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Abstract: The interactions between three -cyclodextrin hosts (having 1—3 binding sites) and two adamantyl
guests (having 1—2 binding sites) have been studied by ITC, ROESY, static and dynamic light scattering
(SLS and DLS), and AFM and TEM techniques. The enthalpy and free energy values (determined from
ITC experiments) evidence that the single interaction between one binding site of the guest and one binding
site of the host is independent of the number of binding sites of the interacting species. The average values
are AH° = —26.6 + 2.3 kJ mol™* and AG° = —30.4 + 3.2 kJ mol~1, indicating that the process is mainly
enthalpy driven. In all cases, the experimental molar ratio (from ITC experiments) agrees with the expected
one from the number of binding sites of both the host and guest. The formation of polymer-like entities was
demonstrated by SLS, DLS, AFM, and TEM measurements. The structure of polymers is linear when both
the host and the guest are ditopic entities and dendritic (or Cayley tree type) when the host and the guest
have three and two binding sites, respectively.

Introduction host and guest sites. Examples of this type of polymers have

) been published:18
A supramolecular polymer can be defined as a system based (ii) Supramolecular polymers formed from two complemen-

on the association of many unimers through noncovalent tary monomers having a minimum of two interacting sites.

interactionst? Supramolecular polymers can be based on Linear supramolecular polymers are expected when both

hydrogen bonding, discotic molecules, metal coordination qnomers are ditopic entitid&:23 In these cases, the formation
bonding, or hostguest interaction$.Among the last ones,

crown ether$® and cyclodextrins are the most common host (7) Hirotsu, K.; Higuchi, T.; Fujita, K.; Ueda, T.; Shinoda, A.; Imoto, T.;
. . Tabushi, 1.J. Org. Chem1982 47, 1143.
unimer units. (8) Kamitori, S.; Hirotsu, K.; Higuchi, T.; Fujita, K.; Yamamura, H.; Imoto,
: T ; T.; Tabushi, I.J. Chem. Soc., Perkin Trans.1®87, 7
During the past few years, descriptions of different supra- g, i ot k.2 Ra0, C. T.: Pitha, Carbohydr. Res1993 247, 83.
molecular polymers involving cyclodextrin derivatives have (10) Mentzafos, D.; Terzis, A.; Coleman, A. W.; deRangoQ@rbohydr. Res.
: ; . : 1996 282, 125.
been pupllshed, some of them during the Ppreparation of tr_ns (11) Liu, Y.; Fan, Z.: Zhang, H.-Y ; Diao, C.-FOrg. Lett. 2003 5, 251.
manuscrip These polymers can be classified as four main (12) Soto Tellini, V. H.; Jover, A,; Galantini, L.; Meijide, F.;'guez Tato, J.
Acta Crystallogr.2004 B60, 204.

types: (13) Miyauchi, M.; Kawaguchi, Y.; Harada, A. Inclusion Phenom. Macrocyclic
i H Chem.2004 50, 57.
(l) Supramolecgl_ar pqumers _formed from mterlo_cke_d (14) Miyauchi, M.; Takashima, Y.; Yamaguchi, H.; Harada,JAAm. Chem.
unimers. The repetltlve unimer carries Complementary units, 1.e., So0c.2005 127, 2984.

(15) Miyauchi, M.; Hoshino, T.; Yamaguchi, H.; Kamitori, S.; Harada,JA.
Am. Chem. So005 127, 2034.
* Corresponding author's mailing address: Prof.”Jd$zquez Tato. (16) Harada, A.; Kawaguchi, Y.; Hoshino, J. Inclusion Phenom. Macrocyclic
Universidad de Santiago de Compostela, Facultad de Ciencias, Departament? Chem.200], 41, 115. = _ _ _
de Quimica Fsica, Avda. Alfonso X El Sabio, s/n, 27002 Lugo, Spain, (17) Harada, A.; Miyauchi, M.; Hoshino, T. Polym. Scj Part A.: Polym.

