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The primary step of the near UV photophysics of a phenylalanine residue is investigated in one- and

two-color pump-probe R2PI nanosecond experiments carried out on specific conformers of the Ac-Gly-
Phe-NH, molecule and related neutral compounds isolated in a supersonic expansion. Compared to
toluene, whose nt* state photophysics is dominated by intersystem crossing with a lifetime of ~80 ns at
the origin, the first nn* state of Phe in the peptide environment is systematically found to be shorter-
lived. Lifetime at the origin transition is found to be significantly shortened in presence of a primary
amide (-CONH,) group, (20-60 ns, depending on the conformer considered), demonstrating the
existence of an additional non-radiative relaxation channel related to this chemical group. The
quenching effect induced by the peptide environment is still more remarkable beyond the origin of the
nn* state, since vibronic bands of one of the 4 conformers observed (the 2,-ribbon conformation)
become barely detectable in the ns R2Pl experiment, suggesting a significant conformer-selective
lifetime shortening (below 100 ps). These results on dipeptides, which extend previous investigations on
shorter Phe-containing molecules (N-Ac-Phe-NH, and N-Ac-Phe-NH-Me), confirm the existence of
conformer-dependent non-radiative deactivation processes, whose characteristic timescales range from
tens of ns down to hundreds of ps or below. This dynamics is assigned to two distinct mechanisms: a
first one, consistent with an excitation energy transfer from the optically active nn* state to low-lying
amide nnt* excited states accessed through conical intersections, especially in presence of a C-terminal
primary amide group (-CONH2); a second one, responsible for the short lifetimes in 2, ribbon structures,
would be more specifically triggered by phenyl ring vibrational excitations. Implications in terms of
spectroscopic probing of Phe in a peptide environment, especially in presence of a quenching amide
group, are discussed.

Introduction issues, photophysics also plays a crucial role in more applied
issues, such as proteomics, for example with the recently
developed coupling of peptide mass spectrometry with optical
UV excitation of aromatic residues.”*

Fast dynamics has been suspected for a long time from gas
phase studies on neutral peptides. Trp-containing chains,
isolated and cooled in a supersonic expansion, have been
studied by IR and UV nanosecond experiments.’? The absence
of conformers, that were expected under classical jet cooled
conditions, because predicted among the most stable forms by a
careful theoretical modelling of the conformational landscape,
suggested the existence of a conformer-selective fast dynamics,
preventing the excited state short-lived forms to be observed by
nanosecond spectroscopy.*® From the theoretical point of view,

Photophysics of biomolecules is an important issue, since
exposure to UV radiation can potentially lead to harmful
photochemistry effects, affecting their structure and hence their
function.’® The existence of ultrafast dynamics in the excited
states of these molecules, facilitated by the ubiquitous presence
of conical intersection between the various excited states, as
evidenced by theoretical investigations, is sometimes
considered as an active component of the strategy deployed by
nature to preserve the functionality of its building blocks and
therefore a potential doorway to photochemical phenomena.® &8
In proteins, the three aromatic aminoacid residues absorb in the
near UV, explaining the recent efforts for theoretical search of
fast excited state dynamics.'® Besides these fundamental
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this interpretation was backed up by excited state calculations,
focusing on the role of backbone excited states in the
deactivation process of the optically excited states and further
in the relaxation to the ground state.* ® * ® phenylalanine
(Phe), the third chromophore remained in contrast much less
documented, although sparse data on neutral molecules
containing both phenyl ring and an amide group have been
collected, with excited state lifetimes reported in the tens of ns-
range *® 7 and indirect hints for population of triplet states.’® In
contrast to tryptophan, Phe is often considered as a more gentle
chromophore, less inclined to a fast photophysics, and therefore
often chosen as a convenient tag, used to detect molecules of
interest.> !° Photophysics of isolated toluene, the UV
chromophore of Phe, is indeed characterized by a lifetime of
86.4 ns, at the origin of its weakly allowed nn* transition,?
essentially controlled by intersystem crossing (ISC) (70%, t ~
120 ns %) and fluorescence (30%, radiative lifetime ~290 ns %2).
This slow basic photophysics, in contrast to tyrosine or
tryptophan chromophores, makes Phe quite sensitive to the
existence of slow non-radiative relaxation processes, in
particular those due to the peptide environment. As a matter of
a fact, excited state investigations of the smallest peptide chains
containing Phe, i.e., the N-acetyl-Phe-amide and -methylamide
molecules (NAPA and NAPMA, in short),?*? have shown that
the lifetime critically depends on the backbone conformation
and the orientation of the Phe side chain, with values ranging
from 70 ns down to 1.5 ns. This behavior was assigned to a
Dexter-like excitation energy transfer between the nn* state of
the phenyl ring and the nz* states of the backbone amide
groups as suggested by quantum chemistry excited state
calculations.

