demonstrates that at the red edge of the
a planar minimum of tE-zwUA is located. The rotamer with its absorption band twisted structures may be responsible for the
—C3=C2—C1—0 angle fixed to—60° is 2.2 kcal/mol higher  low-energy photon absorption.
in energy. Analysis of the data in Table 3 indicates that, in the rotameric

Such relatively small energy and geometry fluctuations upon structures with a carboxylic acid group dihedral angle-60°,
phase alteration (gas phase/solvent phase) allow us to assumghe energetic order of the pairs of states (S1, T3) and (S2, T5)
that in aqueous solution the carboxylic acid group may, at least, is the reverse of the one in the strictly planar structure.
vibrate around a planar minimum in the range of dihedral angles In Figure 3, the excitation energies to these four states are
—60°/+60°. Molecular dynamic studies have provided a strong plotted vs the torsion angle of the carboxylic acid group. Two
suggestion that the carboxylic acid group rotates almost freely intersection points, at 306 and 314 nm, suggest that three spectral
in an aqueous solution of the zwitterionic fof. regions should be considered—{ii) representing different

The effect of carboxylic acid group rotation on the excited photobehavior. AiImost identical TD-B3LYP results and energy
states of tE-zwUA was studied using TD-B3LYP calculations at the intersection points (306 and 313 nm) are found for the
on the fully optimized planar structure in water and two rotamers cE-zwUA conformer (Figure 3S, Supporting Information).
partially optimized with their-C3=C2—C1—O0 torsional angles (i) Excitation by UV Light atl < 306 nm In this relatively
fixed to —30° and—60° (no other constraints). The results are high energy region, higher — z* singlet states or vibrationly

TABLE 3: Excitation Energies (E, eV) and Oscillator Strengths ,s) Calculated at the TD-B3LYP/
6-3114+-G(d,p)+COSMO(Solvent=Water) Level of Theory for the Planar E-zwUA and Its Rotamers with the Twisted Carboxyl
Group (—C3=C2— C1—0)2

dihedral angle dihedral angle dihedral angle
—C3=C2—C1—0=0° —C3=C2—C1—0=-3C —C3=C2—C1—0=—-60

state and description E fosc E fosc E fosc

T1 7w [35 — 37 2.85 0.00 2.82 0.00 2.86 0.00
T2 n* [36 — 37] 3.50 0.00 3.74 0.00 3.95 0.00
T3 n* [43 — 37] 3.75 0.00 3.83 0.00 4.10 0.00
T4 nz* [33 — 37] 3.79 0.00 3.97 0.00 4.23 0.00
T5 w* [35 — 38] 4.11 0.00 4.05 0.00 4.41 0.00
T6 * [32 — 37] 4.89 0.00 4.95 0.00 5.10 0.00
S1 nt* [36 — 37] 3.66 (3.6 0.00 (0.02) 3.81 0.05 4.13 0.18
S2 nt* [34 — 37] 4.03 (3.89) 0.00 (0.00) 4.15 0.00 4.45 0.02
S3aa* [33 — 37] 4.57 (4.47) 0.03 (0.01) 4.66 0.01 4.82 0.01
S4* [35 — 37] 4.79 (4.69) 0.50 (0.10) 4.79 0.24 4.84 0.02
S5 nr* [36 — 38] 5.02 (4.89) 0.00 (0.33) 5.06 0.28 5.24 0.35
S6 nt* [34 — 38] 5.04 0.00 5.10 0.00 5.28 0.00

a Structures were optimized at the B3LYP/6-8&(d,pHCOSMO(Solvert=Water) level.? Characteristic transitions with coefficients larger than
0.53 are given in brackets; corresponding molecular orbitals and their numbering are reported in T8bletbn-phase data given in parentheses
are from ref 8b.
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TABLE 4: Selected Molecular Orbitals of Zwitterionic trans-Urocanic Acid, Planar tE-zwUA, and Its Rotamers with the
Twisted Carboxyl Group [B3LYP/6-31+G(d,p),scrf=(COSMO, Solvent=Water)]

