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Ab initio density functional calculations on the structural isomers, the hydration energies, and the hydrogen
bond many-body interactions fogauche, transprotonated ethylenediamine-(waterfomplexes d-

enH (H,0)s, t-enH(H20)s) have been performed. The structures and relative stabilities of three representative
isomers (cyclic, tripod, open) betwegenH (H,0); andt-enH"(H,O); are predicted to be quite different due

to the strong interference between intramolecular hydrogen bonding and water hydrogen bond negworks in
enH (H,0)s. Many-body analyses revealed that the combined repulsive relaxation energy and repulsive
nonadditive interactions for the mono-cyclic tripod isomer, not the hydrogen bond cooperativity, are mainly
responsible for the greater stability of the bi-cyclic isomer.

Keywords : Intramolecular hydrogen bonding, Hydrogen bond cooperativity, Relaxation energy, Nonadditive
interactions.

Introduction the structures and hydration interactions of six representative
isomers ofgauche, transprotonated ethylenediamine-(waser)
The solvation structure and dynamics of ions in water playcomplex (-, t-enH(H,O)s), particularly focusing on the
an important role in many chemical and biological processfoles of the IHB and the hydrogen bond cooperativity.
es!? The ion hydration processes in the first few solvation
shells are of particular significance in determining the Computational Details
conformations and activities of biomolecules in watéfhe
hydrogen bonding networks close to the ionic chromophores The geometry optimizations and the vibrational frequency
are generally governed by the competition between the iorcalculations for estimating zero-point energies (ZPE) of
water and water-water interactions, different from those inndividual structural isomers have been performed at B3LYP/
the bulk where the water-water interactions are dominants-31+G(d) level using the GAUSSIAN-98 progrérithe
Furthermore, the ion-water interactions depend strongly ototal hydration energies and the contributions of many-body
the structural and electronic nature of the central ions. Irenergy terms to the total hydration energies were evaluated
order to accurately describe the potential energy surfaces at B3LYP level with various basis sets of 6-31+G(d), 6-
hydrogen bond networks in the first few solvation shells31+G(d,p), 6-31++G(d,p), 6-311++G(d,p). The calculated
where the continuum modéifails to predict, it is inevitable energies were corrected for the ZPE and the basis set super-
to carry out the systematic studies on the hydration behgosition errors (BSSE) estimated by the function counter-
viors of various types of ions possessing different structurapoise method.
and electronic properties. The decomposition of the total hydration enefidyyq for
We have initiated combined experimental aid initio g-,tenH(H,0); was in this work performed following the
theoretical studies of intramolecular hydrogen bond (IHB)works by Xanthea¥, Kim,'* and Stillingeret al.}? The total
containing protonated ion-(watgomplexes to understand hydration energyAE,q for the 4-body complex (an ehH
how the IHB in the protonated cores influences the hydrogenore and three water molecules) can be written as the sum of
bond networks of the surrounding water molecules in thehe relaxation energy and the two-, three-, four-body ener-
first and second solvation shells (referred to @%Q and  gies as the following.
2°H,0). We have previously reported the experimental and _
preliminary theoretical evidences for the IHB-assisted “bi- ABnya = E(1234 = { Foore + 35w}
cyclic” structure of gaucheprotonated ethylenediamine-
(watery complex (denoted agenH'(H,O)s whereg-enH' =
gaucheprotonated ethylenediamine gaucheNH,CH,CH,-
NHs") as a model studyWe have shown in the communi-
cation that the hydration behavior of an IHB-containing
protonated ion is quite different from the protonated ions 4.
that contain no IHBs due to strong interference between the > A’E(ijk) (three-body energy)
IHB and the hydration bond networks. In this work, we =1 i ke
describe the recent extendald initio theoretical results on +A*E(1234 (four-body energy). (1)