In contrast to neutral system studies, which are essentially
sensitive to the primary step of the photophysics, investigation
of charged species brings a complementary view on relaxation
mechanisms by focusing attention on subsequent dynamics, in
particular through observation of fragmentation channels.
Protonated aromatic aminoacids have thus been studied either
at room temperature or under cooled conditions (in a cold ion
trap), with emphasis put on excited state dynamics, and/or on
the existence of specific fragmentation channels subsequent to
photoexcitation (e.g. side-chain loss).%tt 14 15 2628 | grger
protonated Phe-containing helical peptides have also been
studied under cold conditions.?*! These species are closer to
peptide chain models with a Phe side chain neighboring the
capped N-terminal of the helix, giving rise to a NH-n
interaction with the first amide bond; the whole structure being
stabilized by a protonated lysine on the C-terminal end.?®
Their fragmentation properties, in particular the specific
cleavage of the Ca-Cp side chain bond (which is not the
weakest in the system), have been found to be greatly enhanced
by subsequent delayed multiphoton IR excitation,®* suggesting
the involvement of long-lived excited states in this dynamics
(dissociation from the mn* triplet state®® or from a biradical
complex formed after photoexcitation.®*

In this context, the aim of the present work is to further
document the photophysics of the Phe chromophore in presence

2 | Phys. Chem. Chem. Phys., 20xx, 00, 1-x

of a series of controlled peptide environments, beyond the
NAPA and NAPMA systems, by using nanosecond laser
spectroscopy. Phe-containing neutral chains are laser-desorbed,
isolated and cooled in a supersonic expansion, allowing us to
perform conformation-selective investigations. The present
paper is focused on the photophysics of capped Gly-Phe
dipeptides  (Ac-Gly-Phe-NH, and  Ac-Gly-Phe-NH-Me,
shortened as GFa and GFm in the following; a and m standing
respectively for amidated and methyl-amidated C-terminal),
whose structure, known from IR/UV double resonance
experiments, has been reported elsewhere® *® and refined in
detail more recently.*” The present work, complemented by
studies on Ala-Phe and Val-Phe dipeptides (see Supplementary
Information), aims at proposing a synthesis of the excited state
behavior of Phe in these small neutral peptides. In addition to
the origin band, the first intense 6a/6b vibronic bands have also
been investigated in order to document the role of the nature
and amount of excess energy on the excited state dynamics, in
particular in the perspective of the presence of intramolecular
vibrational redistribution (IVR) in these medium-sized isolated
molecules. 3

Experimental Methodology

The experiment is based on a pulsed molecular beam, equipped
with a home-built laser-desorption module coupled to the
supersonic expansion, already described elsewhere, * ** and
designed to collect conformer-selective information on the
excited state dynamics of the Phe-containing molecules,
isolated in the gas phase. UV spectra are obtained from one-
color resonant two-photon ionization; excited state lifetime
measurements are carried out in a ns pump-probe experiment.
The corresponding two-color resonant two-photon detection
scheme is carried out using nanosecond frequency-doubled dye
lasers (Radiant, narrowline and Lambda Physik FL3000),
pumped by excimer (Lambda Physik EMG 103 MSC) or YAG
(Continuum) lasers. The photoions are collected in a home built
time-of-flight mass spectrometer (TOF MS). Alternatively
fluorescence measurements have also been carried out on a
second chamber equipped with a dual ion/photon detection
scheme, in which both monitoring schemes can be compared.
The near resonant fluorescence was detected through a
monochromator centered at 280 nm.

Results

3.1 UV spectroscopy from one-color resonant two-photon
ionization

First, the UV spectroscopy of the GFa and GFm molecules
have been recorded using the mass-selected one-color R2PI
technique in order to determine the spectral features of the
conformers present in the expansion and to assign them in
terms of structure (Fig. 1). Previous IR/UV experiments in the
spectral region of Phe origin® ! have shown that isolated GF
sequences give rise to two types of backbone (BB)
conformations, either extended forms, of the 2, ribbon type,
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Figure 1 : Mass-selected one-color resonant two-photon ionization spectra in the
spectral regions of the origin and of the 6a/6b vibronic bands of the first
electronic transition of the phenyl ring for the GFa and GFm peptides, together
with the Ac-Phe-NH, and Ac-Phe-NHMe compounds for comparison (NAPA and
NAPMA). The labels refer to the origins, the 6b vibration (and the 6a vibration
when observed) of the conformations detected in a IR/UV spectroscopic s'cudy.37
The bars indicate Franck-Condon activity due to low frequency backbone modes.
The belonging of each band in the 6 vibronic region is identified from the
corresponding spectral shift (~440-480 cm™ for 6a; ~530 cm™ for 6b) specific of
each conformer.

stabilized by sequential C7 H-bonds along the backbone, or
folded B-turn structures, stabilized by C10 H-bonds.