. . . A Chem.2003 41, 3519.
TIf.: (982) 28 58 71, Ext 24082. Fax: (982) 28 58 72; e-mail: jvtato@ (18) Miyauchi, M.; Harada, AChem. Lett2005 34, 104.
IugTo.us‘c.es,_ jvtato@yahoo.com (19) Ramos Cabrer, P.; Alvarez-Parrilla, E.; Meijide, F.; Seijas, J. A.; Budn
Universidad de Santiago de Compostela. Nifiez, E.; Vaquez Tato, JLangmuir1999 15, 5489.
¥ Universitadi Roma “La Sapienza”. (20) Alvarez Parrilla, E.; Ramos Cabrer, P.; Singh, A. P.; Al-Soufi, W.; Meijide,
(1) Ciferri, A. Macromol. Rapid Commur2002 23, 511. F.; Rodfguez Niiez, E.; Vaquez Tato, JSupramol. Chem2002 14,
(2) Ciferri, A., Ed.Supramolecular Polymer&nd ed.; Taylor & Francis: New 397.
York, 2005. (21) Hoshino, T.; Miyauchi, M.; Kawaguchi, Y.; Yamaguchi, H.; HaradaJA.
(3) Brunsveld, L.; Folmer, B. J. B.; Meijer, E. W.; Sijbesma, R.Ghem. Am. Chem. SoQ00Q 122 9876.
Rev. 2001, 101, 4071. (22) Liu, Y.; Wang, H.; Liang, P.; Zhang, H.-YAngew. Chem., Int. ER004
(4) Cantrill, S. J.; Youn, G. J.; Stoddart, J. F.; Williams, DJJOrg. Chem. 43, 2690.
2001, 66, 6857. (23) Liu, Y.; Li, L.; Zhang, H.-Y.; Zhao, Y.-L.; Wu, XMacromolecule2002
(5) Rowan, S. J.; Cantrill, S. J.; Stoddart, J. F.; White, A. J. P.; Williams, D. 35, 9934.
J. Org. Lett.200Q 2, 759. (24) Liu, Y.; Wang, H.; Zhang, H.-Y.; Liang, ;Chem. Commur2004 2266.
(6) Ohga, K.; Takashima, Y.; Takahashi, H.; Miyauchi, M.; Kawaguchi, Y.;  (25) Liu, Y.; Wang, H.; Zhang, H.-Y.; Wang, L.-H.; Song, €hem. Lett2003
Yamaguchi, H.; Harada, AChem. Lett2005 34, 320. 32, 884.

5728 m J. AM. CHEM. SOC. 2006, 128, 5728—5734 10.1021/ja0572809 CCC: $33.50 © 2006 American Chemical Society



Formation of Host—Guest Supramolecular Polymers

ARTICLES

BCD, e
\'ﬁNH
H
N X >
:: [e]

Figure 1. Structures of the polymer precursors studied here.

of chelate complex8%32 has to be avoided. Otherwise, the S-cyclodextrin 3CD) cavity, resulting in high equilibrium

formation of the chelate complex will compete with the

constantd241.42However, because of the hydrophobic nature

formation of the supramolecular polymer. The reasons why one of the adamantyl residue, adamantyl compounds are poorly
situation can be preferred to the other one are not clear, mainlysoluble in water (except those carrying charged groups), raising
due to a lack of thermodynamic measurements related to thedifficulties in the measurement of their properties in aqueous

formation of supramolecular polymers. On the other hand, if

solution. Therefore, we have designed and obtained a new

one of these monomers is a tritopic derivative, hyperbranched adamantyl dimer (Figure 1) by reacting two equivalents of
(dendritic or Cayley tree type) structures can be formed. As far 1-adamantanamine with one equivalent of a dianhydride bridge

as we know, only one supramolecular polymer formed by

derived from ethylenediaminetetraacetic acid (EDTA). The

cyclodextrins with that hyperbranched structure has been reaction originates two amide linking groups and two carboxylic

published®

groups which facilitate the solubilities of both the guest and

(i) Polytopic hosts and polytopic guests have been used to polymer. On the other hand, cyclodextrin dimers and trimers

form other macromolecular assemblf&s® High viscosity

have been used as host unimers (Figure 1).

