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Degree of protonation of the amino groups and the equilibrium constant for binding of
Ni(II) ion by the amino groups were measured for poly(ethylenimine) (PEI), the PEI derivative
containing lauryl groups (Lau-PEI), the PEI derivative containing b-cyclodextrin (CD-PEI),
and the PEI derivative containing o,o9-dihydroxyazobenzene (DHAB-PEI). The amino groups
of Lau-PEI, CD-PEI, and DHAB-PEI resisted protonation much more strongly compared
with those of PEI. In addition, Ni(II) binding by the amino groups of Lau-PEI, CD-PEI, and
DHAB-PEI was much weaker than that of PEI. These are taken to indicate that Lau-
PEI, CD-PEI, and DHAB-PEI possess compact conformations in order to minimize the
hydrocarbon–water interfacial area. The high conformational flexibility of the polymer
backbone results in the formation of hydrophobic microdomains by aggregation of
hydrophobic moieties. Implications of the conformational flexibility on the design of artificial
enzymes are also discussed.  1997 Academic Press

INTRODUCTION

Branchy poly(ethylenimine) (PEI) contains ethylamine as the repeating unit. A
typical PEI of MW 60 000 contains ca. 350 primary amines, ca. 700 secondary
amines, and ca. 350 tertiary amines. The tertiary amino nitrogens are the branching
points. PEI has been used as the backbone of many artificial enzymes in view of
branchy structure, high solubility in water, and ready modification of its amines by
acylation, alkylation, or imine formation (1–3).

The major obstacle faced in the design of artificial enzymes using synthetic
polymers as the molecular backbone has been the lack of specific binding sites. We
have utilized b-cyclodextrin (CD) as the binding site for aromatic substrates and
macrocyclic metal centers as that for anionic substrates in designing artificial en-
zymes based on PEI (4, 5). Additional catalytic elements have been randomly
introduced to PEI derivatives containing CD or macrocyclic metal centers (6, 7).
Cooperativity has been observed by the multiple catalytic elements introduced into
the same PEI backbone.

Each PEI derivative is expected to possess unique conformation in solution as
enzymes do. As the origins for folding of enzyme backbones are important for
enzymology, it is desirable for the design of artificial enzymes to obtain insights
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into the conformational flexibility of the macromolecular backbone. In this study,
how the conformation of PEI is affected by attachment of hydrophobic residues
such as lauryl, CD, or o,o9-dihydroxyazobenzene (DHAB) groups is examined. For
this purpose, protonation and/or Ni(II) binding of the amino groups of PEI, the
PEI derivative containing lauryl groups (Lau-PEI), the PEI derivative containing
CD rings (CD-PEI), and the PEI derivative containing DHAB moieties (DHAB-
PEI) are measured.

EXPERIMENTAL PROCEDURES

PEI and Its Derivatives

PEI was purchased from Aldrich and purified by dialysis to remove fractions of
small molecular weights. Laurylation of PEI was carried out as reported in the
literature to obtain Lau-PEI (8), in which the content of the lauryl group was
estimated as 12 residue mol%. CD-PEI was prepared as reported previously (4),
and the content of CD in CD-PEI was 1.2 residue mol%. Preparation of DHAB-
PEI was reported previously (9), and the content of DHAB moieties in DHAB-
PEI was 1.8 residue mol%.

Measurements

pH measurements were carried out with a Dong-Woo DP 880 pH meter. Buffer
used at pH 7.00 was N-(2-hydroxyethyl)piperazinyl-N9-2-ethanesulfonate (0.05 M).
ICP analysis of Ni(II) ion was performed with a Laptam S410 plasmascan.
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RESULTS

