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ABSTRACT: Extensive benchmarking calculations are presented to assess the accuracy of the
standard approximate coupled cluster singles and doubles method (CC2) in studying nn* excited
states properties of model protein chains containing a phenylalanine residue, namely capped
peptides, whose ground state conformers adopt the prototypical secondary structural features of
proteins. First, the dependence with the basis-set of the CC2 excitation energies, CC2 geometry
optimizations and amide A region frequencies of the lowest nr* excited state in a reference system,
the N-acetyl-phenylalaninylamide, are investigated and the results are compared with experimental

data. Second, at the best level of theory determined, the CC2/aug(N,O,n)-cc-pVDZ//CC2/cc-



pVDZ level, a series of capped peptides of increasing size and containing residues of different
nature are investigated. Along the series, compared to the experimental values, a mean absolute
error of 0.10 eV is achieved for the 0-0 transition energies with a systematic overestimation. In
addition, mode-dependent linear scaling functions for the calculated frequencies of the amide A
region have been determined from the set of 95 experimental frequencies available; they lead to a
quantitative simulation of the observed shifts of the amide A region frequencies upon mm*
excitation (root mean square deviation of 5 cm™). These results confirm the reliability of the CC2
method to characterize the lowest nn* excited state of such medium-sized systems, emphasizing
this class of theoretical approaches as a relevant spectroscopic tool, including for tasks as difficult

as conformational assignment.



1. INTRODUCTION

Elucidating the mechanisms of excited-state deactivation following UV absorption is of
key importance in understanding the photoinduced chemical dynamics of molecular systems,
especially for those of paramount biological importance, like DNA bases or proteins.! Such studies
on protein models shed light on the interplay between dynamics and biological function.>*
Deactivation processes are controlled by the energy and the nature of the electronic excited states
of the chromophores, by their couplings and the resulting electron dynamics: UV light absorption
populates excited states, which dissipate the electronic energy, either through a relatively slow
radiative deactivation process, i.e. photon emission, or, more often and more efficiently by
radiationless transitions, e.g. internal conversion or intersystem crossing. The latter, called
nonadiabatic transfers, often involve ultrafast energy transfers through regions of the potential

energy surfaces (PES) corresponding to avoided or surface crossings, of conical nature or not.>"!'°

In this context, we have developed an original innovative computational strategy in order
to document the conformer-selective dynamics of capped peptide building blocks serving as
models of proteins. Developed on small capped peptides,'!"!* this multi-step multi-level
computational strategy allows us both to characterize the PES and the dynamics of their low-lying
excited states using, first, nonadiabatic dynamic simulations based on time-dependent density
functional theory (NA-TDDFT) to provide hints about the critical motions that drive the
deactivation, which is then refined at two better levels of theory: 1) the standard approximate
coupled cluster singles and doubles method (CC2)'#!® and ii) a multireference configuration
interaction (MRCI) method.'*?! This work is fully in line with these previous works'!"!> and
focuses on the establishment of benchmark of the CC2 method on a series of capped peptides of

increasing size and containing residues of different nature.



Nowadays, even if multireference methods, such as the complete active space perturbation
theory of second order, CASPT2, or MRCI, are capable of accurately describing various types of
excited states for a wide range of chemical systems, their application is still limited to small
systems (no more than 10 atoms), since they are extremely time-consuming, especially if one
wishes to investigate the spectroscopy or the dynamic of the excited states. In the case of larger
systems, if the electronic structure of the excited states is dominated by single excitations out of
the ground state, single reference method can be used. Among correlated single reference method,
the CC2 method is one of the best choice due to its good compromise between computation times
and accuracy. The validity of the CC2 method to treat low-lying excited states of medium size
systems (more than 10 atoms and less than a few hundred atoms) has been already demonstrated
by comparison with MRCI calculations for systems such as a retinal-chromophore?? model or 9H-
adenine®® or even very recently for a small capped peptide.!* Our objective is now to assess the
accuracy of the CC2 method by comparison with experimental data. Benchmarks of the CC2
method against experimental data remain seldom for medium-sized systems. Moreover, they focus
generally only on the adiabatic excitation energies, and evaluate the accuracy of both ground and
excited states energies and gradients. Two of the most recent studies concern sets of the lowest
excited state of different types of medium-sized systems, either focusing on aromatic organic
molecules exhibiting different conformers (46 molecules and 66 singlet states: mean absolute error
(MAE) on the adiabatic excitation energies of 0.07 eV and mean signed error or ME of +0.00
eV),?* or covering both organic (polyenes, carbonyl compounds, aromatic hydrocarbons and
heterocycle aromatic compounds) and inorganic (main-group and transition metal-compounds)
systems (79 molecules, 84 singlet and 12 triplet states: MAE of 0.19 eV and ME of +0.11 eV).?

The key questions that we presently address are then: (i) To which extent the good performances



2425 or on small systems?® (11 molecules - 9 singlets and 4 triplet

obtained in these former studies
states — with MAE of 0.10 eV and a ME of -0.03 eV) apply to model protein chains, in particular
capped peptides of increasing size, whose conformers in the ground state adopt the prototypical
secondary structural features of proteins? and (ii) How does the CC2 method perform, not only in

calculating energies and gradients of the excited states, but also in calculating their Hessian, and

hence their vibrational frequencies?

The computational method, its practical details and the benchmark set composition are
described in the Computational Details section. The basis-set convergence of the CC2 calculations
is performed on four conformers of a reference system, the N-acetyl-phenylalaninylamide (Fa) and
is discussed in the Results and Discussion section, where both the adiabatic excitation energies
and the shifts of the vibrational frequencies between the ground and lowest ™ excited states in
the amide A region (the 3225-3580 c¢cm™! region mainly due to the NH, NHasym and NHaan.
stretches) are compared to experimental data. This latter section also includes the discussion of the
results related to the benchmarking of the CC2 method on both a derivative of Fa and several other
relevant capped peptides, which contain two residues with different side chains, the objective being
to determine the behavior of the CC2 method when increasing the system size and changing the

nature of the residue.

2. COMPUTATIONAL DETAILS

2.1 Benchmark set composition:

The benchmark set consists of five capped peptides and their conformers, i.e. 18 ground
states and 20 excited states. This set contains (i) two peptides with one residue, the phenylalanine

(Phe), and two amide groups: Ac-Phe-NH> (four conformers A-D) and Ac-Phe-NH-CH3 (three



conformers A-C), referred to in short as Fa and Fm respectively; (i1) two peptides with two residues
and three amide groups: Ac-Gly-Phe-NH: (five conformers: A, A’, B, B’ and C), which contains
one glycine (Gly) and one phenylalanine and Ac-Phe-Phe-NH> (three conformers: A-C), which
contains two phenylalanines, referred to, in short, as GFa and FFa respectively; and (iii) one
peptide with two residues but four amide groups, Ac-GIn-Phe-NH (three conformers: A-C), which
contains one phenylalanine and one glutamine (Gln) residue, whose side chain also bears an amide
group, referred to in short as QFa. These systems (Figure 1) were selected since conformer-
selective experimental data such as the 0-0 transition energies of the lowest nn* excited states or
the amide A region frequencies of both the ground and nn* excited states were available and
measured in our group. The ground state conformational landscape of each capped peptide has
been characterized through their vibrational signature by combining conformer-selective double
resonance IR/UV experiment and dispersion-corrected density functional theory methods (B97-
D2/TZVPP, denoted hereafter DFT-D) in order to assign the conformers observed.?” Then, when
the intensity of the signal and the excited state lifetime (> 10 ns) were sufficient, three-color
UV/IR/UV experiments were carried out in order to measure excited state IR (ESIR) spectra.?8-?°

All these data are summarized in the following for each system as well as reported in more details

in the hereafter cited references.