The main conformation of the GFa molecule has been
identified as a 2; ribbon structure exhibiting two H-bonds, and
described as f-7L-7L(g-) (77- in short), according to a
terminology indicating the interactions in which the sequential
NH bonds along the backbone are engaged ; f, for free, = for a
7t H-bond, n for Cn H-bonds forming a n-membered atom ring
(Fig. 2), and between brackets the orientation of the Phe side
chain, gauche +/- or anti (shortened as g+, g- and a). In this
main conformation, the phenyl ring interacts with the N-
terminal acetyl moiety, giving rise upon excitation to a rich
Franck-Condon activity in two backbone torsion low frequency
modes. The UV spectrum at the origin bears the signature of
this most stable form and of minor, less intense forms labelled
10, 10’ and 77’, which have been identified, from their IR/UV
double resonance spectroscopy,®” as corresponding respectively
to two types of B-turns (f- n-101 (g+), type I, and f- n-10
1I’(g+), type 11’) and an alternative 2; ribbon structure,

This journal is © The Royal Society of Chemistry 20xx

55a
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Figure 2: DFT-D (B97-D/TZVPP) structures of the relevant most stable
conformations of the GFm molecule, belonging to several secondary structures
(77-: 27 ribbon; 10 and 10’: B-turns of type | and II’ respectively; 55a: 3 -strand).
The same structures are also present in the C-terminal non-methylated molecule
GFa.

f-7D-7L(g-), with a direct yp turn on the Gly residue (made
competitive due to the achirality of Gly) and the same phenyl
ring orientation (g-) as in the 77- conformer.

Spectral region of the phenyl origin band. According to the
extensive conformational population, the phenyl origin region
of the GFa molecule (Fig. 1) exhibits a dense pattern due to the
progression of the 77- form and isolated bands of the 77°, 10
and 10’ forms. A very similar pattern is also obtained for the
GFm molecule, with however two new features: i) the
disappearance of the 77’ conformer and ii) the appearance of a
new conformation 5-5-r (a), assigned to an extended form (55a
in short), with the Phe side chain having the same orientation
(anti) as in the 5a main conformer of NAPMAZ #2 ; a close
inspection of the GFa spectrum combined with IR/UV spectra
shows that the 55a form is present as a weak doublet being very
close to members of the 77- progression at 37506 and 37521
Cm_l. 37

6a/6b spectral region. Both GFa and GFm spectra are
expected to mimic that of the toluene chromophore, with, in the
region up to 700 cm™ above the origin, the presence of two
active 6a and 6b vibrations (according to Wilson notation,*?
respectively located at 460 and 532 cm™ in toluene). The
intensity of these bands is known to be significantly larger than
the origin due to a component of the transition dipole moment
arising from a Herzberg-Teller-type vibronic coupling between
the first and second mn* states of the phenyl ring.*® ** 45 The
expected behavior is illustrated in the case of the NAPA and
NAPMA molecules, also displayed in the top panel of Fig. 1 for
the sake of comparison: the origin pattern, which is due to the
conformational population (3 conformers labelled 5a, 7+ and 7-
in NAPA/NAPMA, corresponding to conformers A, B and C in
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the previous papers) is reproduced at higher excitation energies
for the 6a and 6b vibrations (at 482 and 529 cm™
respectively).? “2 In contrast, the GFa spectrum in the 6a/b
region strongly differs from that of NAPA and NAPMA.
Contributions of the 10, 10” and 77’ conformers are indeed still
found with a significant 6b component at 532 cm™ above the
origin, and a weaker 6a, visible for the most populated forms
(10 or 10°) at ~ 446 cm™. The most striking point, however, is
that the low-frequency progressions of the 77- form are barely
visible in this regionand definitely much less intense than
expected from NAPA/NAPMA intensities. This weak signal
matches well the origin progression, with a shift of ~ 520 cm™,
slightly broadened relative to the origin (1-2 cm™ increase in
linewidth) and exhibiting a slightly distorted pattern, compared
to the origin progression. Although this latter point can be
explained by vibrational couplings within the manifold of
backbone vibrational modes in this region (like for VFa -See
Fig. S1- or FFa -not shown-, for which line splittings have been
observed at the 6b vibration), the broadening of individual lines
suggests a significant shortening of the optically excited state
lifetime, down to the 10 ps time scale. This is consistent with
the weakness of the 77- signal obtained with ns lasers, the short
lifetime making difficult the excited state photoionization
during the laser pulse. This behavior has been checked against
the effect of methylation on the C-terminal: the GFm spectrum
in this spectral region (Fig. 1) exhibits the same behavior as
GFa, even more marked however, since the 77- signature,
undetected, is missing in this case.

