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Abstract: Self-assembly of supramolecular pseudorotaxane polymers from complementary homoditopic
building blocks comprised of bis(dibenzo-24-crown-8) esters derived from the hydroxymethyl crown ether
and aliphatic diacid chlorides (CxC, x = number of methylene units in the diacid segment) and 1,10-bis-
[p-(benzylammoniomethyl)phenoxy]alkane bis(hexafluorophosphate)s (AyA , y = number of methylene units
in the linker) has been studied. *H NMR spectroscopic studies of bis[(2-dibenzo-24-crown-8)methyl] sebacate
(C8C) with dibenzylammonium hexafluorophosphate (6) showed that the two binding sites of the ditopic
host are equivalent and independent (no positive or negative cooperativity). Likewise the binding sites in
1,10-bis[p-(benzylammoniomethyl)phenoxy]decane bis(hexafluorophosphate) (A10A) were shown to behave
independently with dibenzo-24-crown-8 (1a). Then using *H NMR spectroscopy on dilute equimolar solutions
(<1 mM) of CxC and AyA association constants were estimated for the formation of the linear (/in-CxCeAyA)
and cyclic (cyc-CxCeAyA) dimers, thus enabling effective molarities to be estimated for the various systems.
Finally *H NMR spectroscopy was used to semiquantitatively or qualitatively demonstrate the formation of
linear supramolecular polymers /in-[CxCeAyA], in more concentrated solutions (up to 2.0 M) of the
complementary pairs of CxC and AyA. The sizes of the assemblies (n values) are not as great as the
dilute solution studies predict; this is attributed to the deleterious effect of ionic strength and exo complexation
at high concentrations. However, as expected from the dilute solution results, linear extension is indeed
favored with the longer building blocks, meaning that “monomer” end-to-end distance is a key factor in
reducing the amount of cyclic species that form. Viscosity experiments clearly demonstrate the formation
of large noncovalent polymers /in-[CxCeAyA] , in concentrated solutions. Cohesive film and fiber formation
also indicate that supramolecular polymers of sufficient size to enable entanglement self-assemble in these
solutions.

Introduction fibers. Such interactions permit reversibility at the molecular
level, affording thermodynamically controlled polymeric su-
prastructures. This is advantageous from the point of view of
producing polymers with potential for commercial use, since
kinetically induced defects in conventional covalently bonded
. S : polymers are irreversible. Indeed, it has been shown that strong
polymeric” solids has a long historybut much progress has  »sqciations between self-organizing building blocks promote
been made recentfy. the construction of well-defined supramolecular polymeric
The self-assembly and study of “noncovalent polymers” in materials with properties comparable to covalent polyrfiers.
solution is more recent; the aims are to control and engineer . —
linear and network supramolecular polymers using the liquid I'_’?:telg:r']'g‘imgfﬁgri’“b?Hgﬁggfg‘?";}n?g?rﬁ_ 23963‘&;7’4‘1‘?9*(;{'767;"

phase to facilitate the process and ultimately produce films or 2783 Brunet, P.; Simard, M.; Wuest, J. D. Am. Chem. S0d.997, 119,
9, 2737-2738. Hajek, F.; Hosseini, M. W.; Graf, E.; De Cian, A.; Fischer,
J. Angew. Chem., Int. Ed. Engl997, 36, 1760-1762. Desiraju, G. R.

Chemists are extending the concept of self-organizing non-
covalent interactions from supramolecular sciénme® the field
of material science to produce novel structures with functional
properties. The formation of noncovalently bound crystalline,
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Syntheses of Homoditopic Hosts, Bis(dibenzo-24-crown-8) Esters C8C and C2C, and Bis(m-phenylene)-26-crown-8 Ester
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cs8cC. x = 8, ortho, ortho
c2cC. x =2, ortho, ortho
MC8MC. x =8, meta, meta

Scheme 1.
MC8MC
Hy HB
a: ortho
b: meta
1. R=H
2. R=CH,OH
7. R = COOCH,
Pseudorotaxanes, in which linear molecules are threadedResults and Discussion

through cyclic species, have been intensely investigated over
the past decadeThere have been several reports of attempts

to use this structural motif to self-assemble noncovalent

polymers? including preliminary accounts from this laboratdry.

In one of our efforts we utilized a relatively simple system with
dibenzylammonium hexafluorophosphate guest and dibenzo-

24-crown-8 (DB24C8) host units in a pair of homoditopic
building blocks’2For the model monotopic building blocks the

association constant for pseudorotaxane formation is reported
to be desirably highK, =
25°C).8 Association of homoditopic molecules containing such
complementary units spontaneously leads to reversible chain
extension in 1:1 stoichiometric solutions, forming linear su-
pramolecular polymers based on pseudorotaxane formation, a

2.7 x 10* M~1in chloroformd at

we describe in this work.

Our approach seeks to incorporate flexible units into both
building blocks for two reasons: (1) to increase solubility,
particularly in the nonpolar solvents required for these com-
plexations, enabling the necessary high concentrations to be
achieved and (2) to produce amorphous or semicrystalline
supramolecular polymers having better mechanical properties

than fully crystalline solids.

(5) For reviews of pseudorotaxanes and rotaxanes, see: Amabilino, D. B;

6

(7) (a) Yamaguchi, N.; Gibson, H. WAngew. Chem.,

8

~
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A., Ed.; Kluwer Publishers: Dordrecht, 2000; pp 41560.
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Chem., Int. Ed200Q 39, 2856-2858. Sandier, A.; Brown, W.; Mays, H.;
Amiel, C. Langmuir200Q 16, 1634-1642. Hoshino, T.; Miyauchi, M
Kawaguchi, Y.; Yamaguchi, H.; Harada, A. Am. Chem. So00Q 122,
9876-9877. Cantrill, S. J.; Youn, G. J.; Stoddart, JJFOrg. Chem2001,
66, 6857-6872.

Int. EA999 38, 143~
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(c) Yamaguchi, N.; Nagvekar, D. S.; Gibson, H. Whgew. Chem., Int.
Ed. 1998 37, 2361-2364.
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728. Fyfe, M. C. T.; Stoddart, J. ARdv. Supramol. Chen999 5, 1-53.
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S. J.; Stoddart, J. F.; WilliamSrg. Lett.200Q 2, 2943-2946. Chang, T.;

Heiss, A. M.; Cantrill, S. J.; Fyfe, M. C. T.; Pease, A. R.; Rowan, S. J,;
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2950. Cantrill, S. J.; Pease, A. R.; Stoddart, JJFChem. Soc., Dalton
Trans.200Q 3715-3734. Amirsakis, D. G.; Garcia-Garibay, M. A.; Rowan,
S. J.; Stoddart, J. F.; White, A. J. P.; Williams, D Ahgew. Chem., Int.
Ed. 2001, 40, 4256-4261.

I. Synthesis of Building Blocks.The synthetic methodologies
employed for the homoditopic host molecules are depicted in
Scheme 1. The primary alcoha?$? were esterified to afford
the homoditopic hosts, bis(crown ethei2C, C8C,’ and
MC8MC .72

Syntheses of homoditopic guests 1,104bi§jenzylammo-
niomethyl)phenoxyJalkane bis(hexafluorophosphate)s, diam-
monium salts AyA), are shown in Scheme 2. The PFsalts
showed improved solubility in organic solvents such as acetone
and acetonitrile compared to Ckalts. The lack of solubility
of the saltsA4A, A10A, andA22A in CDCl; precluded use of
this solvent for complexation studies; however, all the precursors

are soluble in acetonds and 1:1 acetonds:CDCls.

Il. Model Complexation Studies. Since both the host and
guest species are ditopic, the possibility exists in each case that
the binding is statistical, positively cooperative, or anticoop-
erative? In these model studies the binding of complementary
monotopic complementary species was examined to determine

which situation obtained.