Fa: In the ground state, four conformers with two different types of folding backbone were
observed and assigned to conformations lying in an energy range of 0-6.5 kJ/mol:3° one B-strand
extended conformation (A (Bu(a)) and three y-turn folded conformations differing by the
orientation of the phenyl side chain (B (yr(g+), C(yr(g-) and D(yr(a)?°). The label L refers to the
preferential orientation of the y-turn feature (so-called inverse y-turn) adopted by the natural amino

acids of L configuration, as opposed to direct y-turns, preferred by D aminoacids. Labels a, g+ or



g— refer to the anti, gauche+ or gauche- orientation of the phenyl side chain relative to the
backbone, the %' dihedral angle N—C,-Cg-C, being close to +180° for a, +60° for g+ and —60° for
g-. These y-turn and B-strand conformations are illustrative of the corresponding prototypical
secondary structural features of proteins stabilized by C; H-bonds and Cs H-bonds respectively,
the index n of the label C, indicating the number of atoms in the ring formed by the H-bond.
Noteworthy, two structures present an NH...n bond, the B-strand conformation A, and one of the
y-turns, B. The corresponding 0-0 transition energy to the lowest mrn* excited state was
experimentally determined for each conformer’® but only ESIR spectra of A and C could be

measured.?829

Fm: Fm corresponds to Fa in which the cis-position hydrogen of the C-terminal amide group has
been replaced by a methyl group. In the ground state, Fm exhibits three conformers, structurally
analogous to those of Fa (A-C), lying in an energy range of 0-4.5 kJ/mol.!2 and references therein The
corresponding 0-0 transition energy to the lowest nn* excited state was determined for each

conformer but only ESIR spectra of A and B could be measured.?®

GFa: In the ground state, five conformers with three different types of folding backbone were
observed and assigned to conformations lying in an energy range of 0-6 kJ/mol:*!' two 7-7 (double
y-turn) extended conformations, differing by the chirality L or D of the turns (A (7-7.(g-)) and A’
(7p-7.(g-))), two B-turn folded conformations of types I and II’ (B (n-10I(gt+)) and B’(n-
10II’(g+))) and one B-strand (C (5-5-n(a))) extended conformation. All these families of backbone
folding correspond to secondary structural features of proteins: the 27 ribbon, B-strand and B-turn
secondary structures, respectively stabilized by successive C7 H-bonds (y-turns), successive Cs H-

bond, and Cio H-bonds. In addition, three structures present an NH...n bond, the two B-turns and



the B-strand. The corresponding 0-0 transition energy to the lowest mm* excited state was

determined for each conformer®! but only ESIR spectra of A, B> and C could be measured.?8-2%-3!

FFa: In the ground state, three conformers were observed in an energetic range of 0-15 kJ/mol and
assigned to conformations having both different types of backbone folding and different relative
orientations of the two aromatic rings;3? 2nd references therein one 3_tyrn type I conformation (a ou-yL
structure, A (m-m-10I(g+,g+))), where the aromatic rings interact according to a T-shape
arrangement, one unusual dp structure combined to a yi-turn (B (m-m-7.(g+,g-))), i.e. a dL-yL
conformation, where the aromatic rings interact according to a V-shaped arrangement, and one -
yL conformation (C (5-n-7L(a,g+))) where the aromatic rings interact according to a face-to-face
arrangement. A is characterized by a C1o H-bond, B by a C7 H-bond and C by a usual combination
of Cs and C7*4 H-bonds. In addition, all these conformations present at least one NH-rt bond. In
the near UV spectrum, both conformers A and B lead to two intense transitions. The different ESIR
spectra obtained after exciting these two bands, enable us to exclude any excitation delocalization
in the excited state and thus to assign them to the origin transition of each excited chromophores.
Comparison with comparable one-chromophore systems already studied even allows us to assign
each origin transition to a chromophore (A1, A2 and B1, Bz). For conformer C, only one weak band
could be detected in the spectral region investigated, close to the 0-0 transition of toluene. This
small band seems to correspond to a vibronic band of the origin transition of the conformer. This
is confirmed by comparison with the conformer D of the FHa system, a capped peptide containing
one phenylalanine and one histidine,** which exhibits a similar structure and where the phenyl
chromophore experiences a similar environment. This similarity has been used to estimate the

origin transition energy of the FFa C conformer. The corresponding 0-0 transition energies to the



lowest nr* excited states were determined for each conformer (Ai-Az, Bi-B2 and C),* but only

ESIR spectra of A1 and A> were measured.?8
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Figure 1: Ac-Phe-NH> (Fa), Ac-Phe-NH-CH3 (Fm) and Ac-XX-Phe-NH; with XX=Gly, Phe, GIn
(GFa, FFa and QFa) conformers and their experimental 0-0 transition energies (eV). In the Fm
system, one hydrogen atom of the NH> group of the Fa system is replaced by a methyl group. The
arrows indicate between which atoms the non-covalent intramolecular bonds (Hydrogen bonds,
NH-rt bonds and aromatic ring-ring arrangements) take place. The letters A, B, C refers to the
notation adopted in the experimental reports to designate the several conformers observed, which



correspond to different types of backbone folding and non-covalent bonds networks (see the text
for a detailed description). In case of several So conformers which present both similar backbone
folding and non-covalent networks, a single quotation mark is put to distinguish them such as A
and A’. In case of several S| conformers whose the global conformation corresponds to that of the
same So conformer, a number is put in subscript to distinguish them such as Aj and A>.”

QFa: In the ground state, three conformers were observed in an energetic range of 0-7.5 kJ/mol
and assigned to conformations having the same type of folding backbone:34 ad Figure SI a] of them
correspond to a type I B-turn backbone, stabilized by a C19 H-bond combined to a side chain/main
chain C7 H-bond bridging the NH site of the first peptide bond to the oxygen atom of the Gln
residue side chain CO-NH: group and labelled 7°. Each of them also present a NH...w bond. They
differ by the hydrogen atom implied in the NH...n bond, by the orientation of phenylalanine
residue or by the orientation of the CO-NH: group, i.e. the conformation of the Gln residue side
chain. In A (7%-n-10I(g+)) and C (7%-n-10I(g+)), the NH...n bond involves the hydrogen atom of
the second peptide bond but the orientation of the Gln residue side chain CO-NH; group differ. In
B (7%-n-10I(g-)), it is one of the terminal hydrogens of the Gln residue side chain CO-NH, which

is involved in the NH...n bond. The corresponding 0-0 transition energy to the lowest nn* excited

state was determined for each conformer.’* No ESIR spectra were measured for this system.

2.2 Method and basis sets:

Benchmark CC2 calculations'+'® were carried out with the TURBOMOLE package.3>3¢
All the CC2 calculations were performed by using the resolution-of-identity (RI) approximation
for the electron repulsion integrals used in the correlation treatment and the description of the
excitation processes. The CC2 model is based on coupled cluster (CC) theory and is designed as
an approximation to the coupled cluster singles and doubles (CCSD) with an O(N°) scaling of the

computational costs with system size N instead of O(N%): the singles amplitudes equations are kept

10



unchanged while the doubles amplitudes equations may be simplified by only retaining terms to
lowest nonvanishing order. The attractive accuracy and convergence properties associated with
CC methods are then transferred over to the calculation of electronic excitation energies and
properties through the CC response theory framework by performing the derivation of the coupled
cluster responses functions. Moreover, combining this model with the RI approximation leads to
an acceleration of the calculations by one to two orders of magnitude, depending on the basis set,
as well as to a decrease of memory demands to O(N?) and of disc storage demands to O(N?). The
cc-pVXZ (X= D, T and Q) Dunning's correlation consistent basis sets’” were employed in
connection with optimized auxiliary basis sets for the RI approximation.® Furthermore, additional
calculations were performed by adding to the cc-pVXZ (X= D and T) diffuse functions taken from
the aug-cc-pVXZ (X= D and T) basis set for each oxygen and nitrogen atom and only for one in
two carbon atoms of the phenyl ring. This kind of basis sets denoted hereafter aug(N,O,r)-cc-
pVXZ (X=D and T) allows to avoid redundancy problems that arise if diffuse functions are
supplied on all atoms’*“4° and their effectiveness has been recently demonstrated on Fa by
comparison with MRCI calculations.!® Frozen core for the Is electrons were employed, and all
calculations were carried out in the C; point-group symmetry. Ten singlet states were considered,
and Dy, D, diagnostics, and % (E; |E; ) biorthogonal norm were calculated in order to evaluate the
capability of the CC2 method to properly describe the ground and excited states of such systems.!®
41-42 Indeed, the D and D diagnostics, computed from the single and double substitution
amplitudes in the CC2 wave function, are reliable indicators when static or dynamic correlation
effects are not adequately treated at the CC2 level: their magnitude is correlated with the
performances of the CC2 method. The initially recommended values for Di/D> for ground state

minima are 0.04(0.05)/0.17(0.18) in the case of MP2(CCSD)*-? but Kéhn and Hittig have
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extended these D1/D> limit values up to 0.15/0.25 in particular from the evaluation of excited states
of a set of small-sized molecules computed with CC2.'® In addition, the biorthogonal norm (E; |E; )
gives a measure of the weight of the single excitation contributions to an excited state and should
be larger than 85%.'® Indeed, in order to be well described at the CC2 level, an excited state must
be dominated by single excitations out of the ground state wave function.

