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ABSTRACT: Molecular dynamics simulations were performed in vacuo on "channel type" polyrotaxanes composed of 
/J-cyclodextrins (/JCDs) threaded onto isotactic and syndiotactic poly(propylene glycol) (PPG). In the most stable complex, the 
fJCDs form a close-packed structure from one end of the PPG chain to the other. Non-bonded van der Waals interactions 
between /JCD and PPG are the main source of stabilization of the complex. Head-to-head and tail-to-tail orientation of suc­
cessive /JCDs in the complex is more favorable than a head-to-tail orientation, due to intermolecular hydrogen bonding be­
tween head-to-head {JCD units. fJCDs in polyrotaxanes adopt a more rigid and symmetrical macroring conformation than 
does an isolated /JCD. Formation of the polyrotaxane is accompanied by an increase in the number of trans states at the 
bonds in the backbone of PPG. For this reason, the PPG chain in the polyrotaxane is much more extended than the un­
perturbed chain. 
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Cyclodextrins (CDs) are cyclic oligosaccharides 
formed by 6 (°'CD), 7 (/3CD), 8 (yCD), or 9 (JCD) gluco­
pyranose units connected by ()(-1,4-linkages. The CDs 
form inclusion complexes with many compounds of 
low molecular weight. 1 - 3 Inclusion complexes of CDs 
and several polymers have also been prepared. 4 - 11 

These complexes, included in a group named "poly­
rotaxanes," are comprised of macrocycles threaded by 
linear polymer chains, with no covalent bonding between 
the cyclic and the linear components. These molecular 
assemblies are important in supramolecular chemistry. 
Potential areas of utilization include improved interfacial 
bonding (adhesion, blend compatibilization), processa­
bility (enhanced solubility), improved control of thermal 
properties (glass transition, melting temperatures), vis­
cosity, and molecular ordering. 

Harada et al. 4 - 11 have prepared and characterized 
"channel type" 12 polyrotaxanes that form spontane­
ously from several polymers and CDs in aqueous solu­
tion. In general, a very selective formation of poly­
rotaxanes was observed. The rate and the yield of the 
complex formation depends strongly on the nature and 
molecular weight (M) of the polymer. The relative 
sizes of the cavities of the CDs and the cross sectional 
areas of the polymer are important in complex formation. 

The °'CD forms complexes with poly(ethylene glycol) 
(PEG) chains. 5 •6 •8 In contrast, f3CD does not form 
complexes with PEG of any M.4 Some PEG derivatives 
containing bulky groups at the end of the chain can be 
included to form high yields of crystalline complexes 
with yCD. 9 °'CD does not form complexes with these 
PEG derivatives when the end groups are too large. 
There are one (or two) chains of PEG threaded through 
°'CD (or yCD) in the complexes. A polyrotaxane was 
also synthesized from monodisperse PEG (M 1248) 
and °'CD, with the CD units imprisoned by capping 
the ends of the chain with bulky substituents. 

Poly(propylene glycol) (PPG) chains of various M were 
also used to form polyrotaxanes with /3- and yCDs in 

high yields, although this polymer does not form com­
plexes with lower molecular weight analogues. 4 • 7 •11 

Harada et al. 11 have studied the complex of PPG and 
f3CD in detail. fJCD forms crystalline complexes with 
PPG of M>400. These complexes are stable without 
being end-capped. Yields of the complexes rise with an 
increase in M of the chain in the range 400-1000, but 
yields decrease when M of the PPG becomes larger than 
1000. Continuous variation plots for the formation of 
the complexes of PPG (M 1000) and f3CD suggest that 
a CD interacts with two repeat units of the PPG chain. 
1 H NMR supports this conclusion. Differential thermal 
analysis shows that complexation stabilizes f3CD. An 
X-ray study of a single crystal of the complex shows that 
the PPG: f3CD complex has a "channel type" structure. 
CP/MAS NMR and X-ray studies show that f3CD adopts 
a more symmetrical conformation in the complex than 
when it does not include a guest in its cavity. X-ray 
studies on a single crystal of the complex between f3CD 
and p-nitroacetanilide prove that head-to-head, tail­
to-tail orientations result in an effective formation of 
hydrogen bonds between CDs, and this orientation is 
thought to be the most probable mode of CD packing. 
Isotactic PPG chains form complexes with f3CD in lower 
yield than do atactic PPG chains of similar average M. 
This fact has been rationalized by invoking a larger 
effective cross-section for isotactic PPG than atactic PPG, 
which impedes the movement of the chain into the cavity 
of f3CD. 