Dihedral angle <C3=C2—C1-0O

orbital 0° -30° -60°

33
HOMO-3

34
HOMO-2

A5
HOMO-1

36
HOMO

37
LUMO

38
LUMO+1

hot S2 states are activated. The final point of the relaxation  (iii) Excitation by UV Light atA > 314 nm.In addition to
process is the intersection S2/T5 (306 nm), and then ISC the finding that photoisomerization occurs after excitation of
(intersystem crossing) takes place and triplet states are producedrans-UA in UV-A (320—400 nm)3® recently, Simon and co-
(Figure 4). workers have also observed that, in the region around 320 nm
(ii) Excitation by UV Light at 306 nn¥ 1 < 314 nm All the and longer, ISC and/Z isomerization processes comp&té.
experimental studies show that there is only a very narrow The peak of the action spectrum for triplet formation was found
spectral window of UVlight that may initiate efficierft/Z at 4 ~ 340 nm (pH 7.2J¢ In a more recent study, it was
photoisomerization of urocanic acid in aqueous solutions. Our remeasured and foundat: 320 nm2d A plot of the efficiency
calculations suggest this region is the spectral interval betweenspectrum for intersystem crossing foans-UA (which is more
two intersection points [91.2 and 93.5 kcal/mol (306 and 314 relevant for the mechanism discussion than the action spectrum
nm)]. When the system is excited to its S2 state or to hot S1 for triplet formation) has nonmonotonic character with a
(which becomes partially allowed in the twisted structure), it maximum at around 330 nm as indicated in Figure 8 given in
relaxes on the S1 surface. If the excited molecule possessesef 1d. In this connection, we suggest (Figure 6) that with a
enough energy on the S1 surface to overcome a small barriercertain probability, a vibrationally hot excited S1 system may
[the estimate of 1500 cm (4.3 kcal/mol) is given in ref 1d], it bypass the barrier fd€/Z isomerization due to tunneling, or it
will undergoE/Z isomerization (Figure 5). Otherwise, the system may relax via the S1/T3 intersection and produce triplets. The
relaxes through the ISC point S1/T3 and produces excited tripletscompetition between these two channels of relaxation depends
(spectral region iii). on the tunneling efficiency, which in turn is determined by the
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Figure 3. S1, S2, T3, and T5 excitation energies in tE-zwUA vs
dihedral angle-C3=C2—C1—0 of the carboxylic group [TD-B3LYP/
6-311+G(d,p+COSMO(water)//B3LYP/6-3+G(d,p)+COSMO-
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Figure 4. Simplified Jablonski-type diagram illustrating the mecha-
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n -> p* (vibronically excited states)
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Non-planar structures
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Figure 5. Simplified Jablonski-type diagrams illustrating the mecha-
nistic scenario proposed for the spectral interval between 306 and 314
nm.
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Figure 6. Simplified Jablonski-type diagrams illustrating the proposed
mechanistic scenario for UV-A irradiation at> 314 nm.

to be almost similar for both zwitterionic and anionic forms (at
pH values around 5 and around“7¥.%aTo get an idea of why
there is no or little pH effect, we have optimized anionic UA
in its two forms, parent and tautomeric (N-anionic UA and
T-anionic UA, Figure 7). In water, we found the N-anionic UA
to be more stable than T-anionic UA by 0.4 kcal/mol. Addition-
ally, supermolecules with the total charge1” consisting of
anionic UA and two water molecules were optimized as well
(Figure 7). In this case, the tautomeric form (T) is 0.3 kcal/mol
higher in energy. This is a quite small energetic difference. It
is suggestive that both anionic forms of urocanic acid exist in
about 1:1 equilibrium which can be shifted in favor of either
N-anionic or T-anionic UA by external microenvironment
factors. Thus, we consider here both forms, starting from
N-anionic UA.

On the basis of the fact that urocanic acid in its anionic and
zwitterionic forms shows similar excitation and fluorescence
spectra and photobehavior (regardless of pH), it was suggested
earlier that the excitation of zwUA and anionic UA results in
the population of the same anionic excited state due to imidazole
proton transfer to the solvefftd520ur data indicate that it might
be the same excited state but not necessarily anionic. Recent
photophysical studies by Chatet al. questioned the statement
that the fluorescence of urocanic acid does not depend on the
initial protonation state and always occurs from the singlet
excited state of the anionic form of UR.Our analysis below
suggests that, when excited, N-anionic UA may attach the proton
to the N3 nitrogen (which becomes more basic upon excitation)
and produce the zwitterionic excited state.

