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Thermodynamic Parameters for Formation of Through-Ring a-Cyclodextrin
Complexes of Donor—Acceptor Linked Compounds:
Comparison between D,O and H,O Solutions of Anthracene—Viologen Systems
with Intramolecular Charge-Transfer Absorption Spectra®
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On the addition of a-cyclodextrin (CD), an intramolecular charge-transfer absorption band of an anthra-
cene-viologen linked compound rapidly disappeared with elapsed time. The reason was ascribed to formation
of a through-ring CD complex, which hinders direct interaction between the donor- and acceptor moieties.
Thermodynamic parameters, including the energy of activation for complexation of a-CD, were evaluated by
the use of the charge-transfer absorption band in D20- and H2O solutions. Solvent deuterium isotope effects
were observed with the free energy change on complexation, but not with the energy of activation for formation
of the through-ring CD complex. An open, extended conformer of the linked compound was proposed as the
model of the activated state for forming the through-ring CD complex.

Rotaxane-type cyclodextrin (CD) complexes have
intensively been studied as one of the most impor-
tant supramolecular assemblies in various fields.? The
present authors have demonstrated that NMR spec-
troscopy is an extremely powerful means to study the
rotaxane-type CD complexes (1, Chart 1).>% Distinct
'HNMR signals due to the rotaxane-type complex were
clearly observed apart from the uncomplexed species,
and the equilibrium constants were calculated from the
signal intensities.

When the guest molecule was a viologen derivative
attached to an aromatic donor moiety, such as phe-
nothiazine or carbazole, an intramolecular charge-trans-
fer absorption band was observed. On the addition
of a-CD, the intensity of charge-transfer band rapidly
decreased and reached a plateau region within 1 h.
The observation was taken to indicate conformational
change in the linked compounds on going from free
species into the rotaxane-type complexes.

The remarkable effect of a-CD on the charge-transfer
absorption band can also be used to elucidate unique
feature of the rotaxane-type CD complex. This method
might be more versatile than the above mentioned NMR

n=6 a-CD
n=7 B-CD
n n=8 v-CD

Chart 1.

spectroscopic investigation because of the following rea-
sons:

1) The sample concentration could be much lower
than that for the NMR spectroscopy,

2) The solvent molecules are not necessarily deuter-
ated, and

3) Better time resolution should be obtained, since
the electronic spectral change is spontaneous.

In the present study, equilibrium constants for for-
mation of the rotaxane-type a-CD complex of the fol-
lowing anthracene—viologen linked compound (AnCgV,
Chart 2), as estimated by the above two methods
(NMR and CT), were carefully compared to establish
the methodology.

The linked compound was associated with a pro-
nounced charge-transfer absorption band, which indi-
cates some difference between DoO and H,O solutions.
Then, thermodynamic parameters of the charge-trans-
fer complexes, as well as the rotaxane-type complexes,
in D50 and H,O solutions were evaluated from the CT
absorption band.

Experimental

The linked compound (AnCgV) was prepared by cou-
pling 9-hydroxymethylanthracene with 1,8-dibromooctane,
followed by the reaction with 1-propyl-4-(4-pyridinyl)-pyri-
dinium bromide. Anal. Calcd for C36H42BraN2O: C, 63.72;
H, 6.24; N, 4.13%. Found: C, 63.86; H, 6.18; N, 4.11%.

Guaranteed grade a-CD was used without further purifi-
cation (Tokyo Kasei Kogyo Co., Ltd.). Electronic absorp-
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tion spectra were recorded with a Shimadzu Model UV-2200
spectrophotometer. Proton NMR spectra (400 MHz, D2O
solution) were measured by the use of a JEOL Model JNM-
GSX 400 spectrometer. A DSS sample in sealed capillary
tube was used as the external standard for chemical shifts.

Sample concentration of AnCgV was kept below critical
micellar concentration (7.79 mM (1 M=1 moldm™2)) so
that no aggregation of the solute took place in the aqueous
solutions.

Results and Discussion

Equilibrium Constant for the Rotaxane-Type
CD Complexes as Evaluated from 'HNMR
Spectra and Charge-Transfer Absorption Band.
The 'HNMR spectra were examined with and without
a-CD. Distinct signals due to the complex were clearly
observed apart from the uncomplexed species as shown
in Figs. 1a and 1b. The equilibrium constant for for-
mation of the rotaxane-type complex was evaluated by
the use of integrated signal intensities of the respec-
tive species.®) The results are summarized in Table 1
(Method 1).