Molecular dynamics (MD) simulations have been used 
to study the conformations and mobility of similar 
systems in which a polymer is confined in a narrow 
channel, 13 - 18 including MD simulations 19 of com­
plexes of °'CD with end-capped PEG of the kind de­
scribed by Harada, 10 favoring 2.6 (±0.1) oxyethylene 
units per CD. The °'CDs in the complex formed a 
close-packed structure from one end of the PEG chain 
to the other end. The van der Waals non-bonded in­
teractions provide the main source of stability for the 
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complex. Hydrogen bonds favor slightly head-to-head, 
tail-to-tail sequences of cxCDs. The cxCD in the complex 
is more symmetric than the isolated cxCD, and the PEG 
in the complex is more extended than the unperturbed 
chain. 

Here MD simulations are used to study polyrotaxanes 
of PPG chains and {JCD. 

METHODOLOGY FOR THE SIMULA TIO NS 

The MD trajectories were computed using Sybyl 6.3 
from Tripos Asociates (St. Louis, Missouri) and the 
Tripos Force Field 5.2. 20 The contribution to the en­
ergy from the hydrogen bonds in incorporated in the van 
der Waals and coulombic terms. All simulations were 
performed in vacuo, rather than in aqueous solution, 
because of the prohibitive amount of computer time re­
quired for simulations in the dense liquid. The mole­
cules studied were isolated chains of the isotactic poly­
( ( R)-propylene glycol) and the syndiotactic poly( (RS)­
propylene glycol) containing ten monomer units and 
the complexes of these chains with {JCD. The isolated 
chains are abbreviated as PPGnt, where n denotes the 
number of monomer units and t is the tacticity of the 
chain, denoted by i for isotactic and by s for syndiotactic. 
Polyrotaxanes are abbreviated as RPPGntCDm(SE), 
where m denotes the number of molecules of {JCD in the 
complex, and SE denotes their sequence, using HH for 
head-to-head, tail-to-tail and HT for head-to-tail. The 
polyrotaxanes of PPG with {JCD that were synthesized 
by the Harada group do not need to be end capped by 
bulky groups, 11 perhaps because PPG is more hydro­
phobic than PEG. Nevertheless, for our simulations 
in vacuo, the polyrotaxanes as well as the free PPG 
chains were capped at both ends with 9-anthracenamine 
to avoid dethreading during the simulation. Figure I 
depicts isolated PPGni and PPGns, as well as the poly­
rotaxanes named RPPGniCDmHT and RPPGnsCD­
mHH. 

The potential energy of each image is evaluated as a 
sum of six contributions: bond stretching, bond angle 
bending, torsion, out of plane, van der Waals and 
electrostatic interactions. Typically the contribution to 
the binding energy from the electrostatic energy is only 
around I% of the contribution from the van der Waals 
interactions. Therefore the simulation is insensitive to 
the details of the treatment of the electrostatic inter­
actions. Following Brant and flory ,21 - 23 electrostatic 
interactions were taken into account using pairwise con­
tributions of qiq)3.5rij, where rii is the separation of 
partial charges i and j. Geometry and partial charges for 
PPGIOi, PPGlOs, and {JCD as isolated molecules and 
polyrotaxanes were obtained by MOPAC. 24 A tetra­
mer of PPG, capped with 9-anthracenamine at both 
ends, was used to calculate the geometry and the partial 
charges for PPGs. Geometry and charges for {JCD are 
the ones used previously. 25 

The starting conformation had trans states at all of 
the internal bonds in the PPG. The {JCDs were initially 
in the nondistorted conformation described previously, 
with¢ and i/J, the two torsions at the bonds to the bridging 
oxygen atom, at 0° and -3°, respectively, and the bond 
angle at this atom, r, at 121.7°. 19 •25 Starting conforma-
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Figure 1. Isolated PPGni and PPGns, as well as the polyrotaxanes 
named RPPGniCDmHT and RPPGnsCDmHH. 

tions for the polyrotaxanes were constructed from m 
nondistorted {JCDs, with centers separated by 8 A, 
around the extended PPG chain. 

