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Abstract: We provide detailed insight into complex supramolecular assembly processes by fully character-
izing a multicomponent model system using dynamic light scattering, cryogenic transmission electron
microscopy, atomic force microscopy, and various NMR techniques. First, a preassembly of a host molecule
(the fifth-generation urea-adamantyl poly(propylene imine) dendrimer) and 32 guest molecules (a water-
and chloroform-soluble ureidoacetic acid guest) was made in chloroform. The association constant in
chloroform is concealed by guest self-association and is therefore higher than 10 M~1. Via the neat state
the single-host complex was transferred to water, where larger dendrimer-based assemblies were formed.
The core of these assemblies, consisting of multiple host molecules (on average three), is kinetically trapped
upon dissolution in water, and its size is constant irrespective of the concentration. The guest molecules
forming the corona of the assemblies, however, stay dynamic since they are still in rapid exchange on the
NMR time scale, as they were in chloroform. A stepwise noncovalent synthesis provides a means to obtain
metastable dynamic supramolecular assemblies in water, structures that cannot be formed in one step.

Introduction vesicles® However, next to these structures, the examples of

the stepwise noncovalent synthesis of supramolecular architec-

at the heart of current research in nanonsciéribeday, most tur.es. are very limited. Dgndnmers are in our view excelleqt
building blocks to study this new area of noncovalent synthesis.

supramolecular structures are made by self-assembly of the . A

molecules used in the process, and in most cases the thermolN€Y aré monodisperse, have a highly branched and regular
dynamically favored product is formed. More recently, also structure? and have been used for the construction of supramo-
kinetically trapped species have been obseAd.intriguing lecular assemblies in organic solvehend in watef’ These
next step is to synthesize supramolecular assemblies in solvent@SSemblies have potential applications in the fields of drug
in which the individual components are not solubfeThen a  delivery? gene transfectiof, and imaging" and as extractants.

more sophisticated fabrication process should be used, agN @dueous solutions, covalent modification of the periphery,
beautifully illustrated by the formation of liposomes and combined with the flexibility of the dendrimer core, often leads

The noncovalent synthesis of supramolecular complexes is
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(a) Initial pincer model for a urea-adamantyl-modified fifth-generation poly(propylene imine) dendrimer with an associated ureidoacetic acid

guest molecule having an aeithase interaction, yielding a tight ion pair, and multiple hydrogen-bonding interactions in chloroform. (b) A more realistic
model based on X-ray crystallography and molecular dynamics studies. Reprinted with permission from ref 17. Copyright 2007 Wiley-VCH.

to surfactant-like behavior and assemblies that are associatedscheme 1 @

with such amphiphilic moleculg$.The periphery of a dendrimer
can also be modified in a noncovalent way, by using fost
guest interactions (e.g., surfactdftsr cyclodextring®). Previ-

ously, we have reported on a system based on supramolecula v 4
guest-host chemistry using urea-adamantyl-functionalized poly- |

(propylene imine) dendrimers (generationss), combined with
ureidoacetic acid guest moleculésn one of our recent systems,

we used the fifth-generation dendrimer (host) and a ureidoacetic

acid molecule (guest) with oligoethylene glycol tails for
solubility (Figure 1). Recently, Chang et al. refined the initial
pincer model (Figure 1a) using X-ray crystallography and
molecular dynamics simulations (Figure 16).

This system was investigated extensively in the gas phase
and in chloroform solutiod? The first preliminary results

indicated that using a stepwise approach the single-host complex
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aFirst, a complex is made by mixing the guest and host together in
chloroform with a ratio of 32 to obtain a single-host complex. Next, the
chloroform is evaporated with a gentle nitrogen flow, and the resulting thin
film is dried in vacuo and subsequently dissolved in ultrapure water, yielding
small dendrimer-based assemblies.
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Figure 2. Models for the binding of the guest molecule to the dendrimer.
Model a was reported by us previously. In this model there is one
equilibrium, i.e., the binding of the guest to the host with an apparent
association constar, (400 £ 95 M~1). Model b takes into account the
dimerization of the guest molecule and is explained in more detail in the
text. Kq is the dimerization constant, arit}, is the apparent association
constant for the binding of the monomeric guest to the host according to
model b.