The convergence criterion used in single point energy calculation is 10-® on the density for
the HF calculation, is 10® for the RI-CC2 ground state energy for the iterative coupled-cluster
methods and 10 for the convergence threshold for norm of residual vectors in eigenvalue
problems for the RI-CC2 excited states calculations. Finally, in the geometry optimization of both
ground and lowest mrn* excited states of each conformer, the convergence criterion used
corresponds to a norm of the Cartesian gradient lower than 10 au. For both optimized ground and
excited states, orbital-relaxed first-order properties are determined, in particular the density. In the
special FFa case, for which two close-lying nr* excited states have been identified in the
experiment for at least two conformers, each one being localized on a different phenyl ring, an
exploration of the potential energy surface of the lowest nn* excited states was performed in order
to localize the minima corresponding to the two lowest ones. Whereas one of these nn* excited
states was easily identified by simply optimizing the first root starting from the ground state
geometry, i.e., the protocol used to determine the lowest ™ excited state of the capped peptides
with one phenylalanine residue, for the second n™* excited state, several geometrical deformations
had to be investigated before achieving its geometry optimization. Indeed, the optimization of the
second root starting from both the ground and the first ntn* excited state geometries systematically

failed to converge to the second nr* excited state.
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The harmonic frequencies were calculated by numerical differentiation of the analytic
gradients using central differences and a step length of 0.02 au. This allows to both verify that the
optimized geometries correspond to true minima and calculate for each conformer and state the
zero-point vibrational energy (ZPVE). The adiabatic ZPVE-corrected excitation energy of each
lowest tn* excited state were then calculated. Moreover, the IR data relevant for a comparison
with experimental shifts were taken as the differences between the harmonic vibrational
frequencies of the optimized ground state and the optimized nrt* excited state. In this way, we
assumed that the basis set and method errors as well as anharmonicity effects are similar in both

ground and excited states.

3. RESULTS AND DISCUSSION

In the next two subsections, the results of two benchmarking studies are presented. First,
the basis set convergence of the CC2 method for energy, gradient (i.e. first derivatives of the
energy) and hessian (i.e. second derivatives of the energy) calculations is tested on the four Fa
conformers (A-D) by comparison between the results obtained with different basis sets, followed
by a comparison with experimental data. The objective of this first benchmarking study is to
determine the size and quality of the basis set required to obtain a good compromise between
computation time and accuracy, keeping in mind that this reference system is the smallest system
that we plan to investigate. Second, the selected basis sets are applied to the determination of the
spectroscopic properties of a series of capped peptides of increasing size and containing different

residues.
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3.1 Basis set convergence of the CC2 calculations on the reference system, Fa:

Whatever the basis set, the ground state calculations of the four conformers exhibit Di/D»
values in the 0.075-0.085/0.17-0.27 ranges respectively while the lowest nn* excited state
calculations exhibit a D> value equal to 0.25 for all the conformers with a biorthogonal norm
%(E;|E;) > 89%. These values confirm the reliability of the CC2 calculations on these systems
even if some of them correspond to the upper limit of the recommended values.!® Moreover, in the
lowest mn* excited states, the contributions of the canonical occupied (Teycle)-unoccupied (" cycle)
HF orbitals to the total wave function change are all larger or equal to 94% for the four conformers

as illustrated in Figure 2.

Figure 2: Contours (£ 0.0019 au) of the difference between the CC2 density of the n* excited
state and that of the ground state, for the four Fa conformers, calculated at the CC2/cc-pVDZ

optimized geometry of the lowest ™ excited state. A density increase (decrease) is indicated in
blue (red).
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Dihedral angles (°)* Intramolecular distances (A)

® v gy dnm.o dni..2”
So A -159 168 201 2.15 2.45(2.54,3.10)
cc-pVDZ B -82 53 44 1.96 2.37 (3.16, 2.49)
C -88 80 -51 1.98 2.56 (3.46, 2.70)
D -80 85 192 2.06
A -161 164 194 2.15 2.47 (2.69, 2.90)
cc-pVTZ B -82 52 43 1.93 2.34 (3.13, 2.44)
C -86 73 -52 1.96 2.64 (3.60, 2.72)
D -82 83 192 2.07
N A -164 155 182 2.22 2.51(2.92,2.63)
cc-pVDZ B -83 52 45 1.95 2.37 (3.30, 2.35)
C -88 79 -50 1.99 2.52 (3.48,2.53)
D -81 84 192 2.06
A -164 158 184 2.20 2.50(2.93, 2.60)
cc-pVTZ B -82 52 44 1.92 2.33 (3.25, 2.30)
C -86 72 -50 1.95 2.53 (3.51, 2.51)
D -83 81 192 2.06

Table 1: Characteristic geometrical parameters of CC2/cc-pVXZ (X=D and T) optimized
geometry for both the ground (So) and lowest nn* excited (Si) states of the four Fa conformers.

2 For the definition of the dihedral angles, see the Supporting Information (Figure S1).
> The NH...w bond is characterized by three distances: the distance of the NHpne (A conformer) or

NH> (B conformer and C conformer) hydrogen atom with the C, carbon atom of the phenylalanine
residue and, given in parentheses, the two distances with the two Cs carbon atoms (Cs&te™, CsN-
term) of the phenylalanine residue.

The characteristic geometrical parameters of both the ground (So) and the lowest wr*
excited (S1) state optimized geometries of the four Fa conformers are reported in Table 1 for the
two basis set investigated, the cc-pVDZ and the cc-pVTZ basis sets. All the discrepancies for the
So optimized geometries fall into a range of [-7/+2]° for the dihedral angles with a mean absolute
deviation (MAD) of 2.5° and into a range of [-0.03/+0.08] A for the intramolecular distances with
a MAD of 0.03 A. Similar small discrepancies are obtained for the characteristic geometrical

parameters of the S; optimized geometries: a range of [-7/43]° for the dihedral angles with a MAD

of 2° and a range of [-0.04/+0.02] A for the intramolecular distances with a MAD of 0.02 A.
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Furthermore, no discrepancies larger than 0.01 A are obtained for the covalent bond distances.
These very small deviations in the geometries of ground and nn* excited state between the two
basis sets results are illustrated on the Figures S3-1&2, which highlight the superimposition of the

two geometries of both states for all the conformers.

Avsiso  cc-pVDZ  cc-pVTZ Experiment

(cm™)
Fa A
NHPhe + 1 1 +2 - 1
NH2 sym. ‘15 ‘19 —9
NH2 anti. -18 -14 -6
FaB
NHPhe -44 -5 3
NH2 sym. '5 —6
NH2 anti. -1 -1
FaC
NHphe -44 -54 =27
NH, gy, 2 7 -1
NH2 anti. - 1 = 1 - 1
FaD
NHPhe 0 -1
NH2 sym. ‘2 ‘3
NH2 anti. 0 +1

Table 2: Theoretical shifts of the amide A region frequencies (CC2/cc-pVXD (X = D and T)
harmonic) of the lowest ™ excited state optimized geometry (S1) relative to the ground state
optimized geometry (So), for the four Fa conformers, together with the corresponding available
experimental data (cm™).