enhancements are observed, being maximum for a composition We report here the formation of polymer-like structures

in which the stoichiometry is 1:1 cyclodextrin residue/adamantyl

between these new guest and hosts. As reference, the complex-

residue?” In some cases, phase separation can also take placeation of the adamantyl acetic acid (sodium salt) with the three
(iv) Finally, covalent polymers can enter the cavity of the SCD derivatives was also studied. Different experimental

cyclodextrin, forming polyrotaxané8.These compounds are
also known as molecular necklac€g?®
Isodesmic modetspredict that the degree of polymerization

techniques (isothermal titration calorimetry, ITC; rotating-frame
Overhauser enhancement spectroscopy, ROESY; static and
dynamic light-scattering , SLS and DLS, respectively, AFM and

increases with increasing the association constant between thef EM) have been used to characterize the polymers.

repeating units (Carothers equation). If a cyclodextrin is the host

unit, then adamantyl residues appear as the most recommendablexperimental Section

guests since the adamantyl moiety perfectly fits inside the

(26) Liu, Y.; Li, L.; Fan, Z.; Zhang, H.-Y.; Wu, X.; Guan, X.-D.; Liu, S.-X.
Nano Lett.2002 2, 257.

(27) Ohga, K.; Takashima, Y.; Takahashi, H.; Kawaguchi, Y.; Yamaguchi, H.;
Harada, A.Macromolecule2005 38, 5897.

(28) Hasegawa, Y.; Miyauchi, M.; Takashima, Y.; Yamaguchi, H.; Harada, A.
Macromolecule2005 38, 3724.

(29) Breslow, RRecl. Trar. Chim. Pays-Bad994 113 493.

(30) Breslow, R.; Chung, SI. Am. Chem. S0d.99Q 112 9659.

(31) Breslow, R. Halfon, S.; Zhang, Betrahedron1995 51, 377.

(32) Breslow, R.; Belvedere, S.; Gershell, L.; LeungFADdre Appl. Chen200Q
72, 333.

(33) Zhang, B.; Breslow, R]. Am. Chem. S0d.993 115 9353.

(34) Alvarez Parrilla, E.; Ramos Cabrer, P.; Al-Soufi, W.; Meijide, F.; Ryur
Nunez, E.; Vaquez Tato, JAngew. Chem., Int., EQ00Q 39, 2856.

(35) Amiel, C.; Moine, L.; Sandier, A.; Brown, W.; David, C.; Hauss, F.; Renard,
E.; Gosselet, M.; Sebille, BACS Symp. SeR001, 780, 58.

(36) Wenz, G.; Weickenmeier, M.; Huff, ACS Symp. Se200Q 765, 271.

(37) Gosselet, N. M.; Beucler, F.; Renard, E.; Amiel, C.; SebilleCBlloids
Surf. A1999 155 177.

(38) Harada, A.; Okada, M.; Kawaguchi, Y.; Kamachi, Rblym. Ad. Technol.
1999 10, 3.

(39) Harada, A.; Li, J.; Kamachi, MNature 1992 356, 325.

(40) Park, K.-M.; Kim, S.-Y.; Heo, J.; Whang, D.; Sakamoto, S.; Yamaguchi,
K.; Kim, K. J. Am. Chem. So2002 124, 2140.

Materials. Adamantyl acetic acid, Ad, (99%, Aldrich) angCD
(kindly supplied by Roquette) were used without further purification.
For ITC experiments, stock solutions of reactants were prepared in
bicarbonate buffer 15 mM (pH 10.0). The syntheses of the precursors
of the polymers are given as Supporting Information (SI).

ITC Measurements. The thermodynamic background for ITC is
well-defined?? ITC allows the determination of enthalpy, entropy, and
the equilibrium constant (or free energy) involved in complexation
processes, in a single experiment. It also provides the molar guest:host
ratio, i.e., the stoichiometry of the complex. Enthalpies of dilution of
the hosts and guests were determined in separate experiments, being
negligible. ITC experiments were carried out ivicroCalc Omega
titration calorimeter at 30.08- 0.01°C. Experimental titration curves

(41) Carrazana Ga)J. A.; Jover, A.; Meijide, F.; Soto, V. H.; \?guez Tato,
J. 14th International Scientific Congres905, CNIC, La Havana.

