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ABSTRACT 

The crystallographc and stolchlom&nc data obtamed for 17 dflerent inclusion 
complexes of a-cyclodextrm are reported The cell dlmenslons and space-group 
symmetnes reflect the packing arrangement of the torus-shaped host molecules and 
are largely determmed by the size and iomc character of the guest molecules 

In the series acetlc acid, proplomc acid, butyrlc acid, valerlc acid, the first 
three complexes with cc-cyclodextrm crystallize m a cage-type structure with space 
group P2,2,2,, which rs characterlstlc for small, non-lomc guest molecules The 
vaierlc acid molecule seems to be too locg to be accommodated m a cage structure, 
thus, the cc-cyclodextrm molecules are arranged such that a structure conslstmg of 
parallel channels 1s formed This packn- g IS typlcal for the mcluslon of long, tlurl, 
or ~omc guest molecules A third class of complexes with structures dLFfermg from the 
two described was also observed 

A correlation exists between the type of mcluslon complex and the volume 
reqmred for a compIex moIecuIe IZOO-- 1400 A” for moIecuIar gt.ests, and 1400- 
1500A3 for lomc guests 

INTRODUCTION 

The degradation of starch by Badus maceram amjrlase yields’ ’ cychc mter- 
mediates conslstmg of SIX to ten ~(1 -+ 4)-hnked D-glucose residues A molecular 
model and overall dlmenslons of the smallest member of this family of compounds, 
cc-cyclodextrm (cyclohexa-amylose) with the glucose residues m the CZ(D) chair 
conformatIon IS depicted m Fig 1 

The cyclodextrms form a large number of mcluslon complexes with such 
&sslmllar compounds as benzene denvatlves, azo dyes, carboxyhc acids, alcohols, 
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halogens, polyhahde Ions, and the rare gases’ ’ 4 Potentrometnc, spectral, and 
reaction-kmetrc data on vartous guest compounds have led to the conclusron that 
adduct formatton m solutton IS due to the annular structures of the cyclodextrm 
molecules, w&h provrde space m their mtertor for the bmdmg of guest molecules of 
approprrate sizes’ ‘-’ 

Fig 1 The dlmenslons (A) of a-cyclodextrm 

The earher structural data on crystalhne cyclodextrm mcluston compounds 
have largely been summartzed by Sent1 and Erlander’, and studtes of crystalline 
p-cyclodextrm adducts have been reported ’ The structure of the cc-cyclodextrm- 
rodme complex has been proposed on the basis of an mcomplete X-ray study, this 
structure and the structure of the a-cyclodextrm-I-propanol adduct have been 
completed m detatl by the authors of thts paper and wail be pubhshed elsewhere 
Hybl et al 3 and Manor and Saenger lo have reported structural analyses of the 
adducts of u-cyclodextrm wrth potassmm acetate and water, respectrvely 

We now report on the crystallographtc data of 17 mclusron complexes of a- 

cyclodextrm 

EXPERIMENTAL 

Crystals of the mcluslon compounds were grown, followmg the procedure of 
Cramer and Henglem’ ‘, from aqueous solutrons of a-cyclodextrm mixed with 
amounts of guest substances m excess of 1 1 molar ratios Attemps to obtam adducts 
of bromotoluene, mtrotoluene, and pentachlorophenol from preparations contammg 
these materials dtssolved m supernatant ether layers produced crystals having dlf- 
fractron patterns and densities that were almost Identical with those of the ether 
adduct It was therefore concluded that the mclusron of these substances, rf rt occurred 
at all, was of the nature of random substrtuttons, in the predommantly ether-con- 
taining adduct On the other hand, crystals of the rodme and I-butanol adducts 
could be grown by thus procedure In order to prevent decomposmon, it was found 
expedrent to store the crystals m their mother hquors 
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ThL crystal densltles were measured by flotation of the crystals m hexane- 
methyl lodlde mixtures, using relatively large, transparent samples freed from surface 
hquld by absorbent paper There were no perceptible changes m the crystal densltres 
due to loss of the guest components mto the orgamc mixtures durmg these measure- 
ments The crystals for the X-ray measurements were encased m polystyrene films 
and thus stablhzed Crystals of the lodme adduct underwent radlatlon damage, but 
not to a degree that would affect the results of the prehmmary X-ray study The space- 
group symmetries were determmed from Welssenberg and precession photographs 
Data for unit-cell dlmenslons were either measured by usmg a diffractometer or 
obtained from Welssenberg photographs calibrated with alummmm pot der dlffrac- 
tlon lines 

