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ABSTRACT: Imidazole derivatives and alkylamines are very useful as hardeners of epoxy resins. These amine

compounds form inclusion complexes with 1,1,2,2-tetrakis(4-hydroxyphenyl) ethane (TEP). When these amine-con-

taining inclusion complexes are reacted with epoxy resins, curing acceleration, pot life extension, and higher curing

temperatures are observed.

An explanation for this curing behavior is that guest molecule ‘‘amine compounds’’ are trapped in inclusion complex

crystals. X-Ray crystal structure data shows the existence of O-H–N hydrogen bonding between host and guest mole-

cules. With the imidazole molecule in the inclusion complex, hydrogen bonding prevents easy attack of the epoxy ring.

Amine-TEP inclusion complexes show these enhanced curing behaviors when reacted with epoxy resins.

[doi:10.1295/polymj.PJ2006224]
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Epoxy resins have important roles in adhesives,
sealants, coatings, etc.,1 and their importance will only
increase in the future. The properties of epoxy resins
depend on both the structures of the epoxy monomers
as well as those of hardeners. Imidazole derivatives
and alkyl diamines are representative epoxy resin
hardeners.1 There are various methods of altering
the reactivity of the hardener: one is design of molecu-
lar structure, and another is the formation of the com-
plexes with acidic compounds. Therefore, many imid-
azole and alkyl diamine-acidic compound complexes
have been proposed. For example, a phenol-1,8-diaza-
bicyclo[5,5,0]undec-7-ene complex and its imidazole–
carboxylic acid derivative have been reported.1

Our recent efforts have revolved around a study of
inclusion complexes as stabilized guest molecules.2,3

The formation of inclusion complexes enables an al-
ternation of the properties of the trapped guest mole-
cules within the inclusion complexes.4,5

We have reported that 1,1,2,2-tetrakis(4-hydroxy-
phenyl) ethane (1a) forms inclusion complexes with
many organic solvents.2 Furthermore, these inclusion
complexes make it possible to stabilize unstable mole-
cules, or to control the very strong activity of the
guest. For instance, the stimulating property of 5-
chlroro-2-methyl-4-isothiazoline-3-one (CMI) used
as a bactericide, is weakened by forming an inclusion
complex with 1a.3 Consequently, these phenol-type
inclusion complexes are proposed as one approach

to stabilize the epoxy resin hardener. This report de-
scribes the use of 1,1,2,2-tetrakis(4-hydroxyphenyl)
ethane (1a), 1,1,2,2-tetrakis(3-methyl-4-hydroxyphen-
yl) ethane (1b), and 1,1,2,2-tetrakis(3,5-dimethyl-
4-hydroxyphenyl) ethane (1c) as host molecules
(Figure 1), forming inclusion complexes with various
amine molecules. The reactivities of these amines are
lowered by the protective effect of hydrogen bonding
between the host molecule and the nitrogen atom of
the guest molecule confined in the crystal lattice con-
structed by the hydrogen bonding between hosts.
When these 1a amine-containing inclusion com-
plexes are used as epoxy hardeners, the starting points
of the curing temperatures are shifted higher, and cur-
ing acceleration based on hydrogen bonding is ob-
served.
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Figure 1. The host compounds.
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EXPERIMENTAL

General
1H NMR measurements were performed using

JEOL JNM ECP 500, JEOL EX 270, and Bruker
AMX-400 instruments. X-Ray diffraction (XRD)
was measured using a JEOL JDX-8020. Thermogravi-
metric-differential thermal analysis (TG-DTA) was
performed using a RIGAKU Thermo plus TG-8120,
and the differential scanning calorimetry (DSC) was
measured with a RIGAKU Thermo plus TG-8230.
The epoxy monomer (4) was purchased from TOHO
KASEI Co., Ltd. The imidazoles and alkyldiamines
were purchased from Tokyo Chemical Industry Co.,
Ltd., and Wako Pure Chemicals Industries Ltd. The
solvents were used without further purification.