(42) Carrazana, J.; Jover, A.; Meijide, F.; Soto, V. H.Zgaez Tato, 1. Phys.
Chem. B2005 109, 9719.

(43) Ladbury, J. E.; Chowdhry, B. Biocalorimetry. Applications of Calorimetry
in the Biological SciencedViley: Chichester, 1998.
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Table 1. Thermodynamic Parameters Deduced from ITC Experiments for the Different Host—Guest Systems Studied Here

BCD BCD, BCD;
Adamantyl Acetic Acid, Sodium Salt

nb 0.991+ 0.001 (1) 0.5 0.08 (1/2) 0.357 0.002 (1/3)

AH° 9kJ mol?t —26.84+0.07 —57.7+0.4 —71.84+ 0.6

AH°/kJ (host site molf)* —26.8+ 0.07 —28.9+0.2 —23.9+0.2

TAS/kJ molt 20+0.1 2.2+ 0.6 59+ 0.3

AG°/kJ molt —28.90+ 0.05 —31.6+0.5 —31.5+0.2

Keq (9.8+0.2) x 10* (2.9+0.6) x 10 (2.65+ 0.19) x 10P

Ad,

nP 1.91+0.01 (2/1) 0.95+ 0.01 (1/1) 0.63+ 0.01 (2/3)

AH° 9kJ molt —26.0+0.2 —59.2+ 0.7 —73.3+£0.7

AH°/kJ (host site mol)! —26.0+£0.2 —29.6+0.4 —24.4+0.2

TAS/kJ molt 1.4+0.2 23+ 0.5 9.2+ 0.3

AG°/kJ molt —24.6+0.1 —31.9+0.2 —33.6+£0.2

Keq (1.744 0.08) x 10* (3.18+ 0.27) x 109 (5.98+ 0.42) x 108

aTemperature, 30.0C; pH= 10.0 was kept constant by using a bicarbonate buffer (total concentration 0.15 rijpl im molar ratio of both components
in the complex. The values in parentheses are theoretical values for the formation of complexes with all the binding sites of both guest anddubst occupi
¢Values corresponding to the model of single one-sitee site interaction, i.e., to the formation of hypothetical 1:1 complexes by using the estimated
values of AH° for such a complexation given in the tegtThe units of the experimental enthalpy value are kJthof titrating species (i.e., the host
species).

were analyzed with th#1CS Origin-ITC 5.0program Guests (in the polished Si wafer pieces which were immobilized on metal sample
calorimeter cell) were always titrated by hosts (in the syringe). Typical holders by means of double-sided adhesive tape, and imaged with the
concentrations were 0-5L mM and 10 mM, respectively. The host ~AFM without any treatment. Most samples were imaged close to
solution was injected into the cell in injections of 40, with a 3-min preparation date, but longer periods did not seem to affect the
interval between injections. microscopic structure. The samples could be imaged for days without
SLS and DLS Measurements.The basic theories of static and  evident alteration of their macroscopic or microscopic appearance.
dynamic light-scattering techniques are very well-known and can be  TEM Measurements. TEM images were obtained at room temper-
found elsewhere (see also $1f5Light-scattering measurements were ature in a JEOL JEM-1011, operated at 80 kV, equipped with a
carried out in a Malvern 4700 apparatus and in a Brookhaven instrumentMegaView Il camera. For the measurements, the samples were
constituted by a BI2030AT digital correlator with 136 channels and a prepared by deposition of a drop of the solution onto carbon-coated
BI200SM goniometer. The light sources were a Melles-Griot-Ne copper grids.
laser operating at 632 nm (Malvern) and a Uniphase solid-state laser
system model 4601 operating at 532 nm (Brookhaven). Dust was Results and Discussion

eliminated by filtering the samples with Nuclepore filters with a pore . . .
size of 0.2um. The samples were placed in the cell for at least 30 min ~ TC experiments were carried out for measuring the thermo-

prior to the measurement to allow for thermal equilibration. Their dynamic parameters associated with the inclusion proggss,
temperature was kept constant within 0G by a circulating water ~ Keq, AG®, AS’, and the molar ratiay, of host and guest in the
bath. To prevent mold growing, these experiments were carried out in complex. The experimental titration curves were analyzed
the presence of sodium azide (10 mg TL through the standard model of a single set of identical sites,

NMR Measurements. For NMR experiments BD (99.90%) was  according to which the total evolved heat in the solution cell,
supplied by SDS (France). Acidity was adjusted with KOD (Aldrich, Q, (active cell volumeVy) is given by
40% in D,O). Samples were prepared directly in the NMR tubes.

