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Abstract Hydrate effects on the conformations of ethylene oxide oligomers (EO-

x, x = 1–8 mers) were examined using quantum chemical calculations (QCC).

Conformational analyses were carried out by RHF/6-31G. The models were con-

structed by locating a water molecule to each ether–oxygen in the structures opti-

mized for non-hydrate oligomers. Hydrate ratio, h (h = H2Omol/Omol in oligomer), was

set from 0 to 1.0. The six type conformations with repeated units of O–C, C–C and

C–O bonds were examined. Conformational energy, Ec (HF), was calculated as

difference between the energy of oligomer with water molecules and that of non-

hydrogen and/or hydrogen bonding water molecules. Hydrate energies for each

conformer, Dlh (kcal/m.u., based on Ec in non-hydrate state), were negative and

linearly decreased with the increase of h values, and such effects with the increase

of h values were weaken with increasing x values. These results were consistent

with our previous results calculated using the permittivity, e (e = 0–80.1), by QCC.

In non-hydrate (h = 0), the (ttt)x conformers were the most stable independent of x.

However, in hydrate states (h = 0.44–0.67), the (tg?t)x conformers were the most

stable independent of x values, and in h = 1, the (tg?t)8 conformer (8-mer) was

most stable [DEc(g) = -1.3 kcal/m.u., DEc(g): energy difference between a given

oligomer and the (ttt)x oligomer]. These results supported the experimental those

based on NMR analyses using dimethoxyethane and triglyme solutions. Molecular

lengths (l) of (tg?t)x, (tg?g-)x and (g?g?g?)x conformers having higher x values

significantly decreased with increasing h values. Such contraction with hydration,

however, was independent of DEc(g) values of each conformer.
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Introduction

Poly(ethylene oxide) (PEO) has unique properties because it possesses electron-

releasing heteroatom (O) in the skeletal chain. Such properties, including specific

affinity to substrate and solubility of inorganic salt, have been employed in the

advancement of biomaterials and solid polymer electrolytes [1], etc. These

properties are often affected by conformational characteristics such as trans/gauche

preferences, which depend on environmental factors such as temperature, solvent,

etc. The conformational analyses of these polymers, therefore, are essential in the

molecular design towards various applications.

X-ray diffraction (XRD) analyses [2, 3] have shown that the structure of a PEO

crystal in the original un-stretched state is a 7/2 helix [2], with a repeating tgt (t:

trans, g: gauche) conformation for the O–C, C–C, and C–O bonds, respectively. In

the stretched state, the structure transforms into a planar zigzag ttt conformation [3].

In the case of the PEO solutions, based on NMR analyses using dimethoxyethane

(DME) [4, 5] and triglyme (TGL) [6] as models of PEO, it has been reported that the

preferences to adopt a gauche-conformation (gauche preference) of the C–C bonds

increases with higher permittivity (e) of solvents. The conformation of PEO, in this

manner, specifically depends on environmental factors. Unfortunately, detailed

understandings of these environmental effects are complex and have yet to be

clarified.

To complement the experimental observations in the conformational analyses

of PEO, computational chemistry is employed. Pioneering works, involving a

rotational isomeric state model (RIS), was reported by Mark et al. [7, 8]. More

recently, studies using molecular mechanics (MM) and molecular dynamics

(MD) have been reported [9, 10]. Furthermore, in contrast to the RIS, MM, and

MD methods, recent studies involve quantum chemical calculations method

(QCC). Conformational analysis in the gaseous phase using QCC has been

reported for DME [5, 11, 12] and its oligomers [5, 6] (as models of PEO).

Comparable studies in the liquid phase, however, are little. Smith et al. [13]

have reported the potential study of DME in aqueous solution (mono-hydrate

model) using QCC.

