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ABSTRACT: Conformational analysis of two alternating copolymers, poly(ethylene imine-alt-ethylene oxide)
(PEIEO) and poly(N-methylethylene imine-alt-ethylene oxide) (PMEIEO), has been carried out by the inversional-
rotational isomeric state (IRIS) analysis of ab initio molecular orbital (MO) calculations and1H and13C NMR
experiments for their model compounds. On the basis of the conformational energies derived therefrom and
molecular mechanics and MO calculations, higher-order structures, physical properties, and functions of the
two copolymers have been predicted as an example of molecular design. These copolymers are expected to form
various hydrogen bonds: PEIEO, N-H‚‚‚O (interaction energy,-1.75 kcal mol-1), C-H‚‚‚N (-0.68 kcal mol-1),
and C-H‚‚‚O (-0.21 kcal mol-1); PMEIEO, C-H‚‚‚N (-0.66 kcal mol-1), and C-H‚‚‚O (-0.41 kcal mol-1).
In particular, the N-H‚‚‚O hydrogen bond of PEIEO is too strong to be broken even by protic solvents such
as methanol and water but replaced by an intermolecular N-H‚‚‚OdS attraction in dimethyl sulfoxide. The
C-N and C-O bonds of PEIEO prefer the trans state as found for poly(ethylene imine) (PEI) and poly-
(ethylene oxide), whereas the C-C bond does not have its own conformational preference and its conforma-
tional equilibrium is determined only by the hydrogen bond strength (HBS). The characteristic ratio of PEIEO
largely depends on HBS: 1.5 (HBS) 100%); 6.5 (0%). In contrast, the weak hydrogen bonds of PMEIEO little
affect the characteristic ratio; 5.2 (HBS) 100%); 5.9 (0%). According to Mattice’s analysis (Macromolecules
2004, 37, 4711), PEIEO and PEI tend to form circular paths due to the intramolecular hydrogen bonds. Both
molecular mechanics calculations using the Amber force field and density functional MO calculations under the
periodic boundary condition have suggested that a double-helical structure may be formed in the PEIEO crystal.
The possibility that these copolymers will be utilized as gene carriers and ion conductors is discussed, and the
synthetic method is also suggested. In conclusion, these copolymers should be promising and deserve to be
synthesized.

1. Introduction

Molecular design for polymers may be to predict the atomic
arrangement, i.e., the primary structure that actualizes such
higher-order structures, physical properties, and functions as one
desires. To this end, it is significant to elucidate correlations
between primary structures, higher-order structures, and proper-
ties of polymers and to predict structures, properties, and
functions of nonexistent polymers and encourage polymer
chemists to challenge syntheses of the new polymers.

So far, we have interpreted conformational characteristics of
polymers including heteroatoms such as oxygen, sulfur, nitrogen,
and silicon in terms of intramolecular and intermolecular
interactions, using their monomeric and oligomeric model
compounds,1-3 and found that the unperturbed and crystallized
polymers have the same conformational preferences as the
models. The solution and thermal properties of the polymers
have been elucidated from ab initio molecular orbital (MO)
calculations and NMR experiments for the models and the
rotational isomeric state (RIS) scheme for the polymers. For
polyimines, we have developed the inversional-rotational
isomeric state (IRIS) scheme,4,5 by which the configurational
and conformational equilibrium can be discussed in accordance
with statistical mechanics. Our studies have suggested the
possibility that a given polymer may be fully characterized by

means of its model compound(s) even though the polymer itself
has not been synthesized.

Poly(ethylene imine) (PEI) and poly(ethylene oxide) (PEO),
respectively, form N-H‚‚‚N and (C-H)‚‚‚O intramolecular
hydrogen bonds,4,6 which essentially determine their confor-
mational characteristics and spatial configurations. Because of
the electron donor properties, both PEI and PEO have been used
as solid polymer electrolytes7 and gene delivery polymers.8,9

In vivo, PEI is protonated,10 basic, and cytotoxic, whereas PEO
is neutral, water-soluble, and biocompatible. To enhance water
solubility and reduce cytotoxicity, PEI has often been copoly-
merized with PEO to yield PEI-block-PEO and PEI-graft-
PEO.11,12 It is true that these copolymers are not so cytotoxic
as PEI alone, but the hydrophilic PEO block covers the particle
surface and masks the PEI block, and hence the transfection
efficiency is reduced. Recently, alternating copolymers of
oligomers of ethylene imine and ethylene oxide have been
prepared and found to be less cytotoxic than PEI and more
efficient in transfection than PEI-block-PEOs.13 If the two
oligomers could be reduced to one monomeric unit, we would
obtain the alternating copolymer, poly(ethylene imine-alt-
ethylene oxide) ([-NH(CH2)2O(CH2)2-]x, PEIEO, see Figure
1). The alternating copolymer may exhibit unique properties
and functions. To our knowledge, there was an attempt to
synthesize PEIEO fromN-(2-hydroxyethyl)aziridine,14 but the
molecular weight was as small as 267 (corresponding to the
trimer).
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This study has dealt withN-(2-methoxyethyl)methylamine
(CH3NH(CH2)2OCH3, MEMA) andN,N-(2-methoxyethyl)dim-
ethylamine (CH3)2N(CH2)2OCH3, MEDA) as model compounds
of PEIEO and itsN-methyl substituted polymer, poly(N-
methylethylene imine-alt-ethylene oxide) ([-N(CH3)(CH2)2O-
(CH2)2-]x, PMEIEO), to derive the conformational energies
from ab initio MO calculations and NMR experiments and
investigate intramolecular interactions formed in the copolymers.
Conformational characteristics, higher-order structures, and
physical properties of the two polymers have been predicted
by the IRIS calculations using the energy parameters and
molecular mechanics and MO calculations. In this paper, the
results are discussed in comparison with those for PEI and PEO,
and their applications and synthetic methods are also discussed.

2. Computations and Experiments

2.1. Ab Initio MO Calculations. Ab initio MO calculations were
carried out with the Gaussian03 program15 installed on an HPC
Silent-SCC T2 computer. For each conformer of MEMA or MEDA,
the geometrical parameters were fully optimized at the HF/6-31G-
(d) level, and the thermal correction to the Gibbs free energy (at
25 °C and 1 atm) was calculated with a calibration factor of
0.9135.16 With the optimized geometry, the self-consistent field
(SCF) energy was computed at the MP2/6-311++G(3df, 3pd) level.
All the SCF calculations were performed under the tight conver-

gence. The Gibbs free energy was calculated from the SCF and
thermal-correction energies, being given here as the difference from
that of the all-trans conformer and denoted as∆Gk (k: conformer
number).

Ab initio MO calculations including the counterpoise correc-
tion17,18 at the MP2/6-311+G(3df, 2p) level were carried out for
MEMA-dimethyl sulfoxide (DMSO) complexes. The complex
geometries were fully optimized, and the intermolecular interaction
energies were estimated by the natural bond orbital (NBO)
analysis.19,20 The crystal structure of PEIEO was predicted for by
the geometrical optimization at the B3LYP/6-31G(d) level under
the periodic boundary condition.21,22

2.2. Molecular Mechanics Calculations.Molecular mechanics
calculations were performed to search for the optimum crystal
structure of deca(ethylene imine-alt-ethylene oxide) using the
Amber8 program23 installed on an HPC-IAXP8 computer. The ff99
forced field24 was employed, together with the restrained electro-
static potential (resp) atomic charges25 derived from MO calcula-
tions at the B3LYP/6-31G(d) level for the oligomers. The full
conjugate gradient minimization of the total energy was performed
with the Sander module of the Amber8 program.