In short, R2PI experiment suggests the existence of a fast
deactivation channel of the excited state in the extended
conformers 77-, at least when excited on vibronic bands of the
phenyl ring. This is observed whatever the methylation status of
the C-terminal. This fast dynamics, however, does not seem to
be shared by the other conformers (in particular the -turns, 10
and 10%), whose spectral signatures are still observed in this
region. This overall behavior (long-lived turns vs. short-lived
77- forms) seems to be a general features of the Ac-Xxx-Phe-
NH(H/Me) species, with Xxx = Gly, Ala, Val, as illustrated
from the UV spectroscopy data, shown in the Fig. S1 of
Supplementary Information.

3.2 Excited state lifetimes

The lifetime of the excited states has been first measured by
2C-R2PI, in ns pump-probe experiments for the most intense
spectral features of GFa and GFm. On their origin, all the
conformers observed in the methylated species GFm exhibit a
long lifetime, in the 70 ns range, comparable to that of toluene
(Table 1). In non-methylated GFa, the lifetimes are found to be
shorter, in the 10-30 ns range, apart from the origin features of
the 77- forms, which turn out to be longer-lived (~ 30-60 ns),
with a smooth but significant decrease along the low frequency
mode progressions (Figure 3, Table 1). A similar behavior is
observed on the 77- form of AFp (see Supp. Info. Figure S2).
Alternatively, the laser-induced fluorescence diagnostics was
also used to characterize the excited state in GFm and GFa
species. As a matter of fact, quasi resonant fluorescence

4 | Phys. Chem. Chem. Phys., 20xx, 00, 1-x

(Aconectes ~280 nm) was easily detected for all the 4 forms of
GFm, and the lifetimes measured (on the most intense bands)
are consistent with the 60-87 ns, long lifetime measured by 2C-
R2PI. A similar long-lived fluorescence was collected for the
77- conformer of the GFa molecule demonstrating that in both
cases the excited state probed by 2C-R2PI is the optically
excited > state, whose lifetime is in the 30-60 ns range. One
can notice that no long-lived state is observed in the pump
probe experiment, demonstrating that the present ns 2C-R2PI
experiment (v, = 37380 cm™) is not able to detect the triplet
state, in agreement with earlier experiments on isolated toluene
which showed that its detection requires a much shorter
wavelength probe laser.?! 46

2o Ac-Gly-Phe-NHMe

80
704 +
60-
50
404
301 u

201  Ac-Gly-Phe-NH,
101

Lifetime (ns)

f[J ‘ r210r r I4]0‘ r r6|0‘ ‘ r810I ‘ 100

1
Excess energy (cm )

Figure 3: Lifetimes as measured in two-color resonant two-photon ionization

resonant pump-probe experiments along the vibrational progressions (Fig. 3) of

77- conformers of GFm and GFa. The horizontal axis corresponds to the excess

energy above the origin in the S; state. The 30 ns value measured at 71 cm™

from the origin for GFa can be affected by the partial overlap of this band with
the origin of the 10 form, also measured to be in this range (see Table 1).

V. Discussion

The analysis of the present experimental data on Gly-Phe and
Ala-Phe sequences together with previous results on
NAPA/NAPMAZ2 molecules illustrates the large diversity in
lifetimes for the optically n* excited state of Phe, as well as
in the underlying dynamics:

- At the phenyl origin, a continuum of lifetimes is observed
along this series of species. For all the methylated species (both
NAPMA and GFm), toluene-like nn* lifetimes (in the 80-48 ns
range) are observed. A clear evidence is provided from the
detection of fluorescence (from all forms of GFm), with a
lifetime corresponding to that measured by R2PI. In non-
methylated species, however, a larger diversity of lifetimes is
observed, ranging from toluene-like behaviors (NAPA 5a: 70
ns), shortened lifetimes in a few tens of ns (NAPA 7- and the 4
GFa conformers), down to the ns- time scale (NAPA 7+ : 1.5
ns).