Preparation of 1a (1,1,2,2-tetrakis(p-hydroxyphenyl)
ethane)
A 40% glyoxal aqueous solution (29.0 g, 200

mmol), phenol (94.1 g, 1000mmol), and glacial acetic
acid (120.0 g, 2000mmol) were mixed at �10 �C. To
the resulting solution, sulfuric acid (78.5 g, 800mmol)
and phosphoric acid (19.6 g, 200mmol) were added
dropwise at �10 �C. After addition of the two acids,
the solution was stirred at 0 �C for 4 h. The solution
was added slowly to water and crushed ice (600
mL), and the resulting solution was stirred at 70 �C
for 1 h. The precipitated solid was filtered, and the
solid was recrystallized using 1,4-dioxane. 1a was
obtained by drying under vacuum at 110 �C for 2 h.
(White powder, yield: 47 g, 57%), mp. 315–317 �C,
1H NMR (400MHz, CD3OD) � 6.981 (d J ¼ 8:6Hz,
8H, Ar-H), 6.509 (d, J ¼ 8:6Hz, 8H, Ar-H), 4.529
(s, 2H, CH); 13C NMR (101MHz, CD3OD) � 155.8,
137.3, 130.6, 115.7, 56.4.

Preparation of 1b (1,1,2,2-tetrakis(3-methyl-4-hy-
droxyphenyl) ethane)
A 40% glyoxal aqueous solution (14.5 g, 100

mmol), 2-methyl-phenol (51.8 g, 480mmol), and gla-
cial acetic acid (60.0 g, 1000mmol) were mixed at
�10 �C. To the resulting solution, sulfuric acid (39.3
g, 400mmol) and phosphoric acid (9.8 g, 100mmol)
were added dropwise at �10 �C. After addition of
the two acids, the solution was stirred at 0 �C for
4 h. The solution was added slowly to water and
crushed ice (600mL), and then the resulting solution
was stirred at 70 �C for 1 h. The precipitated solid
was filtered, and the solid was recrystallized using
1,4-dioxane. 1b was obtained by drying under vacuum
at 110 �C for 2 h. (Reddish powder, yield: 17 g, 37%),
mp. 290 �C; 1H NMR (400MHz, CD3OD) � 6.843 (d
J ¼ 2:1Hz, 4H, Ar-H), 6.822 (dd, J1 ¼ 8:2Hz, J2 ¼

2:1, 4H, Ar-H), 6.455 (d, J ¼ 8:2Hz, 4H, Ar-H),
4.426 (s, 2H, CH), 2.029 (s, 12H, CH3);

13C NMR
(101MHz, CD3OD) � 153.8, 137.5, 132.2, 127.7,
124.7, 115.1, 56.3, 16.3.

Preparation of 1c (1,1,2,2, tetrakis(3,5-dimethyl-4-
hydroxyphenyl) ethane)
2,6-Dimethyl-phenol (122.0 g, 1000mmol), methyl

isobutyl ketone (14.0 g, 140mmol) and p-toluene sul-
furic acid (1.5 g, 8.7mmol) were mixed at 50 �C. To
the mixture solution, 40% glyoxal aqueous solution
(35.4 g, 240mmol) were added at 50 �C. After the ad-
dition of the 40% glyoxal aqueous solution, the solu-
tion was stirred at 60 �C for 2 h, at 100 �C for 4 h and
at 150 �C for 2 h to remove the water and methyl iso-
butyl ketone. After the water and methyl isobutyl
ketone were removed, the methyl isobutyl ketone
(140mL) was added again and the solution was stirred
at room temperature for 1 h. A precipitated yellowish
crystal was filtered. The obtained crystal was washed
with methyl isobutyl ketone and methanol, and 1c was
obtained by drying under vacuum for 2 h at 100 �C.
(Yellowish powder, yield: 39 g, 32%), mp. 310–
312 �C; 1H NMR (400MHz, CD3OD) � 6.929 (s,
8H, Ar-H), 4.613 (s, 2H, CH), 2.069 (s, 24H, CH3);
13C NMR (101MHz, CD3OD) � 151.4, 137.5, 129.3,
123.8, 55.1, 16.7.