Disappearance of the charge-transfer absorption
bands, on the addition of a-CD (Fig. 2), was also used to
evaluate the equilibrium constant. The charge-transfer
absorption band was ascribed to intramolecular inter-
action, since the apparent molar absorptivity was not
affected by the concentration change (0.1—0.5 mM) of
the linked compound. «-CD was added to a solution
containing anthracene-viologen linked compound, and
decrease in the charge-transfer absorption band inten-
sity was used to evaluate the concentration of the ro-
taxane-type complex.
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Fig. 1. Effects of a-CD (1 mM) on 'H NMR spectra of
AnCgV (1 mM) in D2 O solution at 303 K: (a) without
a-CD and (b) with «-CD. Assignments were made
as shown in (a), and the corresponding signals in the
complexed species were indicated by the same letters
with a prime.
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Table 1. The Equilibrium Constant for Formation of
the Rotaxane-Type a-CD Complex®?
3 —1
Temp/K K/10°M
Method 1 Method 2
283 3.82+0.56
293 2.43+0.28 2.5240.26
298 2.29
303 1.80:£0.24 1.83+0.18
308 1.56
313 1.00+0.18 1.114+0.06
323 0.64
333 0.38+0.09

a) The K-values were evaluated either from 'HNMR
spectra (Method 1) or from CT- absorption band
(Method 2). b) Standard deviation was estimated from -

results of repeated experiments (n=1—7).
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Fig. 2. Change of charge-transfer absorption bands of

AnCsgV in H20 solution (1 mM) at 293 K on the
addition of a-CD: (a) without @-CD and (b) with a-
CD (4 mM).

The absorption due to charge-transfer interaction was
measured at 480 nm. In the presence of large-ex-
cess amount of @-CD (40 mM with respect to 0.2 mM
AnGCgV), tailing of the absorption band extended be-
yond 480 nm. The molar absorption coefficient of the
tailing due to complexed AnCgV at 480 nm was 34.
Then,

Absago nm = ect[free] + 34[complex] (1)

where ecT was evaluated from the absorption of AnCgV
at 480 nm in the absence of @-CD. The concentration
of uncomplexed AnCgV ([free]) was estimated by the
use of the following equation:

Absigo nm = ect[free] + 34([total] — [free])

= (ecr — 34)[free] + 34[total] (2)
_ [complex]
K = focllo — CD] ¥

The equilibrium constants (K) in D2O solutions, thus
obtained by the two different procedures (NMR and
CT), were in reasonable agreement with each other as
shown in Table 1.
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Free Energy Changes for Formation of a-CD-
and Charge-Transfer Complexes. For a given
concentration of the linked compound, absorbance of
the charge-transfer band in D2O solution was certainly
larger than that in HpO solution (Fig. 3).

The equilibrium constants for the rotaxane-type CD
complex in HoO and D50 solutions were carefully eval-
uated from the absorbance of charge-transfer band at
different temperatures. Thermodynamic parameters for
the complexation were evaluated and the results are
summarized in Table 2. Difference in the thermody-
namic parameters between the D2O and H2O solutions
was rather small but not discernible.

Detailed studies were further carried out to elucidate
the roles of charge-transfer interaction in dynamic be-
havior of the linked compounds. At lower tempera-
tures, the absorbance of charge-transfer band increased,
while the absorption at vibrational peaks of the L,-
band (330—380 nm) for anthracene correspondingly de-
creased. The effect of charge-transfer interaction on the
spectra of anthracene moiety (i.e., 'L,-band) became
clear, when the spectra were compared with those in the
presence of large excess amount of a-CD. The difference
spectra, as given in Fig. 4, indicated that the charge-
transfer interaction in DO was certainly stronger than
that in H,O. The decrease of the absorbance at vibra-
tional peaks of !L,-band was in good agreement with
the increase of charge-transfer absorption at 480 nm
throughout the investigated temperature range.

The decrease of the absorption of !L,-band at 385 nm,
for example, could be well correlated with the increase
of charge-transfer absorption at 480 nm by the following
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Fig. 3. Difference in the charge-transfer absorption

band between DO and H2O.

Table 2. Thermodynamic Parameters for Complexa-
tion with a-CD
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equations:

D20 : Adbsiy, = —4.T4AAbscr — 19.4 (r = 0.999)
H20: AAbsiy, = —5.74AAbscr — 96.6 (r = 0.998)

On the basis of these observations, the concentration
of the charge-transfer complex was evaluated from the
difference spectra of the 'L, band as the first approx-
imation. Then, the concentration of the CT-complex
was estimated by the following equation:

Adbsiy,

€1,

[CT-complex] = (4)
The denominator (e11,) is the absorbance of the 'L,
band in the presence of large excess of a-CD, which
was practically identical with that of amphiphilic-an-
thracene homologue with an ammonium head group as
expected.

The free energy change in forming the charge-transfer
complex at each temperature was calculated to afford
the thermodynamic parameters summarized in Table 3.
The difference between H,O- and DO solutions was
small but beyond experimental errors. It was also no-
ticed that the entropy change became dominant over
the enthalpy change at room temperatures.

