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ABSTRACT: A detailed characterization of a hegjuest supramolecular copolymer, formed by adamantane
andp-cyclodextrin dimers (AgandSCD,, respectively) in aqueous solution, has been carried out by combining
small-angle X-ray scattering and light scattering experiments with molecular dynamics (MD) and Monte Carlo
(MC) simulations. First, the solutions of the monomers were studied by a straightforward analysis of the scattering
data. Afterward, the complex given by Adnd two/S-cyclodextrin molecules was investigated by correlating
scattering results and MD simulations, to characterize the-wgst linkage. Finally, a detailed interpretation

of the polymer scattering data was achieved by MC simulations. These simulations were performed on a single
supramolecular aggregate and, in view of its peculiar shape, the complete polymer structure was considered
without resorting to more general but simplified chain models. The comparison between simulations with and
without excluded volume interaction points out that, at our ionic strength (sodium azide 150 mM), the polymer
is close to the theta condition. Fits by reverse MC methods show that the polymer presents a shrunk conformation
in solution, but it does not close in stable cyclic structures, as generally hypothesized for this kind of small
oligomer. However, a polymerization degree of about 8 (4 &ud 45CD,) was estimated which does not show

any concentration dependence.

Introduction ence is due to a good fit of the adamantyl group inside the

The supramolecular chemistry has revived the prospect of A-Cyclodextrin CD) cavity®>*For this reason, supramolecular
obtaining polymers by means of reversible associations. In this COPolymers have been recently prepared by mixing different
framework, supramolecular polymers consist of arrays of low A-cyclodextrin and adamantane dimers (Figuré®1)? Prelimi-
molecular weight molecules linked by noncovalent interac- Nary results on these systems seem to show that the polymer-
tions12 Because of the reversibility of the interactions, these ization degree strongly depends on the polymer flexibility, which
polymers are in continuous equilibrium with their environment, determines the formation of closed structures, and stops the
and their properties may be adjusted by external stimuli, thus growth to small cyclic oligomers. Actually, even though very
providing unique opportunities for designing tunable materials. reasonable, this hypothesis lacks of definitive experimental

lonic interactions, metal coordination, hydrogen bonding, and SuPport:® This aspect has been also considered in our structural
host-guest interactions have been exploited for the polymeri- study.
zation3 In particular, hostguest supramolecular polymers, Small-angle X-ray scattering (SAXS) and static and dynamic
some of which show very interesting potential applications, have light scattering (SLS and DLS, respectively) have been em-
been obtained by using the hosting properties of Cyc|0deﬁtﬂ-ﬁs_ ployed. First, the single monomers have been studied to check
With suitable guests these molecules give rise to very stableundesired self-assembling phenomena; hence, the complex
inclusion complexes that, when employed in the polymerization, formed by Ad and twoCD molecules (Ag(3CD), complex)
should guarantee high polymerization degréeeswever, very has been investigated to characterize the-hggest interaction,
often, small cyclic structures or chelate complexes seem to formand finally the copolymer has been analyzed. For a detailed
which prevent the growth of large polyméfs23 description of the supramolecular structures, molecular dynamics

Although a relevant amount of work has been addressed and Monte Carlo simulations have been carried out and used
toward the preparation of hesguest supramolecular polymers, ~ for interpreting the experimental data.

a complete and detailed characterization of their structure in ) .

solution is still lacking, and some aspects of the complex picture EXPerimental Section

represented by the aggregation properties of these systems Materials. The Ad and BCD, synthesis has been reported

remain unclear. For this reason, a structural study carried outelsewheré®259 wt % water was determined by thermogravimetric

on a copolymer formed by-cyclodextrin and adamantane measurements, performed with a Netzsch STA 409 PC Luxx

dimers CD, and Ad,, respectively), as reported in Figure 1, Simultaneous thermal analyzer, on the solid samplg8Qid and
is presented in this work. BCD,. This water fraction was considered in the preparation of the

Adamantyl derivatives form inclusion complexes with cy- solutions. All the samples were prepared in 150 mM sodium azide

clodextrins, the interaction being highly favorable. This prefer- in order to prevent mold growing and to guarantee some ionic
concentration.
SLS and DLS Measurements.A Brookhaven instrument

» Corresponding author: telephone $9)-06-49913687, fax(39)-06- constituted by a BI-2030AT digital correlator with 136 channels,

490631; e-mail l.galantini@caspur.it.

