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Structures, interactions, and vibrations of an intramolecular hydrogen bond (IHB)-containing protonated ion
(watery complex,g-enH"(H,0)s (g-enH"™ = gaucheprotonated ethylenediamine) atténH(H,0); (t-enH"

= trans-protonated ethylenediamine) with no IHB were investigated by combined vibrational predissociation
spectroscopy and ab initio calculations. The observed vibrational feature at 355Zsigmature of cyclic
ion—(water} structure), consistent with ab initio results on the stabilities of structural isomers, suggested the
IHB-assisted bicyclic structure faj-enH"(H,O)s. Ab initio many-body analyses further indicated that the
greater stability of bicyclic isomer versus monocyclic and bicyclic tripod isomers originates from the
destabilization of the latter by the large relaxation energies and repulsive nonadditive interactions. The close
correlation between the observed and calculated vibrational spectr@fot"(H,O); revealed the coexistence

of bicyclic isomers and monocyclic open isomers in our beam, consistent with the trend of the calculated
Gibbs free energies at 150 K.

. Introduction (H20);3 (g-enH"= gaucheNH,CH,CH,NHz") and the corre-

. ) o sponding trans-form with no IHBt-enH"(H,0); (t-enH" =

The intramolecular hydrogen bonding (IHB) in ionic chromo- transNH,CH,CH,NH3").

phores and the intermolecular hydrogen bonding with surround- £ free protonated ethylenediamine in the gas phase, the
ing water molecules, particularly in the first few solvation shells, gauche-form is known to be more stable than the trans-form
are of biological significance in protonated peptides and ionic by ~10 kcal/molL12 Preliminary ab initio calculations ogr,
intermediates in enzyme processés.recent decades, ab initio t-enH"(H.0); also predicted that the gauche-form is lower in
theoreticaf® gas-phase mass spectrometicand spectro-  gnerqy than the trans-form by-@ kcal/mol!2 This suggested
scopi¢® studies on size-select_ed, protonated—_immter_ com- an exclusive population a§-enH(H.0); over t-enH*(H.0);
plexes have provided a detailed understanding of-ieater \yhen the complexes are synthesized in a cold supersonic jet.
and watet-water interactions, and of the structural evolution | ihis paper, we report our vibrational predissociation spec-
with increasing number of water molecules. The structural trends troscopic and ab initio results on protonated ethylenediamine
of protonated iorr(watery complexes are markedly different  yater), complexes in an effort to understand the hydration

from those of neutral water clustémsnd anionic core (water), behavior of an IHB-containing protonated ion core.
complexesthat preferentially form cyclic structures for the most
sizes of complexes. For-R\NH3"(H,0), (R =H, CHz; n=1, Il. Methods

2, 3..)), for instance, the chargéipole interactions between
the protons of the-NHz* group and the KD molecules are
dominant for the first solvation shell (referred to a¥410)
forming a noncyclic “tripod” structure fon = 3.28 Cyclic
hydrated structures formed by hydrogen bonding betwéipCl
and 2H,0 molecules have been observed exclusively when the
number of HO molecules in the complexes are greater than
the number of protons in the ion coté.

This structural trend may change in the hydration of a
protonated ion with IHBs due to strong IHR°H,0 interactions
as suggested by the studies on neutral IHB-containing chro-
mophore-(water), clusterst® With the use of vibrational
predissociation (VP) spectroscopy and ab initio quantum
calculations, we attempted in this work to elucidate the structures
and stabilities, and intracluster interactions of IHB-containing
gaucheprotonated ethylenediaminéwatery complexesg-enH'-

A. Vibrational Predissociation Spectroscopy.The experi-
ment was conducted using a vibrational predissociation ion trap
(VPIT) spectrometer. Details of the apparatus have been
previously describeé? Briefly, we synthesized protonated
ethylenediamine (water), complexes by a low current, low-
temperature corona discharge of ethylenediamis@/Hjas
mixture seeded in pure 4t the pressure of150 Torr, and
subsequent supersonic expansion. The discharge currents used
were <10 uA, and the temperature of source body in contact
with a liquid nitrogen trap was maintained a150 K. The
rotational and vibrational temperatures under these conditions
were expected to be-50 and~150 K, respectively:* The
enH"(H.O); ions were mass-selected by a sector magnet and
then stored in an octapole ion trap for2 ms for ion
accumulation and cooling of internally hot ions before infrared
irradiation. A quadrupole mass spectrometer equipped with a
" Daly detector operated in ion counting modes, selectively
Fa R e ean ey yones o "% detected the fragment ons, efi;O) upon nfrared iraciation