2.3. Sample Preparation.N-(2-Methoxyethyl)methylamine was
purchased from Aldrich and used without further purification.N,N-
(2-Methoxyethyl)dimethylamine was prepared by a condensation
between 2-chloro-N,N-dimethylethylamine and sodium methoxide.26

A cyclic compound to derive vicinal coupling constants for the
NMR analysis, 2-methylmorpholine (2MM), was prepared as
follows. 1-Amino-2-propanol and 2-chloroethanol were condensed
with sodium carbonate to yieldN-(2-hydroxyethyl)-2-hydroxypro-
pylamine.27 The product was cyclized by an intramolecular
condensation using sulfuric acid to give 2MM.28

2.4. NMR Measurements.1H (13C) NMR spectra were measured
at 500 MHz (126 MHz) on a JEOL JNM-LA500 spectrometer
equipped with a variable temperature controller in the Chemical
Analysis Center of Chiba University. During the measurement, the
probe temperature was maintained within(0.1°C fluctuations. The
π/2 pulse width, data acquisition time, and recycle delay were 5.6
(5.0) µs, 3.3 (2.0) s, and 3.7 (2.0) s, respectively. Here, the values
in the parentheses represent the13C NMR parameters. In the13C
NMR measurements, the gated decoupling technique was employed.
Before the Fourier transform, zero filling was conducted so that
the digital resolution would be smaller than 0.01 Hz. The solvents
were cyclohexane-d12 (C6D12), chloroform-d (CDCl3), methanol-
d4 (CD3OD), dimethyl-d6 sulfoxide ((CD3)2SO or DMSO-d6), and
deuterium oxide (D2O), and the solute concentration was ca. 5 vol
%. The NMR spectra were simulated with the gNMR program29

to obtain the chemical shifts and coupling constants.

3. Results and Discussion

3.1. 1H NMR. Figure 2 shows1H NMR spectra observed
from methylene protons of MEMA. The simulations gave two
vicinal coupling constants,3JHH () 3JAB ) 3JA′B′) and3J′HH ()
3JAB′ ) 3JA′B), as listed in Table 1. The observed coupling
constants can be expressed as

and

where3JT
HH’s and 3JG

HH’s are defined in Figure 3, andpt
CC and

pg
CC are trans and gauche fractions of the C-C bond, respec-

tively. Therefore, we have

As 3JHH’s in eqs 1 and 2, we have used those obtained from the

Figure 1. All-trans states of (a)N-(2-methoxyethyl)methylamine
(MEMA), (b) N,N-(2-methoxyethyl)dimethylamine (MEDA), (c) poly-
(ethylene imine-alt-ethylene oxide) (PEIEO), (d) poly(ethylene imine)
(PEI), and (e) poly(ethylene oxide) (PEO). As indicated, the bonds are
designated. Thel and d forms are defined as follows. For example,
PEIEO in the all-trans state is put on paper as shown. When the
hydrogen atom of the most left-hand NH group appears on this (that)
side of the paper, the nitrogen site is considered to adopt thed (l) form.
For other nitrogen sites, thed andl configurations are defined similarly.
Thedd and ll forms are referred to asmeso, anddl and ld asracemo.
The all-transmesoandracemoforms have the two NH hydrogen atoms
on the same and opposite sides, respectively. If the NH hydrogen atoms
of PEIEO are replaced by methyl groups, the resultant polymer
corresponds to poly(N-methylethylene imine-alt-ethylene oxide)
(PMEIEO).

3JHH ) 3JG
HH pt

CC +
3J′T

HH + 3J′′G
HH

2
pg

CC (1)

3J′HH ) 3JT
HH pt

CC +
3J′G

HH + 3J′′′G
HH

2
pg

CC (2)

pt
CC + pg

CC ) 1 (3)
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N-CH2-CH2-O bond sequence of 2MM. Figure 4 shows an
example of observed and calculated1H NMR spectra of 2MM
and its chemical structure. Listed in Table 2 are the vicinal
coupling constants derived from the gNMR simulations. The
pt

CC and pg
CC values were obtained from eqs 1 and 2 and

divided by their sum to satisfy eq 3. The experimentalpt
CC

values are close to those obtained from the MO calculations
(Table 3), except for those of the DMSO-d6 solution,30 which
gave abnormally broad13C NMR spectra (Figure 5). This
problem will be discussed later. The trans fraction increases
with temperature or solvent polarity.

Figure 2c shows1H NMR spectra observed from MEDA
dissolved in C6D12.30 The vicinal coupling constants and
trans fractions for MEDA are listed in Tables 1 and 3,
respectively. Inasmuch as MEDA is insoluble in chloro-
form, the CDCl3 parts of the two tables are blank. The
experimentalpt

CC values agree well with the MO calculations,
which were derived from the∆Gk values (Table 4), as described
previously.4

3.2. 13C NMR. Figure 5 shows observed13C NMR spectra
of methyl carbons of MEMA. The triplets are due to the vicinal
couplings of13CH3 -N-CH2 (3JCH

CN) or 13CH3-O-CH2 (3JCH
CO).

The 3JCH
CX (X ) N or O) values for the five solutions are listed

in Table 1. The observed value is expressed as

where3J′T
CH and 3JG

CH’s are defined in Figure 3, andpt
CX and

pg
CX are trans and gauche fractions of the C-X bond, respec-

Figure 2. 1H NMR spectra of methylene protons, A and A′ (left) and
B and B′ (right), of MEMA dissolved in (a) D2O at 25°C, (b) (CD3)2-
SO at 25 °C, and (c) MEDA dissolved in C6D12 at 35 °C. For
designations of the hydrogen atoms, see Figure 3b.

Table 1. Observed Vicinal1H-1H and 13C-1H Coupling Constants
of MEMA and MEDA a

MEMA MEDA

temp,°C 3JHH
3J′HH

3JCH
CN 3JCH

CO 3JHH
3J′HH

3JCH
CN 3JCH

CO

C6D12 15 6.52 3.63 3.45 2.90 5.91 5.91 4.72 3.23
25 6.52 3.69 3.47 3.00 5.92 5.92 4.72 3.26
35 6.51 3.78 3.48 3.02 5.92 5.92 4.76 3.34
45 6.51 3.83 3.56 3.09 5.92 5.92 4.78 3.38
55 6.48 3.92 3.66 3.16 5.97 5.97 4.79 3.43

CDCl3 b 15 6.67 3.59 3.48 2.90
25 6.66 3.65 3.50 2.97
35 6.66 3.65 3.58 3.04
45 6.62 3.81 3.64 3.09
55 6.62 3.86 3.66 3.11

(CD3)2SOc 15 5.67 5.67 5.97 5.97 4.67 3.31
25 5.69 5.69 5.97 5.97 4.66 3.37
35 5.70 5.70 5.97 5.97 4.65 3.42
45 5.71 5.71 5.97 5.97 4.67 3.48
55 5.71 5.71 5.96 5.96 4.67 3.53

CD3OD 15 6.63 3.98 3.54 2.97 5.60 5.60 4.47 3.00
25 6.63 4.02 3.62 3.06 5.61 5.61 4.49 3.06
35 6.62 4.09 3.66 3.08 5.63 5.63 4.51 3.10
45 6.62 4.12 3.69 3.13 5.65 5.65 4.53 3.17
55 6.59 4.18 3.82 3.16 5.68 5.68 4.53 3.20

D2O 15 6.69 4.14 3.56 3.15 5.73 5.73 4.33 3.08
25 6.66 4.24 3.62 3.22 5.76 5.76 4.38 3.16
35 6.64 4.32 3.68 3.26 5.80 5.80 4.38 3.21
45 6.60 4.45 3.80 3.31 5.84 5.84 4.41 3.26
55 6.58 4.50 3.94 3.35 5.86 5.86 4.44 3.32

a In Hz. b MEDA is insoluble in chloroform.c 13C NMR spectra of
MEMA dissolved in (CD3)2SO were too broad to give the coupling
constants.