Calculations were performed in a canonical ensemble, 
with NVT fixed. Lengths were constrained for bonds to 
hydrogen atoms, but all other bond lengths, bond angles 
and torsional angles were variable during the simulations. 
From 0 K, T was increased I 0 K at intervals of 300 fs 
and the molecule was equilibrated at the final T (500 K) 
for up to 100 ps before the collection of data was initiated. 
The momentum reset and the coupling factor were 10 fs. 
Velocities were rescaled at intervals of 10 fs. The duration 
of the trajectory was 0.5 ns, computed with a time step 
of 2 fs. Conformations were saved at intervals of 200 fs, 
yielding 2500 images from each simulation for subsequent 
analysis. The average of any property <X) was ob­
tained as 

1 
<X)= '°X. NL., I 

(1) 

where N is the number of images and Xi is the value of 
the property for image i. 

For each image of the polyrotaxanes, the non-bonded 
interaction between the PPG chain and CDs, denoted 
£binding' was evaluated as the difference between the total 
potential energy and the potential energy of the PPG 
chain and m CD units. 
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Figure 2. Scheme for defining the distance between two flCDs, using 
the points 0 and O'. 

£binding= ERPPGntCDm - ( EPPGnt + Ecnm) (2) 

The term ERPPGntcnm represents the total energy of the 
system, and Errant and Ecnm are the potential energy of 
the system taking into account only the atoms of PPG 
or m CDs, respectively. 

As previously, 1 9 for evaluating the number of intra­
and intermolecular hydrogen bonds of CDs. a hydro­
gen bond is assumed when the 0 · · · H distance is 0.8-
2.8 A and the angle formed by 0 · · · H-0 is in the range 
120-180°. 

RES UL TS AND DISCUSSION 

Study of the PPG: {JCD Ratio in the Rotaxane 
A chain-independent estimate of the amount of f3CD 

that might be bound to a linear chain can be obtained 
by considering the non bonded binding energy (calculated 
in a manner similar to eq 2) between two isolated fJCDs, 
as a function of the distance between them. The two CDs 
approach one another, with a head-to-head orientation, 
along a virtual x axis that passes through the centroids 
0 and O' defined by the seven bridging oxygen atoms 
of each CD, as depicted in Figure 2. Figure 3 depicts the 
results obtained by two methods, the one using a 
molecular mechanics calculation and the other using a 
molecular dynamics calculation. The most negative 
£b.nding occurs when the separation of the fJCDs in near 
8 A. A strongly repulsive interaction is generated if the 
separation is reduced to 7 A. 

Specialization of these results to a particular polymer 
requires an estimate of the extension of its monomer 
unit. The maximum extension of a monomer unit of PEG 
or PPG, while retaining the preferred bond lengths and 
bond angles, is slightly more than 3 A. The vertical dashed 
lines in Figure 3 denote the distance between CDs for 
two different PPG: /JCD ratios, assuming this exten­
sion for the polymer. According to these results, a 
polyrotaxane with a composition of two PPG units per 
f3CD is less likely than one with a composition closer 
to 2.5 PPG units per f3CD. This result is somewhat in con­
flict with the report by Harada et al. 11 of a ratio of 
two oxypropylene units per f3CD in the polyrotax­
ane. They earlier reported results for end-capped poly­
rotaxanes prepared from monodisperse PEG and ()(CD 
where there were 2.3 ethylene glycol units per CD, 8 · 10 

which is a composition closer to the expectation from 
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Figure 3. Binding energy ( 0) and total potential energy ( · · ·) as a 
function of separation for two head-to-head ,IJCDs. The four points were 
obtained by MD, and the curved dotted line is from MM. The two 
vertical dashed lines denote the separations for 2 and 2.5 extended 
PPG (or PEG) units per {iCD. 

Table I. Binding energies and its components (kcal mo] - t) 
for four polyrotaxanes 

Polyrotaxane 
Binding 
energy 

van der Waals 
part 

Electrostatic 
part 

--- - --- --- ---- --- ---· -------

RPPG10iCD4HH 
RPPG10sCD4HH 
RPPG10iCD4HT 
RPPG10sCD4HT 

-88.0 
-86.7 
-88.4 
-86.8 

-87.3 -0.8 
-86.0 -0.8 
-87.4 -1.0 
-86.0 -0.9 

Figure 3. Perhaps the difference in composition arises 
from the absence of end caps in their polyrotaxane of 
PPG and {JCD. The PPG used in the experiment had 
about 17 monomer units per chain. This chain would 
thread 6.8 or 8.5 CDs for compositions of 2.5: 1 and 
2: 1, respectively. These two numbers of CDs differ by 
less than 2, suggesting that the slightly higher than 
expected (from Figure 3) number of f3CDs per chain 
might be attributed to incomplete threading of a CD at 
each of the uncapped ends of the PPG used in the ex­
periment. 

