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We report a comprehensive study of the structures and deactivation porcesses of protonated adrenaline through cryogenic

UV photodissociation spectroscopy. Single UV and double-resonance UV-UV hole burning spectroscopies have been

performed and compared to coupled-cluster SCS-CC2 calculations done on the ground and first electronic states. Three

conformers were assigned, the two lowest energy gauche conformers along with a higher energy conformer with an

extended structure which is indeed the global minimum in solution. This demonstrates the kinetic trapping of this high

energy gas phase conformer during the electrospray process. At the band origin of all conformers, the main fragmentation

channel is the C,-C bond cleavage, triggered by an excited state proton transfer to the catechol ring. Internal conversion

leading to the water loss channel competes with the direct dissociation and tends to prevail with the increase of excess

energy brought by the UV laser. Picosecond time-resolved pump-probe spectroscopy was achieved to measure the excited

state lifetimes of the three conformers of AdH*, which decay with the increase of excess in the nrt* state from 2 ns at the

band origin down to few hundreds of picosecond 0.5 eV to the blue. Finally, about 0.8 eV above the band origin, the nc*

state is directly reached leading to the opening of the H-loss channel.

1. Introduction

Adrenaline (Epinephrine), a human hormone belonging to the
catecholamine family, is produced in response to acute stress
and acts as a neurotransmitter involved in blood pressure
regulation. Adrenaline binds to the a and [ adrenergic
receptors and activates G protein2 through multiple H-bonds
and proton interaction. As many neurotransmitters, adrenaline
is a flexible molecule which indeed assures the molecular
recognition with its receptor. The search for pharmaceutical
ligands binding to those receptors can benefit from the study of
the neurotransmitter flexibility, which can be precisely
addressed through gas phase laser spectroscopy and quantum
chemistry calculations. For instance, B-blockers bind to the
adrenergic receptors and therefore inhibit the effect of
adrenaline.? The spectroscopic study of gas phase conformers
of neutral adrenaline was achieved by Cargabal et al.* A
dominant conformer was evidenced, with an extended side-
chain structure stabilized by a CpOH to N intramolecular
hydrogen bond. However, at physiological conditions,
adrenaline is protonated at the methyl amino group> which
should have a major impact on this intramolecular H-bond.
Alagona et al.? investigated theoretically the conformational
landscape of protonated adrenaline (AdH*) both in the gas
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1 Electronic Supplementary Information (ESI) available: one- and two-color
photoinduced mass spectra; comparison between simulated Franck-Condon spectra
of conformer G1-str3 and G1-str4; FC active modes of the four conformers;
comparison between the AdH* vibronic spectrum recorded with the 0.2 cm?
resolution dye laser and the 10 cm™ resolution OPA laser; optimized structures of
the n* state and ESPT form. See DOI: 10.1039/x0xx00000x

phase and in aqueous solution. Three structural families were
identified, differing by a 21t/3 rotation of the alkyl amino chain
along the Cq-Cp bond (see chart 1). In the gauche (folded) G1
conformer, both NH to CsOH and proton-w interactions stabilize
the gas phase structure while in aqueous solution, the trans
(extended) T conformer is favored, due to the high solvation
energy of the protonated methyl ammonium group by water.
Both structures show a preference for NH to CpOH
intramolecular hydrogen bond. The last family, in which the
latter interaction is absent, the gauche G2 conformer, lies
higher in energy both in the gas phase and in solution. Finally,
for each family, four catechol ring orientations (STR1-4) are
possible (see Chart 1) following the notation previously
introduced.®

Structural investigation of flexible molecules in the gas phase is
generally conducted through comparison of IR spectroscopy in
the ground state with quantum chemistry calculations. For
catecholamines, the distinct intramolecular H-bonds between
protonated methyl ammonium and OH or catechol ring (gauche
and trans forms) should normally provide sizeable spectral
shifts that could be used for conformer assignment. However,
for each of these rotamers, catechol ring orientation (STR1-4)
has a little effect on the OH and NH stretching modes,
precluding a definitive assignment of the structures through IR
spectroscopy only. This has been recently documented for
protonated noradrenaline, precursor of adrenaline in which the
amine is not methylated, studied via cryogenic laser
spectroscopy by Wako et Interestingly, UV
photodissociation spectroscopy of cold protonated molecules
has emerged in the last decade and can nowadays be applied
for structural assignment of medium size molecules through
comparison with high-level excited state calculations. For
instance, syn/anti conformation (position of the protonated
amino group compared to the oxygen lone pair of the phenol
ring) of protonated tyrosine® and synephrine® have distinct
vibronic spectra although their vibrational spectra in the 3 um
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region (NH and OH stretches) cannot be discriminated, even via
cryogenic IR spectroscopy.