4
Z E(i) - {Ecore + 3BW} (relaxation energy)
i=1
3

NE(ij) (two-body energy)
=1
2
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whereE(i), E(ij), E(ijk), E(1234) are the energies of the vari- i v
ous monomers, dimers, trimers, and tetramer in the comple _ r
andEcore, Ew are the energies of isolated éribh and water i 5 i) &
molecules, respectively. The relaxation energy measures tt &
extent of strains that drive the distortion of individual & 2 3 ’ i & e
molecules in the complex. The pairwise additive two-body & ¥ @
interaction energies and higher three-body and four-bod
nonadditive interaction energies are defined as the following
equations. 1l ¥
AE(i) = E(ij) - {EG) + E(j )}, ) & i 1| 1
NE(iik) = E(ijk) - {EG) + E(j) + E(K)} - i
— [DZE(i]) + NE(iK) + A2E(jK)}, 3) L E o n
. 6 o = 3
AE(1234 = E(1239 - {E(1) + E(2) + E(3) + E(4)} £ .
—{N%E(12) + A’E(13) +A%E(14) + A’E(23)
+ N’E(24) + N’E(34)} { A’E(123) + A’E(124)
+ AE(134) + AE(234)}. (4) 1 vioh
The BSSE-corrected scheme has been used in this work 5
evaluate the contributions of many-body terms and relaxa — _ i e
tion energies in formingg-, tenH(H,0) isomers. The W P i
BSSE-corrected energy of a subsystghk) (s evaluated in @ - ] i %
the full basis of a larger systert234), and denoted by the ’ =]
term E(ijk|1234. Accordingly, then-body terms are sub- *
stituted with the BSSE-corrected ones:
Figure 1. Ab initio optimized structural isomersVI of g-, t-
A%E (ij) = E(ij|1234 - {E(i|1239 + E(j[1234}, (5) enH'(H:0); at B3LYP/6-31+G(d) level. They are named as bi-
cyclic, mono-cyclic tripod, mono-cyclic open, mono-cyclic, non-
A3E (ijk) = E(ijk|1239 - {E(i]1234 + E(j|1239 cyclic tripod, and non-cyclic open isomers, respectively.
+ E(k|1234} - {A%E(ij|1239
2 (i 2( i
+ AE(K[1239 + AE(jK[1239), ©) networks with three water molecules that are primarily
A*E (1234 = E(1239 - {E(1]1234 + E(2|1239 bonded to the -Nk moieties ofg-, tenH cores. Other
+ E(3]1234 + E(4]1234} - {A’E(121239 structures with water molecules bonded to the »-NHd
+ A’E(1311239 + A’E(141234 + A’E(2311234 -CH,CH,- moieties are predicted to be either unstable or
+ N’E(241239 + N’E(341234} substantially higher in energy. Table 2 illustrates the calcu-
- {A®E(1231239 + A’E(1241239 lated electronic energies and the total hydration energies for
+ N°E(1341234 + A’E(2341234)}. @) these isomerd {VI1), and the zero-point energies (ZPE) and

the BSSE corrections. Tlyaucheisomers K-11l ) are lower

é'r_w energy by 6-7 kcal/mol tharansisomers v -VI), some-
what reduced from the energy gap (~10 kcal/mol) between
the isolated ions.

Isomers|, IV correspond to the characteristic cyclic
solvated structures fog-, tenH(H.O);, named as “bi-
cyclic” and “mono-cyclic” isomers, respectively. In these
structures, the two °#H,O molecules (5, 6) form charge-
dipole bonds with two protons of the -Mhhoieties, and the
third 2H,O molecule (7) acts as a double proton acceptor.
The five-membered IHB ring structure of isomeris
somewhat distorted from that of isolagednH" (2 (N1-C2-

Results and Discussion C3-N4)= 49.83vs 43). As illustrated in Table 1, the cyclic
hydrogen bond network in isomieis less tightly bound than

Structures, energetics and hydration energiesSix re-  that in isomerlV evidenced by the slightly lengthened
presentative minimum energy structures (cyclic, tripod, openhydrogen bonds (R(06-H4), R(O5-H4), R(O7-H5), R(O7-
optimized at B3LYP/6-31+G(d);Ill for g-enH(H.0); and  H6)) originating from the reduced charge densities in two
IV-VI for t-enH(H.0); are depicted in Figure 1 and their protons of the-NH; moiety due to the IHB in the former
selected geometrical parameters listed in Table 1. Thegalso see R(N4-¥)). This result is consistent with the fact
exhibit distinct inter- and intramolecular hydrogen bondingthat the total hydration energy of isom¥r (-39.43 kcal/

Finally, the BSSE-corrected total hydration enetd/nyq is
written as the sum of the relaxation energy and the BSS
corrected two-body (2-B), three-body (3-B), and four-body
(4-B) interaction energies as the following:
_ 3 4 _ 2 3 4 _
AEn=Er + Z ZAZE(ij) + Z Z Z AE (ijk)
i=1 j>i i=1 j>i k3

