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Abstract: We use molecular dynamics to investigate the instantaneous structure of a fourth generation
(dansyl terminated) dendrimer of propylene amine dissolved in CH,Cl,, and of the same system upon the
subsequent encapsulation of several eosin Y dyes. Calculations, in a cubic box with up to ~3500 solvent
molecules and a maximum of 12 eosins, show that one of the effects of the presence of the guest molecules
is to “close” the structure of the box where they are contained. Multiple entrances-exits of the guest molecules
in the dendrimer are observed in less than a nanosecond, until the excess eosins are irreversibly expelled
and their number is finally brought down to the experimental limit of 6. The guest molecules are distributed
at two main distances from the center of the dendrimer and their surroundings are far from static. Eosins
move inside the hyperbranched molecule in a way similar to what the solvent molecules do and sometimes
aggregate.

I. Introduction the macromolecule, which hosts up to six molecules and
modifies their photophysical propertiés.

To understand the details of the interactions in the guest
host system (see Scheme 1), we decided to perform molecular
dynamics, MD, calculations of the dendrimer in £&H solution
and then repeat the calculations with an excess number of eosins
with the intent of obtaining instantaneous structural information.

The phenomenon we investigate is quite general. The same
macromolecule can, in fact, accept even more molecules of Rose
Bengal? Other dendrimers accept varying numbers of guests.
For instance, hyperbranched polyglycerols take in Congo®Red,
and polyphenylene dendrimers host Pinacydratportantly,
the dis-homogeneity of the latter system has recently been

Dendrimers are a class of macromolecules named after the
ancient Greek word8evdpov anduepoo, which mean tree and
part, respectively. Given a structural motif, dendrimers radiate
from a central core branches-upon-branches to form well-defined
macromolecule$.Repetitive synthetic steps form successive
shells that yields generations of perfectly monodispersed hyper-
branched polymersHigh control is now achieved over size,
shape, and terminal functionalization of the branches (i.e.,
surface chemistry}2 The three main synthetic approaches of
Tomalia (namely, the Starburst divergent stratégylrrechet
(i.e., the convergent stratedygnd Zimmerman (viz., the self-
assembly strategyhave generated dendrimers with a variety

of properties and applications, which range from the preparation (6) van Hest, J. C. M.; Delnoye, D. A. P.; Baars, M. W. P. L.; van Genderen,

i i i i M. H. P.; Meijer, E. W.Sciencel995 268 1592-1595; Johan, F. G. A;;
of n?W (.erQ dellver.y SySt.emS o inksAn |m_portant potential Jansen, J.; Meijer, E. W.; de Brabander-van den Berg, E. MJ.M\m.
application of dendrimers is the encapsulation of molecules, that ~ Chem. Soc1995 117, 4417; Boas, U.; Sontjens, S. H. M.; Jensen, K. J.;

i i Christensen, J. B.; Meijer, E. WChemBioChen20®2, 3, 433-439;
is the formation of guesthost systemé. . Elemans, Johannes A. A. W.; Boerakker, M. J.; Holder, S. J.; Rowan, A.
The present work was prompted by that of Balzani €t al. E.; Cho, W.-D.; Percec, V.; Nolte, R. J. Nbroc. Natl. Acad. Sci. U.S.A.
R ; ; 2002 99, 5093-5098; Chen, S.; Yu, Q.; Li, L.; Boozer, C. L.; Homola, J.;
who showed that a 4-th generation poly(propylene amine)  Vee’s™s’ Jiang, Sl Am. Chem. S0@002 124, 33953401 Boas, U..
dendrimer, in short POPAM-4D, functionalized in the periphery Karlsson, A. J.; de Waal, B. F. M.; Meijer, E. W. Org. Chem2001, 66,

with dansyl units, accepts a varying number of guests. Their ﬁﬁ%rﬁf; Af'_‘ﬁ,,”_’.AS'p\é’k; X?"L_‘.’evgr?e&’gtg'r‘]g'é‘ﬁfrﬁbg'&‘r'f* Jr"z'o%le K

experiment is a classical example of simplicity in chemistry: 181-192; Kleinman, M. H.; Flory, J. H.; Tomalia, D. A.; Turro, N. J.

