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ABSTRACT: Conformational analysis of poly(ethylene imine-alt-ethylene sulfide) (PEIES) has been carried
out from ab initio molecular orbital calculations and NMR experiments for its model compound,N-(2-
methylthioethyl)methylamine (MTEMA). Themeso-diad probability, bond conformations, and characteristic ratio
of PEIES were predicted by the refined inversional-rotational isomeric state (IRIS) calculations using
conformational energies determined from MTEMA. The refined IRIS scheme can treat geometrical parameters
and interaction energies as a function of conformations of the present and neighboring bonds. The configurational
properties of poly(ethylene imine-alt-ethylene oxide) (PEIEO), poly(N-methylethylene imine-alt-ethylene oxide),
and poly(ethylene imine) (PEI) were also evaluated by the refined IRIS computations and compared with those
obtained by the conventional method. So long as geometrical parameters are properly chosen, the conventional
IRIS method may yield results comparable to those by the refined scheme. Spatial configurations of these polymers
depend chiefly on intramolecular attractions between the heteroatoms; the characteristic ratio (〈r2〉0/nl2) inversely
correlates with the strength of N-H‚‚‚X (X ) O, N, or S) attraction: PEIEO with N-H‚‚‚O of -1.75 kcal
mol-1, 〈r2〉0/nl2 ) 1.33; PEI with N-H‚‚‚N of -1.54 kcal mol-1, 3.09; PEIES with N-H‚‚‚S of -0.97 kcal
mol-1, 5.15.

1. Introduction

The secondary amine (NH) group, having a lone pair and a
hydrogen atom, can play roles of both electron donor and
acceptor and hence acts as a junction of intramolecular and
intermolecular attractions to assemble higher-order structures,
molecular aggregates, and supermolecules. Amine groups,
depending on pH, tend to be protonated, thus exerting electro-
static forces as well as the above-mentioned attractions and van
der Waals forces.1

Poly(ethylene imine) (PEI) forms an attractive interaction
between the NH sites (N-H‚‚‚N, -1.54 kcal mol-1),2 and poly-
(ethylene imine-alt-ethylene oxide) (PEIEO) shows a stronger
attraction (N-H‚‚‚O, -1.75 kcal mol-1).3 These intramolecular
attractions substantially determine their conformational char-
acteristics, configurational properties, higher-order structures,
and physical properties. Sulfur may be the third object to be
investigated as a partner of the NH group, because sulfur has
lone pairs and is frequently found in synthetic and biological
polymers.

This study has dealt with poly(ethylene imine-alt-ethylene
sulfide) (PEIES, see Figure 1). Ab initio molecular orbital (MO)
calculations and proton and carbon-13 NMR experiments for
its model compound,N-(2-methylthioethyl)methylamine (MTE-
MA), were carried out to evaluate the conformer free energies
and bond conformations, and the theoretical and experimental
data were compared. For nitrogenous polymers, we have
developed the inversional-rotational isomeric state (IRIS)
scheme and applied it to PEI,2 poly(trimethylene imine),4 poly-
(N-methyltrimethylene imine),4 PEIEO,3 and poly(N-methyl-
ethylene imine-alt-ethylene oxide) (PMEIEO).3 In addition, we
have recently proposed the refined rotational isomeric state (RIS)

scheme that includes the dependence of geometrical parameters
as well as interaction energies on conformations of the current
and neighboring bonds.5 The refined RIS calculations exactly
reproduced configurational properties of poly(ethylene oxide-
alt-ethylene sulfide) (PEOES) from purely theoretical confor-
mational energies and geometrical parameters of its model
compound. In a series of studies, we have demonstrated that
polymers can be fully characterized by means of their model
compounds.

In this study, the IRIS scheme has been combined with the
refined RIS treatment. This improved methodology is hereafter
referred to as therefined IRIS scheme to discriminate it from
theconVentionalmethod. The refined IRIS scheme, treating the
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Figure 1. All-trans states of (a)N-(2-methylthioethyl)methylamine
(MTEMA), (b) poly(ethylene imine-alt-ethylene sulfide) (PEIES, R)
H, X ) S), poly(ethylene imine-alt-ethylene oxide) (PEIEO, R) H,
X ) O), or poly(N-methylethylene imine-alt-ethylene oxide) (PMEIEO,
R ) CH3, X ) O), and (c) poly(ethylene imine) (PEI). The bonds are
labeled as indicated. Thel and d forms are defined as follows. The
polymer in the all-trans state is put on paper as shown. When the
hydrogen atom of the most left-hand NR 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.
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nitrogen inversion as well as geometrical parameters and
interactions as a function of conformations of the current and
neighboring bonds, enables us to rigorously characterize poly-
mers containing NR groups (R: substituent) in the main chain.
Here, the refined IRIS scheme has been applied to not only
PEIES but also PEIEO, PMEIEO, and PEI to investigate their
conformational characteristics, configurational properties, and
secondary structures and furthermore to correlate these char-
acteristic features with intramolecular interactions due to the
heteroatoms. The results are compared with those obtained by
the conventional IRIS method, and the validity of the conven-
tional method is discussed.