+A*E (1239 ®)

4
whereEr (relaxation energy) :z E() — {Ecore + 3EW}-
i=1
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Table 1. Selected geometric parameters for optimized structuraformer as mentioned previously (see Table 2).

isomersl-V1? Isomersll, V correspond to the tripod structures @prt-
gauche trans enH(HZO)g with the maxi_mum strengths of ion-dipole inter-
| " m v v VI actions between -N§ mplety and three D molecqles, _and
: named as “mono-cyclic tripod” and “non-cyclic tripod”

R(N1-H4) 2138 - 213 - - - isomers, respectively. Of considerable importance is that the
R(N1-H7) - 188 - - - - H>O molecule bonded to the IHB proton penetrates into the
R(N4-H4) 1.041 1.037 1.036 1.045 1038 1.041 fiye-membered IHB ring forming a seven-membered IHB-
R(N4-H4) 1.035 1.048 1.037 1.024 1038 1.050 H,0 ring accompanied by a substantial change in the di-
R(06-H4) 1791 1838 1835 1762 1833 1807 hedral angle ((N1-C2-C3-N4)) from isolatedg-enH
R(O5-H4) 1804 1.843 1.747 1778 1848 1.719 (72 39ys 43). Such water-bridged structure is known to be
R(O5-H5) 0.980 0.971 0.987 00980 0.971 0.988 znimportant intermediate for facile proton transfer reactions
R(O6-H6) 0.979 0971 0.970 0980 0.971 0.970 j3 some protonated biomolecuf@d® Consistent with the
R(O7-H5) 1930 - 1781 1925 - 1769  potion that the tripod structures are typically the most stable
R(O7-H6) 1930 - - 1924 - - structures for R-Nkf(H.0)s complexes with no IHB due to
R(O7-H4) - 1726 - - leds - the superior ion-dipole interactiots'’ the tripod isomew
R(N4-O5) 2805 2872 2787 2786 2884 2770 IS calculated to be lowest in energy among three isomers of
R(N4-06) 2801 2.873 2.868 2778 2.870 2846 t€NH(H0) (IV-VI)when the ZPE and BSSE are correct-
R(N4-07) 4314 2742 4867 4309 2.880 4822 €d (Table 2). This trend of hydration, hoyvever, .changes in
R(05-07) 2878 4207 2766 2872 4817 2754 the case og-enH(H.0); where thg cyc!lc isomeris ~1.2
R(06-07) 2874 4839 6166 2.867 4591 6.869 kcal/mql more stable than the tripod isontlerdue to the
R(05-06) 3692 4904 4834 3656 4686 4621 Strong interference between IHB gienH" core and water

hydrogen bond networks. The origin for different hydration
Z(H4-N4-H4)  105.40 108.55 109.71 104.55 107.71 107.28 behaviors ofg-enH" corevs t-enH" core are further investi-
£(N1-H4-N4) 11468 - 116.01 - - - gated in the subsequent part of this paper.
£(N4-H4-07) - 16187 - - 17567 - Isomerdll , VI correspond to the “mono-cyclic open” and
2(N4-H4-05) 160.16 171.11 172.24 161.03 176.00 178.65 “non-cyclic open” structures being formed from simple
2(N4-H4-06) 162.44 175.05 173.84 163.14 17711#4.94 bond rupture of one of the hydrogen bonds betwéerCL
/(05-H5-07)  162.35 - 175.63 161.69 17534  and 2H,O molecules from isomer$, IV. These loose
Z(06-H6-07) 161.06 124.46 - 160.72 - - isomers are thus expected to be favorable at high temper-
£(H5-07-H6) 9206 - - 9177 - - atures due to the large entropy contributions that lower the
2(N1-H7-07) - 150.75 - - - - Gibbs free energies. Note that the open isolierof g-