To obtain information on microenvironments of amino groups of CD-PEI and
DHAB-PEI relative to those of PEI, basicity of the amino groups was examined
by titration with HCl. To a solution of the PEI derivative, a standard HCl solution
was added dropwise and the resulting pH readings were recorded. From the total
concentration ([HCl]0) of added HCl and the corresponding pH reading, the fraction
of protonated amine ( f ) of the PEI derivatives was calculated according to Eqs.
[1] and [2] where [NH1] and [N]t stand for the residue molar concentrations of
protonated amines and the total residue molar concentration of amines, respectively.
Fractions of amino groups protonated at various pH values are illustrated in Fig.
1. For CD-PEI and DHAB-PEI, some of the amino groups of the PEI backbone
are protonated during the synthetic stage. The fraction of protonated amino groups
of CD-PEI or DHAB-PEI should have been considerably lowered by repetitive
dialysis in the purification stage and would not affect the results of Fig. 1 appreciably.
Ionization of phenolic hydroxy groups of DHAB-PEI does not affect the results
considerably due to the low content of the DHAB group. The data for Lau-PEI
were obtained from the results reported previously (10) and those for triethylenetet-
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FIG. 1. Fractions of protonated amines for PEI (a), Lau-PEI (b), CD-PEI (c), DHAB-PEI (d), and
triethylenetetramine (e) at various pH values and 258C.

ramine (NH2(CH2)2NH(CH2)2NH(CH2)2NH2) calculated from pK values reported
in the literature (11).

[HCl]0 5 [H1] 1 [NH1] [1]

f 5 [NH1]/[N]t [2]

To examine suitability of backbones of the PEI derivatives for metal complex-
ation, formation constants (Kf) for the Ni(II) complexes of PEI, Lau-PEI, and CD-
PEI were measured at pH 7.00 and 258C in this study. Various types of small
molecules including metal ions and organic molecules are complexed to PEI deriva-
tives, and sometimes a large number of the small molecules are bound to each
molecule of a PEI derivative. The binding of small molecules can be simplified,
however, as independent complexation to individual binding sites. This approxima-
tion is valid as long as the complexation to a binding site does not affect the
succeeding bindings appreciably and has been found to be valid for binding of
several types of small molecules to PEI derivatives (4–7, 12, 13).

When Kf for metal complex formed on a PEI derivative is very large, the concen-
tration of unbound metal ion cannot be measured directly. Instead, Kf can be
estimated from the results of exchange of the metal ion between the PEI derivative
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SCHEME 1

and a competing ligand (12, 13). As indicated by Scheme 1, Kf (5 KCL/Kex) is
calculated from Kex and KCL. Values of Kex are measured experimentally and
those of KCL are obtained from the literature (14). In Scheme 1, BS-PEI indicates
individual binding sites for Ni(II) ion on a PEI derivative.

To measure Kex , a solution containing Ni(II) ion, a PEI derivative, and a compet-
ing ligand was dialyzed in a narrow and tall dialysis casing against the corresponding
buffer solution. After the mixture was shaken at 258C for a week, the total concentra-
tion of Ni(II) ion contained in the buffer solution outside the dialysis casing was
measured by ICP analysis. Since KCL is sufficiently large, the concentration of
uncomplexed Ni(II) ion is negligible and the Ni(II) concentration measured by ICP
analysis corresponds to the equilibrium concentration of Ni(II)(CL)n . By per-
forming a set of dialysis experiments employing various total concentrations ([CL]0)
of the competing ligand, the dependence of [Ni(II)(CL)n] on [CL]0 is obtained. An
example of the plot of [Ni(II)(CL)n] against [CL]0 is illustrated in Fig. 2 for competi-
tion of PEI with picolinic acid (PA) for Ni(II) ion.

When nitrilodiacetic-3-propionic acid (NDPA) is used as the competing ligand
(log KCL 5 8.80 at pH 7.00 and 258C) for Ni(II) ion to form Ni(II)(NDPA), a 1 : 1-
type complex, Eq. [3] was used to estimate Kex from the dependence of [Ni(II)(CL)n]
on [CL]0 . When iminodiacetic acid (IDA) was used as the competing ligand (log
KCL 5 9.42 at pH 7.00 and 258C) for Ni(II) ion to form Ni(II)(IDA)2 , a 1 : 2-type
complex, Eq. [4] was used to estimate Kex from the dependence of [Ni(II)(CL)n]
on [CL]0 . When PA was used as the competing ligand (log KCL 5 17.20 at pH 7.00
and 258C) for Ni(II) ion to form Ni(II)(PA)3 , a 1 : 3-type complex, Eq. [5] was used
to estimate Kex from the dependence of [Ni(II)(CL)n] on [CL]0:

[Ni(II)(CL)] 5 [2a 1 (a2 1 4Kex[Ni(II)]0[CL]0)1/2]/2Kex , [3]

where a 5 Kex([BS-PEI]0 2 [Ni(II)]0) 1 [CL]0;

[Ni(II)(CL)2] 5 [2a 1 (a2 1 4Kex[Ni(II)]0[CL]2
0)1/2]/2Kex , [4]

where a 5 Kex([BS-PEI]0 2 [Ni(II)]0) 1 [CL]2
0; and

[Ni(II)(CL)3] 5 [2a 1 (a2 1 4Kex[Ni(II)]0[CL]3
0)1/2]/2Kex , [5]

where a 5 Kex([BS-PEI]0 2 [Ni(II)]0) 1 [CL]3
0 .

