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ABSTRACT: Conformational characteristics of poly(ethylene imine) (PEI) have been investigated by a
rotational isomeric state (RIS) analysis of ab initio molecular orbital (MO) calculations and 'H and 3C
NMR experiments for a monomeric model compound, N,N'-dimethylethylenediamine (di-MEDA). From
the MO and NMR data, it was shown that the C—C and C—N bonds of di-MEDA have high gauche (71—
93%) and trans (64—86%) preferences, respectively. Conformational energies of PEI were determined
from the MO calculations for di-MEDA at the MP2/6-311++G(3df, 3pd)/HF/6-31G(d) level. The high
gauche stability in the C—C bond was indicated to stem from a moderate and a weak intramolecular
N—H--N hydrogen bonds; the interaction energies were evaluated as —1.54 and —0.58 kcal mol™},
respectively. The RIS scheme including rotational and inversional isomerizations was developed and
applied to PEI to evaluate the chain dimension and diad probabilities. With the conformational energies
determined as above, the characteristic ratio and meso-diad probability of PEI at 25 °C were calculated
to be 2.9 and 0.63, respectively. In polar and protic solvents, the intramolecular hydrogen bonds are
weakened, and consequently the PEI chain extends. Branching effects on the conformation were
investigated from MO and NMR analysis for monomeric model compounds of branched PEI, N,N,N'-
trimethylethylenediamine and N,N,N',N'-tetramethylethylenediamine; the gauche preference in the C—C
bonds, due to the hydrogen bonds, is reduced with increasing number of methyl groups. Ab initio MO
calculations were carried out for the double-stranded helix found in anhydrous PEI crystal. The PEI
chain was indicated to adopt the isotactic form exclusively. The natural bond orbital analysis showed
that intermolecular N—H---N hydrogen bonds are formed between paired chains of the double helix. The
enthalpy of association per repeating unit was estimated to be —3.6 kcal mol™! at the MP2/6-311+G-

(2d,p)//HF/6-31G(d) level.

1. Introduction

Poly(ethylene imine) (PEI, [-CHyCHy;NH-],, see
Figure 1) is a promising polymer! to be used as a solid
polymer electrolyte®3 and a gene delivery polymer.4~6
In chemical industry, PEI has been produced by ring-
opening polymerization of aziridine. Most of commer-
cially available PEIs, being thus prepared, are highly
branched. In the 1970s and 1980s, however, synthetic
methods of linear PEIs of high molecular weights were
offered; PEIs prepared from unsubstituted and 2-sub-
stituted 2-oxazolines are free from branching.”

The linear PEI has been a subject of X-ray diffraction
analysis;10712 the PEI, depending on water/ethylene
imine (EI) ratio, exhibits a variety of crystal structures.
In the hemihydrous (HoO/EI = 0.5), sesquihydrous (1.5),
and dihydrous (2.0) crystals, the PEI chain adopts the
all-trans conformation and forms a network of hydrogen
bonds with water molecules. In the anhydrous crystal,
two PEI chains form a double-stranded helix, which was
suggested to be supported by intermolecular hydrogen
bonds. The crystal-to-crystal transitions have been
investigated by time-resolved infrared measurements
and expressed as a function of moisture content and
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temperature.!3:1* As for the conformation, chain dimen-
sions of isotactic and syndiotactic PEIs were estimated
by the rotational isomeric state (RIS) scheme,5 and ab
initio molecular orbital (MO) calculations!® and molec-
ular dynamics simulations!? have been attempted for
small model compounds of PEI to find the stable
conformations and estimate the bond conformations.

The objective of this study is to reveal the conforma-
tional characteristics of PEI—the most fundamental
information to understand the promising polymer and
enable molecular design for better polymer electrolytes
and gene delivery polymers—by means of ab initio MO
calculations, NMR spectroscopy, and the RIS scheme.
As model compounds of linear and branched PEIs, N,N'-
dimethylethylenediamine (di-MEDA), N,N,N'-trimeth-
ylethylenediamine (tri-MEDA), and N,N,N',N'-tetra-
methylethylenediamine (tetra-MEDA) have been used
to derive the conformational energies and bond confor-
mations from the MO calculations and NMR measure-
ments (see Figure 1). The conformational energies thus
established were applied to the RIS scheme with inver-
sional and rotational isomerizations to evaluate chain
dimensions and diad probabilities of PEI in solutions.
In this paper, the conformational characteristics of PEI
and its model compounds are discussed mainly in terms
of rotational and inversional isomerizations and in-
tramolecular and intermolecular hydrogen bonds. Here-
after, PEI indicates linear PEI exclusively.
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(a)

Figure 1. All-trans forms of (a) poly(ethylene imine) (PEI),
(b) meso (lI) N,N'-dimethylethylenediamine (di-MEDA), (c)
racemo (Id) di-MEDA, (d) N,N,N'-trimethylethylenediamine
(tri-MEDA), and (e) N,N,N',N'-tetramethylethylenediamine
(tetra-MEDA). The [/ and d forms are defined according to the
concept of pseudoasymmetry (see text). As indicated, the bonds
are numbered and the atoms are designated. x is the degree
of polymerization.

2. Materials and Methods

2.1. Ab Initio MO Calculations. Ab initio MO calculations
were carried out with the Gaussian98 program?® installed on
an HPC-P4L or an HPC-IAXP8 computer and Gaussian03W1
on a PC. For all possible conformers of di-MEDA, tri-MEDA,
and tetra-MEDA, the geometrical parameters were fully
optimized at the HF/6-31G(d) or B3LYP/6-31G(d) level, and
thermal corrections to the Gibbs free energy (at 25 °C),
calibrated by a factor of 0.9135 (HF) or 0.9804 (B3LYP),20:21
were evaluated at the same level. With the optimized geom-
etry, the self-consistent-field (SCF) energy was computed for
each conformer at the MP2/6-311++G(3df, 3pd) or B3LYP/6-
311++G(3df, 3pd) level, and the natural bond orbital (NBO)
analysis?®2% was carried out in parallel. The Gibbs free energy
(Gy, k: conformer) was evaluated from the SCF energy and
thermal correction. In this paper, the free energy is mostly
given as compared with that of a specified conformer and
denoted as AGj.
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For di-MEDA, transition states in inversional and rotational
isomerizations were determined by the synchronous transit-
guided quasi-Newton method (QST2)?4?> at the HF/6-31G(d)
level; the initial and final structures were indicated, and the
optimization was performed with the redundant internal
coordinates. The free energy (Grs) of the transitional state was
evaluated from the SCF energy at the MP2/6-311++G(3df,
3pd) level and the thermal correction to the Gibbs free energy
(at 25 °C) at the HF/6-31G(d) level. The free energies (A*G—
and A*G-) of activation were calculated from A*G—. = Grs —
Ginit and A*G— = Grs — Ggina, Where Ginie and Gana stand for
Gy’s of the initial and final states, respectively.

For double-stranded helices of two EI pentamers, MO
calculations were performed. The details are described in
section 3.13.

2.2. Sample Preparation. 2-Methylpiperazine (2MPZ), di-
MEDA, tri-MEDA, and tetra-MEDA were purchased from
Aldrich and used without further purification. 2-Methylpip-

erazine-5-13C (2MPZ-5-13C) was prepared as follows (Scheme
1).26—28

Glycine-2-13C (1.50 g) was dissolved in 2,2-dimethoxypro-
pane (200 mL), hydrochloric acid (37%, 20 mL) was dropwise
added thereto, and the solution was stirred at room temper-
ature for 18 h. After the reaction mixture was condensed at
50 °C under reduced pressure, the residue was mixed with
diethyl ether (100 mL), stirred for a while, collected by
filtration, and recrystallized with a mixture of methanol and
diethyl ether, and consequently 2.15 g of glycine-2-3C methyl
ester hydrochloride was obtained.

N-(tert-Butyloxycarbonyl)alanine (2.46 g) was dissolved in
methylene chloride (65 mL), and the glycine-2-13C methyl ester
hydrochloride (1.63 g), triethylamine (1.8 mL), and N-ethyl-
N'-(3-(dimethylamino)propyl)carbodiimide hydrochloride (2.50
g) were added thereto. The solution was stirred overnight while
being cooled at —5 °C in a Haake K20 thermostat. From the
reaction mixture, water was separated, and methylene chloride
was distilled away to yield 1.9 g of tert-butyloxycarbonylala-
nylglycine-2-12C methyl ester.

