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ABSTRACT: As a chemical indicator, the isomerization rate of so-called §-Spiropyran was used to estimate the
equilibrium constants for the inclusion complex formationfefandy-cyclodextrins § andy-CDs). The association
constants for inclusion complexes fandy-CDs with various kinds of phenols were determined. It was found that

p- and y-CDs form 1:1 and 1:2 inclusion complexes with phenols, respectively. The substituent effects on the
association constants for the 4-substituted pheifeGB system can be interpreted in terms of the geometry of the
inclusion complex. The magnitude of the association constants for the inclusion complex is related to molecular
polarizability of the guest molecule. Based on the results, the dominant factor for CD complexation with phenols is
discussed. Copyrighil 1999 John Wiley & Sons, Ltd.
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INTRODUCTION ties. In order to estimate the equilibrium constant for
inclusion complex formation, it is necessary to determine
The isomerization of spiropyrans has attracted much the equilibrium concentrations of the inclusion complex,
attention because of their reversible photochromic and unbound guest and unbound host in some way. When a
thermochromic behaviour (Scheme *1Recently we chemical indicator determining the unbound CD con-

have examined the complexation of,3L3-trimethyl- centration in solution can be employed, one can
spiro[2H-1-benzopyran-2;:ndoline]-6-sulphonate  (6- extensively evaluate the equilibrium constant for the
SO;-SP) with - and y-cyclodextrins - and y-CDs). inclusion complex of CD with organic molecules which

It was found thatf- and y-CDs preferentially form  do not exhibit a colour change on forming inclusion

inclusion complexes with the SP form of 6-$GSP and  complexes.

the apparent isomerization rate from the SP to the MC  In this paper, we report a new method of evaluating the
form is dependent on the concentration of unbo#rd  concentration of unbound CD by using the CD concen-

andy-CDs.2 tration dependence on the isomerization rate of 8-SO
HaC. CH G CH SP. For demonstration purposes, inclqsion complexes
O == 4 3 Y O SO5° formed between CDg¢ andy-) and substituted phenols
N O SOy hv.d O N o are considered. This system was chosen for detailed
CHs CH3 studies of CD complexation behaviour. Based on the
SP form MC form results, the dominant factor for the inclusion complex
formation of CDs with various kinds of phenols is
Scheme 1 discussed.

The determination of association constants for inclu-

sion complexes using spectroscopic measurements such

as absorbance is commonly accomplished by the Benesi-EXPERIMENTAL

Hildebrand method. The Benesi-Hildebrand analysis

requires a spectroscopic change in absorption on forming6-SO; -SP was prepared according to the method of

an inclusion complex. Since cyclodextrins are spectro- Sunamotcet al.* and recrystallized from methanol: m.p.

scopically inert, spectroscopically active guests should be ca 513 K (decomp.) [li* ca 513 K (decomp.)]. Cyclo-

used. However, this often leads to experimental difficul- dextrins (- and y-) were purchased from Wako Pure
. . Chemicals and used without further purification. Phos-

*Correspondence toY. Sueishi, Department of Chemistry, Faculty of

Science, Okayama University, Tsushima Naka 3-1-1, Okayama 700_phate buffer (pH 6.9 and 10.1, ionic strength 0.1),
8530, Japan. prepared from phosphate salts, was used as the solvent.
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The procedurédor the kinetic measurementsasbeen
describecelsewheré. A samplesolution (6-SQ; -SP ca
1 x 10~ mol dm~3) wasdeoxygenatetly bubblingwith
nitrogen.A 650W projectorlamp was usedto produce
the SP form. There are temperaturelimitations for
measurementsf the isomerizationrate of 6-SQ; -SP
with the presentmethodusing the isomerizationof 6-
SO; -SP.We chosea convenientemperaturg¢40°C) for
the measurementsf the isomerizationrate of 6-SQO;™ -
SP. The thermal isomerizationfrom SP to MC was
monitored by the changein the maximum absorption
(Amax=508 nm) of the MC form by meansof a Union
Giken 401 spectrophotometeiThe first-order rate con-
stantswere obtainedat 40°C andreproducedvithin 5%
error. Circular dichroism spectrawere obtainedwith a
JASCOJ-720spectropolarimeter.

