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ABSTRACT 

Herein, we have investigated the effect of microhydration on the secondary structure of a 

capped dipeptide Boc-DPro-Gly-NHBn-OMe (Boc= tert-butyloxycarbonyl, Bn = Benzyl), i.e., 

PG with a single H2O molecule using gas-phase laser spectroscopy combined with quantum 

chemistry calculations. Observation of a single conformer of the monohydrated peptide has 

been confirmed from IR-UV hole-burning spectroscopy. Both gas-phase experimental and 

theoretical IR spectroscopy results confirm that the H2O molecule is inserted selectively into 

the relatively weak C7 hydrogen bond (-turn) between the Pro C=O and NHBn N-H groups 

of the peptide, while the other C7 hydrogen bond (-turn) between the Gly N-H and Boc C=O 

groups remains unaffected. Hence, the single H2O molecule in the PG···(H2O)1 complex 

significantly distorts the peptide backbone without appreciable modification of the overall 

secondary structural motif (-) of the isolated PG monomer. The nature and strength of the 

intra- and inter-molecular hydrogen bonds present in the assigned conformer of the 

PG···(H2O)1 complex has also been examined by natural bond orbital (NBO) and non-covalent 

interaction (NCI) analyses. The present investigation on the monohydrated peptide 

demonstrates that several H2O molecules may be required for switching the secondary structure 

of PG from the double -turn to a -turn that is favorable in the condensed phase. 
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I. INTRODUCTION 

Secondary structures of peptides contribute significantly to the specific three-dimensional 

structures of proteins.1-3 The three most common secondary structures of peptides are -helix, 

-sheet, and turns, which are formed due to intramolecular hydrogen bonding interactions 

between the NH and C=O groups of the backbone of peptides.4-7 Turns are of different types, 

such as, , , and  depending on 13 (C13), 10 (C10), and 7 (C7) membered hydrogen-bonded 

ring formation at the backbone involving i → i + 4, i → i + 3, and i → i + 2 residues, 

respectively, as shown in scheme 1.8-10 A particular turn structure at a required location of the  

peptide backbone also depends on the presence of specific amino acid residues and their 

sequence. Gly and Pro being the most flexible and rigid amino acid residues, respectively, are 

abundant in the loop regions of the -hairpin structures of proteins.11, 12 Nevertheless, the Pro-

Gly sequence is more prominent than the Gly-Pro in terms of the -turn formation, which is a 

mandatory requirement for the loop.13-15 On the contrary, the Gly-Pro sequence is more prone 

to forming an extended polyproline (PP)-II structure.13, 15 

The secondary structures of the peptides, governed by local interactions, can be studied at the 

smaller peptide levels i.e., dipeptides, tripeptides, etc., by protecting both the -N and -C 

terminals, which can mimic further higher-order peptides.16 Gas phase laser spectroscopic 

studies can explore the intrinsic structures of several low-energy conformations of isolated 

peptides.17-32 Alternatively, in the solution phase studies, one can obtain information on either 

the most stable conformation or an average structure over several conformations.  On the other 

hand, the study of microhydrated peptides can reveal the influence of a limited and controlled 

number of water molecules on the conformational preferences of model peptidic sequences, in 

comparison to the intrinsic preferences of the same models fully isolated in the gas phase, free 

of any environmental perturbation. These data can bridge the spectroscopic results or 

information obtained from the isolated gas phase and solution phase studies of the peptides, 
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and render evidence of the potential role of structural water molecules in direct, specific, and 

local interactions with peptides and specifically affecting their structure, and hence their 

functioning, in a bulk aqueous environment. 

There are numerous reports on gas-phase studies of microsolvation of small molecules, starting 

from rigid systems such as benzene or phenol to flexible ones like neurotransmitters, amino 

acids (capped and uncapped), sugars, etc.33-43 However, similar gas phase microhydration 

studies on peptides are scarce in the literature, although a significant number of reports 

exploring the spectral signatures of low-energy conformers of isolated small peptides are 

present there. It has been demonstrated from gas-phase spectroscopy that five CH3OH 

molecules are required to obtain the zwitterionic solution-phase structure of an amino acid 

tryptophan from its gas-phase neutral structure.38 In the case of a capped phenylalanine 

(CH3CO-Phe-NH2), it has been found that a single water molecule can induce the folding of a 

-strand into a -turn structure in the gas phase.41  

Despite the potential of the microsolvated gas-phase spectroscopy to reveal the structures of 

both unprotected and protected amino acids with a controlled number of solvent molecules, 

microsolvation studies of only three peptides i.e., Ac-Val-Tyr(Me)-NHMe‧‧‧(H2O)1, Z-Aib-

Pro-NHMe‧‧‧(CH3OH)1-2 [Z = benzyloxycarbonyl], and cyclo[L-Tyr(Me)-D-Pro]2‧‧‧(H2O)1 are 

so far reported in the literature.44-46 Of course, the scanty nature of the microsolvated gas phase 

studies of the peptides in the literature is due to the challenging task of achieving sufficient 

cooling in the jet expansion in the presence of laser desorption to vaporize peptides. The most 

intriguing observation from these meager microsolvated studies of the peptides is the 

complexation of the capped dipeptide Z-Aib-Pro-NHMe with the sequential addition of 

CH3OH molecules. The isolated dipeptide, as well as its complex with one CH3OH, i.e., Z-