In Eqs. [3]–[5], [Ni(II)]0 and [BS-PEI]0 represent the total concentration of Ni(II)
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FIG. 2. The plot of [Ni(II)(CL)3] against [CL]0 for the Ni(II) complex of PEI at 258C and pH 7.00.
The competing ligand (CL) was PA.

ion present in the reaction mixture and that of the Ni(II) binding sites on the PEI
derivative, respectively. Equations [3]–[5] were derived under the conditions that
[CL] is almost identical with [CL]0 . For analysis of the data, [BS-PEI]0 was taken
arbitrarily as the residue molar concentration of the PEI derivative and the value
of Kf thus estimated is denoted as Kapp

f .2 Analysis of the experimental data measured
for the dependence of [Ni(II)(CL)n] on [CL]0 by using a nonlinear regression
program led to the values of Kex , which in turn produced the values of Kapp

f by
combination with KCL reported in the literature. The values of log Kapp

f thus esti-
mated for PEI, Lau-PEI, and CD-PEI are summarized in Table 1.

DISCUSSION

As illustrated in Fig. 1, amino groups of PEI resist protonation more strongly
compared with those of triethylenetetramine. This is attributable to the polycationic
nature of PEI which suppresses protonation of amino groups. In addition, Fig. 1

2 As the number of Ni(II) binding sites in a molecule of a PEI derivative is reduced, the value of
Kapp

f becomes smaller.
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TABLE 1
Values of Log Kapp

f Measured for PEI and Its Derivatives
at pH 7.00 and 258Ca

Log Kapp
f Competing ligand

PEIb 13.37 6 0.05 PA
Lau-PEI 10.81 6 0.03 IDA
CD-PEI 11.48 6 0.22 NDPA
DHAB-PEI ,5c

a For PEI, Lau-PEI, and CD-PEI, the initially added concentra-
tion of the polymer was (3.9–4.0) 3 1023 residue M. The initially
added concentration of Ni(II) ion to the solution of the polymer
was (0.86–1.0) 3 1024 M. The [CL]0 concentrations were
(1.3–18) 3 1023 M for PA, (0.7–53) 3 1023 M for IDA, and
(0.92–23) 3 1022 M for NDPA.

b For measurement of equilibrium constants for Ni(II) binding
by PEI performed under different conditions; see Refs. 15–17.

c Estimated from the results of Ref. 9. When 2 3 1025 M Ni(II)
was added to DHAB-PEI (concentration of DHAB moiety:
4.2 3 1025 M) at pH 7.74 and 258C, all of the Ni(II) ion was
bound by the DHAB moiety instead of the PEI backbone as
evidenced by the absorbance change at 495 nm. The value of
log Kf for Ni(II) binding by the DHAB portion of DHAB-PEI
was 5.36. Based on failure of the PEI portion to compete with
the DHAB portion for binding of Ni(II) ion, log Kapp

f for the
PEI portion of DHAB-PEI is estimated to be smaller than 5.

shows that Lau-PEI, CD-PEI, and DHAB-PEI resist protonation even more
strongly than PEI. Half of the amino groups are protonated at pH 5.1 for PEI,
whereas the half-protonation occurs at pH 2.6 for Lau-PEI, at pH 1.3 for CD-PEI,
and at pH ,1 for DHAB-PEI.

