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Association of Naphthalene and Its Methyl Derivatives with
Cyclodextrins in Aqueous Medium
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Formation constants of naphthalene and its (1- and 2-)methyl and (1,4-, 1,5-, and 1,8-)dimethyl derivatives
with a-, 8-, and y-cyclodextrins (CyD) were determined in the aqueous medium in the presence of excess CyD.
The technique used to study associations between host (CyD) and guest(hydrocarbon) is based on the facts that
the guest molecules can be driven out to gaseous phase by introducing an inert gas at a constant flow rate into the
aqueous solution and that the volatilization rate of guest decreases with increasing association with the host in
aqueous solution. The 1:1 and 2:1 (host: guest) formation constants were evaluated at 25°C. From the
formation constant estimated, a host-guest spatial-fitting model for each association complex is presented.

We have recently reported a method useful for esti-
mating association constants between volatile and
nonvolatile solutes in aqueous medium.!"? The
method is based on volatility of nonelectrolyte solute
in water. Volatile molecules are driven out to gaseous
phase by introducing an inert gas at a constant flow
rate into the aqueous solution. The volatilization rate
was measured with and without addition of nonvola-
tile solute which associates with the volatile solute and
decreased with the degree of association between the
solutes. The method is applicable to such systems
where (a) one of the solute is volatile, (b) the concen-
tration of nonvolatile solute is sufficiently high in
comparison with that of volatile solute, and (c) the rate
of association is rapid compared with the volatiliza-
tion rate.

The method was applied to association of benzene
and alkylbenzenes as guests with cyclodextrins (CyD)
as hosts and 1:1 and 2:1 (host: guest) formation con-
stants were evaluated.? The present work is concerned
with an application of the method to association of
naphthalene and its methyl derivetives with a-, 8-, and
v-CyDs.

There have been reported several data concerning
the naphthalene-CyD formation constant.*~” The
data are, however, only on the 8-CyD complex and
little is known concerning naphthalene derivatives.
The present study was undertaken to see whether or
not the volatilization method is successfully applicable
to naphthalene and its derivatives and to elucidate the
effects of the cavity size of host and the steric hindrance
of guest on the host-guest inclusion complex for-
mation.

Experimental

Materials and Preparation of Sample Solutions. Dis-
tilled deionized water was used throughout the experiments.
Aromatic hydrocarbons used as guest were of analytical rea-
gent grade (the purity is listed in Table 1). Cyclodextrins (a-,
B-, and y-CyD) used as host were of guaranteed grade from
Nakarai Chemical Co. Both guest and host reagents were
used without further purification. An aqueous solution of
each guest was prepared by adding an excess solid or liquid

hydrocarbons to water and stirring for at least 24 h. After
standing the mixture for at least 24 h, a portion of the satu-
rated guest solution was transferred into a separatory funnel
and the UV absorption of its chloroform extract was mea-
sured to determine the guest concentration, and another por-
tion was transferred into a 2.5¢X25 cm cylindrical glass tube.
A suitable amount of CyD, which had been dried over phos-
phorus pentaoxide under vacuum, was weighed and dis-
solved into the guest solution. The solution was then dil-
uted to 100 cm3 with water. Ranges of concentration of guest
and host are given in Table 3.

Amberlite XAD-2 resin (Rohm and Hass) of 100—150 mesh
size was used as an adsorbent of guest vapor.

Apparatus and Procedures. The apparatus and the
experimental procedure were the same as those described in
the previous paper with minor modifications.? Because the
volatility of guest substances examined in this study is con-
siderably lower than that of benzene and alkylbenzenes, a
sintered glass ball was used as an N, bubbler to drive guest
molecules effectively out of the aqueous solution at higher
N, flow rates (Table 1). The N, gas leaving the sample
solution was passed through an XAD resin column of
0.5¢X10 cm and the guest hydrocarbon adsorbed on the resin
for a fixed time was eluted out with CHCl; of 6 cm3. The
amount of guest collected in an XAD column, AQg4, was
determined by UV spectroscopy at the optimum wavelength
for each guest hydrocarbon (Table 1).

Table 1. Experimental Conditions
Purity A2 N, gas flow rate
Guest substance .
nm cm®min™?

