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ABSTRACT ARTICLE HISTORY
Aromatic diamines are essential components of polyimide and Received 4 November 2021
many other thermosetting polymers. Recent attention has Accepted 28 March 2022
been growing on the threading of cyclodextrins (CDs) onto
diamine monomers intended to improve the solubility in
water and thermal stability of resultant polymers. The co-pre-
cipitation method is often used to isolate inclusion complexes
(ICs) of aromatic diamines and other sparingly water-soluble
aromatic guest molecules with B-CD. To find the viability of
other methods, we studied IC formation between B-CD and
some aromatic diamines by mixing in hot water, co-precipita-
tion, and solid-state grinding. ICs formation in water was car-
ried out by solid guest dispersion into the B-CD aqueous
solution at 80°C with high-speed magnetic stirring. In con-
trast, solid-state grinding was employed by adding a small
amount of water to promote IC formation. Thus, ICs prepared
by mixing in hot water and solid-state grinding methods were
crystallized from water by cooling to 4°C. Structures of the
ICs in solution were confirmed by chemical shifts changes of
cavity protons of B-CD in 'H NMR and the cross-peaks
between aromatic protons and cavity protons in 'H-'H ROESY
NMR. Job’s plot and NMR titration experiments were used to
determine the stoichiometric ratio of host and guest in solu-
tion.

KEYWORDS

Aromatic diamines;
crystallization; cyclodextrin;
inclusion complexes

CONTACT Mohammed Jabedul Hoque @ pg528989@cii.shizuoka.ac.jp e Department of Optoelectronics and
Nanostructure Science, Graduate School of Science and Technology, Shizuoka University, 3-5-1 Johoku,
Hamamatsu, Shizuoka 432-8561, Japan; Mitsuo Toda @ toda.mitsuo@shizuoka.ac.jp e Department of
Engineering, Graduate School of Integrated Science and Technology, Shizuoka University, 3-5-1 Johoku,
Hamamatsu, Shizuoka 432-8561, Japan.

@ Supplemental data for this article can be accessed on the publisher’s website

© 2022 Taylor & Francis Group, LLC


http://crossmark.crossref.org/dialog/?doi=10.1080/07328303.2022.2068026&domain=pdf&date_stamp=2022-04-20
http://orcid.org/0000-0002-4994-3654
http://orcid.org/0000-0002-9790-2320
https://doi.org/10.1080/07328303.2022.2068026
https://doi.org/10.1080/07328303.2022.2068026
http://www.tandfonline.com

44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
30
81
82
83
84
85
86

2 M. J. HOQUE ET AL.

GRAPHICAL ABSTRACT

1. Mixing in e " ®
2. Co- hot water 17 o @
recipitation 3
precip g 175 o)
é 194
Methods - 140 220"
3. Solid-state of % 0 T
arinding Inclusion IR T
complexes

1 20 25

15
20/degree
ODA-B-CD inclusion complex

Introduction

Cyclodextrins (CDs) are cage-like macromolecular hosts used in drug
formulations, surfactants, and functional materials.!>*) CDs form inclu-
sion complexes (ICs) with diverse hydrophobic guests through non-cova-
lent interactions, such as hydrogen bonds and hydrophobic
interactions.!>* Formation of ICs strongly affects the physicochemical
properties of guest molecules through shielding effects or restriction of
movement.'”! IC formation depends on the geometrical fitting between
the CD cavity and guest molecule, as well as the nature of the solvent.
In polar organic solvents, IC formation is under equilibrium between
threading and dethreading. In contrast, in water, ICs are formed because
the hydrophobic environment of the CD cavity is convenient for hydro-
phobic guests.[*™]

Aromatic diamines, such as 4,4'-oxydianiline (ODA), 4,4’-methylenedia-
niline (MDA), 1,4-phenylenediamine (PD), and 2,2-bis[4-(4-aminophenox-
y)phenyl]propane (BAPP), are widely used as monomers for synthesizing
polyimide, polyamide, polyurethane, and polyhemiaminal thermosetting
polymers.[lo_m In contrast, spacer containing aromatic diamines, such as
1,2-bis(4-aminophenoxy)ethane (BAPE) and 1,4-bis(4-aminophenoxy)bu-
tane (BAPB), are used to improve the flexibility of polymers."*! Unless
functionally modified, thermosetting polymers often suffer from poor solu-
bility owing to their high cross-link densities. The incorporation of CDs
into thermosetting polymers, such as polyimide, polyamide, fullerene, and
polyaniline, has been reported to enhance the solubility and thermal stabil-
ity of thermosetting polymers.”'”! In general, the synthesis of CDs con-
taining polymers is performed by the inclusion of CDs into aromatic
diamines followed by a polycondensation reaction. Various methods have
been established for the preparation of ICs as solids, such as co-precipita-
tion, freeze-drying, kneading, and solid-state grinding.!'>'®! Co-precipita-
tion method is typically used to prepare CD-ICs of various aromatic
diamines and other aromatic guests."”'®! In the co-precipitation method,
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Three Methods

1. Mixing in hot water 2. Co-precipitation 3. Solid-state grinding

Guest molecules

et
HzN NH2

1.4-phenylenediamine (PD) 4,4'-methylenedianiline (MDA)

NH,
0 r
OMO
n
HyN NH, HoN

4 4'-oxydianiline (ODA) (n = 1) 1,2-bis(4-aminophenoxy)ethane (BAPE)
and
(n = 2) 1,4-bis(4-aminophenoxy)butane (BAPB)

WeaeUsnsl

2,2-Bis [4-(4-aminophenoxy)phenyl] propane (BAPP)

Scheme 1. The synthetic scheme of ICs formed between aromatic diamines (guests) and -CD
(host) by mixing in hot water, co-precipitation, and solid-state grinding methods.

IC formation of CDs with aromatic guests is achieved by the co-precipita-
tion of complexes in a mixture of water and alcohol. In this process, alco-
hol is used to diffuse the guest molecules into an aqueous CD solution,
and the reaction is accomplished through IC precipitation. As CDs have a
large hydroxyl surface, complete dissolution of guests in co-solvent is
unnecessary, and the simple dissolution of CDs and aromatic guests in hot
water could afford ICs. To solve this issue, we investigated the preparation
method of ICs, such as crystallization in water, as well as solid-state grind-
ing (Scheme 1).