RESULTS AND DISCUSSION

Estimation of association constants by using the
isomerization rate of spiropyran

Basedon the measurementsf circular dichroism and
electronicspectrawe suggestedhat - andy-CDsform

1:1inclusioncomplexeswith the SPform of 6-SG; -SP,
andthe MC form is notincludedin the CD cavity? The
thermal isomerizationof 6-SO;"-SP obeys first-order
kinetics regardlesof the concentratiorof CD, and the
apparentate constantg k.9 for the thermalisomeriza-
tion (SP-MC) in the presencef CD aregivenin Table
1. Theapparentateconstanbf thethermalisomerization
canbe expresseasfollows:?

Kobs = k-1 + ki/(1 4+ K[H];) (1)

where[H]; denoteghe concentratiorof unboundCD.
kg
SP= MC
1

SP+ CD= SP-CD

Table 1. Rate constants for the thermal isomerization of 6-
SO37-SP at 40°C

104[/3—CDL0 10%Kops 10“[y-CDL0 10%ops
(moldm™) (s (mol dm™) (s
0 5.25 0 5.25
1.00 4.65 1.00 4.65
1.50 4.39 1.54 4.49
2.03 4.25 2.02 4.24
251 4.04 2.47 4.17
3.00 3.96 3.00 3.99

CopyrightO 1999JohnWiley & Sons,Ltd.

Equation(1) canberewrittenas
1/(kobs — k-1) = 1/ki + K[H]; /K4 (2)

Therateconstanik_,) for theisomerizatiorfrom MC to
SPwasestimatedo be 2.27x 103 s71.5 A goodlinear
relationshipwasobtainedbetweerll/(kops—k_1) and[H];,
with a slope of K/k,=(8.68+ 0.22)x 10° mol*dm’s
for f-CD and(8.03+ 0.23)x 10° mol~* dm®s for y-CD
and an interceptof 1/k; =337+ 4 s. This relationship
enablesisto determingheunboundCD concentratiorin
solutionfrom the estimationof the thermalisomerization
rate(kop9. Incidentally,the K valuesbetweer6-SQ; -SP
andCD, obtainedby dividing the slopeby the intercept,
are 2.58x 10°mol~*dm*® for p-CD and 2.39x
10® mol~* dm® for y-CD.

Upon addition of phenolsto a mixture of 6-SO; -SP
and p-CD, p-CD forms a 1:1 inclusion complex with
phenols With excess3-CD andphenolsover6-SO; -SP
concentrationtheconcentratiorof theinclusioncomplex
between 6-SO; -SP and f-CD is negligible for the
phenols and (-CD. Therefore, the 1:1 association
constant (K1;) between phenols and -CD can be
expressedsfollows:

Ki1 = [HG]/([G][H];)

where [H] and [HG] denotethe concentrationof the
phenolandits inclusioncomplex,respectivelyand[G]q

and [H], arethe initial concentrationgtotal concentra-
tions) of phenols and -CD. The concentration of

unboundp-CD in solutioncanbe determinedasfollows.

Theinitial concentration®f 6-SOQ;”-SPand -CD were
held constantat 1.5x 10~° and 3.0 x 10 *moldm 3,

respectivelyandthe concentratiorof phenolswasvaried
from 1.0x 102 to 8.0x 10 3*moldm 3. These con-

centrationconditionswere chosensuchthat the equili-

brium concentration of the inclusion complex was
comparedwith that of unboundCD. For example when
the concentration of 4-nitrophenol (4-NO,-P) was
3.0x 10 3moldm™3, the apparentisomerization rate
from SPto MC was observedto be kops=4.41x 1072

s L. Using Eqn. (2), the concentratiorof unbounds-CD

was determinedto be 1.5 x 10~ moldm 3. From Eqn.

(3), theassociatiorconstanbetweens-CD and4-NO,-P

canbe calculatedto be 3.5 x 10° mol~* dm?®.

