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Abstract: The present work reveals that there is a significant effect of sodium salt in mediating supramolecular
assemblies between 1, 2-polypropylene glycol (PPG) and B-cyclodextrin (CD). First, several molecular aggregates
precipitated from different sodium salt solutions exhibit different stoichiometric ratios of PPG to B-CD: PPG-(B-
CD); for NaCl and Na,CO; and PPG-(B-CD)s for NaAsO,, both of which are completely different from PPG-(B8-CD)s
for pure water and from PPG-(B-CD)s for lithium salts. Second, the current results obtained from three
independent experiments (viscosity, surface tension and molar conductivity) may partially explain the difference
in composition of the aggregates. Third, field emission scanning electron microscopy and thermogravimetric
analyses indicate that the supramolecular assemblies prepared, even though with the same composition, have
rather different surface features and physical properties. These findings emphasize the importance and complexity

of salt effect in designing and constructing supramolecular assemblies.
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(CDs), a

oligosaccharides, can interact with many kinds of

Cyclodextrins group of cyclic

guests, including inorganic  salts, coordination
compounds and organic molecules 3. In recent ten
years, the intermolecular interaction between CDs and
polymers has attracted many scientists in the fields of
physics, chemistry and materials science ®. Numerous
efforts have been directed at the development of
supramolecular assemblies constructed by CDs and
polymers!'™"l. Although there are many reports about the
effect of inorganic salts on polymer chains, to the best of
our knowledge few literatures are available on the
relationship between supramolecular assemblies and
the salt effect. Very recently, we found that lithium salts
played an important role in regulating the
intermolecular interaction between 1, 2-polypropylene
glycol (PPG) and B-CD in solutions, since the presence
of lithium salts led to a fundamental change in
composition of supramolecular assemblies from PPG-(B-
CD)s obtained in water medium to PPG-(8-CD)s under
the same reaction conditions.

The aim of this work is to understand whether
there is a difference of salt effects in mediating the
formation of supramolecular assemblies of PPG with -
CD. Several sodium salts, such as sodium chloride
(NaCl), sodium carbonate (Na,CO3) and sodium arsenite
(NaAsQ,), were chosen to compare with lithium salts.
Attention is now focused on three issues: (1) how do the
sodium salts affect the composition of supramolecular
assemblies of PPG with B-CD? (2) what is the
relationship between composition and structure of the
assemblies? (3) is there a relation between structure of
the assemblies and their degradation degree?

Initially, the data from elemental analysis and 'H
nuclear magnetic resonance (‘"H NMR) exhibit different
compositions of the assemblies formed by PPG and -
CD in sodium salt solutions. And then, a possible
mechanism of the salt effect is proposed based on three
independent experiments (viscosity, surface tension and
molar conductivity). Finally, a series of measurements
was performed to investigate the structure and stability
of the assemblies. These analytical results have allowed

us to understand the important role of inorganic salts in

regulating  the formation and degradation of

supramolecular  assemblies of a polymer with

macrocyclic hosts.
1 Experimental

1.1 Materials

B-CD was purchased from Shanghai Rich-Joint
Chemical Reagent Co., Ltd. Liquid PPG (Mn 1000, M,/
M, =1.12, C5H;uO5) was supplied by The Third
Petrochemical Factory, Tianjin Petrochemical Inc. NaCl
and Na,CO; were obtained from Shanghai Chemical
Reagent Co., Lid. NaAsO, from Sigma-Aldrich. The
inorganic salts were used as received without further
purification. DMSO-ds used as a solvent in NMR
measurements was purchased from Sigma-Aldrich.

1.2 Preparation of Solid Supramolecular
Assemblies

Three assemblies, PPG-(8-CD);-1, PPG-(8-CD),2,
and PPG-(B-CD)s-3, formed by B-CD with PPG in
aqueous solutions of NaCl, NayCO; and NaAsO,,
respectively, were precipitated in the light of the
following procedure . Liquid PPG of 180 mg (0.18
mmol) was added to an aqueous solution (200 mL) of B-
CD (1.8 mmol, 2.043 g) and one of the sodium salts (1.8
mmol) at room temperature. Subsequently, this mixed
solution was stirred for 1 h at 353 K, and then for 48 h
at room temperature. A white precipitate was gradually
generated. This coagulative precipitation was washed
repeatedly with deionized water until the effluents gave
a negative flame test for sodium ions. Before use, all
samples were kept in an oven under vacuum at 383 K
for 24 h. The dried samples were obtained as a white
powder, and weighed at room temperature. Their
percentage yields were calculated from the amount of
the PPG employed.