PREPARATIONS OF INCLUSION COMPLEXES
CONTAINING IMIDAZOLES

Method A
Preparation of 1a.2a (imidazole) inclusion

complex. To a heterogeneous solution of ethyl ace-
tate (150mL) of 1a (7.96 g, 20mmol), imidazole
(2.99 g, 44 mmol) was added under reflux and the het-
erogeneous solution was stirred for 3 h. After 3 h, the
heterogeneous solution was left overnight at room
temperature, and the white powder obtained was fil-
trated and dried under vacuum for 4 h at 80 �C. The
1a.2a inclusion complex obtained was identified by
1H NMR, TG-DTA, and XRD. The inclusion ratio
of the 1a.2a inclusion complex was determined to
be 1:2 from the 1H NMR spectrum. The XRD peak
pattern of 1a.2a was apparently different from those
of 1a and 2a. (Yellowish crystal, yield: 92%. The re-
lease temperature of the guest was 177 �C based on re-
sults of the measurement of TG-DTA.

Preparation of 1a.2b (1-methylimidazole) inclusion
complex. 1a.2b was prepared according to a proce-
dure similar to that mentioned for 1a.2a. The inclu-
sion ratio of the 1a.2b inclusion complex was deter-
mined to be 1:2 from the 1H NMR spectrum. The
XRD peak pattern of 1a.2b was apparently different
from those of 1 and 2b. (White powder, yield: 93%)
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The release temperature of guest was 174 �C based on
the result of the TG-DTA measurement.
Preparation of 1a.2c (2-methylimidazole) inclusion

complex. 1a.2c was prepared according to a proce-
dure similar to that mentioned for 1a.2a. The inclu-
sion ratio of the 1a.2c inclusion complex was deter-
mined to be 1:2 from the 1H NMR spectrum. The
XRD peak pattern of 1a.2c was apparently different
from those of 1a and 2c. (White powder, yield: 94%)
The release temperature of the guest was 176 �C based
on the result of the TG-DTA measurement.
Preparation of 1a.2d (4-methylimidazole) inclusion

complex. 1a.2d was prepared according to a proce-
dure similar to that mentioned for 1a.2a. The inclu-
sion ratio of the 1a.2d inclusion complex was deter-
mined to be 1:2 from the 1H NMR spectrum. The
XRD peak pattern of 1a.2d was apparently different
from those of 1a and 2d. (White powder, yield: 94%)
The release temperature of the guest was 187 �C based
on the result of the TG-DTA measurement.
Preparation of 1a.2e (2-n-propylimidazole) inclu-

sion complex. 1a.2e was prepared according to a
procedure similar to that mentioned for 1a.2a. The in-
clusion ratio of the 1a.2e inclusion complex was de-
termined to be 1:2 from the 1H NMR spectrum. The
XRD peak pattern of 1a.2e was apparently different
from those of 1 and 2e. (White powder, yield: 95%)
The release temperature of the guest was 188 �C based
on the result of the TG-DTA measurement.
Preparation of 1a.2f (2-i-propylimidazole) inclu-

sion complex. 1a.2f was prepared according to a pro-
cedure similar to that mentioned for 1a.2a. The inclu-
sion ratio of the 1a.2f inclusion complex was
determined to be 1:2 from the 1H NMR spectrum.
The XRD peak pattern of 1a.2f was apparently differ-
ent from those of 1a and 2f. (White powder, yield:
93%) The release temperature of the guest was 180 �C
based on the result of the TG-DTA measurement.
Preparation of 1a.2g (2-methyl-4-methylimidazole)