Aib-Pro-NHMe‧‧‧(CH3OH)1, opts for a -turn structure, while the addition of only two CH3OH 
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molecules can switch the  to the -turn conformation of the peptide in the gas phase, which is 

the preferred structure in the condensed phase.45 

In this work, we have investigated the effect of a single H2O molecule on the conformational 

preference of a capped dipeptide Boc-DPro-Gly-NHBn-OMe (PG) in the gas phase using 

resonant 2-photon ionization (R2PI) and IR-UV double resonance spectroscopy combined with 

quantum chemistry calculations. It has been reported that the PG peptide in the gas phase 

exhibits a double -turn conformation, while the preferred conformation of the peptide in the 

solution phase is the -turn.21 The present work aims to determine whether the first H2O 

molecule can change the isolated gas phase secondary structure of  PG to a structure similar to 

the solution phase or simply distort the peptide's backbone without significantly modifying the 

secondary structure. 

II. METHODS 

A. Experimental 

The peptide PG was synthesized by following a procedure that is known in the literature47 and 

also described in the spectroscopic studies of the PG monomer reported earlier.21 The 

Scheme 1. A schematic diagram showing different types of turns in a polypeptide 

backbone. i, i+1, i+2, i+3, and i+4 represent the peptide residue numbers. 
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experimental results reported in this work rely on mass-resolved, conformer-selective IR-UV 

double resonance spectroscopy of supersonically cooled laser-desorbed non-volatile species, 

as already described elsewhere.43 The experimental approach is well-established and has been 

extensively used to obtain conformer-selective and mass-resolved vibrational spectra of non-

volatile compounds and clusters in the gas phase, including biomolecules32,48 

Briefly, it consists of a time-of-flight mass spectrometer (Jordan TOF Products, Inc.) coupled 

to a pulsed supersonic expansion seeded by the molecules under study, that are vaporized upon 

laser desorption. The laser desorption samples were prepared by dissolving PG in ethanol at a 

concentration of 5 mg/mL and spraying this solution with an aerograph on the surface of a solid 

graphite bar to create a thin uniform layer of the molecules of interest, using the method 

described before.43 The graphite bar was subsequently placed inside the vacuum chamber next 

to the nozzle of a 500 m pulsed supersonic valve (Jordan PSV, 10 Hz, 5 bars of Neon). The 

deposited molecules were desorbed by focusing the Nd:YAG laser (1064 nm, Minilite 

Continuum, 10Hz, 500 J/pulse) onto the surface of the sample. The evaporated molecules 

were coupled to the supersonic expansion, where they were cooled down, and the hydrated 

complexes were stabilized by the collisions with the buffer gas. To produce the hydrated 

complexes, room temperature vapor pressure of water (either H2O or D2O) was seeded with 

the carrier gas upstream of the jet nozzle. Since the laser desorption sample is located in the 

vacuum, the molecules under study are not exposed to the water isotopomers before they are 

evaporated and incorporated inside the supersonic expansion, downstream of the jet. This 

prevents H/D exchange between heavy water and the desorbed molecules, and avoids 

distributing the isotopes over all labile protons of the system.43  

The molecules and complexes of interest were entrained towards the ionization region of a 

linear TOF mass spectrometer through a 3 mm skimmer in the differentially pumped detection 

chamber, where they interacted with the UV and IR lasers. The electronic spectra of the 
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complexes were observed by applying a 2-color Resonantly Enhanced Multiphoton Ionization 

2c-REMPI 1+1’ scheme (2c-R2PI). A first tunable UV laser (355 nm pumped dye laser, 

PDL3000, Lambda Physics, Coumarin 540A, 500 J/pulse, 265-285 nm, frequency double 

with a BBO crystal) was used to excite the S0-S1 vibronic transitions, and ionization from the 

S1 state was achieved by a second ionization laser (532 nm pumped OPO, Continuum Horizon, 

330 nm, 20 mJ/pulse). To perform resonant ion-dip infrared spectroscopy (RIDIRS) or IR-UV 

hole-burning spectroscopy32,  IR radiation was obtained from the idler of a tunable OPO/OPA 

system (LaserVision, 5 mJ/pulse, 2.5 – 4 m). In the case of the RIDIRS, the IR laser is scanned 

in the desired wavelength region by keeping the UV laser wavelength fixed, while the opposite 

scheme is used for the IR-UV hole-burning spectroscopy, i.e., the UV laser is scanned while 

fixing the IR laser wavelength.  

 

B. Computational 

Structures of the observed conformer of PG···(H2O)1 are determined through exhaustive 

conformational sampling using the Molclus program49 based on molecular dynamics, followed 

by quantum chemistry calculations employing the Gaussian 09 suite of programs.50 It has been 

reported in the literature that the distribution of the monohydrated conformations of the 

peptides is governed by the distribution of the initial monomer conformations.41 The 

experimentally observed conformers of the PG monomer in the gas phase reported earlier are 

PG-C7D-C7L-g+-c and PG-C7D-C7L-g+-t.21 Figure 1a depicts a chemical structure of PG 

representing the C7D-C7L backbone of the two conformers, while the ball and stick structure 

of the most stable conformer of the PG monomer optimized at the M06-2X/6-311++G(d,p) 

level of theory is presented in Figure 1c. Atom numbering and labeling of the Ramachandran 

angles (1, 1, 2, and 2), including other relevant dihedral angles defining the conformational 

landscape of the PG monomer, are also provided in Figure 1a. Both the observed conformers 
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of PG have C7D-C7L backbone where the first C7 hydrogen bond is between the C=O group of 