T Dipartimento di Chimica, Universitdi Roma “La Sapienza”. anc_i a Bl'ZOQSM goniometer was used. The light source was a
i Research Center SOFT-INFM-CNR, Universii®Roma “La Sapienza’. Uniphase solid-state laser system model 4601 operating at 532 nm.
§ Universidad de Santiago de Compostela. Dust was eliminated by means of a Brookhaven ultrafiltration unit
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Figure 1. Structures of the precursors and schematic representation of the supramolecular polymer.

(BIUUY) for flow-through cells, the volume of the flow cell being
about 1.0 cri Nuclepore filters with a pore size of Oi/m were

and the capillary contributions, and then expressed in electron units,
eu (electrorsA—3) per centimeter primary-beam lendgf®’In terms

used. The samples were placed in the cell for at least 30 min prior of total scattering cross section of an ensemble of particles, 1 eu
the measurement to allow for thermal equilibration. Their temper- corresponds to 7.94056 102 cm 128

ature was kept constant within € by a circulating water bath.
In the DLS experiments the intensityntensity autocorrelation

The indirect Fourier transform method developed in the ITP
program was used for interpreting the speétierom the desmeared

function was measured, at a particular value of the scattering vectorl(q) curve the zero angle intensiti(0) is obtained and, for
g, and related to the normalized electric field autocorrelation noninteracting particlelM can be inferred by

function gi(q,7) by the Siegert relation. Thereforegy(q,r) was

analyzed through the cumulant expansion, and the so-called apparent

diffusion coefficientDapp, Was obtained from the first cumulant by
the relation

_ 1dIng(q7)
app— q_2 T 7=0

From this value an apparent hydrodynamic radig, was
calculated by the Stoke<instein equation

kT
6D

Rapp=

app

wherek is the Boltzmann constant, is the absolute temperature,
andy the solvent viscosity.

As a check, an analysis by CONTIN af;(q,r) was also
performed for verifying multimodal distributions.

In the SLS measurements, the~ O limit of the excess Rayleigh
ratio ARy values ARy) was analyzed by means of the equation

cK _ 1 11 2
=== £ OAC+ 3ACT+ ... 1
AR, M, Mg0) M ALt @

wherec, M, and M, are the solute concentration (g mf), the

molecular weight, and the apparent molecular weight, respectively, potential at the DFT(B3LYP)/6-31G* level.
A is theith virial coefficient, andK is a constant that depends on

1(0) = cMAp?

whereAp is the electron density difference between the particle
and the solvent. If particle interactions affect the SAXS spectrum,
the Mqpp value is estimated. For each sample the value was
estimated on the basis of the molecular volumes of ref 30.
Moreover, by neglecting the particle interaction, the electron pair
distribution functionp(r) was inferred according with the equation

sin (qr)

@ = p(r)

The p(r) function is strongly dependent on the shape and size of
the scattering particles and vanishes at the maximum electron pair
distance within the particle. Furthermore, it allows the determination
of the electronic radius of gyratioRy.2°

Molecular Dynamics Simulations.MD simulations were per-
formed with the GROMACS software packdgesing GROMOS
force field3? The original 43AL1 force field charges for cyclodextrin
molecules were used, while we adopted the 53A6 force3ield
for other parameters.

Atomic charges for the guest molecule (Aavere obtained by
the restrained electrostatic potential (RESP) methodot®éfyThe
anionic form (deprotonated) was only considered. A total extended
(all-trans) molecule geometry was used to generate the electrostatic
Atomic charges
reproducing these electrostatic potentials were obtained after

the solvent refractive index, the solution refractive index increment, consideration of the corresponding atom equivalencies due to the
and the laser wavelength. The measurements were performed inmolecular symmetry. The molecules were solvated in a box explicit

the range 36 15C° of the scattering angle. A linear extrapolation

SPC/E water molecul€8.Simulations were carried out at constant

as a function ofj? was performed whenever an angular dependence temperature (300 K) using the isothermal temperature coufling

was observed, to reach the limit value of eq 1. OtherwiseAfRgy

within a fixed volume box and using periodic boundary conditions.

was used. The refractive index measurements were performed byThe initial velocities were taken randomly from a Maxwellian

an ATAGO differential refractometer model DD7.