T Yonsei University. to obtain virtually background-free spectra. The excitation was

* Academia Sinica. made by a pulsed infrared laser, generated by difference
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Figure 1. Vibrational predissociation spectra of (&yenH"(H,0)s;
(B) CH3NH3*(H0)s; and (C) NH*™(H20)s. g-enH"™ = gaucheproto-
nated ethylenediamine agaucheNH,CH,CH,NHs*. Note that the
characteristic band and frequency region for the cyclic-i(water} ‘}Dﬂ .
structure are denoted by an arrow and dashed lines. H '@Q ﬁ :
frequency mixing of Nd:YAG laser and dye laser photons. Since O 'e 0. Gs ,@'OTS
the hydration energy by third 20 molecule in enki(H,0); is =@ G, > )

~11 kcal/mol*215one or two infrared photons in the range of
3000~3800 cn1?! used in this work are sufficient to dissociate
enH"(H,0)z into enH(H,0), and one HO molecule.

B. Ab Initio Quantum Calculations. Ab initio quantum
computations org-, t-enH"(H,0O); at MP2(full)/6-3H-G(d),
MP2(full)/6-311++G(d,p), MP4(SDTQ)/6-31++G(d,p), and
B3LYP/6-31+G(d) levels were performed using the Gaussian-
98 programt® The geometries were optimized using analytical metric bonded GH stretches of two *H,0 molecules bonded
gradients at MP2(full)/6-31G(d) and B3LYP/6-33+G(d) and by one 2H,0 molecule in a cyclic form of core ioA(H20)s
the vibrational frequencies were obtained using analytical secondmjety89 This suggested a cyclic hydrated structure for the
derivatives at MP2(full)/6-31++G(d,p) and B3LYP/6-3+ G- protonated ethylenediamingwatery complex, particularly
(d) levels. The scaling factors for the calculated frequencies at 4 en(H,0),. This result was further supported by the intensity
MP2(full)/6-311++G(d,p) and B3LYP/6-31G(d) were 0.981  pattern for 3642, 3714 cr bands forg-enH"(H,0); that are
and 0.973 determined by referring to the experimentally jitferent from those of Nkt (H,0)s and CHNHg"(H0)s, but
observed antisymmetric free-@H stretching frequency.The similar to those of NH*(H;0), (n = 5) and CHNHz*(H;0),
calculated total hydration energies, enthalpies, and Gibbs free(, > 4)89 The different hydration behavior betwegrenH"
energies were corrected by zero-point vibrational energy (ZPVE) core and protonated ion cores with no IHB suggests an important
and basis set superposition errors (BSSE) following the proce- gje of the IHB-1°H,0 interactions in determining the structures
dures of Boys-Bernardi” Finally, many-body (MB) analyses  ang stabilities of protonated ietwater complexes.
of hydratior_1 ?nteracti_ons were also carried out following the B. Ab Initio Geometries, Energetics, and Thermodynam-
works of Stillinger, Kim, and Xantheds:'® ics. A number of local minimum energy structures exist in the
multidimensional potential energy surfacegaft-enH(H,O0)s.
Figure 2 depicts 10 representative isomeric structures optimized
at MP2(full)/6-31-G(d), G1—GS5 for g-enH"(H,0O); and T1—

T5 for t-enH(H,0)5.1° Six isomers G1—G3, T1—T3) among

Figure 2. Ab initio optimized structural isomers fag-enH"(H,O)s
(G1-G5) andt-enH"(H;0)s (T1—T5) at MP2(full)/6-3H-G(d).

~3550 cnt! have been previously reported mainly for large
protonated ior-water complexes such as WHH,0), (n = 5)

and CHNH3*(H0), (n = 4) after the first solvation shells were
completed. They were attributed to the symmetric and antisym-

Ill. Results and Discussion

A. Vibration Predissociation Spectra.Figure 1 shows the
observed VP spectrum for the protonated ethylenediamine
(watery complex in the frequency region of 3358820 cntt these isomers have been previously studied at the B3LYP/6-
along with the spectra for GiNHz™(H20)s and NH;"(H20)s. 31+G(d) level!2 The calculated electronic energies and total
Four vibrational features centered at 3714, 3642, 3552, 3435hydration energies for 10 isomers at various levels with and
cm~! were found. Of considerable interest was the intense without ZPVE- and BSSE-corrected are listed in Table 1. The

doublet feature at 3552 crh in the spectrum that has no
counterparts for CeNH3™(H,0)3 and NH;H(H0); (marked by

ZPVE- and BSSE-corrected energies at MP2(full)/6-8115-
(d,p) are mainly discussed in this work. The thermodynamic

arrow and dashed lines). The similar vibrational features at functions such as total hydration enthalpies and total hydration
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TABLE 1: Electronic Energies (Ee) and Total Hydration Energies (AEpq) for Structrural Isomers of g-, t-enH"(H,0); at
MP2(full)/6-31+G(d), MP2(full)/6-311++G(d,p), and MP4(SDTQ)/6-311+G(d,p)?

