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ABSTRACT: Two series of macromolecular complexes of poly(ethylene oxide) (PEO) [100K and 600K]/
sodium poly(a,L-glutamate) (PGNA) [MW 1K and 45K] and poly(ethylene glycol) [MW 350—2000]/PGNA
[1K] have been prepared by solution blending using water/methanol mixtures. All the macromolecular
complexes were soluble in water. The PGNA/PEO macromolecular complexes were mechanically reliable
opaque films and may be stretched a couple of fold to form white opaque fibrils. Formation of the a-helical
conformation of PGNA in the complexes was determined by CD studies; e.g., the CD spectrum of a film
of PGNA 1K—PEO 600K (1:2.5, w/w) complex showed a positive peak at 200 nm and two negative peaks
at 207 and 220 nm, indicating the presence of the a-helical PGNA conformation in the complex. FT-IR
spectra of the complexes support the presence of the a-helical PGNA conformation in the macromolecular
complexes. Wide-angle X-ray diffraction (WAXD) patterns of the PGNA 1K—PEO 600K (1:2.5 and 1:5,
w/w) indicate that some of the PEO crystalline segments in the complex form a near planar zigzag
conformation. Solution Na and 2D-NOESY *H NMR spectra of the complexes in nonaqueous solvents
revealed interaction between the PEO and PGNA at the following sites: CH,—CH, (of PEO) and y-CH,—
(of PGNA) [hydrophobic interaction] and [D- - -Na* [ion—dipole interaction]. In aqueous solutions, ion—
dipole complex sites dissociated completely to form free (solvated) sodium ions, and the number of contact
points interacting through hydrophobic interactions was reduced significantly and diminished in dilute
solutions. The proposed solid-state structure of the macromolecular complex is a helical PGNA core; PEO
crystalline segments having near planar zigzag conformations; glutamate and ethylene oxide segments
interacting through ion—dipole interaction; and 5 and y groups of PGNA side groups interacting with
PEO segments through hydrophobic interactions.

Introduction

Poly(ethylene oxide) (PEO) and its lower molecular
weight analogue, poly(ethylene glycol) (PEG), are im-
portant biocompatible polymers. Because of the non-
toxicity and nonantigenic activity of PEO and PEG,
these polymers have important applications as colloid
for stabilizing food and paints and as formulating agents
in pharmaceuticals and cosmetics.® A number of other
potential biotechnical applications of PEO and PEG are
in protein-resistant coatings, immunosensors, control
drug release, and targeted delivery of drugs.~3 Deriva-
tives of PEG such as PEG block copolymers, e.g.,
biodegradable poly(lactic acid)-b-poly(ethylene glycol),
have been generally utilized for prolonging the circula-
tion half-lives of proteins or for delivering targeted
payloads of protein pharmaceuticals to specific tissues
with minimal toxicity.2~* Detailed studies on the prepa-
ration, structural characterization, and investigation of
properties of such poly(ethylene glycol) block copolymers
and the cross-linked hydrogel form of the block copoly-
mers have been reported recently.256 Poly(ethylene
glycol) segments in the copolymers are known to stabi-
lize or preserve the three-dimensional structure of the
proteins and in some cases even induce helical struc-
tures to random chain polypeptide.®