U(NL1-C2.C3NA) 49.31 7239 49.40 -179.98-179.23 179,67 S1H (H20) IS ~0.6 kcalimol more stable than the tripod

isomerll, different from the trend dfenH'(H,O); due to

2Geometric parameters listed here are chosen only for directly bondgghe |HB-induced destabilization of the tripod isomey. (
and hydrogen bonded atoms except for heavy atom distances. Distances )

are inA and angles are in degrefd'4 meansntramolecular hydrogen Although the energy differences among the cyclic, tripod,

bonded H atom among the hydrogen atoms bonded to heavy atom dpen isomers are small, the overall relative stabilities are in
°H% means the hydrogen atom bonded to atom 4 and hydrogen-bondgge orders of cyclic 1If > open (Il ) > tripod (Il) for g-
to atom 6. . .

enH'(H20); and tripod V) > cyclic (V) > open ¥I) for t-
mol) is greater than that of isomér(-36.21 kcal/mol) enH'(H.O); when the ZPE BSSE are corrected (Table 2).
although the latter is ~6.6 kcal/mol more stable than th&he different hydration behaviors betweg®enH" andt-

Table 2 Electronic energiesEy,s in hartree), and total hydration energiA&iq, in kcal/mol) for structural isomeisVI at B3LYP/6-
31+G(d) level

gauche trans
| Il 1 v \% Vi

Eabs -420.2437 -420.2408 -420.2401 -420.2325 -420.2292 -420.2286
ZPE* 123.3159 122.6859 122.1346 122.8556 121.1447 121.6866
BSSE 4.165 4.202 3.682 4.231 3.534 3.685
Ezre+ssse -420.0405 (0.0) -420.0386 (1.19) -420.0396 (0.56) -420.0300 (6.59) -420.0305 (6.28) -420.0288 (7.34)
AEpyqg -46.81 -45.00 -44.59 -50.12 -48.06 -47.72
AEnyaresse -42.65 -40.80 -40.90 -45.89 -44.53 -44.04
AEnydzpe+BSSE -36.21 -34.99 -35.65 -39.43 -39.77 -38.74

3ZPE (Zero Point Energies) are calculated in kcal/mol using the scaled vibrational frequenc®®3.!BSSE (Basis Set Superposition Errors) are

calculated in kcal/mol using counterpoise method (refN)mbers in parentheses are the relative values with respect to structuralligomieal/
mol).
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Table 3. Total hydration energiedEyq, in kcal/mol} at B3LYP level for structural isomers/I using various basis sets

gauche trans
| Il ] \Y \ VI
6-31+G(d) -42.65 (0.0) -40.80 (1.85) -40.90 (1.75) -45.89 (0.0) -44.53 (1.36) -44.04 (1.85)
6-31+G(d,p) -42.25 (0.0) -40.50 (1.75) -40.71 (1.54) -45.61 (0.0) -44.33 (1.28) -43.96 (1.65)
6-31++G(d,p) -42.16 (0.0) -40.45 (1.72) -40.64 (1.52) -45.50 (0.0) -44.26 (1.24) -43.88 (1.62)
6-311++G(d,p) -42.07 (0.0) -40.30 (1.77) -40.65 (1.42) -45.35 (0.0) -44.37 (0.98) -43.78 (1.57)

aWwith BSSE-corrected (in kcal/moliNumbers in parentheses are the relative values with respect to iséongaucheisomers and isomdy for
transisomers (in kcal/mol).

Table 4. Many-body analysis of total hydration energies at B3LYP/6-31+G(d) and B3LYP/6-311++G(d,) levels

B3LYP/6-31+G(d)

B3LYP/6-311++G(d,p)