Il. a. Ditopic Guest A10A and Monotopic Host Dibenzo-
24-crown-8 (1a).The Go-linked diammonium sal&10A was
examined with DB24C8l(g) at 22°C in acetoneds by 'H NMR
spectroscopy. The concentrationAlf0A was held constant at
10 mM, and the crown concentration was systematically varied.
The extent of complexatiorp, of the ammonium moieties to
form pseudorotaxanes was determined by integration of (1) the
NCH, signals for complexed (4.77 and 4.67 ppm) versus
uncomplexed (4.60 and 4.58 ppm) species and (2) the signal
for Hyc in the complex (d, 6.70 ppm) versusyHin the
uncomplexed state (d, 6.99 ppm) observed under slow ex-
chang€'® The results are shown in Figure 1a in the form of a
Scatchard plo?. The linear nature of the plot indicates that the
two binding sites 0fA10A are independent of each other and
that they behave in a noncooperative médeéhe association
constants! K; andK; (see Scheme 3a) for formation of the [2]-
and [3]-pseudorotaxanes, therefore, will be in the ratio 2:0.5,
based on statisticsThe negative of the slope of the Scatchard
plot is the average df; andK; and the intercept iKae Taking
the average of the slope and intercept values [£8.1) x

(9) Freifelder, D. M.Physical BiochemistryW. H. Freeman and Co.: New

York, 1982; pp 659-660. Marshall, A. GBiophysical Chemistryd. Wiley
and Sons: New York, 1978; pp #J7. Connors, K. ABinding Constants
J. Wiley and Sons: New York, 1987; pp #86.

(10) See Supporting Information.

(11) Association constants reported here are basdgl,en [pseudorotaxane]/
([crown], — [pseudorotaxane])(fammonium sglt} [pseudorotaxane]); that
is, they are concentration-based and assume that all nonpseudorotaxane
species are “free”. This is the usual method of calculating such association
constants; see ref 5.
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Scheme 2. Syntheses of Homoditopic Guests: Diammonium Salts AyA, y = Number of Methylene or Ethyleneoxy (EO) Units in the
Spacer R
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Figure 1. Scatchard plots derived frofil NMR data for complexation of
homoditopic guesfA1A0 (total concentration 10 mM) with monotopic host
dibenzo-24-crown-81(g) (total concentration varied from 10 mM to 0.10
M): (a) (top) in acetoneals and (b) (bottom) in acetonds.choroformd
(1:1, v:v). p = fraction of ammonium moieties boung.was determined
from integration of the signals for uncomplexed and complexed N&tH
4.68/4.77 and 4.56/4.59 ppm in (a), and 4.40 and 4.54/4.64 ppm in (b),
respectively. These values in (b) were confirmed using the signal for
complexed K at 6.62 ppm versus the signal for uncomplexgdaH7.46
ppm. [La] was determined from the percentage of uncompleX&@lA. Error

bars inp: £0.03 absolute; error bars p[DB24C8]: +15% relative.

1? M71] from the Scatchard plok; was determined to be 2.2
(£0.1) x 1 M~t andK, = 55 &+ 1 M~ This system was
similarly examined in acetonds/chloroformd (1/1, v/v) using

(1) NCH; signals in the complexed (4.54 and 4.64 ppm) and

3524 J. AM. CHEM. SOC. = VOL. 125, NO. 12, 2003

Scheme 3. Sequential Formation of [2]- and [3]Pseudorotaxanes
from (a) (left) a Homoditopic Guest and a Monotopic Host and (b)
(right) a Homoditopic Host and a Monotopic Guest

OO

=

Q@:

of =

1,
F—= J5 -

uncomplexed+{4.4 ppm) states and (2),fHcomplexed (d, 6.63
ppm) versus K, uncomplexed (m, 7.46 ppm). Again the linear
Scatchard plot (Figure 1b) confirmed the independent, nonco-
operative nature of the two complexation siteA@DA. In this
solvent system fronKaye [4.7 (#0.2) x 1 M71], Ky = 7.5
(£0.3) x 1®M~tandK, =1.9 &0.1) x 10? M~L. The average
values from the Scatchard plots may be compared with
association constadfsof 2.0 #0.1) x 10? M~1 and 4.6
(£0.1) x 1> M1 determined by us for the monotopic system
dibenzylammonium hexafluorophosphaig (L0 mM) /DB24C8
(1a) (concentration varied from 10 to 30 mM) in acetate-
and acetonels.chloroform4 (1:1, v:v), respectively. The agree-
ment for the two systems in the mixed solvent is within
experimental error, as expectafthe ammonium sites iA10A

are essentially equivalent to that in dibenzylammonium hexaflu-

orophosphateg).
PFe
Watnll
H H

6

Il. b. Ditopic Guest AEO35A and Monotopic Dibenzo-
24-crown-8 (1a).The 'H NMR spectra of a series of chloro-
form-d solutions ofAEO35A and DB24C8 {a) (10/10-10/40
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600 Diammonium salA10A has an electron-donating alkoxy group
E y = 657.30 - 828,76k AAZ = 0,980 para to the NChimoiety; this is expected to decrease the acidity
of AL10A relative to dibenzylammonium hexafluorophosphate
(6). On the other hand bis(crown eth&3C possesses a GH
OOC moiety that may increase its basicity relative to dibenzo-
400 24-crown-8 (a). [No Hammett constants could be found for
this substituent.] Thus, the pa@8C/6 consists of the more
active host and guest species relative to Hath10A andla/
6.

Ill. Complexation Studies in Dilute Solutions: Depen-
200 dence of Cyclization on Spacer LengthThe formation of
cyclic specie¥tis a competitive pathway that detracts from the
formation of high molar mass linear supermolecules. Therefore,
we next investigated the relative stabilities of cyclic and linear
dimeric complexegyc-CxCeAyA andlin-CxCeAyA, respec-

i " " " tively, (Scheme 4) based on homoditopic guest molecibs
0.1 0.2 0.3 04 05 06 07 throughA22A and hostC8C.
p To identify and assigdH NMR signals for these species, a

Fi 2. Scatchard plot derived frofH NMR data for complexation of series of 10 mM solutions oR10A was prepared using
igure 2. iv xati . .

homoditopic hos€8C (total concentration 2.46 mM) with monotopic guest nonftO'Chlomemc amounts @8C (from 20 to 80 mM), .and
dibenzylammonium hexafluorophosphag(¢otal concentration varied from  the *H NMR spectra were recorded (Figure 3). Increasing the
1.20 to 15.0 mM) in acetonesichoroformd (1:1, v:v). p = fraction of concentration ofC8C with respect toA10A shifts the com-
crown ether moieties boungwas determined from integration of the signals plexation equilibrium toward the 1:2 completin-C8Ce-

e e srai e Lo ALOASCEC, analogous o the [3Jpseudorotaxane of Scheme 3a,
plexed and complexed NGHsignals at 4.46 and 4.65 ppm, respectively. emulating the environment of the internal, i.e., complexed,
Error bars inp: +0.03 absolute; error bars pi{DB24C8]: +15% relative. benzylicN-methylene units in linear diméin-C8C«A10A and
extendedin-[C8CeA10A],. Since the signals at 4.53 and 4.63
¢ PPM became more intense &8[C] increased while the signals
at 4.45 and 4.74 ppm became less intense, the former (inner)
signals correspond to the linearly linked chdins]C8CeA10A],,
lin-[C8CeA10A],eC8C andlin-[A10A«C8C],eA10A), and the
latter (outer) signals, to the cyclic dimeyc-C8GA10A. The
integral ratio of the outer to the inner signals decreased from
3.4 at 10/10 mM to 0.29 at 10/80 mM. The chemical shifts of
the complexed NCHisignals for the linearly linked speciés-

p/6] (M)

mM at 22 °C) were recorded to study the binding affinity of
AEOS35A. From the linear Scatchard plot the average apparen
association constarit for pseudorotaxane formatiorK4e)
was determined to be 28 3 M1, yieldingK; =324+ 5 M™!
andK; = 8 £ 1 M~L. The 1000-fold lower appareiit, value
obtained relative to the model system composed of dibenzy-
lammonium hexafluorophosphat®) @nd DB24C8 {a) [2.7 x