By using the isomerizationrate of 6-SO; -SP, the
associationconstantsof various kinds of substituted
phenolswith p-CD at 40°C were determined,and are
given in Table 2. 6-SG;-SP servesas a chemical
indicator,andthe equilibrium constantcan be estimated
without analysing the absorption bands due to the
inclusion complex. Lewis and Hansefi have reported
Ki1=1.0x 10 mol~*dm?® (at 298 K), AH=—43.9kJ

J. Phys.Org. Chem.12, 541-546(1999)
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Table 2. Association constants for inclusion complex formation with - and y-CDs at 40°C

1072 K44 (B-CD) (mol~* dm®)

1072 K44 (y-CD)

10 * K12 (7-CD)

Guest (mol~* dm?®) (mol~2dm®) 1072«
pH 6.9 pH 10.1 (pH 6.9) (pH 6.9) (cm® molecule )

4-F-phenol 1.2+0.1 0.75+ 0.08 0.56+ 0.01

4-CN-phenol 1.6+0.1 0.87+0.10 0.85+0.01 1.27
4-CH;0-phenol 2.0+0.1 1.1+0.1 1.35
Phenol 25+0.1 1.3+0.1 1.10
4-Cl-phenol 27+0.3 24+0.1 41+0.1 1.30
4-Br-phenol 3.0+0.2 27+0.1 16+1 141
4-NO,-phenol 3.5+0.1 5.2+ 0.3 26+ 2

4-C,Hs-phenol 52+0.2 330+ 16 1.47
4-CHs-phenol 6.3+0.2 200+ 7 1.29
4-I-phenol 23+1 14+1 250+9 1.61
4-(CHg)>CH-phenol 34+1 17+1 1.61
2-Naphthol 32+1 330+ 12 1.80
L-Borneol 48+1 41+1 1.82
1-Adamantanol 100+ 3 290+ 49 1.74

mol~* and AS=—87.9J mol~* K~ for the inclusion

complexbetween-CD and 4-NO,-P. The K, value at

40°C for the -CD—4-NGOy-P systemwascalculatedo be

5.3 x 10° mol~* dm® by usingthe thermodynamigara-
meters.The Ky, value calculatedaboveis comparabldgo

that (3.5 x 10° mol~*dm®) determinedfrom measure-
ments of the isomerization rate of 6-SO;"-SP and

estimation by using the spiropyran method could be

regardedas reasonableThe details of the substituent
effectsoninclusioncomplexformationwill bediscussed
below.

Since4-NO,-P hasan absorptionbandin the vicinity
of 400nm, the K, valuefor the f-CD—4-NO,-P system
canbedeterminedy analysisof theabsorptiorband.On
adding-CD, 4-NO,-P exhibitsa spectralshift of about
10nm,andthepeakin thevicinity of 410nmincreasesit
the expenseof the peakat 320nm. The isosbestigoint
observedat 360nm indicatesa 1:1 equilibrium. The

10°[H],[G1o/AE / mol* dm™®

| |
0 5 10
10°[H], / mol dm®

Figure 1. Determination of the association constant of -
CD-4-NO,-P complex according to the Benesi—-Hildebrand
relationship: pH 6.9, [4-NO,-P]o = 5.0 x 10> mol dm~3

CopyrightO 1999JohnWiley & Sons,Ltd.

spectraldatacan be analysedaccordingto the Benesi—
Hildebrandequation®

[H]o[Glo/AE = 1/K11Ae + [H],/Ae (4)

where[G], and[H] o arethetotal concentration®f guest
(phenols) and host (CD), respectively, Ae is the
differencein the molar extinction coefficientsfor bound
and unbound phenols and AE is the changein the
absorptionintensity of phenolssolution on adding CD.
As shown in Fig. 1, a linear relationship between
[H]o[Glo/AE and [H]o for the 4-NO,-P—-5-CD system
can be obtained. The K;; value can be obtained by
dividing the slope by the intercept, K;;=3.53x
107 mol~*dm?, which is in good agreementwith that
estimatedfrom the measurementf the isomerization
rateof 6-SQ; -SP.

y-CD forms a 1:1 inclusion complexin analogywith
thebehaviourof f-CD, andalsoa 1:2 inclusioncomplex
(one y-CD and two phenol molecules)is formed with
many4-substitutegphenols A detaileddiscussiorof the
stoichiometricratio of the inclusion complex will be
givenlater. The equilibrium concentratiorof unboundy-
CD can be also determined from Eqn. (2). The
determinationof the equilibrium concentrationgives
theassociatiortonstant¢K,, andKy,) for thel:1and1:2
inclusioncomplexesof y-CD accordingto Eqns(3) and
(5), respectivelyandthey aregivenin Table 2.