Beside the structural assignment of protonated molecules, UV
photodissociation spectroscopy allows to decipher the
deactivation processes at play following electronic excitation,
where competition between internal conversion to the ground
state and photoinduced reaction triggered in the excited state
occurs. In particular, the specific Ca-Cp bond cleavage following
UV excitation of protonated aromatic amino acids and peptides
has recently been reviewed by Grégoire and coworkers.10 Such
specific photofragmentation patterns could be useful for fast
and identify biological by mass
spectrometry with complementary techniques as low energy
collision (CID) or electron capture dissociation (ECD).1?
Furthermore, studying protonated systems cooled at cryogenic
temperature reveals possible conformer selectivity which might
be of prime importance for understanding the specific
molecular recognition of such flexible neurotransmitters.2

screening molecules

G1-5TR1
$= 907 § 4~ 1807

G1-5TR2
1=190%; s = 0°

G1-S5TR3
0= 907 = 1807

G1-STRA
o= = 9075 ¢y = O°

Chart 1 G1-STR1-4 structures of protonated adrenaline AdH*. The three rotamers
G1, G2 and T correspond to ¢, = -60°, 60° and 180° respectively. For each rotamer,
2 =+ 90° and ¢34 = 0 or 180° define the different orientations of the catechol ring,
noted STR1, STR2, STR3 and STR4.

In this work, the structures and conformer-resolved excited
state properties of AdH* were investigated through cryogenic
UV photodissociation spectroscopy in two laboratories.
Conformer selected spectroscopies were recorded with high
resolution nanosecond lasers in Tokyo, which includes UV
photodissociation and UV-UV hole burning techniques. In
Orsay, picosecond pump-probe photodissociation experiments
were performed to record the excited state lifetime of the
conformers assigned in Tokyo. We will discuss on the
deactivation processes in the excited state and the evolution of
the fragmentation branching ratio with the excess energy and
the probed electronic state. The experimental data are analyzed
by comparison with high level excited state calculations at the
coupled-cluster SCS-CC2, including geometry optimization and
frequency calculations.

2. Experimental and theoretical methods

The details of the experimental setup in Tokyo Institute of
Technology are described elsewhere.13 Adrenaline (purchased
from Sigma Aldrich) is dissolved at 10 pM into methanol
containing 0.5% formic acid. The solution is sprayed from a
nebulizer, and fine droplets were drawn into glass capillary
heated at 60°C. The entrance of the glass capillary is coated by
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metal and high voltage (-4.5 kV) is applied to it. The desolvated
ions are introduced to higher vacuum region via a skimmer and
guided to a quadrupole mass spectrometer (Q-MS: Extrel) by a
home-made hexapole ion guide whose pole diameter is 2 mm
and operated at 4 MHz (RF generator CGC). Protonated
adrenaline ions, mass-selected in the Q-MS, are introduced into
a cryogenic 3-dimensional quadrupole ion trap (3D-QIT) made
of copper via a home-made quadrupole ion deflector and a
home-made octopole ion guide (pole diameter: 4 mm, RF: 1.6
MHz). The QIT is mounted on a second stage of a double stage
closed cycle He cryostat (Sumitomo: RDK-408D2) cooled at 4 K.
At the exit of the octopole ion guide, there is a pulsed lens
electrode (20 Hz) to chop the ion beam to introduce the ions
into the cryogenic QIT during 35 ms. He buffer gas at room
temperature is introduced just before the entering of the ions
and cooled down by collisions with the copper electrodes of the
QIT. The trapped ions are thermalized at ~ 13 K by the cold He
buffer gas.13 Then, a tunable UV laser (probe laser) is triggered
at 37 ms and the photo fragments are ejected at 40 ms and
detected by a home-made time of flight mass spectrometer
(TOF-MS). The TOF-MS signal is amplified 10 times by a
preamplifier (NF: BX-31A) and recorded by a fast digitizer board
(NI: PXle-5160) as a function of the wavelength of the UV laser.
To measure UV-UV hole burning (UV-UV HB) spectra, another
tunable UV laser (burn laser) is introduced to the cryogenic QIT
1 ms before the probe laser. During this 1 ms, a tickle RF
pulse’-13.14 is applied to the entrance end-cup of the QIT to eject
photo fragments produced by the burn laser. UV-UV HB spectra
are recorded by monitoring the photo fragment signal due to
the probe laser whose wavelength is fixed to a given band of the
UVPD spectrum while scanning the wavelength of the burn
laser. When the wavelength of the burn laser is resonant to any
electronic transitions of the probed conformer, a decrease of
ion signal is observed, which reflects depopulation of the zero
vibrational level of this specific conformer. The probe laser is
operated at 20 Hz, while the burn laser at 10 Hz. Therefore,
probe-laser-only signal and double resonance signal were
obtained alternatively. By dividing the latter by the former, long
term fluctuations of the source condition, etc. could be
cancelled.?®
The setup installed in Orsay has already been described in
details.1® AdH* ions are produced in an electrospray source, first
stored in an octopole ion trap for 100 ms and then extracted
and accelerated at 200 V by a pulsed exit electrode and finally
transferred in the cold 3D-QIT (Jordan Tof Inc.). The latter is
biased at 200 V to ensure efficient trapping and avoid collision
induced dissociation of the incoming ions with He buffer gas
injected by a pulsed valve 1-2 ms before. The 3D-QIT is housed
in a copper box directly mounted on a cold head of a
compressed helium cryostat (CH-204 S, Sumitomo) that
maintains the temperature around 15 K. A pulsed mass gate
located before the entrance of the trap allows for mass-
selecting the parention. The photodissociation laser is triggered
at least 40 ms after the trapping of the ions when thermalization
is achieved and helium buffer gas is mostly pumped. All ionic
fragments and parent molecules are then extracted and
accelerated for mass-analysis in a linear time-of-flight mass