inclusion complex. 1a.2g was prepared according to
a procedure similar to that mentioned for 1a.2a. The
inclusion ratio of the 1a.2g inclusion complex was
determined to be 1:2 from the 1H NMR spectrum.
The XRD peak pattern of 1a.2g was apparently differ-
ent from those of 1a and 2g. (White powder, yield:
91%) The release temperature of guest was 205 �C
based on the result of the TG-DTA measurement.
Preparation of 1a.2h (2-Phenylimidazole) inclu-

sion complex. 1a.2h was prepared according to a
procedure similar to that mentioned for 1a.2a. The in-
clusion ratio of the 1a.2h inclusion complex was de-
termined to be 1:2 from the 1H NMR spectrum. The
XRD peak pattern of 1a.2h was apparently different
from those of 1a and 2h. (White powder, yield: 92%)
The release temperature of the guest was 225 �C based

on the result of the TG-DTA measurement.
Preparation of 1a.2i (1-n-Butylimidazole) inclu-

sion complex. 1a.2i was prepared according to a pro-
cedure similar to that mentioned for 1a.2a. The inclu-
sion ratio of the 1a.2i inclusion complex was
determined to be 1:2 from the 1H NMR spectrum.
The XRD peak pattern of 1a.2i was apparently differ-
ent from those of 1a and 2i. (White powder, yield:
95%) The release temperature of the guest was 180 �C
based on the result of the TG-DTA measurement.

Preparation of 1a.2j (1-i-Butyl-2-methylimidazole)
inclusion complex. 1a.2j was prepared according to
a procedure similar to that mentioned for 1a.2a. The
inclusion ratio of the 1a.2j inclusion complex was de-
termined to be 1:2 from the 1H NMR spectrum. The
XRD peak pattern of 1a.2j was apparently different
from those of 1a and 2j. (White powder, yield: 92%)
The release temperature of the guest was 183 �C based
on the result of the TG-DTA measurement.

Method B
Preparation of 1a.2k (2-ethyl-4-methylimidazole)

inclusion complex. 1a (7.96 g, 20mmol) was dis-
solved in methanol (200mL) under reflux. To the
methanol solution of 1a, a methanol solution (50
mL) of the 2-ethyl-4-methylimidazole (2k) (4.85 g,
44mmol) was added dropwise. After adding of the so-
lution of 2k was completed, the solution was stirred
for 1 h and then was left overnight at room tempera-
ture. The precipitated yellowish crystal was filtrated
and dried under vacuum for 4 h at room temperature.
The obtained 1a.2k inclusion complex was identified
by 1H NMR, TG-DTA, and XRD. The inclusion ratio
of the 1a.2k inclusion complex was determined to be
1:2 from 1H NMR spectrum. The XRD peak pattern
of 1a.2k was apparently different from that of 1a.
Yield: 72%. The release temperature of the guest
was 191 �C based on the result of the TG-DTA meas-
urement.

Preparation of 1a.2l (1-benzyl-2-methylimidazole)
inclusion complex. 1a.2l was prepared according
to a procedure similar to that mentioned for 1a.2k.
The inclusion ratio of the 1a.2l inclusion complex
was determined to be 1:2 from the 1H NMR spectrum.
The XRD peak pattern of 1a.2l was apparently differ-
ent from that of 1a. (Yellowish crystal, yield: 72%)
The release temperature of guest was 211 �C based
on the result of the TG-DTA measurement.

Preparation of 1b.2l (1-benzyl-2-methylimidazole)
inclusion complex. 1b.2l was prepared according
to a procedure similar to that mentioned for 1a.2k
(1b (20mmol, 10.00 g, 2l (60mmol, 10.17 g)). The in-
clusion ratio of the 1b.2l inclusion complex was de-
termined to be 1:4 from the 1H NMR spectrum. The
XRD peak pattern of 1b.2l was apparently different

Curing Behavior of Epoxy Resin Initiated by Inclusion Complexes
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from that of 1b. (Yellowish crystal, yield: 21%). The
release temperature of the guest was 168 �C from the
result of the TG-DTA measurement.