RESULTS 

The crystallographic and stoichlometnc data for the 16 inclusion complexes 
which have been examined, and one data set obtained from literature, are given m 
Table I, where the structures are subdIvIded mto groups, accordmg to then dlffrac- 
tlon symmetry (or pseudosymmetry) and unit-cell dlmenslons The values of the lattice 
constants are, m most Instances, the results from least-squares refinements on sets 
of 20 data for which the observation to parameter ratios exceed 6 1 In parentheses 
are listed the standard devlatlons obtained by this procedurel’ The uncertamty 
hmlts on the density values are probable errors as estimated from sever?: mdependent 
measurements The entnes of column 6 (volume per mcluslon complex umt) were 
obtained by dlvldmg the unit-cell volume by the number of complex molecules per 
unit cell, column 5 The expenmental molecular weights listed m column 7 apply 
to the formula units of the hydrated r-cyclodextrm or Its adduct The hydration 
numbers of column 8 are determmec by dlf’erence from these values and molecular 
weights of the 1 1 adducts (or the 1 2/2 adduct for Methyl Orange) 

DISCUSSION 

Class I cage strrtctwes 

The structures of Class I with orthorhomblc space-group P2,212, have complex 
frameworks for which models have been postulated’ 3 from the guest dlstnbutlon 
determined m the adduct of reported composition (C,H,005)6 IZ 14H20 In this 
packmg arrangement, now resolved m detail for the 1-propanol, Iodine, and water 

adducts” l4 listed m Table I, the cylmdncal opemngs wlthm the ;c-cyclodextrm 
molecules are blocked on open ends by contiguous molecules, thereby formmg 
cylmdncal enclosures or cages m the host structure (FIN 2a), which IS held together 
by an mtncate hydrogen-bondm, m scheme As seen from Table I, and especially m 

the senes acetlc acid, proplomc acid, butync acid, valenc and, this host structure 
becomes unstable, to structures of Class I, for guest molecules exceedmg a cntlcal 
length consistent with the expectation’ that the axial dlmenslon of the cage hmlts 
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the straight-cham guests to C4 or lower members The salt adducts with amens 
small enough to fit mto these cages, VIZ, potassium acetate and sodium perchlorate 
adducts, also form structures of other types, probably because of the more-favourable 
sites for cation coordmatron exrstmg m those frameworks 

The frameworks of Class I are not stnctly isomorphous, as has been previously 
noted m the senes comprrsmg the iodine, methanol, ethanol and 1 -propanol adducts’ 3 
These small differences m packing of a-cyclodextrm molecules are accompanied 
by changes m the number of water molecules engaged in the host structures Thus, 
m the rodme adduct, there are four water molecules per cyclodextrm molecule, 
whereas the I-propanol adduct contains five water sites, of whrch two are statrs- 

ttcally occupred, glvmg the hydratron number of 4 8 (Table I) On the other hand, 
the enclosures appear to be fully occupied, each wrth one guest molecule Likewise, 
for other complexes of this class, one might expect 1 1 adducts wrth 4-6 water mol- 
ecules per cyclodextrm molecule, with the simple hydrate being a special case m 
whrch two water molecules fill the enclosure’ ’ The hydratron number of 14 pre- 
vrously formulated I3 for the rodme adduct greatly exceeds the expectation values 
imposed on the storchrometry by the structure and accordmgly IS probably erroneous 

Class II channel strrrcttwes 

The adducts of Class IIA are rsostructural m then host frameworks wrth the 
a-cyclodextrm-potassmm acetate complex3 In this framework, the cyclodextnn 
rmgs pack coaxrally to form contmuous channels whrch run along the c dnectron 
(Figs 2b and 24, the anions are drstnbuted through the channels m complex patterns 
of disorder, whrle the cattons are located m external cavities formed by oxygen atoms 