2. Computations and Experiments

2.1. Ab Initio MO Calculations. Ab initio MO calculations were
carried out with the Gaussian03 program6 installed on an HPC
Silent-SCC T2 or an HPC SCC System-L computer. For each
conformer of MTEMA, 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 0.9135.7 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 convergence. The Gibbs free energy was evaluated
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). In addition, NMR coupling constants of
MTEMA were calculated at the B3LYP/6-311++G(3df, 3pd)//
B3LYP/6-31G(d) level.

Bond lengths, bond angles, and dihedral angles used in the
refined IRIS computations for PEIES, PEIEO, PMEIEO, and PEI
were determined by geometrical optimizations at the B3LYP/6-
31G(d) level for conformers of CH3CH2NHCH2CH2SCH2CH3, CH3-
CH2NHCH2CH2OCH2CH3, CH3CH2N(CH3)CH2CH2OCH2CH3, and
ll -CH3CH2NHCH2CH2NHCH2CH3 and ld-CH3CH2NHCH2CH2-
NHCH2CH3, respectively.8

2.2. Sample Preparation.N-(2-Methylthioethyl)methylamine
was prepared as follows.R-Methylthioacetic acid was chlorinated
with thionyl chloride to giveR-methylthioacetyl chloride,9 the
product was reacted with methylamine to formN-methyl-R-
(methylthio)acetamide,10 and the acetamide was reduced with
lithium aluminum hydride to yield MTEMA.11 3-Methyl-1,4-
thiazane (MTZ) was prepared according to Gallego et al.12

2.3. 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. The experimental conditions
were the same as those in previous studies.2-5 The solvents were
cyclohexane-d12 (C6D12), chloroform-d (CDCl3), methanol-d4 (CD3-
OD), and dimethyl-d6 sulfoxide ((CD3)2SO), and the solute
concentration was ca. 5 vol %. The NMR spectra were simulated
with the gNMR program13 to derive the chemical shifts and coupling
constants.

3. Results and Discussion

3.1. 1H NMR. Figure 2 shows1H NMR spectra observed
from methylene protons of MTEMA. The gNMR simulations
gave two vicinal coupling constants,3JHH ()3JAB ) 3JA′B′) and
3J′HH ()3JAB′ ) 3JA′B), as listed in Tables 1 and S1 (Supporting
Information). The observed coupling constants are 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 N-CH2-CH2-S bond sequence of MTZ. In Figure 4, as
an example, its observed and calculated1H NMR spectra are
compared. Listed in Table 2 are the vicinal coupling constants
derived from the gNMR simulations. Thept

CC andpg
CC values

were obtained from eqs 1 and 2 and divided by their sum to
satisfy eq 3. The experimentalpt

CC values are shown in Table
3; for the temperature dependence, see Table S2 (Supporting
Information).

3.2. 13C NMR. Figure 2 also shows observed13C NMR
spectra of methyl carbons of MTEMA. The triplets are due to
the vicinal couplings of13CH3-N-CH2 (3JCH

CN) or 13CH3-S-
CH2 (3JCH

CS). The 3JCH
CX (X ) N or S) values for the four

solutions are listed in Tables 1 and S1. The observed value can
be expressed as

Figure 2. 1H NMR spectra of methylene protons, (a) AA′ and (b)
BB′, and 13C NMR spectra of methyl carbons, (c) CH3N- and (d)
CH3S-, of MTEMA dissolved in CD3OD at 25 °C. The asterisk
expresses a peak from impurities. For designations of the hydrogen
atoms, see Figure 3b.

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

solvent 3JHH
3J′HH

3JCH
CN 3JCH

CS

C6D12 6.71 6.00 3.68 4.88
CDCl3 6.67 6.26 3.75 4.64
CD3OD 7.20 6.47 3.71 4.73
(CD3)2SO 7.85 6.14 4.13 4.62

a In Hz. At 25 °C.

