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are not accounted for by a standard functional like B3LYP.23

The slight variations of the backbone geometry with the tail

orientation (Fig. 2) illustrate the robustness of the structure

with its environment. These variations are however significant

enough to be revealed by NH stretch vibrational spectroscopy.

Comparison with experiment (see SD in Table 1 and Fig. 1c)

suggests that 1b-b is by far the best candidate for A. For B,

competition is more open, and assuming that 1b-b fits A,

B should be assigned to either 1b-a or 1b-c.
This assignment is consistent with the apparently different

chromophore environments between A and B as suggested by

the significant UV shift between the origin bands of the two

conformers (Fig. 1a).

One should notice the challenging character of the 1b
conformations, where the backbone structure results from a

subtle balance between strong H-bonds competing with each

other and possibly influenced by dispersion forces. In this

context, finding structures capable to reproduce the experiment

(with small SD: o14 cm�1) illustrates the potentialities of the

method employed, at a relatively modest calculation cost,

which makes it affordable for larger species.

A careful analysis of the data however also demonstrates its

limits. Discrepancies as large as B20 cm�1 can still be

observed: we assign them to an imperfect account for the

competition between H-bonds mentioned above. In the same

line, one can remark that fine details of the vibrational

structure (Fig. 1b) are not properly reproduced, for instance

the 20 cm�1 spectral shift in the central C10 IR band between

conformers A and B.

Another point concerns the mixed character structures, with

bifurcated C10/C7 H-bonds, which are found to be rather

Table 1 Conformations of Ac-(Ala)4-O-Bzl, as obtained after potential surface exploration (see ESIw) and subsequent energy optimization at the
RI-B97-D/TZVPP level of theory, sorted according to their H-bond network. 0 K enthalpies and 300 K free energy are given in kcal mol�1.
The rms deviations (SD) between exp. and the 3 most red IR NH stretch calculated frequencies are given in cm�1, for both A and B conformers,
together with the maximum discrepancy for these 3 frequencies

Conformation type DH 0 K kcal mol�1 DG 300 K kcal mol�1

A B

Dn rms cm�1 Dn max cm�1 Dn rms cm�1 Dn max cm�1

14-7L-x-10(II0) 1b-a 0.23 0.00 16 25 13 21

1b-b 1.25 1.73 7 9 14 21

1b-c 2.53 1.30 16 20 18 23

14-7L-[7D-10(II0)] 1m1-b 0.00 0.62 23 36 37 56
1m2-b 1.97 3.75 46 78 59 98

14-7L-7D-x 1c-a 1.72 1.88 19 28 31 49
14-7D-[7L-10(II)] 10m-a 1.98 4.42 63 77 63 80

14-[7L-10(II)]-10(I0) 2m-a 0.15 1.18 44 65 30 44
2m-b 0.92 1.39 44 63 30 42

14-7L-x-10(I0) 2b-a 2.67 2.87 73 102 60 82
14-7D-x-10(I) 20c-a 2.07 2.40 27 40 41 61
14-X-10(II0)-10(I) 20b-a 3.01 4.77 37 62 25 42
14-[7D-10(II0)]-10(I) 20m-a 0.95 1.80 40 54 25 33

20m2-b 1.74 3.23 82 102 66 82
20m3-c 2.05 2.20 20 27 19 27

x-7L-7L-7L 3A 2.57 2.25 31 51 34 51
x-7L-7D-7L 3B 3.30 3.70 31 52 44 73

p-7D-7L-7D 4A 0.06 1.95 101 129 113 129
14-7D-7L-7D 4B 1.77 2.45 45 52 58 67
p-7L-7D-7L 40A-a 1.21 2.92 64 94 73 94
p-7L-7D-7L 40A2-b 1.51 3.30 75 85 88 100
14-7L-7D-7L 40B 1.65 2.80 44 57 54 71

p-11-10(I)-7D 5A 0.07 0.83 35 56 43 56
5-11-7D-7L 5B 1.85 1.51 42 63 38 63

x-x-10(I)-10(I) 6 2.90 1.27 98 98 84 113

Fig. 2 RI-B97-D/TZVPP structures of the three relevant conformations

of the Ac-(Ala)4-O-Bzl molecule (Family 1) for the assignment of the

IR/UV spectra. H-bond distances are given in pm. The 0 K enthalpies

(in kcal mol�1 in brackets) are given relative to the lowest energy

conformer (1m1-b, see Table 1).
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stable (1m, 10m, 2m, 20m structures) but nevertheless not

observed experimentally. Limited optimization tests have

been carried out at the RI-MP2/SVP level. It has been

shown that 1m1b is no longer a minimum and converges to

another 1b form, which, in its turn, is not a RI-B97-D

minimum. In spite of the drawbacks of the MP2 method

performed with a so small basis set, this casts some doubts

about the reality of these bifurcated structures as real minima

of the system. It also suggests that the position of the

benzyl tail may not be properly described in detail at the

RI-B97-D level.

Finally, we have to raise the question of the accuracy of the

calculated energetics. One has to notice that, apart from the 1b
family, several rather stable minima with structures not

compatible with the observation are also found on the surface

(1m1-b, 2m-a, 20m-a, 4A, 5A). Owing to their 0 K stability,

one would expect to observe them, which suggests that the

RI-B97-D relative error on energetics might be on the order of

2 kcal mol�1 in such a system. One has, however, to consider

the specific experimental conditions involving both laser

desorption coupled with a supersonic expansion, in which

the final population might be more properly described from

high temperature free energies rather than 0 K enthalpies,

because of the fast tempering caused by the expansion as

suggested by a few reports.24,25 In this respect, Table 1 shows

that most of these stable forms become much less favored at

room temperature leading to a complete conformational

reordering. This thermal effect is mainly due to the density

of accessible vibrational modes at a finite temperature,

which disfavours the rigid species to the benefit of the

loose conformations, which have a greater density of low

frequency modes.

In this respect the entropy effect disfavours locked systems

(for instance: 4 H-bond conformations or 1b-b, with its tail

embedded in the backbone fold) to the benefit of more floppy

systems (the loose 310 helix, 6, with only two H-bonds; 1b-c
with its loose tail).

A combination of these two effects (energetics inaccuracy

and entropy effect) could be responsible for the absence in the

expansion of stable forms according to 0 K calculations.

Obviously these b-hairpin model peptide systems, with a

large content of dispersive interactions and a folding pattern

characterized by a tight network of competitive H-bonds, turn

out to be very stringent tests for the new and efficient quantum

chemistry methods currently being developed. The qualitative

energetics obtained with the presently used RI-B97-D method

together with the quantitative agreement on vibrational

spectroscopy nevertheless suggests it should greatly help

experimentalists to tackle the folding of larger peptide species

under isolated conditions.
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