In order to go further in the comparison, the vibrational frequencies, in particular the three
NH stretch frequencies (NHpne, NHasym. and NHaani.) of the amide 4 region and their shifts between
the S and the Sy states, obtained for the two basis sets are determined and reported for the four Fa
conformers in Table S4 and Table 2. Again, small discrepancies are observed with a MAD per

NHphe, NHosym. and NHaanii. stretch frequency of 11, 7 and 4 cm™ resp. for the Sp state and of 10, 8

and 5 cm™! resp. for the S; state. This corresponds to a MAD for the three stretch frequencies of
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7.5 cm! for the two states, i.e. a deviation of only around 0.21% for this frequency range. In
addition, the frequency shifts between Si and Sy states also present similarly small discrepancies
between the two basis sets: a MAD per stretch frequency of 7, 3 and 1 cm™! with a mean signed

deviation (MD) of -3, -3 and 1 cm™'.

As far as the adiabatic ZPVE-corrected excitation energy is concerned, the two basis sets
give very similar results (see Table 3 and Table S5) for all the four conformers (a MAD of 0.02
eV for the ZPVE-corrected excitation energy, the MAD for the ZPVE being equal to 2-3 meV)
confirming that the cc-pVDZ basis set is good enough for the geometry optimization. On the
contrary, the test to circumvent the ground state geometry optimization by taking the DFT-D
optimized geometry shows a significant effect on the adiabatic ZPVE-corrected excitation energies
with a MAD of 0.08 eV (Table 3, first line). This effect is certainly due to a significant change in
the intramolecular geometrical parameters obtained between the two levels of theory, a MAD of
0.11 A on the intramolecular distances (Table S2) and this level of theory, DFT-D level for the
ground state geometry optimization, was therefore not considered later. On the other hand, the
effect of diffuse functions on the energetics seems to be relatively important (0.04 — 0.06 eV) and
not negligible, as it will be confirmed below by the comparison with experiment. Basis sets with
diffuse functions were therefore considered in the following for the calculation of the excitation
energies. The level of theory considered in the following was then the CC2/cc-pVDZ level for the
geometry optimization of both the ground and excited states and the CC2/aug(N,O,n)-cc-pVDZ
level for the excitation energies calculation, leading to adiabatic ZPVE-corrected excitation

energies calculated at the CC2/aug(N,O,r)-cc-pVDZ// CC2/cc-pVDZ level.
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AEagia (€V) Fa A FaB FaC FaD

cc-pVDZ 4876  4.896 4896  4.917
cc-pVDZ 4807 4823 4815  4.835
cc-pVTZ 4816 4836 4828  4.850
co-pVTZ//cc-pVDZ 4816 4834 4826  4.850

aug(N,0,n)-cc-pVDZ//cc-pVDZ 4.754 4.770 4.767 4.791
aug(N,0,n)-cc-pVTZ//cc-pVDZ 4.789 4.807 4.802 4.824

Experiment” 4.650 4.663 4.653 4.666

Table 3: Adiabatic ZPVE-corrected excitation energies of the lowest nr* excited state (S1) of the
four Fa conformers calculated at the CC2/basis set2//CC2/basis setl level, together with the
experimental 0-0 transition energies.

2 Here the geometry of the ground state (So) is optimized at the DFT-D/TZVPP level (see Table
S2) whereas the geometry of the lowest nn* excited state (S1) is optimized at the CC2/cc-pVDZ
level.

b The experimental values are presented with the number of significant digits obtained in the
experiment and the theoretical values are given with the same number of digits.

Finally, comparing calculated and experimental 0-0 transition energies, the CC2 method at the
CC2/aug(N,O,n)-cc-pVDZ//CC2/cc-pVDZ level proves to be very reliable. Indeed, the MAE, 0.11
eV, is equal to the ME with deviations in the [+0.11-+0.13] eV range (Table 3). Moreover, the
calculated shifts of the amide A region frequencies between the S; and So states are in a relatively
good agreement with the experimental ones (Table 2) considering that they correspond to direct
shifts obtained from harmonic frequencies, i.e. considering that basis set and method errors as well
as anharmonicity effects are similar in both ground and excited states. Both the order of magnitude
and sign of the experimental shifts have been well reproduced, especially the large shifts
corresponding to significant geometrical changes of intramolecular parameters sensitive to the
non-covalent interactions involving the phenyl ring where the excitation is localized. Upon

excitation, the r system tends to extend farther from the ring Cs axis, with a density increase above

the C atoms and on the ring edge, and a decrease above the C-C bonds (Figure 2). In terms of
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geometry, this electronic change leads to a strong shortening of the intramolecular distances dnw...x
as illustrated in Figure 3 and Figure S6 for Fa B (-0.14 A) and C (-0.17 A), and consequently to a
large calculated and measured shift of the amide 4 region frequency (Table 2). On the contrary,
when the intramolecular distances dnn...x do not strongly vary or do not correspond to a significant
intramolecular interaction such as in Fa A (dnu...x (So) = 2.45 A and +0.06 A in S;) or Fa D, as
shown in Figure 3 and Figure S6, no large shift between the Si and So states has been calculated
or measured (Table 2). Concerning the valence parameters such as covalent bonds, the valence
angles, dihedral angles that do not involve the orientation of the backbone relative to the phenyl
ring or other parameters which concern atoms not belonging to the m system such as the
intramolecular distances dnu...o, they are only very weakly changed upon n* excitation in all the
Fa conformers: a MAD of 4° for the dihedral backbone angles, a MAD of 0.02 A for the
intramolecular distances dnn...o and a root mean square deviation (RMSD) change of the covalent

bonds of only 0.01-0.02 A (Table 1, Figure 3 and S6).

Figure 3: Comparison of the CC2/cc-pVDZ optimized geometries of the So (atom-based colors)
and S; (green) state for Fa A and C. For each conformer, the phenylalanine residues have been

overlapped. Only distances (dash-dot) that vary significantly (|d| > 0.01 A) between the ground
and the excited state (see Table 1) are mentioned.
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3.2 Adiabatic transition energies of the first nn* excited states of the benchmark set:

Figure 4: Contours (£ 0.0019 au) of the difference between the CC2/cc-pVDZ density of each of
the two n* excited states (A and A2) and that of the ground state, in FFa A (top panel) and
between excited and ground states in FFa C (bottom panel) calculated at the CC2/cc-pVDZ
optimized geometry of the nn* excited states. A density increase (decrease) is indicated in blue
(red).

Whatever the capped peptides considered, the optimized ground state of the conformers
exhibits D1/D; values in a range similar to that obtain for the Fa conformers while their lowest r*
excited states exhibit D> and biorthogonal norm %(E, |E, ) values similar to those obtained for Fa
optimized nr* excited states. Among the series of capped peptides, the lowest nn* excited state
optimized geometries exhibit an excited state localized on the phenyl ring when this one is unique
in the molecule. The same observation holds for the FFa A and FFa B conformers where their two

low-lying nr* excitations are localized on either of the phenyl rings (Figure 4). The only exception

is the FFa C conformer for which the lowest nn* excited state is delocalized on the two phenyl
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rings (Figure 4). Moreover, for all the nrt™* excited states of the series, the contributions of the
canonical occupied (Teycic)-unoccupied ('cyete) HF orbitals to the total wave function change are
at least 95%. Finally, the non-covalent interaction network of the several conformers
(intramolecular H-bonds, NH...w bonds and various relative orientations of the two aromatic rings)
is preserved in the lowest optimized nmt™* excited states as it will be discussed and illustrated in the

following section.