Poly(ethylene oxide) is known to form aggregates with
surfactants such as sodium dodecyl sulfate’” and com-
plexes with small molecules such as p-dihalogenoben-
zene, p-nitrophenol, and resorcinol.8~1° Earlier work in
our laboratory demonstrated that intimate blending of
PEO and poly(2-vinylpyridine) (P2VP) took place only
when an optimum amount of lithium ions was avail-
able.112 Intimate blending of the two polymers resulted
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from N- - -Li*- - -O ion—dipolar interactions linking PEO
segments with P2VP segments. In this paper, we report
on the formation of macromolecular complexes of PEO
or PEG and sodium poly(a,L-glutamate) (PGNA). So-
dium poly(a,L-glutamate) (PGNA) was selected as the
initial model polypeptide because of the following rea-
sons: (A) poly(glutamic acid) and PGNA are among the
most thoroughly studied polypeptides;1® (B) PGNA is
also known to form stoichiometric complexes with
oppositely charged surfactants to yield well organ-
ized three-dimensional microstructures;* (C) the high
possibility of inducing helical conformations to low
molecular weight (1000) PGNA by complex formation.
Because of the formation of well-organized three-
dimensional microstructure of certain PGNA—surfac-
tant complexes, they have been identified as having
potential applications in molecular composites, opto-
electronics, and separation membranes.'*~1¢ These ap-
plications are also a possibility for well-organized three-
dimensional macromolecular complexes of PEO or PEG/
PGNA, and therefore, our goals are to determine the
processing conditions that promote the formation of such
microstructures in the PGNA—PEO system.

Experimental Section

Poly(ethylene oxide) (PEO), poly(ethylene glycol) (MPEG
and PEG), and PGNA supplied by Sigma Chemical Co. were
used without further purification. Preparations of PGNA—
MPEG complexes were carried out by solution mixing in
methanol/water (80/20, v/v) mixtures, followed by evaporation
of the solvent at reduced pressure over P,Os. The free MPEG
was removed by extracting with benzene. The PEO/PGNA
complexes were prepared by the same procedure using metha-
nol/water mixtures. Films of the complexes and PEO [600K]
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were solvent cast on glass plates or polystyrene dishes. The
films were dried first at 40 °C under vacuum and finally for
24 h at 40 °C under vacuum over P,Os. Weak adhesion of the
films to plastic dishes enabled removal of the films without
stretching.

Measurements. Solution NMR spectra were acquired on
a Bruker ARX 400 spectrometer at room temperature using
D,0O and CDCl; as solvents. TMS was used as the external
standard for obtaining '3C and 'H spectra, and the standard
for Na spectra was a saturated NacCl solution.*”'® Proton
decoupled carbon spectra were recorded using single pulse
aquisition at 45° pulse angle and 5 s relaxation delay for a 17
h aquisition period. 2Na NMR spectra were recorded using
single pulse acquisition at 10 us pulse width and 5 s relaxation
delay for a given number of acquisitions.

The 2D-NOESY 'H NMR analysis of the complexes were
carried out using standard NOESY pulse sequence >'° under
the following acquisition conditions:

Experimental Condition I: 4000 data points; relaxation
delay, 50 ms; mixing time, 50 ms; number of scans, 8.

Experimental Condition Il: 1024 data points; relaxation
delay, 4.5 ms; mixing time, 20 ms; number of scans, 8.

Condition 1 has long relaxation and mixing times and more
data points, allowing observation of even weak interactions,
whereas in condition 11, shorter mixing and relaxation times
allow observation of the strong interactions place within a close
proximity.

The glass transition temperature (T,) and melting temper-
ature (Tm) were determined by differential scanning calorim-
etry (DSC) using a Perkin-Elmer DSC-4 equipped with a
thermal data station. Samples were scanned at a heating rate
of 15 °C/min under N, to 100 °C and quenched cooled at a 320
°C/min to the starting temperature before obtaining the
thermograms.

The circular dichroism (CD) spectra of thin films of the
complexes were obtained using a JASCO 710 spectrophotom-
eter at 20 nm/min speed and 0.5 nm resolution. Fourier
transform infrared (FT-IR) spectra of the solid films were
obtained using a Nicolet Impact 400 IR spectrophotometer.
Transmission spectra were recorded by coadding 8 scans at 4
cm~! resolution at room temperature. Wide-angle X-ray dif-
fraction (WAXD) studies of thin-film samples were conducted
using a Philips X'pert MultiPurpose diffractometer. The thin-
film sample stage, which consists of a collimated beam optical
setup and a special Eulerian cradle, was used. The translations
afforded by the Eulerian cradle permit a wide range of
reflections from samples of any orientation to be studied.
Diffraction data were collected with a PC-MRD software that
has a user interface based on a reciprocal space model. The
thin-film samples of the complexes and PEO 600K standard
were irradiated with Cu Ka X-rays (wavelength 1 = 1.5406
A) at a scan rate of 2°/min. Data were taken over a diffraction
ang!&e range of 10—50° (26), corresponding to d spacings of 8.8—
18 A