PREPARATIONS OF INCLUSION COMPLEXES
CONTAINING ALKYLDIAMINES

Method A
Preparation of 1a.3b (1,3-diaminopropane) inclu-

sion complex. To a heterogeneous solution of ethyl
acetate (150 mL) and 1a (7.96 g, 20mmol), 1,3-diami-
nopropane (3.26 g, 44mmol) was added under reflux,
and the heterogeneous solution was stirred for 3 h.
After 3 h, the heterogeneous solution was left over-
night at room temperature and the obtained yellowish
powder was filtered and dried under vacuum for 4 h at
80 �C. The obtained 1a.3b inclusion complex was
identified by 1H NMR, TG-DTA, and XRD. The in-
clusion ratio of the 1a.3b inclusion complex was de-
termined to be 1:1 from the 1H NMR spectrum. The
XRD peak pattern of 1a.3b was apparently different
from that of 1a. (White powder, yield: 99%) The re-
lease temperature of the guest was 164 �C from the re-
sult of the TG-DTA measurement.
Preparation of 1a.3c (1,4-diaminobutane) inclu-

sion complex. 1a.3c was prepared according to a
procedure similar to that mentioned for 1a.3b. The in-
clusion ratio of the 1a.3c inclusion complex was de-
termined to be 1:1 from the 1H NMR spectrum. The
XRD peak pattern of 1a.3c was apparently different
from that of 1a. (Yellowish powder, yield: 96%)
The release temperature of the guest was 176 �C based
on the result of the TG-DTA measurement.
Preparation of 1a.3d (1,6-hyxyldiamine) inclusion

complex. 1a.3d was prepared according to a proce-
dure similar to that mentioned for 1a.3b. The inclu-
sion ratio of the 1a.3d inclusion complex was deter-
mined to be 1:1 from the 1H NMR spectrum. The
XRD peak pattern of 1a.3d was apparently different
from that of 1a. (Yellowish powder, yield: 99%)
The release temperature of the guest was 176 �C based
on the result of the TG-DTA measurement.
Preparation of 1b.3a inclusion complex. 1b.3a

was prepared according to a procedure similar to that
mentioned for 1a.3b. The inclusion ratio of the 1b.3a
inclusion complex was determined to be 1:1 from the
1H NMR spectrum. The XRD peak pattern of 1b.3a
was apparently different from that of 1b. (Yellowish
powder, yield: 95%) The release temperature of the
guest was 182 �C based on the result of the TG-
DTA measurement.
Preparation of 1c.3a inclusion complex. 1c.3a

was prepared according to a procedure similar to that
mentioned for 1a.3b. The inclusion ratio of the 1c.3a
inclusion complex was determined to be 1:1 from the

1H NMR spectrum. The XRD peak pattern of 1c.3a
was apparently different from that of 1c. (Yellowish
powder, yield: 99%) The release temperature of the
guest was 167 �C based on the result of the TG-
DTA measurement.

Method B
Preparation of 1a.3a (ethylenediamine) inclusion

complex. 1a (7.96 g, 20mmol) was dissolved in
methanol (400mL) under reflux. Ethylenediamine
(2.40 g, 40mmol) dissolved (1a) in methanol (50
mL) was added dropwise very slowly to the methanol
solution of 1a under reflux. While 3a was being add-
ed, the precipitation of a yellowish powder began. The
heterogeneous solution containing crystals was stirred
for 3 h and then left overnight at room temperature.
The obtained yellowish powder (1a.3a) was filtered
and dried under vacuum for 4 h at room temperature.
1a.3a was confirmed by 1H NMR, XRD and TG-
DTA. The inclusion ratio of the 1a.3a inclusion
complex was determined to be 1:1 from the 1H NMR
spectrum. The XRD peak pattern of 1a.3a was appa-
rently different from that of 1a (Yield: 87%). The re-
lease temperature of the guest was 203 �C based on
the result of the TG-DTA measurement.