The tert-butyloxycarbonylalanylglycine-2-13C methyl ester
was dissolved in formic acid (80 mL), the solution was stirred
at room temperature for 2 h, and formic acid was removed
under reduced pressure. The residue was dissolved in a
mixture of 2-butanol (60 mL) and toluene (30 mL), and the
solution was heated at 100 °C for 3 h. Then, the amount of
the solution was kept constant by supplying 2-butanol. After
2-butanol was removed, the residue was filtrated and recrys-
tallized with methanol. The product was dried under reduced
pressure, and 0.53 g of 6-methyl-2,5,-diketopiperazine-3-13C
was obtained.

Lithium aluminum hydride (0.40 g) was dissolved in tet-
rahydrofuran (80 mL), the 6-methyl-2,5,-diketopiperazine-3-
13C (0.32 g) was added thereto, and the mixture underwent
reflux for 70 h. The residual LiAlH, was quenched with water,
Wakogel C-200 (0.50 g) was added to absorb inorganic deposits,
and the mixture was stirred for 2 h. After suction filtration,

Scheme 1. Preparation of 2MPZ-5-13C

13 (CH;),C(OCH3), 13
HN—CH,—C—OH ——— " 5 "HyN—CH,—C—0—CH,
HCI cr
(CH5);COCONHCH(CH3)COOH Cu ™ wn
,C—C—0—C—N—C—C—N—C—C—O0—CHj
CH,Cly  (CH;CH )N ol H,
(I? Iciz
13 C 13
HCOOH H,C” N LiAIH, Hg(lz/ “NH
s ——— —_—
CH HN__CH CH
o et oy T e e,
: i

CH;CH,CH(OH)CH,4



Macromolecules, Vol. 37, No. 24, 2004

@ gy - ®)
CH3 H 1 HB H
Hg CH, CH;,4 Hp
6 I v’
k12
Hp CH, 5 CHs Hy
<«
CHj; H Hp, H

Figure 2. Inversional (solid line) and rotational (dotted line)
isomerizations around bond 4 of di-MEDA: (a) racemo (Id) ttt,
(b) meso (Il) ttg~, (¢) racemo ttg~, (d) meso ttt, (e) racemo ttg™,
and (f) meso ttg". The numbers on the arrows correspond to
route numbers in Table 1.

the residue was condensed under reduced pressure to yield
2MPZ-5-13C.

2.3. NMR Measurements. 'H (13C) NMR spectra were
measured at 500 MHz (125.65 MHz) on a JEOL JNM-LA500
spectrometer equipped with a variable temperature controller.
During the measurement the probe temperature was main-
tained within +0.1 °C fluctuations. In the measurements, free
induction decays were accumulated 8 or 16 (64—2000) times.
The 7/2 pulse width, data acquisition time, and recycle delay
were 5.6 (5.0) us, 13.1 (10.0) s, and 3.7 (3.7) s, respectively.
Here, the values in the parentheses represent the *C NMR
data. The gated decoupling technique was used in the *C NMR
measurements.

Before the NMR measurements, the compounds were dis-
solved or dispersed in deuterium oxide to replace the NH
proton by deuterium and dried under reduced pressure. The
solvents were cyclohexane-di2, chloroform-d, dimethyl-dg sul-
foxide (DMSO-ds), methanol-ds, and deuterium oxide, the
internal standard was tetramethylsilane, and the solute
concentration was 5 vol %.

3. Results and Discussion

3.1. Pseudoasymmetry for PEI and Model Com-
pounds. Poly(ethylene imine) has a hydrogen atom at
the nitrogen site, thus containing a variety of stereo-
sequences. This problem has been treated with aid of
the concept of pseudoasymmetry,2°~32 which has been
used mainly for vinyl polymers. For example, the di-
MEDA molecule in the all-trans form is put on paper
as shown in Figure 1b,c. When the left-hand hydrogen
atom appears on this (that) side of the paper, the
nitrogen site is considered to adopt the d (I) form. For
other nitrogen sites, the d and [ configurations are
defined similarly. The dd and /[ forms are referred to
as meso and d/ and Id as racemo. In this paper, the meso
and racemo forms are represented mainly by the I/ and
ld ones, respectively. Because three bonds intervene
between the neighboring nitrogen atoms, the all-trans
racemo and meso forms have the two NH hydrogens on
the same and opposite sides, respectively.3?

3.2. Rotational and Inversional Isomerizations.
It is known that a nitrogen atom can flip the orientation
of the trigonal pyramid of three covalent bonds and a
lone pair.34~36 This phenomenon, termed nitrogen inver-
sion, may occur in the compounds treated here. Figure
2 illustrates the inversional isomerizations (solid line)
at the nitrogen atom and the rotational ones (dotted
line) around the C—N bond of di-MEDA. The rotational
isomerization keeps the configuration, whereas the

Conformational Analysis of Poly(ethylene imine) 9171

Table 1. Free Energies (A*G—. and A*G-) of Activation for
Nitrogen Inversions and C—N and C—C Rotations of
di-MEDA, Evaluated from ab Initio MO Calculations

route initial final A*G- (kcal A*G-< (kcal
no.*  state® state? mol~1) mol~1)
Nitrogen Inversion
1 racemo ttt meso ttg™ 3.85 2.93
2  meso ttg™ racemo ttg~ 2.93 3.34
3 racemo ttg~ meso ttg" 6.49 6.43
4 meso ttgt racemo ttgt 3.29 2.70
5 racemo ttgt meso ttt 2.70 3.76
6  meso ttt racemo ttt 4.00 4.09
C—N Rotation
7 racemo ttt racemo ttg- 2.77 2.27
8 racemo ttg~ racemo ttgt 6.49 5.85
9 racemo ttgt racemo ttt 2.54 3.69
10 meso ttt meso ttg" 2.63 2.16
11  meso ttgt meso ttg 6.66 6.31
12 meso ttg™ meso ttt 2.63 3.46
C—C Rotation
racemo ttt racemo tg't 4.24 3.24
racemo ttt racemo tgt 3.86 4.30
racemo tg't racemo tgt 2.97 4.41
meso  ttt meso tg't 3.33 4.94
meso ttt meso tgt 3.33 4.94
meso tgtt meso tgt 10.41 10.41

@ Defined in Figure 2. ® For example, ttg~ denotes that bonds
2, 3, and 4 adopt the trans, trans, and gauche™ states, respectively.
¢ The right arrow (—) stands for the process from the initial to
final state, and the left arrow (<) indicates the opposite process.

Figure 3. An example of nitrogen inversions of di-MEDA
(route no. 6 in Figure 2 and Table 1): (a) meso ttt conformer,
(b) transition state, and (c) racemo ttt conformer.

nitrogen inversion is always accompanied by a meso <>
racemo conversion. Free energies of transition states in
the individual isomerizations were evaluated by ab
initio MO calculations at the MP2/6-311++G(3df, 3pd)//
HF/6-31G(d) level (see Table 1). In Figure 3, as an
example, the transition state between the meso ttt and
racemo ttt states (route no. 6) is depicted by the
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Table 2. Conformer Free Energies (AGy’s) of di-MEDA, Evaluated from ab Initio MO Calculations

racemo (Id)

meso (I1)

AGy,* keal mol L

AGy,® keal mol ™1

k conformation statistical weight® MP2¢ B3LYP? statistical weight? MP2¢ B3LYP?
1 ttt 1 0.00 0.00 1 0.09 —0.03
2 ttgt y 1.15 1.24 o 0.56 0.83
3 ttg o 0.50 0.80 y 0.92 1.06
4 tght o' 1.00 0.43 on —1.52 —0.92
5 tgtg" yon —0.42 0.49 oo’ 1.50 1.83
6 tgtg dow' 1.16 1.32 yoo' 1.58 2.30
7 tgt ov —0.45 0.33 on —1.52 —0.92
8 tg gt yow 1.87 2.48 oow
9 tg g oon —1.29 —0.38 yov 0.37 1.32