Naphthalene GRD» 276.6 50, 150, 250
1-Methyl- o7 283.0 20

naphthalene .
2-Methyl-

naphthalene GR. 2772 350
1,4-Dimethyl-

naphthalene 95 243.0 700
1,5-Dimethyl-

naphthalene 98.0 289.0 700
1,8-Dimethyl-

naphthalene 95.0 287.6 700

a) The wavelength for determining the concentration
of guest molecules after CHCI; extraction. b) Guaran-
teed grade reagent (the purity is not specified).
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Results and Discussion

Estimation of 1:1 and 2: 1 (Host : Guest) Formation
Constants. Under the present experimental condi-
tions that host molecules are always excess over guest
molecules, the possible host:guest stoichiometric
ratios are 1:1 and 2:1. Then, the reactions that should
be taken into account are:

CyD+¢ = CyD- ¢, (Ky), (1)

CyD-¢+CyD = CyD;- ¢, (K), 2)
and

d(aq) — @(gas), (k), (3)

where ¢ refers to a guest hydrocarbon molecule, K; and
K, are the corresponding stepwise formation con-
stants, and k is the rate constant for transfer of guest
molecules from aqueous to gaseous phase.

We assume that the release of guest molecules at a
constant N, flow rate is of first-order with respect to
the concentration of free species in the solution as
follows:

dQuV/dt=k[¢], 4)
where V is the volume of aqueous solution.

An equation to estimate K; and K, can be derived
using the total concentrations of host (Cc,p) and guest
(C¢) and the amount of guest released from aqueous

solution during the aeration time (Qg, the sum of AQ¢
from time O to t), in the same way as described in the

In(Cs—QsV ")—In Cy

t/min

Fig. 1. Naphthalene-B-CyD system. The plots of
In(Cs—QsV-1)—In Cy vs. t in the presence and ab-
sence of cyclodextrin. Nz flow rate: 250 cm3 min=1;
Ccyp/1073M: (A) 0, (B) 3.50, (C) 7.11, (D) 8.84,
(E) 12.1; Ce: 1.76 X105 M.
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previous paper as follows:3
In(Cy— QuV~1)=— kt/(1 + K1Coyp+ K1 KoCoyp?)

+1In Cy
=—k't+1In Cg, (5)
where
K =k/(1+K,Ceyp+ K1K,Coyr?). (6)
Rearrangement of Eq. 6 yields:
1/k’ =KK,Ceyp?/k + K\Ceyp/k+ 1/k. )

Plots according to Eq. 5 for naphthalene-8-CyD are
shown in Fig. 1. The plots give straight lines up to ca.
70% release of the guest hydrocarbon initially present
in the solution. This linearity verifies the assumption
that the volatilization of guest molecules follows a
first-order reaction at a constant N, flow rate. The
slopes of resulting straight lines, &’ (and k), were eval-
uated using the least-squares method; the results for
naphthalene are given in Table 2. Both % and &’
values change with the N, flow rate, but their values

Table 2. The Rate Constant for Transfer of Naphthalene
from Aqueous to Gaseous Phase in the Presence
and Absence of a-, -, and y-Cyclodextrin

Total concentration of
kor k' C4?

10 7mint 10om 9P BGD - »GD
102M  103M  103M
N, flow rate: 250 cm® min™!
3.539  0.86—1.71
1.22 1.94 1.50
0.625 1.94 3.00
0.369 2.01 4.50
0.180 1.94 7.50
0.112 2.01 10.2
0.0893 1.94 11.5
1.12 1.76 3.50
0.648 1.76 7.11
0.538 1.76 8.84
0.413 1.76 12.1
2.31 2.02 2.62
2.00 2.02 5.24
1.78 2.02 7.45
1.30 1.95 9.44
0.694 1.95 249
0.437 1.95 449
0.385 1.95 52.8
N, flow rate: 50 cm® min™!
0.9719 1.90
0.439 1.90
0.313 3.36
0.219 5.38
0.126 10.1
N, flow rate: 150 cm® min™!
2.229) 2.05
0.714 2.05 3.35
0.435 2.05 6.65
0.326 2.05 9.40