Crystallographic data. Crystallographic data for
inclusion complex 1a.2k has been deposited with
The Cambridge Crystallographic Data Centre: Depo-
sition number CCDC-629549.6

DSC measurement of the epoxy monomer (4) with
an inclusion complex. To the epoxy monomer (4)
(10.0 g) was added an inclusion complex (0.4 g as
amine or imidazole component). This epoxy monomer
(4) was mixed with the inclusion complex, and the
mixture (about 4mg) was measured by DSC.

Measurements of glass transition points of epoxy
resin (4) cured with 2k and 1a.2k inclusion com-
plexes. To the epoxy monomer (4) 10.0 g was added
either 2k (0.40 g) or an inclusion complex (1.25 g).
This epoxy monomer (4) with hardener was mixed,
and the mixture was heated and cured at 140 �C for
2 h in an incubator. The cured epoxy resins were
measured using a TA Instruments Q100 DSC (condi-
tions: �50 �C ! 200 �C ! �50 �C ! 200 �C heat,
cool, reheat cycle at 20 �C/min under a nitrogen atmo-
sphere (50mL/min) in an Al pan).

RESULT AND DISCUSSION

Formation of inclusion complexes containing amines
Hosts 1a, 1b, and 1c (Figure 1) easily formed inclu-

sion complexes with various amines (Figure 2) by re-
crystallization from a solution of an amine in metha-
nol or a slurry solution of ethyl acetate, as shown in
Table I. These inclusion complexes were confirmed
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by XRD and TG-DTA, and the host-guest ratios of
the inclusions were determined by their 1H NMR
spectra. The results show that all of the imidazoles

tested formed inclusion complexes with 1a, and the
inclusion ratios are 1:2 (host:guest). Surprisingly, in
the case of 1a with 2l, the ratio of inclusion is 1:2;
however, in the case of 1b, having a methyl group
at the o-position with 2l, the ratio of inclusion is
1:4. The higher ratio of inclusion means that more
guest molecules are included by fewer host molecules.
This fact is chemically important. It was thought that
the higher ratio of 1b.2l7 arose from the more expan-
sive space in the crystal lattice constructed by 1b due
to the steric hindrance of the methyl group of 1b com-
pared to 1a.2l. On the other hand, alkyl diamines,
such as ethylenediaimine, diethylenediamine, triethyl-
enediamine, and tetraethylenediamine, form inclusion
complexes with an inclusion ratio of 1:1
(Table I). The melting point of 2k is 47–54 �C. On
the other hand, the temperature of the guest-release
of 1a.2k is 184 �C. The 2k molecule vaporized at a
vapor pressure less than the boiling point. When 2k
(10 g) was put in a drying oven at 70 �C, 2k disap-
peared within 1 day, but in the case of the inclusion
complex 1a.2k, no change in the structure and the
weight at 70 �C was observed after one month. The
fact that these inclusion complexes had no vapor pres-
sure at 70 �C means that the guest molecule was high-
ly stabilized within the inclusion complex.

Crystal structure of the 1a.2k inclusion complex
Preparation of a single-crystal of 1a.2k (2-ethyl-4-

methylimidazole) was successful8 and a 1a.2k crystal
structure has been reported.6 The result of a single-

N N

R3 R4

R5

R6

H2N
NH2

n

2 3

2a: R3=H, R4=H, R5=H, R6=H 

2b: R3=H, R4=H, R5=CH3, R6=H 

2c: R3=H, R4=H, R5=H, R6= CH3

2d: R3= CH3, R4=H, R5=H, R6= H 

2e: R3= H, R4=H, R5=H, R6= n-C3H7

2f: R3= H, R4=H, R5=H, R6= i-C3H7

2g: R3= CH3, R4=H, R5=H, R6= CH3

2h: R3= H, R4=H, R5=H, R6= Ph 

2i: R3= H, R4=H, R5= n-C4H9, R6= H 

2j: R3= H, R4=H, R5= i-C4H9, R6= CH3

2k: R3= CH3, R4=H, R5= H, R6= C2H5

2l: R3= H, R4=H, R5= CH2Ph, R6= CH3

3a: n= 1 

3b: n=2 

3c: n=3 

3d: n=5 

Figure 2. The guest compounds.