The suggestion of a common anionic excited state in ref 4d

energies, the system becomes unable to reach the S1/T3s based upon the fact that the excitation spectrum (its 280 nm
intersection and triplet formation decreases (in accord with the maximum is independent of the pH) agrees well with the

probable tunneling contribution).
3.2. Anionic Form of Urocanic Acid. The photochemistry

absorption spectrum of the anion and the idea that the absorption
transition must decrease the electron density on the imidazole

and photophysics of urocanic acid in aqueous media were foundring, making the nitrogen more acidic. The authors refer to
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Figure 7. Relative energies of parent N-anionic UA and its tautomeric form, T-anionic UA, optimized in water (COSMO solvent model) without
(A) and with (B) two additional explicit H-bonded water molecules at the B3LYP/63{d,p) level of theory. The total charge of the system is
=1
studies on 2-naphthol, which is a weak acid in the ground state,
but a much stronger acid upon excitation to its lowest excited
singlet staté? To our knowledge, there is no experimentkLp
trend data available for the urocanic acid, and comparison with
2-naphthol photobehavior is not supportive of the anionic
character of the urocanic acid excited state, which has two
possible protonated/deprotonated sites (OH and NH). In the
literature, one may find closer bifunctional examples, where,
for a molecule with the oppositeékp tendencies in its excited
states, a photon absorption may initiate protonation and depro-
tonation to yield zwitterions. For instance, a kinetic study on
7-hydroxyquinoline indicates that a change in prototropic
equilibrium can occur as a result of photon-trigger&values
of OH and N atoms and thereby lead to the population of excited
zwitterionic specieg? ] )

Since the idea on the protonation state of the excited UA E'?a‘i]riirﬁé 'JgMO — 1, HOMO, LUMO, and LUMO+ 1 orbitals of
was based upon the premise that the electron density on the '
imidazole ring is decreasing upon excitation, we compared the
molecular orbitals for anionic UA. Both LUMO and LUM&®
1 orbitals of the N-anionic UA have a contribution from the
N3' atom orbital in contrast to the case of HOMO and HOMO
— 1 (Figure 8). This indicates an increase of electron density
at N3 upon excitation (forzr* and nt* surfaces), and thus,
g?aetes.hould expect an increase of atom basicity in the eXCItedunits?l-ZzAt the same time, a large decrease in basicity of the

However, it is well-known that, in general, there is no simple carboxylate group is predlcted'. ) . .
correlation between computed nitrogen charge densities and 1 "US, we suggest that N-anionic UA, due to the increase in
experimental [, values (see refs 16b and 21 and references basicity pf the mtrogen atom upon excitation, _Wllllunc.:lergo rapid
cited therein). To support the zwitterionic-excited-state sugges- protonation, producing the excited state_of zwitterionic charapter.
tion, effective electronic potentials were computed by using the AS has been observed for 7-hydroxyquinoline, nitrogen excited-
previously published semiempirical procedut@=1 The effec- state protonation is fast and occurs on the picosecond time
tive potentialsW correspond to “local ionization energied” scale??
and include electrostatic long-range contributions that have been There are no similar observations for T-anionic UA (molec-
shown to be important in the prediction of relativi;p  ular orbitals andW are given in the Supporting Information);
values!6b21.22 The present predictions were based on the thus, one may conclude that these species are not prone to
optimized molecular geometry for anionic UA in an aqueous €Xcited-state protonation and remain in their anionic form.
medium computed with DFT (see above), using ZIND®YS The independence of the pH excitation spectidfiican be
derived ground- and lowest-excited-sté¥ézr*) partial atomic explained by the similarzz*-excited-state energies for zwUA
charges. The resulting atomiV values (eV) are shown in  and both anionic forms (4-64.5 eV, Table 5). The absorption

LUMO LUMO+I1

Figure 9.0W indicates the effective potential relative to the
isolated neutral atom; the more positive thé&, the higher the
basic character associated with the corresponding region of the
molecule. As shown in Figure $W for the N3 position is
increased from 5.3 to 5.7 eV on excitation; this indicates a large
increase in nitrogen basicity corresponding to sevetdl p
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Figure 9. 0W values (eV) calculated for the ground state (left) and excited state (right) of N-anionic UA.

TABLE 5: Singlet—Singlet Excitation Energies E, eV) and
Oscillator Strengths (fos) Calculated at the TD-B3LYP/
6-311+G(d,p)+COSMO(Solvent=Water) Level of Theory
for the tE-zwUA and Two Anionic Forms, N-anionic UA and
T-anionic UA?