Results and Discussion

The solubility and physical characteristics of the
PGNA (1K)/PEO or PEG macromolecular complexes are
listed in Table 1. PGNA (1K)/MPEG(MW 350 and 550)
or PEG (2K) macromolecular complexes are white
powders and are soluble in water and water/methanol
mixtures. The stoichiometry of the MPEG or PEG/
PGNA complexes was determined using proton NMR
peak area comparison, and therefore, in this instance a
PGNA—MPEG (1:2.5) complex indicates a molar ratio
of 1 mol of PGNA to 2.5 mol of MPEG. The stoichiometry
of PGNA—PEO (x:y) complexes is based on the feed
ratio, x grams of PGNA:y grams of PEO used in the
preparation. Solution cast films of the PEG or MPEG
based complexes had no mechanical strength and are
not film forming. Most likely the molecular weights of
MPEG and PEG are not sufficiently high for the
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Table 1. Solubility and Physical Characteristics of the
Macromolecular Complexes?

solubility in physical
complex H,O benzene appearance
PGNA 1K—MPEG 350 and S NS white powder
550 (1:2.5)

PGNA 1K—PEG 2000 (1:5) s s white powder
PGNA 1K—PEO 100K (1:5) S partially? hazy films
PGNA 1K—PEO 600K (1:5) S S hazy films
PGNA 1K—PEO 600K (1:2.5) S NS hazy films
PGNA 1K—PEO 600K (1:10) S NS hazy films
PGNA 45K—PEG 2K (1:5) S NS white powder
PGNA 45K—PEO 600K (1:5) S NS hazy films

a2 S = soluble. Formed colorless clear transparent solutions at
room temperature with occasional mixing within 1 h. NS= not
soluble. Films remained in benzene at room temperature for >48
h with occasional mixing. ? Film lost its mass in benzene and
reduced more than 50% of its thickness at room temperature
withinl h. The remaining thin film stayed in benzene for >48 h
with occasional mixing.

formation of a psuedo-cross-linked network due to ion—
dipole interactions.''12 Complexes started to show good
mechanical properties once the molecular weight of PEO
surpasses 100K. Complexes prepared using high mo-
lecular weight PEO (600K) were mechanically strong
and showed excellent adhesion to the substrate when
prepared on glass and paper. Solution cast films of
PGNA 1K—PEO 600K complexes peeled off from plastic
dishes as hazy films and could be stretched to form
white opaque fibrils. While every complex was soluble
in water, benzene solubility of complexes appears to be
dependent on the stoichiometry and the molecular
weights of the components. A stoichiometry of 1:5
(PGNA—-PEO) and PGNA molecular weight of 1K ap-
pear to be a prerequisite for benzene solubility. The
PGNA 1K—PEO 600K (1:5) complex was completely
soluble in benzene whereas both starting materials were
insoluble in benzene. This indicates that because of the
strong interaction between PGNA and PEO, the nature
of the complex is sufficiently different from the indi-
vidual components. The optimum complex stoichiometry
of 1:5 required for benzene solubility may be understood
in terms of the formation of an optimum number of
glutamate—ethylene oxide interacting sites, leaving a
minimum number of uncomplexed PGNA and PEO
segments. The increase in molecular weight of PGNA
leading to benzene-insoluble materials may be under-
stood in terms of the increased ability to link two or
more PEO chains by one PGNA, forming cross-linked
type materials. The PGNA 1K—PEO 600K (1:5) complex
was also soluble in other organic solvents such as
chloroform. The observation of organic solubility is
consistent with the solubility characteristics of other
PGNA/surfactant complexes.4.20-23