IC formation in hot water is a reliable method because the co-solvent is
eliminated. In this case, IC formation is favored by entropy-driven water
molecule ejection from the CD cavity and hydrophobic interaction at high
temperatures.!'”) Notably, aliphatic polyether amines and polyethylene gly-
col-based ICs with many threaded CDs form a precipitate in water due to
CD aggregation in a single chain and hydrogen bonding among neighbor-
ing CDs.'¥) However, small molecules, such as ODA and MDA, which have
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few threaded CDs, could offer soluble ICs in water due to free CD
hydroxyl groups. On the other hand, solid-state grinding is also an efficient
method of IC formation between small drug molecules and CD.!">'! In
this process, strong mechanical force is applied in the form of friction to
the host-guest mixture to obtain IC with respect to grinding time.

Further, a comparative study has been made based on results obtained
from three different methods, mixing in hot water, co-precipitation, and
solid-state grinding, to rationalize the most suitable method for IC forma-
tion of aromatic diamines and B-CD. IC formation and structure of the
complexes were confirmed by NMR, FTIR, and XRD. Job’s plot (a continu-
ous variation method) and NMR titration methods were applied to deter-
mine the host-guest stoichiometric ratio of ICs in solution.?®! Elemental
analysis was used to determine the composition of ICs. The thermal char-
acteristics were evaluated by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA).

Results and discussion

To find the suitable method of IC formation of aromatic diamines and
B-CD, three different methods, including mixing in hot water, co-precipita-
tion, and solid-state grinding were studied. In this research, six different
aromatic diamines, including PD, MDA, ODA, BAPE, BAPB, and BAPP,
were used as guests of the B-CD host (Scheme 1). Among those diamines,
PD and MDA are reported to be soluble in water (PD = 40 mg/mL and
MDA = 1mg/mL at 25°C) according to the PubChem database system.
No water solubility report was available for other studied diamines. It is
important to know the initial solubility of guest molecules before studying
their IC formation with B-CD.

According to the co-precipitation method, IC formation was carried out
by diffusing an aromatic diamine solution in ethanol or methanol into the
aqueous solution of B-CD at room temperature for 24 h followed by precip-
itating on cooling at 4 °C."8 Thereafter, the precipitates obtained were col-
lected and characterized.

To assess the advantages of the large hydroxyl surface of CDs, IC forma-
tion was carried out in hot water by adding solid guest directly into B-CD
aqueous solution. Herein, we describe a simple four-step procedure includ-
ing high dilution synthesis of ICs at 80 °C for 24h, filtration, evaporation
of excess water at 50 °C, and crystallization on cooling at 4 °C to afford IC
crystals (Schemes 1 and 2). High dilution conditions with portion-wise
addition of solid guests under high-speed magnetic stirring at high tem-
perature render the solubility of hydrophobic aromatic diamines.
Conceptually, during the inclusion process, a microenvironment exists in
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Method 3: Solid-state grinding for 15 minutes

Scheme 2. Schematic representation of ICs formation between aromatic diamines (guests) and
B-CD (host) by mixing in hot water, co-precipitation, and solid-state grinding methods. Details
procedure is included in the supporting information.

water with a balance between hydrophobic and hydrophilic partners. As
soon as hydrophobic guests enter the hydrophobic host cavity of CD, a
dominant hydrophilic environment leads to the dissolution of hydrophobic
guests in water. After workup to remove excess water, the high IC concen-
tration in the solution could trigger crystallization, as decreasing solvent
volume generally results in a concentration gradient that promotes crystal-
lization.?"*? Furthermore, to determine the effect of the f-CD amount on
IC formation, the molar feed ratios of B-CD relative to ODA and MDA
(1:1, 2:1, 3:1), PD (1:1, 1/2:1, 1/4:1), BAPE, and BAPB (1:1, 2:1, 3:1), and
BAPP (2:1) were varied. Thus, ICs and the mixture of IC and excess com-
ponents obtained by all the studied diamines were represented in support-
ing information (Fig. S1A). Notably, above the molar feed ratio of 2:1 for
ODA-B-CD and MDA-B-CD, some large aggregates of 3-CD were observed
due to a mixture of ICs and excess B-CD (Fig. S1B). These large aggregates
were identical to B-CD crystals obtained from the recrystallization in water
by dissolving in hot water and then cooling at 24 °C for a week (Fig. S1C).
Notably, the percent weight of large crystals separated from the mixture of
MDA-B-CD and B-CD (molar feed ratio 2:1 and 3:1) were ~36.2 and
68.7% of the total weight of solid crystals (Fig. S1B).

Apart from the methods of co-precipitation and mixing in hot water for
IC formation, the solid-state grinding method was also applied. To do so, a
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host-guest mixture (0.4 g scale) was ground with 0.25mL of water (to make
a slurry) for 15min, and then the mixture was suspended in 10 mL of water
and heated for 30 min at 50 °C and filtered. The resultant complex solution
was extracted and then crystallized by cooling at 4°C. IC crystals obtained
from the filtrate portions were considered for percent yield calculation.