MP2(full)/6-31+G(d) MP2(full)/6-311++G(d,p)

MP4(SDTQ)/6-31%+G(d,p)

Eel Eel,zpvE BSSE AEnyq Eel Eel,zpve BSSE AEnyd
Gl —418.985442 —418.773558 —39.34 —419.423565 —419.211327 —34.26 —419.533170
(0.00) (0.00) (4.25) (0.00) (0.00) (4.11) (0.00)
G2 —418.982058 —418.770545 —37.45 —419.421354 —419.208517 —32.50 —419.531136
2.12) (1.89) (6.14) (1.39) (1.76) (5.88) (1.14)
G3 —418.981412 418.772717 —38.81 —419.420941 —419.210170 —33.54 —419.530434
(2.53) (0.53) (4.78) (1.65) 0.73) (4.84) (1.72)
G4 —418.981789 —418.769618 —36.87 —419.419027 —419.205376 —30.53
(2.29) (2.47) 6.72) (2.85) (3.73) (7.85)
G5 —418.984385 —418.770816 —37.62 —419.422351 —419.208221 —32.31
(0.66) (1.72) (5.97) (0.76) (1.95) (6.06)
T1 —418.972834 —418.761389 —42.25 —419.411835 —419.199918 —37.36
(7.91) (7.64) (1.35) (7.36) (7.16) (1.02)
T2 —418.970519 —418.763533 —43.59 —419.410966 —419.201544 —38.38
(9.36) (6.29) (0.00) (7.91) (6.14) (0.00)
T3 —418.968552 —418.760540 —41.71 —419.408961 —419.198732 —36.61
(10.60) 8.17) (1.88) (9.16) (7.90) (1.76)
T4 —418.969694 —418.758339 —40.33 —419.407657 —419.194635 —34.04
(9.88) (9.55) (3.26) (9.98) (10.47) (4.34)
T5 —418.968915 —418.759573 —41.11 —419.409021 —419.197896 —36.09
(10.37) (8.78) (2.49) (9.13) (8.43) (2.29)

a All the absolute energies are in hartree, and the relative energies and total hydration energies are in kcal/mol.

TABLE 2: Total Hydration Enthalpies ( AHn,) and Gibbs Free Energies AGyyq) for Structural Isomers of g-, t-enH*(H,0); for
the Clustering Reactiong-, t-enH" + 3H,0 — g-, t-enH"(H,0)3 at 298 and 150 K

MP2(full)/6-31+G(d)

MP2(full)/6-31H+G(d,p)

AHhyd 208K AHhyd, 150K AGhyd, 208K AGhyd, 150k AHhyd, 208K AHhyd, 150k AGhyd 208K AGhyd, 150k
G1 —40.69 —41.06 —14.89 —27.86 —36.56 —36.35 —8.28 —22.32
(0.00) (0.00) (2.45) (0.68) (0.00) (0.00) (0.26) (0.00)
G2 —38.26 —38.87 —14.50 —26.53 —34.69 —34.56 —6.73 —20.64
(2.43) (2.19) (2.84) (2.02) (1.86) (1.79) (1.82) (1.68)
G3 —39.41 —40.08 —17.34 —28.54 —35.58 —35.49 —8.54 —22.00
(1.28) (0.98) (0.00) (0.00) (0.98) (0.86) (0.00) (0.32)
G4 —38.64 —38.82 —11.52 —25.10 —33.02 —32.70 —4.09 —18.42
(2.05) (2.24) (5.81) (3.44) (3.54) (3.65) (4.45) (3.90)
G5 —39.06 —39.37 —13.02 —26.10 —34.78 —34.50 —5.86 —20.20
(1.63) (1.69) (4.31) (2.44) (1.77) (1.85) (2.68) 2.12)
T1 —43.83 —44.07 —17.61 —30.75 —39.80 —39.50 —11.29 —25.42
(0.08) (0.68) (4.05) (2.25) (0.54) (0.82) (2.08) (1.40)
T2 —43.90 —44.75 —21.66 —33.00 —40.34 —40.33 —13.37 —26.82
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)
T3 —42.54 —43.10 —19.68 —31.25 —38.79 —38.63 —11.48 —25.06
(1.36) (1.64) (1.98) (1.75) (1.55) (1.70) (1.88) (1.76)
T4 —42.33 —42.38 —14.80 —28.55 —36.67 —36.26 —-7.61 —21.98
(1.57) (2.36) (6.86) (4.45) (3.67) (4.07) (5.75) (4.84)
T5 —42.15 —42.63 —17.80 —30.09 —38.36 —38.16 —10.35 —24.26
(1.75) 2.11) (3.86) (2.91) (1.98) (2.16) (3.02) (2.56)