10 gttt y 115 1.24 y 0.92 1.06

11 gttgh y2 211 2.51 Y0 1.73 2.23

12 ghtg Y0 1.59 2.09 y? 2.28 2.59

13 gtegtt yon —0.42 0.49 yov 0.37 1.32

14 ot gt gt y2ov 1.27 2.25 yoon -0.12 1.20

15 gtgtg yoow yZow 3.06 3.53

16 gtg t yow 1.87 2.48 yow' 1.58 2.30

17 gtg gt 0 0

18 gte g yd00' 1.97 3.16 20w 3.06 3.53

19 g tt o] 0.50 0.80 o 0.56 0.83

20 g tgt ") 1.59 2.09 82 0.95 1.62

21 g tg 52 1.16 1.03 0 1.73 2.23

22 g gtt oow' 1.16 1.32 oow

23 g gtgt yoow 020w’ 1.62 2.78

24 g gtg 0 0

25 g gt Son -1.29 ~0.38 Sov' 1.50 1.83

26 o g gt Yoo’ 1.97 3.16 8% 1.62 2.78

27 g g 8%’ 2.40 4.17 yoon ~0.12 1.20

@ Relative to the AG), value of the racemo all-trans conformation. At 25 °C and 1 atm. The blanks indicate that the geometrical
optimization did not detect the potential minimum. Thus, the conformer is considered to be absent. ® For definition of the statistical
weights, see Figures 7 and 11. ¢ At the MP2/6-311-++G(3df, 3pd)//HF/6-31G(d) level. ¢ At the BSLYP/6-311++G(3df, 3pd)/B3LYP/6-31G(d)

level.

electrostatic potential surface. Here, for example, the
notation tgtg™ for di-MEDA, tri-MEDA, and tetra-
MEDA denotes that bonds 2—4 take trans, gauche™, and
gauche™ conformations, respectively. The NBO analy-
sis?223 indicated that the lone pair in the initial and final
states forms an sp®2> hybrid orbital. In the transition
state, however, the lone pair adopts a pure p orbital
normal to the C—N—C plane. The free energy of activa-
tion, A*G—, was evaluated as 4.00 kcal mol~! and that
(A*G-) for the opposite process as 4.09 kcal mol~1. In
the rotational isomerizations, the transition state cor-
responds to the eclipsed form between the initial and
final states.

In Table 1, the A*G values of di-MEDA are listed.
Interestingly, A*G’s of the nitrogen inversions are
comparable to those of the C—N rotations; the two
molecular motions are mixed on time scales for ordinary
experiments used in conformational analysis because
the isomerization rate may be proportional to exp(—A*G/
RT) (R, the gas constant; T, the absolute temperature).
In such measurements, therefore, the configurations will
be averaged to be observed.

3.3. MO Calculations. Conformer free energies
(AGy’s) of the Il (meso) and Id (racemo) forms of di-
MEDA were calculated by MO calculations at the MP2/
6-311-++G(3df, 3pd)//HF/6-31G(d) and B3LYP/6-311-++G-
(3df, 3pd)/B3LYP/6-31G(d) levels. Of 54 (3% x 2)
conformers of the I/ and Id forms, 46 conformers were
settled in the potential minimum. From Table 2, the
most stable conformer of di-MEDA is seen to be meso
tgtt.

According to the Boltzmann distribution, the con-
former fraction f; can be calculated from

exp(—AG,/RT)
fe= (D

K

Zexp(—AGk/RT)

where K is the total number of conformers. From the f;,

values, for example, the trans fraction pSC of the C—C
bond is calculated according to

CC
Py = ) frce 2)

where £° stands for the conformer whose C—C bond
takes the trans state. The p°°, pr, and p°N values can
be similarly calculated. In Table 3, the bond conforma-
tions for the whole ensemble (meso + racemo) are listed.
For tri-MEDA and tetra-MEDA, the AG}, energies were
calculated at the same levels (Supporting Information).
The bond conformations of tri-MEDA and tetra-MEDA
are shown in Table 4.

3.4. 'TH NMR. Naturally abundant 13C atom in the
methylene group of di-MEDA yields a pair of satellite
peaks around the intense CH; signal. Figure 4 shows
the satellite spectra of di-MEDA dissolved in cyclohex-
ane-djz2 at 25 °C and methanol-d4 in 35 °C. The spectra
were simulated with the gNMR program3’ and satis-
factorily reproduced as shown. The 3Juy (= 3Ja = 3JaB)
and *Jiy; (= %J,p = ®J,p) values thus determined for
five solutions are listed in Table 5. For the proton
designations, see Figure 1.
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Table 3. Bond Conformations of di-MEDA

dielectric

constant N

temp °C)  p®  p;
MO Calculation®

method or solvent

MP2 1.00 (gas) 15 0.07 0.73
25 0.08 0.73
35 0.09 0.72
45 0.10 0.71
55 0.10 0.71
B3LYP 1.00 (gas) 15 0.19 0.80
25 0.20 0.79
35 0.21 0.79
45 0.22 0.78
55 0.23 0.77
NMR Experiment
cyclohexane-di2 2.02 15 0.07 0.80
25 0.07 0.78
35 0.08 0.77
45 0.09 0.75
55 0.10 0.73
chloroform-d 4.81 15 0.13 0.83
25 0.15 0.80
35 0.15 0.77
45 0.15 0.75
55 0.16 0.74
dimethyl-ds sulfoxide  46.7 15 0.17 0.74
25 0.19 0.73
35 0.20 0.73
45 0.21 0.71
55 0.22 0.69
methanol-d4 32.7 15 0.29 0.86
25 0.29 0.77
35 0.29 0.74
45 0.29 0.70
55 0.29 0.67
deuterium oxide 78.5 15 0.29 0.75
25 0.29 0.72
35 0.29 0.72
45 0.29 0.67
55 0.29 0.64

@ Calculated from the conformer free energies at 25 °C (Table
2).

Table 4. Bond Conformations of tri-MEDA and
tetra-MEDA at 25 °C, Evaluated from ab Initio MO
Calculations and NMR Experiments

bond
2: NH-C 3: C—C 4: C—N(CHjy)
method or solvent Dt Pt pc,
tri-MEDA

MO MP2¢ 0.83 0.10 0.99

B3LYP? 0.87 0.32 0.97
NMR cyclohexane-d2 0.93 0.14
chloroform-d 0.91 0.23
dimethyl-dg sulfoxide 0.87 0.27
methanol-d4 0.84 0.38
deuterium oxide 0.74 0.48

tetra-MEDA

MO MP2¢ 0.74 0.98

B3LYP? 0.96 1.00
NMR cyclohexane-d12 0.48
chloroform-d 0.49
dimethyl-dg sulfoxide 0.51
methanol-d4 0.61
deuterium oxide 0.68

@ At the MP2/6-311++G(3df, 3pd)//HF/6-31G(d) level. ® At the
B3LYP/6-311++G(3df, 3pd)/B3LYP/6-31G(d) level. Calculated
from the conformer free energies at 25 °C, shown in the Supporting
Information.

Figures 5 and 6 show 'H NMR spectra observed from
methylene groups of tri-MEDA and tetra-MEDA, re-
spectively. The 3Jgg and 3JhH values of these two
compounds dissolved in five solvents at 25 °C, evaluated
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Figure 4. 'H NMR satellite spectra of methylene protons, A,
A', B, and B' (see Figure 1), of di-MEDA dissolved in (a)
cyclohexane-diz at 25 °C and (b) methanol-d4 at 35 °C and (c)
13C NMR spectra of methyl carbons of di-MEDA in DMSO-dg
at 25 °C. The observed and calculated spectra are shown above
and below, respectively.