K1z = [HG2)/([H}[G]*)

_ [H]O — [H]f (5)
[H]¢ ([Glo + 2[H]; — 2[H]o)?

where [HG,] denotesthe concentrationof the 1:2
inclusioncomplexbetweeny-CD andphenols.

J. Phys.Org. Chem.12, 541-546(1999)
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Figure 2. (1) Hammett plot of InK;; of B-CD against
substituent constant ¢ of 4-substituted phenols. (2) Relation-
ship between InK;4 of f-CD and molecular polarizability o:
(@) 4-substituted phenols; (A) 2-naphthol, L-borneol and 1-
adamantanol

Using the isomerization of spiropyran, the small
association constant for the 1:1 inclusion complex
between y-CD and 4-substituted phenols cannot be
determined.For unstablecomplexation,the concentra-
tion of the 1:1 inclusion complexof y-CD is very low.
Despiteour attemptgto achievethe conditionsnecessary
to satisfyEqns(2) and(3), they havebeenunsuccessful.

Inclusion complex between B-CD and phenols

Theassociatiortonstantgor theinclusioncomplexof -
CD with variouskinds of phenolsarelisted in Table 2,
and show someinterestingpoints: (1) in 4-substituted
phenolsthe Ky, valuesare similar in magnitudeexcept
for 4-1- and4-(CHs),CH-phenolsy(2) the K1 valuesfor
large guest moleculessuch as 1-adamantanolnd L-
borneolare large comparedwith thoseof 4-substituted
phenols;and (3) the K;; valuesat pH 6.9 are large
comparedwith thoseat pH 10.1, exceptfor 4-NO>-P.
The Hammettplot was useful for identifying binding
sites and assigningvaluesto associationconstants.In
fact, the complex stability between ¢-CD with 4-
substituted phenol increasesin order of increasing
Hammettsubstituentconstants.” For the 4-substituted
phenolsp-CD system,Fig. 2(1) represent&a Hammett-
typeplot of In K1, againsthesubstituentonstant for 4-
substitutedohenols The Hammettplot showssubstantial

CopyrightO 1999JohnWiley & Sons,Ltd.

scatter,which is different from the behaviourof «-CD.
Basedonthe NMR studyof inclusioncomplexe®f f-CD
by Inoue et al.? the insensitivity of the stability of
inclusion complexeswith 4-substitutedohenolscan be
explainedin terms of the molecular geometry of the

complexeqScheme?).
4v.

O

OH OH
(a) (b)

Scheme 2

In general 4-substitutegohenolspenetratehe hydro-
phobiccavity of f-CD, asshownin Scheme2(b) 8 In this
casethe OH groupandthe 4-substituensite of phenols
could be locatedin hydrophilic environmentsand thus
thecomplexatiorstability is independenof the natureof
the substituentIn theinclusioncomplexof 4-substituted
phenolswith «-CD, the dominantbinding site is the 4-
substituenfScheme2(a)]. Complexationsimilar to the
moleculargeometryof the «-CD complexleadsto large
K11 valuesof -CD with 4-1- and 4-(CHs)>CH-phenols
havinga bulky substituent.

The hydrophobicinteractionis animportantfactor for
thestability of inclusioncomplexesThelogP (wherePis
the partition coefficient) values are widely usedas a
measure of hydrophobicity. In the present system,
however, the logK;; value showed no appreciable
correlation with logP. The stability of the inclusion
complexis largelydependenbnthe sizeandshapeof the
guest. According to Conner’ the strengthof binding
forcesin CD inclusioncomplexess controlledmainly by
the electrondensity,the polarizability andthe polarity of
thebindingsite. Themolecularpolarizability controlsthe
inductionanddispersioninteractionsandis alsorelated
to size.Figure2(2) showstherelationshipbetweenn K;1
of p-CD andthe molecularpolarizability («) of phenols.
The stability of the inclusioncomplexof 5-CD showsan
appreciablecorrelationwith the molecularpolarizability
of phenols.