Boc and N-H group of Gly while the C=O group of Pro and benzyl (Bn) N-H form the 2nd C7 

hydrogen bond. Here, C7D is due to +1, -1 backbone orientation while the opposite one, i.e., 

-1, +1 orientation, is termed C7L.17 The 2 dihedral angles of +60, -60, and 180 due to the 

rotation of the benzyl group along the N20-C22 bond generate g+, g- (gauche), and a (anti) 

conformers, respectively. c and t  notations denote the cis and trans orientations of the OMe 

group of the benzyl moiety with the 4 dihedral angles of 0 and 180, respectively. The 3 and 

1 dihedral angles denote the rotation of the phenyl and OBut groups along the C22-C23 and O5-

C6 bonds, respectively. Figure 1b shows a chemical structure of another class of a probable 

low-energy conformer of the PG monomer with C10 backbone, i.e., PG-F-C10-g--c, which was 

not observed in the gas phase.21 The C10 hydrogen bond in PG-F-C10 is present between the 

C=O group of Boc and benzyl (Bn) N-H group while the Gly N-H is free, and hence, it is 

denoted as F.  

First, we generated about 1000 conformers of PG···(H2O)1 each with the PG-C7D-C7L-g+-c, 

PG-C7D-C7L-g+-t, and PG-F-C10-g--c conformers of the peptide monomer using the Molclus 

program. A total of 3000 conformers of PG···(H2O)1 were optimized initially at the HF/6-

31G(d) level. Afterward, all the conformers, optimized at the HF/6-31G(d) level, were grouped 

based on the similarity in the energies within the 0.1 kJ/mol window as well as their structures, 

and vibrational frequencies. This clustering process reduced the number of conformers to 200, 

which were further optimized at the M05-2X/6-31+G(d) level. Then, the M05-2X level 

optimized structures were checked for redundancy, i.e., structural similarity and energies 

within the 0.3 kJ/mol window. Finally, 37 conformers with an energy cut-off of 20 kJ/mol were 

optimized at the M06-2X/6-311++G(d,p) and B3LYP-D3/def2-TZVPP levels of theory 

followed by their vibrational frequency calculations at the same levels. The lack of any 

imaginary frequency ensured that all the optimized structures were energy minima only. Final 

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

02
43

13
1



9 
 

optimized structures were checked for any redundancy. Energies of the conformers were 

corrected for zero-point energies (ZPE), basis set superposition error (BSSE)51, and thermal 

energies. Special attention was also provided to verify that Molclus could generate conformers 

encompassing the binding of H2O to all probable hydrogen bonding sites of PG. Furthermore, 

the energies of a few conformers (up to 8 kJ/mol) optimized at the M06-2X/6-311++G(d,p) 

and B3LYP-D3/def2-TZVPP levels were refined by single point (SP) energy calculation at the 

MP2 level. Intra- and inter-molecular hydrogen bonding interactions present in the observed 

conformers of PG···(H2O)1 were examined using natural bond orbital (NBO) and noncovalent 

interaction (NCI) analyses.52-55 

 

III. RESULTS AND DISCUSSION 

A. Computational conformational landscape of PG···(H2O)1 

Figure 2a displays an energy level diagram of a few low-energy conformers of PG···(H2O)1 

optimized at the M06-2X/6-311++G(d,p) level. ZPE and  BSSE  corrected relative Gibbs free  

Figure 1. Chemical structures of the PG monomer with (a) C7D-C7L and (b) F-C10 

backbones. Atom numbering and marking of important dihedral angles of the peptide are 

shown in Figure 1a. (c) Ball and stick structure of the most stable conformer of the PG 

monomer optimized at the M06-2X/6-311++G(d,p) level of theory. 
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Figure 2. (a) Energy landscape of a few low-energy conformers of the PG···(H2O)1 

complex calculated at the M06-2X/6-311++G(d,p) level of theory. Grel stands for ZPE and 

BSSE corrected relative Gibbs free energies of the conformers at 300 K with respect to that 

of the most stable conformer. The naming of the conformers and classification of them into 

six categories are described in the text. (b) One representative structure under each of the 

six categories optimized at the M06-2X/6-311++G(d,p) level of theory. SPMP2 denotes the 

BSSE corrected MP2 single point energy at 0 K calculated at the MP2/6-

311++G(d,p)//M06-2X/6-311++G(d,p) level.  
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energies  (Grel) of the conformers up to 10 kJ/mol at 300 K with respect to the Gibbs energy 

of the global minimum conformer are shown in the figure. The conformers of PG···(H2O)1 are 

classified into six major categories in terms of the binding of H2O as insertion, bridging, and 

free sites of solvation of the PG-C7-C7 and PG-F-C10 backbone arrangements of the monomer. 

One representative structure corresponding to each of the six categories optimized at the M06-

2X/6-311++G(d,p) level is provided in Figure 2b, while a complete list of all the structures 

with Grel up to10 kJ/mol is presented in Figure S1. The numbering of the conformers was 

done in terms of their energetics at the M06-2X/6-311++G(d,p) level, with the global minimum 

conformer as number 1. The same numbering of the conformers was maintained at other levels 

of calculations, irrespective of their energetic order at those levels.  