(a single host and multiple guest molecules, left in Scheme 1)
could be transferred to watéin the present paper we show a
detailed characterization of the different stages of the approach
we refer to as stepwise noncovalent synthesis and demonstrate
that during this process the single-host complexes present in
chloroform transform to small assemblies of about three host
molecules stabilized by the guest molecules at the periphery
(Scheme 1).

We present the detailed analysis of the stepwise procedure,
provide a detailed analysis of the system in chloroform, and
investigate the neat state and the subsequent small dendrimer-
based assemblies obtained in water. DLS (dynamic light
scattering), cryo-TEM (cryogenic transmission electron micros-
copy), AFM (atomic force microscopy), and various NMR
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Figure 3. (a) *3C NMR spectra of different guest/host ratios (G/H). TH€-labeled carboxyl moiety of the guest molecule shifts downfield upon binding

to the host and shifts back to the unbound chemical shift (172.5 ppm) when the guest/host ratio is increased. The concentration of the gueststastkept con
at 2.46x 1072 M. (b) The observed chemical shift is plotted as a function of the guest/host ratio (G/H). The solid line represents the fit obtained when
noncooperative binding is assumeh & 400+ 95 M),
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Figure 4. Guest molecule on its own at different concentrations in
chloroform. The diffusion of the guest molecule was measured using
DOSY NMR (left axis), and the chemical shift was obtainedy NMR
(right axis). The hydrodynamic radiuRy{) was calculated from the diffusion
constants using the StokeEinstein equation. At the lowest concentration
(1074 M) Ry is 0.58 nm, and at the highest concentration(%50-2 M) Ry

is 0.95 nm.

e
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(nuclear magnetic resonance) techniques were used to confirm )i\\%

the procedure presented in Scheme 1.

Figure 5. The guest molecule can dimerize, and the dimers can possibly

Results and Discussion stack into larger assemblies.

System in Chloroform. Earlier, we described the binding
of the guest molecule to the host in chloroform as depicted in (concentration in the titration experiment) the guest is not
Figure 2a In chloroform, the host is molecularly dissolved molecularly dissolved4 in Figure 4).*H DOSY (diffusion-
and has a hydrodynamic radiuR+) of 2.2 nm2° Upon binding ordered spectroscopy) NMR showed that the diffusion constant
of on average 32 guest moleculd®, increases to 3.0 nm, Of the guest molecules decreased by less than a factor of 2
implying the formation of a single-host complex composed of compared to the molecularly dissolved steieif Figure 4).
one dendrimer and multiple guest molecules. The -abake This implies the formation of dimers of guest molecules (Figure
interaction (Figure 1) was monitored usifif NMR spectros- 2b), most probably through interactions of the carboxyl moieties.
copy (Figure 3a). Thé&C-labeled carboxyl moiety gave rise to Fitting the'3C NMR shifts of the guest molecule’s carboxy!
a single peak, demonstrating that the equilibrium between boundmoieties to a dimerization equilibrium yielded a dimerization
and unbound guest is fast on the NMR time scal@.4 ms). constant Kg) of 200+ 200 M1 (see the Supporting Informa-
The apparent association constais & 400 4+ 95 M™1) and tion). From this fit it follows that at 2.46< 1072 M 73% of the
the number of binding sites (41) were calculated by fitting a guest is dimerized, causing the effective concentration of the

noncooperative binding model (Figure 3b). monomeric guest to be lower than the nominal value. In contrast,
The concentration dependency of the chemical shift of the using model b, the apparent association condtgntas found
carboxyl moiety indicated, however, that at 2.4610°2 M to be approximately 2000 M (Figure 6a):' However, on the