a) k’=k/(1+K,Ccyp+K,K,Ccyp?), where Ccyp is the total
concentration of cyclodextrin. b) The initial concen-
tration of naphthalene. c¢) The average of four
determinations.
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Fig. 2. The plots of 1/k” vs. Ccyp. Examples of
straight line. 1-Methylnaphthalene-8-CyD (@), 1,8-
dimethylnaphthalene-8-CyD (O), 1,8-dimethyl-
naphthalene-vy-CyD (A).
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Fig. 3. The plotsof 1/k’ vs. Ccyp. Examples of para-
bolic curve. Naphthalene-a-CyD (@), 1,4-di-
methylnaphthalene-8-CyD (O), 1,8-dimethylnaph-
thalene-a-CyD (A).
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are not significant when the N, flow is set at the same
rate for two runs in the presence and absence of CyD.
The K values determined for naphthalene-8-CyD at
three different N, flow rates of 50, 150, and 250 cm3
min~! are found to be (6.6, 6.2, and 6.3)X102 M"!
(M=moldm™3), respectively. Relatively large devia-
tion inherent in the present method being considered,
these K values for naphthalene-B-CyD seem to be in a
reasonable agreement. This suggests that the rate of
association is rapid compared with the volatilization
rate; the essential requirement of the present method is
fulfilled.

Figures 2 and 3 show some typical results plotted by
a curve-fitting method with the aid of Eq. 7. The 1/k’
vs. Ccyp plots appear to be linear (Fig. 2) or parabolic
(Fig. 3) depending on the host-guest combination.
The K; and K, values determined in this work are
summarized in Table 3. As was pointed out in our
previous paper,® the deviation of formation constant
is relatively large, which arises from uncertainty in
determining the amount of released guest; the overall
error in Q¢ becomes large due to the accumulation of
errors in AQyg.

The K value estimated here for naphthalene-8-CyD
of 6.3X102 M~! is consistent with the literature values,

Fig. 4. Host-guest inclusion model. a-, B-, and v-
cyclodextrin cavities are drawn by dotted, thin
solid, and thick solid lines, respectively. In the
case of 2:1 (host:guest) complex being formed, the
binding sites corresponding to K; and K3 are, when
necessary, are indicated respectively by the num-
bers, 1 and 2, in the circle.
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Table 3. Concentration Ranges of Host and Guest and the Formation Constants, K;(1:1) and
K, (2:1) of (Host : Guest) Complexes at 25.0 °C
Concentration Formation constant®
Cg» Ceyp K; K,
1075M 102M M1 M-1
Naphthalene
a-CyD  1.94—2.02 1.50 —11.5 83+3 2316
B-CyD  1.76—2.05 0.190— 1.21 (6.310.4)X10? —
v-CyD 2.08 0.260— 9.06 (1.3£0.4)X10? —
1-Methylnaphthalene
a-CyD 2.61 2.62 —11.8 40+1 17+1
B-CyD 2.62 0.372— 1.32 (3.1£0.3)X10? —
y-CyD 2.61 1.04 —13.3 (1.3£0.5)X102 —
2-Methylnaphthalene
a-CyD 1.95 1.51 —11.1 2215 12+4
B-CyD 1.93 0.377— 1.36 (7£1)X102 —
y-CyD 1.88 2.60 —11.7 (1.510.2)X10? —
1,4-Dimethylnaphthalene
a-CyD 0.482 1.91 — 9.52 4318 1717
B-CyD 0.478 0.161— 1.16 (3.510.2)X10? 50+8
v-CyD 0.524 2.24 — 8.96 10+2 —
1,5-Dimethylnaphthalene
a-CyD 0.181 247 —11.2 28+3 16+4
B-CyD 0.366 0.249— 1.12 (2.010.2)X102 (1.1£0.4)X10?
y-CyD 0.395 2.47 —11.2 (1.0010.04)X103 5+1
1,8-Dimethylnaphthalene
a-CyD 1.37 1.01 —10.2 20+1 612
B-CyD 1.42 0.211— 1.01 17+1 —
y-CyD 1.45 3.06 — 9.95 (1.71£0.1)X10? —

a) The confidence level is set at 95%. b) The initial concentration of guest substance. c) The total
concentration of cyclodextrin. d) The dash-sign indicates that K, was not evaluated, because 1/k’
vs. Ceyp plots by Eq. 7 gave nearly straight line only.