Spectra were recorded using a Bruker AMX-500 NMR spectrometer nM.AH°V X, 1

operating at 500 MHz fotH and 125 MHz for'*C. TMS was used as =" N1+ -1+ —

external reference3C experiments were recorded on a Bruker AC- 2 niv, nKeth

300 NMR spectrometer operating at 75 MHz and 293.1 K. 2 4 1
AFM Measurements. AFM was performed on a commercial \/(1 i 1 ) _ _XT 1)

Topometrix Explorer TMX-2000 SPM system. All measurements were nM, KM, nM,

conducted in contact mode at room temperature under ambient

conditions to record topographic and lateral force (friction) images. Wheren is the number of identical siteX; and M are the total
Contact “V"-shaped cantilevers were used. The dimensions of the arm concentration of the guest and host, respectively ks the
of the cantilever were: length, 2Q0m; width, 18um; thickness, 0.6 equilibrium constant given bieq = ©/{(1 — ©)[X]}, where

um. These cantilevers end with a pyramidal silicon nitrideNi tip O is the fractional saturation, related to the total concentration
with a radius<20 nm and force constant 0.032 NinThe hardware of complexed sites of the host @M,

linearized scannefMppometrix Explorer True Metr)xhas a travel of
10um in thez-direction and 10@«m i_n thexy—directic_ms. The images and AH° values at the end of every injection and can be
obtained were processed BppoMetrix SPMLapversion 4.0, software . . - S
supplied with the microscope. Data were processed to remove compared with the experimental One’ aIIowm_g the Opt'mlz_auor'
background curvature using a three point leveling of the surface and a©f those parameters. The heat involved in the reaction is
left shading of the image. All height measurements were obtained by Provided in kJ mot* of injectant (in our case, mole of host).
the analysis of multiple AFM images with the Topometrix line Representative titration experiments are given as Supporting
measurement software option. Samples were placed on mirrorlike Information. The average values for the thermodynamic pa-
rameters are given in Table 1.

The value ofQ can be calculated for a given set mfKeg,

(44) Wyatt, P. JAnal. Chim. Actal993 272, 1—40. ;
(45) Schmitz, K. SAn Introduction to Dynamic Light Scattering by Macro- The theoreticah values f_or (?omp!exes formed between QueStS
molecules Academic Press: Boston, 1990. having one (Ad) or two binding sites (Adwith hosts having
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Figure 2. ROESY for the system Ad5CD.

one (3CD), two (BCD>), or three fCD3) binding sites, are given  would correspond to hypothetical 1:1 complexes for the Ad:
in parentheses in Table 1. It can immediately be noticed the SCD, and AdBCD; systems, respectively. It must be noticed
excellent agreement between the experimental valuesdaod that these values favorably compare with the value for the actual
the expected ones. In particular, attention should be paid to the1:1 Ad;3CD complex (or the average enthalpy value commented
values corresponding to the reaction between hosts and guestgn above).

with multiple pindi_ng sites as, for instance, _the valu_e k_)etw_een The equilibrium constanteq or equivalentlyAG®, corre-

_the_ cyc_lodextrln trimer and the adamantyl dimer. This is a first sponds to a single hosguest interaction irrespective of the
indication tha_t Iar_ge aggregates are for_med betwe_en adamantang, mher of binding sites of the host. When all the binding sites
and fCD derivatives when both species have simultaneously for the interacting species are identical, as in the case for the

.m;ljltui.le b|nd}r}:g fS'EﬁS' The vallue dht.correspondsh.t(:] the present series, it is expected that, within experimental eh@f,
inflection point of theQ vs molar ratio curves which are would be the same along the set, if progress of saturation of