. ! . . Phys. Chem. 104, 11 472-11 479; .M. Al ;
Two solutions, one aqueous with dissolved eosin Y and one Kaﬁzﬁ\.egf‘; ,\%%)a%ea T.D.; Pandey, %_;%a;SQQ%_CA_; B’onz\%ﬁf’NJ_ 3.

organic with dissolved POPAM are brought in contact. This Bright, F. V.J. Am. Chem. So200Q 122 6139-6144; Baars, M. W. P.
. . . . L.; Kleppinger, R.; Koch, M. H. J.; Yeu, S.-L.; Meijer, E. Wng. Chem.,
dye is water-soluble and is not soluble in &Hp. It is, however, Int. Ed. Engl. 200Q 39, 1285-1288; Stephan, H.; Spies, H.; Johannsen,

transferred to the organic phase through the interaction with B Klein, L; Vogtle, F.Chem. Commi999 1875-1876; Zimmerman, S.
9 P 9 C.; Wang, Y.; Bharathi, P.; Moore, J. 3. Am. Chem. Sod 998 120,
2172-2173; Castro, R.; Cuadrado, I.; Alonso, B.; Casado, C. M.; Moran,

(1) Newkome, G. R.; Charles, M. N.; Vogtle, Bendrimers and Dendrons M.; Kaifer, A. E.J. Am. Chem. S0d.997 119, 5760-5761; Stevelmans,
Wiley-VCH: New York, 2001 S.; van Hest, J. C. M.; Jansen, J. F. G. A.; van Boxtel, D. A. F. J.; de

(2) Tomalia, D. A.; Hedstrand, D. M.; Ferritto, M. $1acromol 1991, 24, Brabander-van den Berg, E. M. M.; Meijer, E. \W.Am. Chem. S02996
1435-1438. 118 7398-7399.

(3) Frechet, J. M. JSciene 1994 263 1710-1715; Frechet, J. M. Bcience (7) Balzani, V.; Ceroni, P.; Gestermann, S.; Gorka, M.; Kauffmann, C.; Maestri,
1995 269, 1080-1083. M.; Vogtle, F. ChemPhysChen200Q 1, 224-227; Balzani, V.; Ceroni,

(4) Zimmerman, S. C.; Zeng, F.; Richert, D. E. C.; Kolotuchin, SS¢ience P.; Gestermann, S.; Gorka, M.; Kauffmann, C.; Vogtle TEtrahedron
1996 271, 10 985. 2002,58, 629-637.

(5) Bell, T. W. Sciencel996 271, 10771078; Li, H.; Kang, D.-J.; Blamire, (8) Stiriba, S.-E.; Kautz, H.; Frey, Bl. Am. Chem. So2002 124 9698-

M. G.; Huck, W. T. S.Nanolett.2002 2, 347—349. 9699.
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Scheme 1

Dans;

POPAM-4D

investigated by single-molecule spectroscopy experiments in the

Eosin Y

Table 1.V, n= 1,2,3, kcal mol~2, of the Potential Energy Curve
of the S—C and S—N Torsions

solid? which proved, among the rest, that the guests experience
a variety of environments.

The elucidation of the structural and dynamical properties
of dendrimers and their guesost systems is one of the crucial
steps toward their practical exploitation. The ability to modify

the properties of guest molecules can have practical conse-

guences, for instance, in the field of chemical sensors. However,
the flexible branches, which characterize the majority of
dendrimers, can rearrange to form a myriad of conformations.
Their interconversion is rapid in the liquid and this exchange
can be partly transmitted to the solid, making the structural
characterization very difficult, (see, however, ref 9). It is
believed that molecular modeling can assist the process of
developing a quantitative understanding of the geometrical and
dynamical properties of dendriméer&? Section || summarizes
the theoretical methods, section Il applies them to the host and
the guesthost system and illustrates the results also in view
of the experiments.