10* M~1in CDCl; at 25°C]2 is undoubtedly a consequence of

competltlye |nt.ra- and intermolecular hydroge.n bonding between C8C-A10A and lin-[C8C-A10A], are consistent with the
the 34 aliphatic oxygen atoms of the PEO linker segment and " : .
positions of analogous signals in the model [2]pseudorotaxane

ammonium salt moieties oAEO35A, reducing the true o
concentration of the latter species in the free state. The samefrom DB24C8 (8 and ditopic guesA10A, 4.54 and 4.64 ppm,

effect was noted for solutions in CD{&Acetoneds (1:1, v:v) ;Sr d:osrﬁggggasgr?v?r.hilgsnial:alln fg;e ar(())fm t?]t:: ;?gﬁ;::\?&;used
[Ki=404+8 ML Ky, =104+ 2 M1 at 22C].11 ' 9 o

1. c. Ditopic Host C8C with Monotopic Guest Dibenzy- component of the cyclic dimarycC8C.A10A appears upfield

. . . 6.49 ppm) relative to complexedHof linear speciedin-
lammonium Hexafluorophosphate (6).The interaction oC8C ( oY .
with dibenzylammonium hexafluorophospha® (o form [2]- [AL0AC8C]+A10A (6.64 ppm); note that the latter is es-

and [3]pseudorotaxanes (Scheme 3b) was also studied. TheSentlally the same position as analogous signalsavA10A

concentration oC8C was maintained at 2.46 mM and that of (6.63 ppm, see above). Likewise complexegtb_f c_ychc dimer
6 was varied from 1 to 15 mM in acetorg/chloroformd (1/ cycC8CeA10A at 7.00 ppm (a doublet) was distinct over most

1, v/v). Extents of complexation were determined'ByNMR of the concentration range examined.

by comparison of integrals for complexed (3.48 ppm) vs To evaluate_ quantitativel_y_the equilibria leading tyc
uncomplexed (3.72 ppm)-protonsi® As can be seen in Figure CxCeAyA andlin-CxCeAyA it is necessary to use concentra-

2 the Scatchard plot is linear, meaning that the two host sites fions that do not allow the formation of higher linear oligomers.

in C8C act independently and equivalentfyFrom the values ) , ) —
. L n(12) Substituent effects for secondary ammonium salts in complexation with
of the slope and intercept the average apparent associatio DB24C8 follow the Hammett equation: Ashton, P. R.; Fyfe, M. C. T.;

constant for pseudorotaxane formatioK 4,9 was determined Hickingbottom, S. K.; Stoddart, J. F.; White, A. J. P.; Williams, DJJ.
P . _ o Chem. Soc,, Perk_ln Trans. 1998 2117-2128. We have shown that t_he
to be 7.4 620-6) x 102 M ) y|e|d|ng Ki=12 (:I:O.l) x 1 electron-withdrawing carbomethoxy substituent on the crown ether in the
-1 — -1 i pair 6/7a causes a lowek, than observed witlia/6 (ref 13).
M~ andK, = 3.0 ¢0.2) x 1 M™%, Thes.e \./alues ar.e higher (13) Gibson, H. W.; Yamagucahi, N.; Hamilton, L.; Jones, J. WAm. Chem.
than those for the model system consisting of dibenzo-24- S0c.2002 124 4653-4665.

_ i i — (14) Cyclic dimer formation in other ditopic pseudorotaxane systems: Ashton,
crown 87Gl'a) and homOdItOpIC gueﬁl?f‘ [Kl 7',5 (:I:O'?’) P. R.; Baxter, I.; Cantrill, S. J.; Fyfe, M. C. T.; Glink, P. T.; Stoddart, J.
x 1 M~tandK; = 1.9 0.1) x 10? M~ andKayeis greater F.; White, A. J. P.; Williams, D. JAngew. Chem., Int. EA998 37, 1294~

-1 imi 1297. Cyclic dimers in quadruple hydrogen bonded systenistjSts, S.
than _Ka for 1a°6_ [4'6 (:i:O.l) x _102 M ] undgr similar H. M.; Sijbesma, R. P.; van Genderen, M. H. P.; Meijer, E. W.
conditions. The differences are attributed to substituent effécts. Macromolecule2001, 34, 3815-3818.
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5.2 4.8 4.4 4.0 3.6 3.2 PPM
Figure 3. H NMR spectra of solutions o€E8C and A10A at (a) 10/0, (b) 0/10, (c) 10/10, (d) 20/10, (e) 40/10, (f) 80/10 mM/mM (400 MHz, acetone-
ds:chloroformd (1:1, v:v), 22°C). The three sets of NCtkignals are for (1) uncomplexed moieties, i.e., end groups, (denoted by “WULOA, lin-
[A10A«C8C],sA10A and lin-[C8CeA10A]n, (2) complexed moieties (denoted by “I") itin-[C8CeA10A],, lin-[A10A«C8C]eA10A and lin-
[C8CeA10A]¢C8C, and 3) complexed moieties inycC8CeA10A (denoted by “c”). As the proportion of£8C increases statistics predict that
lin-[C8CeA4A],eC8C, n = 1 will become the predominant species.

Scheme 4. Cartoon lllustration of Construction of Linear and Cyclic Dimers /lin-CxCeAyA and cyc-CxCeAyA, and Supramolecular
Assemblies /in-[CXCeAyA] ;, lin-[CxCeAyA] ,#CXC and /in-[AyA ¢«CxC] ;sAyA

CcxC : Kiinear Kcychc
+ _— [ O —

— L — 1in-CxC-AyA cyc-CxC-AyA

AyA
n-1

lin-[CxC-AyA]n

CxC/ \AyA

S :VFM@}:

lin-[CxC-AyA]n-CxC

lin-[AyA-CxCln-Ay A

Therefore, théH NMR spectra of quite dilute (0.2 and 0.4 mM)  4.75 ppm), (3) complexed~4.55 and 4.65 ppm) and (4)
equimolar solutions of£8C individually with A4A through uncomplexed 4.4 ppm) moieties in the linear diméin-
A22A were examined. These revealed four sets efQ¥, CxCeAyA, respectively. Figure 4d for the model system from
signals (Figure 4ac) corresponding to (1) uncomplexed DB24C8 (la) and A10A displays signals for the benzylic
moieties of the ditopic guest molecufeyA (~4.3 ppm), (2) protons of the ammonium salt units ALOA (totally uncom-
complexed moieties in cyclic dimeycCxCeAyA (~4.45 and plexed, u) and the [2]pseudorotaxalie-C8CeAL10A (com-
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Figure 4. Partial'H NMR spectra (NCH region) of equimolar solutions
of (a) C8C andA4A, (b) C8C andA10A, and (c)C8C and A22A (0.40
mM each), and (d) a solution of DB24C8&) and A10A (0.80/0.40 mM)
at 22°C (400 MHz, acetones:chloroformd, 1:1, v:v). The four pairs of
NCH; signals in (a-c) are for (1) uncomplexed moieties kyA, (2)
uncomplexed moieties (end groups) of linear dimiersC8CeAyA, denoted
by “lu”, (3) complexed moieties itin-C8CeAyA, (denoted by “Ic”) and
complexed moieties inycC8CsAyA (denoted by “cc”). In (d) the upfield
pair of signals is for the NCiprotons ofA10A; the next downfield pair
of signals is for the uncomplexed NGldrotons of the [2]pseudorotaxane,
denoted by “u”, and the most downfield pair derives from the complexed
NCH, protons of the pseudorotaxane, denoted by “c”.

T T

4.8

plexed end= c, and uncomplexed eng u). An expanded
version of the spectrum in Figure 4a in the region of 4.45
4.75 ppm is shown in Figure 4a’he'H NMR spectra of three
sets of each pair (0.20 and 0.40 mM each) were recorded with
at least 50 min of acquisition time and integrated using a
deconvolution technique.

The ratios of each uncomplexed/complexed pair of signals
for lin-CxCeAyA was determined to be 1:#6%), confirming
that they arise from this species and not from higher oligomers
which would yield ratios of<1:1. These spectroscopic observa-
tions allowed us to conclude that onip-CxCeAyA andcyc
CxCeAyA exist; larger cyclié® and linear oligomerslin-
[CxCeAyA], n > 1 are not present in detectable amounts in

tance of the increasing penalty for cyclization as the end-to-
end distance increasé&s!’As we anticipated, Keycic for
C8C.A22A was reduced, 4-fold, compared to that @8CeA4A.
Simultaneous|\Kjinear increased 4-fold.