a All values are in kcal/mol.

Gibbs free energies at 298 and 150 K were also calculated (Tableprotons of ion core, forming overall “monocyclic tripod” and
2). The relative Gibbs free energies were used to predict the “noncyclic tripod” structures, respectively. Of interest is that
relative populations of various isomers at 298 and 158 K. the HO(3) in G2 bonded to the IHB proton breaks into the
B.1. GeometriesAs shown in Figure 2, the isome@il and five-membered IHB ring resulting in aJ@-mediated seven-
T1 represent the cyclic hydrated isomers in which the thisg@H  membered IHB ring. Many attempts to locate theCOKB)
molecule (denoted as-®(3)) plays a role of proton double exterior to the IHB ring converged to the same structure. The
acceptor (AA), forming overall “bicyclic’ and “monocyclic’  highly distorted seven-membered IHB ring@2 with a much
structures, respectively. The five-membered IHB ringsihis increased dihedral angl&JNTCCN = 71.4) from that of free
slightly modified from that of freeg-enH" core evidenced by ~ g-enH" core suggests strong interference between IHB and
the dihedral angles{NtTCCN = 51.1° vs 43.8). The hydrogen hydration interactions. Furthermore, the hydrogen bond distance
bond distances and angles for the cotelD moiety of G1 for the core-H,0(3) moiety inG2 is somewhat shortened from
increased from those @f1, whereas those for’H,0—2°H,0 those for the coreH»O(1,2) moiety suggesting stronger cere
moieties are almost identictl.This suggests that the confor- ligand interactions for H,O(3) directly bonded to the IHB
mational difference (gauche, trans) in the ion core have influence proton than 1H,O(1, 2) moleculed?
on the first hydration shell but little on the second shell. G3 andT3 are open structural isomers formed by breaking
G2 and T2 represent the “tripod” ionr(H,0); structures in the hydrogen bond betweefiH,O(2) and 2H,0(3) from the
which three HO molecules are bonded one-to-one to three corresponding cyclic isomer§&(, T1), and named as “mono-
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cyclic open” and “noncyclic open” structures, respectively. The ence between the IHB ig-enH" core and surrounding’H,0
hydrogen bond distances for cer#’H,O(1) and 2H,O(1)— molecules. The noncyclic tripod isom&2 with a maximum
2°H»0O(3) in G3, T3 were somewhat shortened from those of charge-dipole interaction has the largest hydration energy
G1, T1 due to the enhanced hydrogen bond cooperativity, while (—38.4 kcal/mol), while the monocyclic caged ison@4 with

the hydrogen bond distances for cet®H,0(2) were length-  a cyclic water trimer unit has the smallest hydration energy
ened!® They are expected to be favorable at high temperatures (—30.5 kcal/mol). The extent of IHB-hydration interference for
due to the large entropy effects by their open structures. each type of structural isomer (cyclic, tripod, open, caged) can

G4 and T4 represent the “caged” ien(H,0); structures be determined by calculating the differences in the hydration
where the—NH3" moieties are bound by cyclic water trimer, energies between each gauche-isomers and corresponding trans
forming overall “monocyclic caged” and “noncyclic caged” isomers. The calculated differential hydration energies (&=
structures, respectively. It was noticeable that the orientationsT1, G2—-T2, G3—T3, G4—T4) were 3.1, 5.9, 3.1, 3.5 kcal/
of HO molecules and the ring size of cyclic water trimer moiety mol, respectively, suggesting the strongest IHB-hydration
changed substantially from those of free cyclic water trifner. interference for the monocyclic tripod isomég.