(20) Versteegen, R. M.; van Beek, D. J. M,; Sijbesma, R. P.; Vlassopoulos, D.; (21) Attempts to fit model b to the data failed; therefore, simulations were
Fytas, G.; Meijer, E. WJ. Am. Chem. So005 127, 13862-13868. performed to get an estimation of the apparent association corigfant

J. AM. CHEM. SOC. = VOL. 129, NO. 50, 2007 15633
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Titration experiment Scheme2®
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a w3 | | |
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Lo 150 ' aAfter the precomplexation in solution, the chloroform is gently
1 ] \ Ky =200 M evaporated, leaving a thin film behind.
17} . _ 4
2 1007 \\ K,= 2000 M
o - \
50 g
. 1Cquen= 246 X 102M
TTT T[T T I T[T I rrrrrrrnr]
0 50 100 150 200 250 300
G/H Guest only
. . . Guest-host complex
Dilution experiment 200 180 160
300 —— "*C NMR Shift [ppm]
h I Figure 7. Carboxyl region in the MA NMR spectrum of the guest
b _— s°c
250 TN and guesthost complex (G/H= 32) showing the downfield shift of the
] o/ * 13C-labeled carboxyl moiety (upper spectrum, 173 ppm and a line width of
N 1 7/ ‘K =200 M- 120 Hz; lower spectrum, 175 ppm and a line width of 670 Hz) upon binding
T 2004, d= P to the host.
= T4 K,= 10000 M
IO.O 150" K. =200 M- implying a higher fraction of bound guest molecules than
1 1 K”= 2000 M- predicted. Figure 6a shows that the titration can be nicely
% 100 ° simulated to match the data, but if the same parameters (e.g.,
7o) . K¢ and Kp) are used to simulate the dilution experiment, the
50 match is poor (Figure 6b).
. G/H =32 Apparently, the association constant of the guest is higher
O T T than 2000 M. When simulated using model b (even though
00 0005 001 0015 002 0025 003 we know the model is incomplete), an association constant of
Concentration guest [M] ~10* M1 was required to match the observed chemical shifts

' - _ _ (Figure 6b). Clearly, dimerization of the carboxyl moieties
Figure 6. (a) Titration experiment: difference between the observed jngyfficiently describes this process. Nevertheless, these results
chemical shift §onsg and the chemical shift of the dimedd) versus the . -
guest/host ratio (G/H). The concentration of the guest is constant at2.46 ~ SNOW Fha}t a high association constant can be concealed by self-
102 M. The dimerization and binding are taken into account (model b). association of the guest molecufés.

The open circles are the data points, and the solid line is simulated. (b) Neat State Going from chloroform to the neat state is the
Dilution experiment: donsd — g iS plotted versus the concentration of the t undertaking in the st . lent theti d
guest (the guest/host ratio is constant at 32). The solid line represents theNEXt undertaxing !n e stepwise ngncova en Syn .e Ic proce - ure
simulation, keeping the same parameters as for the titration experiment (a),(Scheme 2). During the evaporation, the equilibrium will shift
and the dashed line is found wh is increased to XOM . completely to the bound state for the guest molecules. The

resulting thin film was investigated by magic-angle spinning
basis of the structure of the guest molecule, dimerization is not (MAS) H and 13C NMR spectroscopy. Compared to th€
expected to be the only possible pathway to guest assembly.NMR spectrum of the guest alone, a downfield shift and
The urea moieties present are likely to form lateral hydrogen- proadening of the signal of tH&C-labeled carboxyl moiety of
bonding arrays (Figure 5) as was demonstrated in a single-crystakhe guest molecules is observed for the guésist complex
X-ray structure by Zha® and co-workers using ureylenedicar-  (Figure 7), similar to the results 3f.C NMR spectroscopy in
boxylic acid model compounds. solution (Figure 3).