We have reported the conformational analyses of EO oligomers, as a model of

PEO, in the gaseous [14] and liquid phases [15] using QCC. In the case of liquid

phases [15], the conformational energies of 1 to *4-mers were estimated by IPCM

method [16] using the permittivity: e (e = 0–80.1: water) of solvents, and the results

were in good agreement with experimental those. In this paper, in order to estimate

in more detail with the conformations in hydrate state, the hydrate models for EO

oligomers (1 to *8-mers) were investigated. The energies and structures optimized

for these hydrate models were examined using QCC, and the conformational

characteristics of hydrated EO oligomers were discussed.
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Quantum chemical calculations (QCC)

Designations of non-hydrated oligomer models (EO-x)

For the oligomer models (single chain) of PEO, EO x-mers (x = 1–8 monomer

units) capped with methoxy and methyl groups were used. The specified structures

are given in Table 1. The structural example designated for EO-1 is given in Fig. 1.

For each oligomer, the conformation (snsn?1sn?2)x (s: dihedral angles, n: sequential

number of atoms along a skeletal chain) are designated as (ttt)x, (ttg?)x, (tg?t)x,

(tg?g?)x, (tg?g-)x, and (g?g?g?)x (t, trans; g? and g-, gauche) as the combination

of s that are repeated for the units of O–C, C–C, and C–O bonds. Every dihedral

angle was independently assigned along the skeletal chains, and the values of 180�
(t), ?60� (g?), or -60� (g-) were used.

Table 1 Non-hydrate models

a Dimethoxyethane (DME)
b Triglyme (TGL)

No. Monomer unit

number: x
Molecular models Molecular

weights

EO-1 1 CH3O–(CH2CH2O)1–CH3
a 90.14

EO-2 2 CH3O–(CH2CH2O)2–CH3 134.20

EO-3 3 CH3O–(CH2CH2O)3–CH3
b 178.26

EO-4 4 CH3O–(CH2CH2O)4–CH3 222.32

EO-5 5 CH3O–(CH2CH2O)5–CH3 266.38

EO-8 8 CH3O–(CH2CH2O)8–CH3 398.56

Designated  Optimized 
dO-H (Å) = 1.50 (O2 H4, O7 H9), dO-H (Å) = 1.88 (O2 H4, O7 H9),   
dO-O (Å) = 2.20 (O2 O6, O7 O10) dO-O (Å) = 2.82 (O2 O6, O7 O10) 
DO-O (Å) = 5.74 (O6 O10) DO-O (Å) = 7.25 (O6 O10) 

Fig. 1 Structure examples designated and optimized for EO-1 (conformation: (ttt)1, h = 1, by RHF/6-
31G). The conformations were defined by (snsn?1sn?2)x, where sn, sn?1, and sn?2 are the dihedral angles
(�) for O–C, C–C, and C–O bonds, respectively, and x is monomer unit number. For example, in the
figure, the value of 180� was designated as the dihedral angles for O2–C3, C3–C5, and C5–O7 bonds. The
hydrate distance, dO–H (Å), was defined by the distance of hydrogen bond in O���HOH0; for examples,
O2���H4 and O7���H9 in the figure
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Designations of hydrate oligomer models

For the hydrate models, EO-x hydrated to the structure optimized for non-hydrate

model were used. The optimizations of non-hydrate models were carried out firstly

by RHF/STO-3G, and then RHF/6-31G method which is the same method as used in

optimizations of hydrate models; for more detail, refer following section. Each

water molecule was located to an ether–oxygen. The specified models are given in

Table 2. Hydrate ratio (h) was defined by H2Omol/Omol in oligomer, and the values of

0–1 were used. The structural example (h = 1) designated for EO-1 is given in

Fig. 1. Hydrate distance: dO–H (Å) was defined by the un-bonded distance between

the ether–oxygen (O) and the hydrogen (H) in water molecule (HOH0), in which H

atom is closer than H0 atom to the ether–oxygen as shown in Fig. 1. The value of

1.5 Å was used as dO–H, except for otherwise noted.