This journal is © The Royal Society of Chemistry 20xx



spectrometer and detected by MCP (Z-Gap, Jordan Tof Inc.).
Fragmentation time can be recorded from 1 ps up to tens of ms
by varying the delay between the photofragmentation laser and
the extraction of the ions from the QIT.

The photodissociation UV laser (pump) is the output of an
optical parametric amplifier (EKSPLA-PG411) pumped by the
third harmonic (355 nm) of a mode-locked picosecond Nd-YAG
laser (EKSPLA-SL300) operated at 10 Hz which provides tunable
visible/UV light in the 740-220 nm region. The spectral
resolution is in the order of 8-10 cml. For the 2 color
experiments, the probe laser is the output of a second OPA
pumped with the same laser. The probe laser has been scanned
in the visible range without noticeable change and has been set
at 550 nm. The picosecond time-resolved photodissociation
spectroscopy?!’ is recorded by delaying the probe laser beam
with a motorized optical delay line with 6.6 ps time step and a
maximum delay time of 1.4 ns. Both beams are mildly focused
by a 700 mm lens and cross each other in the center of the trap.
Typical laser pulse energies are in the order of 40 W for the
pump and 200 pJ for the probe beam. The cross correlation of
the picosecond lasers is about 16 ps.

Ab initio calculations have been performed with the
TURBOMOLE program package!® (v6.6) making use of the
resolution-of-the-identity (RI) approximation for the evaluation
of the electron-repulsion integrals.1®20 The equilibrium
geometries of AdH* in its electronic ground (So) and excited (S;
and S;) states have been determined at the CC2 level?1.22 with
the correlation-consistent polarized valence double-{ aug-cc-
pVDZ basis set augmented with diffuse functions.2® In
particular, the spin-component scaled approach (SCS) was
applied since it improves the accuracy of CC2 calculations for
the charge transfer states.?* The vibrational modes of the
ground and the first excited states have been calculated at the
same level in order to obtain the adiabatic excitation energy
corrected for the difference of zero-point energy between the
two states. The calculated vibrationally-resolved electronic
spectra were obtained with the PGOPHER spectra simulator
package?> using the calculated frequencies of the ground and
excited states. For sake of comparison, the simulation was
performed at 0 K and convoluted with a gaussian function of 3
cm? (full-width at half-maximum FWHM).