distribution at 300 K, and a time step of 2 fs was used. The Lincs

SAXS. The SAXS measurements were carried out in thermo- algorithm?° to constrain bond lengths, was applied. The particle

stated (25+ 0.1 °C) quartz capillary of 1 mm by using a Kratky

mesh Ewald (PME) methdHwas used for the calculation of the

compact camera, containing a slit collimation system, equipped with long-range interactions.

a Nal scintillation counter. Ni-filtered Cudradiation § = 1.5418

After a steepest descent minimization and a 100 ps MD

A) was used. Scattering curves were recorded within the range 0.012simulation with holding the solutes fixed with positional restraints,

< g < 0.5 A1, The moving slit method was employed to measure we obtained a gradual release of the restraints on the solutes in a
the intensity of the primary beam. The collimated scattering series of minimizations and MD steps. Finally, the productive run
intensities were put on an absolute scale, subtracted for the solventvas performed for a total of 18 ns.
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Figure 2. Reference scheme for the hegiuest linkage movements
in the MC simulations.

For each MD configuration, the SAXS intensities and fife
function were estimated by a method proposed by Glatter, using
the program MULTIBODY#? The effective electron number for
each atomZe, was computed by means of the relationship =
Z — Vps, WhereZ is the atom number of electrons,is the solvent
electronic density, an¥ is the atomic van der Waals volurde?2

The thermodynamic calculations were performed by the multi-
configuration thermodynamic integration (Tl) methSdin this
method, a thermodynamic coupling paraméter used to smoothly
change the system from the initial & 0) into the final ¢ = 1)
state and/or vice versa. In this framework, individual MD simula-
tions are carried out at different fixed valuesigfand the averages
of the derivative of the Hamiltonian with respect Ap @H/dA0],
are calculated. The free energy variatiafs is then obtained by
numerically integrating these averages frarr 0 toA = 1. The
thermodynamic integration free energy valug#d/oil] were
obtained in a stepwise manner using 21 equally spacealues
between 0 and 1 (inclusive). Where the curvature of the integrand
was large, additional values were used. Each MD simulation was
1 ns long with 25 ps of equilibration. In each MD simulation the

solute was placed in the center of a periodic rectangular box, chosen

such that the minimum distance from any solute atom to the wall

was 1.5 nm. The electrostatic nonbonded interactions were evaluated

using a cutoff of 1.6 nm. The standard deviation®@ was then

calculated as
N; H -1/2
Zwuﬂ)&(%un)]

whereN; is the number of points at which the ensemble average
has been calculated(4,) is the weight factor from the trapezoidal
integration, ands[3H/9AL, is the error in the ensemble average.
Monte Carlo Simulations. MC simulations were performed for
calculating SAXS spectra of the polymeric solutions. Starting from
the structural model of the supramolecular polymer (without the
hydrogens), the movements were performed by the method
described by Stellman and G&haround the bonds of the joining
chain of the two dimers. Freely rotating torsion angles were
considered for each single bond, and restriction to O or 1845
assumed for the rotation around the amidie-NC bond. The

o(AG) =

cyclodextrin, the adamantyl, and the carboxymethylenic residues

were kept rigid during the simulation. The hesjuest linkage was
built by fixing the adamanty! centroid on the axa) (passing for
the centroid of the cyclodextrin glycosidic oxygens and perpen-
dicular to their mean-square plane (MSG plane). The distance

Host-Guest Supramolecular Polymer§901
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Figure 3. p(r) inferred from the experimental SAXS spectrum (open
circles) and calculated for th@CD, in different conformations
corresponding tdRy values of 8.9 (full line), 9.2 (dashed line), and
10.2 A (dot-dashed line). For clarity, only a few error bars of the
observedp(r) are shown.

10 40

section. Starting from the extended conformation (all trans), for
each run a number of MC steps were performed for equilibrating
the chain and th§q) calculation was performed on 1000 accepted
conformation. The final(q) curve was averaged on the results of
at least 10 different runs. The accuracy of the runs was estimated
to be within 1%.

A reverse MC procedure was also used to fit the supramolecular
polymer SAXS spectra. In the minimization, for each conformation,
the calculated intensities were smeared by the normalized weighting
functions for slit length and slit width effects and then compared
with those collected by the Kratky camera. The conformations were
accepted on the basis of tievalue estimated as

1 (@~ 1,(@)?

N4

R (2

(Ti2
where 1< i <= N (number of experimental pointd),(q) andl(q)
are the observed and calculated intensities, @&Ads the 14(q)
variance. The details of the method are reported elsevihere.