StatistIcal disorder of the amomc guest must also occur m the Methyl Orange 
adduct, as the drffractton patterns show no evidence of a superlattrce although the 
maximum drmensron of the amon IS approximately twice the expected periodic 
length of the channel In the sodmm hexanoate adduct, on the other hand, the amons 
appear to be ordered, as the channel arrays have a penodrcrty twice that of the 
molecular dimensions of a-cyclodextrm 

That the frameworks of Class IIA depart srgruficantly frum hexagonal closest 

packmg of cohnear cylinders appears to be due to the accommodatron of tome guests 
between channels of the structures, Inasmuch as the crystals of adducts of molecular 
guests (Class IIB) have lattices of dunensrons and symmetry consistent wrth the 
htgh mtnnstc regularity and srmphcrty of this arrangement (Frgs 2c and 2n) 

Thus, the drmensrons of a and c (- 13 9 and N 16 A) given in Table I (class IIB) 

correspond to the expected diameter and double height of a-cyclodextnn toruses 
(Fig 1) m van der Waals contact m hexagonal frameworks The hypersymmetry of 
this arrangement is remarkably pronounced on drffractron patterns of the tnchmc 
ether adduct and to a lesser extent on patterns of the 3-methylbutan-l-01 adduct 
Whrle the I-octanol, valenc acid, and barium iodrde-lodme adducts achieve hexagonal 
symmetry, then drffractron patterns show d&Fuse streaking m the c drrectron super- 
imposed on sharp reflectrons which define subcells having the drmensrons given 
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(6) 

(cl (4 

Fig 2 The packing scheme of a-cyclodextrm adducts (a) Class I with small mclecular guests, 
lookmg along the crystallographic a-axis, a-cyclodextrm molecules are seen from the side, slmdar to 
Fig 1, nght hand (b) Class IIA wth lomc guests, looking along the channel axis (c) Class IIB wth 
large molecular guests, lookmg along the channel ws (6) Side wew of class IIA, B channel structures 
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m Table I In vrew of thrs streaking and the exrstence of the apparently ordered ether 
structure of lower symmetry, It seems probable that, m these structures, the guests 
are drsordered along channels, whrle the symmetnc, cyclodextnn host-molecules 
are ordered m the mam framework The crystal structure of the barium iodide- 
rodme adduct has been determmed from the Patterson function The orientation of 
the two cc-cyclodextrm toruses could not be denved with certainty as the rodme atoms 
appear &ordered along the hexagonal axis’ 5 

Class III, other structures 

The a-cyclodextrm-potassmm rodrde-rodme complex crystalhzes III a hexagonal 
space-group but, as IS obvrous from the cell constants, the packing must be different 
from that observed for Class II structures It was estabhshedr5 from a Patterson 
synthesis that the cc-cyclodextrm molecules are agam arranged co-lmearly m a channel- 
type structure However, the channels do not run parallel to each other and to the 
hexagonal crystallographrc axes but are perpendrcular to thus axis Thus type of 
packmg is also Indicated by streak formation m the hk0 equator due to a disorder 
of the rodme atoms along the a-cyclodextrm channels 

The crystallographrc data of the sodrum perchlorate adduct seem to mdrcate a 
structure dfierent from any host framework hitherto studied, but bear some relation 
to the data observed for the u-cyclodextnn-potassmm acetate complex The umt- 
cell axtal dimensrons of the sodium perchlorate adduct a = 19 87, b = 33 71, c = 
27 79 A, can be consrdered to be multrples of the cell constants obtained for the 

a-cyclodextrm-potassium acetate complex, 1 x 21 89, 2 x 16 54, 3 x 8 30 A 

The volume per mciusron complex unrt 

The volumes per mclusron complex umt grven m column 6 of Table I and m 
Fig 3 represent a measure for the volume requued by one a-cyclodextrm molecule 
plus the surroundmg molecules of water of hydration It IS mterestmg to note that 
these figures vary from one crystal class to another and thus reflect the different 
packmg patterns 