Conformational analyses

Conformational analyses were carried out for each model using QCC via the

Gaussian 03 W (Gaussian Inc.) program [17]. For structural optimizations, RHF/6-

31G was used as the calculation method. The energy of hydrated oligomer with

waters, Eh (Hartree, 1 Hartree = 627.51 kcal/mol) was calculated for the optimized

structure. The conformational energy (Ec) of hydrated oligomer was calculated via

Eqs 1 and 2.

Ec ¼ Eh �
X

Ew ð1Þ

Table 2 Hydrate models

Oligomers Hydrate modelsa Number of

ether–oxygen: a
Number of

waters: b
Hydrate ratio:

h (b/a)

EO-1 –O–O– 2 1 0.500

–O–O– 2 2 1.000

EO-2 –O–O–O– 3 1 0.333

–O–O–O– 3 2 0.667

–O–O–O– 3 3 1.000

EO-3 –O–O–O–O– 4 2 0.500

–O–O–O–O– 4 4 1.000

EO-4 –O–O–O–O–O– 5 2 0.400

–O–O–O–O–O 5 3 0.600

–O–O–O–O–O– 5 5 1.000

EO-5 –O–O–O–O–O–O– 6 3 0.500

–O–O–O–O–O–O– 6 6 1.000

EO-8 –O–O–O–O–O–O–O–O–O– 9 4 0.444

–O–O–O–O–O–O–O–O–O– 9 9 1.000

a O and O show non-hydrated and hydrayted units (OCH2CH2), respectively
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X
Ew ¼ NwðnÞEwðnÞ þ NwðhÞEwðhÞ NwðnÞ þ NwðhÞ ¼ Nw

� �
ð2Þ

where
P

Ew is total energy of the hydrated water molecules. Nw(n) and Nw(h) are

number of non-hydrogen bonded (longer than 3 Å of O���O distance, DO–O) and

hydrogen bonded (shorter than 3 Å of DO–O) water molecules estimated for

optimized structures, respectively. Ew(n) and Ew(h) are energies calculated for non-

hydrogen and hydrogen bonded water molecules by RHF/6-31G, respectively. Ew(n)

and Ew(h) values are given in Table 3.

The conformations were specified based on IUPAC [18] as follow: sn of trans

(t±) and gauche (g±) are ±120 to ±180� and ±0 to ±120�, respectively. Lengths of

oligomer molecules were defined by l (Å), where l is un-bonded distance between

the terminal oxygen atoms. In Fig. 1, for example, l is given as that between O2 and

O7.

Results and discussion

Effects of designations on the optimized structures

The influences of the designated hydrate distance on the optimized structures were

examined using EO 1-mer models [EO-1, conformation: (ttt)1]. The structural

optimizations were carried out using the RHF/6-31G method with structures that

were optimized in each non-hydrate model. The results for hydrate ratio: h = 1 are

shown in Table 4. As shown in Table 4, the hydrate distances (dO–H, and dO–O: un-

bonding distance between ether–oxygen and water’s oxygen) optimized for some

models were constant independent of the designated dO–H values (1.5–2.3 Å). The

locations of water molecules in the optimized structure were almost same as those in

the designated structure (refer Fig. 1). As shown in Table 4, the optimized dO–O

values fell within those which has been reported as distances of oxygen atoms in

water dimer with hydrogen bonding (2.74 in regular ice [19], 2.85 in liquid [19], and

2.98 Å in vapor [20, 21]). Therefore, it will be confirmed that all water molecules

are hydrated to each ether–oxygen with hydrogen bonding as shown in Fig. 1. The

Table 3 Energies (Ew, HF) calculated for water molecules by RHF/6-31G

na Ew(n)
b Ew(h)

c na Ew(n)
b Ew(h)

c na Ew(n)
b Ew(h)

c

1 -75.9854 4 -303.9416 -303.9850 7 -531.8978 -531.9939

2 -151.9708 -151.9826 5 -379.9274 -379.9876 8 -607.8832 -607.9973

3 -227.9562 -227.9830 6 -455.9128 -455.9907 9 -683.8686 -684.0007

a Units number of water molecules
b Energies of non-hydrogen bonded water molecules
c Energies for linear hydrogen bonded structures which are consisted of n units of sequential water

molecules
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conformational energies (Ec) were constant independent of the designated dO–H

values as shown in Table 4. Taking into account these results, the value of 1.5 Å

was used as dO–H value in all designations herein after.