?Egeggztrs;gsgovl\/??r: ’oa;)”soev:\l/r;gt]ictzg ;f: ;uhfnte gﬁ;ean:éné? t|or|c1).of the binding sites is not considered. The three values (Table 1)
9 ’ are fully compatible with the\G® average values —28 + 2

when titrating theCD into two ditopic substrates, elicited two .
Well-separatgd gijnding curves forp the formation of a one-to- < mol—_l) forthe forrrl?ggn_of 1:1 complexes between adamantyl
one and a two-to-one complexes. The experimental relative derivatives ansCD.*-**Finally, it can _be concluded_that, fpr
errors forAH® andAG® (or equivalently forKe) are low, since all these systems, t_he _comple>iat|on IS enthaolpy driven with a
they do not exceed 0.9% and 1.5%, respectively. small _entropy cgnt_r|but|_o3ﬁ (AH® < 0 and|AH?| > |TASY))

and sinceAH°/binding site andAG® are close to each other,

Let us first consider the values for the reaction between the ;
adamantyl monomer, Ad, and tSE€D;, (i = 1—3) series. The the calculated values f&S’ are small and affected by relatively

value of —26.9 kJ mot® obtained forAH® for the AdCD high experimental errors, a rather common fact for these
system is close to the average enthalpy vatee-27.1+ 2.1 systen?S‘.6 The values for the equilibrium constan.ts fpr the
kJ mol?) for the complexation of several adamantyl deriva- formation of complexes between adamantane derivatives and
tives#142 This comment is also valid foAG® (or Keg). To BCD systems are among the largest ones for the complexation
analyze the remaining values of the series, it must be remem-Of organic molecules by cyclodextrins. This is a consequence
bered that the units gfH° values given in Table 1 are kJ mal of the adamantyl residue fitting perfectly inside t#€D

(of host injectant), i.e., it does not consider the number of cavity:*? The agreement between the measured thermodynamic
binding sites of the host. In the absence of any cooperative quantities along the series suggests that the location of the
(either positive or negative) effect, the enthalpy values for the adamantyl residue inside the cyclodextrin cavity is always the
second and third bindings should be equal to the one for the same, i.e., it is independent of the number of sites of the host
first binding. That is to say, the enthalpy for the complexation and the guest. This has been confirmed by ROESY experiments.
of two or three binding sites would be 2 and 3 times the value Figure 2 shows an example corresponding to the:#@D