Stabilization of the Polyrotaxanes 
The £binding and its components are collected in Table 

I for the polyrotaxanes. All four polyrotaxanes have 
negative values of £binding· The van der Waals interac­
tions contribute about 99% of the stabilization of the 
complex. Polyrotaxanes formed by isotactic PPG are 
1-2 kcal mo1- 1 more stable than the polyrotaxanes 
formed by syndiotactic PPG. A further breakdown of 
the components of the energies, not included in Table 
I, shows that the strain energy (£stretching+ £binding+ 

Etorsionai) favors the HT orientation of the /JCDs, but the 
van der Waals interactions favor the HH orientation, 
with the net result being virtually no discrimination 
between the two orientations for the polyrotaxanes. 

Intra- and Intermolecular Hydrogen Bonding Interactions 
of {JC Ds in the Polyrotaxanes 
As shown in Table II. nearly identical averages of more 

than two intramolecular hydrogen bonds per f3CD unit 
are obtained during each simulation. The intermolecular 
hydrogen bonds between fJCDs, in contrast, depend on 
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Table II. Average number of hydrogen bonds in four polyrotaxanesa 

Type RPPG10iCD4HH RPPG10sCD4HH RPPG 1 OiCD4HT RPPG 1 OsCD4HT 
----------- ---- .- - --------- ----- --·--

Intra /JCD 8.6±2.6 8.7 ±2.6 8.8 ±2.7 9.0±2.7 
/JCDl 2.2 ± 1.3 2.3± 1.4 2.3 ± 1.4 2.2± 1.3 
f3CD2 2.1±1.3 2.2± 1.4 2.3±1.4 2.2± 1.3 
{iCD3 2.1±1.3 2.2±1.3 2.1±1.4 2.3± 1.4 
{JCD4 2.2± 1.3 2.0± 1.3 2.1±1.3 2.3± 1.4 

Inter f3CDs 5.7±2.5 5.9±2.5 3.7± 1.9 3.6±1.9 
f3CD1[3CD2 2.6 ± 1.6 2.8 ± 1.8 1.2 ±I. I 1.2± I.I 
f!CD2f3CD3 0.6±0.8 0.7 ±0.7 1.2± I.I 1.2±1.1 
f3CD3/iCD4 2.5 ± 1.7 2.4 ± 1.7 1.3± I.I 1.1±1.l 
f3CD-PPG 0.6±0.7 0.5±0.7 0.6±0.7 0.4±0.7 
f3CD-Ends 0.2±0.5 0.2±0.4 0.2±0.5 0.0±0.0 

·---

"Line I: Average number of intramolecular hydrogen bonds in the fJCDs; Lines 2-5: Contribution by each f3CD to the total number of 
intramolecular hydrogen bonds; Line 6: Average number of intermolecular hydrogen bonds between fJCDs; Lines 7-9: Contribution by each pair 
of {JCDs to the intermolecular hydrogen bonds; Lines 10: Average number of hydrogen bonds between fJCDs and PPT; Lines 11: Average number 
of hydrogen bonds between fJCDs and the end groups. 

Table III. Population of the trans state at the bonds 
in the polymer 

--- ·- - - --

Molecule CH(CH3)-CH 2 CH 2-0 O-CH(CH2 ) 

---------

PPGwia 0.34 0.86 0.54 
PPG::x:;sa 0.33 0.92 0.58 
RPPGIOiCD4HH 0.92 0.91 0.71 
RPPGIOsCD4HH 0.91 0.94 0.76 
RPPGIOiCD4HT 0.93 0.92 0.74 
RPPGIOsCD4HT 0.94 0.93 0.82 

a Calculated at 500 K, using rotational isomeric state "Model I" of 
Abe et al. 26 

the sequence of the f3CDs. In support of the conclu­
sion from Harada's group, 6 • 11 intermolecular hydrogen 
bonds between f3CDs are more numerous for HH se­
quences than for HT ones. The larger contribution to 
the total intermolecular hydrogen bonds between pairs 
of f3CDs for HH sequences comes from the head-to-head 
interactions of the first and last pair of f3CDs. Tacticity 
of the PPG has little influence on the number of hydro­
gen bonds between the f3CDs. The hydrogen bonds be­
tween the f3CD and the PPG or its bulky end groups 
are less important than the hydrogen bonds within 
and between CDs. 