An important parameter is the effective molarity (EM}.
which is the concentration at which extension of linear dimer
lin-CxCeAyA is as likely as cyclization toyc-CxCsAyA ; above
this concentration linear self-assembly of trimers and higher
oligomeric assemblies is favored. As indicated in Table 1 the
EM value for CBC/A22A (0.060 mM) clearly stands out,
showing a 16-fold improvement with respect to thatG8C/
A4A (0.95 mM). These results indicate that the end-to-end
distance ofAxA plays a key role in determining the outcome
of the complexation process. We expected this effect would
enhance construction of supramolecular polyrierECxCeAyA]
using longer building blocks.

We also examined the self-assembly of the shorter bis(crown
ether) hosC2C with the G, linked diammonium gue#22A.
Kiinear i higher for this system than for any of the other pairs
(Table 1). The total number of methylene spacer units is 24 for
C2C/A22A, and in terms oKcyciic it falls betweenC8C/AL10A
(18 CH,) and C8C/A22A (30 CHy). The observed EM is
essentially the same f@2C/A22A and C8C/A22A.

The NMR spectra of these dilute solutions were recorded over
a temperature range from 285 to 313%By use of van’'t Hoff
plots AH values were evaluated over this temperature range.
These results are summarized in TableAHnear Values for
complexes withC8C become more negative, whil&Hcyciic
values become less negative as the spacer length increases (Table
1, Figure 5b).

We interpret these results as being the result of an enthalpic
penalty for cyclization in addition to the expected entropic
penalty. Recent experimentiland theoreticdf results for
systems which contain semirigid linkages provide precedence
for such observations. These workers found that for semirigid
systems the enthalpic penalty for formation of a ring grew with
the length of the species. In the present case rigidity is brought
about by the dibenzylammonium moieties themselves and the
fact that the charged sites Coulombically repel each other.
AHcycic represents the difference in enthalpy between the linear
and cyclic dimers. If it is assumed that the enthalpic stabilization
from forming the cyclic species from the linear is equivalent to
that in forming the linear species from its components, as the
model systems indicate for forming [2]- and [3]pseudorotaxanes,
then AHgycic represents the difference between that value and

these dilute solutions. Since the concentrations of each specieghe enthalpic penalty. In other words the enthalpic penalty,

(CXC, AyA, lin-CxCeAyA, andcycCxCeAyA) at equilibrium
are known, one can estimate the association constinis:
andKeyciic (see Scheme 4}.Kiinear (Table 1) varies systemati-

cally, increasing as the length of the aliphatic spacer increases

(from A4A to A22A). Similarly, Keycic Varies systematically,

decreasing as the length of the aliphatic spacer increases (from

A4A to A22A). With increasing spacer length WGinear
becomes more negative amiGycic becomes more positive
(Figure 5a). These observations are consistent with the impor-

(15) Stockmayer (ref 16) has shown that under equilibrium conditions the
concentration of unstrained rings decreases exponentially (5/2 power) with
ring size. Hence the likelihood of the cyclic tetramer is5®/2= 1/6 and
the cyclic hexamer 1/16 that of the cyclic dimer. On this basis the
contribution of larger cyclic species is considered minimal.

(16) Early on in the macromolecular field, because of the importance of
cyclization as a competitive side reaction for step-growth polymerizations,
Stockmayer (Jacobson, H.; Stockmayer, W.JHChem. Phys195Q 18,
1600-1606) devised a treatment relating the concentration at which intra-
and intermolecular reactions are equally probatie to the mean squared
end-to-end distanci?l] ceq<r2(32. This relationship has been verified

in a number of experimental studies, e.g., Heath, R. E.; Wood, B. R;;

Semlyen, J. APolymer2000Q 14871495 and references therein. This

means that the tendency for cyclization decreases with increasing ring size.

Kirby, A. J.Adv. Phys. Org. Chenil98Q 17, 183-278. For examples of

applications of this concept see: llluminati, G.; MandoliniAcc. Chem.

Res.1981, 14, 95-102. Mandolini, L.Adv. Phys. Org. Chem1986 22,

1-111. Ercolani, GJ. Phys. Chem. B998 102 5699-5703.

(18) At lower temperatures linear oligomeli ({[CxCeAyA] ,-2) were formed,
complicating the analyses.

(19) Bonnet, G.; Krichevsky, O.; Libchaber, Rroc. Natl. Acad. Sci. U.S.A.
1998 95, 8602-8606. Goddard, N. L.; Bonnet, G.; Krichevsky, O.;
Libchaber, A.Phys. Re. Lett. 200Q 85, 2400-2403.

(20) Dua, A.; Cherayil, B. JJ. Chem. Phys2002 117, 7765-7773.
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Table 1. Association Constants (Kiinear, Keyclic:Scheme 4), and Enthalpies for Linear and Cyclic Dimerization of Ditopic Hosts CxC with
Ditopic Guests AyA [(CD3),CO:CDCl3 (1/1, v/v)]

Klmear. 295Ka AG\mear‘ 295K Achchc‘ 295K EMZQSKb Athear ¢ AHcychc ¢ AHcycl\c penaltyd
HIG xly MY (kcal/mol) Keyolic, 205k 2 (kcal/mol) (mM) (kcal/mol) (kcal/mol) (kcal/mol)
8/4 1.3+ 0.3x 10° —4.2+£0.1 25+ 04 —0.54+0.10 0.96+ 0.50 —8.0+£0.6 —8.6+1.0 —06+16
8/10 3.7£0.7x 10° —4.9+0.2 1.7£0.3 —0.31+0.10 0.23+0.10 —-11+2 —3.7+£0.1 +7+£2
8/22 5.2+ 0.6 x 10° —5.0+0.1 0.62+ 0.03 +0.28+0.03 0.060+ 0.010 —10£3 —2.1+0.6 +8+3
2/22 8.9+ 0.9x 10° —5.3+0.1 0.86+ 0.14 +0.088+ 0.10 0.050+ 0.015 - - -

@ Kiinear = [lin-CxCeAyA]/[CXC][AYA]. Keyciic = [CycCxCeAyA]/[lin-CxCeAyA]. +-Values represent standard deviations for determinations using three
independently prepared solutions at concentrations of 0.20 and 0.4® @culated from EM= Keycic 2Kiinear This assumes that the equilibrium constant
for addition of a unit of eithe€xC or AyA to linear dimedin-CxCeAyA is identical to the measuré€inear EM is the concentration of building block&xC
andAyA at which the total concentration of trimdis-CxCeAyA«CxC andlin-AyA «CxCeAyA is equal to the concentration of cyclic dimsrcCxCeAyA .
SinceKiinear = [lin-CxCeAyA «CXC]/[lin-CXCeAyA][CXC] = [lin-AyA«CxCeAyA]/[lin-CxCeAyA][AyA] and Keycic = [CYyGCXCeAyA]/[lin-CxCeAyA],
when [in-CxCeAyA«CxXC] + [lin-AyA«CxCeAyA] = [cycCxCeAyA], [CXC] = [AYA] = EM = Kcyciid/2Kiinear © £-Values represent errors estimated for
slopes of van't Hoff plots of association constants determined using the three independently prepared solutions over the temperature3Edige 1285
> 0.97. At lower temperatures higher linear specias-[CxCeAyA]n, n = 2) formed, preventing measurementskafiear and Keyciic. ¢ AHcyclic penalty =
AHcycic — AHiinear £-Values represent errors derived by summing the errors in the individual terms on the right.

10 tional groups, in this case topological functional groups:
AH,, ciic- Ay
. 0 i cyclic™Slinear
T cyciic s | i n=1/(1 - p) = 2KHIH (1 + 2K[H] )~ 1}
= 5 E
g " . é Now if 2K[H],> 1, n = 2K[H] J{(2K[H],)"*— 1}
o1 . = -5 - 2
< 44 o linear I T
5 <] I and if (X[H] )V*> 1, n=(2K[H] )" 1
L] . R — (XK[H],) (2K[H],) 1)
0 5 10 15 20 25 0 5 10 15 20 25 In this system [H] = 2[H—H]o.2®
y y Therefore, sinc&nearis on the order of 5.« 10° M~ (Table

1), in the absence of cyclics, at 1.0 M concentratiorCafC
and AyA we would expectn = [(2)(1.0 M)(2)(5.0 x 10°
M )]2=1.4x 1.