Table I. Formation of inclusion complexes and inclusion ratio of host to guest

Entry Guest Method Host H:G

1 R3=H, R4=H, R5=H, R6=H 2a A 1a 1:2

2 R3=H, R4=H, R5=CH3, R6=H 2b A 1a 1:2

3 R3=H, R4=H, R5=H, R6=CH3 2c A 1a 1:2

4 R3=CH3, R4=H, R5=H, R6=H 2d A 1a 1:2

5 R3=H, R4=H, R5=H, R6=n-C3H7 2e A 1a 1:2

6 2 R3=H, R4=H, R5=H, R6=i-C3H7 2f A 1a 1:2

7 R3=CH3, R4=H, R5=H, R6=CH3 2g A 1a 1:2

8 R3=H, R4=H, R5=H, R6=Ph 2h A 1a 1:2

9 R3=H, R4=H, R5=n-C4H9, R6=H 2i A 1a 1:2

10 R3=H, R4=H, R5=i-C4H9, R6=CH3 2j A 1a 1:2

11 R3=CH3, R4=H, R5=H, R6=C2H5 2k B 1a 1:2

12 R3=H, R4=H, R5=CH2Ph, R6=CH3 2l B 1a 1:2

13 R3=H, R4=H, R5=CH2Ph, R6=CH3 2l B 1b 1:4

14 n ¼ 1 3a B 1a 1:1

15 n ¼ 2 3b A 1a 1:1

16 3 n ¼ 3 3c A 1a 1:2

17 n ¼ 5 3d A 1a 1:1

18 n ¼ 1 3a A 1b 1:1

19 n ¼ 1 3a A 1c 1:1

Method A: heterogeneous system (solvent AcOEt) imidazoles tested were dissolved in ethyl acetate. Method B:

homogeneous system-recrystallization from a solution of methanol.
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crystal X-ray structural analysis is shown in Figure 3.
In the case of 1a.2k, some hydrogen bonding is no-
ticed as a characteristic feature of the crystal structure.
Especially, of note is the hydrogen bonding between

1a and 2k (O(21)� � �N(72) 2.708 Å). The molecules
(1a) confine 2k in the 1a.2k inclusion complex via
this hydrogen bonding.

Reaction of epoxy monomer with inclusion Catalysts
The 1a.2k and 1a.2l inclusion complexes were re-

acted as hardeners with a representative epoxy mono-
mer (4) (Figure 4).9,10 The DSC results of the epoxy
curing reactions (ramp room temp ! 200 �C, or held
at 80 �C) are shown in Figures 5 and 6, respectively.
As shown in Figure 5a and b, the curing reactions of
upon increasing the temperature showed very different
curing behavior for the reaction of only 2l with (4) and
that of 1a.2l with (4).
In the case of the reaction with only 2l, the begin-

ning of the curing reaction started at 106 �C, and the
range from the starting temperature to termination
was wide (Figure 5a), while in the case of the reaction
with an inclusion complex, the beginning of the cur-
ing reaction was at 120 �C, and the range of the curing
reaction was narrower (Figure 5b). These results indi-
cate that the epoxy curing starting temperature with
the inclusion complexes (1a.2l) was higher than that
with only 2l, and the catalytic activity of 2l was weak-
ened because 2l was confined in the space constructed
by 1a. Furthermore, the 2l’s nitrogen atom was bond-
ed by hydrogen bonding between 1a and 2l until the
collapse temperatures of the inclusion complex. How-
ever, upon reaching the collapse temperature of the