The presence of higher order assemblies would further ntimate contacts between guest and host molecules are also
decrease the effective concentration of the monomeric guest.reflected in'H NMR traces observed Vig2C NMR in two-
To investigate this hypothesis, the2 guelst)s;t system was  dimensional heteronuclear correlation spectra using proton spin
diluted (G/H= 32, from 2.46x 107 to 10°* M), thereby iffusion (Figure 8). TheH NMR spectrum of the host and
driving the guest to its monomeric form. The amount of higher  the 1 NMR traces from the 2D spectrum without spin diffusion
order guest assemblies will be negligible, and the dominant (Figure 8) show the resonance of the adamantyl hydrogens of
equilibrium will be the guest association, when the association the host at 2 ppm. Already at a diffusion time of 1 ms, tHe
is the strongest interaction. Remarkably, tH& NMR chemical NMR trace starts to show a significant contribution from the

shifts did not change as much as was expected (Figure 6b) ongest protons resonating at 3.5 ppm. At 10 ms #HeNMR
the basis of association constants of 400 or even 2008 M

(23) Additional measurements are available in the Supporting Informatidn:
(22) zZhao, X.; Chang, Y.-L.; Fowler, F. W.; Lauher, J. W.Am. Chem. Soc. DOSY NMR measurements on the guest molecule and
1990 112 6627-6634. complexes and the derivation of the association const&at&§, andKp).

15634 J. AM. CHEM. SOC. = VOL. 129, NO. 50, 2007
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Figure 8. Left: 2D TH—13C NMR correlation spectrum without spin diffusion (the dashed line at 30 ppm shows where the trace was extracted}Right:
NMR traces at spin diffusion times of 0, 1, and 10 ms via the 30 p{@rNMR resonance of the adamantyl carbons on the periphery of the dendrimer. For
comparison the (total) 1BH NMR spectra of the gueshost complex (G/H= 32) and the host alone are also shown.
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Figure 9. TM-AFM height images (250« 250 nm) and height traces shown taken along the vertical white line drawn in the images. (&) &/t a
concentration of 40 pM spun on a silicon substrate. The width of the particle is 12 nm and the height 0.65 nm. (b) Same sample as shown in (a) after
annealing in HO for 1 h. The width has increased to 18 nm and the height to 1.0 nm.

trace is similar to the overalH NMR spectrum of the guest Scheme 3

host complex. Apparently, proton magnetization has already
homogeneously diffused over the host and the guest in less than
10 ms. This shows that the system is homogeneous and that
the host and guest are intimately mix&d.

Tapping mode atomic force microscopy (TM-AFM) was used
to study the morphology of the supramolecular complexes in i i |
the neat state. When a d'I_Ute solution Of_the single-host ?Pmp'ex 2 The single-host complexes are dissolved in water and form dendrimer-
(G/H =32, [H] = 40 pM) in chloroform is spun onto a silicon  based assemblies in solution. On a silicon substrate coagulation of the single-
wafer, particles are observed on the silicon surface (Figure 9a)host complexes is observed upon annealing in water.
with a height of 0.7 nm and a modal width of approximately 5 coalesce (Figure 9b; the modal width is around 9.5 nm and
6.5 nm. It is well-known that the aspect ratio of dendrimers is ¢ height 0.9 nm). This is attributed to the fact that the guest
distorted in contact with surfacsThese data agree well with  yolecules are soluble in water, while the host molecules are
a flattened single-host complex adhered to the substrate surfacéyot. The concomitant dissolution of the guest molecules leads
(Rby oLs = 3.0 nm in CHCY with 32 bound guest molecules). o an exposure of the hydrophobic surface of the host to the

When the sample is treated with ultrapure water at room aqueous phase. As a consequence the guest-deficient complexes
temperature fol h (Scheme 3), the single-host complexes start \yjj| coalesce to form larger assemblies. The estimated volume
of these assemblies is about 3 times larger compared to that of

(24) Schmidt-Rohr, K.; Spiess, H. Wiultidimensional Solid-State NMR and

Polymers Academic Press: London, 1994, the single-host complexes.