3. Results and discussion

3. 1. Conformer assignment: UV photodissociation and UV-UV
hole-burning spectra

The UV photodissociation mass spectrum of protonated
adrenaline AdH* (m/z 184) shown in Fig. S1 corresponds to the
difference mass spectrum (UV laser — no laser) with a delay
between the laser excitation and the extraction of the ions from
the QIT of 1 ps. In that conditions, only the fast fragmentation
events are detected. The fragmentation channels can be sorted
in two main groups. As for Noradrenaline,2®6 the m/z 166
fragment corresponds to the water loss channel which is the
main dissociation channel in the ground electronic state
obtained through low energy collision and can eventually

This journal is © The Royal Society of Chemistry 20xx

further fragment into its secondary fragment at m/z 135 (H,0 +
NH,CHs loss) at longer fragmentation time. The other prompt
fragmentation channels are issued from the Cu-Cp bond
cleavage with the charge on the catechol ring (m/z 139) or on
the amino alkyl chain moieties (m/z 46 and m/z 44) following
H/H+ rearrangement. The last fragmentation channel at m/z 32
is assigned to the NH5CHs* ionic fragment (Co-N bond break). It
should be stressed here that such fragmentation pattern,
competition between CID like fragments and specific UV
fragments issued from the Cy-Cg bond break,® is commonly
observed in the UV photodissociation of protonated aromatic
amines,?? acids, 2831 catecholamine’ and short
peptides.3237 As it can be readily seen in Fig. S1, the
fragmentation branching ratio is larger for the Cu-Cp bond
cleavage events than for internal conversion.

amino

A | |
b) UV-UV HB Conformer C MWW‘IVMWWW“WW
Conformer B
Conformer A

s

a) AdH"
; 1L ﬂ. MM&W ; I\.VJWAJJ‘L
34000 34500 35000 35500

Wavenumber / cm™

Fig. 1 (a) UV photodissociation spectrum and (b) UV-UV hole burning spectra of
AdH* recorded on the m/z 139 channel issued from the Co-Cp bond cleavage.

The electronic spectroscopy of AdH* reported in Fig. 1a has
been recorded on the Cy-Cp bond cleavage fragment (m/z 139).
The spectrum closely resembles the noradrenaline (NAdH®)
one.” The first weak vibronic transition is detected at 34 004 cm-
Lalong with a long progression of low-frequency mode of 45 cm-
1 which extends up to hundreds of wavenumbers to the blue.
Two sets of intense transitions are observed at 34 938 cm and
35046 cm1, which indeed correspond to the band origins of
two other conformers as revealed by the UV-UV hole-burning
spectroscopy reported in Fig. 1b. In this spectral region from
34 000 to 35 800 cm, the excitation spectrum of AdH* is thus
composed of three different conformers.

Ab initio excited state calculations at the SCS-CC2/aug-cc-pVDZ
level have been performed to assign the structure of the three
conformers of AdH*. Following the same notation as for NAdH*,
the conformers of AdH* can be sorted in three main families
(G1, G2 and T) according to the 21t/3 rotamers along the Cy-Cp
bond.® The G1-STR1 conformer, in which the protonated
CH3NHy* group is involved in two H-bonds with the catechol ring
and the Cp-OH group, is the lowest energy minimum (see Chart
1). In this form, the protonated group is in syn position as
compared to the oxygen lone pair of the hydroxyl groups of the
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catechol ring, above the OH group in meta position. The G1-
STR3 conformer, iso energetic with G1-STR1, corresponds to an
inversion of the CuCpC,C ¢, dihedral angle, so the NH; group is
no more on the top of the catechol OHs. For each conformer,
the CCOH ¢34 dihedral angle of the catechol OHs can be inverted
(G1-STR2 and G1-STR4, respectively) but their relative energies
are significantly higher by 2.1 kcal/mol and 1.2 kcal/mol. In the
T structures, the NH; group forms a sole H-bond with the CsOH
group in a trans orientation compared to the catechol ring
($1=180°). Such rotamers are among the lowest energy ones in
aqueous solution®38 but in the gas phase, due to the lack of
proton-m interaction, only the T-STR1 conformer has a relative
low energy. Finally, all the conformers of the third rotamer
family G2 (¢1= 60°), in which the NH; group is not involved in H-
bond with the CgOH group, have relative energies much higher
and can be discarded from the analysis.