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)

3JCH
CX ) 3JG

CH pt
CX +

3J′Τ
CH + 3J′G

CH

2
pg

CX (4)
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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-

tively. For X ) N, to derive thept
CN values, the3JG

CH, 3J′T
CH,

and3J′G
CH values obtained from model compounds of PEI and

poly(N-methylethylene imine)2 have been used. For X) S, the
3JT

CH and 3JG
CH values of 2-methyl-1,3,5-trithiane14 were tenta-

tively used on the assumption that3JG
CH ) 3J′G

CH. For example,
substitution of3J′T

CH ) 7.13,3JG
CH ) 3J′G

CH ) 2.62, and3JCH
CX )

4.91 Hz (C6D12 at 15 °C) into eq 4 yielded a negativept
CS

value of-0.02. Similar results were obtained from 2-methoxy-
ethyl methyl sulfide,5 a model compound of PEOES. The MO
calculations on NMR parameters of MTEMA gave a large
difference between3JG

CH (1.84 Hz) and 3J′G
CH (3.83 Hz);

therefore, the negativept
CS value stems from the assumption of

3JG
CH ) 3J′G

CH. For X ) S, therefore, the above3JG
CH and3J′G

CH

values and3J′T
CH ) 7.35 Hz, obtained from the MO calcula-

tions, have been adopted. Thept
CN andpt

CS values thus derived
are also listed in Tables 3 and S2 (Supporting Information).

3.3. Conformational Energies of MTEMA. Statistical
weight matrices,Uj (j: bond number), of MTEMA are given
in Appendix A (Supporting Information). The conformer free
energies of thel form, obtained from the MO calculations, are
tabulated in Table 4, together with the statistical weights. Here,
thel andd forms are defined according to the pseudoasymmetry
(see Figure 1).15,16 The first-, second-, and third-order interac-
tions of MTEMA (PEIES) are illustrated in Figures 3 and 5.
The statistical weight is related to the corresponding confor-
mational energy by, for example,σ ) exp(-Eσ/RT), whereR
is the gas constant, andT is the absolute temperature.17,18 The
conformational energies, determined by the least-squares method
for the∆Gk values as described previously,4 are compared with
those of PEIEO, PMEIEO, PEI, PES, and their model com-
pounds (Table 5).

The first-order interaction energies (Eγ and Eδ) around the
C-N bond of MTEMA are close to those ofN-(2-methoxy-
ethyl)methylamine (MEMA) andN,N′-dimethylethylenediamine
(di-MEDA), and MTEMA has the sameEF value as 1,2-bis-
(methylthio)ethane (BMTE). Bonds of the same kind seem to
have similar first-order interaction energies, except for the C-C
bond of BMTE. Its largeEσ value is due to the S‚‚‚S repulsion
occurring in the C-C gauche conformation.19 In contrast, there
are a variety of second- and third-order interaction energies. In
Table 5, only attractive interactions are boldfaced. The strength
of the N-H‚‚‚X (η) attraction (see Figure 5) is evaluated to be
on the order ofEη ) -0.97 (X ) S) f -1.54 (X ) N) f
-1.75 (X ) O) kcal mol-1. In MTEMA, the long C-S bonds

Figure 3. Rotational isomeric states around the (a) NH-CH2, (b)
CH2-CH2, and (c) CH2-S bonds of MTEMA with definitions of vicinal
coupling constants. The Greek letters represent first-order interactions.

Figure 4. 1H NMR spectra of 3-methyl-1,4-thiazane (MTZ) dissolved
in C6D12 at 25 °C. The peaks were assigned as shown. The NMR
parameters were determined as follows (δ relative toδC6D12 in ppm
andJ in Hz): δA ) 2.57,δB ) 3.12,δC ) 2.73,δD ) 2.82,δE ) 2.32,
δF ) 3.10,δG ) 2.69,δX ) 1.08,2JAB ) -12.07,3JAC ) 9.58,3JBC )
2.91,3JDE ) 2.49,2JDF ) -12.08,3JDG ) 10.83,3JEF ) 3.77,2JEG )
-13.06,3JFG ) 3.01, and3JCX ) 6.90.