| 1 1 v V VI Il 1 v V VI
Two-body (2-B)
M-W5s -15.38 -16.68 -16.20 -16.66 -17.23 -17.36  -1540 -16.56 -16.27 -16.71 -17.16 -17.49
M-Wsg -1554 -17.10 -16.26 -16.97 -17.46 -17.60 -1560 -17.10 -16.27 -17.05 -17.45 -17.60
M-W7 -6.78 -19.99 -5.62 -7.21 -17.03 -5.87 -6.58 -19.86 -5.44  -7.00 -16.99 -5.66
Ws-Ws 2.00 0.68 0.88 2.06 0.83 0.88 191 0.64 0.83 1.97 0.79 0.84
Ws-W5 -404 039 -4.06 -4.01 0.84 -3.99 -3.94 0.38 -409 -3.92 0.79 -4.04
We-W5 -3.99 0.85 0.36  -3.97 0.86 0.31 -3.89 0.80 0.34  -3.87 0.81 0.28
SM-W,° -37.70 -53.76 -38.08 -40.84 -51.72 -40.83 -37.57 -53.52 -37.98 -40.75 -51.60 -40.75
Sum (2-B) -43.73 -51.84 -40.90 -46.76 -49.19 -43.64 -43.49 -51.70 -40.90 -46.57 -49.21 -43.67
Three-body (3-B)
M-Ws-Ws 189 146 1.63 211 1.43 1.75 1.92 1.47 1.64 2.15 1.45 1.78
M-Ws-W7 -1.77 1.07 -3.28 -1.89 1.40 -3.61 -1.79 1.08 -3.31 -1.90 141 -3.64
M-We-W7 -1.72  1.28 0.23 -1.87 1.40 0.27 -1.73 1.30 0.23 -1.88 141 0.27
Ws-We-W7 0.88 -0.05 0.14 0.90 -0.05 0.17 0.84 -0.05 0.13 0.86-0.05 0.16
IM-W W, -161 380 -143 -1.65 4.22 -1.59 -1.60 3.86 -1.44  -1.64 4.27 -1.59
Sum (3-B) -0.73 375 -129 -0.75 4.17 -1.42 -0.76 3.81 -1.30 -0.77 4.22 -1.43
Four-body (4-B) 0.54 -0.08 0.15 0.60 -0.09 0.11 0.56  -0.09 0.16 0.61 -0.09 0.12
Relaxation Energy 126 7.37 1.13 1.03 0.58 0.91 1.61 7.68 1.40 1.39 0.71 1.20
BE4 -42.65 -40.80 -40.90 -45.89 -4453 -44.04 -42.07 -40.30 -40.65 -45.35 -44.37 -43.78
BSSE 416 4.20 3.68 4.23 3.53 3.68 3.00 3.10 2.81 3.03 2.73 2.83
Nonadditive Enerdy  -0.19 3.67 -1.14 -0.15 4.08 -1.31 -0.20 3.72 -1.14  -0.16 4.13 -1.31

3Listed interaction energies are BSSE-corre®®dm of ion-water interaction energié€8um of 3-B and 4-B interaction energies

enH" become more obvious when the sizes of basis sets aege divided into the BSSE-corrected 2-B, 3-B, 4-B and

increased as shown in Table 3. With 6-311++G(d,p) basiselaxation energies, and the sums of 2-B and 3-B ion-water

set, for instance, the BSSE-corrected energy differences bdtiteraction energies (denoted asl-W, and ZM-Wq-Wi)

ween the cyclic and tripod isomers g@&nH(H20); vs t- and the nonadditive interaction energies (3-B plus 4-B ener-

enH (H20); (I-1l vs IV-V) further increased (1.A4%& 0.98  gies) are also listed. Since the predicted trends of many-body

kcal/mol), thus reinforcing the interference between IHBinteractions at B3LYP/6-31+G(d) and B3LYP/6-311++G(d,p)

and intermolecular hydrogen bond interactiongyenH'- are similar, so only the latter are discussed here.

(H20)s. For the pairwise additive 2-B terms, the&l-W, values for
Many-body analyses A quantitative account on the roles I-VI are -37.6, -53.5, -38.0, -40.8, -51.6, -40.8 kcal/mol, so

of IHB and hydrogen bond cooperativity on the hydrationthe tripod isomersli(, V) are predicted to have greater ion-

behavior of an IHB-containing protonated ion can be achievwater interactions than the cyclic (V) and openl{l , VI)

ed by decomposing the total hydration energies of a systemsomers by ~16 kcal/mol fayaucheform (I vs I, Ill ) and

of n-bodies following many-body analysis scheme mention—~11 kcal/mol fortransform (V vs IV, VI). Of considerable

ed in Sectionll. The calculated many-body interaction interest is that the 4@ (7) molecule in isomeH parti-

energies for isomeisVI at B3LYP/6-31+G(d) and B3LYP/ cipating in the seven-membered IHB ring has the greatest 2-

6-311++G(d,p) levels are summarized in Table 4. TheB ion-water interaction energy (-19.86 kcal/mol). It is also

BSSE-corrected total hydration energies (denoted as BE4joticeable that the 4 (7) in isomers, 11l , IV, VI having