Table 1: Conformer assignment, relative energy (kcal/mol) in the ground state Eso,
calculated and experimental n—n* adiabatic excitation energy 0,° with the absolute error
Acalc—exp (cm'l).

significantly lower than for all the other conformers. Its
simulated Franck-Condon spectrum is reported in Fig. 2a and
provides a fair agreement with the experimental spectrum of
conformer A. Accordingly, conformer B of AdH+ can be
confidently assign to the T-STR1 structure, giving the good
agreement with the adiabatic excitation energy and the
simulated vibronic spectrum (Fig. 2b). The extended structure
T, in which the protonated methyl amino group does not
interact with the catechol ring, lies relatively high in energy in
the gas phase and should not be populated in the cold ion trap,
unless kinetic trapping of the AdH* most stable solution phase
as already observed in NAdH*.” Finally,
conformer C is tentatively assigned to structure G1-STR3,
although we cannot exclude the structure G1-STR4 which both
provide satisfying adiabatic energy transitions and simulated FC
spectra (Fig. 2c and Fig. S2). The active modes of the vibronic
spectra of the 4 conformers are depicted in Fig. S3-6. One
should stress here that for these two latter conformers, the
intensity of the vibronic transitions 200 cm above the band
origin is significantly reduced compared to the predicted one

structure occurs,

Structure Eso 0c°(calc)  0c° (exp) A= while two intense bands show up at 523 cm and 649 cm-2. Such
Conf. A G1-STR1 0 3329 34004 -707 a cut-off was already observed in NAdH*, structure G1-STR3.7
Conf. B T-STR1 1.8 34274 34938 -663 We do not have a simple explanation although this cut-off
Conf.C G1-STR3 0 34 470 35046 -575 . o
occurs for the same type of structure. Finally, it is worth
G1-STR4 1.2 34310

In Table 1 are reported the ground state relative energies and
n-n* adiabatic excitation energies of the most relevant
conformers of AdH*. Conformer A has the reddest band origin,
almost 1000 cm! below those of conformers B and C. The
energy calculated for G1-STR1 s

adiabatic excitation

Wavenumber / cm”
100 0 100 200 300 400 500 800 700 0

Wavenumber / cm™
100 200 300 400 500 600 700 0

mentioning that the absolute error in adiabatic excitation
energies is quite low, less than 2%, which is totally consistent
with the absolute error found at the CC2 level for protonated
aromatic amino acids and related systems. In overall, the
conformational landscape of AdH* and NAdH* are similar,
although more conformers were observed for NAdH*
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Fig. 2 Conformer assignment of AdH* through comparison between the experimental and simulated vibronic spectra.
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3.2. Excited State lifetime

The excited state lifetimes of AdH* have been recorded through
a picosecond pump-probe photodissociation scheme. In Fig. S17,
the vibronic spectrum recorded with the low resolution OPA
picosecond laser is compared to the higher resolution spectrum
(dye laser). The band origins of the three conformers A, Band C
are readily observed along with the main vibronic transitions
except for conformer B for which only the origin transition is
clearly observed. So the pump-probe photodissociation
dynamics have been monitored as a function of the pump
excess energy for the two gauche conformers A and C and only
at the band origin of the trans conformer B. In the two-color
excitation scheme with the probe laser set at 550 nm, the
photofragmentation pattern changes, with the opening of the
H-loss channel at m/z 183 along with an net increase of the m/z
44, which is indeed the main fragment of the adrenaline radical
cation. The difference mass spectrum (two-color excitation
versus UV pump only) is reported in Fig. S2b. All the
fragmentation channels observed through UV excitation are
depleted following absorption of the probe beam, whatever the
probe wavelength used in the visible from 420 nm to 650 nm or
set at 355 nm. In Fig. 3a and Fig. 3b are reported the transients
recorded on the H loss channel, average of the m/z 183 and m/z
44 signals, for the conformers A and C excited on the 0¢°
transition and about 800 cm™! further to the blue. In Fig. 3c, the
dynamics recorded at the band origin of conformer B is plotted.

(@) AdH" conf. A

(k) AdH" conf. C

All the transients have been fitted by a mono exponential decay
function with a time constant t convoluted by a gaussian
function to take into account the temporal profile of the
picosecond lasers (autocorrelation of 16 ps). The average
uncertainty on the time constant issued from the fitting process
is about 10-20 %. All conformers behave essentially the same
with an excited state lifetime of about 2 ns, which smoothly
decreases with the increase of excess energy imparted by the
pump laser. It should be noted that at much higher pump
energy, i.e. 37000 cm?® (270 nm), the time constant is
significantly shorter, in the order of 370 ps (Fig. 3d), but
consistent with an exponential decay of the excited state
lifetime with the increase of excess energy.