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

solvent 3J′THH 3J′GHH 3J′′GHH 3J′′′G
HH 3JG

HH

C6D12 10.83 2.49 3.77 3.01 3.09
CDCl3 11.38 2.45 3.55 2.97 2.99
CD3OD 11.50 3.01 3.26 2.64 2.97
(CD3)2SO 10.90 1.90 3.75 3.30 2.98

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

HH ) 3J′THH and3JG
HH ) (3J′GHH + 3J′′GHH + 3J′′′G

HH)/3.

Table 3. Bond Conformations of MTEMA and PEIESa

medium permittivity HBS (%) pt
CN pt

CC pt
CO

MO Calculated
MTEMA gas phase 1.0 0.70 0.26 0.25

NMR Experimental
C6D12 2.0 0.89 0.32 0.19
CDCl3 4.8 0.84 0.33 0.25
CD3OD 32.7 0.79 0.30 0.23
(CD3)2SO 46.7 0.67 0.27 0.26

IRIS
PEIES 100 0.73 0.27 0.35

80 0.72 0.33 0.34
60 0.70 0.39 0.33
40 0.69 0.45 0.32
20 0.67 0.51 0.31
0 0.66 0.56 0.30

a At 25 °C.
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render the (C-H)‚‚‚O interaction of no effect:Eω′ ≈ 0. Bond
conformations (trans fractions) of MTEMA, calculated from the
∆Gk values as in previous studies,20 are listed in Tables 3 and
S2. Its C-N, C-C, and C-S bonds have the trans, gauche,
and gauche preferences, respectively. The satisfactory agreement
between the calculated and observedpt values permits us to
carry out conformational analysis of PEIEO using the MO
calculations.21

3.4. Refined IRIS Scheme.The diad probabilities and bond
conformations, being independent of the geometrical parameters,
can be evaluated as described in section 3.9 of ref 2 and section

3.5 of ref 4. For PEIES, PEIEO, and PMEIEO, the statistical
weight matrices are chosen for the individual diads (ll , dd, ld,
anddl) according to Table 6 of ref 3. The characteristic ratio,
〈r2〉0/nl2, can be calculated in the following manner.

Table 4. Conformer Free Energies ofl-MTEMA, Evaluated from Ab
Initio MO Calculations

k conformation statistical weighta ∆Gk
b (kcal mol-1)

1 t t t 1 0.00
2 t t g+ F -0.22
3 t t g- F -0.41
4 t g+ t σν′ 0.58
5 t g+ g+ Fσν′ 0.88
6 t g+ g- Fσν′ω′ 0.38
7 t g- t ση -0.78
8 t g- g+ Fσηω′H -0.38
9 t g- g- Fση -1.40

10 g+ t t γ 0.76
11 g+ t g+ γF 0.48
12 g+ t g- γF 0.44
13 g+ g+ t γση -0.18
14 g+ g+ g+ γFση -0.65
15 g+ g+ g- γFσηω′H 0.69
16 g+ g- t γσω 1.71
17 g+ g- g+ γFσωω′H 3.30
18 g+ g- g- γFσω 2.20
19 g- t t δ 0.34
20 g- t g+ δF -0.04
21 g- t g- δF 0.13
22 g- g+ t δσω 1.35
23 g- g+ g+ δFσω 1.37
24 g- g+ g- 0c

25 g- g- t δσν′ 0.71
26 g- g- g+ δFσν′ω′ 0.55
27 g- g- g- δFσν′ 1.21

a For the intramolecular interactions, see Figures 3 and 5.b At the MP2/
6-311++G(3df, 3pd)//HF/6-31G(d) level. Relative to theGk value of the
all-trans conformation.c The geometrical optimization did not detect the
potential minimum; thus, the g- g+ g- conformer is considered to be absent.

Figure 5. Second- and third-order intramolecular interactions defined
for MTEMA and PEIES.

Table 5. Conformational Energies (kcal mol-1) of MTEMA (PEIES),
MEMA (PEIEO), MEDA (PMEIEO), di-MEDA (PEI), and BMTE

(PES), Derived from Ab Initio MO Calculations a

MTEMA
(PEIES)

MEMA
(PEIEO)

MEDA
(PMEIEO)

di-MEDA
(PEI)

BMTE
(PES)

First-Order Interaction
Eγ 0.77 1.06 1.52 1.06
Eδ 0.37 0.44 0.54
Eσ 0.01 0.05 0.03 -0.09 0.89
EF C-S: -0.40 C-O: 1.21 C-O: 1.27 C-S: -0.41