N-anionic T-anionic

zZwUA UA UA
State E fosc E fosc E fosc

S1 nr*

[n(anti-O0)— a*(C=C)] 3.66 0.00 4.23 0.00 4.11 0.00
S2 nr*

[n(symm-O0)— 7*(C=C)] 4.03 0.00 4.66 0.00 4.51 0.00
S3nmma*

[m(anti-O0)— a*(C=C)] 4.57 0.03 5.33 0.04 5.15 0.04
S4mm*

[7(C=C) — a*(C=C)] 4,79 0.50 4.63 0.58 4.47 0.66

aStructures were optimized at the B3LYP/643&(d,pH

COSMO(SolventWater) level.

SCHEME 1
O
zw-UA
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hv hv
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€]
(/N /o N/ o)
it \_/
N

spectrum of zwUA is blue-shifted due to the additional strongly
allowedzr* excited state at 4.8 eV.
Simon and co-workers found a slight difference at pH 5.6

the overall photochemistry. Thus, the resultitiginsUA
photochemistry is controlled by relaxation of the excited
N-anionic UA state through the process of proton attachment
and subsequent photoconversion of the zwitterion, zwUA.
Recent studies on another bifunctional moleculé;dyrido-
[3,2-b]indole, have indicated that the existence of tautomeric
forms in the ground state may lead to the wavelength depend-
ence of the excitation and emission fluorescence spectra in acid
media?® The presence of the second populated tautomer,
T-anionic UA, can be a potential reason for the observed
different emission maxima (400 nm at pH 7.0 and 360 nm at
pH 4.0). More theoretical (similar to the study performed by
Sobolewski, Domcke, and co-workéfsand experimental work
is required to asses the contribution of both anionic tautomers
vs the zwitterionic form.

4. Conclusions

In aqueous medig/Z photoisomerization of urocanic acid
occurs on the m* singlet excited surface. This explains the
unigue photobehavior dfans-urocanic acid, which undergoes
efficient E/Z isomerization only upon irradiation at the red edge
of the absorption band. The mechanism responsible for the
wavelength-dependent urocanic acid photochemistry in aqueous
media may involve two conical intersections between excited
singlet and triplet surfaces. These conical intersections are
suggested to exist due to possible rotation of the carboxylic acid
group in the zwitterionic form of UA. The high density of
excited states (which in addition can be modulated by interac-
tions with water molecules) makes it very possible that singlet/
singlet and triplet/triplet intersections contribute to the complex
UA photochemistry as well. In the present work we addressed
only the possibility of singlet/triplet conical intersections using
potential energy profiles of the excited states as a function of
the carboxylic acid group torsion. The comparison of molecular
orbitals and an effective electronic potential analysis of anionic
UA suggest that the excited parent N-anionic UA accepts the

and 7.2 in the 266 nm pump/340 nm probe transient absorptionproton from the solution and becomes a zwitterion. This can

dynamics. They observed an initial fast decay componeft (
ps) at pH 7.2 which is absent at pH 34t has been suggested

be a reason for a similar photochemical behavior at pH 4.0 and
7.0 under the photostationary irradiation. T-anionic UA does

that the excitation at 266 nm generates a molecule with more not change its protonation form upon excitation. The presence
excess energy at pH 7.2 than at pH 5.6 since at pH 7.2 theof the second tautomeric component can be responsible for the
electronic excited state of t-UA lies lower in energy than it does slight differences observed in the transient absorption dynamics
at pH 5.64d Our data given in Table 5 indicate that zwUA and experiment (266 nm pump/340 nm protednd fluorescence
N-anionic UA have the same energies for the lowest spectra aflexcitation = 310 nm*8
transition (about 4.6 eV), whereas the T-anionic U#x*
transition is slightly lower, at 4.5 eV. This can be an additional ~ Acknowledgment. This work was supported by the National
potential source for the fast vibrational relaxation process Science Foundation (Grant CHE-0138632 to R.D.B.) and by
characterized by that 1 ps decay component observed in thethe National Computational Science Alliance under Grants
experimentd CHE990021N and CHE300056N utilizing the NCSA SGI
On the basis of the results from Table 5 and experimental Origin2000, IBM P690, and University of Kentucky HP
facts, one may suggest that excitation of the anionic UA Superdome. Support from the Danish Natural Sciences Research
solutions occurs as shown in Scheme 1. According to SchemeCouncil and Roskilde University (to J.S.-L.) andt@rreichische
1, under the conditions of photostationary irradiation, the Nationalbank (Jubilamsfondsprojekt No. 7395 to W.R.) is
presence of the tautomeric form, T-anionic UA, should not affect gratefully acknowledged.