PPG-(B-CD);-1: yield, 54.4% . The results of
elemental analyses: Anal. Caled. for CsH;pOp -
7CH7055-32H,0: C, 43.46; H, 6.91. Found: C, 43.42;
H, 6.96. '"H NMR (300 MHz, DMSO-dg, 298 K): 6 5.71
(d, 49 H, O,H of B-CD), 5.66 (s, 49 H, OsH of B-CD),
4.83 (d, 49 H, C,H of B-CD), 4.42 (1,49 H, OgH of B-
CD), 3.63 (t, 49 H, C;H of B-CD), 3.58 (m, 98 H, C¢H of
B-CD), 3.55 (m, 49 H, CsH of B-CD), 3.38 (m, 98 H,
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C,H and C,H of B-CD), 1.03
PPG).

PPG-(B-CD);-2: yield, 52.0% .
elemental analyses: Anal. Caled. for Cs5HyO5 -+
7CH-055+32H,0: C, 43.46; H, 6.91. Found: C, 43.44;
H, 6.96. 'H NMR (300 MHz, DMSO-d,, 298 K): 6 5.71
(d, 49 H, O,H of B-CD), 5.65 (s, 49 H, O;H of B-CD),
4.82 (5,49 H, CH of B-CD), 4.42 (d, 49 H, OH of B-
CD), 3.63 (d, 49 H, C;H of B-CD), 3.61 (m, 98 H, C¢H of
B-CD), 3.55 (m, 49 H, CsH of B-CD), 3.38 (m, 98 H,
C,H and CH of B-CD), 1.03 (m, 51 H, methyl H of
PPG).

PPG-(B-CD)-3: yield, 89.2% .
elemental analyses: Anal. Caled. for CsHipOp -
8CH70055-40H,0: C, 42.98; H, 6.89. Found: C, 43.09;
H, 6.88. '"H NMR (300 MHz, DMSO-d,, 298 K): § 5.71
(d, 56 H, O,H of B-CD), 5.65 (s, 56 H, OsH of B-CD),
4.82 (d, 56 H, C;H of B-CD), 4.43 (s, 56 H, O¢H of B-
CD), 3.63 (d, 56 H, C;H of B-CD), 3.58 (m, 112 H, C,H
of B-CD), 3.55 (m, 56 H, CsH of B-CD), 3.38 (m, 112 H,
C,H and C/H of B-CD), 1.03 (m, 51 H, methyl H of
PPG).

1.3 Preparation of Solution Samples

(m, 51 H, methyl H of

The results of

The results of

The solution samples of 10.0 mmol -dm™ of PPG in
the absence and presence of NaCl, Na,CO; or NaAsO,
with a concentration from 0.0 to 10.0 mmol - dm™ were
prepared using a mixed solvent of ethanol and water
(volume ratio, 1:6) at 298 K to measure the change in
of the PPG under different
concentrations of salts. The flow times (1) of each

solution were determined as an average of three

viscosity solution

measurements.

Aqueous solutions of 0.400 mmol -dm™ of PPG in
the absence and presence of NaCl, Na,CO; or NaAsO,
with a concentration from 0.0 to 10.0 mmol -dm™ were
prepared to examine the change in surface tension (o)
of PPG solutions. The mixed solutions were stirred for
five minutes at 298 K before use, and the values of o
were determined as an average of three measurements.