Ab initio Calculations of Protonated Ethylenediamine-(wat@ymplex Bull. Korean Chem. S@001 Vol. 22, No. 7 697

no direct contact with the ion core still possesses ~6 kcakcal/mol). The larger relaxation energy for isorfiecan be
mol attractive ion-water interaction energies. The water-attributed to the large geometrical changeg-eanH" core
water 2-B interaction energies (Sum (2-B) mixh-W,), and HO (7) participating in the seven-membered ring
on the other hand, are ~2 kcal/mol repulsive for the tripochetwork (also see Table 1). The large increase in the dihedral
isomers (1, V), ~6 kcal/mol attractive for the cyclic isomers angle ofg-enH" backbone ¢ (N1-C2-C3-N4) = 72.9 from
(1, IV) with greater number of water-water hydrogen bondsfreeg-enH" (43) is worthy to be noticed. Consequently, the
and ~3 kcal/mol attractive for open isomdis ,(VI). The  large relaxation energy of the mono-cyclic tripod isortigr (
overall strength of pairwise additive 2-B interactions (Sumarising from strong interference between IHB and water
(2-B)) are in the order ofl >V >IV >VI>|>Ill as hydrogen bond networks is mainly responsible for the
illustrated in Table 4. Note that isormérwith smallest total  different hydration behaviors gfenH" vs t-enH".
hydration energy (BE4 =-40.3 kcal/mol) has the greatest 2- The overall stabilities of hydrated structures are determin-
B interaction energy. ed ultimately by the competition between pairwise additive
On the other hand, the sums of 3-B interaction energies at&B terms, nonadditive terms, and relaxation energies. The
~4 kcal/mol for the tripod isomerdl ( V), ~-0.8 kcal/mol  results of many-body analyses suggest that the hydrogen bond
for cyclic isomers I, 1V) and —1.4 kcal/mol for open cooperativity (or attractive nonadditive interactions) does
isomers (|l , VI). These results are markedly different from not play an important role; instead, the combined repulsive
the cases of neutral water clusters@y'°** where the 3-B  relaxation energy and repulsive nonadditive interactions of
nonadditive interactions are quite attractieeg(~—6 kcal/  the competing mono-cyclic tripod isomdt)(are respon-
mol for cyclic-(H:O)s corresponding to ~25% of the total sible for the preferential formation of bi-cyclic isoméy. (
hydration energy), thus playing critical roles in forming The strong interactions between IHB and water hydrogen
cyclic structures. The repulsive 3-B interactions for thebond networks fog-enH core change the entire landscape
tripod isomers somewhat reduce their great stabilities gainedf hydrogen bond many-body interactions from those of
from the superior 2-B interactions. Furthermore, the similamon-IHB protonated ions.
3-B energies for the mono-cyclic tripod X and non-cyclic

tripod (V) suggest that the 3-B terms are not responsible for Conclusions
the different hydration behavior of IHB-containigeenH*
corevs t-enH" core. In this work, we describe the extendsdglinitio theoretical

A close examination of the data reveals that there areesults on the structural isomers and hydration energies, and
strong correlation between the signs of 3-B energies antheir many-body interactions in the casegadiche, trans
hydrogen bond directionalitye(g homodromic, heterodro- protonated ethylenediamine-(watecomplexes. We show
mic).!* Extra stabilization of a particular hydrogen bonding that the structures and relative stabilities of three represent-
network by many-body nonadditive interactions (known asative isomers (cyclic, tripod, open) betwegenH (H,0);
hydrogen bond cooperativity) occurs only when the hydro-and t-enH(H,0); are quite different due to strong inter-
gen bond networks are unidirectional or homodroraig.(  ference between IHB and water hydrogen bond networks.
donor-acceptor-donor-acceptor...). For instance, in isbmer Many-body analyses reveal that the strong IHB-water inter-
the 3-B terms for homodromic M-YWV;, M-We-W-; are  actions result in the large relaxation energies, and the com-
attractive while those for bi-directional or heterodromic M- bined repulsive relaxation energy and repulsive nonadditive
Ws-We, Ws-We-W7 are repulsive. Among six isomers, the interactions for the mono-cyclic tripod isomdr)( not the
tripod isomers I(, V) with three heterodromic hydrogen hydrogen bond cooperativity, are mainly responsible for the
bond networks (M-WWs, M-Ws-W7, M-We-W7) and one  preferential formation of bi-cyclic isomer)(
non-hydrogen bond network @Ws-W-) possess the most ~ Acknowledgment This work was financially supported
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