Along the series, the trend observed for the transition energies (Table 3) is similar to that
observed in Fa: the calculated adiabatic transition energies are overestimated compared to
experimental ones. The only exception concerns the FFa C conformer for which the 0-0 transitions
was not directly measured but extrapolated by comparison with an analogous system and their
vibronic progression: the theoretical adiabatic transition energy underestimates the 0-0 transition
by 0.15 eV. Even if the analogous system presents a conformation similar to FFa C, it contains
only one phenylalanine carrying the nn* excitation as opposed to FFa C, which may explain
differences in comparison with experiment. A MAE equal to 0.10 eV with a very similar ME of
+0.08 eV and positives deviations in the [0.05-0.13] eV range are obtained for the series. Then, it
seems that the error is systematic along the series without no significant size effect since the MAE
obtained for the capped monopeptide, 0.11 eV, is equivalent to that obtained for the capped
dipeptides, i.e. 0.09 eV. Finally, this error is equivalent to that obtained for small systems?® or
others molecular systems,?*?> within the expected error margins of more sophisticated methods

such as the MS-CASPT2 method, i.e. £ 0.2 eV.
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Capped peptides ~ AE,q  Experiment

Fm A 4.728 4.640
FmB 4.769 4.662
Fm C 4.773 4.653
GFa A 4.754 4.648
GFa A’ 4.776 4.663
GFaB 4.743 4.657
GFa B’ 4.771 4.664
GFaC 4.766 4.652
FFa Al 4714 4.648
FFa A2 4.729 4.658
FFa B1 4.730 4.643
FFa B2 4.705 4.652
FFa C 4.480 4.630
QFa A 4.736 4.662
QFaB 4.753 4.647
QFaC 4.725 4.658

Table 3: Adiabatic ZPVE-corrected excitation energies (eV) of the lowest nn* excited state (S1)
of Fm, GFa, FFa and QFa conformers calculated at the CC2/aug(N,O,r)-cc-pVDZ //CC2/cc-pVDZ
level, together with the experimental 0-0 transition energies (eV).

2 The experimental values are presented with the number of significant digits obtained in the
experiment and the theoretical values are given with the same number of digits. The value in italics
correspond to an estimation by analogy with FHa system (see text).

3.3 IR signature of the amide 4 region vibrations:

As for the reference system, Fa, the valence parameters such as covalent bonds, valence
angles, dihedral angles that do not involve the orientation of the backbone relative to the phenyl
ring, or any other parameters, which concern atoms not belonging to the © system, such as the
intramolecular distances dnwu...o, are only very weakly changed upon n* excitation (Table S7-1-
4 and Figures 5, S8-1-4): (i) a range of [-6/+2]° for the Fm conformers dihedral angles with a MAD

of 1°, respectively a range of [-11/+5]° for GFa and a range of [-4/+10]° for FFa with a MAD of
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2° and a range of [-13, +9]° for QFa with a MAD of 5° (ii) an almost zero MAD for the
intramolecular distances dnu...0 of Fm conformers, respectively 0.01 A for GFa and 0.02 A for
both FFa and QFa; (iii) finally, a RMSD change of the covalent bonds of 0.01-0.02 A only. On the
contrary, upon excitation, the intramolecular distances dnu...» can be strongly shortened in the Fm
conformers (A: -0.26 A, B: -0.17 A and -0.19 A), in GFa A (-0.17 A), FFa C (-0.14 and -0.25 A)
and QFa B (-0.39 A), moderately shortened in GFa B (-0.08 A) and B’(-0.11 A), FFa A, A,, B>
(-0.07 A) and QFa A (-0.12 A), or weakly shortened in GFa C (-0.04 A with a change of the &
carbon atom involved in the interaction), FFa By (-0.04 A) and QFa C (-0.04 A). The shortening
of the intramolecular distance in these NH...w bonds, dnu...», upon n* excitation seems to be
reflected in the calculated frequency shifts of the stretch vibration of the corresponding NH
between the ground and the n* excited states (Table 4, unscaled shifts): the strongest shortenings
lead to large calculated shifts (> 30 cm™') whereas moderate ones lead to smaller shifts (< 25 cm"
1) and the weaker ones to weak shifts (< 17 cm™). A careful examination of data, however, suggests
that the dependence might be not so simple: the strength of the NH...n interactions has to be also
considered in order to rationalize the value of the frequency shifts in the amide A region. For
instance, for similar moderate shortenings, the conformers in which the intramolecular distance
dni...x becomes lower than 2.50 A in the excited state present a shift larger than 30 cm™!, such as
in GFa B, FFa A and A, a shift usually characteristic of a strong shortening such as in the Fm
conformers, in FFa C or in QFa B. In the same spirit, for similar strong shortenings, the conformers
in which dnu.. » remains larger than 2.50 A in the excited state present shifts lower than 25 cm'!
such as in GFa A, a shift characteristic of a moderate shortening such as in GFa B’ and in FFa B;
(shift of the NHpie2 stretch frequency). In the special case of FFa By, the large shift of the NHppe1

stretch frequency (33 cm™) results from a strong shortening of dnw...» between the NHpner and the
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7 system of the Phe2 aromatic ring (-0.19 A and a distance value which becomes lower than 2.50
A in the excited state). Finally, when there is no NH...n interaction such as in GFa A’, the
calculated shift of the amide A region frequency is close to zero. It should be noticed that the shifts
of NH stretch frequencies calculated for the NH...O interactions follow a similar trend. As dnwu...o
are in majority very weakly changed, all the calculated shifts of amide 4 region frequencies are
weak (< £ 15 em™!) except when a shortening of the NH...O H-bond distance occurs leading to
dnm...o values shorter than ~2 A in the excited state, as in FFa C (-0.03 A with a value of 1.96 A in
the excited state) and in QFa B (-0.03 A with a value of 1.84 A in the excited state) for which large

shifts are calculated (> 30 cm™).

216221 L

GFa C 7 267263 QFa B

2.26--2.28 2.75--2.36

Figure 5: Comparison of the CC2/cc-pVDZ optimized geometries of the So (atom-based colors)
and S (green) state for GFa C, FFa A; and QFa B. For GFa C and FFa A, the phenylalanine
residues are overlapped whereas for QFa B, the backbones are overlapped. Only distances (dash-

dot) that vary significantly (|d| > 0.01 &) between the ground and the excited states (see Table
S7.2-4) are mentioned.
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Capped peptides Avsiso (cm™)

Theory* Experiment
NHPhe NHC—term NHPhe NHC—term
Fm A -5/-4 -44/-37 0 27
Fm B -47/-40 -4/-3 -32 -4
FmC -47/-40 -4/-3
NHagly NHpne NHasym. NHoani, NHagiy NHppe NHasym, NHoani.
GFa A -7/-6  -18/-15 -5/-3 0/0 -2 -18 +3 -9

GFaA* -2/2 -5/4  -2/-1 -2/-1
GFa B -1/-1 -37/-31  -3/-2  -1/-1

GFaB’ 00 -21/-18 +1/+1 0/0 +1 -18 +2 +1
GFaC +5/+4 -2/-2  -15/-10 -14/-7 +1 -3 -9 -6
NHPhel NHPheZ NHZsymA NH2antiA NHPhel NHPheZ NHZsym NH2anliA
FFa Al -41/-35  -9/-8  -4/-3 -2/-1 -33 0 -1 0
FFa A2 -5/-4  -34/-29 -2/-1 -1/-1 -1 -24 -1 0

FFa B1 -11/-9  -4/-3  -6/-4  -2/-1
FFa B2 -33/-28 -19/-16 0/0 0/0
FFa C -12/-10 -74/-63 -30/-21 -11/-6

Theoretical Avsyso (cm™)
NHGln NHPhe NH2 sym./C-term NH2 anti./C-term NH2 sym./Chain NH2 anti./Chain

QFa A -2/-2 -12/-10 +5/+3 +8/+4 -2/-1 -2/-1
QFaB -43/-37 +6/+5 -3/-2 +1/+1 -45/-31 -27/-14
QFaC -9/-8  -16/-14 -2/-1 0/0 -1/-1 +1/+1

Table 4: Theoretical (CC2/cc-pVDZ harmonic and mode-dependent corrected CC2/cc-pVDZ, i.e.
x/y) frequency shifts between the lowest nn* excited state (S1) and the ground state (So) amide A
stretches, (cm™) for the Fm, GFa, FFa and QFa conformers, together with the available
experimental shifts. The large shifts of the frequencies of NH involved in NH...w bonds are in
bold, the moderate ones in italic-bold and the weak in italics (see text). The large shifts of the
frequencies of NH involved in NH...O bonds are in bold-underlined.