The category C7D-C7L-W(INHBn) indicates that the H2O molecule is inserted into the C7 

hydrogen bond between the NHBn and Pro C=O groups of the peptide backbone. Insertion of 

the H2O molecule into the other C7 hydrogen bond between the Gly NH and Boc C=O groups 

of the peptide backbone is termed C7D-C7L-W(IGlyNH). In the case of C7D-C7L-W(BCO), the 

two C7 hydrogen bonds of the peptide backbone remain unaffected, but the H2O molecule 

bridges the Gly C=O and Boc C=O groups and forms an additional 12-membered hydrogen 

bonded ring (C12). C7D-C7L-W(S) category is about the solvation of the peptide through 

binding of the H2O molecule at one of the free sites such as Gly CO and Boc CO, termed further 

W(SGlyCO), and W(SBocCO), respectively. In the case of the C10 backbone of PG, the category 

F-C10-W(INHBn) designates that the H2O molecule is inserted into the C10 hydrogen bond 

between the NHBn and Boc C=O groups of the peptide backbone. The category F-C10-W(S) 

specifies that the H2O molecule is solvated at the free sites, including Gly CO, Pro CO, Gly 

NH, and OBut, termed further W(SGlyCO), W(SProCO), W(SGlyNH), and W(SOBut), respectively. It 

can be noticed from Figure 2 that the M06-2X/6-311++G(d,p) level predicts C7D-C7L-W(BCO)-

1-g+-t, i.e., the bridge conformer as the global minimum although the MP2/6-
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311++G(d,p)//M06-2X/6-311++G(d,p) single point energy calculation shows that PG-C7D-

C7L-W(INHBn)-4-g+-t, i.e., the insertion structure is the most stable conformer. 

 

B. Electronic spectroscopy of PG···(H2O)1 

Mass-selected electronic spectrum of PG···(H2O)1 measured by the 2c-R2PI technique is 

displayed in Figure 3b.  The electronic spectrum of the PG monomer, which was reported 

earlier in the literature21, is reproduced in Figure 3a only to have a comparison with its 

monohydrated spectrum. Two conformers of the PG monomer A and B, with their electronic 

origin bands for the S1S0 excitation at 35416 and 35442 cm-1, respectively, are reported in 

the literature. The lowest energy transition, i.e., the electronic band origin of the PG···(H2O)1 

complex observed at 35330 cm-1, is red-shifted by 86 cm-1 with reference to that of the 

conformer A of the PG monomer.  
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The red shift in the electronic origin band of the complex indicates that the stability of the 

complex with respect to the monomer in the S1 state is more than that in the S0 state. The 

electronic spectrum of the PG monomer is very much congested with low-frequency 

intramolecular vibrations due to the libration/torsional motion of the flexible Boc and NH-Bn-

OMe groups as well as the intramolecular hydrogen bonds present there (Figure 3a). These 

low-frequency intramolecular vibrations are also present in the electronic spectrum of the 

PG···(H2O)1 complex. However, additional intermolecular vibrations in the complex due to 

hydrogen bonding between PG and H2O appear at frequencies similar to some of the 

intramolecular vibrations present in the PG monomer, and there is a coupling between these 

intra and intermolecular vibrations. Hence, it is not straightforward to assign the bands in the 

electronic spectrum (Figure 3b) of the complex arising from the intermolecular vibrations 

involving H2O. Nevertheless, observation of a single conformer of the complex is determined 

from IR-UV hole-burning spectra presented in Figure S2. Thus, the vibronic bands observed 

in the electronic spectrum of PG···(H2O)1 are tentatively assigned as the Franck-Condon 

progressions of two low-frequency modes  (19 cm-1) and  (21 cm-1) of the conformer. 

 

 

 

Figure 3. Electronic spectra measured in the mass channels of the (a) PG monomer21 and 

(b) PG···(H2O)1 complex using the 1c-R2PI and 2c-R2PI techniques, respectively. Low-

frequency vibrations (in cm-1) of the two conformers (A and B) of PG and a single conformer 

of the complex are marked with each of the vibronic bands. In the case of PG···(H2O)1, the 

low-frequency vibrations are tentatively assigned as progressions of two modes  and . 

The presence of a single conformer of the complex is determined from IR-UV hole-burning 

spectra presented in Figure S2. The electronic origin band, marked with an asterisk in Figure 

3b, was probed using RIDIR spectroscopy. 
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C. IR spectroscopy of PG···(H2O)1 complex 

Figure 4a presents the IR spectrum of PG···(H2O)1 measured in the N-H and O-H stretching 

regions by probing its electronic origin band (35330 cm-1), marked with an asterisk in Figure 

3b, employing RIDIR spectroscopy. Theoretical scaled IR spectra of a few low-energy 

conformers of PG···(H2O)1, with Grel up to 4 kJ/mol, calculated at the M06-2X/6-

311++G(d,p) level are provided in Figure 4b-f as stick diagrams. The calculated harmonic NH 

frequencies of different conformers of PG···(H2O)1 were corrected using a scaling factor of 