Conformation Analysis of PPG in the Complex 
The internal bonds in PPG prefer trans, gauche+, and 

gauche- states. 26 The populations of the trans state at 
the three types of internal bonds in the chains in the 
polyrotaxanes in the simulations are compared in Table 
III with those extracted from the rotational isomeric state 
model devised for unperturbed PPG by Abe et al. 26 All 
of the bonds have a higher population of trans states in 
the polyrotaxanes than in the unperturbed chain. As a 
consequence, the PPG chains in the polyrotaxanes are 
more extended than the unperturbed chains. The mag­
nitude of the change in extension is apparent upon 
examination of the dimensionless characteristic ratio, 

(3) 

which is the ratio of the mean square end-to-end distance, 

 

< r2 >, and the sum of the squares of the lengths of the 
n bonds in the chain. For the rotational isomeric state 
model described by Abe et al. for unperturbed isotactic 
and syndiotactic PPG, Cn is in the range 4.6-4.9 at the 
degree of polymerization and temperature of the present 
simulation. 26 In contrast, the characteristic ratios for the 
PPG chains in the four polyrotaxanes are in the range 
17 .1-17.4, which is more than three times as large as 
the Cn for the unperturbed chains. Nevertheless, the 
characteristic ratios for the PPG chains in these poly­
rotaxanes with f3CD are not quite as large as those de­
termined earlier for PEG chains in polyrotaxanes with 
o:CD.19 

Conformation Analysis of the /3CDs in the Complex 
The distribution function for the torsion angles at the 

C-0 bonds to the bridging oxygen atom, ¢ and if!, are 
qualitatively the same at the f3CDs in all four poly­
rotaxanes. The distributions exhibit two maxima locat­
ed roughly 30° on either side of the center of the trans 
state (0°), as illustrated in Figure 4. In contrast, the 
distributions for isolated f3CD show two well-defined 
regions at approximately ± 60° on either side of 0°, as 
well as occasional occupation of the cis state at if!. 22 

Formation of the complex reduces the internal con­
formational freedom of f3CD. In its complex with PEG, 
o:CD shows a stronger constraint on the distribution of 
torsion angles at¢ and if!, with the appearance of a single 
maximum. 19 Thus the f3CD in the polyrotaxane with 
PPG has more internal conformational freedom than 
does the o:CD in its polyrotaxane with PEG. 

The values of the bond angles r, defined by C(l)­
O-C(4'), are similar for all f3CDs. The average value, 
117.2±0.1°, is close to the result of 117.3° for the iso­
lated f3CD, and far from the value of 121. T in the initial 
conformation of the polyrotaxane. 

The alteration in the distributions for ¢ and if! upon 
formation of the complex implies changes in the shape 
and size of the cavity in f3CD. The size and shape of 
this cavity is described, as previously, 19·22 using pa­
rameters that define a torus, as depicted in Figure 5. 
The larger radius, R, is the average of the distance of 
the 14 oxygen atoms in all secondary hydroxyl groups 
from their center of mass. The smaller radius, r, is defined 
in a similar manner, using the seven oxygen atoms in the 
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Figure 4. Probability distributions for the torsion angles at the bonds 
to the bridging oxygen atoms in seven /jCDs in RPPG 10iCD4HT. 
(-) 1, (---) 2, (·. ·) 3, ( ·-·) 4, (-·-·) 5, (---) 6, (-. ·) 7. 

Figure 5. Schematic of R, r, and H used to define the torus that 
describes the cavity in /jCD. 

primary hydroxyl groups. The height H is the distance 
between the centers of mass defined by the oxygen atoms 
in the two types of hydroxyl groups. A subscript t 
appended to these parameters denotes the subtraction 
(for Rt and rt) of the van der Waals radius (1.36A) of 
an oxygen atom, and for Ht it denotes the addition of 
the van der Waals diameter of an oxygen atom. The 
volume of the torus is 

[ (Rt2 - rt2 ) J 
Vt=nHt rtRt+ 3 (4) 

The mean squared radii of gyration, (s2 ), were also 
calculated for three subsets of oxygen atoms. These 
subsets are denoted by "ring" for the seven briding 
oxygen atoms, "tail" for the seven oxygen atoms bonded 
to C6, and "head" for the 14 oxygen atoms in the 
secondary hydroxyl groups. 