2 The mode dependent corrected frequency shifts are calculated from the CC2/cc-pVDZ harmonic
frequencies which are corrected by the optimal harmonic frequency mode-dependent (NH, NHasym
and NHoanii) linear scaling functions determined from the whole set of 95 (So plus S1) experimental
amide A region stretch frequencies available (see text).

As far as comparison with experiment is concerned, theory tends to overestimate the
frequency shifts in the amide A region for all the capped peptides including the reference system,
Fa, especially for large red shifts whereas moderate and weak shifts seem to be correctly
reproduced (Table 4). A MAE of 6 cm™! is obtained together with a ME of -4 ¢m™! for the whole

set of shifts whereas a MAE of 13 cm™! and a ME of -13 ¢cm! are obtained considering only the set
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of large shifts (> 30 cm™). This may be due to differential anharmonicity effects between the
ground and t* excited states or to a differential intrinsic error of the CC2 method between the

ground and excited state properties (geometry and frequencies).

A method error, which would arise from neglecting the intramolecular BSSE differential
effects in the geometry optimization between the ground and excited states, can be immediately
excluded in view of the previous results obtained for the reference system Fa. Indeed, calculations
on Fa do not exhibit any significant increase of the intramolecular distances between the cc-pVDZ
and the cc-pVTZ optimized geometries of both the Sp and S; states: a MAD of 0.03 A for Sp with
a mean signed deviation (MD) of +0.004 A and a MAD of 0.02 A for S; with a MD of -0.01 A
respectively. Furthermore, a MAD per NHphe, NHasym. and NHoang. stretch frequency of 11, 7 and
4 cm! resp. for the Sy states and of 10, 8 and 5 cm! resp. for the S; states were determined

previously between the cc-pVDZ and cc-PVTZ frequencies of Fa.

In order to go further in our analysis, we have taken advantage of the large amount of
experimental data available to determine optimal harmonic frequency mode-dependent (NH,
NHosym and NHzanii) linear scaling functions (Vexp. = avineo.+ b) in order to correct the calculated So
and S; harmonic frequencies, and then the corresponding shifts, for method and basis set errors as
well as anharmonicity effects. First, the linear scaling functions were determined from both the 67
experimental amide A region frequencies available for Sy (Figure S10-1) and the 28 experimental
amide A region frequencies available for S; (Figure S10-2) and second from the whole set of the
95 (So plus S1) experimental amide A region frequencies available (Figure 6). Except for the NHzan
stretch frequencies, the optimal harmonic frequency mode-dependent (NH, NHosym and NHzans)

linear scaling functions determined separately for the So and S; states and those determined with
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the whole set exhibit very similar behavior and parameters with a satisfactory correlation. This
similar trend indicates that the errors in the calculation of the CC2/cc-pVDZ harmonic frequencies
(method, basis set and anharmonicity) do not depend specifically on the ground or nn* excited
state. The most important disagreement obtained for the S; mode-dependent NHzansi. linear scaling
function certainly results from the low number of experimental data available in this case. Once
the Si-So shifts of the amide A frequencies are corrected using the linear scaling functions
optimized with the whole set, a MAE of 3 cm™! is obtained together with a ME of -1.5 cm™ (Table
4). The values obtained considering only large shifts (> 30 cm™!), a MAE of 7 cm™! and a ME of -
7 cm’!, still illustrate the presence of a systematic error for large shifts, as if the CC2 method would
underestimate the intramolecular distances in case of strong non-covalent interactions but this
effect on the shifts is greatly reduced using the mode-dependent corrected frequencies. Finally,
these results demonstrate that a refined strategy, relying on mode-specific linear scaling functions,
enables us to overcome the systematic disagreement between experimental and calculated
harmonic frequencies and provides reliable predictions of the S1-So frequency shifts in the amide

A region for such systems with a RMSD of 5 cm™'.
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So & S; States: NH, NH,,, and NH,g
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Figure 6: Experimental vs CC2/cc-pVDZ calculated harmonic amide A region frequencies of both
the ground and the nn* excited states of the series of capped peptides and the corresponding mode-
dependent linear (Vexp. = avineo+ b) scaling functions.

4. CONCLUSIONS

Experimental data on a series of medium-sized capped peptides (20 conformers) were used to
benchmark the CC2 method in its ability to reproduce the observed 0-0 transition energies as well
as the frequency shifts in the amide A region upon ™ excitation. We have demonstrated that the
CC2/aug(N,O,r)-cc-pVDZ//CC2/cc-pVDZ level proves to be very reliable, giving a MAE of 0.10
eV for the 0-0 transition energies with a systematic overestimation compared to the experimental
data (i.e. a very similar ME of +0.08 eV). Finally, mode-dependent linear (Vexp. = aVharm.+ b) scaling
functions for the frequencies of the amide A region (NH, NHzsgym and NH2ani) have been
determined from the whole set of the 95 experimental amide A region frequencies available (67

for S and 28 for Si). This leads to a quantitative simulation of the observed frequencies shifts of
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the amide A region upon nn* excitation (RMSD of 5 cm-') and allows an interpretation of this
shift in terms of specific geometry changes. Being focused onto models of phenylalanine protein
chains, the present work provides a state-of-the-art reference for detailed computational

approaches addressing photochemistry and photobiology issues.
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Appendix S1: Definition of the characteristic angles of the backbone of capped peptides.
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Figure S1: Definition of the characteristic dihedral angles of the backbone of capped peptides:
Example of N-Ac-Phe-NH; (Fa) from the N-terminus (left-most [i-1] module) through the central

Phe (central [i] module) to C-terminal NH> protecting group (right-most [i+1] module).
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Appendix S2: Characteristic geometrical parameters of the DFT-D optimized geometry of the
ground state (So) of the four Fa conformers.

Dihedral angles (°)* Intermolecular distances (A)
o v oy dnm..o N
So A -160 159 192 2.28 2.56 (3.37,2.84)
B -83 55 44 2.02 244 (3.23,2.54)
C -85 72 -55 2.03 2.77 (3.76, 2.85)
D -83 84 193 2.24

Table S2: Characteristic geometrical parameters of the ground state (So) of the four Fa conformers
optimized at the DFT-D level.!-?

2 For the definition of the dihedral angles, see the Supporting Information (Figure S1).

b The NH...n bond is characterized by three distances: the distance of the NHphe (A conformer)
or NH2 (B conformer and C conformer) hydrogen atom with the C, carbon atom of the
phenylalanine residue and given in parentheses by the two distances with the two Cs carbon atoms
(CsCrterm CgN-term) of the phenylalanine residue.
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Appendix S3: Comparison of the CC2/cc-pVXZ (X=D and T) optimized geometries of both the
So and S; states for the four Fa conformers.

Fa A FaB :. :2 FaC FaD

Figure S3-1: Comparison of the CC2/cc-pVDZ (blue) and CC2/cc-VTZ (red) optimized
geometries of the Sy state for the four Fa conformers. For each conformer, the phenyl rings have
been overlapped.

FaA FaB ;E FaC FaD

Figure S3-2: Comparison of the CC2/cc-pVDZ (blue) and CC2/cc-VTZ (red) optimized
geometries of the S; state for the four Fa conformers. For each conformer, the phenyl rings have
been overlapped.
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Appendix S4: Amide A region frequencies of both the ground (So) and nn* excited (S1) states of
the four Fa conformers.