0.949 derived from the ratio of the experimental N-H stretching frequency of Z-Gly-OH 

reported in the literature26 to the corresponding harmonic N-H frequency of Z-Gly-OH 

obtained from the M06-2X/6-311++G(d,p) level of calculation. The calculated OH frequencies 

of PG···(H2O)1 were scaled using a factor of 0.939 obtained from the ratio of the experimental  
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antisymmetric OH stretching frequency of free H2O in the gas phase to the corresponding OH 

frequency of H2O calculated at the M06-2X/6-311++G(d,p) level of theory.35  

A comparison of the theoretical IR spectra of the low-energy conformers of PG···(H2O)1 with 

the experimental IR spectrum of the complex provided in Figure 4 demonstrates that the 

theoretical IR spectra of the two isoenergetic conformers C7D-C7L-W(INHBn)-4-g+-t and C7D-

C7L-W(INHBn)-5-g+-c presented in Figure 4b and c, respectively, are the best matches with the 

experimental IR spectrum exhibited in Figure 4a. A comparison with the theoretical IR spectra 

of further higher energy conformers of PG···(H2O)1 calculated at the M06-2X/6-311++G(d,p) 

level, is provided in Figure S3. It is clear from the comparison that the global minimum 

conformer PG-C7D-C7L-W(BCO)-1-g+-t obtained from the M06-2X/6-311++G(d,p) level 

calculation is not the observed structure (Figure 4d), rather the conformer C7D-C7L-W(INHBn)-

4-g+-t or C7D-C7L-W(INHBn)-5-g+-c higher in energy by ~ 3.5 kJ/mol is the observed one in the 

experiment (Figure 4b-c). Obviously, the bridge conformer C7D-C7L-W(BCO)-1-g+-t with both 

the hydrogens of the H2O molecule hydrogen bonded with the two C=O groups cannot be the 

observed structure as the experimental IR spectrum shows a free O-H stretching band at 3709 

cm-1.  Hence, the structure of the single conformer of PG···(H2O)1 observed in the experiment 

is the one with the H2O molecule inserted into the C7 hydrogen bond between the C=O group 

of Pro and NH group of NHBn of PG, while the other C7 hydrogen bond between the Gly N-

H and Boc C=O group remains intact.  

Figure 4. (a) IR spectrum of the PG···(H2O)1 complex in the N-H and O-H stretching 

regions measured by RIDIR spectroscopy. (b-f) Theoretical scaled IR stick spectra of 

a few low-energy conformers of PG···(H2O)1 up to Grel = 4 kJ/mol, calculated at the 

M06-2X/6-311++G(d,p) level of theory. MP2 single point energies (SPMP2) of the 

conformers calculated at the MP2/6-311++G(d,p)//M06-2X/6-311++G(d,p) level are 

also provided with the stick spectra. The theoretical harmonic N-H and O-H stretching 

frequencies of all the conformers are scaled with scaling factors of 0.949 and 0.939, 

respectively (see the text). The assigned structure of PG···(H2O)1 is provided with the 

experimental IR spectrum. OH_as and OH_s denote antisymmetric and symmetric 

stretching vibrations of H2O, respectively. 
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The reason behind the observed structure not being the global minimum could be due to the 

limitation of the M06-2X functional in predicting accurately the relative stability of the 

monohydrated conformers of PG as the energy difference (ca. 3.5 kJ/mol) between the 

conformers 1 and 4 is within the computational error. A similar type of assignment of the 

experimental IR spectrum by the theoretical IR spectrum of a conformer higher in energy than 

the global minimum was reported recently for N-Acetyl-phenylalanine-amide NAPA···(H2O)1  

and Aspartame···(H2O)2 complexes.41, 56 Interestingly, MP2/6-311++G(d,p)//M06-2X/6-

311++G(d,p) single-point energy calculations of the low-energy conformers of  PG···(H2O)1 

show that the insertion structure C7D-C7L-W(INHBn)-4-g+-t is indeed the global minimum 

(Figure 4b). A comparison of the energetics of a few low-energy conformers of  PG···(H2O)1 

calculated at the MP2/6-311++G(d,p)//M06-2X/6-311++G(d,p) single-point at 0 K and M06-

2X/6-311++G(d,p) levels at both 0 K and 300 K is provided in Table S1. It can be further 

noticed from Table S1 as well as Figure 4 that C7D-C7L-W(INHB/n)-4-g+-t is more stable than 

its cis counterpart C7D-C7L-W(INHBn)-5-g+-c and the bridge conformer C7D-C7L-W(BCO)-1-g+-

t by 3.92 and 7.56 kJ/mol, respectively, at the MP2 single point level of calculation. Hence, the 

structure C7D-C7L-W(INHBn)-4-g+-t, which is assigned as the observed conformer of 

PG···(H2O)1, is provided with the observed IR spectrum in Figure 4. 