IV. b. NMR Studies. By increasing the equimolar concentra-
tions as eq 1 requires to produce high supramolecular mass
assemblies, we then proceeded to construct linear atirmys

Figure 5. (Left) Dependence oAGjinearandAGeycic ON'Y for complexation
of C8C andAyA. (Right) Dependence afHiinear AHcyciic and AHjinear —
AHgyciic on'y for complexation ofC8C and AyA. Data from Table 1.

AHgyciic penaity 1S AHcyclic — AHiinear This parameter indeed
increases linearly as the lengthAfA increases (Table 1, Figure
5b). [AxeCy]n, using the sets of complementary homoditopic mol-
IV. Non-Covalent Polymers from CxC and AyA. IV. a. eculesCxC andAyA, as represented in cartoon form in Scheme
Theoretical Expectations.A relationship among the association 4,
constant betwee@xC andAyA, their concentrations and the The 'H NMR spectra of equimolar solutions @8C and
average degree of polymerization, of the resultantlin- A10A in acetonedg/chloroformd (1/1, v/v) contained three sets
[CxCeAYyA]y, is easily derived as follows, under the assumptions of signals for the NChiprotons (e.g., see Figure 6d). As noted
that the same average association constant holds for eachabove, two of these are attributed to complexed moieties, while
successive step (isodesnticand that cyclic species can either  the other set corresponds to the signals for uncomplexed species.
be ignored or taken into account. Consider the generalized The two sets of signals for complexed NEkhits arise from
equilibrium of Scheme 5, in which the concentrations of the two different pseudorotaxane structures, the cyclic dioyer

two homoditopic species are equal:

We can writeK = [H/G]/[H][G] = [H/G]/[H]?.

If we now definep = extent of complexation,
K = p[H]o/(1 — p)7H]o*

Solving this quadratic equation leads to
1—p={1+ 2K[H]o)¥2 — 1}/2K[H],

C8CeA10A, and linear dimelin-C8CsA10A and linear species
lin-[C8CeA10A], (Scheme 4), the latter two being indistin-
guishable® Cyclic dimer cycC8Ce.A10A was preferentially
formed in equimolar dilute solutions<(L.0 mM, see Figure 6c).
The IH NMR spectra (Figure 6) recorded at different
equimolar concentrations d€8C and A10A in acetoneds:

This relationship allows us to use the well-known Carothers chloroformd (1:1, v:v) revealed that both the ratio afc

equatior?? which relates to the extent of conversion of func-

C8CeA10A to lin-[C8CesA10A], and the extent of aggregation,

Scheme 5. Generalized Representation of Self-Assembly of Linear Supramolecular Polymer from Complementary Homoditopic Building

Blocks. H = host; G = guest; H/G = complex
K

K

HwwH + GwwG —= HmwwH/GwWWG —/——==  HmwwH/GwnwG/Hww
HwwiH 1; 4
GwwG || K HL
-
GwvwaG/HWWH/GwwwG = HNEIH/G\E'G
~ n
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Figure 6. Partial'H NMR spectra of solutions d€8C andA10A at (a) 10/0, (b) 0/10 mM/mM, and equimolar solutions at (c) £.2073, (d) 1.0 x 1072,
(e) 1.0x 1074, (f) 0.50, (g) 1.0, and (h) 2.0 M (400 MHz, acetodgehloroformd (1:1, v:v), 22°C). The three sets of NCGréignals are for (1) uncomplexed
moieties, i.e., end groups, (denoted by “u”) A10A, lin-[A10A«C8C],sA10A and lin-[C8CeA10A]n, (2) complexed moieties (denoted by “I") im-
[C8CeA10A],, lin-[A10A«C8C],sAL10A andlin-[C8CeA10A],+C8C, and (3) complexed moieties tyc-C8CeA10A (denoted by “c”). These assignments
were confirmed by the results presented in Figure 3.

n, of the latter are concentration-dependent as expected. At thecan estimate its average molecular weight (Table 2). For
highest equimolar concentration we examined (2.0 M), the instance, in the 2.0 M equimolar solutidh, = 18 kDa f =
signals for the cyclic dimercyc-C8GAL10A are no longer 9.1). Substantially broadened signals in Figure 6, g and h,
observed (Figure 6h), indicating its absence. It is noteworthy support the formation of large supramolecular polymérs
that linear covalent polymerization is highly favored over [C8CeA10A], in solution.

cyclization at high concentrations, e.g., 1.0##% Therefore, Equimolar solutions 0€8C and the complementary homodi-
the assumption of the absence of the oligomeric cyclic com- {gnic moleculesA4A andA22A were also characterized By

plexes is believed to be valid in the more concentrated NMR spectroscopy in acetordg:chloroformd (1:1, v:v). In the
solutions!® Since the concentrations of the end-groups in the -ace of C8C and A4A. the spectr® confirmed that the

supramolecular polymdin-[C8C.A10A], can be determined  efficiency of formation of the cyclic dimerycC8CeA4A was
by integrating the signal for uncomplexed Ng&Hoieties, one greater than that afycC8CeA10A from C8C andA10A (Table
(21) This term refers to linear self-assembly processes in which the successivez) at all concentrations. Equimolar solutions higher than 1.0 M

equilibrium constants are all the same. Other models include systematic could not be achieved due to the poor solubility of the shorter
diminution of successive association constants, the attenuated K model,

see Martin, R. BChem. Re. 1996 96, 3043-3064. A4A. In the equimolar 0.5 M solution o€8C and A4A the
(22) Carothers, C. HTrans. Faraday Socl936 32, 39-53. supramolecular polymdin-[C8CeA4A], has an average mo-
(23) Other authors have derived similar equations: Meijer et al., ref 24; Lehn, . L

ref 4, though not explicitly given. lecular weight i) of 6.1 kDa, which is nearly a 2-fold decrease

(24) Sijbesma, R. P.; Beijer, F. H.; Brunsveld, L.; Folmer, B. J. B.; Hirschberg, i in- .
J. H. K. K.; Lange, R. F. M.; Lowe, J. K. L.; Meijer, E. W&ciencel997, with reSpECt to that ofin [C8C.A10A]” (Table 2) These

278, 1601-1604. observations are consistent with the dilute solution studies above
(25) Note that linear dimdin-CxCeAyA in fact is identical tdin-[AyA«CxC)l. . (Table 1) in which it was demonstrated that the shorter the end-

n = 1. lin-CxCeAyA is shown explicitly for clarity. Under isodesmic g i

conditions the concentrations ofin-[CxCsAyA],CxC and lin- to-end distance of the components, the higher the percentage

[AyA «CxC)],eAyA will always be equal when the concentrationg3odC in i . ;
and AyA ar?a equal. Note that specidisi-[CxCeAyA],sCxC and lin- of the cyclic dimer complexc(yc CxCeAyA) formation

(AYA<CxC)neAyA cannot directly cyclize, unlike the case of oligomers In contrast, the spectra of equimolar solutionsG&C and
derived from complementary heteroditopic monomers; this lack of direct !