Figure 3. Conformations around the (a) NH-CH2 (MEMA), (b) CH2-
CH2 (MEMA and MEDA), (c) CH2-O (MEMA and MEDA), and (d)
N(CH3)-CH2 (MEDA) bonds with definitions of vicinal coupling
constants. The Greek letters represent first-order interactions.

3JCH
CX ) 3JG

CH pt
CX +

3J′T
CH + 3J′G

CH

2
pg

CX (4)
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tively. For X ) N, the 3JG
CH, 3J′T

CH, and3J′G
CH values obtained

from model compounds of PEI4 have been used for the
individual solutions: C6D12,

3J′T
CH ) 7.80 and3JG

CH ) 3J′G
CH )

3.44 Hz; CDCl3, 7.62 and 3.41 Hz; (CD3)2SO, 7.23 and 3.52
Hz; CD3OD, 7.41 and 3.28 Hz; D2O, 7.52 and 3.05 Hz. For X
) O, the3JCH values optimized for 1,2-dimethoxyethane (DME)
and PEO have been adopted for all the solutions:3JG

CH ) 2.0
Hz and 3J′T

CH + 3J′G
CH ) 16.0 Hz.31 The pt

CX values thus
obtained are shown in Table 3. Both C-N and C-O bonds
strongly prefer the trans state, and the trans fractions decrease
as temperature or solvent polarity increases.

Figure 5c shows an example of13C NMR spectra of MEDA.
The triplet and quasisextuplet stem from the13CH3-O-CH2

and13CH3-N(CH3) -CH2 couplings, respectively. For MEDA,
the 3JCH

CN value observed from the13CH3-N methyl carbon
may be given by

wherepC1

CN andpCS

CN are fractions of C1 and Cs forms around the

C-N bond, respectively (see Figure 3): therefore,pC1

CN + pCS

CN

) 1. Using the above-mentioned3JCH values, we derived the
pC1

CN andpt
CO values as shown in Table 3.

Figure 4. 1H NMR spectra of 2-methylmorpholine (2MM) dissolved
in D2O at 25 °C. As shown, the peaks were assigned. The NMR
parameters were determined as follows (δ relative toδH2O in ppm and
J in Hz): δA ) 2.43,δB ) 2.86,δC ) 3.65,δD ) 2.73,δE ) 3.86,δF

) 2.79,δG ) 3.63,δX ) 1.11,2JAB ) -12.90,3JAC ) 10.20,3JBC )
2.41,4JBF ) 1.25,3JDE ) 3.46,2JDF ) -13.03,3JDG ) 11.92,3JEF )
1.29,2JEG ) -11.71,3JFG ) 2.54,3JCX ) 6.31.

Table 2. Vicinal 1H-1H Coupling Constants of 2MMa

solvent 3JT′HH 3JG′HH 3JG′′HH 3JG′′′HH 3JG
HH

C6D12 11.44 3.25 1.37 2.65 2.42
CDCl3 11.62 3.33 1.21 2.51 2.35
(CD3)2SO 11.47 3.27 1.58 2.79 2.55
CD3OD 11.71 3.48 1.33 2.58 2.46
D2O 11.92 3.46 1.29 2.54 2.43

a In Hz. At 25 °C. For definitions of the coupling constants, see Figure
4. 3JT

HH ) 3JT′HH and3JG
HH ) (3JG′HH + 3JG′′HH + 3JG′′′HH)/3.

3JCH
CN )

3JT
CH + 3 3JG

CH

4
pC1

CN +
3JT

CH + 3JG
CH

2
pCS

CN (5)

Table 3. Bond Conformations of MEMA and MEDA

MEMA MEDA

medium permittivity
temp,

°C pt
CN pt

CC pt
CO pC1

CN pt
CC pt

CO

MO calcd
gas phase 1.0 15 0.79 0.08 0.91 0.93 0.23 0.78

25 0.78 0.08 0.90 0.92 0.24 0.77
35 0.77 0.10 0.89 0.92 0.24 0.76
45 0.75 0.10 0.88 0.91 0.24 0.75
55 0.74 0.11 0.88 0.91 0.24 0.74

NMR exptl
C6D12 2.0 15 0.99 0.06 0.85 0.83 0.28 0.80

25 0.99 0.06 0.83 0.83 0.28 0.79
35 0.98 0.07 0.83 0.79 0.28 0.78
45 0.95 0.08 0.82 0.77 0.28 0.77
55 0.90 0.09 0.81 0.76 0.28 0.76

CDCl3 4.8 15 0.97 0.05 0.85
25 0.96 0.06 0.84
35 0.92 0.06 0.83
45 0.89 0.07 0.82
55 0.88 0.07 0.82

(CD3)2SO 46.7 15 0.28 0.76 0.28 0.78
25 0.28 0.77 0.28 0.77
35 0.28 0.78 0.28 0.76
45 0.28 0.76 0.28 0.75
55 0.28 0.76 0.28 0.75

CD3OD 32.7 15 0.87 0.08 0.84 0.85 0.27 0.83
25 0.84 0.08 0.82 0.83 0.27 0.82
35 0.82 0.09 0.82 0.81 0.27 0.82
45 0.80 0.09 0.81 0.79 0.27 0.81
55 0.74 0.10 0.81 0.79 0.27 0.80

D2O 78.5 15 0.77 0.10 0.81 0.86 0.28 0.82
25 0.75 0.10 0.80 0.81 0.28 0.81
35 0.72 0.11 0.79 0.81 0.28 0.80
45 0.66 0.12 0.78 0.78 0.28 0.79
55 0.60 0.13 0.78 0.76 0.28 0.78

Figure 5. 13C NMR spectra of methyl protons, CH3N- (left) and
CH3O- (right), of (a) MEMA dissolved in D2O at 25°C, (b) in (CD3)2-
SO at 55°C, and (c) MEDA dissolved in C6D12 at 25°C.
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3.3. Association of MEMA with DMSO. The DMSO-d6

solution gave broad13C NMR spectra (Figure 5b). The CH3-O
peaks can be considered a triplet, whereas the CH3-NH signal
loses the fine structure. In addition, the CH2-NH protons exhibit
a broader triplet than CH2-O (Figure 2); that is, the former
methylene group has a transverse relaxation time smaller than
the latter. These facts suggest that the NH group may be
anchored to a DMSO molecule. Accordingly, structures of the
MEMA-DMSO complexes were searched for by MO calcula-
tions including the counterpoise correction17,18 at the MP2/6-
311+G(3df, 2p) level. As will be shown below, the C-C bond
does not have its own conformational preference because ofEσ

= 0. The large gauche fraction ofpg
CC ∼ 0.80-0.95 stems only

from the hydrogen bonds. Therefore, two conformations, ttt and
tgt, were initially set for MEMA and optimized together with a
DMSO molecule. The resultant structures are depicted in Figure
6. The NBO analysis19,20 for these two complexes evaluated
the intermolecular N-H‚‚‚O and C-H‚‚‚O attractions as-2.40
and-1.89 kcal mol-1 (Figure 6a) and-6.20 and-1.21 kcal
mol-1 (Figure 6b), respectively.32 Because the N-H‚‚‚O
interactions are stronger than C-H‚‚‚O’s, the NH site may be
more restricted in motion than the oxygen atom. This is
consistent with the1H and13C NMR observations.