As shown in Figure 2, the free €4 bonds of the -(HO)s B.3. Thermodynamic§able 2 illustrates the calculated total
moiety are directed away from the ion core for facile interactions hydration enthalpiesAHhyd) and total hydration Gibbs free
between the protons of ion core and the lone electron pairs Ofenergies AGny) at 298 and 150 K. The calculated total
H,0 molecules, resulting in a somewhat distorted hydrogen bond pyqration enthalpy of the lowest energy ison@t at MP2-
network. (full)/6-311++G(d,p) —36.4 kcal/mol) is in close proximity
G5 is a modified tripod structure fro82 where the 1H;0- to the experimental value<37.7 kcal/mol) at 298 K5 It was
(3) of the seven-membered IHB ring forms additional hydrogen found that theg-enH"(H;0)s isomers have smaller total hydra-
bond with adjacent "H,O(1) by acting as proton double tjon enthalpies and total Gibbs free energies bys&cal/mol

acceptor and single donor (AAD), and named as a “bicyclic than the correspondingenHt(H;0)s isomers, similar to the
tripod” structure. Such structure with a hydrogen bond between rends of total hydration energies.

two 1°H,O molecules could be induced by strong interactions
between the IHB and°H,O molecules.T5 has an extended
hydrogen bond structure that two,®i(1,3) molecules bridge
the remote—NH3™ and —NH, moieties in thet-enH" core by
hydrogen bonding, and named as “water-bridged cyclic
structure.

The relative populations of various isomers can be determined
by calculating their relative Gibbs free energl@és shown in
Table 2, the monocyclic open isonf@8 with a flexible structure
» has lowest Gibbs free energy at 298 K due to the large entropy

contribution, while at 150 K, the ground-state ison@&t has
. ) . . lowest Gibbs free energy. The other isomers were predicted to
B.2. E_nergetlcsTabIe 1 I!sts the absolu';e electron_lc energies e higher Gibbs free energies thad, G3 at 298 and 150
for 10_ isomers, and their total hydration energies for the K, suggesting that the isome@L and G3 would have larger
clustering reactiong-, t-enH" + 3H,0 — g-, tenH'(H.0). opulations at both temperatures, and contribute predominantly
Npte that the ngmbers in parentheses are thg fe'a"".e ENergieYs the experimentally observed vibrational predissociation
with respect to isomeG1 for absolute electronic energies and spectrum
isomerT2 for total hydration energies. As shown in Table 1, o . .

C. Vibration Spectral Analysis. Table 3 lists the calculated

the gauche-isomers were predicted to bel® kcal/mol lower L St > i -
vibrational frequencies, intensities, and the vibrational assign-

in energy than trans-isomers due to the IHB-stabilization ) ¢
consistent with the previous wofk. ments for isomer&1—G5 at MP2(full)/6-311++G(d,p) in the
3000~3800 cn1? frequency range. The thermodynamically less

The bicyclic isomerG1l was lowest in energy among 10 X ; .
isomers calculated in this work. The greater stability of the cyclic stable trans-isomers were not likely to contribute to the observed

form (G1) vs the tripod form G2) for g-enH"(H,0)sis different spectrum, so they_were ignored in this work. Thg calculated
from the cases of non-IHB corgH,0)s complexes such as stick spectra for isomer$&s1—-G5 and the experimentally
t-enH"(H:0)s, NHs*(H;0)s, CHsNHs*(H,0)s in which the observed spectrum are compared in Figure 3. Six vibrational
tripod isomers with greater chargéipole interactions tend to feaflfres centered gt 3714, 364,2' 3552, 344852, and»3.100

be lowest in energ$?2L The open monocyclic isome®3 is cm1 were foun_d in the experlmental _spectrum. The first two_
~1 kcallmol lower in energy tha2, but slightly higher in bands were assigned to the typical antisymmetric and symmetric
energy without ZPVE and BSSE corrections (Table 1). The free O—H stretches of KO molecules in water-solve_lted ionic
monocyclic caged isomeB4 and the bicyclic tripod isomer complexe$:® The observed sharp feature for antisymmetric

G5 are 3.7 and 1.95 kcal/mol higher in energy théi stretch correlates with the stick spectrum for the bicyclic isomer
respectively, due to the geometric constraints. Overall, the G1. As mentioned previously, the 3552 chdoublet, signature
stability order for gauche-isomers was predicted toGde> of cyclic ion-(water) complex, was assigned to the antisym-
G3> G2~ G5 > G4 metric and symmetric bonded-€H stretches of two H.0