cyclizability of 50% of the species present is a previously unrecognized A22A (Figure 7) indicated quite convincingly that the formation

advantage of the homoditopic pair approach. ; ; .
(26) Flory, P. J.Principles of Polymer ChemistryCornell University Press: of the CyC“C dimer complexcyc C8C.A22A was reduced
Ithica, NY, 1953; pp 31#346. compared to the systen@3CeA4A andC8CeA10A (Table 2).
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Table 2. Analyses of Percentages of Ammonium lon Moieties in Cyclic Dimers = CD (cyc-CxCeAyA) and Supramolecular Polymers = SP
(lin-[CxCeAyA],) and the Average Number of Repeat Units, n, in SP Derived from Ditopic Hosts CxC and Ditopic Guests AyA

equimolar % in CD at % uncomp. n® of SP at M, of SP¢ at predicted n of
HIG xly concentration (M) +22/-40°C? at +22/-40°C? +22/-40 °C +22/-40 °C (kDa) SPY@ 22 °C
8/4 0.50 17 13 3.20.6 6.1+ 1.% 51+7
0.10 25 14 2404 5.1+ 0.8 23+3
1.0x 1072 78 7 1.6+ 0.6 3.0+ 1.7 7.2+0.9
1.0x 103 86 9 0.78+£ 0.28 1.5+ 0.6 -
8/10 2.0 0f-¢ 5.5/-¢ 9.1+ 3.8/-¢ 18+ 8/—249 1.7+0.2x 1¢?
1.0 3.4f-¢ 6.4/—¢ 75+2.7/-¢ 15+ 5/—29 1.2+0.1x 1¢?
0.50 12/15 7.9/5.1 5.6:1.6/8.3+ 4.1 11+ 3/16+ 89 86+9
0.10 23/27 20/5.4 1.9 0.2/6.8+ 3.1 3.8+ 0.3/13+ 69 38+4
1.0x 1072 66/81 16/4.3 1.1 0.2/2.2+ 1.6 2.2+ 0.4/4.44+ 3.2 12+1
1.0x 103 72/94 20/2.3 0.7 0.12/1.3+ 6.2 1.4+ 0.2/2.6+ 12.8 3.8+04
8/22 1.0 0 4.4 1% 6.6 244 140 1.44+0.1x 10
0.50 0 4.7 1158 244120 1.0+0.1x 1¢?
0.10 8.3 20 2.3 0.3 4.9+ 0.6" 46+ 3
1.0x 102 28 34 1.1+ 0.1 2.4+ 0.0 14+1
1.0x 1073 38 43 0.72+ 0.06 1.5+ 0.2 46+0.3
2/22 0.50 Of-¢ 1.8/-¢ 28+ ~10/—¢ 58 + 20/—¢ 1.3+0.3x 1?
0.10 17/10 9.2/4.3 4.% 0.7/10+ 6.5 9.3+ 2.4/21+ 14 60+ 3
1.0x 102 38/55 24/4.7 1.3:0.2/4.8+ 2.8 2.7+ 0.3/9.9+ 5.7 19+1
1.0x 1073 44/63 39/13 0.72£ 0.06/1.4+ —0.3 1.5+ 0.1/2.94 0.6 6.0+ 0.3
8/EO35 0.10 0 45 1.®#0.1 3.7£0.% -
1.0x 1072 0 77 0.65+ 0.02 2.2+ 0.1 —
1.0x 1073 0 100 0 - -

aCalculated from théH NMR spectra of equimolar solutions (acetagehloroformd, 1/1, v/v) of CxC and AyA. Typically [cycCxCeAyA] was
determined by direct integration of the NgKignals of the cyclic species vs the total of all of the NGlgnals (checked vs the ArOGHignals) and/or
the H, signals for the cyclic species vs the total of all of the NGiignals. Typically the uncomplexed NGIsignals were determined either by direct
integration of the uncomplexed endslof-CxCeAyA andlin-[CxCeAyA], and uncomplexedyA vs the total of all of the NChisignals or by difference
between the complexed NGHignals and twice the integral for the ArOgHignals. Errors are estimated to #€%. P n was determined by solving the
expression:n = [100 — (% of ammonium ion units idin-CxCeAyA)]/2(% uncomplexed ammonium ion units). Errors cited are the average deviations
using 2% errors in %in-CxCeAyA and % uncomplexed. The maximum values were determined using the obseriedC*CeAyA less 2% and the
observed % uncomplexed less 2%. The minimum values were determined using the obséin<k@AyA plus 2% and the observed % uncomplexed
plus 2%. There is larger error toward the maximum valG&srors cited are the average deviations of the maximum and minimum values calculated using
the maximum and minimum values nfbased on 2% errors as noted in footnote b. There is larger error toward the maximum Y8lassd on eq 1 and

Kiinear value of Table 1; recall that eq 1 assumes no cyclics form. Therefore, this value is a reference point for the situation in which no cyclic forms and

Kiinear i invariant with concentration. No calculations were done when the inequalities assumed in eq 1 were Yidleeshectra recorded at lower
temperatures exhibited severe signal broadening, preventing accurate signal integFagonumber average molecular weightJ of the aggregatén -
[C8CeA4A], was calculated usiniyl, = n(1896 Da).9 The number average molecular weight,J of the aggregatén-[C8CsA10A], was calculated using
Mn = n(1980 Da)." The number average molecular weight,} of the aggregatéin-[C8CeA22A], was calculated usintyl, = n(2148 Da). The number
average molecular weighii,) of the aggregatdin-[C2CsA22A], was calculated usinyl, = n(2064 Da).j In CDCls. K The number average molecular
weight (M,) of the aggregatén-[C8CsAEO35A], was calculated usiniyl, = n(3346 Da).

More importantly, in equimolar solutions &f8C andA22A at
greater than 0.5 M the cyclic dimeycC8CeA22A was not

more, at 1.0 mM in CDGIno complexation was observed for
C8C and AEO35A (Table 2).

detected (Table 2, Figure 7e). From end group analysis, the The error bars fon andM, in Table 2 are large. This is an

average molecular weight of supramolecular polyniiar
[C8CeA22A], is 24 kDa at 0.5 M; 2.0 M solutions could not
be made due to the limited solubility @{22A.

Finally solutions of the shortest bis(crown eth€2C and
the longest diammonium salt22A, as expected on the basis
of the EM results of Table 1, yielded the largest linear

intrinsic problem in using NMR spectroscopy for end group
analysis of polymeric systems. Note thandacreases, the error
increases exponentially. Assuming that the error in end group
determination is 2% absolute, at= 25 the range would be
from 17 to 50. In many cases the error will be larger than this.
Therefore, NMR spectroscopy is at best a qualitative tool for

aggregates. The highest degree of “noncovalent polymerization”, study of such supramolecular polymers. Other physical methods

n, was observed at 0.5 M concentrations, formihig-
[C2CeA22A], with a supramolecular molar mass of 58 kDa at
ambient temperature. Again, the limited solubilityA#2A did
not allow higher concentrations to be studféd.

As expected on the basis of the Ié{yobserved in the model
system1la/AEO35A noted above, homoditopic ho&8C and
homoditopic guestAEO35A showed very small extents of
complexation as measured by the NCsignals ofAEO35A.

At 22 °C in equimolar 100 mM CDGlsolutions only 55%

are needed to establish the polymeric nature of the assemblies.
Nonetheless it is clear from Table 2 that degrees of nonco-
valent polymerizationn, are much less than predicted by eq 1
above, notwithstanding the intrinsic errors. For example, with
C8C/A22A at 1.0 M the experimental value is only 20% of
that calculated by eq 1. Such comparisons for other results in
Table 2 indicate a diminution in the effective association
constant with increasing concentrations. In model monotopic
systems we have also noted such concentration dependéces.

complexation was observed versus 86, 80, and 80%, respecpossible contributing factor is “exo complexation”, i.e., non-

tively, for C8C with A4A, A10A, andA22A each at 100 mM
in the less polar solvent CDECD3sCOCD; (1:1, v:v). Further-

(27) Pseudorotaxane formation involviAg@2A was found to be time dependent
with both C8C and C2C. Approximately 18-24 h were required for
equilibration.
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pseudorotaxane hydrogen bonding of the crown ether and
ammonium salt moietie’s, this consumes “free” species and
reduces their true concentrations, increasingly as total concentra-

(28) Jones, J. W.; Huang, F.; Gibson, H. W.Am. Chem. Socsubmitted.
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Figure 8. Reduced viscosity as a function of equimolar host and guest
concentrations in acetone:chloroform (1:1, v:v) at°22for (a) MC8MC

and A10A, (b) C8C and A10A, and (c)C2C and A22A. Error bars are
estimated to be 0.2% at 0.1 M, but perhaps as high as 5% at 0.5 M because
of capillary absorption effects.
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Figure 7. ThelH NMR spectra of equimolar solutions 68C andA22A

at (@) 1.0x 1073, (b) 1.0x 1072 (c) 0.10, (d) 0.50, and (e) 1.0 M each
(400 MHz, acetonel:chloroformd (1:1, v:v), 22°C). The three sets of
NCH; signals are for 1) uncomplexed moieties, i.e., end groups, (denoted
by “u”) in A22A, lin-[A22A«C8C],eA22A and lin-[C8CeA22A],, (2)
complexed moieties (denoted by “I") itin-[C8CeA22A],, lin-[A22A-
«C8C]J»A22A andlin-[C8C+A22A],+C8C, and (3) complexed moietiesin  slope (Figure 8a) is consistent with thid NMR observation

cycC8CsA22A (denoted by “c”). that there is little or no complexation betweBtC8MC and