Aqueous solutions of 1.00 mmol -dm = of NaCl,
Na,CO; or NaAsO, in the absence and presence of PPG
with a concentration from 0.000 to 0.100 mmol +dm =

were prepared to estimate the change in molar

conductivity (A,) of the salt solutions under different
concentrations of PPG. Aqueous solutions were stirred
at 298 K for ten minutes before test and each value of
A,, for comparison was obtained as an average of three
measurements.
1.4 Instruments and Methods
'H NMR spectra were recorded on a Bruker AV-
300 NMR 300 MHz at
temperature. The chemical shifts (6) were referred to the
(6 =2.5 ppm for DMSO-ds) using
(TMS) as an internal standard.

spectrometer at room
solvent peaks
tetramethylsilane
Elemental analyses were performed using a Vario EL 111
elemental analyzer. The mass percentage of Na* in the
samples was measured by using a Thermo Jarrell Ash
Atomscan Advantage spectrometer (AAS).

The ¢t values were measured by an Ubbelohde
viscometer in a thermostatically controlled bath at 303
K. The o values were determined using the Wilhelmy
plate JK99B
tensiometer (Shanghai Zhongchen Co.) at 298 K. The

values of A,, of solutions were obtained using a DDSJ-

method and a automatic  surface

308 conductivity meter (Shanghai Leici Instrument Inc.)
at 298 K with a conductance cell of 1.083 ecm™. The A,,
values of aqueous solutions of PPG itself at different
concentrations served as a standard of reference for all
the data concerning PPG.

Surface morphologies of solid samples were
characterized using a JEOL-JSM-6700F field emission
scanning electron microscope (FE-SEM) operated at 5
kV. X-ray diffraction

performed on a Philips X“Pert Pro X-ray diffractometer

(XRD) measurements were

with a scintillation counter detector using a
monochromatized Cu Ko radiation source (40 kV, 40
mA) with a wavelength of 0.154 18 nm and analyzed in
the range 5° <26 <48°. Thermogravimetry (TG) and
derivative thermogravimetry  (DTG) analyses were
recorded on a Shimadzu TGA-50 thermogravimetric
analyzer at a constant heating rate of 10.0 K min™
under a nitrogen atmosphere with a gas flow of
25 mL-min™. A gas chromatography-time of flight-mass
(GC-TOF-MS) was conducted using a

Micromass GCT-MS spectrometer. The heating program

spectrometry

of samples was the same as that reported in the previous
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literatures!">', interaction among polymer chains, water molecules and

2 Results and discussion

2.1 Salt Effects and Probable Explanations
According to elemental analyses and '"H NMR data
for the products, the compositions of the three
supramolecular assemblies formed by PPG and B-CD in
aqueous solutions of NaCl, Na,CO; and NaAsO, were
determined to be 1:7, 1:7 and 1:8, respectively. This
result is surprising since it is completely different from

U and in lithium

those obtained both in pure water (1:5)
salt solution (1:6)™. Tt reflects the importance and
complexity of salt effects on the formation of
supramolecular assemblies in solution. Especially, the
fact that the sodium salt has different effects gives us an
impression that there are differences in intensity of
molecule-ion interactions between PPG chains and
inorganic ions. Hence, we attempt to explain the
differences by three independent experiments in
aqueous solutions.

Initially, Fig.1 illustrates the change (At) of ¢ in

0.0
-0.5 A
@ k4
=< -1.0 A
<
-1.5 b
= ta
-2.0 A I c
T T T T T T
0 2 4 6 8 10
C,/ (mmol-dm™)

Fig.1 Changes of At in viscosity measurements of PPG
solutions (10.0 mmol-dm™) with the addition
of NaCl (a), Na,COj; (b) and NaAsO, (c) in the
concentration (Cs, mmol -dm™) range from 0.00 to

1.00x107 mol - dm™
viscosity measurements of PPG solutions with the
addition of sodium salts. Apparently, the presence of
the salts leads to a gradual decrease of ¢, clearly
reflecting the decrease in viscosity of the PPG solutions.
In particular, the degree of the decrease is strongly
dependent on the concentration of the salts. This

change is explained by an increasing tendency of the

inorganic ions, leading to a decreasing tendency of the
interaction between PPG chains "'%2! Further, the
decrease in viscosities of PPG solutions presents a good
linear concentration dependence (correlation coefficient
r>0.99) at a lower salt concentration range of 0.00
to 6.00 mmol -dm™.

concentration range from 6.00 to 10.00 mmol - dm™, the

However, at a higher salt

viscosities of the solutions exhibit a constant level,
indicating that there is a maximum concentration of salt
effects that can be accommodated on PPG chains.
Importantly, the data presented in Fig.1 also depicts
that the salt effects increase in the order: NaAsO,>
NaCl>Na,COs.