For transisomers, the noncyclic tripod isomér2 is the molecules 0fG1 (3526, 3507 cmt).
lowest energy isomer among five trans-isomers. It was predicted The 3435 cm! band that is not seen in spectrum G
to be 1.0 and 1.8 kcal/mol lower in energy than the monocyclic correlates well with the bonded-€H stretch of TH,0O of G3
isomerT1 and the noncyclic open isom&B, respectively. The (3422 cn1t), indicating significant population of the monocyclic

noncyclic caged isomef4 and the water-bridged isomais open isomeiG3 besides the bicyclic isomés1 in our beam.
are 4.3 and 2.3 kcal/mol higher in energy tHEh The overall This experimental finding is consistent with the similar Gibbs
stability orders for trans-isomers af@ > T1 > T3 > T5 > free energies predicted f@1 andG3 at 150 K (Table 2). Note
T4. that for NH;(H,0)3 and CHNH3™(H20)s, the noncyclic tripod

The trends of the total hydration energies were different from isomer like T2 was always the most predominant species at
those of the absolute electronic energies. The total hydration Poth 298 and 150 R?2
energies for gauche-isomers were@&kcal/mol smaller than The vibrational features centered-a8152,~3100 cnttin
those of the corresponding trans-isomers due to strong interfer-the spectrum are located within the frequency range of the IHB
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TABLE 3: Ab Initio Scaled Frequencies (cnT?), IR Absorption Intensities (km/mol), and Assignments for C-H, N—H, and
O—H Stretches ofg-enH"(H,0)3 at MP2(full)/6-311++G(d,p)

frequency intensity assignmetfits frequency intensity assignmefits
G1Isomer
3716 54 symmetric free-OH(1,2) 3290 432 bondeddN
3715 142 antisymmetric free-QE3) 3199 466 antisymmetric bonded-
N*H(1,2)
3713 296 antisymmetric free-OH(1,2) 3170 577 symmetric bondédsN
3609 10 symmetric free-OfB) 3136 6 antisymmetric CKN™)
3530 25 antisymmetric free-NH 3085 14 antisymmetric CKN)
3526 512 symmetric bonded-OH(1,2) 3066 5 symmetri(@IH)
3507 213 antisymmetric bonded-OH(1,2) 3025 16 symmetrig(GH
3441 11 symmetric free-NH
G2 Isomer
3738 141 antisymmetric free-OH(2) 3249 776 antisymmetric bonded-
N*H(1,2)
3733 126 antisymmetric free-OH(1) 3208 504 symmetric bondéeld-L,2)
3709 154 free-OH(3) 3122 5 antisymmetric N")
3626 41 symmetric free-OH(2) 3088 18 antisymmetric(®MH
3620 42 symmetric free-OH(1) 3079 492 bondetH\(B)
3496 20 antisymmetric free-NH 3057 75 symmetric CHN™)
3414 11 symmetric free-NH 3015 15 symmetric CKHN)
3370 509 bonded-OH(3)
G3Isomer
3745 128 antisymmetric free-OH(3) 3272 526 antisymmetric bonded-
N*Hx(N,2)
3740 132 antisymmetric free-OH(2) 3223 518 symmetric bondéld-(N,2)
3707 139 free-OH(1) 3134 1 antisymmetric §N™)
3630 29 symmetric free-OH(3) 3107 656 bondet-N1)
3627 41 symmetric free-OH(2) 3093 14 antisymmetric,CH
3531 24 antisymmetric free-N, 3064 31 symmetric CKHN™)
3442 10 symmetric free-NH, 3027 16 symmetric CK{N)
3422 571 bonded-OH(1)
G4 Isomer
3714 153 free-OH(3) 3320 364 bondedHi\(2)
3705 156 free-OH(2) 3282 284 antisymmetric bonded-
N*H,(1,3)
3699 191 free-OH(1) 3230 167 symmetric bondetH-hl
3575 106 bonded-OH(3) 3135 4 antisymmetric i)
3557 106 bonded-OH(2) 3084 12 antisymmetric,(H
3529 25 antisymmetric free-NH 3066 2 symmetric ChH{N™)
3497 158 bonded-OH(1) 3025 15 symmetric W)
3441 12 symmetric free-NH
G5 Isomer
3736 139 antisymmetric free-OH(2) 3241 626 bonded-OH(3) and antisymmetric boridted-N
3715 163 free-OH(1) 3226 506 antisymmetric bondeddiN
3690 150 free-OH(3) 3179 241 symmetric bondet-hl
3625 44 symmetric free-OH(2) 3126 6 antisymmetric,(H)
3541 159 bonded-OH(1) 3094 3 antisymmetricAN
3489 20 antisymmetric free-NH 3061 8 symmetric Ch{N™)
3408 8 symmetric free-NH 3018 19 symmetric CKHN)
3292 650 bonded-OH(3) and

antisymmetric bonded-NHs

aNumbers in parentheses denote numbers 4 Fholecules in the clusters according to Figure 1.