Hydrate effects on the energy of each conformer

The conformational analyses for the hydrated EO oligomer (EO-x, x = 1–8) models

were carried out using the RHF/6-31G method with optimized structures in non-

hydrate models. The conformational energies (Ec) were calculated via Eqs 1 and 2.

The difference of energy between the (ttt)x conformer in non-hydrate states and the

other conformers, DEc (kcal/m.u., m.u.: monomer units), were calculated for all

models. The results are given in Table 5. In Table 6, the examples of calculations

for Ec using the (tg?t)1 conformer models (EO-1, h = 0–1) are shown. In Fig. 2, the

example of structure optimized for (tg?t)1 conformer (EO-1, h = 1) is shown. The

two water molecules in the (tg?t)1 conformer were in hydrogen bonding with each

other (DO–O = 2.90 Å) as shown in Fig. 2, while those in the (ttt)1 conformer were

not in hydrogen bonding (DO–O = 7.25 Å, Fig. 1).

The hydrate effects on the energy of each conformer were examined. The hydrate

energy, Dlh (kcal/m.u.), was defined as the difference of the conformational energy

(Ec) of hydrated oligomer and non-hydrated oligomer. In Fig. 3, the Dlh values

(based on the values in non-hydrates) are plotted against the hydrate ratios (h). The

plots fell on a straight line with a negative slope and the slope became less steep

with increasing values of x. These results indicate that the hydrate effect with

hydrogen bonding contributes to the stability of conformer, and such effects are

diluted with increasing monomer units. In our previous paper [15], in which the

conformational analyses for the solutions of EO oligomers (1–4 mers) were carried

out by QCC using the permittivities of solvents (IPCM method [16]), the energy of

each conformer decreased with increasing values of the permittivities: e (e = 0–80.1

of water), and such effects appeared to relate to the electrostatic effect with solvents.

It can be estimated that the results in present study using hydrate ratios (h = 0–1)

are corresponding to those calculated using the permittivity (e = 0–80.1), and all

conformers stabilize by electrostatic effect with increases of hydrate ratios.

Table 4 Effects of designated hydrate distances on the structures optimized for hydrate models (EO-1:

CH3–O1–CH2CH2–O2–CH3, conformation: (ttt)1, h = 1. Waters: H1O1H1 and H2O2H2. Calculations:

RHF/6-31G)

Designated distances Optimized

Hydrated (d, Å) Water–Water (D, Å) Hydrated distances (d, Å) Water–Water (D, Å) Ec (HF)

dO–H dO–O DO1–H2
a DO1–O2 dO1–H1/dO1–O1 dO2–H2/dO2–O2 DO1–H2

a DO1–O2

1.5 2.20 4.94 5.74 1.88/2.82 1.88/2.82 6.30 7.25 -306.8649

1.9 2.57 5.50 6.39 1.89/2.82 1.88/2.82 6.30 7.25 -306.8649

2.3 2.95 6.21 7.07 1.88/2.82 1.88/2.82 6.29 7.25 -306.8649

a ‘‘H2’’ in ‘‘O1-H2’’ shows a hydrogen atom neighboring to O1 atom
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As shown in Table 5, the calculations for almost all (tg?g?)x conformers, except

for the cases of h = 0, could not be carried out because of the ‘‘close contacts’’ in

designations or the ‘‘non-converged’’. It seems to be that the (tg?g?)x conformers

have unfavorable structure to the crowding effect by hydration.