Furthermore, DFT calculations performed at the B3LYP-D3/def2-TZVPP level also predict 

the insertion structure C7D-C7L-W(INHBn)-5-g+-c as the most stable conformer, while both C7D-

C7L-W(INHBn)-4-g+-t  and C7D-C7L-W(BCO)-1-g+-t are higher in energy only by ~ 0.5 kJ/mol 

compared to the global minimum (Figure S4 and Table S1). The energy landscape and 

optimized structures of a few low-energy conformers of PG(H2O)1 obtained from the 

B3LYP-D3/def2-TZVPP level calculations are provided in Figures S4 and S5, respectively. It 

is intriguing to note that the assigned conformer C7D-C7L-W(INHBn)-4-g+-t is found to be the 

most stable conformer also at the MP2/def2-TZVPP//B3LYP-D3/def2-TZVPP single point 
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level of calculation (Table S1). A comparison of the theoretical IR spectra of the low-energy 

conformers calculated at the B3LYP-D3/def2-TZVPP level with the experimental IR spectrum 

of the complex is depicted in Figure S6. Undoubtedly, the theoretical IR spectrum of only the 

assigned insertion conformer, i.e., C7D-C7L-W(INHBn)-4-g+-t or C7D-C7L-W(INHBn)-5-g+-c has 

a reasonable matching with the experimental IR spectrum. However, the agreement between 

the experimental IR spectrum of PG···(H2O)1 and the theoretical IR spectrum of the assigned 

structure is much better at the M06-2X/6-311++G(d,p) level (Figure 4) than that at the B3LYP-

D3/def2-TZVPP level. It seems that the assigned structure obtained from the M06-2X level is 

close to the observed one, although the energetics of the conformers provided by this level are 

not satisfactory. The variations of relative energies between one level of theory to another 

illustrate that the conformational landscape of PG···(H2O)1 is relatively complex, and the 

relative depth of the minima is quite sensitive to alterations of the model used to describe them. 

This reinforces using the observed spectrum as the most robust criterion to evaluate the 

observed conformation and structure.  

Finally, the vibrational bands in the experimental IR spectrum of PG···(H2O)1 exhibited in 

Figure 4a are assigned by comparing those with the theoretical IR spectrum of the assigned 

conformer at the M06-2X/6-311++G(d,p) level presented in Figure 4b. The observed IR band 

at 3709 cm-1 arises due to the antisymmetric stretching frequency of the free dangling O-H 

group of H2O. The antisymmetric and symmetric O-H stretching frequencies of free H2O from 

gas-phase IR spectroscopy were reported at 3756 and 3658 cm-1, respectively.35 A small 

amount of red-shift of 47 cm-1 in the stretching frequency of the dangling O-H of H2O in 

PG···(H2O)1 is due to the formation of a strong bridging hydrogen bond by H2O with the N-H 

and C=O groups of the backbone. Biswal et al. observed the stretching frequency of the free 

dangling O-H group of H2O in the monohydrated complex of N-Acetyl-phenylalanine-amide 

(NAPA) at 3721 cm-1.41  
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The 3328 cm-1 band in the IR spectrum provided in Figure 4a is assigned to the N-H stretching 

frequency of the Gly residue, which is C7 hydrogen-bonded with the Boc C=O group.  On the 

other hand, the assignment of the two close-lying bands at 3382 and 3403 cm-1 is not 

straightforward from the calculations due to a strong coupling between these two frequencies. 

However, we have assigned the band at 3382 cm-1 to the symmetric O-H stretching vibration 

of H2O hydrogen-bonded with the Pro C=O group and the 3403 cm-1 band to the N-H stretching 

vibration of the NHBn group hydrogen-bonded with H2O by identifying the difference in the 

amplitude of the vibration of these two modes at a particular frequency. 

Figure 5. A comparison between the IR spectra of (a) PG···(H2O)1 and (c) PG···(D2O)1 

measured by RIDIR spectroscopy. (b and d) Theoretical scaled IR stick spectra of the 

assigned conformers of the PG···(H2O)1 and PG···(D2O)1 complexes, respectively, 

calculated at the M06-2X/6-311++G(d,p) level of theory. Grel values of the three 

complexes are provided with the stick diagrams. Intensity of the C-H stretching vibrations 

in the 2850-3100 cm-1 region of the theoretical scaled IR stick spectra presented in Figure 

5d is multiplied by 3. 
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To further confirm the assignments of the IR bands of the observed single conformer of 

PG···(H2O)1, mass-selected IR spectrum of 1:1 complexes of PG with D2O has been measured 

using RIDIR spectroscopy. The time of flight mass spectrum of PG with D2O recorded at 35330 

cm-1 has been provided in Figure S7. Expectedly, the electronic spectra of PG···(D2O)1  

measured, using 2c-R2PI spectroscopy, is similar to that of PG···(H2O)1, and those two spectra 

are presented together in Figure S8. Mass-selected IR spectrum of PG···(D2O)1 measured by 

probing its electronic band origin is depicted in Figure 5c. The experimental IR spectrum of 

PG···(H2O)1 and the theoretical IR spectrum of the assigned structure are reproduced in Figure 

5a and b, respectively, to have a comparison with the IR spectrum of the deuterated complex. 

Theoretical scaled IR spectrum of the same assigned conformer of PG···(H2O)1 by replacing 

H2O with D2O calculated at the M06-2X/6-311++G(d,p) level is shown in Figure 5d. A scaling 

factor of 0.951, which has been used to scale the harmonic O-D stretching frequency of D2O 

at the M06-2X/6-311++G(d,p) level, is derived from the gas phase experimental O-D 

stretching frequencies of D2O reported in the literature.35 A comparison of the experimental IR 

spectra of PG···(D2O)1 with the theoretical IR spectra of their few low-energy conformers 

calculated at the M06-2X/6-311++G(d,p) level are also provided in Figures S9.  