N—H stretch (3290 cm') and TH,0-bonded N-H stretches The ZPVE-corrected vibrational spectra for three lowest
(3199, 3170 cmb) for G1, and the 1H,O-bonded N-H energy isomer$&1, G3, G5 at MP2(full)/6-311++G(d,p) are
stretches (3272, 3223 ¢ and IHB N—H stretch (3107 cmt) depicted as shaded sticks in Figure 4A, and for comparison the
for G3. To explain the apparent discrepancies between observedZPVE-corrected spectra f@1, G2 at B3LYP/6-3H-G(d) are
frequencies and calculated IHB-NH stretch and IH,O-bonded also shown in Figure 4B. One thing to notice was that the isomer
N—H stretch frequencies, we considered the effects of zero- G2 converged to the isom@&b5 during the relaxed optimization
point vibrations on the position of IHB proton along the shallow at MP2(full)/6-311+G(d,p) level, suggesting that almost free
intramolecular proton-transfer coordinate as in our previous rearrangement between two isomers may occur at the zero-point
work.2? In this method, we performed relaxed potential energy vibrational level, consistent with the similar electronic energies
surface scans as a function of the position of IHB proton along predicted forG2 and G5 (Table 1). As shown in Figure 4A,

the proton transfer coordinate for the remaining degrees of the ZPVE-corrected frequencies for IHB-M stretch ofG1
freedom. Harmonic vibrational frequencies were calculated for and the TH,O-bonded N-H stretches ofG3 are much red-
such optimized geometries without freezing any coordinates to shifted from those without ZPVE corrections (3296 3244
determine the ZPVE-corrected minimum energy geometries andcm~1; 3272, 3223— 3250, 3194 cm?, respectively), reducing
their vibrational frequencies. We believed that the vibrational the discrepancies between the observed and calculated frequen-
frequencies of the ZPVE-corrected minimum energy geometries cies. The similar trend for the IHB NH stretch frequency of
describe better the strongly coupled vibrational modes to the G1 at B3LYP level is shown in Figure 4B.

IHB proton-transfer coordinate. Conversely, the 3292 cm peak of G5 (Figure 4A) and the
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TABLE 4: Many-Body Interaction Analysis of g-, t-enH"(H,0); at MP2(full)/6-311++G(d,p)?

Kim et al.

Gl G2 G3 G4 G5 T1 T2 T3 T4 T5
Two-Body
enH"W; —15.20 —16.32 —15.81 —12.12 —13.57 —16.41 —17.01 —17.36 —12.33 —15.99
enH"W, —15.23 —16.72 —16.00 —11.50 —16.81 —16.54 -17.11 —17.08 —12.39 -17.17
enH"W; —6.63 —17.99 —6.29 —8.85 —16.19 —7.05 —16.83 —6.25 —12.05 —8.70
WiW, 1.75 0.73 0.75 —2.78 0.55 1.79 0.75 0.76  —2.73 0.80
W1iW3 —3.60 0.23 —3.60 —2.84 —3.01 —3.58 0.72 —3.56 —2.72 —3.50
W,oW3 —3.56 0.61 0.33 —2.69 0.53 —-3.54 0.71 0.27 —2.66 0.33
ZenH"W; —37.06 —51.03 —38.09 —32.47 —46.56 —40.00 —50.96 —40.69 —36.77 —41.87
SWiW; -5.41 157 —2.52 —8.32 —1.93 —5.33 2.18 —2.53 —8.10 —-2.37
sum —42.47 —49.46 —40.61 —40.78 —48.49 —45.33 —48.77 —43.22 —44.88 —44.23
Three-Body
enH"W;W, 1.76 1.37 1.48 1.11 1.27 1.95 1.34 1.61 1.05 1.45
enH"W;Wj; —1.59 0.96 —2.50 0.26 -0.31 —1.70 1.32 —2.88 1.06 —1.66
enH"W,W; —1.52 1.14 0.28 1.04 0.87 —1.63 1.31 0.31 1.03 0.39
W1iW, W3 0.74 —0.04 0.11 —1.30 —0.05 0.75 —0.04 0.12 —1.16 0.06
ZenH'W\W, —1.36 3.47 -0.74 2.42 1.82 —1.38 3.97 -0.97 3.14 0.19
ZWiW,jW -0.74 —0.04 0.11 —1.30 —0.05 0.75 —0.04 0.12 —1.16 0.06
sum —0.62 3.43 —0.63 1.12 1.78 —0.63 3.93 —0.85 1.98 0.25
Four-Body
enH"W;W,W3 0.42 —0.07 0.09 —0.05 —0.09 0.46 —-0.07 0.06 —0.07 0.03
ERrelaxation 1.80 7.26 1.47 2.14 7.65 1.58 0.75 1.31 1.85 1.57
BE, —40.87 —38.84 —39.69 —37.57 —39.15 —43.92 —44.17 —42.69 —-41.11 —42.38
additive —42.47 —49.46 —40.61 —40.78 —48.49 —45.33 —48.77 —43.22 —44.88 —44.27
nonadditive -0.20 3.36 —0.54 1.07 1.69 -0.17 3.85 —0.78 191 0.28