685, 730, and 850 M~1,9 determined by fluorescent
method (the enhancement of guest fluorescence inten-
sity in the presence of host). The UV absorption mea-
surement, on the other hand, seems to give a lower
value, 186 M~1.7

For the naphthalene-B-CyD system, Hamai pro-
posed 2:2 complex formation:¥

B-CyD-¢+ B-CyD-¢ = (B-CyD - ¢),. ®)

The equilibrium constant is reported to be 4000 M1,
If the 2:2 complex exists, a 5% of the 1: 1 complex is to
be converted into the 2:2 form, when the initial con-
centration of naphthalene is 10~°M and that of 8-CyD
is 1072 M. Under the present experimental conditions,
where the contribution of Reaction 8 is small, we have
ignored the equilibrium of 2:2 complex formation in
determining K.

Host-Guest Spatial-Fitting Model. The following
data in A unit were used for guests; bond length: 1.40
for the average C-C in naphthalen,®1.54 for C-C in
alkyl group, 1.08 for C-H in naphthalene and alkyl
group, van der Waals radius:? 1.0 for H and 1.7 for C.
Concerned with hosts, we used the values; the inner

diameter of cavity:1? 4.7—5.2 for a-CyD, 6.0—6.4 for -

B-CyD, and 7.5—8.3 for y-CyD (the smaller value is for

the primary hydroxyl group and the larger is for the
secondary hydroxyl group), the cavity depth:!" 6.7 for
a-CyD and ca. 7 for 8- and y-CyD.

By taking into account the magnitude of K; and K,,
inclusion models for all the host-guest combinations
studied in this work are depicted in Fig. 4. When two
hosts share a single guest, unambiguous assignment of
K, and K, to the corresponding binding site is difficult.
Then, we assumed that alkyl group i1s included in CyD
cavity preferentially to naphthalene ring if the cavity
entrance radius admits. Another assumption was
made that a guest enters into CyD through wider
secondary hydroxyl side.

It has been suggested that, if K, is large or nearly
equal to K, the cross-section of secondary hydroxyl
group sides of two CyDs are situated in parallel to each
other in a suitable distance to form hydrogen bond.!?
In view of the K, values for the present 2:1 complexes
being smaller than the corresponding K;, we speculate
that the distance along a naphthalene molecule is too
long for two a-CyDs to cooperate with each other to
form hydrogen bonds, while the distance is suitable for
the second a-CyD to act to stabilize the 1:1 complex
for benzene and also for p-xylene.

The cavity size of y-CyD is sufficiently large to
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include naphthalene ring, while the diameter of B-
CyD cavity seems small to include a whole naphtha-
lene molecule.!® The cavity of B-CyD is, however,
considered to suitably fit the naphthalene molecule,
because K of B-CyD is larger than that of y-CyD. The
inner diameter of 8-CyD we employed should be larger
by 10%. According to this modification, 2-methyl-
naphthalene can enter the 8-CyD cavity from methyl
substituent. It seems, however, that 1-methyl deriva-
tive cannot be included from this substituent side due
to the steric hindrance. The bulky 1,8-dimethyl
groups obviously hinder the guest from entering
deeply into B-CyD, but seem to exert no hindrance
effect on y-CyD. The 1,4-dimethyl groups, on the
other hand, have a hindrance effect on y-CyD. The
size of y-CyD fits most suitably 1.5-dimethylnaph-
thalene, and a large van der Waals stabilization works.

For benzene, alkylbenzenes, naphthalene, and its
methyl derivatives, the largest formation constants
observed are as follows; propylbenzene for a-CyD
(5.9X102M™1), isopropylbenzene for B-CyD (1.2X
103M-1), and 1,5-dimethylnaphthalene for y-CyD
(1.00X103M™!). From these observations, the alkyl
chain seems to contribute to form more stable com-
plexes with CyDs than an additional condensed ring
does. This implies that the hydrophobic nature of
guest is an important factor when the host-guest
spatial-fitting requirement meets.

It should be emphasized that the inclusion models
presented here are highly speculative because they are
made based only on the magnitude of K; and K,.

Association of Naphthalenes with Cyclodextrins in Water
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Other information such as NMR, CD, and X-ray crys-
tallographic data and thermodynamic and kinetic stu-
dies are necessary to confirm the inclusion model.
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