A comparison between the experimental IR spectra of PG···(H2O)1 and  PG···(D2O)1 presented 

in Figure 5 reveals unambiguously and irrespective of comparison with calculations that the IR 

band at 3382 cm-1 in PG···(H2O)1 is due to the hydrogen-bonded O-H group of H2O as this 

band is moved to 2495 cm-1 position in the PG···(D2O)1 spectrum. In contrast, the 3328 and 

3403 cm-1 bands assigned to the hydrogen-bonded Gly N-H and NHBn N-H groups, 

respectively, remain almost intact in the deuterated complexes of PG. The free O-H band of 

H2O is also missing in the PG···(D2O)1 spectrum, while the free O-D stretching frequency is 

observed at 2762 cm-1. The bands observed in the 2800-3100 cm-1 region in the IR spectrum of 
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PG…(D2O)1 are due to C-H stretching vibrations. The calculated harmonic C-H stretching 

vibrations are scaled using the same scaling factor of 0.943 that has been used to scale the 

harmonic N-H frequency at the M06-2X/6-311++G(d,p) level. Theoretical scaled C-H 

stretching vibrations of very weak intensity in PG…(D2O)1 are exhibited in the IR stick spectra 

shown in Figure 5d. A clear observation of only two IR bands due to the O-H stretching 

vibrations also confirms that there is no influence of fragmentation of higher order water 

clusters of PG into the PG···(H2O)1 mass channel probed in the experiment. Similar IR spectra 

were also obtained by probing multiple bands in the electronic spectrum of PG···(H2O)1. 

It should be noted here that the frequencies of the C7 hydrogen-bonded backbone N-H 

stretching vibrations of the peptides generally appear in the 3310-3420 cm-1 range. In the case 

of PG···(H2O)1, the C7 hydrogen-bonded N-H stretching frequencies of Gly and NHBn are 

observed at 3328 and 3403 cm-1, respectively, while those two corresponding frequencies for 

PG were reported at 3346 and 3391 cm-1, respectively. The hydrogen-bonded (O-H···O) 

symmetric O-H stretching frequency (3382 cm-1) of  H2O in PG···(H2O)1 is red-shifted by 276 

cm-1 with respect to its free symmetric O-H stretching vibration (3658 cm-1). 

 

D. Analysis of the assigned structure of PG···(H2O)1 

The single H2O molecule is inserted selectively into one of the C7 hydrogen bonds of the PG 

monomer, keeping the secondary structure similar to that of the monomer. A few selected 

geometrical specifications, including the Ramachandran angles and hydrogen bond parameters 

of the assigned structures of the PG monomer21, i.e., C7D-C7L-g+-c and C7D-C7L-g+-t as well 

as PG···(H2O)1, i.e., C7D-C7L-W(INHBn)-4-g+-t calculated at the M06-2X/6-311++G(d,p) level, 

are listed in Table 1. Chemical structures of the observed conformer of PG···(H2O)1 with atom 

numbering and marking of Ramachandran angles and other relevant dihedral angles are 

provided in Figure 6, while the same for the PG monomer is already depicted in Figure 1a. The 

hydrogen bond parameters presented in Table 1 indeed reveal that H2O breaks the C7 hydrogen 
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bond between the Pro C=O and NHBn N-H groups, which is relatively weaker than the other 

C7 hydrogen bond present in PG. NBO analysis of the hydrogen bonds present in the PG 

monomer and PG···(H2O)1 provided in Figure S10 also indicates that the C7 hydrogen bond 

involving the NHBn group is weaker than that with the Gly N-H. The NCI plots for the 

hydrogen bond interactions present in the PG monomer and its monohydrated complex 

presented in Figure S11 further validate this finding. 

A comparison of the backbone Ramachandran angles of the PG monomer and PG···(H2O)1 

exhibited in Table 1 indicates that the secondary structure motif of the PG backbone after 

complexation with H2O remains almost similar except the 2 dihedral angle, which is changed 

from 73.5 to 124.5. The 2 dihedral angle is related to the NH group of NHBn, which has to 

accommodate the H2O molecule to form a bridge hydrogen bond with the Pro C=O group in 

PG···(H2O)1. Typical ,  angles for the C7D (D) structure of peptides are 75 and -65, 

respectively,  while the those for the C7L (L) structure are -75 and 65, respectively. Hence, 

the single H2O molecule in PG···(H2O)1 significantly distorts the peptide backbone, but the 

Figure 6. Chemical structure of PG···(H2O)1 displaying the secondary structure and 

showing atom numbering as well as important dihedral angles. 
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overall secondary structural motif of the PG monomer remains similar. Essentially, the H2O 

molecule substantially opens up the C7 hydrogen bond between the NHBn N-H and Pro C=O 

and fits itself there through double hydrogen bonding interactions.  