Next, Fig.2 shows the changes in o value of PPG
(0.400 mmol -dm ) with the addition of a

sodium salt. The result of this figure gives a strong

solution

indication that the o value appears to increase
nonlinearly with the increase of a salt concentration.
And the influence of the salt on the surface tension of
PPG solutions obeys the same order: NaAsO,>NaCl>
Na,CO; as that seen in the viscosity change of PPG
solutions. This phenomenon reveals that the molecule-
ion interaction between PPG chains and AsO, " is
much stronger than that between PPG chains and Cl-
or COs™.

49.5 1

49.0 1

48.5 A

o/ (mN-m™)

48.0 1

47.5 1

0 2 4 6 8 10
Cs / (mmol-dm™)

Fig.2 Changes in o values of PPG solutions (0.400
mmol - dm~) with the addition of NaCl (a),
Na,CO; (b) and NaAsO, (c) in the concentration
range from 0.0 to 10.0 mmol - dm?
Finally, as displayed in Fig.3A, there is a good
linear correlation (r>0.99) between the A,, values of the

sodium salt solutions and the concentrations of PPG.
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Fig.3 Changes in A, (A) and AA, (B) values of NaCl (a),
Na,CO; (b) and NaAsO, (c) solutions (1.00 mmol -
dm™) with the addition of PPG in the
concentration (Cp, pmol-dm=) range from 0.000 to
0.100 mmol - dm™

This further provides a direct and strong evidence for
the presence of a concentration dependence of the
molecule-ion interaction between PPG chains and the
sodium salt from another point of view. More
importantly, the change of the difference (AA,) between
the solution without and with the salt, as shown in Fig.
3B, clearly reveals that there is a different tendency of
the same concentration of PPG to promote the mobility
of ions, and there will be a continuously graded
response produced. Undoubtedly, this fact that the
values of AA,, decrease in the order: Na,CO;>NaCl >
NaAsQ,, gives an implication that different salts have
different intensities of molecule-ion interactions with
PPG, which is in good agreement with results obtained
from measurements in A; and o values of PPG
solutions.
Overall,

experiments above, it is concluded that the mutual

based on the three independent
effect of the sodium salts and PPG chains in solution
is required to comply with the order: NaAsO,>NaCl>
Na,COs. Together with the results reported in a
previous literature ", we consider that there is a
double-role of inorganic salts in the formation process

(1) The dehydration of PPG chains

is initiated by inorganic ions, and the effect of anions

of the assemblies:

dominates the process ". Further, the dehydration
effect of the anions decreases in the order™: AsO,>
CO>>Cl .
involved in a protective role against dehydration for

PPG chains, as illustrated in Fig.4.

(2) The presence of cations might be

0
0 0
09 i ?,@%
QO e gz C| LO 0 H,
v H
N N\ \C/ \CH/C 0w

0
H, 0
CH, %%3%) PPG chain I lH, (Vg?%
Fig.d A proposed mechanism depicting the role of Na*
ions in favor of hydration of PPG chains

Clearly, the ionic radius of Li*is much smaller
than that of Na*, so it is more likely to get close to ether
oxygen atoms. That is to say, Li* has a stronger ability in
promoting hydration of PPG chains than Na*. The
magnitude of such an effect may be comparable to that
evoked by the Hofmeister effect™?), Different effects of
cations and anions on PPG chains may be one reason
for different compositions in the assemblies precipitated
in inorganic salt solutions.

In short, although the sodium salts are not
precipitated in the formation process of the assemblies
of PPG and B-CD, the addition of them has caused an
interesting change of composition of the assemblies.
This leads us to further attempt to determine what the
relation is between the composition and microstructure
of the supramolecular assemblies.