) ) ) ) A10A in solution. It also indicates that the ionic strength per
tions increase. On the basis of the Debeftiickel treatment e has a negligible effect on viscosity under these experimental
activity coefficients are sharply dependent on ionic concentration gnditions. Therefore, the sharp increases in viscosity at higher
in solvents of low dielectric constafftClearly at concentrations  concentrations 0E8C/AL0A and C2C/A22A (Figure 8c) are

as high as 1102 M the ionic strength effect may substantially  refiective of aggregation, producing structures of large hydro-
affect the activity coefficients and the apparent association dynamic volume, i.elin-[C8CeA10A], andlin-[C2CeA22A].
constants. As a result of these effects an "attenuated K" model Cates and Candau have derived theoretical relationships for

is probably more appropriate than the isodesmic treatment Ofthe reduced viscosity of self-assembled noncovalent polymers

21 i
eq 12! These effects taken together present a serious challengeCornpriseol of surfactant molecules in agueous media as a

i.n analyses of equilibria involving gharged §pecie§ for construc- function of concentratiof According to this mean field theory
tion of supranjolecglar p_OIymerS |_n organlc_medla: if the association constants are high and the lifetimes of the
IV. c. Solution Viscosity. For direct physical evidence of  55semplies exceed the reptation times, a plot of log(reduced
the formation of large self-assembled noncovalent polymers, y;scosity) vs log(total concentration) should have a slope 6£3.5
we turned to viscometry. A plot of reduced viscosity versus 37 gych log-log plots forMC8MC /A10A, C8C/A10A, and
concentration of equimolar solutions Gf8C and A10A in C2C/A22A have slopes of 1.48, 2.83, and 2.64, respectively.
acetonedg:chloroformd (1:1, viv) is nonlinear (Figure 8b),  The fact that the slopes of the latter two systems are less than
reflecting the increasing size of the supramolecular polymer e theoretical values may reflect several factors. First of all,
[C8CsA10A], with concentration as shown by thel NMR  cates and Candau note that for their systems in water there
data. In fact, the viscosities of 1.0 and 2.0 M equimolar solutions y55 5 strong inverse dependence of the exponent (slope) on
were too high to measure by this method. salt concentratioft In our systems in organic solvents this effect
On the other hand, a completely different solution viscosity would be expected to be exaggerated, since one of the
profile was observed for equimolar solutions MC8MC, a components is in fact ionic and the concentrations are high. In
constitutional isomer o€8C, andA10A (Figure 8a). It should  one reported experiment in an organic solvent an exponent
be noted that théH NMR spectrum of an equimolar solution

of C2C and dibenzylammonium hexafluorophosphdiest 10 (30) Other workers have demonstrated tM@8MC does form a complex with
i i i - dibenzylammonium hexafluorophosphate, but with an immeasurably (by
mM in the same solvent SyStem dlsplayed no sign of Complex NMR) low Kz Ashton, P. R.; Bartsch, R. A.; Cantrill, S. J.; Hanes, R. E.,

ation, i.e., did not show extra sets of signals due to slow Jr.; Hickingbottom, S. K.; Lowe, J. N.; Preece, J. A.; Stoddart, J. F.;
; i ; Talanov, V. S.; Wang, Z.-HTetrahedron Lett1999 40, 3661-3664.
eXChange or Change_s in the Fhemlcal shifts due to fasF e?(Change' Cantrill, S. J.; Fulton, D. A.; Heiss, A. M.; Pease, A. R.; Stoddart, J. F.;
The m-phenylene linkage in the crown ether moieties of White, A. J. P.; Williams, D. JChem. Eur. J200Q 6, 2274-2287.
_ (31) Cates, M. EMacromolecule4987, 20, 2296-2300. Cates, M. E.; Candau,
MC8MC prevents or at least very strongly retards pseudoro S. 3., Phys. Condens. Mattei99Q 2, 6869-6892. It should be noted
taxane formatiord? In the viscosity plot a straight line with low that although this theoretical approach is still in use (Narayanan, J.; Urbach,
W.; Langevin, D.; Manohar, C.; Zana, Rhys. Re. Lett.1998 81,228—
231), it is not without its peculiarities and controversy (Aliotta, F.; Sacchi,
(29) Glasstone, S.; Lewis, [Elements of Physical Chemistiy. van Nostrand M. Colloid Polym. Sci1997 275 910-921. Kiper, G. J.; van der Ploeg,
Co., Inc.: New York, 1960; pp 567516. J. P. O. M.; Cirkel, P. AProg.Colloid Polym. Sci1997 1055 294—297).
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Table 3. Supramolecular Formulas, Calculated Supramolecular Weights, and Observed (MS) Mass/Charge Ratios of Complexes from
Homoditopic Species C8C and A10A

structure calcd MW obs m/z2 obs m/z°
[ALOA-PR] ™ 711.4 711.8
[C8CeA10A-2HPFR)2" 1686.9 844
[C8CeA10A-PR-HPR-DB24CH,OOCCH,]* 1168.8 116%
[C8CeA10A-PRs-HPF:-DB24CH, * 1226.7 1228
[C8CeA10A-2PR-DB24CH,] ™ 1227.7 1228
[C8CeA10A-2HPRs-CsHsCH] ™ 1595.8 1598
[C8CeA10A-2PRs-CsHsCH] ™ 1597.8 1598.#
[C8CeA10A-PRs-HPFg] ™ 1687.9 1688.2 16885
[C8CeA10A-PRs]* 1833.9 1833® 18340
[A10A«C8CeA10A-4HPRs-CeH4CHoNH2CHCoHs| 2054.2 2058
[A10A«C8CeA10A-2HPRs-PRs-CsHsCHZ] ™ 2307.3 2307
[A10A«C8CesA10A-PFRs-2HPFR]* 2398.3 2398.%
[C8CeAL0AC8C-H-HPFs] ™ 2954.4 29549
[[C8CesA10A]26C8C-CsHsCHNH,CHg]* 4958.2 49599

aMALDI-TOF mass spectrum recorded in the positive ion mode using 2,5-dihydroxybenzoic acid (2,5-DHB) matrix (Washington U); sample prepared
in chloroform-acetone (1:1 v:v) at 2.0 M. 1) 9.6%, 2) 43%, 3) 7.8%, 4) 100%, 5) 5.8%, 6) 3.8%, 7) 2.5%, 8) 1.4%. “DB24" represents dibenzo-24-crown-8
moieties ofALOA. P FAB mass spectrum recorded in the positive ion mode using 3-nitrobenzyl alcohol (3-NBA) as the matrix (Va Tech); sample prepared
in chloroform-acetone (1:1 v:v) at 2.0 M. Same sample as in (a). 1) 85%, 2) 7%, 3) 10%, 4) 6.7%, 5) 100%, 6) 12%, 7) 1%, 8) 45%. “DB24" represents
dibenzo-24-crown-8 moieties @{10A.