Second- and Third-Order Interactions
Eη -0.97 -1.75 -1.54
Eν -0.58
Eν′ 0.73 0.59 0.30 1.16
Eω 1.19 -0.21 -0.41 0.97
Eω′ -0.05 -0.68 -0.66 0.61
Eω′H 1.02
Eω′′N

b 0.59 1.24 0.41 0.94
Eω′′S

b 0.82

a Abbreviations: MTEMA,N-(2-methylthioethyl)methylamine; PEIES,
poly(ethylene imine-alt-ethylene sulfide); MEMA,N-(2-methoxyethyl)m-
ethylamine; PEIEO, poly(ethylene imine-alt-ethylene oxide); MEDA,N,N-
(2-methoxyethyl)dimethylamine; PMEIEO, poly(N-methylethylene imine-
alt-ethylene oxide); di-MEDA,N,N′-dimethylethylenediamine; PEI, poly(ethy-
lene imine); BMTE, 1,2-bis(methylthio)ethane; PES, poly(ethylene sulfide).
For definitions of the interactions, see Figures 3 and 5. The boldfaced figures
represent the attractive interactions.b Evaluated from dimeric model
compounds (see Figure 5).

Table 6. Characteristic Ratios Obtained from Refined and
Conventional IRIS Calculationsa

conventional IRIS

HBSb,
% Pm

c
refined
IRIS case Id case IIe

PEIES 〈r2〉0/nl2 100 0.49 5.15 4.82
80 0.49 5.62 5.28
60 0.49 5.99 5.65
40 0.50 6.24 5.90
20 0.50 6.37 6.02
0 0.50 6.40 6.05

103d(ln 〈r2〉0)/dT, K-1 100 0.96 0.65
PEIEO 〈r2〉0/nl2 100 0.50 1.33 1.28 1.49

80 0.50 1.96 1.92 2.18
60 0.50 2.93 2.91 3.19
40 0.50 4.25 4.23 4.45
20 0.50 5.72 5.66 5.65
0 0.50 6.94 6.75 6.47

103d(ln 〈r2〉0)/dT, K-1 100 8.6 8.2 8.2
PMEIEO 〈r2〉0/nl2 100 0.50 5.64 5.61 5.23

80 0.50 5.74 5.71 5.37
60 0.50 5.83 5.78 5.51
40 0.50 5.91 5.86 5.65
20 0.50 5.99 5.93 5.85
0 0.50 6.06 6.00 5.92

103d(ln 〈r2〉0)/dT, K-1 100 -0.79 -0.62 -0.47
PEI 〈r2〉0/nl2 100 0.63 3.09 2.90 2.87

80 0.61 3.50 3.31 3.25
60 0.59 4.11 3.90 3.81
40 0.56 4.95 4.71 4.54
20 0.54 6.06 5.64 5.40
0 0.52 7.32 6.63 6.29

103d(ln 〈r2〉0)/dT, K-1 100 2.7 2.5 2.2

a At 25 °C. b HBS: hydrogen bond strength. The attractive interaction
energiesEê’s (ê ) η for PEIES,η, ω, andω′ for PEIEO,ω and ω′ for
PMEIEO, andη andν for PEI, see Table 5) were multiplied by a factor of
HBS/100 to be used in the calculations.c meso-Diad probability.d Using
the averaged geometrical parameters listed in Tables S3 and S4 (Supporting
Information).e Using the geometrical parameters adopted from typical
conformers of model compounds: PEIEO and PMEIEO, Table 7 of ref 3;
PEI, Table 8 of ref 2.
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The Hi matrices (defined in eqs 17 and 18 of ref 5) are
prepared for the individual diads. The configurational sequence
of the polymeric chain is so determined by the Monte Carlo
method as to match the calculatedmeso-diad probability.2,4 From
the Hi matrices arranged according to the diad sequence
generated, the characteristic ratio〈r2〉0/nl2 is calculated as
described in section 3.2 of ref 5. The above process is performed
for all chains in the system (the number of chains isnc). The
〈r2〉0/nl2 values of thenc chains are averaged to yield the mean
chain dimension of the ensemble.22 These computations were
performed for PEIES, PEIEO, PMEIEO, and PEI.