Table 5. Observed Vicinal 'H-'H and 3C—!'H Coupling
Constants of di-MEDA

temp 3Jun 3J 1l 8Jcu

solvent (°C) (Hz) (Hz) (Hz)
cyclohexane-di2 15 6.96 3.86 3.88
25 6.97 3.92 3.93

35 6.92 4.01 3.94

45 6.90 4.11 3.98

55 6.82 4.20 4.03

chloroform-d 15 7.00 4.70 3.77
25 6.86 4.79 3.84

35 6.85 4.81 3.90

45 6.87 4.90 3.93

55 6.86 4.94 3.96

dimethyl-dg sulfoxide 15 6.88 5.03 4.00
25 6.78 5.19 4.03

35 6.64 5.30 4.03

45 6.70 5.40 4.05

55 6.58 5.39 4.10

methanol-d4 15 6.51 6.51 3.56
25 6.45 6.45 3.75

35 6.44 6.44 3.82

45 6.41 6.41 3.90

55 6.38 6.38 3.96

deuterium oxide 15 6.54 6.54 3.61
25 6.57 6.57 3.67

35 6.67 6.67 3.68

45 6.59 6.59 3.78

55 6.64 6.64 3.85

from the gNMR simulations, are given in the Supporting
Information.

On the basis of the RIS approximation, observed
vicinal TH—1H coupling constants, 3J/gg and 3Ji{H, can
be expressed as3®

3JHH = 3JAB = SJA'B' =
SJ,THH + 3JuGHH

g+

pg° (3)

and
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Figure 5. 'H NMR spectra of methylene protons, (a) A and
A’ and (b) B and B' (see Figure 1), of tri-MEDA dissolved in
methanol-d, at 25 °C and 3*C NMR spectra of methyl carbons,
(¢) C and (d) D and D', of tri-MEDA in DMSO-d¢ at 25 °C. The
observed and calculated spectra are shown above and below,
respectively.
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Figure 6. (a) 'H NMR satellite spectra of methylene protons,
A, A', B, and B'. (b) 3C NMR spectra of methyl carbons of tetra-
MEDA dissolved in methanol-ds at 25 °C. The observed and
calculated spectra are shown above and below, respectively.

S = = S = 3JHH pCOC 4 3J,GHHng (4)

where 3JpHH, 3 HH 37 HH 3y HH - and 377 B are
defined in Figure 7, and pSC and pgc are trans and
gauche fractions of the C—C bond, respectively. The
definition gives

pl+pf=1 (5)
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Figure 7. Newman projections for the (a) NH—CH; and (b)
CH;—CH; bonds with definitions of vicinal coupling constants.
The Greek letters represent first-order interactions of di-
MEDA and PEIL

HD H HA

CHng)

Figure 8. 2-Methylpiperazine (2MPZ). 2-Methylpiperazine-
5-13C (2MPZ-5-13C) was prepared according to Scheme 1. The
atoms are designated as indicated.

To solve eqs 3—5 and derive pfc and p° values, the
vicinal coupling constants, 3J¥H, 37 'THH, o GHH, 3J’GHH,
and *J ”GHH, must be given in advance. In this study,
these coupling constants were obtained from a cyclic
compound, 2MPZ (Figure 8), which also has N—C—C—N
bond sequences. The methyl substituent prevents the
piperazine ring from flip-flopping. Figure 9 shows a 'H
NMR spectrum observed from 2MPZ in cyclohexane-d;2
at 25 °C. The seven protons, A—G (Figure 8), yield a
large number of signals in the narrow region. Simula-
tions based on an ABCDEFMX; spin system were
patiently repeated to give satisfactory agreement with
experiment. The NMR parameters thus determined are
given in the figure caption, and the vicinal coupling
constants regarding protons D—G are listed in Table 6.

From the structural similarity between the mono-
meric models and 2MPZ (cf. Figures 7 and 8), the
following relations were assumed:

SJHH = 3y HH 37 6)
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Figure 9. 'H NMR spectra of (a) 2MPZ dissolved in cyclo-
hexane-dq2 at 25 °C and (b) 2MPZ-5-13C in chloroform-d at
25 °C. The observed and calculated spectra are shown above
and below, respectively. The NMR parameters were deter-
mined as follows (6 in ppm and J in Hz): (a) s — dx = 1.355,
(313 - (3)( = 1.849, (50 - (3)( = 1.750, (SD - 5x = 1.724, (SE - éx =
1.895, o — O0x = 1.819, dg — 0x = 1.852, 2Jxp = —11.30, 3Jac
= 9.69, 3JBC = 2.80, 4JBF = 0.92, SJCX = 6.32, 3JDE = 3.04, 2JDF
= —11.23, 3Jpg = 11.29, 3Jgr = 2.04, 2Jrgg = —11.44, and 3Jrg
= 3.07. (b) 3Jc5A = 2.27, 3JC5B = 7.62, lJc5]) = 135.06, 2JC5E =
—2.36, 1Josr = 134.42, and 2Jcsq = —3.29. For designations of
the atoms, see Figure 8.

3 3 3
JDE+ JEF+ JFG

STe = 3 (7
3 3
Jyp T
3J,GHH — DE 5 FG (8)
and
3J.,GHH _ SJEF 9)

In 2MPZ, two nitrogen atoms are fixed in the gauche
position, and hence the *J5" and ®Jg" values cannot be
directly obtained from 2MPZ. Accordingly, eqs 6 and 7
have been assumed.

Substitution of 3J values of di-MEDA and 2MPZ (in
cyclohexane-di2 at 25 °C) into eqs 3 and 4 gives pt
0.075 and pg° = 1.006. However, the sum (1.08) of p;°
and p sl1ghtly exceeds unity because the two vari-
ables must simultaneously sat1sfy the three equations
(eqs 3—5). Here, the above pt and p°C values were
divided by their sum so as to sat1s}l”y eq 5. As a
consequence, we have p = 0.07 and pCC = 0.93. The
bond conformations of di-MEDA, thus determmed are
listed in Table 3. For tri-MEDA and tetra-MEDA, the
bond conformations were similarly determined (Table
4). The 'H NMR measurements were carried out for
PEIL? Because of its low molecular mobility, however,
the satellite signals are too broad to give the 3Jpy and
3" gy values.
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3.5. 13C NMR. Shown in Figure 4c is one of quartet
observed from methyl carbons of di-MEDA in DMSO-
de at 25 °C. The spectrum was well reproduced by a
simulation based on an AA'BB'X spin system, and the
vicinal coupling constants between the methyl carbon
and methylene protons, 3Jcy, were determined. The
3Jcu values for five solutions are listed in Table 5.
Figures 5¢ and 6¢ show *C NMR spectra observed from
methyl carbons of tri-MEDA and tetra-MEDA, respec-
tively. The coupling constants of tri-MEDA and tetra-
MEDA are given in the Supporting Information.

For di-MEDA and methyl carbon C of tri-MEDA
(Figure 1), the observed 3Jcy value is expressed as

34CH , 3CH
+3J4
T G
= 3JSH pN 4 —— pe (10)
where *J5 and ®J5! are defined in Figure 7, and pt™
and pCN are trans and gauche fractions of the C—N
bond, respect1vely From the definition, we have

p N +pN=1 (11)

For tetra-MEDA and methyl carbons D and D' of tri-
MEDA, the observed *Ji; value is given as

3 JCH | g3 jCH 3 JCH 4 3 jCH
T G _CN T G _CN
1 pc, + p (12)

3
JCH 9 C,

where Pc and p&Y are fractions of C; and Cg forms
around the C—N bond, respectively (see Figure 10).
Accordingly, we have

pe, +pg =1 (13)

To obtain the *J&" and *J5" values for the 13C—N—
C—H bond sequence, we prepared 2MPZ-5-13C as de-
scribed in section 2.2 and measured the 'H and 13C
NMR. The 'H NMR spectra, being of much higher
quality, were analyzed to derive the NMR parameters.
Figure 9b shows an example of the observed and
calculated spectra of 2MPZ-5-13C, and vicinal coupling
constants (3Jc,u, and 3Jc,n,) between Cs and Hg and
between Cs and Hy (Figure 8) are given in Table 6.