Table 4. Thermog;avimetric Analyses of Pseudorotaxanes and and alcohoRa, as supported bjH NMR spectral results. The
Their Components loss of HPF occurs at lower temperatures in the pseudorotaxane
samnle (Tﬁé; f(’”(‘:e)/fo/z agmens lost (% t) complexes than in the ammonium salts by themselves; this is
P —— g probably because the anions are separated spatially from the
(ch';ZESZ)ZNHZ e 2323(1 g cations in the pseudorotaxanes and therefore not as tightly
lae6® 210 27032 GHsCH,NH,(14)+ HPF; (18) bound.
éé?:A gig igggg ggg"g&&g%i %;2':)"% (34) IV. f. Differential Scanning Calorimetry (DSC). Solid
C8C/AL0AY 187 300115 2HPR(15) samples were prepared by freeze-drying £.0073, 0.10, and
462/80 - 0.50 M equimolar solutions o€£8C and A10A in acetone:

aHeating rate: 10C/min in N, unless otherwise notel Temperature chloroform (1:1, v-v) at—93 °C under high vacuum. B
of 5% weight loss® Smooth weight loss to 3% residue at 289. 32% NMR spectra of eqmmola_w solutions Gf8C andA10A at 1.0
weight loss corresponds to 27 940 °C/min; smooth weight loss to 3% x 1073, 0.10, and 0.50 M in acetora:chloroformd (1:1, v:v)
residue at 409°C. 32% weight loss corresponds to 392. ¢ Sample were essentially unchanged from0 to —60 °C (below this
consisted of crystals of the pseudorotaxane complex grown by vapor .
diffusion of hexane into a chloroform solution 10 mM in both compdnents. {€mperature théH NN_'R spec?ra of the solutions could not be
f Plateau value? Sample prepared by evaporation of a chlorofemetone recorded due to partial freezing of the solvent). THdgs of
(1:1 v:v) solution 1.0 M in both species. the supramolecular polyméin-[A10A«C8C], and the abun-
dance of the cyclic dimecyc-C8GAL0A in the freeze-dried
samples were estimated by simple integration of relevant signals

of the spectra recorded a0 °C (Table 2). The samples were

(slope) of 1.9 was observed, a value lower than those obtained
here32 Meijer et al. reported a slope of 3.76 for a nonionic

H-bo_rl;(_jl_ed _suprr]am(::eclgflar_ ponmferhin chIoroforl?ﬁAnotlher analyzed by DSC. To eliminate sample history, the freeze-dried
possibility is that the lifetimes of the noncovalent polymers samples were heated to 100 and cooled to 30C at 10°C

described here are shorter than their reptation times. min-L. They were heated at 16C min-t and the DSC

IV. d. Mass Spectrometry. Due to the highly ionic nature  thermograms were recorded. The pure homoditopic molecules
of the linear arrays and the normally used very polar matrixes, cgc andA10A were crystalline and thus revealed sharp first-
which tend to dissociate the complexes, mass spectrometry ol ger phase transitions. As a result of self-assembly, amorphous
samples prepared from ditopic h@3C and ditopic guesh10A polymer lin-[A10A«C8C], with glass transition temperatures
did not reveal assemblies of high mass. As shown in Table 3 (T,) of 57 and 59°C, respectively, were formed from the 0.10
MALDI-TOF and FAB techniques detected only species and 0.50 M samples witM, = 13 and 16 kDa, respectively
_[AlOAoCBC]noAloA containing up to five total building blocks, (Table 2). In the case of the 10 mM sample (81% cyclic dimer
Le.,n=2. cyc-C8CAL0A Table 2), a high degree of crystallinity was

IV. e. Thermogravimetric Analysis (TGA). As shown in observed by optical microscopy
Table 4 TGA of samples prepared by evaporation of equimolar
solutions of homoditopic hos€8C and homoditopic guest
A10A reflect the thermal stabilities of the two components.
Results for the model system consisting of DB24Q8) (and
dibenzylammonium hexafluorophospha@ ére similar. Ther-
mal decomposition of the secondary ammonium salt moieties
of A10A gives HPE, and the resultant secondary amine is
believed to attack the ester linkage@8C to afford a polyamide

IV. g. Film and Fiber Formation. Flexible, creasible,
amorphous, and transparent films were cast from 1:1 stoichio-
metric solutions ofC8C andA10A at concentrations 0.50 M.
Such film properties can only result from entanglement of
linearly connected macro-sized aggregates. Similarly, since a
polymeric structure of high molecular weight is necessary for
fiber formation, the scanning electron microscopic images
(Figure 9) of a fiber drawn from a concentrated equimolar
(32) Schurtenberger, P.; Scartazzini, R.; Magid, L. J.; Leser, M. E.; Luisi, P. L. SOlqtlon OfCE_;C E?.r_]dAlOA confirm th_e high d_egree of the linear

J. Phys. Cheml199Q 94, 3695-3701. chain extension itin-[C8CeA10A],. Fibers oflin-[C8CeA22A],
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Figure 9. Scanning electron micrographs of (gold-coated) fibers pulled from concentrated solutions of (a3&@fgnd A10A, (b) (center)C8C and
A22A, and (c) (right)C2C and A22A. The scale bar in each micrograph ig.

and lin-[C2CeA22A], were also drawn from concentrated partially overlapping signals for “lu” and “cc” of dilute solutions
solutions ofC8C/A22A andC2C/A22A, respectively. As shown  of CxC/AyA of Figure 4, a and b, were carried out using
in Figure 9, the morphology of these fibers was similar to that Lorentzian line shapes in the Varian NMR Software package,
of those fromlin-[C8CeA10A],. These fibers were formed in  version 6.1B.; the peak maxima were assigned using the
a manner analogous to dry spinrifigsed for covalently bonded  positions of the shoulders due to “lu”. The integration values
macromolecules. Unfortunately, insufficient quantities prevented from the deconvolutions were checked by taking the total
mechanical characterization of the films and fibers at this time. integral in the region 4.35 to 4.45 ppm and subtracting from it
Conclusions the integral for the other “cc” signal at 4.75 ppm. Reduced
viscosities were measured on a Cannon-Ubbelohde semi-micro
dilution viscometer with 200 centipoise inner diameter capillary.
Differential scanning calorimetry (DSC) was performed under
a nitrogen purge using indium as the calibration standard. For

[CXCeAyA] , is observed almost exclusively in concentrated scanning electron microscopy (SEM) fibers were drawn from

equimolar solutions$0.5 M) of homoditopic host£8C or concentrated solutions using a boiling stick or tweezers and

C2C with homoditopic guesta4A throughA22A. The solution  Placed on the mounting grid; the copper substrate was sputtered
behaviors of the self-organized supramolecular asseniblies ~ With gold after sample deposition and before exposure to the

[CxCeAyA] , were characteristic of large linear aggregates as eIe_ctron_ beam. Mass spectra were provided by the Washington
demonstrated by the viscosity experiments. Moreover, the University Mass Spectrometry Resource, an NIH Research
preparation of films and fibers corroborates the polymeric nature Resource (Grant No. P4A1RR0954). Dialdehy8@and3b were

of the self-organized supramolecules. Freeze-drying equimolarPrepared by the procedures reported in the literattille
solutions yielded linear assembliis-[CxCeAyA], as amor-  Previously reportet syntheses ofla, 1b, 2a, 2b, C8C,
phous solids. The efficiencies of the formation of the nonco- MC8MC, 4b, 5b, A10A, and7a.

valent polymers from complementary homoditopic molecules ) i
increased with increasing end-to-end distance of the building _ Acknowledgment. We are grateful to the National Science
blocks. These studies provide proof of principle that self- -oundation for support of this work through Grant CHE-
assembly via pseudorotaxane formation can produce noncovalenf>21738. We thank Thomas Glass for expert assistance in
polymers; however, there is a caveat in that exo complex&tion obtalnlng the NMR spectra and. Professor James McGrath for
and ionic streng® effects greatly reduce the effectiveness of USe of his thermal analysis equipment.

pseudorotaxane formation at high concentrations. Future im-
provements will involve hostguest pairs with higher associa-
tion constants to provide higher supramolecular weights.

In summary, linearlin-CxCeAyA) and cyclic €ycCxCeAyA)
dimeric complexes are preferentially formed in dilute equimolar
solutions €1 mM) of bis(crown ether)€xC and diammonium
salts AAA through A22A. Linear chain extension tdin-

Supporting Information Available: Procedures for synthesis
of C2C, 3¢, 3d, 44, 4c, 53, 5¢, 5d, A4A, A22A, andAEO35A;
IH NMR and mass spectra (PDF). This material is available
Experimental Section free of charge via the Internet at http://pubs.acs.org.

The 400 MHz'H NMR spectra were recorded with tetram-

. . . JA020900A
ethylsilane (TMS) as an internal standard. Deconvolution of the
(33) Allcock, H. R.; Lampe, F. WContemporary Polymer Chemistidnd ed.; (34) Guilani, B.; Rasco, M. L.; Hermann, C. F. K.; Gibson, H. ¥Heterocycl.
Prentice-Hall: New York, 1990; pp 56&09. Chem.199Q 27, 1007-1009.
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