The excited state lifetime of AdH*, in the order of 2 ns at the
band origin, is significantly longer than in neutral catechol
(about 10 ps)3? for which the lifetime is governed by strong
coupling of the locally excited nt* with the dissociative 'noon™
state along the O-H stretch. This coupling is strongly disturbed
in water and crown ether complexes as revealed by the
elongated lifetime of 10-12 ns.%? Interestingly, the lifetime of
AdH* is similar to the lifetimes recorded for similar systems,
such as protonated tyrosinel” or tyramine.l’® In these latter
systems, excited state proton transfer process was clearly
evidenced as the main deactivation process near the band
origin while electronic coupling with charge transfer states (nc*
or nnco™®) prevails higher in energy. As it will be discussed below,
this general deactivation mechanism applied to AdH*.

(c) AdH" conf. B

0, : 34 004 cm’’

0,”: 35 046 cm’’ 0,”: 34 938 cm’’

+ 800 cm’”
1=1,5ns

(d) UV @ 37 000 cm’™
t=370ps

0 500 1000 1500 0 500

Delay UV / 550 nm (ps)

Delay UV / 550 nm (ps)

500 1000
Delay UV 7/ 550 nm (ps)

1000 1500 0

Fig. 3 (a-c) Excited state lifetime of the three conformers of AdH+ (conformers A, C and B, respectively) as a function of the excitation wavelength recorded on the H-
loss channel. The red curve is a monoexponential decay fitting function with a time constant 1, reflecting the excited state lifetime of the probed conformer at a given
vibronic level. (d) pump wavelength set at 270 nm from which the Co-Cp bond cleavage fragmentation channel closes.

1500



3.3. Deactivation mechanism

3.3.1. Co-Cp bond cleavage triggered by excited state proton
transfer ESPT. Two main photodissociation channels are in
competition following electronic excitation of AdH+ (m/z 184)
at the band origin of the m-mn* transition. The first one
corresponds to water loss (m/z 166), which is the primary and
first dissociation channel at low energy in the ground state,
which eventually further dissociates into m/z 135 (H,O and
NH,CHs loss). The other photofragments are specific to UV
excitation and are related to the Cq-Cp bond cleavage.
Depending on the final localization of the charge, such bond
break can lead to the ionic fragment m/z 139 (hole on the
catechol ring) plus the neutral alkyl amino chain moieties at 45
Da, or inversely to the ionic m/z 46 (hydrogenated m/z 45
cation) or m/z 44 (dehydrogenated m/z 45 cation). All these
primary fragmentation events happen on a short time scale,
within less than 1 ps, as it can be seen in Fig S1.

eV
42 4.4 46 48 50 52 54
L 1 L L L n 1 L L
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In Fig. 4 is reported the evolution of the fragmentation yields of
the Co-Cp bond cleavage, the water loss and the H loss on a large
spectral range from the band origin of conformer A (34 000 cm-
1,4.2 eV) up to 45 000 cm™ (5.6 eV). These spectra have been
recorded with the OPA ps laser at a low spectral resolution. In
Fig. SI 7, we compare the spectroscopy recorded on the m/z 139
fragment with the nanosecond (0.2 cm resolution) and
picosecond (10 cm! resolution). The main difference is the
broad continuum obtained with the ps laser beneath the sharp
vibronic transitions assigned to conformer A and C, which might
be due to spectral congestion that cannot be accurately
recorded with the OPA laser. Such broadening precludes the
observation of all the transitions except the band origin
assigned to the extended conformer B (around 34 900 cm1)
with the ps laser, which are nevertheless clearly detected with
a 0.2 cm dye laser.

=-0.9eV
_~

C(J,_Cli
bond cleavage
m/z 139

H,O Ioss7

H* transfer

NH ... catechol ring

Fig. 4 Fragmentation yields of AdH* recorded on (a) Co-Cp bond break, (b) H,0 loss and (c) H loss on a large spectral range from the band origin of the n—=n* transition up to 1.3 eV
above. The fragmentation yields are plotted on the same vertical scale for sake of comparison. (d) Schematic representation of the PESs along the proton transfer coordinate and

the H loss along the NH coordinate.