Figure 3. Crystal structure of 1a.2k.
Crystal system Monoclinic

Space group P21=c

a ¼ 17:3516ð10Þ Å
b ¼ 13:4628ð13Þ Å
c ¼ 19:0518ð11Þ Å
� ¼ 133:064ð3Þ�

R ¼ 0:042
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Figure 4. Epoxy monomer.
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inclusion complexes, 2l was released all at once to the
epoxy, and the curing reaction occurred rapidly. The
curing reaction of 4 with the 1a.2k inclusion complex
also had unusual features when held at 80 �C. As
shown in Figure 6, in the case of only 2k, the epoxy
curing reaction began within 30 minutes at 80 �C,
while in the case of 1a.2k, the curing reaction did
not occur at 80 �C for more than 100min. This feature
can be explained in a similar manner as for the rising
temperature reaction. That is, 2k was not released
from 1a.2k until the collapse of the inclusion com-
plex. It is known that the curing reaction of an epoxy
resin is accelerated by adding a hydroxyl group. A hy-
droxyl group forms hydrogen bonds with the glycidyl
ether of the epoxy, and the hydrogen bonding gives
lower electron density on the neighboring carbon
due to electron withdrawing.11 The DSC results
showed that solid-state 1a in 1a.2k also accelerated
the reaction because the glycidyl ether was activated

by the hydroxyl group of 1a. When 1a and 2k were
added separately to an epoxy monomer (4), the start-
ing temperature was lower than that of the inclusion
complex, but the accelerated curing reaction could
not be confirmed. Namely, 1a was stabilized by hy-
drogen bonding between 1a and 2k in 1a.2k at low
temperature, and therefore 2k could not react with
4. However, when the reaction was heated and the
guest release point temperature was achieved, the col-
lapsed 1a formed hydrogen bonds with the
glycidyl group, and the reactivity of 4 was activated.
As a result, 2k easily attacked the epoxy group, and
the reaction occurred rapidly. (Figure 7)
In the case of measurements of gelation time by

adding some compounds to epoxy resin at 130 �C
(1a.2k inclusion complex collapse at over 120 �C
in epoxy resin.), the gelation time of only 2k was
4min 11 sec, the one of the mixture (1a + 2k) of 1a
with 2k was 1min 32 sec. Moreover, the gelation time
of 1a.2k inclusion complex was 2min 13 sec, this ge-
lation time was shorter compared with the case of only
2k (the that of 1a.2k longer was because of inclusion
complex compared with 1a + 2k), As shown in
Table II, by adding compounds (methanol, 1,4-butane-
diol, hydroquinone) that could not from inclusion
complex with 2k, however, having hydroxyl group
in epoxy resin, their gelation times are 1min 50 sec,
1min 24 sec, and 1min 27 sec, respectively. Their ge-
lation times are more rapid compared with only 2k.
These results are analogized 1a formed the hydrogen
bond with glycidyl ether by the collapse of 1a.2k
and polymerization reaction of the epoxy is accelerat-
ed.
To offer proof that host (1a) does not react with

4, the glass transition points of epoxy resin cured by
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1a.2k inclusion complexes were measured. The glass
transition points cured by 2k alone were 55.2/
141.9 �C (1st heating) and 136.4 �C (2nd heating), re-
spectively.12 Those cured by 1a.2k inclusion com-
plexes were 58.0/138.4 �C (1st heating) and 133 �C
(2nd heating), respectively.12 The glass transition
points of epoxy cured by only 2k are similar to those
of 1a.2k inclusion complexes. This fact shows that 1a
is only responsible for an acceleration effect and is un-
involved in the curing reaction.

CONCLUSION

When amine-containing inclusion complexes were
used as hardeners, the curing reactions had a unique
feature-the reactivities of the inclusion complexes as
hardener were weakened due to hydrogen bonding be-
tween host and guest in the inclusion complex. Fur-
thermore, curing accelerations occurred due to the hy-
droxyl groups of the host. These inclusion complexes
have the possibility to act as new functional hardeners
of epoxy resins.
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