 

 

 

Geometrical 

parameters 

PG monomer  PG∙∙∙(H2O)1 

PG-C7D-C7L-

g+-c 
PG-C7D-C7L-g+-t 

 PG-C7D-C7L-W(INHBn)-4-

g+-t 

 () 
85.3 85.3 

 
83.3 

 () 
-65.0 -70.5 

 
-72.6 

 () 
-80.3 -81.3 

 
-85.3 

 () 
73.6 67.2 

 
122.0 

      () 
173.9 172.8 

 
169.3 

      () 
83.2 73.5 

 
67.5 

    () 
99.2 76.2 

 
67.3 

    () 
-1.6 -173.3 

 
-173.4 

dN[15]‒H[16]⋯O[7]
 1.96 1.97 

 
1.94 

∠N[15]‒H[16]⋯O[7] 148.0 146.1 
 

147.8 

dN[20]‒H[21]⋯O[14]
 2.03 2.04 

 
3.30 

∠N[20]‒H[21]⋯O[14] 144.0 145.0 
 

105.8 

dO[32]‒H[31]⋯O[14]
 - - 

 
1.78 

∠O[32]‒H[31]⋯O[14] - - 
 

167.7 

dN[20]‒H[21]⋯O[32]
 - - 

 
1.92 

∠N[20]‒H[21]⋯O[32] - - 
 

157.4 

Table 1. A few selected geometrical parameters, including the Ramachandran angles and 

hydrogen bond parameters of the two assigned conformers of the PG monomer, i.e., C7D-

C7L-g+-c, C7D-C7L-g+-t, and the observed single conformer of PG∙∙∙(H2O)1, i.e., C7D-C7L-

W(INHBn)-4-g+-t calculated at the M062X/6-311++G(d,p) level of theory. Distances are 

given in Å unit, while bond angles and dihedral angles are reported in (◦) unit 
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Mons and co-workers described the process of microhydration of peptides during supersonic 

cooling into three categories.41 The first one is about hydration without substantial changes in 

the structures of the peptides, while the second one could be hydration-induced considerable 

distortion of the peptide backbone without modifying the overall secondary structure. The third 

category is an alteration of the peptide secondary structure through microhydration. The 

monohydrate of PG studied here falls under the second category. In the case of the capped 

phenylalanine model peptide, i.e., CH3CO-Phe-NH2, Biswal et al. observed that a single H2O 

molecule could modify the secondary structure of the peptide from a -strand to a -turn in the 

gas phase.41 Gerhards and co-workers observed that the addition of a single H2O molecule to a 

model tripeptide Ac-Val-Tyr(Me)-NHMe in the gas phase conserves its -sheet related 

secondary structure without any significant changes in the backbone.44 They further 

demonstrated from the gas phase spectroscopic study of a monohydrated cyclic tetrapeptide, 

i.e., cyclo[L-Tyr(Me)-D-Pro]2‧‧‧(H2O)1, that the H2O molecule in one of the isomers of the 

complex is inserted into an N-H···O=C intramolecular hydrogen bond.46 Schmidt and 

coworkers reported that isolated tripeptide model Z-Aib-Pro-NHMe and its microsolvated 

complex with one CH3OH molecule exhibited a -turn structure while complexation with two 

CH3OH switched the -turn structure of the peptide to a -turn, which is the preferred structure 

in the condensed phase.45 A comparison of these limited gas phase studies on the 

microsolvation of the peptides with the monohydrated PG peptide studied here indicates that 

the second or third H2O molecule complexed with the PG may prefer the -turn structure of 

the peptide that is favorable in the solution phase. 

 

IV. CONCLUSIONS 

Microhydration of a capped Pro-Gly dipeptide (PG) or a tripeptide model with a single H2O 

molecule has been investigated in the gas phase employing mass-selected R2PI and IR-UV 
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double resonance spectroscopy combined with detailed quantum chemistry calculations. 

Observation of a single conformer of the PG···(H2O)1 complex in the gas phase experiment 

has been confirmed from IR-UV hole-burning spectroscopy. A comparison of the experimental 

IR spectrum of the complex with the theoretical IR spectra of several probable low-energy 

conformers of PG···(H2O)1 confirms that the observed structure is the one with the H2O 

molecule inserted into the relatively weaker C7 hydrogen bond between the C=O group of Pro 

and NH group of NHBn of PG, while the other stronger C7 hydrogen bond between the Gly 

N-H and Boc C=O group of the peptide remains intact. The assignment of the observed IR 

spectrum of the PG···(H2O)1 complex was further confirmed by measuring the IR spectrum of 

PG···(D2O)1 in the gas phase. The observed structure of the PG···(H2O)1 complex indicates 

that the single H2O molecule induces a considerable distortion of the peptide backbone without 

modifying its overall secondary structure with double -turns. In the future, it will be intriguing 

to explore the microhydration of PG in the gas phase with a few more H2O molecules to observe 

whether the -turn structure of PG can switch to its favorable condensed phase structure with 

a -turn. 

SUPPLEMENTARY MATERIAL 

See the supplementary material for the IR-UV hole-burning spectra by probing all the IR bands 

of PG‧‧‧(H2O)1, optimized structures of the complex up to Grel = 10 kJ/mol at the M06-2X/6-

311++G(d,p) and B3LYP-D3/def2-TZVPP levels of theory, energy landscape of the optimized 

structures of the complex up to Grel = 10 kJ/mol at the B3LYP-D3/def2-TZVPP level of 

theory, comparison of the energetics of the structures of the complex at the single point MP2 

levels with the DFT levels, comparison of the RIDIR spectrum of the complex with the 

theoretical IR spectra of probable low-energy conformers at the M06-2X/6-311++G(d,p) and 

B3LYP-D3/def2-TZVPP levels, TOF mass spectra and electronic spectra of PG with H2O and 
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D2O using 2c-R2PI spectroscopy, NBO and NCI analyses of the hydrogen bonding interactions 

in PG and PG‧‧‧(H2O)1.   
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