2.2 Microstructures of the Supramolecular
Assemblies

Fig.5 depicts XRD patterns of B-CD, NaCl and
PPG-(B-CD)-1. There is a significant position difference
in the three strongest signals between free B-CD  (9.1°,
12.6° and 19.3°) and PPG-(8-CD),-1 (5.9°, 11.8° and

31.8

455

Intensity (a.u.)

20/(°)

Fig.5 XRD patterns of B-CD (a), NaCl (b) and
PPG-(8-CD)-1 (c)
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18.1°). And the characteristic peaks of NaCl at 27.4°
(111), 31.8° (200) and 45.5° (220) disappear in the
assembly, providing further evidence for the absence of
NaCl in this case.

XRD patterns of the other two assemblies show a
high similarity to that seen in Fig.5¢, as well as those
precipitated in lithium salt solutions™, suggesting that
all the PPGB-CD assemblies have a similar stacking
behavior dominated by B-CD,

difference in composition between them. The interlayer

regardless of the

spacings are determined to be 7.5 and 15.0 nm based
on the two characteristic peaks at 260 angles of 11.8°
and 5.9°, which correspond approximately to the cavity

(7.9 nm) and two (15.8 nm) B-CD
finding

height of one

molecules, respectively. This suggests a
channel-type arrangement of the 8-CD molecules in the
binary assemblies like in the case of PPG-(8-CD)s, but
unlike the cage-type arrangement of free B-CD™". Such

a stacking pattern is characteristic of interactions

between numerous polymers and CD molecules™ . As
such, here it reflects that the PPG chains have adequate
flexibility to enable a threading through the ring-like
cavity of B-CD.

Similar stacking structures of the assemblies impel
us to examine surface structures emerged in different
forms in different assemblies.

Fig.6 illustrates that the surface features of the
assemblies are entirely different from the hexagonal
prism structure of free B-CD"™, and from one another.
Apparently, PPG-(3-CD);-1, PPG-(B-CD);-2 and PPG-
(B-CD)s-3 are shaped like an irregular stone, a
stalagmite and a large stone slab, respectively. The
large difference in morphologies gives an impression
that the formation process of surface structures of the
assemblies in solution is related to the inorganic salt
used. In other words, different salts can cause the
assemblies to different  shapes,

binary generate

regardless of the consistency in composition.

Fig.6  FE-SEM images of PPG-(8-CD);-1 (a), PPG-(8-CD);-2 (b) and PPG-(8-CD)s-3 (c)

In brief, the difference in composition of the
assemblies cannot be reflected by their stacking
structures and surface structures. Such a result

encourages further experimental investigation of
thermal stabilities of the assemblies.
2.3 Thermal degradation of the supramolecular
assemblies
Fig.7

degradation rates (V, %-s™) and residual masses (RM,

shows the degradation temperatures,

%) of the three assemblies. From Fig.7A, we find two

important facts: (1) that there is a large decrease

(ARM>7% from 320 to 390 K) in water content in the

assemblies compared to that of free B-CD at the same
drying conditions, and (2) that although the degradation
onset temperature of B-CD and its assemblies is rather
similar at about 543 K, their RM values at higher
temperature differ completely for the same temperature.

For instance, the RM values of B-CD, PPG-(B-
CD);-1, PPG-(B-CD);-2 and PPG-(B-CD)s-3 at 775 K are
16.9, 10.0, 3.9 and 11.3%, respectively. It is apparent
that there is a lower RM values in the assemblies in
comparison with free B-CD. In consideration of the
difference of water content among these samples, the
degradation degree (at, %) of both PPG and B-CD can be



%10 7]

T BT S BFRRR AR 45 T T UK B 2L 2 M A B 2019

I 0.00

7 L-01s
L 030
I-0.45
0 T T T T
400 600 580 600 620
Temperature / K Temperature / K

Fig.7 TG (A) and DTG (B) profiles of free 8-CD (a),
PPG-(B-CD);-1 (b), PPG-(B-CD),-2 (c) and PPG-
(B-CD)s-3 (d) in nitrogen

calculated based on Equation 1.

a=1-RMx(1-r)™ 1)

In this equation, r expresses the mass fractions of
water in the samples as determined by TG analysis. The
values of a were determined to be 95, 81, 89, 96 and
88% in PPGPY, B-CD, PPG-(B-CD);-1, PPG-(B-CD),-2
and PPG-(B-CD)s-3, respectively. The result indicates
that the interaction between PPG and B-CD in the
assemblies stimulates the degradation of 3-CD.