Conformer/State NHphe NH2 sym. NH2 anti.
cc-pVDZ
Fa A S1 3594 3546 3695
So 3583 3561 3713
FaB Si 3545 3469 3689
So 3589 3474 3690
FaC Si 3553 3473 3674
So 3597 3476 3675
FaD S1 3618 3498 3677
So 3618 3500 3677
Experiment
Fa A S1 3434 3417 3535
So 3433 3426 3541
FaC Si 3439 3344 3514
So 3463 3345 3515
cc-pVTZ
Fa A Si 3590 3549 3698
So 3588 3569 3712
FaB Si 3524 3454 3686
So 3577 3460 3687
FaC Si 3560 3463.9 3688
So 3614 3471 3683
FaD S1 3627 3501 3682
So 3627 3504 3681

Table S4: CC2/cc-pVXZ (X=D and T) amide A region frequencies (cm™) of both the ground (So)
and t* excited (S1) states of the four Fa conformers, together with the available experimental
ones.
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Appendix S5: ZPVE of both the ground (So) and ™ excited (S1) states according to the basis set
for the four Fa conformers.

ZPVE (au)

So 0.238368
0.239126
0.238832

0.239007

cc-pVDZ

0.238510
0.239284
0.238696
0.239019

cc-pVTZ

Sy 0.232277
0.232950
0.232845

0.232960

cc-pvVDZ

0.232336
0.233100
0.232730
0.232907

cc-pVTZ

aw» TaQw» Tawr» Taw»

Table S5: ZPVE (au) of the optimized geometry of both the ground (So) and ntrt* excited (S1) states
obtained at the CC2/cc-pVXD (X=D and T) levels for the four Fa conformers. The values for So
state at the DFT-D/TZVPP level are 0.233370 (A), 0.233924 (B), 0.233337 (C) and 0.233567 (D).
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Appendix S6: Comparison of the CC2/cc-pVDZ optimized geometry of the So and S states of Fa
B and D.

Figure S6: Comparison of the CC2/cc-pVDZ optimized geometries of the So (atom-based colors)
and S (green) states for Fa B and D. For each conformer, the phenyl rings have been overlapped.

Only distances (dash-dot) that vary significantly (|d| > 0.01 A) between the ground and the
excited state (see Table 1) are mentioned.
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Appendix S7: Characteristic geometrical parameters of CC2/cc-pVDZ optimized geometry of both
the ground (So) and lowest nn* excited (S1) states of the Fm, GFA, FFa and QFa conformers.

Fm Dihedral angles (°)? Intramolecular distances (A)
® ¥ il dnh..0 dx...A°

So A -163 152 183 2.22 2.59 (2.94, 2.80)
B -83 60 41 1.92 2.34(2.50, 3.10)
C -89 75 -51 1.96 2.58(3.48,2.72)

Si A -165 153 177 2.23 2.54 (3.02, 2.54)
B -84 60 43 1.92 2.35(2.33,3.28)
C -89 75 -50 1.96 2.52(3.49, 2.53)

Table S7-1: Characteristic geometrical parameters of CC2/cc-pVDZ optimized geometry of both
the ground (So) and lowest nn* excited (S1) states of the Fm conformers.

2 For the definition of the dihedral angles, see the Supporting Information (Figure S1).

> The NH...n bond is characterized by three distances: the distance of the NHphe (A conformer)
or NHc.term (B and C conformer) hydrogen atom with the C, carbon atom of the phenyl residue and
given in parentheses by the two distances with the two Cs carbon atoms (Cs'© Ctem, Cglo N-term) of
the phenyl residue.

GFa Dihedral angles  Dihedral angles (°)  Intramolecular distances (A)
ey O Y y! dw...0° dnH...A°
o ¥ oy

So A 81 67 -84 79 -59 196-1.99 2.87(3.86,3.03)
A’ =279 295 81 80 -57  1.92-1.99

B -71 346 91 9 53 1.92 2.45(3.29,2.48)

B’ -304 220 -100 14 55 201 2.64 (3.47,2.67)

C -115 166 -161 161 193  2.26-2.16 2.48(2.67,2.95)

St A -80 71 -86 78 -55  1.95-1.98 2.70(3.54,3.06)
A’ 279 293 -80 80 -56 1.93-1.99

B -70 345 91 9 53 1.91 2.44 (3.33,2.40)

B> -304 220 95 10 57 2.01 2.60 (3.50, 2.56)

C -113 166 -165 155 181  2.28-2.21 2.52(2.92,2.63)

Table S7-2: Characteristic geometrical parameters of CC2/cc-pVDZ optimized geometry of both
the ground (So) and lowest nn* excited (Si) states of the GFa conformers.

2 For the definition of the dihedral angles, see the Supporting Information (Figure S1). The residue
1 correspond to the first residue from the N terminal cap, the N-term.

> A and A’ conformers: the two distances correspond to the two C7 hydrogen bond distances. B
and B’ conformers, the distances is that of the Cjo H-bond. C conformer: the two distances
correspond to the two Cs H-bond distances.

¢ The NH...n bond is characterized by three distances: the distance of NHphe (B and B’ conformer)
or NH; (C conformer) hydrogen atom with the C, carbon atom of the phenylalanine residue and
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given in parentheses by the two distances with the two Cs carbon atoms (Cs'© ¢term, Cyto N-term) of
the phenylalanine residue.

FFa Dihedral angles  Dihedral angles (°) Intramolecular distances (A)
) D, Y ! dnm.o° dnn...7°
o ¥ oyl
So A -69 353 62 -110 14 51 2.15 [2.62,2.54] -[2.42, 2.41]
B -153 27 51 95 75 41 2.05 [2.70, 2.85] -[2.45, 3.00]
C -163 151 181 -80 70 45 1.99 - 2.24 2.60 (2.94, 2.74) - 2.49 (3.41,
2.50)
St A1 -68 349 61 -103 12 52 2.10 [2.59,2.47]-[2.43,2.41]
Ay -69 352 62 -111 12 50 2.17 [2.63, 2.56] - [2.38, 2.33]
B, -151 24 52 95 75 -40 2.03 [2.66, 2.78] - [2.43, 2.99]
B> -152 27 51 95 75 -40 2.05 [2.68, 2.87] - [2.42, 2.94]
C -160 161 182 -73 67 41 1.96 - 2.21 2.46 (2.62, 3.15) - 2.24 (3.23,
2.17)

Table S7-3: Characteristic geometrical parameters of CC2/cc-pVDZ optimized geometry of both
the ground (So) and lowest nt* excited (S1) states of the FFa (Ac-Phel-Phe2-NHz) conformers.

2 For the definition of the dihedral angles, see the Supporting Information (Figure S1). The residue
1 correspond to the first residue from the N-term.

b A, A; and A conformers: the distance corresponds to the Cio hydrogen bond distances. B, Bi
and B> conformers, the distance is that of the C; H-bond. C conformer: the distances correspond
to the C7 and the Cs H-bond distances.

¢ The NH...n bond is characterized by two group of distances. A and B conformers: the distances
of the NHphe1 hydrogen atom with the Cy and the Cs® N-*™ carbon atoms of Phel and those of the
NHphe2 hydrogen atom with the Cy and the Cs® N*™ carbon atoms of Phe2. C conformer: the
distances of the NHphe2 hydrogen atom with the C, and the two Cs carbon atoms (Cs' ¢*™ and Cs'
N-term) of Phel and those of the same hydrogen atom with the C, and the two Cs carbon atoms (Cs'°
Cterm and Csto Nerm) carbon atoms of Phe2.
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QFa Dihedral angles  Dihedral angles (°)  Intramolecular distances (A)

ey O Y y! dw...0° dnH...1°
o ¥ oyt

So A -74 349 -63 93 10 53 1.82 - 2.00 2.33 (3.25,
B 76 348 79 -106 13 -58 2.47)

C -69 343 71 96 14 51 1.87 - 2.01 2.86 (2.63,
2.75)

1.85-1.99 2.43 (3.19,
2.43)

S1 A -65 340 -58 -106 15 47 1.83 - 2.06 2.37 (3.07,
B -69 341 67 -112 16 -50 2.35)

C -69 342 69 97 14 48 1.84 - 2.04 2.92 (2.81,
2.36)

1.85 -2.00 2.39 (3.11,
2.39)

Table S7-4: Characteristic geometrical parameters of CC2/cc-pVDZ optimized geometry of both
the ground (So) and lowest nt* excited (S1) states of the QFa conformers.