Differential scanning calorimetry (DSC) thermograms
of PGNA—MPEG complexes showed new glass transi-
tions attributable to the formation of the complexes. For
the PGNA—MPEG (350) and for the PGNA—MPEG
(550) complexes new glass transition temperatures at
—2 and 17 °C, respectively, were observed. The starting
materials PGNA and the MPEGs do not have glass
transition temperatures in this region. The amorphous
phase of MPEG-350 should have a T4 around —70 °C
range, but ion—dipole interaction of the MPEG seg-
ments with the sodium ion of the polyglutamate de-
creases segmental motion and hence an increase in the
Ty is observed. Similar types of observations have been
made in MPEG/alkali metal salt complexes prepared as
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Figure 1. DSC thermograms of (A) PGNA 1K, (B) PEO 600K, (C) PGNA 1K—PEO 600K (1:2.5), (D) PGNA 1K—PEO 600K (1:5),

and (E) PGNA 1K—PEO 600K (1:10).

solid polymer electrolytes.?* The PGNA (1K)—PEO
(600K) macromolecular complexes showed interesting
thermal properties (Figure 1). The melting point of the
complexes was somewhat higher than the melting point
of pure PEO. The higher melting temperature of PEO
crystalline phase may be attributed to the reorganiza-
tion of some of the PEO chains in the PGNA—PEO
macromolecular complexes. The ethylene oxide- - -Na*
ion—dipolar interaction present in the complexes may
induce this. The reorganization of the PEO chains is
further supported by WAXD studies discussed in a
following section.

The CD spectrum of PGNA—MPEG (1:2.5) showed a
positive peak at 204 nm and two negative peaks at 226
and 230 nm indicative of an a-helical PGNA conforma-
tion.?® Since PGNA 1K is known to be in the random
conformation even in the solid state,'*26-27 the helical
conformation of PGNA must have been induced by the
complex formation. Helical conformation was much
more pronounced in the solid films of the complexes
prepared with higher molecular weight PEO. The CD
spectrum of a film of the PGNA 1K—PEO 600K (1:2.5)
complex (Figure 2A) showed a positive peak at 200 nm
and two negative peaks at 207 and 220 nm, indicating
formation of the a-helical PGNA. The CD spectra of the
PGNA—PEO (1:10) complex showed slightly different
peak positions and shape compared to the CD of the
1:2.5 complex. This may be understood in terms of lower
content of the PGNA in the 1:10 complex and a resulting
reduction in the glutamate—ethylene oxide interactions
and perhaps the induction of the a-helical conformation
of the PGNA is incomplete. FT-IR spectra of the
complexes confirm the formation of an a-helical struc-
ture by the polypeptide chain, as shown by the position
of the amide | band at 1651, 1655, and 1648 cm~! for
the PGNA 1K—PEO 600K complexes with stoichiometry
of 1:2.5, 1:5, and 1:10, respectively. The position of the
amide I band in these complexes is consistent with the
amide | band observed at 1653 cm™! for the a-helical

199.5 nm,29.3924
30 ;
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Figure 2. CD spectra of PGNA 1K—PEO 600K complex films
having feed ratios: (A) 1:2.5; (B) 1:10.

PGNA conformation in PGNA—surfactant complexes.'®
The helical conformation of PGNA, most likely, permits
increased ion—dipole interactions, resulting in the
formation of the thermodynamically favorable and
stable PGNA—PEO macromolecular complex; i.e., a
PGNA helix with the glutamate groups on the outside
would permit maximum interaction of the sodium ions
with the ethylene oxide of the PEO chains. A nonhelical
or random conformation may shield some sodium ions
from interacting with the PEO chains.

A comparison of the WAXD of PGNA 1K—PEO 600K
(1:2.5 and 1:5) complexes with that of pure PEO 600K
showed (Figure 3 and Table 2) the following changes:
(A) reduction in the intensity for the peak at 3.79 A;
(B) increase in the intensity for the peak at 4.61 A; (C)
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Figure 3. WAXD curves of PGNA 1K—PEO 600K (1:2.5) (bottom) and PEO 600K (top) films.