- On the 6 vibronic bands, generally speaking, shorter nn*
state lifetimes are observed compared with the origin. The 77-

This journal is © The Royal Society of Chemistry 20xx
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Table 1 : Excited state lifetime (ns) of the first nn* excited state of conformers 77-, 77°, 55a, 10 and 10’ of the capped GFa and GFm dipeptides, as measured
by ns 2C-R2PI in the region of the origin band and the 6 vibrations. The frequency of the second color, off-resonance, was 37383 cm™.

Origin
77- s 10 10° 55a
Ac-Gly-Phe-NH, / GFa 55-30*+3® 19+2 30+3 19+2 @
Ac-Gly-Phe-NHMe / 85-70 +5@ © 67 +4 75+4 75+ 10
GFm
6a / 6b vibrations

77- s 10 10° 55a

Ac-Gly-Phe-NH, / GFa ® g+2@ 14+2© 9+2@ ©
Ac-Gly-Phe-NHMe / ®) © ®) 59 +3 @ ®)

GFm

@

Range of values obtained along the vibrational progression in the low frequency modes of conf. 77- (see Fig. 3). In GFa, the last measurement

along the progression can be affected by the partial overlap with the origin of the 10 form, also measured in this range.

(b)
(©
(d)
©

Conformer not detected for this molecule
6b vibration
6a vibration

conformers set apart, methylated species remain long-lived
although slightly (but significantly) shorter lived than on the
origin. Similarly, non-methylated species are still in the 10-ns
range and shorter-lived than on the origin. In contrast, the 77-
conformers, whatever their C-termination, are so short-lived
that their 6a/6b vibronic bands are barely observed, precluding
reliable lifetime measurements. The short lifetime of their nn*
state indeed limits their detection in the ns R2PI experiment on
GFa to weak residual bands, suggesting a lifetime shorter than
100 ps. This time scale is in line with the increased linewidth of
these individual weak bands compared to the origin (by 1-2
cm™), which suggests a 5-10 ps range dynamics. This short
dynamics behavior seems to be specific of the 77- conformers,
and in particular is not shared by the B-turn species, for which
the 6 vibronic bands are observed with the expected relative
intensity.

Photophysics of the Phe residue

The longest lifetimes observed, in the methylated species at the
phenyl origin, are all within the 60-80 ns range, i.e., close to
the 86.4 ns toluene value. This suggests that, like for toluene,
ISC remains the main deactivation process at play in the
methylated peptides, even if the slight shortening measured
(60-80 instead of 86 ns) could be due to either a slight
dependence of ISC relative to the chromophore environment
and/or the existence of a weakly efficient additional
deactivation mechanism. In contrast, the observation of much
shorter lifetimes (by nearly one order of magnitude) in some
conformations strongly suggests that a new, efficient
deactivation process is at play on the phenyl chromophore
when embedded in a peptide environment. A close examination
of experimental data requires a separate discussion of origin
and vibronic bands.

This journal is © The Royal Society of Chemistry 20xx

Band too weak compared with the background to ensure reliable measurements.

At the phenyl origin, the n* dynamics is found to depend
on the methylation of the C-terminal. This is reminiscent of
what is observed on the NAPA/NAPMA molecules:®* %
whereas the methylated species typically behaves as toluene,
significantly shorter lifetimes are observed in two out of the
three conformers of NAPA, with a lifetime dropping down to
1.5 ns. Assuming the same ISC rate in NAPA as in toluene, this
leads to a non-radiative rate ca. 80 times more efficient than
ISC in the shortest-lived conformer of NAPA (y.(g+), referred
to as 7+ in short notation of Fig. 1). Based on excited state
quantum chemistry calculations,?* the existence of conical
intersections (CI) between the nrn* state and backbone (BB)
locally excited (LE) states of nzx* nature (whose minima lies
significantly lower than the nz* minimum) was proposed to
account for the enhanced NAPA dynamics in a weakly
interacting regime (see Fig. 4). This (mn™*)ppe= (NTT*)amide
excitation energy transfer (EET) can be viewed as a Dexter-
type mechanism made possible due to a relatively short
distance between the Phe and the excitation acceptor, i.e. the
amide group.*’ This EET step (Fig. 4, black horizontal arrow) is
thought to be followed by a subsequent fast dynamics due to
the existence of conical intersections (Cl) between BB LE
states and the ground state or other BB excited states, including
inter-amide charge transfer states (white arrow to CTapige in
Fig. 4) found by calculations.® #* Additionally the effect of
methylation on NAPA is accounted for % by assuming that the
excitation acceptor BB LE nxn* state is localized on the primary
amide next to the chromophore (C-terminal): the primary
character of this amide (-CONH, termination) enhances the
dynamics, through both a slightly more favorable energetics
together with a facilitated access from the ZPE content of the
vibrationless level to the CI, which leads to significant
distortions of the corresponding amide bond.