Crystals obtained from the above three methods were denoted as follows:
PD-B-CD, ODA-B-CD, MDA-B-CD, BAPE-B-CD, BAPB-B-CD, and
BAPP-B-CD. Among them, BAPP-B-CD was precipitated during the reac-
tion workup due to the low solubility of BAPP. This is possible because of
the hydrophobic domination of -C(CHj),- groups in BAPP. However,
crystals isolated from the filtrate portion of the BAPP--CD complex mix-
ture were found to be B-CD. Percent yield was calculated based on B-CD
(Table S1). Molar feed ratios of host and guest were correlated with NMR
integral ratios of ICs. Both ODA-B-CD and MDA-B-CD obtained by three
methods showed an integral ratio of ~0.9 (theoretically, 7H/8H = 0.875), at
a molar feed ratio of 1:1 (-CD:diamine), which indicated the formation of
ICs. In contrast, PD--CD crystals isolated from water showed an integral
ratio of 2.0 (host:guest = 1:1, theoretically, 7H/4H = 1.75), at a molar feed
ratio of 1:4, which is presumably due to the high solubility of PD (40 mg/
mL in water) in the free state. However, host-guest ratios of BAPE-B-CD
were varied with the increase of 3-CD molar amount. Also, different host-
guest ratios were observed between hot water and co-precipitation meth-
ods. This is probably due to the mixture ICs and excess f-CD. However,
B-CD integral ratio calculated from various molar feed ratio products of
BAPE-B-CD and BAPB-B-CD were randomly changing, which indicated
that an excess amount of B-CD was crystallized with ICs. Notably, a mix-
ture of ICs and excess 3-CD was obtained by solid-state grinding between
B-CD and BAPE or BAPB diamines at different grinding times (15, 30, 45,
and 60 min), confirmed by the ROESY NMR analysis. In this case, the add-
ition of a small amount of water and different grinding times were eval-
uated to overcome the issues of the slow diffusion problem of large guest
molecules (BAPE, BAPB, and BAPP).!**! In contrast, PD, ODA, and MDA
had readily formed ICs by the solid-state grinding method.

"H NMR and ">C NMR assay of ICs

"H NMR is an essential tool to study the structure of CD ICs."**) IC forma-
tion was evidenced by chemical shift changes of both aromatic protons and
the cavity protons due to the ring current effect of the aromatic system.*”!
Observed chemical shift changes and broadening of CD peaks can give
insight into the information of conformational changes of supramolecular
assemblies. Typically, six different proton peaks were assigned for B-CD in
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D,0, such as H; doublet at 4.92 ppm, H; doublet of doublet at 3.81 ppm,
H¢ multiplet at 3.72 ppm, Hs multiplet at 3.70 ppm, H, doublet of doublet
at 3.50 ppm, and H, doublet of doublet at 3.43 ppm, respectively (Fig. S2).
Despite the low water solubility of studied diamines, NMR measurement
(in D,O) was carried out to assign their proton peaks and to compare
them with ICs. To do so, each diamine was suspended in D,O and the vial
was heated at 80 °C for 24 h while stirring magnetically. ODA, BAPE, and
BAPB solutions were syringe filtered and subjected to NMR measurement.
Among the diamines, MDA, ODA, and PD spectra were recorded success-
tully (Figs. S2a-c). However, BAPE, BAPB, and BAPP diamines exhibited
very low-intensity peaks due to the low solubility in D,O. Furthermore, 'H
NMR of ODA-B-CD, MDA-B-CD, BAPE-B-CD, BAPB-B-CD, PD-B-CD
crystals was recorded in D,O (Figs. S2d-h). However, BAPP-B-CD was
recorded in DMSO-ds due to low solubility in D,O (Figs. S2d-n). Complex
induced chemical shift changes were listed in Table 1. Host-guest ratios of
ICs were calculated from integral ratios (Table S1). Further, "H NMR titra-
tion method was used to study the ICs formed between B-CD and some
diamines (MDA, PD, and BAPE) (Figs. S2j—m). Significant shifts in the 'H
NMR resonances of the cavity protons (H; and Hs) of B-CD were observed
in MDA-B-CD ICs prepared by all three methods, indicating a conform-
ational change of B-CD upon ICs formation (Figs. 1A-F). Notably, the big-
gest up-field shifts for H; and Hs protons were observed with Hs cavity
protons located along the narrow rim, indicating shallow penetration of the
guest molecules inside the cavity. Also, the methylene protons of MDA
have suffered a significant up-field shift with suppression of intensity by
the cavity protons of B-CD. However, no significant difference in chemical
shifts was observed among the three preparation methods as well as direct
mixing of equimolar amounts of MDA and B-CD in D,O, indicating the
identical complex structure (Figs. 1C-F). In contrast, a mixture of IC and

Table 1. Complexation-induced chemical shift changes (CICS = Snost — dcomplex) Of the ICs. H;
and Hs are cavity protons whereas H; and Hg are outer protons.

Changes of chemical shifts of 3-CD

Compounds and method? H, Hs Hs He

ODA-B-CD (HW) 0.0079 0.1175 0.2594 0.0750
ODA-B-CD (CP) —0.0076 0.1044 0.2432 0.0617
ODA-B-CD (SG) 0.0131 0.1213 0.2757 0.0799
MDA-B-CD (HW) —0.0261 0.0566 0.2357 0.0678
MDA-B-CD (CP) —0.0290 0.0495 0.2315 0.0645
MDA-B-CD (SG) —0.0388 0.0367 0.2296 0.0495
PD-B-CD (HW) —0.0041 0.0077 —0.0024 0.0268
PD-B-CD (CP) 0.0036 0.0284 0.0429 0.0124
PD-B-CD (SG) —0.0046 0.0068 —0.0029 0.0254

The negative sign indicates the downfield shift (deshielding).
*Abbreviations for the three preparation methods: mixing in hot water (HW), co-precipitation (CP), and solid-
state grinding (SG).
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Figure 1. '"H NMR spectra (400 MHz, in D,0, 298K, internal standard DSS-dg) of (A) B-CD (B)
MDA and MDA-B-CD prepared by three methods, such as (C) mixing in hot water (D) co-pre-
cipitation (E) solid-state grinding for 15 min (F) mixing equimolar amount of MDA and B-CD in
D,0 (G) MDA-B-CD complex mixture obtained from molar feed ratio 3:1 (Host: Guest).

excess components obtained from molar feed ratio 3:1 (Host:guest) was
lack of complete chemical shift changes due to an excess amount of B-CD
(Fig. 1G). Similarly, "H NMR titration of MDA by B-CD indicated an ini-
tial increase of chemical shift of Hs protons at molar ratios of MDA/B-CD
at 0.94 followed by a decrease at 0.47, 0.31, 0.24, and 0.19 (Fig. S2j).