Table 2. Relative Intensities and d Spacings of the
Wide-Angle X-ray Diffraction Peaks of PEO 600K and
PGNA 1K—-PEO 600K (1:2.5 and 1:5) Complexes

PGNA 1K—-PEO PGNA 1K—PEO PEO
600K (1:2.5) 600K (1:5) 600K
dspacing relint dspacing relint dspacing relint
A (%) A (%) A) (%)
6.58 5.6 6.63 2.5 6.52 3.0
5.98 5.5 5.95 6.0 5.91 55
4.63 100 4.65 94.7 4.61 86.6
419 4.9
3.81 97.3 3.80 100 3.79 100
3.28 2.5 3.30 4.1 3.27 35
2.87 0.7 2.90 1.7 2.88 1.1
2.47 3.4

slight increase in d spacing and increase in the intensity
for the peak at 6.52 A. Pure PEO has two prominent
peaks at 4.61 and 3.79 A with relative intensities 86.6%
and 100%, respectively. These two d spacings can be
assigned to the distance between PEO chains on x—y
plane. Reduced intensity at 3.79 A and increased
intensity at 4.61 A observed for the complexes may be
attributed to a change in packing distance between PEO
chains. Some of the chains having short packing dis-
tance, 3.79 A, must have been enlarged to 4.61 A by
the complex formation with PGNA. The distance be-
tween monomer units along the PEO chain (z-axis) is
known to be 3.56 A for planar zigzag (stretched form)
and 2.78 A for 7/2 helical conformation (unstretched
form).28 However in PEO—HgCI, complexes, intermedi-
ate conformations (GTGGTG and T5GT5G) between
planar zigzag and 7/2 helical conformation having d
spacings 11.75 and 5.88 A corresponding to the distance
between monomer units along the PEO chain have been
observed.?® The observed d spacings 6.58 and 6.63 A for
the 1:2.5 and 1:5 complexes are slightly larger than the
d spacing of the corresponding PEO peak at 6.58 A. The
observed d spacings of the complexes also fall between
the corresponding d spacings for the distance between
monomer units along the PEO chain for planar zigzag
form (2 x 3.56 A = 7.12 A) and 7/2 helical conformation
(2 x 2.78 A =5.56 A). Observation of near planar zigzag
PEO conformations in the complexes indicates that the

end-to-end distance of PEO segments are enlarged, and
presumably PEO segments are stretched during forma-
tion of the complex. This complements the DSC data
indicating the reorganization of some of the PEO
crystalline chains in PEO/PGNA complexes. The struc-
ture of the complex in the solid state can be described
as a composite consisting of PGNA helical core with
PEO crystalline blocks that are anchored to the PGNA
via sodium ion—dipole interaction (Figure 4A).
Molecular interactions in the macromolecular com-
plexes were also monitored by NMR spectroscopy in
different solvents under various conditions. Two-
dimensional (2D) NOESY 'H NMR spectra (Figure 5)
of the PGNA 1K—PEO 600K (1:2.5) complex in D,O
(about 50 mg/mL) obtained under experimental condi-
tion | showed strong correlation between PEO protons
and y protons of the PGNA, no correlation between
amide NH protons of PGNA and PEO protons, weak
correlation between o protons of PGNA and PEO
protons, and no correlation between 3 protons of PGNA
and PEO protons. These observations suggest that the
PEO and the PGNA are within close enough proximity
to permit interactions. The observations are quite
similar to the 2D-NOESY H NMR results obtained
using experimental condition 11 for a PEG block copoly-
mer with poly(lysine) by Harada et al.5> in which the
methylene groups of the covalently linked PEG segment
were in close proximity with the e-methylene groups of
poly(L-lysine). ldentical interactions in D,O solutions
were also observed for the other complexes, PGNA 1K—
PEO 600K (1:5) and PGNA 1K—-PEG 2K (1:2.5 and
1:5), by 2D-NOESY H NMR spectra under the same
experimental conditions. In concentrated aqueous solu-
tions, the structures of these complexes (Figure 4B) may
be described as a composite with the following compo-
nents: (A) helical or random chain PGNA,; (B) random
coil PEO chains; (C) some methylene groups of PEO
chains within close proximity of y protons of PGNA.
Since methylene groups of PEO and 8 and y groups of
PGNA are hydrophobic, the nature of interaction in
these complexes in D0 at the “PGNA vy protons—PEO
methylene protons” site must be hydrophobic. The effect
of dilution on molecular interactions of the complexes
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water