If we substitute *J$" = 7.62, *JST = 2.27 Hz (from
2MPZ-5-13C in chloroform-d at 25 °C), and 3Jcy = 3.84
Hz (from di-MEDA in chloroform-d at 25 °C) into eq 10,
we have pf = 0.41 and p°N = 0.59. However, the
results contradict the MO cafculatwns With the above
3JCH and 3JC set, the p N and pC values of tetra-
MEDA in chloroform d at 25 °C were calculated from
eqs 12 and 13 to be 0.33 and 0.67, respectively. On the
other hand, the MO calculatmns indicate that only C;
form exists (pC ~ 1 and p&" ~ 0). From the severe
steric h1ndrance occurring in tlle Cs form and short C—N
distance (1.45 A), we should accept the MO calculations.
Ab initio MO calculations at the HF/6-311+G(2d, p)
level estimated the *J5 values of 2MPZ to be in a wide
range of 2.47—6.63 Hz. Thus, we have reevaluated the
3JCH value for the NMR analysis. Substitution of p& p
1 and p = 0 into eq 12 yields 3J’CH = 3Jc +

3JCH)/4 therefore using 3JC = 3Jcm, = 7.62 Hz, we
obtain JC = 3.41 Hz for the chloroform-d solution.
The *J5H and 5JSH values were thus determined for the
five solutions: cyclohexane-diz, *Jo" = 7.80 and *J5" =
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Table 6. Vicinal 'H- 'H and 13C- 'H Coupling Constants of 2MPZ*

TH— 1Hb 180— 1e
solvent or method 3J g 3J DE 3J gF 3J ra 3J g 3J @ 3T 0Hy 3JcyH,

NMR Experiment

cyclohexane-di2 11.34 3.04 2.11 3.05 2.73 3.05 7.80 2.44

chloroform-d 11.58 3.08 2.02 3.10 2.73 3.09 7.62 2.27

dimethyl-dg sulfoxide 11.49 3.03 2.14 3.06 2.74 3.05 7.23 2.22

methanol-d4 11.92 3.16 1.92 3.22 2.77 3.19 741 2.09

deuterium oxide 12.16 3.20 2.00 3.15 2.78 3.18 7.52 1.97
MO Calculation?

B3LYP/6-311+G(2d,p) 9.10 2.82 2.24 2.84 2.63 2.83 8.22 3.98

HF/6-311+G(2d, p) 11.40 4.47 3.51 4.50 4.16 4.49 9.42 2.69

@ In Hz. For designations of protons, see Figure 8. ® The 3J values observed from 2MPZ at 15, 25, 35, 45, and 55 °C were averaged.
¢ Observed from 2MPZ-5-13C at 25 °C. ¢ Calculated with the Gaussian03W program.?

(}1
? [I{

3 CH
J CH (Ii
e 1\ o
H
3 CH
18
CH, SJCH
CH H —L
T Jg"
C1 Cs

Figure 10. Newman projections for bond 4 of tri-MEDA and
bonds 2 and 4 of tetra-MEDA with definitions of vicinal
coupling constants.

3.44 Hz; chloroform-d, *J5 = 7.62 and *J¢" = 3.41 Hz;
DMSO-ds, *JH = 7.23 and *J&" = 3.52 Hz; methanol-
dy, 3J$H = 7.41 and 3J8H = 3.28 Hz; deuterium oxide,
SJCH = 752 and SJSH = 3.05 Haz.

The p N and pCN values for the CH;—NH bonds of di-
MEDA and tri- MEDA obtained with the above JCH
and 3Jc sets, are respectively listed in Tables 3 and 4,
being consistent with the MO calculations. In addition,
the 3J$H and ° GH values have yielded satisfactory
results for monomeric model compounds of poly(tri-
methylene imine).40

3.6. Comparison between Theory and Experi-
ment. The bond conformations of di-MEDA were evalu-
ated from the MO calculations and NMR experiments.
Because the MO calculations treat gaseous di-MEDA,
it is preferable that the MO data should be compared
with the NMR observations using the most nonpolar
solvent, cyclohexane-di2. From Table 3, it can be seen
that the MP2 method is superior to BSLYP in reproduc-
ibility of the NMR experiments. This tendency has also
been found for model compounds of polyethers and
polysulfides.3841:42 According to our experience, the MP2
method is reliable especially for molecules exhibiting
attractive interactions such as hydrogen bonds. There-
fore, the MP2 energies have been, in principle, used in
the following analyses. For tetra-MEDA, however, the
discrepancy between the MO and NMR data is notice-
able and decreases with increasing polarity of solvent
(Table 4). The cause may possibly be a solvent effect
but has not been revealed.

Molecular dynamics simulations for a methyl-capped
EI tetramer!” without solvent yielded the bond confor-
mations (pCC = 0.97 and p = 0.84) comparable with
our data. Prev10us HF/B3LYP hybrid computations for
di-MEDA16 predicted that the meso tgt conformer is the
most stable. This result is consistent with our MO
calculations.

3.7. Statistical Weight Matrices of di-MEDA.
According to the RIS scheme including up to third-order
interactions,31:3243-45 we have derived statistical weight
matrices of di-MEDA. For bond 2 (Figure 1), we have

1yod
Ul=Ud=1000 (14)
000
and
10y
Ud=ud=1000 (15)
000

The superscript and subscript stand for the configura-
tion and bond number, respectively. The rows and
columns of the matrices are indexed to the rotational
states for the preceding and current bonds, respectively.
The statistical weight, represented by the Greek letter,
is related to the conformational energy through the
Boltzmann factor, for example, y = exp(—E,/RT). First-
order intramolecular interactions (between atoms or
groups separated by three bonds) are defined in Figure
7, and second-order (by four bonds) and third-order (by
five bonds) interactions are illustrated in Figure 11. For
bond 3, all the four configurations are assumed to have
the same U matrix:

Uél — Udd Uld Udl

S O =
oS O Q
O O Q
o= O
oS Q ©
oS Q ©
- o O
Q © O
Q © O

(16)

On the other hand, the Us matrix depends on the
configuration. For example, those of the meso Il and
racemo ld forms were formulated as

16y00 0 0 O0 O
000#n & yo' 0 0 O
00000 O #n Oow yv
1600 0 0 O0 O
Ul'=1000v o9 yo 0 0 0 (17)
00000 0 o0 yo
1600 0 OO0 O
000 wodw 0 0 O O
00000 O v o0 yy

and
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Figure 11. Second-order and third-order intramolecular
interactions defined for di-MEDA and PEI.

I1y60 0O 0 00 O I
0007 yp 6w’ 0 0O O
0000 0 O v yo o7y
1y60 0 0 00 O
U=1000%n yv 6w 0 0 0 (18)
0000 0 0 w0 oo
1y50 0 0 00 O
000w yo O 00 O
IOOOO 0 0 7 yo (31/"
The Uzd and UZZ matrices can be derived from
Uy’ = QU{Q (19)

and
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Uy = QUyQ (20)
where
I100000000I
001000000O0
010000000O0
000000100
=(000000001 (21)
000000O0O1O0
0001000O00O0
0000010O00O0
I000010000I

This @ matrix satisfies the relation
QQ =1, (22)

where Iy is the identity matrix of size 9. Accordingly,
we have

Uj = QUY'Q (23)
and
Uy = QUYQ (24)

In this study we have paid particular attention to
intramolecular interactions related to the hydrogen
atom and lone pair on the nitrogen atom. Because these
interactions depend on internal rotations around bonds
2, 3, and 4, the U, matrices include various statistical
weights. On the other hand, the Us matrix depends only
on the first-order interaction (o) between the C—C bond.
3.8. Conformational Energies. In the RIS scheme,
the AG) values of di-MEDA are approximated as a
function of E¢s (¢ = vy, d, 0, n, v, V', w, and o'). For
example, the gtgtg™ conformation of the racemo form
has a weight of y20v. Thus, the AG;, value may cor-
respond to 2E, + E; + E,. For statistical weights of the
individual conformers, see Table 2. The E: values were
determined by minimizing the following function:

K

— 1 _ 2
SE) = Z[ZL@ E.~ AG)] (25)

The function L(§) gives the number of conformational
energy E: included in the conformation. The tempera-
ture T was set to 298.15 K. The initial E: values were
estimated from AG}’s of the representative conformers.
The 46 AGy, values (Table 2) yielded a unique set of the
nine conformational energies (Table 7).

First-order interaction energies, E, and E;, were
respectively obtained as positive values of 1.06 and 0.54
kecal mol~!, indicating trans preferences of the C—N
bond. These may come from simple steric hindrance
because the C—N bond is as short as 1.45 A, and the
CH,; group comes close to CHj in the gauche states (see
Figure 7). On the other hand, the E, value was deter-
mined as a slight negative of —0.09 kcal mol 1. It should
be emphasized that E, does not include interactions
related to the NH hydrogen and lone pair.