A similar trend of chemical shift changes was observed in the 'H NMR
titration spectra of PD and B-CD (Fig. S2k). However, BAPE and B-CD
titration spectra recorded at 25 and 80°C showed a well resolved up-field
shift of methylene proton peaks (Figs. S2I,m). Further, '"H NMR titration
graphs plotted based on chemical shift changes of B-CD protons indicated
the formation of 1:1 complex between B-CD and some diamines, such as
MDA, PD, and BAPE (Figs. S2n-p). However, the largest up-field shifts
among the studied diamines were observed for Hs protons of ODA-B-CD
ICs, indicating the change of symmetry of ODA inside the B-CD cavity
(Table 1, Fig. S2e). The integral ratio of MDA-B-CD prepared by the molar
feed ratio of MDA:B-CD (1:1 and 1:2.0) was found to be 0.88 and 1.01,
indicating that the 1:1 complex was formed (Table S1). Similar integral
ratios (0.90 and 0.96) were observed for ODA-B-CD ICs prepared at a
molar feed ratio of ODA: B-CD (1:1 and 1:1.5). On the other hand, small
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chemical shift changes were observed in BAPE-B-CD and BAPB-B-CD
due to the mixture of ICs and excess B-CD.!***"] Integral ratio calculation
reveals the host-guest ratio of BAPE-B-CD prepared by mixing in water
and co-precipitation methods are 3:1 and 5:1, which was associated with
high B-CD content in the complex mixture. Such high ratio complexes are
also associated with low solubility of BAPE and high solubility of B-CD.
Despite the host-guest ratios of 3:1 and 5:1, only equivalent proton peaks
were observed for the monosaccharide pattern of B-CD, which was prob-
ably due to the fast equilibrium between association and dissociation rela-
tive to the NMR time scale.”® Also, it was reported that CD motion
around the guest causes the average monosaccharide pattern of CD in the
NMR spectrum.?®! Further, low-temperature (up to 5°C) NMR measure-
ment was not successful to separate a mixture of proton peaks except for
peak broadening due to the viscosity effect. However, a combined '"H NMR
(in D,0) spectra of BAPE, a mixture of BAPE and B-CD, and BAPE-3-CD
solid product obtained by mixing in water were used to evaluate the mix-
ture of products (Fig. S2g). Typically, BAPE showed extremely low-inten-
sity aromatic peaks due to low solubility in water. In contrast, an
equivalent mixture of BAPE and B-CD in D,O at 25°C showed a host and
guest ratio of 4.1 due to soluble fraction containing IC and excess B-CD.
Similarly, a host and guest ratio of 3.6 was observed in BAPE-B-CD pre-
pared by mixing in hot water at 80°C. However, a high temperature is
required to increase the complexation rate and yield.

On the other hand, PD-B-CD prepared at molar ratios 1:1 and 1/2:1 showed
less intense aromatic peaks in the "H NMR spectrum owing to the full coverage
of PD by the B-CD.""") Hence, the host-guest ratio calculation remains ambigu-
ous. In contrast, aromatic proton peaks of PD-B-CD solid prepared at a molar
feed ratio of 1:4 (B-CD: PD) were well resolved and the integral ratio was
found ~2.0 (theoretically 1.87), indicating a host-guest ratio of 1:1 in PD-B-CD
ICs (Fig. S2h). However, the host-guest ratio of BAPP-B-CD (in DMSO-dy)
prepared by mixing in hot water was found to be 1:1, which is presumably due
to the 3D bend structure of BAPP (Fig. S2i). Such structural strain could
inhibit the multiple B-CD threading as well as low water solubility of the ICs.
However, a host-guest ratio of 1:2 was found for BAPP-B-CD prepared by the
co-precipitation method due to a mixture of IC and excess $-CD aggregation.
Notably, there is a possibility of B-CD threading onto -C(CH3),- groups.

In the meantime, complexation-induced '>C NMR chemical shift changes
were also observed in the ICs (Fig. S3). In the >C NMR of ODA-B-CD and
MDA-B-CD ICs, significant downfield chemical shifts of the cavity carbons
(C3 and C5) were observed due to the threading of B-CD onto ODA and
MDA (Figs. S3a-d). However, a significant up-field shift was observed for
PD-B-CD ICs, which is indicating that the relative position of PD at the
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narrow rim (Fig. S3). Also, it was reported that guest molecules, such as ben-
zoic acid having in-depth penetration in the CD cavity undergo shielding of
C NMR peaks.”! However, chemical shift changes of the cavity carbons
were barely observed for the mixture of products obtained from BAPE, and
BAPB with high B-CD content.

"H-"H ROESY NMR analysis of ICs

Furthermore, "H-"H ROESY NMR spectroscopy was used to estimate the rela-
tive position of guest molecules inside the B-CD cavity of ICs. This experi-
ment reveals the interactions between the CD cavity and the guest molecules.
In the ROESY spectrum of MDA-B-CD ICs (1:1 prepared by mixing in hot
water) in D,0, a strong correlation was observed between the aromatic pro-
tons at 6.83 (Hq) and 6.66 (Hp) ppm and the B-CD cavity protons at 3.75
(H;) and 3.47 (Hs) ppm, confirming the threading of MDA inside the B-CD
cavity (Fig. 2A). Apart from the cavity protons, a strong correlation was
observed between aromatic protons and Hg protons linked to the narrow rim
of the B-CD, indicating the in-depth penetration of guest molecules inside the
B-CD cavity. Similarly, in 'H-'"H ROESY spectrums of ODA-B-CD ICs,
strong cross-peaks were observed (Fig. S4). Conversely, a small correlation
was observed between aromatic protons at 6.81 (Hqg) and 6.46 (Hp) ppm and
the B-CD cavity proton at 3.55 (Hs) ppm in 'H-'H ROESY spectrum
(DMSO-ds) of MDA-B-CD ICs, indicating the dissociation of MDA from the
cavity (Fig. 2B). Additionally, a simple mixture of B-CD and some diamines
(MDA, PD, BAPE, and BAPB) in D,O exhibited correlation peaks in 'H-'H
ROESY analysis. However, correlation peaks were not observed for a simple
mixture of B-CD and ODA or BAPP at 25°C due to the low solubility and
slow diffusion of those diamines in D,O. On the other hand, strong inter-
action was observed between cavity protons and aromatic protons of
BAPE-B-CD and BAPB-B-CD complexes prepared by the three methods,
indicating the formation of ICs in the solid products (Fig. 2D and Fig. S4a).
Both diamines were found to be deeply penetrated in the B-CD cavity, con-
firmed by the correlation peaks between aromatic protons and both Hs and
He. Notably, instead of two separate pairs of proton peaks, a coalesced peak
was observed in BAPE-B-CD, that covered the entire aromatic protons, likely
due to different IC conformations in D,O (Fig. 2D).?7!