In all kinds of simulations ar(q) curve averaged over all the
accepted configurations was estimated. From this curve a calculated
p(r) function was extracted by ITP.

Results and Discussion

Monomers. The light scattering and SAXBapp values ((2.1
+ 0.2) x 10° and (2.3% 0.2) x 10® g mol1, respectively),
measured fopCD, 10 mM solution, are very similar to the
one obtained from its formulaM = 2350 g mot?), thus
pointing out that no self-aggregation is given by the host dimer.
The experimentaRy value (9.6+ 0.1 A) and thep(r) function
are consistent with the monomeric form since they are similar
to those estimated by MULTIBODY for th&CD, molecule in
different conformations (Figure 3). Finally Raypvalue of 12.5
+ 0.5 A'is inferred from DLS, which is close to ti® value.
Conversely, light scattering data on Asblutions unambigu-
ously point out self-assembling phenoméh#s a matter of

between the adamantyl centroid and this plane was kept constantfact, SLS measurements on A5 mM water solution give a

Rotation around the axig{) joining the centroid and the carbon
atom G of the adamantane (Figures 1 and 2) as well as tilting
movements o&; with respect ta were allowed in order to account
for some linkage flexibility. In details, whenever a pivotal adamantyl
centroid was selecte@; was superimposed ta by moving the
shorter part of the polymer. Hence, a first rotation aroan@,)
was performed and followed by a second rotation of a randomly
chosen angle (between 0 and°¥@round a random direction
perpendicular t@. When the excluded-volume effect was consid-

Mapp Value of 1.3x 10* g mol™%, which is much higher than
the Ad, formula weight (602 g mol'). For the same sample,
the CONTIN method analysis of the DLS data provides a decay
time distribution with two peaks related to apparent hydrody-
namic radii of about 1 and 80 nm, probably corresponding to
the A molecule and a much bigger aggregate.

Ad,(BCD), Complex It is obvious that the Ag self-
association represents an undesired phenomenon which com-

ered, a radius of 1.2 A was assumed for each atom and used toPetes with the copolymerization whg&D, and Ad are mixed.

check intrapolymer overlaps. For each conformation of the polymer,
I(q) was calculated by MULTIBODY, as reported in the previous

Therefore, the conditions where the supramolecular polymeri-
zation is the most favorable aggregation process must be
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Figure 4. Experimental SAXS spectrum (dots, upper panel) and
extracted p(r) function (open circles, lower panel) of a solution
containing Ad (10 mM) andSCD (20 mM). The full lines represent
the patterns obtained by the MD simulation on the(&D), complex.
For clarity, only a few error bars of the MD calculated intensity and of
the experimentap(r) function are reported.
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Figure 5. A typical MD configuration of the Ag(CD), complex. In

orange and black are reported a MSG plane and an adamantane centroid,
respectively.

maintained for the rest of the simulation for a total period of
about 15 ns. Moreover, in the entire simulation the hagtest
aggregates are conserved.

From all the equilibrated configurations, the average SAXS
spectrum angb(r) function were estimated. The error bars were
evaluated by the variations of the curves obtained from a set of
10 MD subtrajectories. As reported in Figure 4, the calculated
patterns are in good agreement with the experimental curves.

The snapshots of the equilibrated A8CD), complex as
obtained from MD simulation show a peculiar folded structure
(Figure 5). Moreover, concerning the hesfuest interactions,
the snapshots point out that the adamantyls penetrating inside

searched. For this purpose, light scattering and SAXS measureyne 8CD cavities stop well before their centroids pass the MSG

ments on solutions containing Aénd SCD with 1:2 molar

planes, which is in agreement with crystallographic structures

ratio were performed. The results show that in these solutions ¢ complex and supramolecular polymer formed BgD—

the Ad, aggregates are disrupted because of the adamantyl
BCD complexation. In particular, light scatteritMhpp andRapp
values of (2.6+ 0.2) x 103 g mof! and 10.04+ 0.5 A were
obtained, which are consistent with the formation of an-Ad
(BCD); inclusion compound (formula weight 2873 g m¥L

adamantyl group interactidif'®

These structures show that the interior of i@D cavity is
not a smooth cone or cylinder but has a constriction in the
neighborhood of the glycosidic oxygens, blocking the entrance
of the guest molecules. The distance between the adamantyl

The SAXS data (Figure 4) support these results by providing centroid and the MSG plane averaged on the MD configurations

Map= (2.8 + 0.2) x 10° g molt andRy; = 8.6 + 0.1 A.