The Cq-Cp bond cleavage occurs at the band origin of the nrt*
state in all conformers. Such photoinduced reaction has
previously been assigned in aromatic amines, amino acids and
related systems such as synephrine to excited state proton
transfer from the ammonium group to the aromatic ring.10 In
the optimized structure of the n* state of conformer A, a
lengthening of the N-H bond (0.023 A) pointing to the ring along
with an out-of-plane bending of the CH (=30°) facing the
protonated group are observed (see Fig. S8). The Minimum
Energy Path (MEP) for the excited state proton transfer reaction
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has been evaluated at the SCS-CC2/aug-cc-pVDZ level, i.e.
optimization of the first excited state at fixed N-H bond lengths.
It should be stressed here that full optimization of the
transferred form in the excited state leads to a curve crossing
with the ground state, point where the optimization at the CC2
level fails to converge. So, in the course of the proton transfer
reaction, a direct Co-Cpg bond cleavage is expected to occur, in
competition with internal conversion leading to H;O loss, as it
will be discussed below. A barrier for ESPT of 0.30 eV at NH=1.4
A has been found, quite similar to the one calculated for
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synephrine® and twice larger than for tyrosine.?831 In these two
latter systems, the ionic photo fragment associated to Cu-Cp
bond cleavage has the aromatic ring with an extra proton
and/or hydrogen attached to it, consistent with the proton
transfer process. For AdH*Y, the fragment at m/z 139
corresponds to the ionic catechol ring following Cu-Cp bond
rupture. This suggests that hydrogen rearrangement occurs
after the initial proton transfer, as confirmed by the detection
of two ionic fragments at m/z 44 and 46 (alkyl amino chain
counterpart of the catechol ring).

3.3.2. Reaction path connecting the T and G1 conformers in the

excited state. In the trans T-STR1 structure (conformer B), the
methyl ammonium group does not interact with the catechol
ring, so direct proton transfer can obviously not occur, although
the Co-Cp bond cleavage reaction is indeed observed (Fig. 1). We
have calculated the reaction path connecting the two trans (T-
STR1) and gauche (G1-STR1) structures in the excited state at
the CC2-SCS/aug-cc-pVDZ. Fourteen intermediate structures
were used for discretization of the path, which have been
optimized throughout, leading to an energy barrier of 0.1 eV
from the trans to the gauche conformer (see Fig. 5). Such a low
energy transition state connecting the two rotamers could be
overcome within the nanosecond excited state lifetime of the
nn* state.

0.15]
0.10]
0.05
0.00

005

010

Energy (eV)

0.151
020

-0.25

0 2 4 6 8 10 12 14
Reaction Path

Fig. 5 Excited state reaction path connecting the trans (T-STR1) and gauche (G1-
STR1) structures of AdH*.

3.3.3. Competition between Cq-Cg bond cleavage and water
loss. At the band origin of conformer A (34 004 cm-1), the Cu-Cp
bond break channels are more intense than the water loss
channel, but the spectroscopy recorded on both is similar, with
a bell shape structure of low frequency modes. Interestingly,
the fragmentation branching ratio drastically evolves with the
excess energy in the excited state, the spectroscopy recorded
on the water loss fragment exhibits a broad, unstructured
absorption band centred at 37 000 cm-1. From this excitation
energy, the Cu-Cp bond cleavage channel closes.

The mechanism leading to water loss indeed remains unclear.
Water loss is the main dissociation channel in the ground state

This journal is © The Royal Society of Chemistry 20xx

at low excitation energy, so internal conversion to the ground
state is thought to be responsible for its detection following UV
excitation. In the course of the excited state proton transfer, the
S1/So energy gap vanishes so internal conversion could occur, in
competition with the prompt Cq-Cpg bond cleavage (see Fig. 4).
In that case, the photodissociation spectroscopy recorded on
both fragments (m/z 166 and m/z 139) should be similar,
reflecting the absorption of AdH*. This is indeed what happens
at the band origin of all conformers. In the spectral region of the
band origins of conformer B and C, conformer A still absorbs but
the fragmentation branching ratio seems to evolve in favor of
the water loss channel. The 0¢° transitions of conformer B and
C are clearly detected on the m/z 139 fragment (background
free) but buried in the water loss channel due to the
contribution of the high energy absorption band of conformer
A. Note that with the better spectral resolution provided by the
dye laser, the band origin of these two latter conformers are
observed at the m/z 166 fragment on the top of a broad
fragmentation continuum. Such changes in the fragmentation
branching ratio with the excess energy has already been
observed and rationalized in protonated phenylethylamine and
tyramine.?” Cqu-Cg bond cleavage is the main or unique
fragmentation channel at the band origin and closes few
hundreds wavenumbers to the blue when ammonia loss, issued
from internal conversion to the ground state, becomes the
unique fragmentation channel. Conformer A (G1-STR1) of AdH*
shares the same property, internal conversion to the ground
state prevails as the excess energy in the nt* state increases,
leading to the broad absorption band detected on the water
loss channel.