(25) Tsukruk, V. V.; Rinderspacher, F.; Bliznyuk, V. Nangmuir1997, 13, ; ; ; ; ;
2171-2176. Li, J.; Swanson, D. R.: Qin, D.; Brothers, H. M.: Piehler, L. In conclusion, the proton spin diffusion effects observed in
T.; Tomalia, D.; Meier, D. JLangmuir200Q 15, 7347-7350. 2D H—-13C NMR spectra, combined with the chemical-shift

J. AM. CHEM. SOC. = VOL. 129, NO. 50, 2007 15635
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Figure 10. (a) Cryo-TEM image of dendrimer-based assemblies present in water prepared at a concentrationof@:2381. (b) Radius from image
analysis of cryo-TEM images (black bars) aRd determined by DLS (gray bars).

change and broadening observedda NMR (Figure 7), prove
that the single-host complex is still intact in the thin film that
remains after evaporation of the chloroform. TM-AFM shows

that treatment in water promotes coalescence of several com-

plexes into small assemblies.
Supramolecular Assemblies in Water The final advance-
ment in the stepwise noncovalent synthetic procedure is going

from the neat state to water (Scheme 3). For a sample containing

the complex (G/H= 32) at a concentration of 1.28 1072 M,
mostly small assemblies with diameters-af nm were observed
using cryo-TEM?® (Figure 10a). Cryo electron tomography after
reconstruction of the 3D volume (Supporting Information)
showed that the small assemblies were distributed randomly
throughout the layer of vitrified water. Also, some larger
structures (26100 nm in size; see Figure 10a) were found
embedded in the film.

In DLS (using CONTIN?), a dominating fast process (small
particles,>95% of the total population) and a slow process

time [s]

Figure 11. Correlation functionC(q,t) obtained by DLS of a sample with
G/H = 32 at a concentration of 1.23 1072 M. Decays at two different
angles are shown, 135q0) and 30 (O), both showing a biexponential
decay over time which can be analyzed using the CONTIN analysis. The
upper inset show$' versusq, which has a slope of 2 for both the fast
process 4) and the slow process), meaning normal Brownian motion

of the assemblies in solution. The lower inset shdi@sversusq for both

(large structures) were observed. The fast process is scatteringhe fast and slow processes, yieldiggndependence for the fast process

angle Q) or g = (4nn/4) sin(0/2) (n being the refractive index
and1 = 532 nm the laser wavelength) independent since the
I+/C plot (light scattering intensity divided by the concentration
versusq) gives a straight horizontal line¢ see the lower inset
of Figure 11), implying that neither the size nor the shape of
the objects can be obtained.

The fast process has a hydrodynamic radRig,(calculated
from the diffusion constardy = I't/g? (I'y being the fast decay
in Figure 11) by the StokesEinstein equation, similar to the
radius calculated from the image analysis of the cryo-TEM
images (Figure 10b). The slow process indicates a fractal-like
structure (the slope is betweer83 and —4 in the lJ/C graph
(©; see the lower inset of Figure 11), with dimensions um
since no plateau @ approaching 0 was found. These structures
cannot be observed in cryo-TEM since they do not fit in the
layer of vitrified water, which has a thickness of only100
nm. The blotting of excess water during sample preparation may
disrupt the fractals due to shear forédeaving behind the
structures of 26100 nm that were observed in cryo-TEM.

(26) Frederik, P. M.; Hubert, D. H. WMethods EnzymoR005 391, 431—
448

(27) Provencher, S. WMakromol. Chem1979 180, 201. Provencher, S. W.
Comput. Phys. Commuh982 27, 213. Provencher, S. W,Tomput. Phys.
Commun.1982 27, 229.