Further, BAPE-B-CD complexes prepared by solid-state grinding at 15,
30, 45, and 60 min were subjected to ROESY analysis. In the ROESY spec-
tra, identical correlation peaks were observed (Fig. S4b). Additionally,
ROESY analysis of BAPE-B-CD complex prepared by 15min grinding was
carried out by varying dissolution time to investigate the effect of dissol-
ution time on correlation peak pattern of ICs. No significant change was
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Figure 2. "H-"H ROESY NMR spectra of MDA-B-CD complex recorded (A) in D,O (B) in DMSO-
ds, (C) PD-B-CD in D,0), and (D) BAPE-B-CD in D,0). ROESY spectrum was recorded by dissolv-
ing each complex in D,0 for 10 min (analysis time 50 min).

observed with the increase of dissolution time, indicating the existence of
ICs in the solid grinding mixture (Fig. S4c). Similarly, ROESY spectra of
BAPB-B-CD complexes prepared by 15 and 30 min grinding times showed
significant correlation peaks between cavity protons and aromatic protons
(Fig. S4d). On the other hand, intense cross-peaks were observed between
aromatic protons of PD and H; cavity protons of 3-CD, indicating the rela-
tive position of PD at the narrow rim of the B-CD cavity (Fig. 4C). In the
ROESY spectrum of BAPP-B-CD in DMSO-ds, no correlation peak was
observed owing to the dissociation of B-CD in a polar solvent (Fig. S4e).

FTIR analysis of ICs

FTIR was used to study the ICs obtained by three different methods. In the
ICs, the guests were stabilized in the CD cavity, leading to different vibra-
tional modes in the IR region."® A representative FTIR spectrum of
MDA-B-CD ICs (Fig. 3) was used to evaluate ICs. In the FTIR spectra, the
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Figure 3. FTIR spectra of (A) B-CD, (B) MDA, and MDA-B-CD prepared by (C) mixing in hot
water, (D) co-precipitation, and (E) SO|Id state grinding for 15 min.

OH stretching band was predominated over the NH stretching band at
~3413cm ™. Similarly, the intensities of the aromatic stretching band at
~1513cm™ ', CN stretching band at ~1272cm™ ', and aromatic CH bend-
ing at ~801 cm™' were decreased due to the low concentration of aromatic
diamines in the MDA-B-CD ICs. Moreover, various non-bonding interac-
tions, such as hydrophobic, hydrogen bond, and electrostatic interactions
between host and guest lead to the minimization of the energy of the local-
ized part of the guest, thus decreasing the intensities of corresponding
bands.!"® In contrast, the aromatic stretching band at ~1499cm™"' and CN
stretching band at ~1196cm™' for ODA-B-CD ICs (1:1) prepared by three
methods were well resolved (Fig. S5). On the other hand, an extra band at
1071cm ™" of BAPE and 1046cm™ ' of BAPB due to characteristic ether
(COC) bond stretching was overlapped by the COC stretching of B-CD
(Figs. S5a,b). However, FTIR patterns of both PD-B-CD and BAPP-B-CD
were found similar to other diamine complexes (Figs. S5¢,d). To distinguish
between the physical mixture and solid ICs, a physical mixture was
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prepared by grinding B-CD and diamines for 1 min without crystallization.
A distinguishable feature was observed between ODA-B-CD and MDA-p-
CD ICs prepared in hot water and a physical mixture of ODA and B-CD
(Fig. S5e). In this figure, NH stretching and OH stretching appeared as an
overlapping band. Also, in this spectrum, aromatic CH bending at
~801 cm ™' was not suppressed by the B-CD, which indicated the physical
aggregation of B-CD and diamines."®! To confirm the distribution of
B-CDs and aromatic diamines in the isolated products, different portions
of the two different ICs of ODA-B-CD (1:1) and MDA-B-CD (1:1) were
subjected to FTIR assay (Figs. S5f,g). No significant difference was observed
in the fingerprint region.

XRD analysis of ICs

The XRD diffraction pattern of B-CD comprises numerous crystalline peaks
in 20 range of 10-30°, including two characteristic peaks at 10.8 and 12.7°
due to cage-type structure.'®**) Also aromatic diamines showed characteris-
tic crystalline peaks in the 20 range of 10-30°. Notably, instead of numer-
ous crystalline peaks, two types of broad peaks were observed for MDA-f3-
CD (1:1) ICs at 20=11.7°, 17.7° (in hot water), 11.3°, 17.6° (co-precipita-
tion) and 11.4°, 17.6° (solid-state grinding), indicating that identical crystal
structures (channel-type structures) of ICs were produced by three methods
(Fig. 4). Identical XRD diffraction patterns of MDA-B-CD ICs prepared by
three methods were presumably due to 1:1 ICs being subjected to XRD
analysis as well as similar crystallization procedures and drying conditions
used to obtain ICs crystals. Similarly, ODA-B-CD ICs showed two types of
diffraction peaks at 20 =11.5, 17.5; 11.7, 18.2, and 11.6°, 17.7°, indicating
the characteristic channel-type structure (Fig. S6). In contrast, BAPE-B-CD
and BAPB-B-CD exhibited two characteristic peaks at 10.8 and 12.7° asso-
ciated with a cage-type structure (Figs. S6a,b). This is possibly derived from
the mixture of ICs and B-CD. However, It was reported that the crystal
structure of B-CD and 4-[2-(4-aminophenyl)ethyl]-benzenamine complex
comprises dimeric stacking.”’! Also, an earlier report of a-CD-methyl
orange (2:1) complex comprises four possible superposition structures.'*®
On the other hand, PD-B-CD prepared by mixing in hot water and in
solid-state grinding were found to form channel-type structures, confirmed
by characteristic peaks at 11.9, 12.0, 17.7, and 18.8° (Fig. S6¢c). In contrast,
the cage-type structure was observed for PD--CD prepared by the co-pre-
cipitation method, which is possibly due to the cage-type arrangement of
B-CD. Typical, channel-type peaks at around 11.1 and 17.7° were observed
for BAPP-B-CD prepared by hot water method and solid-state grinding
method (Fig. S6d). However, a different XRD pattern was observed for
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Figure 4. XRD patterns of (A) B-CD, (B) MDA, and MDA-B-CD prepared by (C) mixing in hot
water, (D) co-precipitation, and (E) solid-state grinding for 15 min.