Il. Computational Background

The calculation were performed with the MM3 force field that has
been found to be accurate for organic systéraad was parametrized
explicitly to describe ther—s stacking interactions that govern a sizable
part of the interactions in this system. The-S and S-N torsional
potential energy curves of the sulfonamide of the dansyl units were
not properly parametrized. The rigid torsions about the two types of
bonds were calculated using B3LYP/6-31G* level of theory taking, as
a model systemN-ethyl-phenylsulfonamide. The quantum chemical
data were fitted to the standard MM3 torsional potential that reads

Vi, V, V,
Viors = (?)(l + cosw) + (?)(l — cosd) + (7)(1 + cos3v)
(1)

see Table 1 for the parameters.

(9) Kohn, F.; Hofkens, J.; Wiesler, U.-M.; Cotlet, M.; van der Auweraer, M.;
Mullen, K.; de Schryver, F. CChem. Eur. J2001, 7, 4126-4133.

(10) Miklis, P.; Cagin, T.; Goddard I1ll, W. AJ. Am. Chem. S0d.997 119
7458-7462.

(11) (a) Allinger, N. L.; Yuh, Y. H.; Lii, J.-H.J. Am. Chem. S0d.989 111,
8551-8566. (b) Lii, J.-H.; Allinger, N. L.J. Am. Chem. Sod 989 111,
8566-8575. (c) Lii, J.-H.; Allinger, N. L.J. Am. Chem. Sod.989 111,
8576-8582.

torsion A V, Vs
NSCC —9.06 4.64 5.33
OSCC —2.18 3.72 —1.66
Csp2SNGp3 3.08 —0.83 1.34
OSN Gp3 —4.90 3.69 0.73
Csp2SNH —1.40 -0.91 —-0.12
OSNH —2.59 3.62 —0.98

Comparison between the points calculated for the torsional energy
potentials is shown in Figure 1la for-& and Figure 1b for SN. The
largest deviation is a few percent.

The molecular dynamics (MD) calculations were run at constant
volume and at a temperature equal to 300 K, using periodic boundary
conditions (PBC),with the Tinker 3.8 prograThe approach of
Berendsen et &f was used along with a cubic box with a maximum
linear dimension of 75.84 A. The approach based on MM3 implemented
in the Tinker program has been rather successful in a variety of
applications carried out in our laboratoty.

Solvent molecules of CKI, were treated explicitly. To reduce the
total number of atoms in the calculations, £Hb was parametrized in
the form of a dipole of 1.6 D, described by two pseudo-atoms separated
by 2.22 A and interacting with a force constant of 4.0 mdyrt.Arhe
smaller positive center has a van der Waals radius of 1.88 A and a
well depth of 0.19 kcal mot; the larger negative center has a van der
Waals radius of 2.38 A and a well depth of 0.71 kcal MoTable 2
compares the performance of the present@lparametrization with
previous work and with experimental ddtaThe agreement is quite
satisfactory.

The fourth generation POPAM dendrimer was built in successive
steps by an in-house written computer program and the geometry was
initially optimized in the vacuum. Eosin Y was also optimized in the
vacuum and then inserted in the dendrimer in regions that are

(12) (a) Ponder, J. W.; Richards, F:..Comput. Cheni987 8, 1016-1024; (b)
Kundrot, C.; Ponder, J. W.; Richards,F.Comput. Chenl99], 12, 402—
409. (c) Dudek, M. J.; Ponder, J. W. Comput. Cheml995 16, 791—
816.

(13) Berendsen, H. J. C.; Postma, J. P. M.; van Gusteren, W. F.; Di Nola, A.;
Haak, J. RJ. Chem. Phys1984 81, 3684-3690.