(28) Magid, L. J.; Gee, J. C.; Talmon, Yangmuir199Q 6, 1609-1613.
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and fractal-like structures for the slow process (the slope is between
and —4 for all concentrations).

At lower concentration, fewer guest molecules would likely
be associated, inducing enlargement of the core of the den-
drimer-based assemblies, because of an increase in exposed
hydrophobic surface of the host molecules. Unexpectedly, the
size of the dendrimer-based assemblies is constant irrespective
of the concentration (4.% 0.45 nm), and they are stable (for
weeks). This combined with the fact that the guest molecules
are in fast exchange (b}C NMR) leads us to conclude that
the core of the assembly is kinetically trapped while the guest
molecules surrounding the core remain dynamic.

To estimate the number of dendrimers present in the core of
the dendrimer-based assembly, molecular dynamics (MD)
simulations were performed (Supporting Information). NAKD
2.6 was used to simulate assemblies based-ehdendrimers.

In the MD simulations, the aggregates were complexed with
32 guest molecules per dendrimer. The results from the MD
studies give a value for the radius of gyratidR,)( while in
DLS we measuréry. Scherrenberg et al. showed with small-

(29) Kale L.; Steel, R.; Bhandarkar, M.; Brunner, R.; Gursoy, A.; Krawetz,
N.; Phillips, J.; Shinozaki, A.; Varadarajan, K.; Schulten, KX.Comput.
Phys.1999 151, 283-312.
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,Tqabée 13;A ,\?iSTOUI(%ed Ra)diL(J:s Iof IGyrgtiﬁndbydMD (Rg,sg),dl_\/leasured are plotted versus the number of host molecules present in the
g Dy g.measd), Calculated Hydrodynamic Radius .
(RH,caicd) by Multiplying Ry sim by 1.42, and Measured Ry by DLS core of the assemblies.

(RH.measd)? By combining the MD simulations with the DLS and cryo-
Ricats TEM analyses, we find the supramolecular assembly consisting
Rysm  Rymesss  (L42Rgsm)  Remeass of three dendrimers in the core to be the most abundant.
(nm)  (nm) (nm) (nm) Nevertheless, the solutions contain a distribution of particle sizes,
G5-aminé° 1.39 198 1.98 in which assemblies with more or fewer dendrimers in the core
G5-urea-adamantyl (host) 1.53 2.18 2.2 are also present.
G/H =55 (32 guests bound on average) 2.06 2.93 2.95

In summary, after completion of the noncovalent synthetic
a Simulations were performed in vacuo, and DLS measurements in procedure, s_urprlsmgly S_table small dgnd_rlmer-based assemblies
this table were done in chloroform. “G5” refers to the fifth-generation are formed in water which have a kinetically trapped core of

dendrimer. on average three host molecules and a dynamic corona consist-
= ing of multiple guest molecules, unlike the single-host com-
g sim plexes observed in chloroform.
5.2+ - RH,caIc o
5.0 Conclusions
4.8 o
_ 2-2: a We have presented an in-depth analysis of a stepwise
E 421 D noncovalent synthetic procedure used to obtain dendrimer-based
% 4.0 guest-host assemblies in water. This synthetic approach
= g-g' _ . involves first a preassembly step in chloroform. In this step,
T 34 - the host is not aggregated and a fraction of the guest molecules
X 32] . is bound to it (yielding a single-host complex), according to
g-g: . the association constarKy), which is concealed by guest self-
261 . association. The value fdt, is therefore higher than previously
24 3 3 : : : reported. When the chloroform is evaporated, a thin film
remains, in which all guest molecules are bound to the host.
Number of dendrimers in core of assembly Upon dissolution of the single-host complexes in water, mainly