BAPP-B-CD prepared by the co-precipitation method due to a mixture of
ICs and B-CD. Further, a cumulative XRD pattern was represented to dis-
tinguish between the physical mixture and solid ICs of B-CD with ODA
and MDA (Fig. S6e). In this figure physical mixture exhibited an overlap-
ping diffraction pattern different from solid ICs. It is worth mentioning
that solid crystals of all the ICs except BAPP--CD were obtained from
the filtrate portion, which could reduce the emergence of unwanted peaks
generated from the insoluble portion (diamines). However, there is a possi-
bility of the emergence of unthreaded B-CD peaks with ICs prepared by a
high molar feed ratio.

Determination of complexation stoichiometry by Job’s method

Job’s plot was used to determine the host-guest ratio of ICs in the solu-
tion.?”! To do so, the total concentration of aromatic diamines and B-CD
were kept constant and the molar concentration of both aromatic diamines
and B-CD was changed. UV analysis was carried out for a series of com-
plex mixtures containing mole fraction range 0.1-0.9 of each component.
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Figure 5. Job's plot of MDA-B-CD, ODA-B-CD, BAPE-B-CD, and PD-B-CD.

Stoichiometry of the ICs was determined by plotting the mole fraction of
aromatic diamines vs. absorbance difference in a graph. The largest changes
in absorbance were observed for ODA/B-CD, MDA/B-CD, BAPE/B-CD,
and PD/B-CD at mole fraction 0.5, indicating the 1:1 host-guest complexes
were formed (Fig. 5).1'8) Further, NMR titration of PD/B-CD, MDA/B-CD,
and BAPE/B-CD complexation study confirmed the formation of 1:1 ICs.
On the other hand, a 1:1 complex was observed between BAPP and B-CD,
which is presumably due to the 3D bend structure of BAPP that constrain
the threading of multiple B-CD (Fig. S7). Similarly, a coverage ratio of 1:1
was observed in the "H NMR spectrum of BAPP-B-CD prepared by mixing
in the hot water method indicating the IC structure of BAPP-B-CD (Fig.
S2r). Similarly, BAPB/B-CD stoichiometry was also found 1:1 (Fig. S7).
Notably, UV analyses of BAPE, BAPB, and BAPP were carried out in 40%
THE due to low solubility and precipitation problems in water. The high
percentage of THF could limit the actual threading yield. Experimental
conditions and UV spectrums were represented in supporting information
(Table S2 and Figs. S7a-f).

Elemental analysis results of ICs

Elemental analysis was used to confirm the compositions of each molecule
and coverage ratios of the IC crystals. In the elemental composition, the
presence of nitrogen indicated IC formation between B-CD and aromatic
diamines. Notably, a certain amount of water was embedded in the IC


https://doi.org/10.1080/07328303.2022.2068026
https://doi.org/10.1080/07328303.2022.2068026
https://doi.org/10.1080/07328303.2022.2068026
https://doi.org/10.1080/07328303.2022.2068026
https://doi.org/10.1080/07328303.2022.2068026
https://doi.org/10.1080/07328303.2022.2068026

646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688

16 M. J. HOQUE ET AL.

Table 2. Elemental compositions of ICs and mixture.
Compound Expected calculation (C/H/N/O)*  Experimental (C/H/N/O)® Coverage ratio of ICs (B-CD: guest)*

ODA-B-CD 46.7/6.4/2.0/45.0 46.6/6.4/2.0/45.0 11
Cs4HgaN5036-3H,0
MDA-B-CD 47.0/6.6/2.0/44.4 46.4/6.45/2.0/45.1 11
Cs5HgaN,035-4H,0
BAPE-B-CD 41.9/6.7/0.7/50.7 40.6/6.4/1.0/52.0 3:1 (mixture)
C40H226N20127-20H,0
BAPB-B-CD 42.8/6.6/0.6/50.7 40.1/6.5/0.7/52.8 4:1 (mixture)
Ci84H206N20142-10H,0
PD-B-CD 45.1/6.5/2.2/46.3 46.4/6.5/2.0/45.1 11
CagH7gN5035-2H,0
BAPP-B-CD 48.0/6.9/1.6/43.6 48.2/5.9/1.7/44.2 1:1

CeoHogN2037-10H,0

?Calculated from formulas including water.
PDetermined by elemental analysis.
“Coverage ratio was calculated based on experimental results.

crystals and mixture owing to the outer hydrophilic surface of the CDs.
Considering the number of CDs threaded onto the guest molecule and
hydrated water, the theoretical elemental compositions were calculated and
correlated with the experimental data (Table 2). From the experimental
elemental compositions, the coverage ratio or the number of guests
included in the host cavity was calculated. The PD--CD, ODA-B-CD,
and MDA-B-CD ICs showed a 1:1 coverage ratio, which is consistent with
the coverage ratio calculated by 'H NMR measurement and Job’s plot
method. The BAPP-B-CD showed a coverage ratio of 1:1, indicating one
B-CD threaded onto one BAPP. Also, Job’s plot determination reveals the
host-guest ratio of 1:1 between B-CD and BAPP. Despite the possibilities of
two B-CD threading, a 1:1 complex of BAPP-B-CD was observed. This is
probably due to the 3D bend structure of BAPP diamine as well as the
polar solvent effect. In contrast, BAPE-B-CD and BAPB-B-CD showed
coverage ratios of 1:3 and 1:4, respectively, which differed from the initial
feed ratios (1:1, BAPE: B-CD and 1:2, BAPB: B-CD). Such high B-CD con-
tent is associated with a mixture of ICs and excess amounts of B-CD. The
host: guest integral ratios in the "H NMR spectra indicated similar coverage
ratios (Figs. S2g-i).