Phys. Chem. Chem. Phys., 20xx, 00, 1-x | 5
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Finally, it is worth noticing that the deactivation mechanism
present at the origin of the non-methylated species seems also
to be at play in the methylated species. Evidence for this is
revealed by the shortest-lived conformation in both NAPA and
NAPMA, i.e., the 7+ form. Even in NAPMA, a significant
lifetime shortening compared to toluene (48 ns)®® indicates an
additional non-radiative channel, having a characteristic
timescale of ~ 110 ns, i.e., already comparable to ISC. This
suggests that the deactivation mechanism, acting in parallel to
ISC and radiative decays in these molecules, is already active
and significant in a secondary amide environment and therefore
more generally in proteins.

In the present triamide molecules, depending on the conformer
considered, the longest nn* lifetimes are toluene-like
(methylated species) whereas the shortest are in the 20-ns range
(corresponding to an additional non-radiative process ~ 5 times
more efficient than ISC). Owing to the dramatic effect of the C-
terminal methylation (despite the fact that it takes place at a
significant distance from the chromophore, especially in the 77-
form of GFa, where phenyl ring and C-terminal point toward
opposite directions; see Fig. 2), this additional dynamics can
hardly be assigned to an environment-enhanced ISC, and again
alternative deactivation processes have therefore to be
proposed, involving the C-terminal primary amide -CONH,
group. The same EET mechanism as in NAPA 7+ (an initial
excitation transfer from the phenyl ring to the BB C-terminal
amide) can be invoked. This is supported by preliminary
excited state quantum chemistry calculations, which shows that

A Eenergy
ion states
1 * (CT)amMe
(ﬂ: Phe
——
W iscT e ll
() |
. CT b’a>Phe
fluorescence amlde
|
SO
Figure 4 : a) Jablonski-Perrin schematic diagram with the excited states and

relaxation processess relevant to the photophysics of Phe-containing isolated
peptides and associated pump-probe experiments. The labels CT,mige and CTppsphe
indicate inter-amide and backbone-to-phenyl ring charge transfer states
respectively. The horizontal arrows indicate the processes expected to control
the lifetime of the states considered, in particular internal conversion (IC) or
intersystem crossing (ISC), with emphasis on internal conversion to nt* amide
excited states (black arrow) or to backbone-to-Phe electron transfer state (grey
arrow). The vertical arrows illustrate the pump-probe ionization processes used
to probe the nt* state. The absence of arrows for the other states indicates that
their probe is expected to be energetically and/or Franck-Condon forbidden, and
not observed experimentally.
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the three nt* amide LE states of the 77- conformation of GFa
are nearly isoenergetic in the > state geometry (Figure 5) and
barely 1 eV higher than this state in this geometry. It is also
worth considering 10 and 10" GFa forms. These two forms, in
which the close environment of Phe is similar (g- orientation of
the Phe side chain in both cases, see Fig. 1), exhibit similar
short lifetimes at the origin (~30 and ~20 ns respectively).
Interestingly, these forms are those for which the distance
between the C-terminal carbonyl group (O atom) and the
phenyl ring (H atom on the proximal Cé atom) is among the
shortest (277 and 269 pm, respectively), to be compared with
the close contact (235 pm) occurring in the short-lived NAPA
7+ conformer (1.5 ns).?* This is in qualitative agreement with
the short D-A distances required by such a Dexter-type EET
process.*” By analogy with NAPMA, the lifetime lengthening
upon methylation observed in GFm can be assigned to a less
easy access to the conical intersection.

One should emphasize that the case of the main 77- conformer
is both interesting and puzzling:

First, this 77- form, with its Franck-Condon activity in the UV
spectrum, enables us to document the role of internal energy,
namely in backbone and backbone-to-side-chain low frequency
motions, in the perspective of gaining access to the CI region,
as suggested by the earlier work on NAPMA.% The significant
drop in lifetime from 55 down to 30 ns along the progression in
low frequency modes (Fig. 3) suggests that the efficiency of the
non-radiative mechanism increases by a factor of ~3, ranging
from comparable to ISC at the origin up to ~3 times faster at the
end of the progression. This observation corroborates the
picture of a weakly interacting regime in which regions of
significant coupling close to the CI are made accessible
providing relevant modes are excited: as a matter of fact, the
low frequency modes calculated (in the ground state) for the
77- conformer exhibit significant distortions of the amide bonds
and/or geometric changes of Phe relative to the backbone .*