Figure 4. Proposed structure of PGNA 1K—PEO 600K (1:5): (A) solid-state structure; (B) in aqueous solutions (50 mg/mL); (C)
in dilute aqueous solutions (1 mg/mL); (D) in dilute nonaqueous solutions.

in aqueous and nonaqueous solutions was also moni-
tored by 2D-NOESY 'H NMR spectra using experimen-
tal condition I. Dilution of the samples in D,O gradually
weakened the correlation between methylene protons
of PEO and y protons of the PGNA. At a concentration
of 0.6 mg/mL no correlation was observed, suggesting
that at such concentrations the PEO and the PGNA are
sufficiently separated for interactions to take place. This
also suggests that the interactions between PEO and
PGNA segments in D,0O are not strong enough to hold
the segments close by when the PEO segments expand
to occupy the increased volume upon dilution. If only
hydrophobic interactions are holding the PEO and
PGNA chains close together, dilution of nonaqueous
solutions should also result in weakening of the cor-
relation between methylene protons of PEO and y
protons of the PGNA. However, the strong correlation
between y protons of PGNA and methylene protons of
PEO observed by 2D-NOESY 'H NMR spectra under
condition I in CDCl3, at 1.4 mg/mL (Figure 6), indicates
that other attractive forces such as ion—dipolar interac-
tion between sodium ion and ethylene oxide units (vide
supra) must be operating in nonaqueous solutions
helping PGNA and PEO segments to stay in close
proximity. The 2D-NOESY 'H NMR experiment of the
complexes were also conducted using experimental
condition Il in which the shorter mixing and relaxation
times would only allow the observation of interactions
in a closer proximity compared to experimental condi-
tion 1. Under this condition, a good correlation between
PEG protons and peptide protons in an aqueous solution
of a PEG block copolymer with poly(lysine) has been
observed by Harada et al.> However, the PGNA 1K—
PEO 600K (1:2.5 and 1:5) and PGNA 1K—-PEG 2K (1:

2.5 and 1:5) in D,O at 50 mg/mL which showed good
correlation between PEO protons and PGNA protons
under experimental condition I did not show any cor-
relation between PGNA protons and PEO protons under
experimental condition Il. This indicates that the PEO
and the PGNA segments in these complexes are sepa-
rated by a larger distance compared to the distance
between the ethylene oxides and the peptide protons in
the PEG—poly(lysine) block copolymer. In nonagueous
solutions (in CDCl; and benzene), a good correlation
between PGNA protons and PEO protons was observed
for the PGNA 1K—PEO 600K (1:5) complex under
experimental condition Il even at low (1.4 mg/mL)
concentrations. As suggested earlier, in nonaqueous
solutions other attractive forces such as ion—dipolar
interactions between PGNA and PEO segments must
be operating to hold the segments in close proximity
(vide supra). The 2D-NOESY 'H NMR results obtained
under conditions I and Il suggest that attractive inter-
molecular interactions between PEO and PGNA seg-
ments in nonaqueous solutions are sufficient to hold
PEO and PGNA segments in close proximity even in
dilute solutions. Whereas by dissolving in D,0O, interac-
tions between methylene protons of PEO and y protons
of the PGNA weakened significantly and are completely
absent at low concentrations (0.6 mg/mL). The concen-
tration dependency of the “PGNA y protons—PEO
protons” interaction in D,O may be explained in terms
of a hydrophobic interaction. Hydrophobic interactions
are usually reversible, and reattachment of the seg-
ments may not be possible if large distances due to
dilution separate them. However, when molecular weight
of PGNA was increased to 45K in a PGNA 45K—PEO
600K (1:5) complex, some weak correlations between
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Figure 5. 2D-NOESY 'H NMR spectrum of PGNA 1K—PEO 600K (1:2.5) complex acquired using experimental condition I in

D,0 at 50 mg/mL.