Origin of E/Z Photoisomerization of Urocanic Acid

Supporting Information Available: Total energies, Car-

J. Phys. Chem. A, Vol. 108, No. 26, 2008669

(10) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

tesian coordinates, molecular orbitals. and excitation energiesM- A Cheeseman, J. R. Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,

for neutral, zwitterionic. and anionic forms wansUA (PDF).
This material is available free of charge via the Internet at http://
pubs.acs.org.

References and Notes

(1) (&) Mohammad, T.; Morrison, H.; HogenEsch, Photochem
Photobiol 1999 69, 115. (b) Hug, D. H.; Hunter, J. K.; Dunkerson, D. D.
J. PhotochemPhotobiol., B1998 44, 117. (c) Hanson, K. M.; Simon, J.
D. Proc. Natl. Acad Sci U.SA. 1998 95 10576. (d) Haralampus-
Grynaviski, N.; Ransom, C.; Ye, T.; Rozanowska, M.; Wrona, M.; Sarna,
T.; Simon, J. D.J. Am Chem Soc 2002 124, 3461. (e) Menon, E. L;
Morrison, H. Photochem Photobiol 2002 75, 565. (f) Schwartz, W.;
Langer, K.; Schell, H.; Schonberger, Rhotodermatology1986 3, 239.

(2) (a) Kammeyer, A. M.; Pavel, S.; Asghar, S. S.; Bos, J. D;
Teunissen, M. B. MPhotochemPhotobiol 1997, 65, 593. (b) Kinuta, M.;
Yao, K.; Masuoka, N.; Ohta, J.; Teraoka, T.; UbukaBlochemJ. 1991,
275 617. (c) Norval, M.; EI-Ghorr, A. AMethods2002 28, 63. (d) Vestey,

J. P.; Norval, M.PhotodermatolPhotoimmunalPhotomed1997, 13, 67.
(e) Norval, M.PhotochemPhotobiol 1996 63, 386. (f) Norval, M.; Gibbs,
N. K.; Gilmour, J.PhotochemPhotobiol 1995 62, 209.

(3) (a) DeFabo, E. C.; Noonan, F. B.Exp. Med 1983 158 84. (b)
Webber, L. J.; Wang, E.; DeFabo, E. BhotochemPhotobiol 1997, 66,
484,

(4) (a) Morrison, H.; Bernasconi, C.; Pandey,RhotochemPhotobiol
1984 40, 549. (b) Morrison, H.; Avnir, D.; Bernasconi, C.; Fagan, G.
PhotochemPhotobiol 1980 32, 711. (c) Hanson, K. M.; Li, B.; Simon, J.
D. J. Am Chem Soc 1997, 119 2715. (d) Li, B.; Hanson, K. M.; Simon,
J. D.J. Phys Chem A 1997 101, 969. (e) Hanson, K. M.; Simon, J. D.
Photochem Photobiol 1998 67, 538. (f) Hug, D. H.; Hunter, J. K.
PhotochemPhotobiol 1994 59, 303.

(5) (a) Lewis, F. D.; Yoon, B. ARes Chem Intermed 1995 21, 749.
(b) Lewis, F. D.; Howard, D. K.; Oxman, J. D.; Upthagrove, A. L.; Quillen,
S. L. J. Am Chem Soc 1986 108 5964. (c) Franceschi, S.; Sirieix, J.;
Lauth-de Viguerie, N.; Riviere, M.; Lattes, AC. R. Acad Sci, Ser. llc
1999 2 (11), 299.

(6) (a) Shukla, M. K.; Mishra, P. CSpectrochimActa1995 51A(5),
831. (b) Simon, J. DAcc Chem Res 200Q 33, 307 and references therein.
(7) (a) Lahti, A.; Hotokka, M.; Neuvonen, K.; Ayras, 8.Mol. Struct:
THEOCHEM1995 331, 169. (b) Lahti, A.; Hotokka, M.; Neuvonen, K.;
Ayras, P.Struct. Chem1997, 8, 331. (c) Lahti, A.; Hotokka, M.; Neuvonen,

K.; Karlstrom, G.Int. J. Quantum Chem1999 72, 25. (d) Lahti, A.;
Hotokka, M.; Neuvonen, K.; Karlstrom, @. Mol. Struct: THEOCHEM
1998 452, 185. (e) Laihia, J. K.; Lemmetyinen, H.; Pasanen, P.; Jansen,
C. T.J. PhotochemPhotobiol, B 1996 33, 211. (f) Page, C. S.; Merchan,
M.; Serrano-Andres, L.; Olivucci, MJ. Phys Chem A 1999 103 9864.