The 7, v, and v' interactions, being dependent on
rotations around bonds 2, 3, and 4, are considered to
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be third-order. For example, two negative energies, E,
(—1.54 kcal mol™!) and E, (—0.58 kcal mol™1), are seen
from Figure 11 to represent intramolecular NH:--N
hydrogen bonds. Therefore, two kinds of hydrogen bonds
are formed: moderate  and weak v attractions. As the
E, value is slight, the high gauche stability in the C—C
bond obviously comes from these hydrogen bonds.
Intramolecular (C—H)---O attractions are formed in
poly(ethylene oxide) (PEQ)3841:46.47 and poly(propylene
oxide) (PPO)41:4849 and bring about the gauche prefer-
ence of the C—C bond. Compared with these polyethers
and their model compounds, di-MEDA shows plain
hydrogen bonds. The lone pair---lone pair interaction
is repulsive (E,, = 1.16 kcal mol™1). The pentane-effect-
like interactions of NH:--HC and lone pair---HC, being
respectively designated as w and ', are also repulsive:
E,=0.97 and E,, = 0.61 kcal mol. The " interaction,
which is not formed in di-DMEDA but occurs in PEI, is
also a pentane-effect-like interaction of CH---HC. The
E, value (0.94 kcal mol 1) was calculated from a dimer,
CH3(NHCH2CHgy)2:NHCHs.

3.9. Characteristic Ratio of PEIL. Statistical weight
matrices for bonds a, b, and ¢ of PEI may be formulated
as follows:

IlyéOOO 00 0I
0001y da” 00 O
000000 1y
16000 00 0
Ul'=U"=10001y 60" 00 0f (26)
000000 10 o
16000 00 0
0001y0 00 O
Ioooooo 1yw”6|
Uy = QU.Q 27)

Ud = QUYQ (28)
U =0 =Uy=Up =

IIOGOOOOOOI
000100000
000000100
100000000
00010000 O0f (@9
000000100
100000000
000100000
and I000000100|
Ut = US (30)

where o represents the diad (I, dd, Id, or dl).

As already shown, the configurations of di-MEDA are
averaged on time scales of ordinary experiments at room
temperature. In solutions, PEI must also undergo rapid
rotational and inversional isomerizations. For most
polymers with asymmetric side chains, e.g., polypro-
pylene and poly(vinyl halides), the stereosequences will
be determined in the polymerization and cannot be
changed without special chemical treatments such as
epimerization.30=3243 For these polymers, the meso-diad
probability P,, may be derived from the polymerization
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mechanism or experiments, being considered as a
constant. For PEI, however, the P,, value must be
treated as a variable because of the nitrogen inversion.
The meso-diad probability at the ith repeating unit, P,
can be calculated from

i—1 x
Poy = Z P[IWIWIT] WAT - 3D

J=it+1

where Z is the partition function of the whole chain
including all possible stereosequences

Z=J*| |W]J (32)

1=

Wi is a combined statistical weight matrix of the ith unit

Vi v
W, = V:il Véld (33)
W!" is the matrix for the meso form
Vi

x is the degree of polymerization, J*=[10000 0 ],
and ¢/ is the 18 x 1 column matrix whose elements are
unity. Here, the Vi matrix (o = lI, dd, Id, or dl) is
defined as

ye—(Us Us U for i=1 (35)
U; U, UY for i =2
The P,, value of the whole chain is given by?°
P, = x*IZPm;i (36)
The racemo-diad probability P, is obtained from
P=1-P, 37

The characteristic ratio [#2[g/ni? of PEI was calculated
in the following manner. Here, r is the end-to-end
distance, n is the number of skeletal bonds, / is the bond
length, the angular brackets represent the ensemble
average, and the subscript 0 stands for the unperturbed
state. If an ensemble of PEI chains were suddenly
frozen, the system would include a variety of conforma-
tional and configurational sequences, whose populations
obey statistical mechanics. To reproduce the frozen
system, the computer simulation was performed as
follows. (1) A number is sampled out of a set, in which
numbers are distributed uniformly between zero and
unity. If the number is smaller than or equal to 0.5, the
first nitrogen site of the chain is set in the d form.
Otherwise, the [ form is assigned. (2) Similarly, a
random number is generated. When the value is not
larger than the meso-diad probability, P,,,;, a monomeric
unit is added to the chain terminal in the meso manner
(d — d or [ — [). Otherwise, the monomer is added in
the racemo manner (d — [ or I — d). (3) Geometrical
parameters and statistical weight matrices are chosen
for the diad newly formed. Procedures 2 and 3 are
repeated up to a given degree of polymerization. (4)
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Table 7. Conformational Energies (kcal mol1) of
di-MEDA and PEI, Evaluated from ab Initio MO

Calculations®
E, 1.06 E, 1.16
E; 0.54 E, 0.97
E, —0.09 E, 0.61
E, ~1.54 E b 0.94
E, —0.58

@ At the MP2/6-311++G(3df, 3pd)/HF/6-31G(d) level. For defi-
nition of the interactions, see Figures 7 and 11. ® Evaluated from
free energies of ttgTgtt, ttg™ttt, and tttg tt conformers of a
dimeric model compound, CH3NH(CH:CH2NH),CHs: E, =
AGige it — AGigtie — AGitg it

Table 8. Geometrical Parameters Used in RIS
Calculations for PEI*

dihedral angle,’ deg
configuration bond gauche™ gauche™
meso i a 112.6 —98.6
b 115.3 —115.3
c 98.6 -112.6
dd a 98.6 -112.6
b 115.3 -115.3
c 112.6 —98.6
racemo ld a 112.6 —98.6
b 131.2 —124.7
c 112.6 —98.6
dl a 98.6 -112.6
b 124.7 -131.2
c 98.6 -112.6

@ Based on the geometrical optimization at the HF/6-31G(d)
level. Bond lengths, lcn = 1.45 A and lcc = 1.52 A. Bond angles,
OCNC = 113.8° and ONCC = 110.8°. ® The dihedral angle for the
trans state was set equal to 0.00°.

34
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Figure 12. Characteristic ratios of PEI ensembles with
different numbers (n.s) of sampled chains as a function of
degree of polymerization, x: n. = 1 (open circle), 8 (open
square), 32 (open triangle), 128 (open inverted triangle), and
512 (filled circle).

From a series of statistical weight matrices thus ar-
ranged, the characteristic ratio [#2[¢/n/2 is calculated.
The above process is performed for all chains in the
system (the number of chains is n.). The [#2[§/nl? values
of the n. chains are averaged to yield the mean chain
dimension of the ensemble. The conformational energies
and geometrical parameters at the MP2/6-311++G(3df,
3pd)//HF/6-31G(d) level, shown in Tables 7 and 8, re-
spectively, were used in the calculations.

In Figure 12, characteristic ratios of the PEI chains
of different n. values at 25 °C are plotted against x. The
P,, and P, values of the PEI chains, evaluated from the
energy parameters in Table 7, are 0.63 and 0.37,
respectively. The stereosequences are considered to be
formed according to the Bernoulli trials. When n. is
small, the data are scattered partly because the sam-
plings are too small to satisfy the diad probabilities.
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Figure 13. Characteristic ratios of PEI ensembles of n. = 512
with different hydrogen-bond strengths (HBSs) as a function
of x~1: HBS = 100% (filled circle), 80% (open circle), 60% (open
square), 40% (open triangle), 20% (open inverted triangle), and
0% (open diamond).

® O

When n. = 512, the calculated [#2[¢/ni? values, repre-
sented by filled circles, form a smooth curve and
converge to 2.9. This value is small as compared with
those of polyethylene (6.8)31 and PEO (5.2).51 The
temperature coefficients, 103d In[#2[g/dT and 103dP,,/dT,
for x = 200 and n. = 512 at 25 °C were estimated to be
2.3 and —0.83 K1, respectively. Interestingly, the [#2[g/
nl? value decreases with an increase in x: d(20g/nl2)/
dx < 0. This problem will be discussed in the next
section. The molecular dynamics simulations for the EI
tetramer without solvent gave a [#2[¢/nl? value of 3.1 +
0.1.17 This is in exact agreement with our value of 3.2
for x = 4 and n. = 512.