Hydrate effects on trans/gauche preferences

The hydrate effects on the trans/gauche preferences of each conformer were

examined. The gauche preference energy, DEc(g) (kcal/m.u.), was defined as the

difference of DEc between a given oligomer and the (ttt)x oligomer. In Fig. 4, the

DEc(g) values are plotted against the number of monomer units (x). In non-hydrate

(h = 0), the (ttt)x conformer was the most stable independent of x. This result means

that the C–C bond of EO conformer prefers the trans conformation (trans

preference) in non-hydrate. This result was in agreement with the other calculation

results reported previously [5, 6, 12]. From an energetic aspect, this result does not

Table 6 Examples of calculations for conformational energy (Ec) (Model: EO-1 (tg?t)1. Calculation:

RHF/6-31G)

h Nw Eh (HF)a Water molecules Ec (HF, Ec = Eh -
P

Ew)

Non H-bonded H-bonded
P

Ew

Nw(n) Ew(n) (HF) Nw(h) Ew(h) (HF)

0 0 -306.8378 0 0 0 0 0 -306.8378

0.5 1 -382.8393 1 -75.9854 0 0 -75.9854 -306.8539

1 2 -419.2077 0 0 2b -151.9826b -151.9826 -306.8608

a Eh: gross energy calculated for hydrated oligomers with waters
b Estimated for linear hydrogen bonded structure which are consisted of sequential water molecules

(2 units). Refer Table 3

Designated  Optimized 
dO-H (Å) = 1.50 (O2 H4, O7 H9), dO-H (Å) = 1.83, 2.00 (O2 H4, O7 H9),   
dO-O (Å) = 2.20 (O2 O6, O7 O10) dO-O (Å) = 2.78, 2.90 (O2 O6, O7 O10) 
DO-O (Å) = 4.27(O6 O10) DO-O (Å) = 2.90 (O6 O10) 

Fig. 2 Structures designated and optimized for (tg?t)1 conformer: EO-1, h = 1 (calculation: RHF/6-
31G: hydrogen bonds)
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correspond to the conformation (tgt) observed for PEO crystals in the normal state

[2] but correspond to that (ttt) in the stretched state [3]. The details of the calculated

results remain still unclear.

In hydrate state, however, the (tg?t)x conformers in h = 0.44–0.67 were the most

stable independent of monomer units number as shown in Fig. 4. These results

indicate that EO oligomer prefers gauche conformation of C–C bonds with

hydration. Based on conformational studies of EO oligomers in solutions based on

NMR analyses using dimethoxyethane (DME) [4, 5] and triglyme (TGL) [6], it has

been reported that the gauche preference of the C–C bonds increases with higher

permittivity (e) of solvents. The results estimated in the present study support these

experimental those. In h = 1, the (tg?t)8 conformer (EO-8) was the most stable

(DEc(g) = -1.3 kcal/m.u.), but the DEc(g) values of (tg?t)x conformers having x
values of 1 and 2 are significantly large as shown in Fig. 4. These results in h = 1

seem to be connect with or without the formation of hydrogen bond between water

molecules around the (tg?t)x conformers. In the (tg?t)x conformers, as shown in
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Table 5, such hydrogen bondings were not estimated in hydrate ratios of 0.4–0.7

independent of x values. On the other hand, in the hydrate ratio of 1, such hydrogen

bondings were estimated in low x values (x = 1–3). The formation of hydrogen

bond between the water molecules neighboring an ether–oxygen will result in

weakening the hydrate effect because of increase of the hydrate distance.

Hydrate effects on the structures of conformers

The hydrate effects on the conformational structures optimized for EO 1–8 mers

were examined. The dihedral angles (sn) of C–C bonds and molecular lengths (l) of

each conformer are shown in Tables 7 and 8.