It is moreover interesting to note that, in this 77- conformer, the
C-terminal carbonyl lies farther from the phenyl ring than in 10
or 10" forms (with Ocaponyi-HCy distance in the 500 pm range).
It could be that, in addition to the C-terminal amide (which
should be involved as suggested by the methylation effect), a
closer amide group (the N-terminal amide at a Ocapony-HCy
distance of 319 pm or the central one at a distance of 437 pm)
may also be involved in the mechanism. This could be made
easier in such dipeptides by a partial delocalization of the
excitation within the three BB amides, as illustrated by the
electronic structures of the three nn* states of GFa 77-, shown
in Figure 5. The significant inter-amide delocalization, found
for S; and S, at the m™* geometry, presumably aided by the
presence of amide-bridging H-bonds, could extend the amide
excitations to regions of high nx*/nz* coupling (where CO and
Phe are close) and finally contribute to enhance the dynamics of
these 77- forms.

This journal is © The Royal Society of Chemistry 20xx
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Excitation of the 6a /6b vibronic bands.

Excitation on these vibronic bands leads to very different initial
conditions for the excited compared to excitation at the origin
of phenyl, since the initial vibration content of the system is no
longer exclusively in the low frequency motion involving side
chain and backbone torsions, but also in the phenyl
chromophore through an asymmetric in-plane deformation of
the ring. It is therefore possible that different mechanisms are at
play in the 6 vibrations compared to the origin of Phe. In
addition, one should also consider that intramolecular
vibrational redistribution (IVR) can also take place in the S;
state of such medium-sized molecules. Seminal experiments on
IVR by Smalley and coworkers®**® have indeed demonstrated,
in very similar systems (alkylbenzenes), that this phenomenon
is expected to occur at the ns timescale as soon as the molecule
is large enough, even on the low lying vibrations like the 6b.
Putting again the 77- forms apart, dipeptide dynamics on the 6
bands turn out to be significantly faster than at the origin (Table
1), although remaining in the same order of magnitude
whatever the species considered (Table 1). The same trends as
at the origin are observed among the conformers, as well as
longer lifetimes in the methylated corresponding species. Such

S, 4
P A
'* o 'Jg\ M
ot ~
r-"/c
P’
Energy (S, geometry)
AeV
S
=5y 9
5.5° \
J SZ
5.04
J — S1 .
VDZ AVDZ

Figure 5: The four excited states of conformer A (77-) of GFa as obtained at the
RI-CC2 level of theory, at the geometry of the first excited state S; (tnt*ppe). The
isosurfaces shown represent the difference in electron density between the
excited state considered and the ground state: the blue color (resp. red)
corresponds to an increase (decrease) in density. S; is assigned to the optically
active (and experimentally excited) Phe nrn* state. The three next states
correspond to BB LE nzt* states, involving a non-bonding oxygen lone pair n
orbital and an anti-bonding n* amide orbital, with some delocalization between
the second and third amides observed for the two lowest S, and S; states. RI-CC2
vertical energies (eV) for the nn* state geometry, given in the insert for two
basis sets : cc-pVDZ (VDZ) and aug-cc-pVDZ (AVDZ), shows that the three BB LE
are nearly degenerate.
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a behavior can be rationalized assuming the same mechanism

as at the origin and even enhanced by an increased vibrational

content, arising from IVR, illustrated by the indirect scheme (1)
IVR Cl

(mn*)pne 61011° > (en*)pne 6°[0i]™ D (M *)amicelq" 1™ @

where [q;] designates the “bath” of low frequency modes of the
molecule.
The larger excess energy above the m* minimum, distributed
among the bath of low frequency modes q;, would facilitate the
access to the ClI leading to a faster decay. An alternative more
direct process:

Cl

(@ *)pne 6" [A1° D> (MT*)amige[a’]™ 2

should probably be excluded, since, according to the (mm*)phe
2>  (nt™*)amiee EET model described above, essentially
distortions of the backbone moieties are required to approach
the C1.%

Additionally, one will notice that, despite VR is suspected, no
interconversion takes place in the nz* state since conformer-
specific lifetimes are observed. This is in line with the typical
barriers in these systems (at least 3 kcal/mol, for Phe side chain
rotation in NAPA, determined at the B97-D/TZVPP level of
theory). The diversity of dynamical behaviors as well as the
slightly faster dynamics after excitation of the 6 vibronic bands
(in species other than 77-) should be ascribed to conformation-
dependent couplings at the CI together with a significant
sensitivity of the barrier crossing to the population of low
frequency modes (through IVR).