DSC analysis of ICs

DSC analysis is broadly used to study the interactions of various compo-
nents of CDs ICs. ICs formation can be evidenced by the change in peak
positions or evolution of new peaks. The melting behavior of the ICs was
studied by DSC analysis. Typically, distinct sharp melting peaks are
observed for aromatic diamines. In general, CDs crystals are in the
hydrated state containing both cavity water and outer surface water. CDs
dissolution in water is an endothermic process. Therefore, a broad
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Figure 6. DSC spectra of (A) B-CD, (B) MDA, and MDA-B-CD prepared by (C) mixing in hot
water, (D) co-precipitation, and (E) solid-state grinding for 15 min.

endothermic peak was observed at ~118.7°C due to the dissolution of
hydrated B-CD crystals (Fig. 6).°"*?! In the B-CD thermogram, a small
endothermic peak was observed at ~216.0°C, which could be associated
with a small transformation. Typically, B-CD threading onto diamines
causes suppression of diamine peaks.!'® Therefore, no sharp melting peak
was observed for MDA-B-CD ICs prepared by three methods. However, a
broad peak was observed for MDA-B-CD ICs due to the desorption of
residual water from hydrated crystals during heat flow. Instead of the
second endothermic peak of B-CD, an exothermic peak was observed for
MDA-B-CD ICs, which reveals the topological transformation by the inclu-
sion of aromatic diamines.'***! Similar phenomenon was observed for
ODA-B-CD ICs (Fig. S8). Instead of, sharp melting peaks a broad peak at
112.6 °C difference from the B-CD peak was observed for BAPE--CD pre-
pared in hot water (Fig. S8a). In contrast, a small sharp peak stemmed in
BAPE-B-CD prepared by co-precipitation, which is possibly due to par-
tially threaded BAPE. Notably, major DSC peaks of BAPE-B-CD and
BAPB-B-CD prepared by solid-state grinding methods were identical with
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B-CD, which reveals that the total composition was B-CD (Figs. S8a,b).
Moreover, solid-state grinding produced a very small amount of threaded
BAPE and BAPB. On the other hand, no typical sharp melting peak of PD
and BAPP diamine was observed in DSC thermograms of PD--CD and
BAPP-B-CD, which indicated the B-CD threaded structure of BAPP--CD
(Fig. S8d).

TGA analysis of ICs

TGA measurement was carried out to study the weight loss and decompos-
ition phenomenon of ICs. TGA thermograms of the studied diamines,
B-CD, and ICs were represented in supporting information (Figs. S9a-e).
About 99% weight loss was observed for all studied diamines up to tem-
perature 500°C except PD, in which total degradation occurred within
250°C. In contrast, B-CD showed two weight-loss areas, ~11.0% initial
weight loss at 109°C was observed due to loss of cavity water and outer
surface water followed by ~68.7% weight loss at 500 °C to furnish residual
char. CD degradation involves the desorption of both cavity water and
outer surface water above 100 °C followed by ring-opening (loss of glyco-
sidic linkages), dehydroxylation (tar formation), and carbonization (char
formation) at 200-500 °C.1*"**)' All the ICs exhibited two major weight loss
areas in the range of 200-400°C, leading to total weight losses of 60-70%,
which is less than observed for the individual diamine and B-CD, indicat-
ing that the distribution of aromatic diamines and B-CD in the total com-
position of ICs. Notably, about 52-58% weight loss was recorded for
PD-B-CD prepared by three methods. In this case, the final degradation
temperature of PD-B-CD was larger than the PD degradation temperature.
In contrast, up to ~70% weight loss was observed for BAPP-B-CD at
400 °C, which is less than the total weight loss of BAPP. Notably, the final
degradation temperature of BAPP is higher than ICs prepared by
three methods.

Conclusion

In this paper, a comparative study of ICs formation between B-CD and
some aromatic diamines has been carried out by mixing in hot water, co-
precipitation, and solid-state grinding to rationalize the most suitable
method. Among three methods, ICs formation by mixing in hot water was
found to be reliable as in this case co-solvent was avoided and a simple
synthesis process was adopted. Solid-state grinding is also an effective
method of B-CD-ICs formation of studied diamines. However, low yield
and the mixture of IC and excess components are two issues for large guest
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molecules. In such cases, a combination between solid-state grinding and
mixing in hot water could be further investigated. The overall spectroscopic
assessment confirmed the ICs formation between B-CD and aromatic dia-
mines (PD, ODA, and MDA). However, a mixture of B-CD and IC was
observed for BAPP, BAPE, or BAPB, which could be further assessed for
purification. In many cases, the co-precipitation method is chosen preferen-
tially as a synthesis process of ICs of sparingly soluble guests with CDs
host before study in water or solid-state grinding methods. In those cases,
ICs formation could be studied in water. It is worth noting that, the ICs
we studied could be potentially studied for the preparation of the nitrogen-
based thermosetting polymer. Further ICs formation of ODA could be
studied to purify ODA from a crude mixture in the industrial process.

Materials and methods
Materials

ODA, BAPP, and PD were purchased from TCI and had purities of >98%.
BAPE and BAPB are prepared according to the procedure mentioned in
the reference.'* MDA and B-CD were purchased from Kanto Chemical
Co., Inc.