3.4. Conformational Energies of MEMA and MEDA.
Statistical weight matrices,Uj (j: bond number), of MEMA and
MEDA are given in the Appendix. The conformer free energies
of the l forms, obtained from the MO calculations, are listed in
Table 4, together with the statistical weights. Here, thel andd
forms are defined according to the pseudoasymmetry of
Flory33,34 (see Figure 1). The first-, second-, and third-order
interactions defined for MEMA (PEIEO) and MEDA (PMEIEO)

are illustrated in Figures 3, 7, and 8. The statistical weights
correspond to Boltzmann factors of the conformational ener-
gies: for example,σ ) exp(-Eσ/RT), where R is the gas
constant andT is the absolute temperature.35,36 The conforma-
tional energies, determined by the least-squares method for the
∆Gk values as in previous studies,2,4 are compared with those
of PEI,4 poly(trimethylene imine),5 poly(N-methyltrimethylene
imine),5 PEO,6 and their model compounds in Table 5.

Depending on whether the nitrogen site is secondary or
tertiary, the first-order interaction energies can be grouped into
two: secondary amine, MEMA, di-MEDA, and di-MPDA;
tertiary amine, MEDA, and tetra-MPDA. Each group seems to
have its own energy set. TheEσ values are nearly null except
for that of DME; the C-C bonds do not possess their intrinsic
conformational preferences.

Three types of hydrogen bonds were found in MEMA:η,
N-H‚‚‚O; ω, C-H‚‚‚O; ω′, C-H‚‚‚N. Of these, theη attraction
is the strongest (Eη ) -1.75 kcal mol-1) and surpasses the
N-H‚‚‚N hydrogen bond (-1.54 kcal mol-1) of di-MEDA
(PEI).4 In contrast, MEDA has only weak C-H‚‚‚O (ω) and
C-H‚‚‚N (ω′) attractions because its nitrogen site has no
hydrogen atom. Both MEMA and MEDA form C-H‚‚‚O
hydrogen bonds, which are, however, much weaker than that
of DME (PEO).6

3.5. Configurational Properties of PEIEO and PMEIEO.
According to the IRIS scheme,4,5 the meso-diad probabilities
(Pm’s) and unperturbed characteristic ratios (〈r2〉0/nl2’s) of PEIEO
and PMEIEO were calculated from the conformational energies

Table 4. Conformer Free Energies of MEMA and MEDA, Evaluated
from Ab Initio MO Calculations

l -MEMA l -MEDA

k conformation
statistical
weighta

∆Gk
b

(kcal mol-1)
statistical
weighta

∆Gk
b

(kcal mol-1)

1 ttt 1 0.00 1 0.00
2 ttg+ F 1.35 F 1.38
3 ttg- F 1.06 F 1.15
4 tg+t σν′ 1.01 σν′ 0.68
5 tg+g+ Fσν′ 1.48 Fσν′ 1.25
6 tg+g- Fσν′ω′ 1.24 Fσν′ω′ 0.94
7 tg-t ση -1.76 σω -0.24
8 tg-g+ 0 0
9 tg-g- Fση -0.35 Fσω 1.08

10 g+tt γ 1.05 γ 1.60
11 g+tg+ γF 2.33 γF 3.10
12 g+tg- γF 2.42 γF 3.10
13 g+g+t γση -0.77 γσω 0.92
14 g+g+g+ γFση 0.68 γFσω 2.29
15 g+g+g- 0 0
16 g+g-t γσω 0.85 γσω 0.92
17 g+g-g+ 0 0
18 g+g-g- γFσω 2.06 γFσω 2.29
19 g-tt δ 0.35 1 0.00
20 g-tg+ δF 1.57 F 1.15
21 g-tg- δF 1.75 F 1.38
22 g-g+t δσω 0.21 σω -0.24
23 g-g+g+ δFσω 1.69 Fσω 1.08
24 g-g+g- 0 0
25 g-g-t δσν′ 1.24 σν′ 0.68
26 g-g-g+ δFσν′ω′ 1.55 Fσν′ω′ 0.94
27 g-g-g- δFσν′ 2.14 Fσν′ 1.25

a For the intramolecular interactions, see Figures 3, 7, and 8.b At the
MP2/6-311++G(3df, 3pd)//HF/6-31G(d) level. Relative to theGk value of
the all-trans conformation. The blank indicates that the geometrical
optimization did not detect the potential minimum; thus, the conformer
is considered to be absent, and the null statistical weight is assigned
thereto.

Figure 6. Molecular association of MEMA (a) in ttt and (b) tgt
conformations with dimethyl sulfoxide.
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given in Table 5 and statistical weight matrices in Appendix.
The combined statistical weight matrixWi of the ith repeating
unit (eq 16 of ref 5) is defined as

where, for example,Vi
ld (i g 2) is calculated from

Here, the configurationld represents that theith and (i + 1)th
repeating units adopt thel andd forms, respectively. The other
Vi

R (R ) ll , dd, dl) matrices are also expressed as products of
the statistical weight matrices (see Table 6). From theWi

matrices, thePm values of PEIEO and PMEIEO were calculated
to be 0.50. Inasmuch as six bonds separate the neighboring
nitrogen sites, the stereochemical correlation between them is
hardly retained, and these copolymers behave as atactic chains.
The characteristic ratios were calculated for thenc chains

generated so as to satisfyPm ) 0.50 and averaged to yield the
mean〈r2〉0/nl2 value. In the calculations, the dihedral angles were
chosen for the individual diads as shown in Tables 6 and 7.
The bond lengths and bond angles are also given in Table 7.

Figure 7. Second- and third-order intramolecular interactions defined
for MEMA and PEIEO.

Wi ) (Vi
ll Vi

ld

Vi
dl Vi

dd) (6)

Vi
ld ) Ua

l Ub
l Uc

l Ud
l Ue

l Uf
d (7)

Figure 8. Second- and third-order intramolecular interactions defined
for MEDA and PMEIEO.