The 77- conformers, on the other hand, behave differently with
a much shorter-lived nn* state on the 6 bands than at the origin.
Such a sharp contrast with the other species suggests, as already
evoked above, that the mechanism responsible for the fast
dynamics observed might not be the same as at the origin.
Several points plead in favor of a second mechanism:

- the observed dynamics does not depend on the methylation on
the C-terminal,

- the short sub-ns ne* lifetime, qualitatively estimated in the
~100 ps range or less (based on the poor efficiency of the
photoionization detection of 77-), which is more than two
orders of magnitude shorter than at the origin,

- the line broadening of the 77- progression lines, which
corresponds to a ~10 ps time scale, too short to be consistent
with that reported for IVR in excited alkylbenzenes on the 6b
vibration, %40

- Since mainly amide and backbone/side chain motions are
efficient in triggering the Phe > BB EET, assigning the fast
dynamics to this EET would require IVR to occur.?* Owing to
the time scale anticipated for IVR (ns range), the dynamics
observed should be at longer timescale than ns, at odd with
experimental data.

Considering these points, it seems quite probable that a
convenient vibrational excitation of phenyl (6b) makes

Phys. Chem. Chem. Phys., 20xx, 00, 1-x | 7
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dominant a second mechanism in the 2; ribbon structures,
according to a direct scheme (2). In this respect, the mechanism
involving a BB > Phe electron transfer followed by a proton
transfer from an electron depleted amide NH group, which was
previously described theoretically on NAPA (Mechanism I, in
Ref. 24) but not observed experimentally so far, could be a
possible candidate (grey horizontal arrow in Fig. 4). This is
further supported by the analysis of the Cl geometry calculated
for this mechanism in conformer 7+ of NAPA (Supp. Info. of
Ref. 24), which exhibits a distortion of the phenyl ring having
qualitatively similar features as the 6b vibration, namely a
significant stretching of the carbon ring along the axis
containing the C& carbon atom, on which proton transfer
occurs, and its opposite C counterpart in the ring.

Conclusions

The present paper takes advantage of conformer-selective laser
spectroscopy of isolated peptides in a supersonic expansion to
document the photophysics of a Phenylalanine residue as a
function of its peptide environment. The pump-probe 2C-R2PI
experiments allows us to report the observation of a large
diversity of lifetimes for the excited nz* state of Phe as a
function of the peptide conformation. Corresponding lifetimes
at the origin of the first =n* state are ranging from toluene-like
(~ 80 ns) down to sub-ns range, demonstrating the occurrence
of an additional deactivation mechanism, apart from ISC or
fluorescence.

Emphasis should be first put on the quenching effect of the
primary amide (-CONH, on C-terminals), which enhances
deactivation, through a mechanism assigned to a Dexter-type
excitation energy transfer from the phenyl ring to the amide,
and makes it comparable to or faster than ISC. Such a process
is expected to also be at play in presence of residues possessing
a primary amide in their side chain, namely asparagine and
glutamine.

Beyond this first mechanism, enhanced in primary amide-
containing peptides, the observation of specific conformations
exhibiting much shortened lifetimes compared to toluene in
both methylated and non-methylated forms suggest that a
second deactivation process should be at play, involving a
distortion of the phenyl ring. The observation of deactivation
mechanisms active in methylated species (namely in 7+
NAPA/NAPMA or 77- GFa/m conformers) endows them with
a more general scope, since they should occur in any peptide
environment, in particular in proteins.

The clear occurrence of a fast deactivation process capable of
overcoming, in specific conformations, those naturally
occurring in the isolated chromophore, i.e.,, ISC and
fluorescence, qualitatively supports the recent findings of
excited state quantum chemistry studies,®™ “® which have
emphasized the potential role of backbone locally excited states
and of conical intersections between the several excited states
of peptides and proteins. Obviously quantum chemistry
calculations of the excited state of the present model species,

8 | Phys. Chem. Chem. Phys., 20xx, 00, 1-x

currently underway, should allow us to ascertain the present
tentative excited state assignments.

Finally the competition between the presently evidenced fast
dynamical channel and ISC or radiative relaxation, should lead
to various deactivation pathways and subsequent population of
excited states, depending on the conformation considered. This
point might be of some importance for the spectroscopy of
peptide ions,*® ™ in which absorption is monitored through the
observation of specific fragmentation channels. Such specific
fragmentation channels, e.g., a local Ca-CB bond cleavage
within the Phe side chain, which rely on the existence of
excited states localized on the phenyl ring, might actually be
strongly dependent on the peptide conformation, affecting the
general character of the diagnostics considered. The presence of
a nearby amide group could for example enhance fragmentation
within the amide moiety if long-lived amide LE states are
populated, or, in contrast, give rise to a fragmentation pattern
similar to that induced by collisions, if these LE states relax to
the ground state via conical intersections.
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