PGNA y protons and PEO protons were observed even
under experimental condition Il in 1 mg/mL D,O
solutions. This may be explained in terms of the low
probability of simultaneous detachment of every hydro-
phobic interaction site in the complex with PGNA of
45K. The PGNA 45K molecule has nearly 50 times more
glutamate side groups carrying hydrophobic y sites
compared to PGNA 1K, and one PGNA 45K molecule
is nearly 50 times more likely to form “PGNA y site—
PEO methylene group” hydrophobic attachments with
a single large PEO chain such as PEO 600K. Separation
of the PGNA 45K molecule from the PEO 600K molecule
requires simultaneous detachment of all the “PGNA y
site—PEO methylene group” hydrophobic attachments.
The probability of simultaneous detachment of every
“PGNA (45K) v site—PEO methylene group” hydropho-
bic site is small compared to the case of PGNA 1K, and
therefore, some “PGNA y site—PEO methylene group”
hydrophobic interactions in the PGNA 45K—PEO 600K
complex were present even in very dilute D,O solutions.
Observation of weak correlation between PGNA vy
protons and PEO protons in dilute aqueous solution of
PGNA 45K—PEO 600K complex also supports the
suggestion that the nature of the interaction observed
at the “PGNA y protons—PEO protons” sites is revers-
ible and presumably hydrophobic.

The ion—dipolar interactions of PEO with sodium ions
of PGNA were monitored by 22Na NMR. 2Na NMR

spectra showed identical chemical shift (0.9 ppm) and
identical line width at half-height (13 Hz) for both
PGNA 1K and PGNA 1K—PEO 600K (1:5) in D0,
indicating that free (solvated) sodium ion prevails in
D0 solutions in both cases. However, no signal was
observed for the PGNA 1K—PEO 600K (1:5) in benzene
even at a much higher number of accumulations (32
scans for the sample in D,O and 8800 scans for the
sample in benzene), indicating that the complexed form
of the sodium ion has a long relaxation time as reported
by Cabane’ and failed to accumulate an FID during
scans. No 22Na NMR signal was observed for the same
complex in CDCls, indicating that sodium ions prevail
100% as complexed form in nonaqueous solutions and
the complexed form appears to produce no NMR signal
with 5 s delay time in single pulse acquisition. The ratio
of free to complexed sodium ions in D,O was estimated
by a simple quantitative 22Na NMR method involving
measurement of the signal intensity for a known
amount of PGNA 1K—PEO 600K (1:5) in 1 mL of D,O
and estimating the amount of sodium ions by comparing
the signal intensity of a standard PGNA 1K via spectral
subtraction to yield a blank line. Results showed that
approximately 94% of the Nat—PEO in the complex
were dissociated by dissolving in D,O to form free
(solvated) sodium ions. The 22Na NMR and 2D-NOESY
IH NMR results of the complexes collectively suggest
that in nonaqueous solutions sodium ions of PGNA are
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Figure 6. 2D-NOESY H NMR spectrum of PGNA 1K—PEO 600K (1:2.5) complex acquired using experimental condition I in

CDCl; at 1.4 mg/mL.