Table 7 Structures optimized for EO 1- and 2-mers by RHF/6-31G

Conformers EO-1 EO-2

h sn (�)a l (Å)b Hydrate

distances: d (Å)c
h sn (�)a

(average)

l (Å)b Hydrate distances:

d (Å)c

dO–H dO0–H dO–H dO0–H dO00–H

(ttt)x 0 180.0 3.59 – – 0 180.0 7.11 – – –

0.5 180.0 3.59 1.88 – 0.67 180.0 7.14 1.88 – 1.89

1 180.0 3.61 1.88 1.88 1 180.0 7.14 1.89 1.90 1.89

(tg?t)x 0 78.8 2.95 – – 0 78.1 5.80 – – –

0.5 74.2 2.91 1.87 – 0.67 67.4 5.17 1.86 – 1.86

1 74.7 2.91 1.83 2.00d 1 70.2 5.31 2.11d 1.89 1.84

(tg?g-)x 0 74.4 2.99 – – 0 73.3 5.55 – – –

0.5 74.4 2.99 1.86 – 0.67 71.7 5.07 2.13d – 1.80

1 74.9 3.01 1.85 1.84 1 68.8 4.88 2.10d 1.81 1.77

(ttg?)x 0 -179.5 3.63 – – 0 179.9 6.81 – – –

0.5 -179.0e 3.60 1.86 – 0.67 177.7 6.77 1.86 – 1.86

1 180.0e 3.61 1.86 1.86 1 175.5 6.10 1.86 1.86 1.86

(tg?g?)x 0 71.5 2.97 – – 0 57.0 4.61 – – –

0.5 68.2 2.94 2.04 – 0.67 69.6 4.65 1.99 – 3.42d

1 –f –f –f –f 1 66.2 5.39 1.98 4.08d 1.90

(g?g?g?)x 0 43.8 2.85 – – 0 43.2 5.20 – – –

0.5 45.8 2.86 1.84 – 0.67 45.5 5.39 1.82 – 1.82

1 50.8 2.90 1.82 1.82 1 45.9 5.52 1.83 1.79 1.82

a Dihedral angles of C–C bonds
b Molecular lengths (un-bonded distances between the terminal oxygen atoms
c The un-bonded distances between the ether–oxygen atom (O, O0, or O00) and the water–hydrogen atom

(H) neighboring ether–oxygen atom, Refer Fig. 2
d The formation of hydrogen bond (under 3 Å of DO–O) between water molecules was estimated. Refer

Table 5
e Transferred from (ttg?)1 into (ttt)1 conformer by optimization
f The optimizations could not been carried out because of the ‘‘close contacts’’ of distances between un-

bonded atoms in designation
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In Table 7 are shown the hydrate distances, dO–H (Å), of EO-1 and EO-2. As

shown in Table 7, the dO–H values become larger by the formation of hydrogen

bond between water molecules neighboring an ether–oxygen (see the subscript ‘‘d’’

data in Table 7, and refer Table 5). The values of dO–H changed from 1.8–2.0 to

2.1–4.1 Å by the formation of hydrogen bond. It can be considered that such

formation results in weakening an inter-molecular interaction between oligomer and

water molecule because of increase of the hydrate distance (dO–H).

One of the structural changes by hydration must be a molecular length due to the

changes of sn values. In Fig. 5, the ratio (Dl/l0, %) of the change of the length (Dl) to

the length of the non-hydrated oligomer (l0) is plotted against h value. In Fig. 6, the

examples of structures optimized for the hydrated (ttt)8 and (tg?t)8 conformers of

EO-8 (h = 1) are shown compared with each non-hydrate conformer, respectively.

As shown in Fig. 5 and 6, the (tg?t)x and (tg?g-)x conformers having higher

number of monomer units (x) significantly contracted with increases of h values,

and the Dl/l0 values of the (tg?t)8 and (tg?g-)8 conformers were -20% (h = 0.44)