is ~2.0 A, a reasonably shorter distance is observed in the

In view of the supramolecular arrangement of Figure 1, it is supramolecular polymer crystal (1.15 ).
expected that the polymer properties, such as the contour length \1p simulations were also carried out for estimating the free

and flexibility, are strongly affected by the structure of the kost

energy of the complexation. Experimental data point out that

guest linkage. Reasonably, this linkage is similar to the complex ¢ energies for thene site-one siteinteraction between Ad

formed by thefCD and the adamantyl group in A#CD),.

or other several water-soluble adamantyl derivatives /0D

Therefore, a detailed despription of this complex can be gre very simila®24 This means that the polar residue bonded
fundamental for the analysis of the polymer. On the basis of {4 the adamantyl, which is always present in these derivatives,
these considerations, a complete study of the(AadD), poorly influences the hostguest interaction. Therefore, general
structure was performed by combining MD simulation and regyts can be obtained by thermodynamic calculations per-
SAXS data. The starting configurations for the simulations were t5rmed on a simplified system taking into account only the
built by assuming @he Admolecule in a total exte_nded @l-  adamantane and theCD molecule. The free energy of the
trans) geometry, with the adamantyl groups entering#a® inclusion process was defined as the work required to transfer
cavities by their secondary rims, and theAgfincipal axis — the guest from the cyclodextrin cavity to the solvent. This energy
perpendicular to the cyclodextrin MSG planes. Different starting \yas not determined directly but was estimated from the

structures were tested by changing the depth of penetration Ofthermodynamic cycle reported in the following scheme
the adamantyl group inside tH#CD. The dynamic evolution

of the Ady(SCD), complex was followed by monitoring the
trajectory of the estimated gyration radius. Initially, the,Ad
(BCD), complex is characterized by a gyration radius of around
10.0-11.5 A, larger than the experimental radius of gyration
(8.6 A), and reasonably due to the very extended configuration
chosen for the initial coordinates. After about 2 ns, the complex
reaches an equilibrium state characterized by shorter gyration
radius values, in a range of about 8.4 and 9.2 A, in agreementasAG; = AG; + AGz — AG,. In this scheme, an adamantane
with the experimental data. This final equilibrated state is (Ad) that is interacting with the solvent molecules and the rest

. AGy
real Ad+fCD in water ————  (real Ad)ACD in water

AG, AG,

. 3
dummy Ad+ACD in water ———— (dummy Ad)4CD in water
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minimizations were obtained even when some polydispersity
® SIS was taken into accoufif. A possible explanation of this result
is that our polymer does not fit the basic interaction model of
these equations. Moreover, we must remember that the peculiar
e ¢ ] L4 shape of our supramolecular array, which is a kind of balls and
chains sequence (Figure 1), is significantly different from the
worm structure of homogeneous thickness represented by the
26 mentioned expressions. Because of these problems, MC simula-
24 ° tions were performed on the complete structure of our polymer
© ° and used for interpreting the SAXS intensities, thus trying to
d e R achieve a detailed characterization of the supramolecular chain.
R The starting structure was built assuming the cyclodextrin and
: i . . . the adamantyl group as observed in the crystal of ref 6. The
10 20 30 40 50 linkage was realized by placing the adamantane with its centroid
c(gLl™h at 2 A from the MSG plane, in agreement with the above-

Figure 6. Some SAXS and LS parameters of polymeric solutions as me_'ntloned MD _reSUItS'. A chain of four_ AQCD, repetitive
a function of the polymer concentratian units was considered, in agreement with the SAXS and SLS
averageVlap, value ((11.6+ 0.3) x 10° g mol™).

As shown in Figure 7, the curve calculated by MC simulation
assuming excluded-volume interactions (M&mulation) does

12 A

10 o

110 (mol g™)
o
2]
>
o
9]

app

M

R, (A)

22 A

=N
$201 ©
%3

Table 1. LS and SAXS Parameters of Polymeric Samples as a
Function of Polymer Concentratior?