Table 5. Conformational Energies (kcal mol-1) of MEMA (PEIEO),
MEDA (PMEIEO), Di-MEDA (PEI), Di-MPDA (PTMI),

Tetra-MPDA (PMTMI), and DME (PEO), Derived from Ab Initio
MO Calculationsa

MEMA
(PEIEO)

MEDA
(PMEIEO)

di-MEDA
(PEI)

di-MPDA
(PTMI)

tetra-MPDA
(PMTMI)

DME
(PEO)

First-Order Interaction
Eγ 1.06 1.52 1.06 1.16 1.41
Eδ 0.44 0.54 0.53
Eσ 0.05 0.03 -0.09 -0.06 -0.11 0.32
EF 1.21 1.27 1.22

Second- and Third-Order Interactions
Eη -1.75 -1.54
Eν -0.58
Eν′ 0.59 0.30 1.16
Eω -0.21 -0.41 0.97 -1.12
Eω′ -0.68 -0.66 0.61
Eω′′b 1.24 0.41 0.94

a Abbreviations: MEMA, N-(2-methoxyethyl)methylamine; PEIEO,
poly(ethylene imine-alt-ethylene oxide); MEDA,N,N-(2-methoxyethyl)di-
methylamine; PMEIEO, poly(N-methylethylene imine-alt-ethylene oxide);
di-MEDA, N,N′-dimethylethylenediamine; PEI, poly(ethylene imine); di-
MPDA, N,N′-dimethyl-1,3-propanediamine; PTMI, poly(trimethylene imi-
ne); tetra-MPDA,N,N,N′,N′-tetramethyl-1,3-propanediamine; PMTMI, poly(N-
methyltrimethylene imine); DME, 1,2-dimethoxyethane; PEO, poly(ethylene
oxide). For definitions of the interactions, see Figures 3, 7, and 8.
Conformational energies of di-MEDA, di-MPDA, tetra-MPDA, and DME
are compared with those for the analogous interactions of MEMA and
MEDA. b Evaluated from dimeric model compounds (see Figures 7 and
8).
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In Figure 9, the characteristic ratios of PEIEO and PMEIEO
ensembles ofnc ) 512 are plotted against the reciprocal degree
of polymerization,x-1. For comparison, the data on PEI4 (nc )
512) are also plotted. The characteristic ratios were calculated
from the conformational energies shown in Table 5, thus
representing the isolate chain in vacuo and in nonpolar solvents.
The〈r2〉0/nl2 values atx-1 ) 0 (infinite chain) are 1.5 (PEIEO),
5.2 (PMEIEO), and 2.9 (PEI). The〈r2〉0/nl2 value of PEIEO
decreases with increasingx, and that of PEI exhibits a maximum
aroundx-1 ) 0.33 and decreases towardx-1 ) 0. As seen for
PMEIEO, most polymers show monotonic increases in〈r2〉0/

nl2 with x; therefore, the behaviors of PEIEO and PEI are
exceptional. So far, an analogous〈r2〉0/nl2 vsx-1 curve has been
found for syndiotactic poly(methyl methacrylate) and ascribed
to quasicyclic paths formed in the main chain.37 Recently,
Mattice et al.38 have derived the following relation:

where the subscript 0 indicates the unperturbed state, anduj is
the unit vector along thejth bond. According to eq 8, the positive
(d〈r2〉0/nl2/dx-1)x-1)0 values of PEIEO and PEI stem from
negativek〈uj‚uj+k〉0 terms.

3.6. Orientation Correlation between Bonds.The scalar
product between unit vectors,uj anduj+k, along thejth and (j
+ k)th bonds can be averaged over all possible conformations
of bonds in the repeating unit (n1 ) a-f andnb ) 6 for PEIEO
and PMEIEO;n1 ) a-c andnb ) 3 for PEI, see Figure 1) and
all configurations of thenc chains in the ensemble according to

where the overbar stands for the average for the bond and
configuration, the angular brackets represent the average for the
conformation, and〈TjTj+1‚‚‚Tj+k-1〉11

n1,n2 corresponds to the (1,
1) element of〈TjTj+1‚‚‚Tj+k-1〉n1,n2 calculated from35,36,38

Here,Tj is the transformation matrix from thejth to (j - 1)th
frame of reference,X stands for direct product, andE3 is the
identity matrix of size 3. The partition function of then2th chain,
zn2, is given by

whereJ* ) [100], Uj’s are theU matrices chosen in accordance
with the configurational sequence of then2th chain, andJ is
the column matrix whose elements are unity. In general,
〈uj‚uj+k〉0 decreases rapidly with increasingk; therefore, an
amplification factork has been introduced to detect up to the
long-range correlation. Becauseuj‚uj+k ) cosθj,j+k (θj,j+k: angle
betweenuj anduj+k), thek〈uj‚uj+k〉0 term can also be expressed
as

Accordingly, the k〈uj‚uj+k〉0 term quantifies the orientation
correlation between bondsj and j + k. Figure 10 shows
k〈uj‚uj+k〉0 vs k curves of PEIEO, PMEIEO, and PEI. The
percentage indicates the hydrogen bond strength (HBS in %);4

in the calculations, the hydrogen bond energies were adjusted
with Eê × HBS (%)/100, whereEê’s are the interaction energies
(ê ) η, ω, andω′ for PEIEO,ω andω′ for PMEIEO, andη
andν for PEI4) as obtained from the MO calculations (Table
5). The other energy parameters were set as in Table 5.

When HBS ) 100%, PEIEO gives negativek〈uj‚uj+k〉0

values for 6e k e 15 and the minimum atk ) 9. The curve
includes two periodic variations: an odd-even oscillation and
an intense long-period undulation. The latter diminishes with

Table 6. Statistical Weight Matrices and Dihedral Angles Used in
IRIS Calculations for Individual Configurations

configurationa statistical weight matrixb dihedral angleb

ll Ua
l Ub

l Uc
l Ud

l Ue
l Uf

l
φa

l
φb

l
φc

l
φd

l
φe

l
φf

l

dd Ua
d Ub

d Uc
d Ud

d Ue
d Uf

d
φa

d
φb

d
φc

d
φd

d
φe

d
φf

d

ld Ua
l Ub

l Uc
l Ud

l Ue
l Uf

d
φa

l
φb

l
φc

l
φd

d
φe

d
φf

d

dl Ua
d Ub

d Uc
d Ud

d Ue
d Uf

l
φa

d
φb

d
φc

d
φd

l
φe

l
φf

l

a For example,ld represents that theith, and (i + 1)th repeating units
adopt thel and d forms, respectively.b In the ith monomeric unit. For
example,Ua

l and φa
l represent the statistical weight matrix and dihedral

angle of bond a in thel form, respectively. For the first monomeric unit,
the U2-U7 matrices andφ2-φ7 angles are chosen similarly.