Fig.7B shows the DTG curves of the samples in
the range of the rapid degradation stage at about 570
to 620 K. As seen in the figure, there is an increase
in maximum degradation rates (V) of the assemblies
relative to B-CD and those obtained from lithium

salt solutions M.

Also, the maximum degradation
temperatures (7., appear to decrease from 8-CD, PPG-
(B-CD);-1 to PPG-(B-CD);-2, but PPG-(8-CD)s-3 shows a
higher value of T, as indicated by the arrows. This
implies the relationship between the degradation
processes and the compositions of the assemblies. Such
a situation also occurs in vacuum.

Fig.8 describes the thermal degradation of the
assemblies under GC-TOF-MS conditions, indicating a
relation between relative abundances (RA, %) of total
ionic current and heating time of the sample. The
difference in the degradation processes of B-CD and its
assemblies can be clearly seen from the position of main
peaks and the number and position of satellite peaks
(indicated by asterisks). The earlier degradation

(indicated by an arrow) of the assemblies compared to

Relative abundance (a.u.)

T T
23 24 25 26 27 28 29
Heating time / min

Fig.8 Thermal degradation curves of free B-CD (a),
PPG-(B-CD)-1 (b), PPG-(B-CD),-2 (c) and PPG-
(B-CD)s-3 (d) in vacuum

free B-CD should be a consequence of salt effects.

Fig.9 exhibits a group of mass spectra of the
assemblies at the main peak positions of Fig.8. Based
on a careful comparison for the spectra, we can see that
the assemblies with the same stoichiometries give a
different degradation scheme, revealing the complexity
of salt effects. For example, two key molecule-ion peaks
at m/z 113.024 (CsHs505%) and 114.031 (CsHsO5") are
observed in different RA values in Fig.9a and b. Both of

them are derived from a glucopyranose ring of 8-CD.

114

113

Relative abundance (a.u.)

\“‘\ H||‘H ‘\ |

T T =T
100 105 110 115 120 125
m/z

Fig.9 Mass spectra of PPG-(8-CD);-1 (a), PPG-(B8-CD),-2
(b) and PPG-(B-CD)s-3 (c) corresponding to the
main peak positions of Fig.8

A probable

mechanism concerning the fragments is illustrated in

formation and  transformation
Fig.10. Tt is clear that there is a proton exchange
between CsHsO5" and CsHsO5". As shown in Fig.9, such a
proton exchange has different responses in the three

assemblies. This should be a reflection of the structural
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2009,109:5974-6023
CHO-  miz=113 [7] Yamaguchi 1, Osakada K, Yamamoto T. Macromolecules,
: A 2000,33:2315-2319
'_ S -H +H [8] Harada A, Kamachi M. Macromolecules, 1990,23:2821-2823
‘ [9] Song L X, Guo X Q, Du F Y. Polym. Degrad. Stabil., 2010,
HO OH CHOy  mi1l4 95:508-515
Fig.10 A proposed formation mechanism of the two [10]Binkowski C, Lequart V, Hapiot F, et al. Carbohyd. Res.,
fragments: CsH505" and CsHO5* 2005,340:1461-1468
) ) [11]Liu Y, Li L, Zhang H Y, et al. Macromolecules, 2002,35:
difference of the assemblies. 09349938
3 Conclusions [12]Yu Y M, Cai W S, Chipot C, et al. J. Phys. Chem. B, 2008,
112:5268-5271
This study reveals the important effect of the  [1317u Y F, Chen H Y. Andl. Biochem., 2001,299:71-77

sodium salt on the composition of supramolecular
assemblies of PPG and B-CD. A probable mechanism is
proposed to explain the difference in composition of the
assemblies. Also, the evaluation of the microstructures
and thermal behaviors of the assemblies presents the
consequence of salt effects though the salts are not

precipitated in the assemblies.
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