In a previous study, we examined protonation of amino groups of dendrimer
poly(ethylenimine)s I and II. In addition, their derivatives (CD-I and CD-II) con-
taining CD were obtained by attaching ca. 1 residue of CD to each molecule of I or
II and protonation of CD-I and CD-II was also examined (18). The half-protonation
occurred at pH ca. 5 for I and II and at pH ca. 2 for CD-I and CD-II. Attachment
of CD to I or II apparently induced changes in conformation of I or II, placing
amino groups either in more hydrophobic microenvironments or in closer proximity
to other amino groups compared with those of I or II. If CD had not affected the
conformation of the dendrimer considerably as illustrated by III, attachment of CD
to the dendrimers would not have influenced the protonation of amino groups of
I or II appreciably. Instead, a compact conformation (IV) of CD-I and CD-II was
proposed as a conformation consistent with the suppressed protonation.

The amino groups of Lau-PEI, CD-PEI, and DHAB-PEI are much less basic
than those of PEI as those of CD-I or CD-II are much less basic than those of I
or II. This suggests that attachment of lauryl, CD, or DHAB moieties to PEI
induces significant changes in the conformation of the PEI backbone, placing amino
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groups either in more hydrophobic microenvironments or in closer proximity to
other amino groups compared with those of PEI.

To suppress the instability caused by the attachment of hydrophobic moieties to
PEI, Lau-PEI, CD-PEI, and DHAB-PEI may have conformations considerably
different from that of PEI. For CD-PEI, a compact conformation such as VI caused
by aggregation of nonpolar CD and ethyl amine moieties of PEI would reduce the
hydrocarbon–water interfacial area (hydrophobic effect) (19). Then, VI would be
more stable than the corresponding extended conformation of V. Conformations
V and VI are analogous to III and IV. For Lau-PEI or DHAB-PEI, aggregation
of lauryl groups of DHAB moieties would lead to a compact conformation such
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as VIII rather than the extended conformation such as VII. In VII and VIII, the
dark bars represent lauryl groups or DHAB moieties. In the compact conformations
such as VI and VIII, the amino groups of the PEI backbone would occupy more
hydrophobic microdomains compared with those in V or VII. In addition, the amino
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groups would be located in closer proximity to one another due to the aggregation.
Then, the amino groups would resist protonation much more than those in PEI.

The results for Ni(II) binding experiments provide further information on the con-
formations of PEI, Lau-PEI, CD-PEI, and DHAB-PEI. Since PEI contains ethylene-
diamine units fused together, it may bind Ni(II) ion, providing the coordination num-
ber ranging from 6 to 1 depending on its conformation as illustrated by IX–XIV.
Structures IX–XIV are based on an octahedral coordination sphere for Ni(II) ion.
The remaining coordination sites of IX–XIV may be occupied by the solvent mole-
cules which are not included to simplify the illustration. Binding of Ni(II) ion would
become stronger as more nitrogen ligands are donated by the PEI derivative. In this
regard, changes in the conformation of the PEI backbone upon attachment of various
organic modifiers would be reflected in the Ni(II) binding ability.

As summarized in Table 1, Lau-PEI, CD-PEI, and DHAB-PEI manifest much
smaller affinity for Ni(II) ion compared with PEI. The content of basic amino
groups at pH 7 is smaller for PEI compared with Lau-PEI, CD-PEI, or DHAB-
PEI. Yet, Kapp

f is much greater for PEI. It is not easily predicted whether the
hydrophobic microdomains created on Lau-PEI, CD-PEI, or DHAB-PEI would
facilitate Ni(II) binding or not. However, conformations such as VI and VIII are
consistent with the much smaller affinity for Ni(II) ion.2 The fraction of the conform-
ers suitable for Ni(II) binding (IX, X, or XI) would be reduced as the backbones
of PEI derivatives are distorted as in VI or VIII. The polymer conformation would
become, therefore, less productive for Ni(II) binding when hydrophobic modifiers
are attached to PEI.

Attachment of hydrophobic groups such as lauryl, CD, and DHAB results in
marked changes in the conformation of the PEI backbone and, consequently, in the
resistance of protonation and Ni(II) binding of the amino groups. This reflects the
high conformational flexibility of the PEI backbone. When various modifiers are in-
troduced to PEI, PEI would change its conformation readily to relieve the instability
resulting from the structural modification. The aggregation of hydrophobic residues
would produce many hydrophobic microclusters on the polymer backbone. Some-
times, such hydrophobic microdomains created on the PEI backbone can be utilized
as a catalytic factor in the design of artificial enzymes. On the other hand, construction
of active sites with several catalytic groups located in planned positions would become
more difficult as the polymeric backbone becomes more flexible.
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