LS SAXS not fit the experimental data. However, a much better agreement
Mapp Mapp between calculated and experimental patterns is obtained when
c(gL™  Rap(d) (1Cgmorl) Ry(A)  (10°gmor?) the interactions are neglected (M&mulation). These results
5.43 20.3 11.7 point out that in, our conditions, the aqueous medium does not
13.8 215 117 233 114 represent a good solvent for the polymer that hardly assumes
%:3 3421:2 ﬁ:? 24.8 L7 the most extended conformations.
54.5 23.9 11.4 24.9 9.80 On the basis of thAG; value estimated by MD simulations,
a Esds are within 0.3 ARspp Ry) and within 3x 10 g mol-* (Mapy. and assuming free monomers in equilibrium with the complex,

a constant of 6. 1P, for the host guest linkage formation, is

calculated. According to this value and to an isodesmic
of the system is in the real state. When its nonbonded Polymerization process, the weight-averaged polymerization
interactions with the solvent molecules and the rest of the systemdegrees (number of polymerized Aaf SCD, molecules) should
are switched off, it is in the dummy state. ThusG; is the vary roughly from 70 to 220 in the analyzed concentration range
work required to transform the real adamantane into a dummy (5.4-54.5 g L').25In view of these considerations, the results
adamantane in water whilAGs is the work to transfer the  Of Figure 6 unambiguously point out that our polymer does not
dummy adamantane from the solvent toi@D cavity. Because ~ Show this expected growth. In particular, by assuming a
all the interactions between the dummy adamantane and thenegligible second virial coefficiend; value in eq 1, which is

rest of the system are removetiGs = 0. Finally, AG; is the reasonable in view of the results inferred from the simulated
work required to transform the adamantane from real to dummy SPectra, the observedM,, patterns of Figure 6 point out that
in water inside the cyclodextrin cavity. polymer size remains roughly constant.

The calculation of eacAG, (n = 2, 4) term by MD According to the results exposed so far, {i(€) functions

simulation was straightforward by using the multiconfiguration extracted from SAXS spectra at different concentrations are very
Tl method. AAG; value of —33 4+ 2 kJ mol ! was estimated, similar, which means that the polymer sizes does not change
in agreement with the experimental data reported in literature, and that the scattering data are roughly unaffected by interactions
mainly distributed within the range 33 to —22 kJ mot1.16:24.47 (Figure 7).

Polymer. Polymeric solutions were prepared by mixing To get information on the most probable conformations of
equimolar amount of Adand fCD,. Some SAXS and light  the polymer in solution, a reverse MC minimization, including
scattering parameters of these solutions as a function ofthe excluded-volume interactions (RMGimulation), was also
concentration are reported in Figure 6 and Table 1. Publishedcarried out. An excellent fit is achieved with this method (Figure
results point out that a concentration induced polymer growth 7). The analysis of the best fitting conformations shows that
is sometimes observed for this kind of systems. However, being the polymer in solution is quite shrunk (Figure 8), as expected
affected by interparticle interaction, the apparent quantity of in view of the solvent quality.

Figure 6 could mask this growth. Being related to the chain conformation, the SAXS spectra

As shown in Figure 6, the SAXS spectra were collected up allow also to check the formation of cyclic or close to cyclic
to a quite low concentration (13.8 g'l). Reasonably, at this  structures which are generally hypothesized for this kind of not

dilution, the effect of interchain interactions on thg) curve growing supramolecular polymetin the frame of our fitting
is negligible, thus allowing an interpretation on the basis of a procedure, this check can be performed by MC simulations
single chain scattering function. restricted to cyclic polymer conformations. In an off-lattice

Model expressions for the scattering functions of semiflexible simulation, this restriction is imposed by selecting the fraction
worm chains with and without excluded-volume interaction, and of conformations with end separation less than a limit vafue.
with a finite cross section, are available in the literature, which This principle was followed in a reverse MC minimization
should represent polymer spectra in theta and good solvent,(RMCeycy Simulation) of our reference spectrum. The excluded
respectively*®4° These expressions were used for fitting the volume interactions were taken into account, and the limit was
SAXS curve of the most diluted sample, but unsatisfactory imposed to the distance between the centroids of the terminal
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Figure 7. SAXS experimental spectra and extracigd) functions of polymeric solution at polymer concentrations of 13.8 (open circle, left
panels), 27.3 (open diamond, right panels), and 54.5%(tross, right panels). The estimated patterns are reported fod4€hed line), Mg

(dot dashed line), RM& (full line), and RMGexcy Simulations (dotted line), described in the text. The intensity residuals are reported in the insets.
The R values calculated as in eq 2 are 0.227 @JC0.131 (MG), 0.088 (RMG,), and 0.250 (RMGc).