a All values are BSSE-corrected, and units are in kcal/méldenote numbers of ¥ molecules in the clusters according to Figure 1.
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Figure 4. Vibrational predissociation spectrum gfenH"(H,O); and
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that the ZPVE-corrected peaks are denoted as shaded bars.

energies at 150 K (Table 2).

discrepancy between the observed and calculated frequencies D. Many-Body (MB) Interaction Analysis. The origin for
for G2, G5 may suggest no or lower population of monocyclic the strong IHB-hydration interference mrenH"(H,0)s was
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further investigated by carrying out MB analyses of total
hydration energies fag-enH"(H,0); andt-enH*(H,0)s. In the
calculation, the total hydration energies were divided into six
2-body (2B), four 3-body (3B), one 4-body (4B) interaction
terms, and the relaxation energies @ot-enH" cores and three
H>O molecules in the complexes. As shown in Table 4, the
trends of the 2B interactions composed of +amater and
water-water interactions betweegenH"(H,0); andt-enH*-
(H20)3 are similar. The tripod isomer&@, T2) have the most
attractive ior-water 2B interactions (denoted &&nH"W;),
while the caged isomer§&@, T4) have the least attractive ien
water 2B interactions due to the geometric constraints. Con-
versely, the waterwater 2B interactions are most attractive for
the caged isomers, and slightly repulsive for the tripod isomers.
Overall, the contributions of the 2B interactions are greatest
for the monocyclic tripod isome®2.

The trends of 3B interactions fgrenH(H,0); andt-enH*-
(H20)3 are also similar. The cyclic isomer&{, T1) and open
isomers 3, T3) have attractive 3B interactions, while the
others have repulsive 3B interactions. Note that the 3B interac-
tions of tripod isomers®2, T2) are highly repulsive due to
the heterodromic (or bidirectional) hydrogen bond netwd?ks.
The 4B interaction energies for both complexes are almost
negligible except for being slightly repulsive for the cyclic
isomers. The overall nonadditive (3B 4B) interactions for
both complexes are slightly attractive for cyclic and open
isomers G1, G3; T1, T3), but somewhat repulsive for tripod
isomers G2, T2). These results, much different from the cases
of neutral water clusters @®), (n = 3—6),!® suggest that the
hydrogen bond cooperativity crucial for forming cyclic-+®),
structures play no role in stabilizing these complexes.

One noticeable difference betwegienH"(H,O)s andt-enH"™
(H20); was found in their (repulsive) relaxation energies (which
measure degree of strains that drive the structural distortion of
individual molecules in the complex). The total relaxation
energies Erelaxatiop for G2 and G5 (~7.5 kcal/mol) are much
greater than the other isomers<2 kcal/mol) (Table 4) due
the large structural distortions resulting from strong HB,0O
interactions (e.g.[IN*CCN = 71.£4, 67.C, respectively)}®
Therefore, it is concluded that the greater stability of bicyclic
isomer (1) vs monocyclic and bicyclic tripod isomer&e,

Gb) is the consequence of destabilization of the latters by the

large relaxation energies and repulsive nonadditive interactions,

not the consequence of stabilization of the former by hydrogen
bond cooperativity.

IV. Conclusions

This work addresses both vibrational predissociation spec-
troscopic and ab initio theoretical studies on the structures,
interactions, and vibrations of protonated ethylenediamine
(watery complexes. The combined results on the interactions
between intramolecular hydrogen bonding in ion core and

surrounding water molecules suggested the preferential forma-

tion of an IHB-assisted bicyclic structure fgrenHt(H20)s.
Many-body analyses revealed that the greater stability of the
bicyclic isomer 1) vs monocyclic and bicyclic tripod isomers
(G2, G5) for g-enH"(H20); was due to the destabilization of
the latter by combined large structural distortions arising from
strong IHB-1°H,O interactions and repulsive nonadditive
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