3.10. Correlation between Hydrogen Bond and
Chain Dimension. Of the intramolecular interactions
defied here, the # and v interactions represent hydrogen
bonds, and others may be mainly due to steric repul-
sions. Therefore, the former are expected to depend
largely on solvent. To investigate the relationship
between the spatial configuration and hydrogen bond,
the characteristic ratio was calculated as a function of
hydrogen-bond strength (HBS in %). The E, and E,
values, representing the intramolecular hydrogen bonds,
were treated as variables according to

E,7 (kcal mol™}) = — 1.54 x HBS (%)/100 (38)
and
E, (kcal mol 1) = — 0.58 x HBS (%)/100 (39)

When HBS = 100%, the two energy parameters are
equal to those in Table 7. Other conformational energies
were set as in Table 7. In Figure 13, the [#2[§/nl? values
for HBS = 100, 80, 60, 40, 20, and 0% are plotted
against x~1. The intercept at x™! = 0 gives the [#2[§/ni?
value for the infinite length; the characteristic ratios
for HBS = 100, 80, 60, 40, 20, and 0% are 2.9, 3.3, 3.8,
4.5, 5.4, and 6.3, respectively. The corresponding P,,
values were evaluated as 0.63, 0.61, 0.59, 0.56, 0.54, and
0.52, respectively. With a decrease in HBS, [#2[¢/nl?
increases and P,, decreases. The initial slopes, d(#2[g/
ni?)/d(x~1)s at x~1 = 0, for HBS = 100, 80, 60, 40, 20,
and 0% are +1.4, +0.7, —0.7, —2.5, —5.0, and —7.9,
respectively. When HBS = 100 and 80%, the sign of
d(F20¢/ni®)/d(x~1), opposite to that of d((#2[¢/nl?)/dx, is
positive. Such a [#2[g/ni2 vs x~1 curve has been found
for syndiotactic poly(methyl methacrylate)>2 and theo-
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Table 9. Composite Conformational Energies and Chain Dimensions Calculated Therefrom

method or
solvent Ep @ (kcal mol™1) Es @ (kcal mol™?) [#20g/nl? for x — o d In#20g/dT (103 K1)
MO Calculation
MP2 1.00 —1.00 2.8 14
NMR Experiment
cyclohexane-dia 1.15 —1.06 2.7 1.5
chloroform-d 1.19 —0.65 3.3 1.3
dimethyl-dg sulfoxide 1.00 —0.44 3.7 0.8
methanol-d4 1.09 -0.12 4.6 -0.1
deuterium oxide 0.95 -0.11 4.5 -0.2

@ Determined from bond conformations shown in Table 3.

retically investigated by Mattice et al.’® According to
their interpretation, the positive d([#2[g/nl2)/d(x~1) value
is due to small semicyclic segments formed by the
NH-:-N hydrogen bonds. As the hydrogen bonds are
weakened, the cyclic segments become rare, and con-
sequently the sign of d(@%[¢/ni?)/d(x~!) is changed to
negative.

From Table 3, the pC value of di-MEDA is seen to
increase with dielectric constant of solvent. For the
methanol and water solutions, the pfc value, being
independent of temperature, reaches 0.29; that is, ptCC
= 0.29 and pgf = pgf = 0.35(5). In polar and protic
solvents, the intramolecular NH---NH interaction is
weakened and the NH---solvent attraction may be
predominant. These changes, corresponding to a de-
crease in HBS, lead to the extension of the PEI chain
and the meso — racemo shift.

Similar solvent effects have been found for PEO and
its model compounds.3854~56 Weak intramolecular (C—
H)---O hydrogen bonds are formed when the O—C—C—-0
bond sequence takes tg*g™ conformations. The methyl-
ene proton competes with solvent(s) to capture the
ethereal oxygen. The equilibrium between the intramo-
lecular ((C—H)---O) and intermolecular (solvent:---O)
attractions depends mainly on polarity of solvent. The
second-order interaction energy (E,) representing the
intramolecular hydrogen bond increases with dielectric
constant of medium: E, = —1.1 kcal mol~! (attractive)

,.
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»<G
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A j‘:
Figure 14. Stable conformers of tri-MEDA and tetra-

MEDA: (a) tg~g~ of tri-MEDA,; (b) g*g*t of tri-MEDA,; (c) ttg~
of tetra-MEDA.

J

in vacuo®84! and 4+0.4 kcal mol™! (repulsive) in the ©
state.’” On the other hand, the first-order interaction
energy (E,) for the C—C bond decreases with increasing
polarity of solvent: E, = —0.1 kcal mol~! in vacuo,*!
—0.5 kecal mol~! in the © state,’” and —1.2 kcal mol™!
in water.’® This is because the C—C bond has an
inherent gauche preference (the attractive gauche ef-
fect)??%9 and the O—C—C—O bond in the tgt conforma-
tion strongly attracts solvent molecule(s).

3.11. Solvent Effects Estimated with Simplified
Statistical Weight Matrices. As an approximation,
statistical weight matrices of PEO may be applied to
PEL®! In our previous study,?® five conformational
energies, E,, E;, E,, E,, and E,, were introduced to
PEO. Of the five parameters, the second-order (v and
') and third-order (y) effects were attempted to be
integrated into the first-order p and o ones. The com-
posite first-order interactions of di-MEDA and PEI are
represented by the corresponding capital letters: P and
2. The Ep and Ey values were optimized to reproduce
the ptcc’ pgc, pSN, and pgN values of di-MEDA in Table
3. The former and latter energies simply represent
conformational preferences of the C—N and C—C bonds,
respectively. In the simulation, the statistical weight
matrices (eqs 12—14 of ref 38) of 1,2-dimethoxyethane,
simplified by o = o' = y = 1, were used.’? The two
energy parameters exactly reproduced all the bond
conformations. The Ep and Es values thus determined
are listed in Table 9. The former is almost independent
of solvent (~1 kcal mol~1), whereas the latter consider-
ably increases with polarity of solvent. These results
suggest the possibility that the solvents selectively affect
the intramolecular hydrogen bonds ( and v interac-
tions) formed in the gauche state of the C—C bond. From
the two energies, the [#2[¢/nl? values for x — « at 25 °C
were calculated with the simplified statistical weight
matrices. The bond lengths and bond angles were
employed as above, and the dihedral angles in Table 8

were averaged to be used: qthN =0.0°, ¢gf = 4+105.6°,
¢ ° = 0.0°, gy = + 121.6°. The F[g/ni? values thus
calculated are also given in Table 9.

Despite the simplified treatment, the [@2[d/nl? value
(2.8) for the MP2 data closely agrees with that (2.9)
obtained from the above rigorous procedure. The [#2[4/
ni? values for the cyclohexane, chloroform, DMSO,
methanol, and water solutions correspond to HBS =
109, 80, 65, 39, and 40%, respectively. We have found
PEI soluble in chloroform, DMSO, methanol, and hot
water.3? Whether a solvent is good or poor for PEI must
largely depend on interactions between the NH group
and solvent. Good solvents attract the NH site, swell
the excluded volume, and extend the polymeric chain,
whereas poor solvents leave the PEI segments to
interact with each other. However, it should be noted
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Figure 15. Double-stranded helices composed of two methyl-capped EI pentamers: (a) anhydrous crystal structure (Chatani et
al.’) and (b) isotactic and (¢) syndiotactic structures optimized by ab initio MO calculations at the BSLYP/6-31G(d) level.

that Figures 12 and 13 represent the © state without
the excluded-volume effect.

3.12. Branching Effects. As stated in the Introduc-
tion, commercially available PEIs are mostly branched.
If a branching occurs in PEI and the NH hydrogen is
replaced by an alkyl group, an electron acceptor for the
hydrogen bond would be lost. The bond sequence
(=NH—-CH32—CHy—NR—, R: alkyl group) formed may
be represented by tri-MEDA. By the MO calculations,
the most stable conformation of tri-MEDA was indicated
to be tg—g~ state, whose AG;, value is —1.96 kcal mol~!
(see Supporting Information). The second stable state
is gtg™t (AGy = —0.83 kcal mol™1). Depicted in Figure
14 are these conformations, in which hydrogen bonds
are seen to be formed. The bond conformations listed
in Table 4, being subject to solvent effects, indicate the
gauche superiority in the C—C bond of tri-MEDA.