Figure 8. Best fitting conformation inferred from the RMCsimulation.

adamantane and of the cyclodextrin glycosidic oxygens. With residues could affect this result, the same reverse MC minimiza-
a limit distance<5 A, no accepted conformation was obtained tion was performed by eliminating the carboxylic groups in the
in 1C° attempts, which means that the cyclic structure is overlap check. As reported in the Supporting Information, the
practically impossible for our chain. Therefore, a value of 8 A fit does not improve significantly.

was used to get a satisfactory statistic. The sampling of cyclic ~ This conclusion throws some doubt on the hypothesis that
structure in the simulations is testified by some accepted cyclization is responsible for the stop of the polymer growth.
conformations reported in the Supporting Information. As However, our results highlight an alternative explanation to the
reported in Figure 7, the obtained best fitting curve and the observed behavior. As previously stated, conformations not very
experimental data are significantly different, thus testifying that extended, with some globular parts, are assumed by the polymer
cyclic structures are hardly formed by the polymer. Since the (Figure 8) because of the solvent quality. We suggest that the
restraints imposed by the rigidity of the carboxy methylenic coiled moieties can trap the terminal adamantyl, thus removing
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it from the interaction with th@-cyclodextrin and then stopping  solution. After a preliminary analysis of the solutions of the
the polymer growth. As well as the previously hypothesized monomers, the complex given by the adamantane dimer and
cyclization, this situation can take place at a peculiar polymer two -cyclodextrin molecules was investigated, by the scattering
length, which is shorter the more flexible the supramolecular techniques and MD simulations, to characterize the-hgsest
chain, in agreement with results reported in literafd@n the linkage. Afterward, with this information, a detailed interpreta-
basis of the cyclization mechanism of termination, the search tion of the polymer SAXS curve was achieved by MC methods.
of long polymers was addressed toward the preparation of rigid The simulations were performed on the complete polymer
dimers, in order to realize more rigid polymers unable of closing structure without resorting to more general but simplified chain
in cycles!® Actually, our results point out that large polymers models, which are far from representing the peculiar shape of
could be prepared by improving the solvent quality, to avoid the supramolecular polymer. The results show that, at our ionic
the formation of intrachain hydrophobic moieties. This could strength, the polymer is close to the theta condition, thus
be done, for example, by using a more hydrophobic solvent. assuming a shrunk conformation in solution and avoiding the
However, being the hosiguest linkage formed by hydrophobic  polymer growth. Conversely, it does not close in stable cyclic
interactions, the preparation of these polymers in nonaqueousstructures that are normally invoked to justify their low
medium is unadvisable. Conversely, without affecting the polymerization degree. Assuming negligible interchain interac-
linkage strength, the polymer solvation can be modulated by tions, the scattering results show that the polymerization degree

changing the properties of the joining chains of theyclo-

stops at a value of about 8 (4 Adnd 45CD;) and does not

dextrin and adamantane dimers. Some recent results on this kinddepend on the concentration.

of polymers support our conclusions. In particular, they show
that the polymers formed by dimers with more flexible but also
more hydrophilic joining chains are bigger than those given by
dimers with joining chains more rigid but also more hydropho-
biC.17’18

To check the influence of stoichiometric errors in the
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point out that the formed host guest oligomer is quite stable

and practically unaffected by slight excess of one of the two
dimers.

It is important to remark, finally, that the self-association of
the Ad, dimer could also sensitively affect the polymer growth.
In fact, it removes free Agfrom the solution, thus competing
with the polymerization. Even though no big Adggregates

were observed in the polymeric solutions containing equimolar
amounts of the two dimers, the presence of a small amount of

Ad; oligomers (dimers, trimers, and so on), whose contribution

to the scattering data is negligible, cannot be completely ruled
out. If present, this aggregation could also contribute to the stop
of the polymer growth and could explain some of the results so

far reported in literature. However, in our previous paper, we
observed that the same Adimer give rise to bigger supramo-
lecular polymer or to dendrimers which grow with the concen-
tration when polymerizes with a more rigidcyclodextrin dimer

or with a3-cyclodextrin trimer, respectivelf. All these results
indicate that, despite the possible influence of the aglgrega-
tion, the conformation of the polymer significantly affects its

growth, thus supporting our conclusions based on the polymer

structure.

Conclusions

A detailed structural study was carried out, by combining
SAXS and light scattering experiments with MD and MC
simulations, on a short hoesguest supramolecular copolymer
formed by adamantane arfdcyclodextrin dimers in aqueous
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