(14) (a) Bermudez, V.; Capron, N.; Gase, T.; Gatti, F. G.; Kajzar, F.; Leigh, D.
A.; Zerbetto, F.; Zhang, S. WNature 200Q 406, 608-611. (b) Fustin,
C.-A;; Leigh, D. A.; Rudolf, P.; Timpel, D.; Zerbetto, EhemPhysChem
200Q 1, 97-100. (c) Cavallini, M.; Lazzaroni, R.; Zamboni, R.; Biscarini,
F.; Timpel, D.; Zerbetto, F.; Clarkson, G. J.; Leigh, D. A.Phys. Chem.
B 2001 105 10 826-10 830;(d) Biscarini, F.; Cavallini, M.; Leigh, D.
A.; Léon, S.; Teat, S. J.; Wong, J. K. Y.; Zerbetto,J>Am. Chem. Soc.
2002 124, 225-233.

(15) Fox, T.; Kollman, P. AJ. Phys. Chem. B998 102, 8070-8079.
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iy @ I1l. Results and Discussion

° Before presenting the results of the simulations, it is worth
summarizing the experiments. Eosin is water-soluble, where it
forms a colored solution, and is not soluble in £&Hy. The

6- o) dendrimer is soluble only in Cil,. Shaking together two

o solutions, one made by water eosin, the other made by GH
Q Cl, + dendrimer, removes eosins from the aqueous phase, the
2 3 ¢ 2 color of water fades, whereas the &, solution becomes
ol $ colored. Spectroscopic measurements, with varying volumes of

; A T O o B A the two solutions, indicate that each dendrimer molecule can

degrees interact with up to six eosins. The concentration of the dendrimer

Figure 1. Comparison of the potential energies for the rigid torsion about in CH,Cl, is less that 10° M (2.7 x 10~° M). The concentration

the (a) S-C and (b) S-N bonds: solid circles B3LYP/6-31G*, diamonds  Of eosin in water is 18 M. Aggregation and dis-homogeneity

present parametrization. in solution should therefore be unimportant on a long time scale,

but may occur inside the macromolecule.

_.
=
Ve
~ O

keal mol!

<

Table 2. Comparison of Calculated and Experimental Data for

CHCl, Flexibility of POPAM-4D. In solvents, dendrimers tend to
AR o D have collapsed, compact conformatidhgnternal mobility is,

(kcal mol~Y) (@cm3) (1075 cm2 5712 however, high because of the low activation barrier of the
exp 6.89 1.317 3.3,3.7,3.8 torsional degrees of freedom and to the high flexibility of the
ref 15 (flex. model) 6.57 1.284 2.6 branches. Figure 2 displays, as a function of the simulation time,
ref 15 (rigid model) 6.09 1.251 25

the instantaneous ratios of the largest moment of inertia divided
by either one of the other two. A spherical static dendrimer
a self-diffusion coefficient. would have both ratios constant and equal to one. On the
contrary, the figure shows that during the dynantidis ranges
characterized by the largest cavities. The whole gtlesst structure between 1 and 2, wherebgls ranges between 2 and B ¢ I,

was then further optimized. The dendrimer, with up to 12 randomly l5). A further index of the internal mobility of the dendrimer
placed eosins was then placed in the solvent box where the solvent.

h ) - ) is the instantaneous gyration radius that changes by nearly 25%
ad been previously equilibrated. All solvent molecules with center of . . . . Lo

mass less than 4.2 A away from any atom of dendrimer were removed.durlng the simulations and is also represented in Figure 2.
The 4.2 A value was determined by trial and error to replace an equal ~ This variation is in good agreement with other MD simula-
number of atoms. This leads to a system of 3526,ClHimolecules tions of dendrimers? The nonsphericity of the macromolecule
plus the guesthost system. Equilibration was performed in the NVT makes the use afy, not entirely significant to investigate its

present parametrization 6.95 1.332 35

ensemble at 300 K until the potential energy converged. properties. A sphere with this radius includes regions where
To analyze quantitatively the results, one can use two distances. Theonly solvent molecules are present and’ Converse|y, does not
first is the gyration radiusigyr reach regions where there may be dendrimer atoms. In principle,
Ny 2 however qy: can still be useful to define roughly an inner part,
zm(ri _ rCM,d)Z or core, and an outer part, or surface/periphery, of the dendrimer.
T Solvent Molecules Inside POPAM-4D Figure 3 presents
Foyr = M—d ©) the evolution of the number of solvent molecules with either a