(g) Page, C. S.; Olivucci, M.; Merchan, M. Phys Chem A 2000 104
8796.

(8) (a) Danielsson, J.; Soderhall, J. A.; Laaksoneriyial. Phys 2002
100 1873. (b) Danielsson. J.; Ulicny, J.; LaaksonenJAAm Chem Soc
2001, 123 9817. (c) Danielsson, J.; Laaksonen,Ghem Phys Lett 2003
370, 625.

(9) Ryan, W. L.; Levy, D. HJ. Am Chem Soc 2001 123 961.

R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K.
N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill,
P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez,
C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGaussian 98Revision
A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.

(11) (a) Schlegel, H. BJ. Comput Chem 1982 3, 214. (b) Schlegel,

H. B. Adv. Chem Phys 1987 67 (Part 1), 249. (c) Schlegel, H. B. Modern
Electronic Structure TheoryYarkony, D. R., Ed.; World Scientific:
Singapore, 1995; p 459.

(12) (a) Becke, A. DPhys Rev. A 1988 38, 3098. (b) Lee, C.; Yang,
W. and Parr, R. GPhys Rev. B 1988 37, 785.

(13) (a) Becke, A. DJ. Chem Phys 1993 98, 5648. (b) Stevens, P. J.;
Devlin, F. J.; Chabalowski, C. F. and Frisch, M.JJPhys Chem 1994
98, 11623.

(14) Barone, V.; Cossi, M.; Tomasi,J.Comput Chem 1998 19, 404.

(15) (a) Bauernschmitt, R.; Ahlrichs REhem Phys Lett 1996 256,
454, (b) Casida, M. E.; Jamorski, C.; Casida, K. C.; Salahub, D. Ghem
Phys 1998 108 4439. (c) Stratmann, R. E.; Scuseria, G. E.; Frisch, M. J.
J. Chem Phys 1998 109, 8218. (d) Stener, M.; Fronzoni, G.; Toffoli, D.;
Decleva, PChem Phys 2002 282 337. (e) Monat, J. E.; Rodriguez, J.
H.; McCusker, J. KJ. Phys Chem A 2002 106, 7399.

(16) (a) NBO Version 3.1: Glendening, E. D.; Reed, A. E.; Carpenter,
J. E.; Weinhold, F. (b) Spanget-Larsen,JJ.Chem Soc, Perkin Trans
1985 2, 417. (c) Ridley, J. E.; Zerner, M. @heor. Chim Acta1973 32,
111. (d)HyperChem Molecular Modeling SysteRelease 5; Hypercube:
Waterloo, Ontario, Canada, 1996.

(17) (a) Dmitrenko, O.; Frederick, J. H.; Reischl, \A/. Photochem
Photobiol., A2001, 139 125. (b) This approximation represents a crude
means for estimating the width of the absorption profile, and it ignores the
possibility that the bands may exhibit vibrational structure. Nevertheless, a
more sophisticated treatment of the absorption band shape would require a
significant effort to more fully characterize the excited state and is not
justified given other approximations that are made in our treatment.

(18) Brookman, J.; Chaep J. N.; Sinclair, R. $hotochemPhotobiol
Sci 2002 1, 327.

(19) Lawrence, M.; Marzzacco, C. J.; Morton, C.; Schwab, C.; Halpern,
A. M. J. Phys Chem 1991, 95, 10294.

(20) Lee, S.-l.; Jang, D.-J. Phys Chem 1995 99, 7537.

(21) Spanget-Larsen, J. Phys Org. Chem 1995 8, 496.

(22) (a) Waluk, J.; Rettig, W.; Spanget-Larsen].Phys Chem 1988
92, 6930. (b) Herbich, J.; Grabowski, Z. R.; Wojtowicz, H.; Golankievicz,
K. J. Phys Chem 1989 93, 3439. (c) Sikorska, E.; Szymusiak, H.;
Khmelinskii, I. V.; Koziolowa, A.; Spanget-Larsen, J.; Sikorski, M. J.
PhotochemPhotobiol, A 2003 158 45.

(23) Balm, M.; Muhoz, M. A.; Carmona, CChem Phys 2004 299
67.

(24) Sobolewski, A. L.; Domcke, W.; Dedonder-Lardeux, C.; Jouvet,
C. Phys Chem Chem Phys 2002 4, 1093.