Figure 12. Results from molecular dynamics studies showing the simulated small dendrimer-based assemblies are formed with a diameter
Ry (Ry;sim) and the calculateBty (1.42Rg.sin)- The horizontal line shows the -~ of 4 1 + 0.45 nm. Although simulations were used to estimate
average radius ( = 4.1 + 0.45 nm), while the two dashed horizontal th fth blies i ter t it of
lines show the upper and lower limits, calculated by averaging DLS € core 0 ’ € new assemolies In wa er_o consist or on aver_age
measurements. The dendrimer-based assembly with three host moleculeshree dendrimers, we have no explanation yet why these sizes
in the core is closest to what was observed experimentally. are found irrespective of the concentration. This concentration
_ ] _ independence indicates that the core of the dendrimer-based
angle neutron scattering (SANS) that for a fifth-generation poly- assemblies is kinetically trapped upon dissolution in water.
(propylene imine) dendrimeRy = 1.42R, They also con-  Apparently, hydrophobic forces and shielding of the host by
cluded that there was no influence of solvent or end-group the hydrophilic guest molecules are optimal at these distinct
modifications. The applicability of this relation to our system numbers of host molecules in the core of the assembly. The
was investigated by comparing simulations and DLS measure-corona of the dendrimer-based assemblies in water, consisting

ments in chloroform (Table 1). of multiple guest molecules, is dynamic. Transition of the neat
For the host molecule in chloroform, the calculatiorRafcaica state to water was further investigated using AFM. These
is accurate (second row of Table 1) compared to the measuredexperiments showed that upon addition of water indeed the
value Ry measd- A sample with a G/H= 55 in chloroform will single-host complexes have a tendency to coalesce together. In
have on average 32 guest molecules associated (determined bgonclusion, we have shown that the concepts of stepwise
13C NMR at this concentration). The calculated (Ru caicd in noncovalent synthesis provide valuable tools to obtain new

vacuo simulated with 32 guests around the host also correspondsupramolecular assemblies.
well to the measured valudR{ measd in chloroform. Despite . .

the fact that the guest molecules collapse onto the host in vacuoEXloe”mental Section
and are solvated in chloroform solution, the simulation and DLS  Solution NMR. For a typical NMR sample with G/H= 32 and a
results correspond surprisingly well, using the relat®aicq guest concentration of 2.46 1072 M in chloroform, 7.11 mg of the
= 1.4R, sim We expect this relation also to hold in water, since oSt Mw = 18511.82 g/mol) and 10 mg of the guest molecifi, €=
the solvation behavior of the guest in chloroform and that in 813.9 g/mol) were dissolved together in 0.5 mL of CB&hd stired

water are comparable (th values of the guest are similar in for 2 min (vortex). In the titration experiment, the guest concentration
b . . 9 was kept constant and the guest/host ratio was changed by adding more
chloroform and in watét). To get an idea of how many host

; . and more of the host. For the dilution experiments, the guest/host ratio
molecules are assembled in the core of a dendrimer-basedyas constant and the concentration was lowered by adding £BCI
assembly with the measuré¥l, a series of MD simulations is ~ NMR measurements were performed on a Varian Unity Inova 500
performed. In Figure 12, thBysim values andRy caica Values spectrometer operating at 500.618 MHz equippedh wit5 mm 500
SWI/PFG probe from Varian at Z&. 3C NMR chemical shifts were
(30) Scherrenberg, R.; Coussens, B.; P. van Vliet, Edouard, G.; Brackman, J.; measured using an insert tube filled with TMS (set at exactly 0 ppm).
de Brabander, E.; Mortensen, Klacromolecule1998 31, 456-461. IH DOSY NMR measurements were done without the inserbOSY
(31) Riguedt = 0.73 nm andRy guest" ™ = 0.58 nm (both determined by was performed usgna 5 mm 500ID/PFG probe from Varian at