3.3.4. Opening of the H loss channel. The onset of a second
absorption band is clearly observed from 40 000 cm-?, i.e. about
0.75 eV above the adiabatic excitation energy of the nt* state,
with the opening of the H loss and H,O loss channels. The
opening of the H loss channel 1 eV or less above the onset of
the m—7nt* transition has already been observed and assigned to
the direct excitation of the nc* state.**3 Vertical and adiabatic
energies of the mc* state have been calculated for the three
AdH* conformers and the results are reported in Table 2. In all
conformers, the S; tonn2* state lies 0.6-0.8 eV above the S; tn*
state at the ground state geometry (vertical excitation energy).
Optimization of the S, tc* state leads to a true minimum (no
imaginary frequency) of the potential energy surface for the
gauche conformers A and C, with an adiabatic transition energy
0.73 eV and 0.61 eV above the band origin of the S; n* state,
respectively. For the trans structure T-STR1 (conformer B), nc*
geometry optimization leads to a curve crossing with the nrt*
state, 0.57 eV above its band origin. At this point, the
optimization is restarted on the S; electronic state but because
of the large mixing of the n* and o* orbitals in the electronic
configuration of the state, the optimization finally converges to
the minimum of the w* electronic state. The lower transition
energy of the mo* state in the trans conformer can be
qualitatively explained by the absence of proton-m interaction
in this structure, the onn2* orbital being destabilized when the
protonated group is involved in two H-bonds like in the gauche
conformers. Finally, it is worth noting that the calculated nc*
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adiabatic energy transition matches the onset of the second
absorption band of AdH* leading to the H loss fragment about
0.75 eV above the onset of the n—=* transition.

Table 2 Vertical and adiabatic excitation energy of the n* and mo* states of the three
AdH* conformers. Adiabatic energy corrected by the difference in zero point energy in
the ground and excited states. All values in eV.

Structure T/ T n#/ne* A no*/mm*
vert. energy adiab. energy adiab. energy
G1-STR1-confA 4,52 /5.35 4.13/4.87 0.73
G1-STR3 - confC 4.61/5.30 4.27 / 4.88 0.61
T-STR1 - conf B 4.63/5.14 4.25 /4.822 0.57°

a energy at the crossing point with nnt* state, not a true minimum

Such charge transfer state in which the anti-bonding orbital is
centred on the protonated amino group is dissociative through
a barrier along the N-H stretch coordinate and will cross the
ground electronic state (see Fig. 4). Since the H-loss ionic
fragment is detected, it can be concluded that the tc*/Sp curve
crossing occurs at a lower energy than the excitation energy,
otherwise hindered H-loss reaction leading to internal
conversion would happen.?’ The fragmentation yield on the H,O
loss channel increases as well in the same spectral region,
meaning that part of the population following the dissociative
nc* surface will go back to the ground state at the no*/So
crossing. It is noteworthy that the deactivation through the
dissociative mc* state does not induce the Co-Cp bond cleavage,
since this latter fragmentation channel is not observed along
with the H loss channel. So in overall, the nonradiative
deactivation processes in AdH* involves proton transfer to the
aromatic ring at the band origin while the coupling with the
lntonuz* charge transfer state prevails about 0.7 eV higher in
energy. This mechanism is also found in protonated tyrosine
and may be general for protonated catecholamines.

4. Conclusions

We have reported the UV photodissociation spectroscopy of
cold AdH*. Three conformers have been identified through
comparison of the UV-UV hole burning spectra with high-level
calculations at the SCS-CC2 level in the ground and excited
states. As for NAdH*, the relatively high energy trans conformer
T, in which the alkyl side chain is in anti orientation compared
to the catechol ring is observed, reflecting the kinetic trapping
of this structure initially present in solution during the ESI
process. The excited state lifetimes of the gauche and trans
conformers have been determined around 2 ns at the band
origin and smoothly decrease with the excess energy in the
locally excited wnt* state. Interestingly, the main deactivation
process at the band origin of all AdH* conformers is the excited
state proton transfer to the catechol ring, leading mostly to Co-
Cps bond cleavage fragments. In the ESPT structure, the S1/So
energy gap vanishes so competition between direct Co-Cg bond
cleavage and internal conversion occurs. It turns out that
internal conversion to the ground state leading to water loss
prevails with the increase of excess energy in the nt* state. Less

8| J. Name., 2012, 00, 1-3

than 1 eV above the nt* state, direct excitation of the no* state
is evidenced by the opening of the H-loss channel.
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