2 For the definition of the dihedral angles, see the Supporting Information (Figure S1). The residue
1 correspond to the first residue from the N-term.

b The two distances correspond to the C7 and C1o H-bond distances.

¢ The NH...n bond is characterized by three distances: the distance of the NHpne (A and C
conformer) or NH> chain group (B conformer) hydrogen atom with the C, (A and C conformer) or
Ce (B conformer) carbon atom of the phenylalanine residue and in parentheses, the two distances
with the two Cs carbon atoms (Cs'© C-tem Cgto Nterm) of the phenylalanine residue (A and C
conformers) or with the Cs'® ™ and Cg'° ¢*™ carbon atoms (B conformer).
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Appendix S8: Comparison of the CC2/cc-pVDZ optimized geometry of the So and S; states of the
Fm, GFa, FFa and QFa conformers.

FmC

Figure S8-1: Comparison of the CC2/cc-pVDZ optimized geometry of the Sy (atom-based colors)
and S; states (green) of the Fm conformers. For each conformer, the phenyl rings have been
overlapped. Only distances (dash-dot) that vary significantly (|d| > 0.01 A) between the ground
and the excited state (see Table S7.1) are mentioned.
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Figure S8-2: Comparison of the CC2/cc-pVDZ optimized geometry of the Sy (atom-based colors)
and S; states (green) of GFa A, A’, B and B’. For each conformer, the phenyl rings have been

overlapped. Only distances (dash-dot) that vary significantly (|d| > 0.01 A) between the ground
and the excited state (see Table S7.2) are mentioned.
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FFa A, FFaC
2.54--2.47
2,62--2.59
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2.15--2.10
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2.70 -- 2.66 2.70,2.85

2.05--2.03 .
c~ -2.68,2.87 4

Figure S8-3: Comparison of the CC2/cc-pVDZ optimized geometry of the Sy (atom-based colors)
and S; states (green) of FFa Aj, Bi, B2 and C. The phenyl rings have been overlapped for all
conformers except FFa C for which it is not possible. In this latter case, the backbones until Phel
are overlapped. Only distances (dash-dot) that vary significantly (|d| > 0.01 A) between the
ground and the excited state (see Table S7.3) are mentioned. In the case of FFa By, the distances
of the NHppe1 hydrogen atom with the Ce'® ©*™ carbon atoms of Phe2 are added.
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247235,

2.00 -- 2.06

Figure S8-4: Comparison of the CC2/cc-pVDZ optimized geometry of the Sp (atom-based colors)
and S; states (green) of QFa A and C. For each conformer, the backbones have been overlapped.

Only distances (dash-dot) that vary significantly (]d| > 0.01 A) between the ground and the
excited state (see Table S7.4) are mentioned.
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Appendix S9: Amide A region frequencies of both the ground (So) and nn* excited (S1) states of
the Fm, GFa, FFa and QFa conformers.

Conformer/State NHphe NHc-term
Fm A Si 3592 3565
Sl 3597 3609
Fm B Sy 3540 3463
So 3587 3467
Fm C Sif 3552 3483
So| 3599 3487
Experiment
Fm A St 3433 3433
So 3433 3460
Fm B Si 3401 3342
So 3433 3346

Table S9-1: CC2/cc-pVDZ amide A region frequencies (cm™) of both the ground (So) and rr*
excited (S1) states of the Fm conformers, together with the available IR experimental ones (cm™).

Conformer/Sta NHcin  NHphe NH> NH> NH» NH>
te sym./C- anti./C-term sym./Chain anti./Chain

term

QFa A Sif 3397 3570 3529 3705 3601 3759
Sol 3399 3582 3521 3700 3603 3761
QFa B Sif 3415 3599 3514 3689 3522 3695
Sof 3458 3593 3517 3688 3567 3722
QFaC Si| 3441 3560 3517 3699 3588 3740
So 3450 3576 3519 3699 3587 3739

Experiment
QFa A So 3285 3409 3365 3519 3442 3562
QFa B So 3322 3445 3366 3512 3406 3527
QFaC So 3336 3440 3367 3514 3426 3557
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Table S9-2: CC2/cc-pVDZ amide A region frequencies (cm™) of both the ground (So) and rr*
excited (S1) states of the QFa conformers, together with the available IR experimental ones (cm-

1).

Conformer/Sta NHgly  NHphe  NHosym  NHoand
te
GFa A S| 3635 3434 3475 3675
1
S| 3642 3452 3480 3675
0
GFa A” S| 3645 3443 3472 3668
1
S| 3647 3448 3474 3670
0
GFa B S| 3643 3559 3538 3709
1
S| 3644 3596 3541 3710
0
GFaB’ S| 3626 3582 3530 3694
1
S| 3626 3603 3529 3695
0
GFa C S| 3572 3569 3546 3695
1
S| 3567 3571 3561 3709
0
Experiment
GFa A S| 3492 3302 3358 3510
1
S| 3494 3320 3355 3519
0
GFa A S| 3495 3322 3353 3517
0
GFa B S| 3494 3445 3391 3521
0
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GFa B’

GFa C

3494 3423 3387 3519

3493 3441 3385 3518

3445 3408 3416 3535

3444 3405 3425 3541

Table S9-3: CC2/cc-pVDZ amide A region frequencies (cm™) of both the ground (So) and rr*
excited (S1) states of the GFa conformers, together with the IR available experimental ones (cm-

1).

Conformer/Sta
te

NHphe1 NHphe2 NH2sym NHoaanti.

FFa A
FFa A
FFa A
FFa B4
FFa B>
FFa B
FFa C

S
S
So
S1
S1
So
Si
So

3540 3587 3545 3711
3576 3562 3547 3713
3581 3596 3549 3714
3509 3552 3483 3681
3487 3537 3489 3683
3520 3556 3489 3683
3595 3467 3458 3681
3607 3541 3488 3692

Experiment

52



FFa A1 Si| 3414 3438 3390 3524
FFa A,  Si| 3446 3414 3390 3524
FFa A So 3447 3438 3391 3524
FFa B So 3412 3430 3357 3514
FFa C So 3445 3418 3382 3518

Table S9-4: CC2/cc-pVDZ amide A region frequencies (cm™) of both the ground (So) and rr*
excited (S1) states of the FFa conformers, together with the IR available experimental ones (cm™).
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Appendix S10: Experimental vs CC2/cc-pVDZ calculated harmonic amide A region frequencies
of both the So and S states of the series of capped peptides and the corresponding mode-dependent
linear (Vexp. = avineo.+ b) scaling functions.

Experimental frequencies (cm")

3600

3550 -
3500 -
3450 .
3400 )
3350 -
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3250

So States: NH, NHyg, and NH,,
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y =0,5532x + 1477,7
R?=0,7398 *
A NH

y =0,8376x + 436,47
R?=0,9426

A A

°
)
b NHZsym.
y =0,7021x + 908,74
R? = 0,8638

3250 3300 3350 3400 3450 3500 3550 3600 3650 3700 3750

Harmonic frequencies CC2/cc-pVDZ (cm)

Figure S10-1: Experimental vs CC2/cc-pVDZ calculated harmonic amide A region frequencies of
the So states of the series of capped peptides and the corresponding mode-dependent linear (Vexp.

= aViheot b) scaling functions.
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Figure S10-2: Experimental vs CC2/cc-pVDZ calculated harmonic amide A region frequencies of
the S states of the series of capped peptides and the corresponding mode-dependent linear (Vexp. =
aVineo.+ b) scaling functions.

S11: DFT-D structures of the ground state of QFa A, B and C

Figure S11: B97-D3 structures of the three most stable forms of QFa, which account for the
conformer-selective IR spectra recorded (shown in Fig. 4). In these three forms the peptide
backbone exhibits a B-turn structure stabilized by C10 H-bond and by a main chain/side chain H-

bond, labelled 7° (see molecule sketch in the insert). The 3 conformers differ by the arrangement
of the Gly side chain relative to the backbone.
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