The K, valuesof -CD atpH 10.1aresmallcompared
with thoseat pH 6.9, exceptfor 4-NO,-P. The presen-
substitutedphenolsexistin the ionized form (phenolate
ion) in waterat pH 10.1.As arule, inclusionof charged
moleculesn the CD cavity is lessfavourablethanthatof
unchargedmolecules.This leadsto small K;; values
althoughthe insensitivenatureof the pH dependencés
due to the molecular disposition of phenolsin -CD
[Scheme2(b)]. 4-NO,-phenolates morestronglybound
thanthe neutralphenol. This unexpectedehaviourhas
beendiscussedy severalworkes’ They suggestedhat
the chargedform of 4-NO,-P is ableto complexwith o-
CD more strongly than the neutralform becauseof the

J. Phys.Org. Chem.12, 541-546(1999)
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extensivechargedelocalization.This accountsfor the
aboveobservations.

Inclusion complex between y-CD and phenols

Inclusionin y-CD, with alargercavity, is loosecompared
with inclusionin «- and f-CD. Therefore the degreeof
interaction betweeny-CD and the guestis small and
conventionalUV spectroscopis notgenerallyapplicable
toy-CD complexedecausef thesmallspectrakhifts.In
this case,the techniqueusing a chemical indicator is
more usefulto determineequilibrium constants.

It is recognizedthat phenolsform a 1:1 inclusion
complexwith -CD. However,the stoichiometricratio
for theinclusioncomplexof phenolswith y-CD havinga
largercavity is morecomplicated In fact, the electronic
spectraof 4-NO,-P with differentconcentrationsf y-CD
did not have an isosbesticpoint, which indicatesthe
formationof both1:1and1:n complexesWhen4-NO,-P
is includedby y-CD to form aninclusioncomplex,new
circulardichroismappearsn thevicinity of 400nm. We
determinedthe stoichiometric ratio of the inclusion
complexbetweeny-CD and phenolsby analysesof the
changen theinducedcirculardichroismspectraHirai et
al? indicatedthat the magnitudeof the inducedcircular
dichroismis proportionalto the amountof the complexes
producedasfollows:

for 1.1 (= y-CD:4-NO»,-P) complexformation,

[6][H]o

AEcp =
cp 1OO(K1171 +

for 1:n (= y-CD:4-NO,-P) complexformation,

Glo _ 100 N 100n? @)
AEcp  Kin[f][H]o[GJ 4]

(1)
1.2f

L o8-

< .

/’A
041 A g
0o : 10

10°[G],/ mol™* dm?

where[H] o and[G] aretheinitial concentrationsf y-CD

and 4-NO»-P, respectively, AEcp and [0] are the

measurednagnitudef the inducedcircular dichroism
and ellipticity of the complex, respectively,and Ky,

denotesthe associationconstantfor the 1:n inclusion
complex. Under the condition [y-CD]g > [4-NO»-P],,

AEcp is plotted againstthe chargedconcentratiorof 4-

NO,-P accordingto Eqgn. (6) in Fig. 3(1). When y-CD

forms a 1:1 inclusion complex, a linear relationshipis

expectedFor[y-CD]/[4-NO>-P], >40, alinearrelation-
ship betweenA Ecp andthe chargedconcentratiorof 4-

NO,-P canbe obtainedwhich is takenasa evidencefor

the 1.1 complexformation. On the other hand, for [y-

CD]o/[4-NO»-P]y < 20, AEcp is not proportionalto the

chargedconcentratiorof 4-NO,-P, andthe correlationis

therefore more complicated. At [y-CD]y/[4-NO,-P]y

>40,thecirculardichroismdatawereanalysedccording
to the Benesi—Hildebrandequation for 1:1 complex
formation, and the K;4 value of y-CD was obtainedas
14.2mol~* dm®. The small Ky valueof y-CD compared
with K1, of f-CD is responsibldor thelooseinclusionin

y-CD with alargecavity. At [y-CD]/[4-NO,-Ph], < 20,

the inducedcircular dichroism changeswere analysed
accordingo Eqn.(7). As canbeseerin Fig. 3(2),alinear
relationship can be obtained for the 1:2 complex
formationbetweenoney-CD andtwo phenolmolecules.
Fromtheslopeandinterceptthe K;, valuebetweeny-CD

and4-NO,-Pwascalculatedo be2.51 x 10° mol~2 dm®.