By all of these measures, the f3CDs have similar shapes 
in all four of the polyrotaxanes, as shown in Table IV . 
This shape is induced by the formation of the complex, 
because the isolated f3CD has distinctly different values 
for most of these parameters. 22 The isolated f3CD has a 
cavity with a smaller volume, 368(32) A 3 , arising from a 
smaller height, 6.10(0.34) A, and smaller (rt), 3. 78 
(0.36) A. The torus becomes more symmetric in shape 
upon formation of the polyrotaxane, as judged by the 
size of (rt)/(R1), which is 0.76 for the isolated f3CD, but 
in the range 1.00-1.06 for the f3CDs in the poly­
rotaxanes. The shape changes from a cone in the iso­
lated f3CD to a cylinder for the f3CD in the complex, as 
was observed previously for ocCD and its complex with 
PEG. 19 The isolated f3CD has smaller radii of gyration 
denoted by (s2 );/.;g, 5.0 A, and (s2 )tfif, 5.5 A, but a 
slightly larger (s2 )~~;d, 6.5 A. These three radii of gyra­
tion differ more strongly from one another in the iso­
lated f3CD than for the f3CDs in the polyrotaxanes, 
as a consequence of the more symmetric shape of the 
f3CDs in the complex. Standard deviations for (s2 );;~2g 
are about three times larger for the isolated f3CD than 
for the f3CDs in the polyrotaxanes, which documents the 
reduction in flexibility of the ring when the f3CD forms 
the complex. In comparison, there is little change in the 
standard deviations for (s2)t1fif and (s2 )~~;d upon for­
mation of the complex. 

CONCLUSIONS 

Analysis of the MD simulations in vacuo for PPG: 
f3CD polyrotaxanes suggests a composition of about 
2.5 monomer units per CD, with f3CDs separated by 
approximately 8 A, forming a close-packed structure 

Table IV. Size and shape of the cavity in the /jCDs in the four polyrotaxanes 
Distances in A, volumes in A3. standard deviation in parenthesis. 

Parameter RPPGIOiCD4HH RPPG I OsCD4HH RPPGIOiCD4HT RPPG I OsCD4HT 

(H,) 7.85 (0.23) 7.97 (0.23) 7 .86 (0.26) 7.90 (0.22) 
(R,) 4.61 (0.21) 4.64 (0.21) 4.65 (0.21) 4.68 (0.21) 
(r,) 4.90 (0.37) 4. 72 (0.36) 4.66 (0.35) 4.69 (0.34) 
(V,) 559 (37) 548 (35) 535 (31) 545 (33) 
(s2);;~2. 5.6 (0.06) 5.6 (0.06) 5.6 (0.06) 5.6 (0.07) 
(s2 )~~;d 6.1 (0.21) 6.1 (0.20) 6.1 (0.20) 6.1 (0.20) 
(s2 ),~;f 6.4 (0.35) 6.2 (0.35) 6.2 (0.35) 6.2 (0.34) 

-- ---- ----- -------
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from one end to the other. As was the case with PEG: 
aCD complexes, 19 van der Waals interaction between 
PPG and {3CD is the main contribution to the stabiliza­
tion of the polyrotaxanes. Head-to-head, tail-to-tail 
sequences of {3CDs are more stable than head-to-tail se­
quences in the polyrotaxanes, due to intermolecular hy­
drogen bonding interactions between {3CD, where the 
large contribution is due to intermolecular hydrogen 
bonds at the head-to-head junctions. {3CDs in poly­
rotaxanes have a cylindrical shape, and they are less 
distorted than the isolated {3CD. Their macrorings are 
more symmetric and less flexible in the complex than in 
the isolated {3CD. However, the tails and heads which 
define the entrance into the cavity of the {3CD in the 
complex have a flexibility similar to that seen in the 
isolated {3CD. A twist around the trans states at the bonds 
to the bridging oxygen atoms is observed for {3CDs in 
the complex, and the cis state is total suppressed. The 
trans states are strongly preferred at all internal bonds 
of the PPG chains in the complex, causing them to 
become much more extended than in the unperturbed 
state. The calculated binding energy suggests complexes 
formed with isotactic PPG chains are slightly more stable 
than those formed with syndiotactic ones. 
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