If the branching further proceeds, the —NR—CHy—
CHs; —NR'— (R and R’: alkyl groups) sequence, which
lose two NH hydrogens, would be frequently formed.
The MO calculations for tetra-MEDA (Supporting In-
formation) indicate that the ttg~ conformer is of the
lowest energy (AGy, = —0.97 kcal mol 1, see Figure 14).
These conformers have no hydrogen bond but avoid
steric conflicts well; steric repulsions rather than specific
attractions control the conformation of the fully branched
sequence. Compared with di-MEDA and tri-MEDA,
tetra-MEDA has large pf C values (Table 4). Apart from
cross-linking effects, the branching, in principle, en-
larges the chain dimension of the polymer

3.13. Anhydrous Crystal of PEI and Intermo-
lecular Hydrogen Bonds. In the absence of water, two
PEI chains crystallize to form a 5/1 double-stranded
helix (Figure 15a), which are suggested to be reinforced
by intermolecular hydrogen bonds.!! In X-ray diffrac-
tion, positions of hydrogen atoms are subject to uncer-
tainty because of its weak scattering power. Therefore,
we attempted to optimize geometrical parameters of the
double-stranded helix composed of two methyl-termi-
nated EI pentamers by ab initio MO calculations. As

the initial structure, the carbon and nitrogen atoms
were set as determined by Chatani et al.!! The regular
repetition in the c-axis (fiber-axis) direction should stem
from a regular chain configuration. Accordingly, the NH
hydrogens were arranged in either isotactic or syndio-
tactic form. The optimization was performed at the
B3LYP/6-31G(d) or HF/6-31G(d) level. Then, the cova-
lent bonds were kept by the redundant treatment?® to
avoid collapse of the helical structure. The optimized
isotactic and syndiotactic helices are depicted in Figure
15, and the helical parameters are listed in Table 10.

The syndiotactic double helix bears no resemblance
to that in the anhydrous crystal. Repulsions between
the inner NH hydrogens expand the helix laterally. On
the other hand, the isotactic helix is fairly similar in
appearance to the crystal structure, and its helical
parameters are close to the crystal data, except for ¢cn,
¢cc, and length of pentamer (~ identity period). The
isotactic chain adopts tgt conformation in the N—C—
C—N bond sequence: ¢con = 11-13° and ¢cc = 125—
127°. However, the crystal data indicate that the C—C
bond takes a near-cis state (¢cc = 167°), and conse-
quently the identity period is as short as 9.58 A. From
the crystal data, intramolecular and intermolecular
NH---N distances can be estimated as 2.22 (2.63) and
2.21 (2.36) A respectively. Here, the values in the
parentheses are those of the isotactic helix optimized
at the B3LYP/6-31G(d) level. In the crystal, a left-
handed strand is surrounded by two left-handed ones
shifted by ¢/2 and four right-handed ones shifted by c¢/4.
The efficient packing of the strands may distort the C—C
bond to the near-cis state but compensate for the high
torsional energy.

The enthalpy (AH) of association between the two the
isotactic pentamers in the double helix was calculated
at the MP2/6-311+G(2d,p)//HF/6-31G(d) level according
to

AH = H(strand) — 2H(single) (40)
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Table 10. Geometrical Parameters of Double-Stranded
Helices of EI Pentamers, Optimized by ab Initio MO

Calculations®
isotactict syndiotactict
B3LYP HF B3LYP HF XRD4
bond length, A
len 1.46 1.45 1.46 1.45 1.46
lce 1.53 1.52 1.53 1.52 1.53
bond angle, deg
OCNC 113.2 113.2 113.4 113.2 104
ONCC 112.3 112.9 112.1 112.7 112
dihedral angle, deg
dcN 10.6 12.5 14.6 16.7 —20
dce 126.6 125.2 129.6 127.9 167

NH---N distance, A
intermolecular 2.36 2.50 3.74 3.77 2.21
intramolecular 2.63 2.66 2.92 291 2.22

radius in cylindrical coordinate, A

N 1.62 1.69 2.75 2.70 1.55
C 2.60 2.65 3.80 3.72 2.67
Hof NH 1.09 1.13 2.34 2.25 1.05
H of CH 3.50 3.54 4.73 4.65 3.35
H of CHy 2.99 3.02 4.05 3.95 3.22

length of pentamer along fiber axis, A
10.76 10.90 7.05 7.41 9.58

@ Optimized at the BSLYP/6-31G(d) (BSLYP) or HF/6-31G(d)
(HF) level. ® Figure 15b. ¢ Figure 15¢. ¢ X-ray diffraction (Chatani
et al., ref 11, Figure 15a).

where H(strand) is the total enthalpy of the two chains
in the strand, and H(single) is that of the single chain
which has the same geometry as in the double helix.
The basis set superposition error? was corrected by the
counterpoise method.®465 The thermal correction to
enthalpy was calculated at the HF/6-31G(d) level. The
H terms were evaluated as H(strand) = —1604.996 153
au and H(single) = —802.469 347 au. Consequently, the
AH value was obtained as —36.1 kcal mol~1, and hence
the enthalpy (Ah) of association per repeating unit is
—3.6 kcal mol 1.

The NBO analysis?223:66 gllows us to estimate the
stabilization energy due to electron delocalization be-
tween donor (d) and acceptor (a) orbitals according to

F(d,a)?

ME,~E, “

@) _—
AEda -

where pq is the donor orbital occupancy, Eq and E, are
energy levels of the donor and acceptor orbitals, respec-
tively, and F(d,a) is the off-diagonal NBO Fock matrix
element. The NBO analysis was applied to the isotactic
double strand and detected an electron delocalization,
i.e., an intermolecular attraction between lone pair (n)
of nitrogen and N—H antibonding orbital (o}). The
AE() energy for the n — oy interaction is ca. 2.9 kcal
mol~1, corresponding to the hydrogen bond energy (note
that the positive AED value indicates stabilization,
i.e., attraction). The AE value is calculated at the HF
level, and the above Ah value at the MP2 level includes
van der Waals interactions as well as the hydrogen
bond. Thus, the two data should not be simply com-
pared. Using the 4-31G basis set, Kusanagi®’ carried
out MO computations for a double-stranded helix of two
EI pentamers to yield a hydrogen bond energy of —2.71
kcal mol~1. The NBO analysis did not find any intramo-
lecular hydrogen bond (within a single chain) over the
threshold of 0.5 kcal mol 1.
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The present calculations have afforded evidence that
the PEI chain crystallizes to be in the isotactic form.
The nitrogen inversion allows the molten PEI chain to
adopt a variety of stereosequences, which are on average
rich in meso diad (in the © state, P,, = 0.63). During
the crystallization, the PEI chain may partly fall in the
meso tgt conformation, which is the most stable owing
to the intramolecular NH---N hydrogen bond. If the lone
pair recognizes an NH hydrogen of a nearby chain, the
intramolecular hydrogen bond would be switched to
more stable intermolecular one. The NH proton left out
of the isotactic arrangement probably acts as a defect
and interrupts the periodicity. Chatani et al.ll inter-
preted two diffuse layer lines observed on the diffraction
pattern of anhydrous PEI in terms of the statistical
structure and concluded that the double strand has no
rigorous periodicity.

4. Concluding Remarks

As has been shown so far, PEI exhibits inversional
as well as rotational isomerizations; not only conforma-
tions but also configurations reach equilibrium under
a given environment by intramolecular and intermo-
lecular interactions. Of the intramolecular interactions,
the hydrogen bonds, designated here as the  and v
interactions, may be partly switched to polymer:--
solvent interactions, and this transfer largely influences
the conformation and solution properties of PEI. As a
consequence, the PEI chain changes the stereochemical
configuration and spatial configuration according as the
environment. Such phenomena are expected to be found
for other polyimines
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