In class I structures, the volume per mclusron complex unit increases from 
1200 A3, the lowest entry m column 6, Table I, untrl rt reaches a plateau at - 1290 A3 
That the water mclusron complex requrres the smallest volume also becomes obvrous 
from Its detailed X-ray structural analysrs”, the a-cyclodextrm molecule IS no 
longer torordal, but drstorted such that the vord becomes smaller m order to achreve 
van der Waal’s contact with the enclosed two water molecules When however, 
the guest molecule, due to its drmensrons or due to its romc character, reqmres an 
adduct volume exceedmg - 1290 A3, the crystal structure changes to class 11 or III 

The volume per mclusron complex umt 1s constant (1500 A”) for class IlA 
adducts This mdrcates that the host framework for these adducts IS very srmrlar, 
probably more strictly rsomorphous than m the other structure classes of Table I, 
the accommodatron of the romc guests of drfferent dlmensrons withm the a-cyclo- 
dextrm channel and of the drfferent monovalent cations outside the channels3 
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A3 
t-=- 

Class IIA dt -bd- Class II B - Class 1. 

class 

1500 0 0 0 m 
. 

0 

P 
IOI-UC guests w Molecylor guests 

- 

- 
0 

1200 0 

10 9 8 16 15 14 13 12 11 J 6 5 4 3 2 1 

Fig 3 Representation of the “volumes per mcluslon complex umt” for the a-cyclodextrm adducts 
hated m Table I 

seems to bear httle influence on the packmg of the a-cyclodextrm molecules m the 
orthorhomblc umt-cells of P21212, or P2,2,2 symmetry 

In class ILB, the volume per mcluslon complex for the molecular guests ranges 
from -1300-1387W3 In tlus structural class, the molecular guests are arranged 
mslde the c+cyclodextrm channels, the cr-cyclodextrm molecules are packed m a 
slmllar scheme but m dflerent (tnchmc, monochmc, and hexagonal) space groups, 
gvmg a natural explanation for the variance &n the volumes per mcluslon-complex 
llnlt. 

The crystal packing patterns observed for class III with lomc guests are Merent 
from the patterns observed for class IIA structures However, the volumes per 
mcluslon complex umt (1457 and 1483 A3) are comparable to that (1500 A3) recorded 
for class IIA structures This might mdxcate that, m the class III adducts, the catlons 
are located “outside” the c+cyclodextrm molecules, as was found3 for the class IIA 
potassmm acetate complex 

It appears to be a structural law that a-cyclodextrm adducts mth small mo- 
ecular guests crystallize m class I structures wth 1200-1290 A3 per inclusion complex 
umi, with larger molecular guests, class IIB structures with up to about 1,400 A3 per 
mcluslon complex umt are obtamed The adducts with lomc guests crystalhze m 
class III and class IIA structure types reqmrmg - 1400-1500A3 per mcluslon complex 
umt 
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CONCLUSIONS 

The structure-determmmg factor m the crystalhne materrals h&d an Table I 
is the associatton between guest and c+cyclodextrm molecules w&h the reqmrements 
of mclusion playing the dommant role, the host frameworks compnsmg a-cyclodextnn 
molecules and water molecules assocrated by hydrogen:bondmg account for the 
gross dimensions and intrinsic symmetry properties of the Iatt~ces, as do theframe- 
works m other mcluslon or clathrate compounds1 6*17 The adducts of molecular 
compounds, dependmg on the maximum dimension of the guests, fall mto two 
structural classes crystals of orthorhombrc space-groups P2,2,21 formed by mol- 
ecules of drmenslons smaller or equal to a C, cham (Class I, cage structures) and 
crystals of hexagonal or pseudohexagonal space-groups formed by guest molecules 
of greater &menslons (Class IIB; channel structures) The structures of lomc (salt) 
adducts hkeurlse form two structures the channel structures of orthorhombic P2,2,2 
or P2,2,2, symmetry (Class IIA) are related to those of the larger molecular non- 
iomc guests (CIass IIB); the structures of Class ill are different from those of Classes I 
and II, although the channel structure 1s preserved m the potassmm rodrde-iodme 
adduct and nught be present m the sodmm perchlorate complex if cell drmensions 
are taken as soie cntenon. 
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