for one binding site. Values 0f-29.4 and—25.6 kJ mot? system. Similar interactions between H3 and H5 cyclodextrin
binding site are obtained when the experimental valuesHff
are multiplied by the experimental molar ratio Such values (46) Rekharsky, M. V.; Inoue, YChem. Re. 1998 98, 1875.
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host protor-guest proton interactions identical to those observed
(a) for the simplest AQ3CD system (see Supporting Information).
This fact justifies the similarity of the thermodynamic results
commented on above. These spectra do not show any cross-
peak between H6 cyclodextrin protons and the guest, suggesting
that the adamantyl residue enters into @D cavity by its
secondary rim, ruling out the formation of the chelate complex.
However, the best way to distinguish both situations is to
measure the size or the molecular weight of the complexes.
N Consequently, static and dynamic light-scattering experiments
Figure 3. Schematic representation of complexes formed by a ditopic guest were carried out. First, the molecular weightgedyclodextrin
and a ditopic cyclodextrin: (a) chelate complex; (b) linear supramolecular derivatives were measured by SLS, thus checking the validity
conglomerates (oligomers or polymers). of the determination. The values obtained for the cyclodextrin
dimer My, = 2.3 x 1% g moi~1) and trimer M, = 4.4 x 10°
inner protons and those of the adamantyl residue are evidentg mol™) are well in agreement with molecular weights deduced
along the series (see Sl). from their formulas (2.4x 10° and 3.5x 105, respectively).
Now the interpretation of the second set of values, that is for Analogously, hydrodynamic diameters (1.27 and 1.42 nm for
the adamantyl dimer, Adlis straightforward. Remembering that ~dimer and trimer, respectively) were measured by DLS. The
the measured enthalpy does not consider the number of bindingesults are also in good agreement with the molecular size of
sites of the host (see above), to obtaiH° per host site, the  these species (the height of one cyclodextrin cone is around
experimentalAH® values have to be divided by the number of 0.8 A)4°
sites of the host, resulting in the values given in Table 1. These Concerning the polymers, the light scattering results are
values are very close to that corresponding to the complexationreported in Figure 4. Even though we neglected the interparticle
of the adamantyl acetic acid. Table 1 evidences that the interaction, the results very clearly indicate that the:AGDs
differences are less than 1.5 kJ mlrepresenting 3.4, 2.6,  polymer grows by increasing the concentration. A much lower
and 2.1% for the three hosts, respectively. Thus, all issuesgrowth is observed in the case of the ARCD,, in agreement
commented on above fokH°, are also valid for this series. with data reported for polymers with similar flexibilif.
Such values have been used to calculag by taking into Anyway, a good correlation between the hydrodynamic radius
consideration that the experimentsG° (or Keg) values belong ~ and the molecular weight is observed.
to a 1:1 host siteguest site reaction. It can be noticed that all The average degree of polymerization in supramolecular
AS values are low and positive (a common fact when polymers is dependent on the concentration of the solution and
adamantyl carboxylic acids of different length chains are the association constaht. Polymers with a high molecular
complexed by3CD), and there is no significant increaseAs’ weight can only be obtained when the repeating units have a
with the increase of the number of binding sites of the host. high association constant. From the large equilibrium constants
Again the concordance along the series is due to the fact thatmeasured here, higher molecular weights than those determined
identical host-guest interactions are observed for all systems, from SLS should be measured. Thus, it seems that SLS data do
corroborated by ROESY experiments (see Sl). not adequately represent the actual degree of polymerization.
As already noticed, when a ditopic guest is complexed by a Sometimes the effect of impurities and stoichiometric imbalance
cyclodextrin dimer, two different supramolecular entities can on the degree of polymerization have been invoked to explain
be formed (Figure 3). The first situation (Figure 3a), known as the cut of the polymer molecular weighEor instance, for an
chelate binding, arises when the ditopic guest is complexed extent of the reaction of 99.7%, corresponding to a equilibrium
simultaneously by both cyclodextrin residues of the same dimer, constant value of Fd(Carothers equation), the simplest isodes-
forming a 1:1 complex. If a cooperative effect is present, a mic model predicts that an impurity of 1% cuts the molecular
higher stability constant than that expected for the complexation weight in quarter. However, that level of impurities does not
by isolated cyclodextrins would be obtained. The chelate effect influence ITC mesurements.
has been mainly studied by Breslow et?&#34” The second The actual dimensions of linear and branched polymers were
situation (Figure 3b) arises when a ditopic guest is complexed better determined from AFM measurements. Panels a and b of
by two cyclodextrins belonging to two dimers, resulting in the Figure 5 correspond to AgBCD, and Ad:SCDs systems,
formation of higher-order supramolecular entities (oligomer- or respectively. They show that the structures of the polymers are
polymer-like) with ann:n stoichiometry’® In the absence of  the expected ones, i.e., supramolecular linear polymers for the
any cooperative effect, we might expect thad° for a ditopic first one and supramolecular Cayley tree polymers for the second
guest was 2 times the value for the monotopic binding inter- one.
action between #CD unit and a monotopic guest. Unfortu- The bright lines in Figure 5a evidence a regular organization
nately, even for chelate complexes, this is not always obséfved. of the elongated polymer in parallel arrays which extend to
In the absence of any cooperative effect, both situations arehundreds of nanometers. The tendency to form parallel arrays
indistinguishable from a thermodynamic point of view. is similar to that of the columns observed in the cry3tarmed
However, a first indication that chelate complexes are not by the self-assembly of mono-6-deoxy-6-adamantylamjtie
formed is given by ROESY experiments. All systems evidence cyclodextrin which are stacked on parallel. Such a structure is

(b)