Table 7. Geometrical Parameters Used in IRIS Calculations for
PEIEO and PMEIEO a

dihedral angle (φ), deg

PEIEO PMEIEO

configuration bond t g+ g- t g+ g-

l form 2 a -6.7 112.8 -94.7 -25.4 112.9 -101.0
3 b 0.0 111.2 -116.1 0.0 110.0 -99.5
4 c 0.0 92.6 -96.7 0.0 90.7 -93.4
5 d 0.0 96.7 -92.6 0.0 93.4 -90.7
6 e 0.0 116.1 -111.2 0.0 99.5 -110.0
7 f 6.7 94.7 -112.8 25.4 101.0 -112.9

d form 2 a 6.7 94.7 -112.8 25.4 101.0 -112.9
3 b 0.0 116.1 -111.2 0.0 99.5 -110.0
4 c 0.0 96.7 -92.6 0.0 93.4 -90.7
5 d 0.0 92.6 -96.7 0.0 90.7 -93.4
6 e 0.0 111.2 -116.1 0.0 110.0 -99.5
7 f -6.7 112.8 -94.7 -25.4 112.9 -101.0

a Obtained by the geometrical optimization for MEMA and MEDA at
the HF/6-31G(d) level. Bond lengths and bond angles for PEIEO (PMEIEO)
are as follows:lCN ) 1.45 (1.45) Å,lCC ) 1.52 (1.52) Å,lCO ) 1.39 (1.40)
Å, ∠CNC ) 113.8 (112.3)°, ∠NCC ) 110.3 (112.3)°, ∠CCO ) 108.3
(107.6)°, and∠COC) 114.3 (114.3)°. The dihedral angles, depending on
the conformer, fluctuate within( 10°. The fluctuation yields a 7% margin
of the calculated〈r2〉0/nl2 value.

Figure 9. Characteristic ratios of PEIEO, PMEIEO, and PEI ensembles
of nc ) 512 as a function of the reciprocal (x-1) of degree of
polymerization. The extrapolation tox-1 ) 0 gives the〈r2〉0/nl2 value
for the infinite chain (x f ∞).

(d〈r2〉0/nl2

dx-1 )
x-1 ) 0

) -2 ∑
k)1

∞

k〈uj·uj+k〉0 (8)

〈uj·uj+k〉0 )
1

nb nc
∑
n1)a

f or c

∑
n2)1

nc

〈TjTj+1‚‚‚Tj+k-1〉11
n1,n2 (9)

〈TjTj+1‚‚‚Tj+k-1〉
n1,n2 ) zn2

-1[(J*U1‚‚‚Uj-1) X E3] ×
[(Uj X E3)|Tj|‚‚‚(Uj+k-1 X E3)|Tj+k-1|][(Uj+k‚‚‚Un) X E3]

(10)

zn2
) J*(∏

j)2

n-1

Uj)J (11)

k〈uj‚uj+k〉0 ) k〈cosθj,j+k〉0 (12)
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an increase in HBS and disappears around HBS) 20%, but
the former appears independently of HBS; accordingly, the long-
range undulation may be ascribed to the hydrogen bonds.
Although PEI shows analogous curves, the minima are about
half of those for PEIEO. This is because PEIEO forms stronger
hydrogen bonds than PEI. In contrast, PMEIEO shows only the
odd-even oscillation; its hydrogen bonds are so weak that the
curve shows only a slight change between HBS) 100 and 0%.
If the hydrogen bonds were completely ineffective (HBS) 0%),
the three polymers would give similar curves.

Figure 11 illustrates examples of especially stable conforma-
tions: (a) (tg-ttg+t)2 of PEIEO; (b) (tg+ttg-t)2 of PEI. Then,
the successive hydrogen bonds are formed to stabilize the
circular paths by 4Eσ + 4Eη (-6.8 (PEIEO) and-6.52 (PEI)
kcal mol-1) as compared with the all-trans state. Theuj vector
seems to form an angle larger thanπ/2 with uj+6 and run
antiparallel touj+9; therefore, thek〈uj‚uj+k〉0 term turns nega-
tive atk ) 6 (cosθj,j+6 < 0) and shows the minimum atk ) 9
(cos θj,j+9 ∼ -1). These relationships are consistent with the
orientation correlations of PEIEO and PEI in Figure 10 and valid
even if theuj vector is set to any bond in the circular path. The
k〈uj‚uj+k〉0 vs k curves, obtained from all the conformations,
strongly reflect low-energy states, e.g., those shown in Figure
11. Such circular paths may be frequently formed in PEIEO

and PEI chains. The〈r2〉0/nl2 value of PEIEO of HBS) 100%
is as small as 1.5, being close to that (1.0) of the freely jointed
chain.35,36However, the PEIEO chain is exceedingly subject to
the intramolecular hydrogen bonds and hence far from flexible.
As the hydrogen bonds are relaxed, the PEIEO chain will expand
considerably: 〈r2〉0/nl2 ) 1.5 (HBS) 100%), 2.2 (80%), 3.2
(60%), 4.5 (40%), 5.7 (20%), 6.5 (0%). The PEI chain behaves
similarly: 〈r2〉0/nl2 ) 2.9 (HBS) 100%), 3.3 (80%), 3.8 (60%),
4.5 (40%), 5.4 (20%), 6.3 (0%). On the other hand, PMEIEO
shows only a slight change:〈r2〉0/nl2 ) 5.2 (HBS) 100%),
5.9 (0%).

3.7. Crystal Structure of PEIEO. Even in the crystalline
state, most polymers will keep their most stable conformations.2

As stated above, the C-N and C-O bonds of PEIEO have
strong trans preferences (Eγ ) 1.06 andEF ) 1.21 kcal mol-1),
whereas the C-C bond would be flexible without the intramo-
lecular hydrogen bonds because|Eσ| is as small as 0.05 kcal
mol-1. The N-C-C-O bonds of PEIEO must adopt either the
ttt or the tgt state in the crystal. Most of all-trans polyethers
without bulky substituents are expected to be packed in either
an orthorhombic polyethylene-type39,40 or a monoclinic poly-
(tetramethylene oxide)-type41 lattice. The former lattice includes
two chains whose molecular planes intersect each other roughly
perpendicularly. In the latter lattice, two all-trans chains are
parallel to each other probably because of electrostatic and
dipole-dipole interactions. When the all-trans chains are
arranged, the following conditions may be fulfilled: (1) to avoid
lone pair-lone pair repulsions, (2) to cancel out dipole moments

Figure 10. k〈uj‚uj+k〉0 vs k curves of (a) PEIEO, (b) PMEIEO, and (c)
PEI. The percentage represents the hydrogen bond strength (HBS).

Figure 11. Examples of circular paths stabilized by successive
hydrogen bonds: (a) (tg-ttg+t)2 of PEIEO, (b) (tg+ttg-t)2 of PEI.
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along bisectors of the C-O-C and C-N-C angles, and (3) to
form intermolecular N-H‚‚‚O and N-H‚‚‚N hydrogen bonds.
For PEIEO, however, we could not find any molecular packings
to satisfy all the requisites. Accordingly, all-trans deca(ethylene
imine-alt-ethylene oxide)s were packed in some kinds of single
crystals composed of 10× 10 orthorhombic or monoclinic
lattices so as to partly satisfy the above conditions and
underwent the geometrical optimization using the Sander module
of the Amber8 program.23 In every case, however, the optimized
structure had comparatively large vacancies between the mo-
lecular chains and the N-H‚‚‚O and N-H‚‚‚N distances were
much larger than the sums of the van der Waals radii. The crystal
of all-trans PEIEO chains would be improbable.