and -72% (h = 1), respectively. On the other hand, in the (ttt)x and (ttg?)x

conformers, such contractions are small. These results indicate that the gauche

Table 8 Structures optimized for EO 3 to *5-mers and EO-8 mers by RHF/6-31G

Conformers EO-3 EO-4 EO-5 EO-8

h sn (�)a l (Å)b h sn (�)a l (Å)b h sn (�)a l (Å)b h sn (�)a l (Å)b

(ttt)x 0 180.0 10.7 0 180.0 14.2 0 180.0 17.8 0 180.0 28.5

0.5 180.0 10.7 0.6 179.5 14.3 0.5 180.0 17.8 0.44 180.0 28.4

1 180.0 10.7 1 179.6 14.3 1 180.0 17.9 1 180.0 28.6

(tg?t)x 0 77.9 8.64 0 78.0 11.5 0 77.9 14.4 0 77.8 23.0

0.5 72.7 8.37 0.6 66.4 9.81 0.5 70.6 12.8 0.44 71.1 18.4

1 67.2 7.40 1 71.1 11.1 1 64.2 12.4 1 66.4 20.5

(tg?g-)x 0 73.0 8.38 0 72.8 11.1 0 72.7 13.9 0 72.5 22.1

0.5 71.7 7.67 0.6 71.8 9.75 0.5 70.5 10.7 0.44 70.9 12.8

1 73.2 7.62 1 72.8 10.3 1 78.3 14.3 1 73.9 6.28

(ttg?)x 0 179.9 9.83 0 179.8 13.1 0 179.8 16.5 0 179.8 26.2

0.5 179.2 10.1 0.6 179.4 13.0 0.5 178.8 15.3 0.44 70.5c 17.2

1 176.2 8.99 1 179.8 13.1 1 173.3 14.0 1 63.1c 20.1

(tg?g?)x 0 57.8 4.89 0 57.6 5.50 0 57.6 7.29 0 57.6 10.8

0.5 63.7 6.26 0.6 –d –d 0.5 –d –d 0.44 –d –d

1 –d –d 1 –d –d 1 –d –d 1 –d –d

(g?g?g?)x 0 43.1 7.54 0 43.1 10.1 0 43.1 12.7 0 43.1 20.2

0.5 44.9 7.80 0.6 45.2 10.4 0.5 44.9 12.9 0.44 44.9 20.5

1 54.9 7.20 1 48.6 10.6 1 53.0 8.48 1 49.2 17.5

a Averages of sn values for C–C bonds
b Molecular length (un-bonded distance between the terminal oxygen atoms
c Transferred from (ttg?)8 into (tg?t)8 conformer by optimization
d The optimizations could not been carried out because of the ‘‘close contacts’’ of distances between un-

bonded atoms in designation
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structure of C–C bond becomes to be more contracted structure by hydration. In

Fig. 7, the ratios (Dl/l0, %) of all conformers except for (ttt)x are plotted against the

gauche preference energies [DEc(g)]. Many conformers are contract with hydration

independent of h values. These results seem to be related to that EO oligomer has

not the strong intra-molecular interaction, for example, as NH���H hydrogen bonding
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Fig. 6 Structures of (ttt)8 and (tg?t)8 conformers optimized for EO-8 (non-hydrated or hydrated) by
RHF/6-31G. Upper and lower figures show the stereo oblique and chain axis projections, respectively
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in poly ethylene imine [22]. The values of Dl/l0, however, are independent of DEc(g).

This result means that the contract structure with hydration is not necessarily stable

from the aspect of its structural energy.

Conclusions

Hydrate effects on the conformations of ethylene oxide oligomers were examined

using quantum chemical calculations (QCC). Hydrate energies (Dlh) estimated

from conformational energies (Ec) for each conformer were negative and linearly

decreased with the increase of hydrate ratios (h), and all conformers were stabilized

by hydrations. The (ttt)x conformers were most stable in non-hydrates. However, in

hydrates, the (tg?t)x conformers were the most stable in h = 0.44–0.67, and the

(tg?t)8 conformer was most stable in h = 1. These results seemed to be connect to

the gauche preference of EO oligomers with hydration, and supported the

experimental those based on NMR analyses using dimethoxyethane and triglyme

solutions. Molecular lengths of conformers having gauche structures of C–C bonds

significantly decreased with increasing hydrate ratios and monomer unit number,

and the gauche structures of C–C bonds became to be more contracted those by

hydration. This result seems to be related to that EO oligomer has not the strong

intra-molecular interaction as NH���H in ethylene imine oligomer. Such contractions

by hydration, however, were independent of its conformational stability.
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