Synthesis procedure of ICs by mixing in hot water method

A 100-mL big neck oval-shaped round-bottom flask, B-CD (2.85g,
2.51 mmol) was dissolved in 30 mL deionized water at 80 °C in an oil bath
for 15min to stabilize. ODA (0.50g, 2.49 mmol) was added portion-wise
(five portions, ~0.10g portion each time) as solid to the flask at 30 min
intervals and stirred magnetically at high-speed. After adding the final por-
tion reaction continued for two different times, such as 6 and 24 h, respect-
ively at 80°C. Flask was cooled to room temperature (24°C). The ODA-
B-CD complex solution was filtered and washed with an extra 6-8 mL of
deionized water then transferred into a petri dish by a pipette and concen-
trated by heating at 50 °C (4-5ml solution or maintaining the saturation
level). After that, the concentrated solution was transferred into a round
bottom flask and kept for crystallization in the refrigerator. To avoid the
loss of complex solution in petri dish evaporation, another process was
introduced to evaporate excess water by air blowing on the liquid surface
by using a small diaphragm pump. In this process, a complex solution
cooled to 24°C was filtered, and washed with 6-8 mL of deionized water
into a 100 ml round bottom flask and to the liquid surface air blown by a
small diaphragm pump while stirring magnetically at 50 °C. Crystallization
was observed after 1h and continued for 48h then filtered and washed by
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6-8 mL deionized water then dried initially in the rotary evaporator at
50°C then under a vacuum of 1.1 torrs, at 40°C for 24 h. After filtering
the crystal filtrate again concentrated to 6-8 mL and kept in the refrigerator
to obtain further crystallization. Less than 5% of crystals were isolated for
ODA-B-CD in the second crystallization. Notably, to obtain good crystals
small portion of the filtered complex solution is stored in the test tube for
15-30days. Similar, the procedure adopted for PD-B-CD, MDA-B-CD,
BAPP-B-CD, BAPE-B-CD, and BAPB-B-CD. Notably, a clear solution was
observed during the complexation reaction of ODA-B-CD, MDA-B-CD,
BAPE-B-CD, BAPB-B-CD, PD-B-CD at 80 °C except BAPP-B-CD in which
precipitation occurred during the complexation process. Apart from that
some ratio complexes of ODA-B-CD (host: guest, 1:1, 1.5:1, 2:1, 2.5:1, and
3:1) and BAPE-B-CD (host: guest, 1:1, 2:1, 2.5:1, and 3:1) were prepared by
similar procedure and weight percent yield is calculated based on integral
ratio (IgR) factor of anomeric protons to aromatic protons and tabulated in
the Table S1.

Synthesis procedure of ICs by co-precipitation method

A 50-mL big neck oval-shaped round-bottom flask, B-CD (0.29g,
0.25mmol) was dissolved in 7mlL deionized water and heated at 50°C in
an oil bath for 15min to stabilize then cool to room temperature. ODA
(0.05g, 0.25mmol) was dissolved in 3mL methanol. ODA mixture was
added into B-CD solution by a pipette dropwise while stirring magnetically.
The reaction mixture was kept stirring at 24°C for 24h. After 24h the
mixture turned into a hazy mixture. The resultant mixture was kept for
precipitation in the refrigerator for 48h. The precipitate was filtered and
rinsed with 4 mL water then dried initially in the rotary evaporator at 50 °C
and then under vacuum for 24h. The resultant solid IC was collected and
used for spectroscopic assessment.

Synthesis procedure of ICs by solid-state grinding method

B-CD (0.36¢g, 0.31 mmol) and ODA (0.06g, 0.31 mmol) were taken in a
mortar and added 0.25mL of water to that mixture. The resultant slurry
mixture was ground by a pastel for 15 min. Notably, every 3 min solid mix-
ture was accumulated by spatula. After 15min the solid mixture was col-
lected in a 50 mL flask. The remaining solid in the mortar and pastel was
rinsed with 1 mL water three times then the total mixture was suspended
in 7mL water to make a 10 mL volume. The resultant solution was heated
at 50°C in an oil bath for 30-60 min to solubilize the ICs. The suspension
was filtered after cooling at room temperature then concentrated in a 4 ml
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solution and kept in the refrigerator for crystallization. Crystals appeared
within 5h and continued for a further 48h. Crystals were filtered and
rinsed with 4 mL of water and dried initially in the rotary evaporator at
50 °C then under a vacuum of 1.1 torrs, at 40 °C for 24 h.

Methods

'"H (400.13MHz) and "*C (100 MHz) NMR spectra were recorded on a
Bruker Advance Ultra Shield 400 (400.13 MHz) instrument (Bellerica, USA)
using D,O with 2,2-dimethy-2-silapentane-5-sulfonate-ds sodium salt (DSS-
de) as internal standard and DMSO-ds solvents with tetramethylsilane as
internal standard. Data for 'H NMR are reported as chemical shift (5
ppm), multiplicity (s=singlet, d=doublet, t=triplet, q=quartet,
m = multiplet), coupling constants (Hz), integration. Further, 2D ROESY
NMR was recorded in both D,O and DMSO-d, solvents to observe the cor-
relation peaks. Elemental analysis was carried out on an EA1112 elemental
analyzer (Thermo Electron, USA). Wide-angle XRD patterns of powder
samples were recorded under ambient conditions on an XRD RINT-2200
instruments (Rigaku, Japan) equipped with a Cu K (4=1.54A) source.
DSC measurements were performed on a DSC-60 pulse instrument
(Shimadzu, Japan) at a heating rate of 10°C/min and an Ar flow rate of
25mL/min using a temperature range of 40-300 °C. TGA-DTA (DTG-60A,
Shimadzu, Japan) measurements were performed in a flow of Ar (25mL/
min) at a heating rate of 10°C/min within a temperature range of
30-400 °C. Solid-state FTIR spectra were recorded on an FT/IR-6300 spec-
trometer (JASCO Corporation, Japan; power = 180 W, working range =
700-4000 cm ™', 92 scans accumulated) at 25°C using the ATR method.
UV spectra were recorded on a UV spectrophotometer (V-630 spectropho-
tometer, JASCO Corporation, Japan).
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