Poly(ethylene oxide) crystallizes to adopt the tgt conformation
in the O-C-C-O bond sequence;42,43 the all-trans state has
also been found only in the stretched samples,44,45 thus being
metastable. In a dry environment, a pair of PEI chains take the
tgt conformation in the N-C-C-N bonds to form a double
helix,46 which is supported by intermolecular N-H‚‚‚N hydro-
gen bonds. Next, we set two deca(ethylene imine-alt-ethylene
oxide)s in the double-stranded helix with the same one-
dimensional periodicity as that of anhydrous PEI so that
intramolecular and intermolecular hydrogen bonds would be
formed effectively, and the geometry was optimized with the
Sander module. The resultant structure is shown in Figure 12a,
and the geometrical parameters are listed in Table 8. The
hydrogen bond distances were optimized as 2.45 Å (intramo-
lecular N-H‚‚‚O), 2.73 Å (intermolecular N-H‚‚‚O), and 2.23
Å (intermolecular N-H‚‚‚N).

The double helix was further optimized by MO calculations
at the B3LYP/6-31G(d) level under the one-dimensional periodic
boundary condition.21,22The optimum structure and geometrical
parameters are compared with those by Amber8 in Figure 12b
and Table 8, respectively; noticeable differences between the
Amber and MO calculations can be found inφCC andφCO. The
hydrogen bond distances are 2.62 Å (intramolecular N-H‚‚‚
O), 2.62 Å (intermolecular N-H‚‚‚O), and 2.26 Å (intermo-
lecular N-H‚‚‚N). By the NBO analysis19,20using the 6-31G(d)
basis set, the intermolecular hydrogen bond energies were
estimated as-0.95 kcal mol-1 (N-H‚‚‚O) and -7.42 kcal
mol-1 (N-H‚‚‚N), respectively.32,47 The shorter N-H‚‚‚N
hydrogen bond is suggested to be much stronger than
N-H‚‚‚O. The PEIEO chain adopts tg+ttg+t conformation in
the N (l form)-C-C-O-C-C-N (l form) bond sequence.
The corresponding statistical weight isσ2ην′; therefore, the
intermolecular energy, including the intramolecular N-H‚‚‚O
energy (Eη), can be calculated as 2Eσ + Eη + Eν′ ) -1.06 kcal
mol-1. Only from the above interactions, the helical chain is
suggested to be stabilized by as much as-1.06- 0.95- 7.42
) -9.43 kcal mol-1 per repeating unit as compared with the
isolated all-trans chain.

From the above results, it seems reasonable to anticipate that
crystallized PEIEO forms the double-helical structure of the tgt
conformation. In contrast with PEI, which is apt to capture water
molecules and render itself all-trans,48,49 PEIEO may be little
affected by water because no particularly large differences in
pt’s of MEMA can be found between the C6D12 and aqueous
solutions (Table 3). The double helix of PEIEO is expected to
be stable even in high humidity. In the melt and solutions, the
stable circular paths (Figure 11) may frequently occur. There-
fore, careful crystallization should be required; otherwise, only
amorphous solids would be yielded.

3.8. Expected Properties and Suggestions for the Synthesis.
The pH value of the monomeric model compound of PEI,N,N′-

dimethylethylenediamine, is 9.9,50 close to that (∼10) of PEI.51

From the pKa value (8.96) of MEDA,52 PMEIEO and PEIEO
are expected not to be so basic and cytotoxic as PEI. As the
NMR experiments show thatpt

CC of MEMA is almost inde-
pendent of solvent, even protic solvents such as methanol and
water can hardly break the intramolecular N-H‚‚‚O hydrogen
bond; therefore, pure water may be a poor solvent for PEIEO.
In vivo, however, the pH value is so adjusted as to be neutral,
and hence PEIEO and PMEIEO will be protonated and soluble.
Comparison between PEIEO and PMEIEO shows that replace-
ment of the NH hydrogen with a bulky substituent renders the
main chain flexible and readily soluble.

Figure 12. Double-stranded helices of PEIEO, optimized by (a) Amber
and (b) MO calculations at the B3LYP/6-31G(d) level under the periodic
boundary condition. (c) Intramolecular N-H‚‚‚O, intermolecular
N-H‚‚‚O, and intermolecular N-H‚‚‚N hydrogen bonds.
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If PEIEO is used as a polymer electrolyte, the added metallic
ion, e.g., Li+, would break the intramolecular hydrogen bonds
and Li+‚‚‚NH and Li+‚‚‚O attractions would be formed. If one
desires to enhance the ion conductivity of the polymer matrix,
one should partly replace the NH hydrogen atoms with, e.g.,
methyl or longer alkyl groups. The substituents moderately
disturb the Li+‚‚‚O and Li+‚‚‚N interactions, expand the
polymer matrix, and increase the free volume. Consequently,
a higher ion conductivity would be observed from the par-
tially substituted PEIEO. For example, methylation of PEIEO
will be feasible with formalin and formic acid.53 The properties
and functions of PEIEO may be adjusted by the degree of
alkylation.

As mentioned in the Introduction, oligo(ethylene imine-alt-
ethylene oxide) was synthesized by homopolymerization of
N-(2-hydroxyethyl)aziridine in a mixed solvent of CCl4 and SO2

at -15 °C.14 As discussed in Section 3.3, MEMA associates
with DMSO. Similarly, the oligomer forms a complex with SO2.
As soon as the polymerization starts, the product must be bound
by the intramolecular hydrogen bond, shrunk, and precipitated.
A good solution for this problem is to introduce a blocking group
onto the nitrogen atom. A long and flexible substituent not only
prevents the hydrogen bonds but also generates the configura-
tional entropy by itself to enhance the solubility. After the
polymerization, one may remove the protecting group. Fortu-
nately, ring-opening polymerizations of unsubstituted54 and
2-substituted53 2-oxazolines for PEI and 2-substituted 5,6-
dihydro-4H-1,3-oxazines for poly(trimethylene imine)55 satisfy
the essential requisite.

4. Concluding Remarks

As shown above, we have elucidated conformational char-
acteristics of PEIEO and PMEIEO and the secondary structure
of the circular path of PEIEO by the IRIS analysis of ab initio
MO calculations and NMR experiments for the model com-
pounds, predicted the crystal structure of PEIEO by the

molecular mechanics computations and the density functional
MO calculations under the periodic boundary condition, dis-
cussed their functions and applications, and proffered advice
on the synthesis. In conclusion, these alternating copolymers
are worth synthesizing and characterizing, and this study has
shown the possibility of molecular design for new polymers
by means of computational chemistry and supporting experi-
ments.

Conformational characteristics, higher-order structures, physi-
cal properties, and functions of polymers including nitrogen and
oxygen, e.g., PEO, PEI, and PEIEO, are essentially deter-
mined by the attractive interactions due to the heteroatoms.
For PEO, a variety ofΘ conditions and a wide range (4.1-
9.7) of unperturbed characteristic ratios have been reported.6

This may be partly due to experimental errors or incorrectΘ
conditions but can also be explained as follows. The concept
of the Θ state is based on the Flory-Huggins theory56 of
polymer solutions. The interaction-energy change due to mixing
of polymer and solvent is assumed as

wherew represents the interaction energy, and the subscripts
11, 12, and 22 stand for solvent-solvent, solvent-polymer, and
polymer-polymer combinations, respectively. The so-calledø
parameter is defined as

wherez is the coordination number andk is the Boltzmann
constant. The interaction-energy change may also be expressed
as a function,

where∆R’s and∆â’s are changes in intramolecular interaction
and intermolecular interaction energies in mixing. According
to the RIS scheme,35,36 the unperturbed characteristic ratio is a
function of only the intramolecular-interaction energies:

Even if different combinations of solvent and temperature yield
approximately the same∆w12 value and satisfy the condition
of the second virial coefficientA2 ∝ (1/2 - ø) ≈ 0 (theΘ state),
unless almost the same set ofR’s are obtained, an identical〈r2〉0/
nl2 value would not be observed from the different systems.
Accordingly, it is quite natural that eachΘ condition shows its
own 〈r2〉0/nl2 value. For PEO, two interaction energies,Eσ and
Eω, are exceedingly subject to solvent effects and show marked
variations with solvent properties.6,57-59 Therefore, the char-
acteristic ratio represents the environment dependence of the
polymer rather than thecharacteristicfeatures of the polymer
itself. SomeΘ aqueous solutions for PEO include inorganic
salts; electrostatic interactions due to the ions affect the hydrogen
bonds and chain configuration of PEO. The interactions in these
systems are still more complicated. The applicability of the
simple expression of eq 13 and the conventional theories based
thereon to polymers showing the attractive interactions should
be discussed.