Complexation Rate of a-CD with Anthra-
cene—Viologen Linked Compound in D;0O and
H20O Solutions. Dehydration of viologen unit is
definitely required before the linked compound is com-
plexed with a-CD. Then, one might expect that the
complexation rate of a-CD on the linked compound in
D, 0 is different from that in HoO. The rate constants
could be evaluated from the change in absorbance of
the charge-transfer band along the elapsed time after
the addition of a-CD (Fig. 5).

Since the complexation reaction was investigated by
the use of @-CD in large excess with respect to AnCgV:

AnCsV + a-CD :é complex (5)
-1
then
ki = k[a-CD] = constant (6)
and d[AnCsV
—[—%28—] = —k;[AnCgV] + k_1[complex] (7
[complex] = [AnCsV]iotal — [AnCsV] (8)

Table 3. Thermodynamic Parameters for the Forma-
tion of Intramolecular CT Complexes Evaluated
with CT Absorption Band

Solvent AG® /kJ mol™* AH/kJ mol~! AS/J mol~! K~}

Solvent AG® /kJ mol™* AH/kJ mol™* AS/J mol™! K™*

H:0  —16.7+0.3 —34.9+0.3 —59.9+8.1 H,0 5.074£0.08  —11.9£0.08 —56.0+1.2
DO  —17.5+0.2 —30.0£0.2 —41.646.5 DO 4.0140.05 —10.5+0.05 —47.940.7
a) 303 K. a) 303 K.
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Fig. 4. Comparison in electronic spectra of AnCsV between D2O (solid line) and H2O (dotted line) solution. Effects
of the charge-transfer interaction was revealed by the use of difference spectra as obtained by subtracting the spectra
in the presence of 40 mM a-CD where the concentration of CT-complexes was negligible.
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Fig. 5. Variation of charge-transfer absorption band intensity with elapsed time after the addition of a-CD. The
absorption was measured at 480 nm with an aqueous solution (H20) of AnCsV (0.468 mM) and a-CD (3.944 mM)
at 293 K.

: __ Rk / _ a
L R ota —{f1 - -
[AnCsV] = [AnCsVl]iotar exp {— (k1 + k=1)t} c= <1 + > k1 (12)
kl -+ k—l b
ol [ARCs Visota (o) then
ki+k_y bk, = c (13)
1 a
Thus Eq. 9 is simplified to give the following equation. (1+3)
B=2_° (14)
(Abs)er = aexp (—ct) + b (10) Th(1+ 2)
The time-profile of absorbance due to charge-transfer ~ °" K
interaction (Abs)&y in uncomplexed AnCsV is expected ky = [a-CD] (15)

to follow Eq. 10. A curve-fitting analysis was carried out
to explain the observed time-dependence of the charge-
transfer absorption band in Fig. 5. The constant b was
taken as the asymptotic value of the absorbance, and
the two other parameters (a and ¢) were estimated from
the analysis. The relevant rate constants were given as
the following:

The energy of activation for the complexation was
calculated from the rate constant by the use of Eyring’s
formula, and the results are summarized in Table 4. It
is clearly observed that activation process is not affected
at all by the change from D20 to H3O solution.

Overall Picture of Complexation between a-
a K CD and Anthracene—Viologen Linked Com-
b k. (11) pound. While solvent-deuterium effect was not
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Table 4. The Rate Constant and Energy of Activation for Complexation with a-CD

H.0 D20
Temp/K
Ei/M7's™' k_1/107%s™! AGH/kImol™!'® Ky /M7's™'! k_1/107%*s7! AG*/kJmol™! ®
283 0.129 0.80 74.0 0.115 1.57 74.3
293 0.350 2.70 74.3 0.280 2.82 74.9
303 0.734 8.89 75.1 0.854 8.77 74.7
a) 303 K.
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Scheme 1.

observed with the energy of activation for the com-
plexation with a-CD (Table 4), the free-energy change
in charge-transfer interaction of the anthracene—violo-
gen linked compound was reduced by 1.0 kJmol~! on
changing the solvent from H20 to D3O (Table 3).

The open, extended conformer of the linked com-
pound must be the precursor for the activated state
of forming the through-ring complex as schematically
shown in Scheme 1.

Charge-transfer spectra of the anthracene—viologen
linked compound served as an excellent probe to study
kinetics of complexation between a-CD and the am-
phiphilic viologen units in aqueous solution (H,O and
D-20). Formation of the through-ring complexes was
strongly suggested to proceed via open, extended con-
former of the linked compound. As to the uncomplexed,
linked compound, rapid equilibrium between a folded
structure and open, extended conformer was indicated

by the thermodynamic parameters in HoO and D5 O so-
lutions.
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