(47) Breslow, R.Supramol. Chem1993 1, 111. (49) Saenger, W.; Jacob, J.; Gessler, K.; Steiner, T.; Hoffmann, D.; Sanbe, H.;
(48) Wilson, D.; Perlson, L.; Breslow, Bioorg. Med. Chem2003 11, 2649. Koizumi, K.; Smith, S. M.; Takaha, TChem. Re. 1998 98, 1787.
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Figure 4. Apparent molecular weights (a) and hydrodynamic radii (b) of the supramolecular polymers as a function of toad&htration.
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Figure 5. AFM amplitude images of linear supramolecular polymer (bright particles) formed by the reaction between a dimer guestd £al left) a
dimer host,6CD, an a trimer hospCDs (b, right).

stabilized by the formation of hydrogen bonds with water limitations of the AFM technique did not allow the detection
molecules which reside in the channels and act as bridges forof the Cayley tree at a molecular level. TEM images of Cayley
the formation of hydrogen bonds between adjacent polymer trees can be seen at the Sl section.
columns. Finally, we have to remark that the adamantyl dimer is a
In the literature, much less attention has been paid to the powerful surfactant. Although Vashkevich et&have synthe-
formation of dendrimer-like structures formed by cyclodextrin sized several adamantylammonium salts and studied their surface
derivatives. As far as we know only our former dendrimer activity, this is the first adamantyl dimer for which such an
formed by sodium deoxycholate (as the ditopic guest) and a activity is reported, probably because most of the published
BCD trimer with an aromatic (1,3,5-benzene tricarbonyl) ring adamantyl dimer derivatives have a rather low solubility in
as bridge has been publish&dlhe two topic sites of sodium  water. However, its full characterization as a surfactant is far
deoxycholate are very close to each other, and some stericoutside the scope of this paper, and further work is in progress.
hindrance is expected when a polymer-like structure is being The surface tensierlog(concentration) plot is linear until a
formed. The adamantyl dimer studied here has two advantagesconcentration of 15 mM (reachingjavalue of 49.3 mN m!
over sodium deoxycholate. First, the equilibrium constant for at 21.5 mM) which suggests that a continuous association
the formation of the inclusion complex is much higher for the process is taken place. The maximum concentration used for
adamantyl residue than it is for the steroid body of the bile salt. the ITC experiments, 0.5 mM, is low enough to prevent any
Second, the flexibility of its alkyl chain bridge allows any influence on the measured heat derived from any de-aggregation
appropriate geometry which the polymer could adopt. process as a demicellization otle.
A close inspection of the dendrimer of Figure 5b suggests )
that it is in fact a mixture of dendrimers of smaller size. The Conclusions
measurement of the W.id'[h of the branches angl their height (see From the experimental enthalpy and free energy values
SI) shows a clear relationship between the height and the width jeermined from ITC experiments, we have demonstrated that
of the branches. The minimum observed values (less than 40

nm) indicate that we are far from observing the Cayley tree at (50) vashkevich, E. V.; Yurashevich, N. Ya.; Kozlov, N. G.; Potkin, V. I.;

Potkina, T. N.Russ. J. Appl. Chen2001, 74, 1892.
a molecular level and that these branches are composed byg,\ 2ridel’ p: Hildebrand, A: Neubert, R.. Blume, Eangmuir200Q 16,
smaller ones which are superimposed on each other. The = 5267.
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the single interaction between one binding site of the guest andscholarship. We also thank Carmen Serra (from University of
one binding site of the host, is independent of the number of Vigo, Spain) for carrying out the AFM experiments.

binding sites of each interacting species. The average values
(from six systems studied here) atd1®° = — 26.6 + 2.3 kJ
mol~! andAG°® = — 30.44 3.2 kJ mot™. Thus, the process is
mainly enthalpy driven. The formation of polymer-like entities

was demonstrated by static and dynamic light scatterin
y y g g as reference; ROESY spectrum for the ,fCD, system;

experiments and by AFM and TEM measurements. AFM . - .
evidences that these polymer-like structures are linear for the .ROESY experiments for the AgCDs system; AFM amplitude

Ad-:BCD t d Cavlev tree t for the ARCD _ images of the linear supramolecular polymer; AFM image of a
2fCD, system and Cayley tree type for the AECDs one Cayley tree; measurement of width and height of the branches

of the Cayley tree polymer (AFM image); TEM image of Cayley
tree structures. This material is available free of charge via the
Internet at http://pubs.acs.org.
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ROESY spectrum for the monomemonomer reaction used
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