Table 8. Optimized Geometrical Parameters of Double-Stranded
Helix of PEIEO

bond length, Å

amber B3LYP/6-31G(d)

lCN 1.48 1.46
lCC 1.53 1.52
lCO 1.42 1.42

bond angle, deg

amber B3LYP/6-31G(d)

∠CNC 110.7 111.3
∠NCC 112.8 113.1
∠CCO 111.0 110.5
∠COC 112.5 113.7

dihedral angle, deg

amber B3LYP/6-31G(d)

φNC 7.1 9.8
φCC 132.3 119.0
φCO 11.0 21.8

fiber period, Å

amber B3LYP/6-31G(d)

19.34 21.43

hydrogen bond distance, Å

amber B3LYP/6-31G(d)

intramolecular N-H‚‚‚O 2.45 2.62
intermolecular N-H‚‚‚O 2.73 2.62
intermolecular N-H‚‚‚N 2.23 2.26

∆w12 ) w12 - 1
2
(w11 + w22) (13)

ø )
z∆w12

kT
(14)

∆w12 ) f (∆R1, ∆R2, ∆R3, ...,∆â1, ∆â2, ∆â3, ...) (15)

〈r2〉0/nl2 ) g(R1, R2, R3, ...) (16)
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Appendix. Statistical Weight Matrixes of MEMA
(PEIEO) and MEDA (PMEIEO).

Statistical weight matrices,Uj
l (j, bond number), of thel

forms of MEMA and PEIEO were formulated according to the
9 × 9 scheme:

and

The U j
l matrices of thel forms of MEDA and PMEIEO are

given as follows:

The U4
l - U6

l (Uc
l - Ue

l ) matrices are identical to those of
MEMA (PEIEO).

and

U2
l ) [1 γ δ

0 0 0
0 0 0] (A1)

U3
l ) [1 σν′ ση 0 0 0 0 0 0

0 0 0 1 ση σω 0 0 0
0 0 0 0 0 0 1 σω σν′ ] (A2)

U4
l ) Uc

l ) [1 F F 0 0 0 0 0 0
0 0 0 1 F Fω′ 0 0 0
0 0 0 0 0 0 1 0 F
1 F F 0 0 0 0 0 0
0 0 0 1 F 0 0 0 0
0 0 0 0 0 0 1 0 F
1 F F 0 0 0 0 0 0
0 0 0 1 F 0 0 0 0
0 0 0 0 0 0 1 Fω′ F

] (A3)

U5
l ) Ud

l ) [1 F F 0 0 0 0 0 0
0 0 0 1 F 0 0 0 0
0 0 0 0 0 0 1 0 F
1 F F 0 0 0 0 0 0
0 0 0 1 F 0 0 0 0
0 0 0 0 0 0 1 0 F
1 F F 0 0 0 0 0 0
0 0 0 1 F 0 0 0 0
0 0 0 0 0 0 1 0 F

] (A4)

U6
l ) Ue

l ) [1 σ σ 0 0 0 0 0 0
0 0 0 1 σ σ 0 0 0
0 0 0 0 0 0 1 σ σ
1 σ σ 0 0 0 0 0 0
0 0 0 1 σ σ 0 0 0
0 0 0 0 0 0 1 0 σ
1 σ σ 0 0 0 0 0
0 0 0 1 σ 0 0 0 0
0 0 0 0 0 0 1 σ σ

] (A5)

U7
l ) Uf

l ) [1 δ γ 0 0 0 0 0 0
0 0 0 η δν′ γω 0 0 0
0 0 0 0 0 0 ν′ δω γη
1 δ γ 0 0 0 0 0 0
0 0 0 η δν′ γω 0 0 0
0 0 0 0 0 0 ν′ω′ 0 0
1 δ γ 0 0 0 0 0 0
0 0 0 0 δν′ω′ 0 0 0 0
0 0 0 0 0 0 ν′ δω γη

] (A6)

Ua
l ) [1 γ δ 0 0 0 0 0 0

0 0 0 1 γ 0 0 0 0
0 0 0 0 0 0 1 γω′′ δ
1 γ δ 0 0 0 0 0 0
0 0 0 1 γ 0 0 0 0
0 0 0 0 0 0 1 0 δ
1 γ δ 0 0 0 0 0 0
0 0 0 1 γ 0 0 0 0
0 0 0 0 0 0 1 γω′′ δ

] (A7)

Ub
l ) [1 σν′ ση 0 0 0 0 0 0

0 0 0 1 ση σω 0 0 0
0 0 0 0 0 0 1 σω σν′
1 σν′ ση 0 0 0 0 0 0
0 0 0 1 ση σω 0 0 0
0 0 0 0 0 0 1 0 σν′
1 σν′ ση 0 0 0 0 0 0
0 0 0 1 ση 0 0 0 0
0 0 0 0 0 0 1 σω σν′

] (A8)

U2
l ) [1 γ 1

0 0 0
0 0 0] (A9)

U3
l ) [1 σν′ σω 0 0 0 0 0 0

0 0 0 1 σω σω 0 0 0
0 0 0 0 0 0 1 σω σν′ ] (A10)

U7
l ) Uf

l ) [1 1 γ 0 0 0 0 0 0
0 0 0 ω ν′ γω 0 0 0
0 0 0 0 0 0 ν′ ω γω
1 1 γ 0 0 0 0 0 0
0 0 0 ω ν′ γω 0 0 0
0 0 0 0 0 0 ν′ω′ 0 0
1 1 γ 0 0 0 0 0 0
0 0 0 0 ν′ω′ 0 0 0 0
0 0 0 0 0 0 ν′ ω γω

] (A11)

Ua
l ) [1 γ 1 0 0 0 0 0 0

0 0 0 1 γ 0 0 0 0
0 0 0 0 0 0 1 γω′′ 1
1 γ 1 0 0 0 0 0
0 0 0 1 γ 0 0 0 0
0 0 0 0 0 0 1 0 1
1 γ 1 0 0 0 0 0 0
0 0 0 1 γ 0 0 0 0
0 0 0 0 0 0 1 γω′′ 1

] (A12)
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The intramolecular interactions adopted here are illustrated
in Figures 3, 7, and 8. The statistical weight matrices of thed
forms can be derived from

and

wherej g 4,

and
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