To correlate the chain dimension with the attractive forces,
the conformational energies boldfaced in Table 5 were multi-
plied by a factor of HBS (%)/100 (HBS: hydrogen bond
strength)23 and used in the calculations; HBS) 100% corre-
sponds to the energies as in Table 5, and HBS) 0% to null
energies. The temperature was set equal to 25°C. Themeso-
diad probabilities,Pm’s, are listed in Table 6. Inasmuch as
nitrogen sites of PEIES, PEIEO, and PMEIEO are separated
by six bonds, these polymeric chains are essentially atactic (Pm

) 0.50). On the other hand, PEI prefers themesoconfiguration
at high HBSs. As HBS decreases, however, PEI becomes atactic.
The characteristic ratios calculated as above are given in the
column of “refined IRIS” of Table 6. The〈r2〉0/nl2 values were
derived from the extrapolation ofx-1 f 0 of 〈r2〉0/nl2 vs x-1

plots, representing the infinite chains (x f ∞). The PEIEO, PEI,
and PEIES chains give〈r2〉0/nl2 values of 1.33, 3.09, and 5.15
at HBS) 100%, respectively. The chain dimension seems to
be inversely correlated to the strength of the N-H‚‚‚X (η)
attraction. The PMEIEO chain, of which nitrogen site is blocked
with a methyl group and does not form theη interaction, is as
extended as〈r2〉0/nl2 ) 5.64. At HBS) 0% all the chains show
close dimensions of〈r2〉0/nl2 ) 6-7.24

While the refined IRIS computations were performed, the
bond lengths, bond angles, and dihedral angles were averaged
with the conformational probabilities calculated from the
statistical weight matrices used as the weights;22 therefore, the
average values depend on temperature and conformational

energies. By way of example, the geometrical parameters at 25
°C and HBS ) 100% are shown in Tables S3 and S4
(Supporting Information). The characteristic ratios were recom-
puted by the conventional IRIS method using the geometrical
parameters averaged for the individual HBSs, being listed in
the column of “case I” of Table 6. The differences in〈r2〉0/nl2

between refined IRIS and case I are allowably small. The results
of the previous studies are also shown in the column of “case
II” of Table 6; then, the bond lengths and bond angles were
adopted from the all-trans conformations of the model com-
pounds, and the dihedral angles from their typical conformers
such as ttt, g(tt, tg(t, and ttg(. For case II, the deviations from
refined IRIS are not necessarily permissible, and the charac-
teristic ratio of PEIEO is somewhat overestimated whereas those
of PMEIEO and PEI are rather underestimated. In contrast, the
refined RIS scheme consistently yields larger temperature
coefficients than the conventional method. On balance, however,
this study has justified the conventional IRIS (RIS) scheme,
although we must consider how to determine the geometrical
parameters and pay attention to tolerances of the obtained data.

3.5. Orientation Correlation between Bonds and Second-
ary Structure. The scalar product between unit vectorsuj and
uj+k along bondsj and j + k can be used as a measure of the
orientation correlation between the two bonds3,25

whereθj,j+k is the angle between the two vectors (bonds). The
amplification factork is introduced to enhance the long-range
correlations. The overbar stands for the average for the skeletal
bonds and configurations, the angular brackets represent the
average over all possible conformations, and the subscript 0

indicates the unperturbed state. Thek〈uj‚uj+k〉0 terms of PEIES,
PEIEO, PMEIEO, and PEI, calculated with the averaged
geometrical parameters of case I (Tables S3 and S4, Supporting

Information), are plotted againstk in Figure 6. Thek〈uj‚uj+k〉0
vsk curves are analogous in profile to those obtained previously3

Figure 6. k〈uj‚uj+k〉0 vs k curves of (a) PEIES, (b) PEIEO, (c) PMEIEO, and (d) PEI. The percentage represents the hydrogen bond strength (HBS).

k〈uj‚uj+k〉0 ) k〈cosθj,j+k〉0 (5)
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from the geometrical parameters of case II but somewhat

different in numerical value. Thek〈uj‚uj+k〉0 curves of PEIEO
and PEI of HBS) 100% show such long-period undulations
as to intersect the horizontal line aroundk ) 5-6 and take the
minimum atk ) 9 and the maximum atk ) 18; therefore, the
uj vector may be perpendicular touj+5 or uj+6, antiparallel to
uj+9, and parallel touj+18. These results show that the PEIEO
chain in particular tends to include fragments of a circular (or
helical) structure of ca. 18 bonds per turn, as illustrated in Figure
6. Inasmuch as the undulation fades away with decreasing HBS,
the circular structure stems from the N-H‚‚‚O attractions. The
PEI chain behaves similarly. In contrast, the curves of PEIES
and PMEIEO monotonously decrease with increasingk even
at HBS ) 100%; the attractive interactions of PEIES and
PMEIES are not so effective as to keep such a secondary
structure.
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