completely complexed with PEO through ion—dipole
interactions. Meanwhile, the hydrophobic carbon seg-
ment of PGNA (i.e., y carbon) interacted strongly with
the hydrophobic methylene segment of PEO and stayed
in close proximity even in dilute solutions (Figure 4D).
However by dissolving the complexes in water, nearly
all of the complexed form of sodium ions were converted
to free (solvated) sodium ions, and the hydrophobic
interaction between PEO and PGNA was weakened
significantly and completely diminished in very dilute
solutions (Figure 4B,C). The hydrophobic interaction
between PGNA and PEO was reversible and concentra-
tion dependent and can be increased to a certain extent
by increasing the molecular weight of PGNA (to 45 000),
thus allowing a higher number of points of hydrophobic
interactions per poly(ethylene oxide) chain.
Combining spectral, thermal, and wide-angle X-ray
data of the PGNA 1K—PEO 600K (1:5) macromolecular
complex in the solid state, a probable structure of the
complex is shown in Figure 4A. The proposed solid-state
structure consists of a helical PGNA core; PEO crystal-
line segments, near the helical core, having near planar
zigzag conformations; glutamate and ethylene oxide
segments interacting through ion—dipolar interactions;
and S and vy carbons of PGNA side groups interacting
with PEO segments through hydrophobic interactions.
The structure of the complex in poor nonaqueous
solvents (e.g., CDCl3) may be postulated as an aggregate
of a molecular complex (Figure 4D) consisting of the
following components: a helical PGNA core, solvated
PEO segments, glutamate and ethylene oxide segments

interacting through ion—dipolar interactions, and  and
y carbons of PGNA side groups interacting with PEO
segments through hydrophobic interactions. The ag-
gregate may contain two or more complexed molecules
presumably with stacked PGNA helices. The clear
transparent solutions obtained using good solvents (e.g.,
benzene) should contain nonaggregated complexes with
compositions similar to the complexes in the poor
nonaqueous solvents. The structure of the complex in
concentrated aqueous solutions most likely is a molec-
ular aggregate (Figure 4B) consisting of the following
components: a helical or random PGNA molecule,
solvated PEO segments, and g and y carbons of PGNA
side groups interacting with PEO segments through
hydrophobic interactions. The latter interaction dimin-
ishes completely in dilute aqueous solutions when the
PGNA molecular weight was 1K.

Conclusions

Solution blending of PGNA and PEO in aqueous
methanol solutions followed by evaporation of the
solvents leads to formation of macromolecular com-
plexes. Properties of the complexes were dependent on
both the complex stoichiometry and the molecular
weights of the components. PGNA molecular weight of
1K and a stoichiometry of the PGNA:PEO of 1:5 were
prerequisites for the solubility in good organic solvents.
DSC, CD, and X-ray diffraction data suggest that in the
solid-state both the PGNA and the PEO molecular
structure were altered by complex formation. Structure
of the resulting macromolecular complex may be de-
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scribed as a molecular composite with the following
components: a helical PGNA core, PEO crystalline
segments having near planar zigzag conformations,
glutamate and ethylene oxide segments interacting
through ion—dipolar interactions, and 5 and y carbons
of PGNA side groups interacting with PEO segments
through hydrophobic interactions (Figure 4). 2Na and
2D-NOESY 'H NMR data of the complexes in nonaque-
ous solvents showed that both ion—dipole and hydro-
phobic interactions are present even in very dilute
solutions. Complete solvation (nonaggregated) of the
complexes forming transparent clear dilute solutions
took place in good nonaqueous solvents. The PEO
segments were in close proximity in such solutions to
interact strongly with the methylene side groups of
PGNA presumably through hydrophobic interactions.
The situation is slightly different in poor nonaqueous
solvents. Both ion—dipole and hydrophobic were present
in poor nonaqueous solutions, and incomplete solvation
left some of the macromolecular complexes as ag-
gregates. In aqueous solutions, the ion—dipolar interac-
tion was completely destroyed, and the number of
PGNA—PEO contact points interacting through hydro-
phobic interactions was reduced significantly and di-
minished in dilute solutions. The hydrophobic interac-
tions between methylene carbons of PEO and  and y
carbons of PGNA side groups in dilute aqueous solutions
were reversible, and reattachment in dilute solutions
was possible only when molecular weight of PGNA is
sufficiently large (45K).
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