1H DOSY NMR at a concentration below 19M, where the guest is
molecularly dissolved in chloroform as well as in water). 25°C.
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Solid-State NMR. H-decoupled®C NMR spectra were recorded
on a Bruker DMX500 spectrometer with '8C NMR frequency of
125.13 MHz A 4 mm MAS probehead was used with a sample rotation

bottom-mounted 1Kx 1K Gatan CCD camera. A Gatan cryoholder
operating at~—170 °C was used for the cryo-TEM measurements.
The sample vitrification procedure was carried out using an automated

rate of 8 kHz. The radio frequency power was adjusted to obtain 5 ms vitrification robot (FEI Vitrobot Mark IIl). TEM grids, both 200 mesh

90° pulses for both théH and*3C nuclei. All 3C NMR spectra were
recorded by using standatid—*3C cross-polarization with an amplitude-
modulated contact pulse of 1 ms. For 29—3C CPMAS spectra, we

carbon-coated copper grids and R2/2 Quantifoil Jena grids, were
purchased from Aurion. The Quantifoil grids were surface plasma
treated using a Cressington 208 carbon coater operating at 5 mA for

used the standard WISE pulse sequence with a ramped contact pulse40 s prior to the vitrification procedure. Cryotomography measurements

Tapping Mode Atomic Force Microscopy. A 40 pM solution of
the host or the single-host complex (G#1 32) was spin-coated at
1000 rpm for 15 s. AFM was performed on a Dimension 3100 (Digital
Instruments). Standard silicon cantilevers (NSG10,-13®%b kHz, and
NSGO01, 115190 kHz, tips from NT-MDT) were used.

Dynamic Light Scattering. The samples of the small dendrimer-

were performed on an FEI Titan Krios equipped with a field emission
gun (FEG) operating at 300 kV. Images were recorded using a Gatan
GIF energy filter and a 2k« 2K Gatan CCD camera. The tomography
reconstruction was performed using the Inspect3D (FEI Co.) software
program, version 2.1.

Cryo-TEM Images. Image analysis was done using the SPIDER/

based assemblies in water were made by first preparing a solution of WEB software package (Wadsworth) for the image obtained from a

7.11 mg of the host and 10 mg of the guest together in 1 mL of GHCI
After 2 min of stirring (vortex) the chloroform was evaporated using

Sphera electron microscope (FEI), and ImageJ (http://rsb.info.nih.gov/
ij/) was used to analyze the high resolutions from a Titan electron

a gentle stream of nitrogen gas (over the course of 1 h). Afterward the microscope (FEI). See also the Supporting Information.

thin film was dried in a vacuum oven for 30 min at room temperature.

Molecular Dynamics. Using NAMD 2.6, molecular dynamics

The thin film was subsequently dissolved in 0.5, 1, or 2 mL of ultrapure simulations were performed. See the Supporting Information.

water to obtain a final concentration of 6.351073, 1.23 x 1072, or
2.46 x 1072 M, respectively.

The time autocorrelation function of the scattered inten6ig,t)
was determined with the aid of an ALV-5000/E fast multtorrelator
in the time range 10—10° s from which the relaxation functio@(q,t)
= [(G(q,t) — 1/*]Y2was computedff < 1 is the instrumental known
factor) at a constant scattering wave veaio€(q,t) shows two distinct
decays with diffusive >-dependent) rated{, I'y) obtained from the
CONTIN analysis. The hydrodynamic radilR§ was extracted from
the measured diffusion coefficielly (=I'+/q?) assuming validity of
the Stokes-Einstein relationRy = kT/6zz7D (k being the Boltzmann
constant andy the solvent viscosity), for spherical objects.

Cryogenic Transmission Electron Microscopy Samples identical

to those used for DLS were used. The measurements were performe
on an FEI Tecnai 20, type Sphera TEM instrument equipped with an
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Supporting Information Available: Derivation of dimeriza-
tion and binding equilibriaH DOSY NMR analysis of guest
host binding, image analysis of cryo-TEM images, tomography
reconstruction, and details of the molecular dynamics simula-
tions (PDF, MPG). This material is available free of charge via
c}he Internet at http://pubs.acs.org.

LaB6 filament operating at 200 kV. Images were recorded with a JA074991T
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