The 1:3 inclusioncomplexcannotbe observed.

To determinethe associatiortonstanivith y-CD using
the isomerizationof 6-SQ;-SP,the isomerizationof 6-
SO;-SP in the presence of y-CD (constant
3 x 10~*moldm—2 concentration)and phenols(varied
from 1 x 103 to 1 x 10 2moldm3) was examined,
andthe equilibrium concentratiorof unboundy-CD was
determinedfrom Egn. (2). The K;, values for the
equilibriumbetween-CD and4-NO,-P, calculatedrom
Egn. (5), were constant, whereas the K;; values

(2) 10°°[G],® / mol? dm®

10°[Glo/AEcn

104[G], " / mol* dm®

Figure 3. (1) Plot of the magmtude of circular dichroism (AEcp) induced by y-CD inclusion complex against the initial

concentration of 4- NOgr
CD]o=0.001 mol dm
(O)n=3

CopyrightO 1999JohnWiley & Sons,Ltd.

Plotof [Glo/AEcp against [G]p" ™ {f

@) [7-CD]o/[4-NO,-P]y = 40— 80, [y-CD]o = 0.004 mol dm~3; (A) [y-CD]o/[4 NO, -Plo = 10- 20, [y-
or the y-CD and 4-NO,-P system according to Eqn. (7): (@) n=2,;

J. Phys.Org. Chem.12, 541-546(1999)
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é 15- " 2-naphthol
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g 10-
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=
5 -
! 1 | 1
4 6 8 10

Ink;, (B-CD)

Figure 4. (@) Relationship between InK;; of y-CD and InK4
of p-CD. (A) Relationship between InK;, of y-CD and InKy4
of B-CD

tentatively calculatedfrom Eqn. (3) obviously changed
with the concentratiorof 4-NO,-P. As shownin Table2,
the Ky, value betweeny-CD and 4-NO»-P was deter-
mined as 2.6 x 10° mol~?dm® using the isomerization
rateof 6-SO; -SP,which is comparabldo the K, value
(2.51x 10°mol~?dm®) determinedfrom the induced
circular dichroismchange.This agreemensupportsthe
reliability of the presenimethodbasedon theisomeriza-
tion of 6-SO; -SP.The Ky, valueshetweeny-CD and4-
(CHs),CH-P obviously changedthe concentratiorof 4-
(CHs)>CH-P. Judging from the estimatedequilibrium
constantsyve foundthat1:1 binding of y-CD takesplace
with large guestmoleculessuch as 4-(CHs),CH-P, L-
borneoland 1-adamantanolFor suchlarge guests,1:2
complexingcannotbe observedThe K;; andK, values
of y-CD obtainedarelistedin Table 2.

The free-energychangefor complexformationcanbe

CopyrightO 1999JohnWiley & Sons,Ltd.

estimatedrom
AG = —RTIn K (8)

The AG;; valuesfor 1:1 complex formation of 4-
(CHs),CH-Pwith p-CD andy-CD canbeestimatedo be
—21.2 and —19.4kJ mol™*, respectively,i.e. they are
similar in magnitudeThe AG;; andAG;, valuesfor 1:1
and 1:2 complexformation of 4-NO»-P with §-CD and
y-CD canbecalculatedo be —15.3and—32.5kJ mol 1,
respectively,.e. AGy; is almosthalf of AG;,, which is
responsiblefor the differencein the numberof guest
molecules.

Figure4 showsthecorrelationof InK1; andIinK 4, of y-
CD with InKy4 of -CD. Thesefree-energyrelationships
for 1.1 and 1:2 complexinggive parallel straightlines.
We considerthat the upwardshift of 1:2 complexingis
not dueto a mechanisnchangefor inclusionbut to the
extra free-energychangefor inclusion of two guest
moleculesTheaboveobservationsuggesthe similarity
of dominantfactorsfor 1:1and1:2inclusioncomplexing.
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