) it (16) Laufersweiler, M. J.; Rohde, J. M.; Chaumette, J.-L.; Sarazin, D.; Parquette,
wherem and_r. run over all the masses and the positions of the atoms J.R.J. Org. Chem3001 66, 6440-6452: Tande, B. M.. Wagner, N. J.
of the dendrimerycm,q is the location of the center of mass of the Mackay, M. E.; Hawker, C. J.; Jeong, Mlacromolecule®001, 34, 8580~
dendrimer, andy is the dendrimer mass; the second and more relevant ?358?; IF<JF|’|SI<A3, M.; AtlthOfi Iiébc\;\éu?t?gsgkzé._;ejggrlck, J. L.; Pople, J. A;
. . . . . ast, A. P.Macromolecule: 3 .
distance is the shortest distance between an eosin atom and a dendrlmqh) Karatasos, K.; Adolf, D. B.. Davis, G. R. Chem. Phy<2001, 115 5310
5318.

atom.
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Figure 4. Instantaneous potential energy during the simulation of POPAM- dendrimer atom.
4D inside the CHCI, box.

Comparison with Figure 2 shows that the guests compact
distance from any atom of the dendrimer shorter than 2.8 A, or further the dendrimer structure: the gyration radius is decreased
inside the gyration radius. by a few percent and the ratio between the largest and the

Because of the way the simulation is set up Clkimolecules smallest moment of inertia is diminished 5¥20%, so that the
are not initially present inside POPAM-4D. The solvent macromolecule is more spherical. Notice that in the equivalent
molecules penetrate very rapidly inside the dendrimer and, in of Figure 3 (not shown), the evolution of the number of solvent
less than 60 ps, reach an average number that slightly exceedénolecules in contact with the dendrimer shows that there is a
30. Figure 4 shows that, once the solvent has penetrated inside20% decrease in the number of solvent molecules inside
the macromolecule, the dynamics reaches equilibrium with a POPAM-4D. Their total volume is smaller than that of the new
near constant value of the potential energy. guests.

The present percolation process does not correspond to a real Comparative analysis of data allows summarizing the effect
physical process. Its investigation is, however, useful to Of the presence of the dye molecules as a way to manipulate
understand the rapidity of the solvent movements inside the the structure of the dendrimer, which becomes more spherical
dendrimer, which are, as expected, “virtually” unhindered. The and denser. Noteworthy is that, despite the smaller size and the
number of CHCIl, molecules, inside the gyration radius, is larger increased compactness of the structure, the volume of the solvent
than the number of molecules in contact with POPAM-4D (see molecules expelled by the eosins is smaller than that of the new
the discussion in the previous subsection). Indeed, comparisonguests. The partial conclusion of this subsection is that the
of Figures 2 and 3 shows that when the radius is larger, more presence of the dyes makes the macromolecule more box-like.
solvent molecules are inside it, although several of them belong Eosins and POPAM-4D.The time evolution of the shortest
to dendrimer-free regions. The overall conclusion of this interatomic distance of the eosin molecules from the dendrimer
subsection is that the solvent mobility inside the dendrimer is is shown in Figure 6.
high. Of the twelve guest molecules, at least six remain constantly

POPAM-4D When the Guest Dyes are Presentigure 5 in van der Waals contact with the host. The others six show
shows the ratios of the largest moment of inertia divided either multiple entrances-exits from the macromolecule van der Waals
one of the others, together with the gyration radius in the region with about half of them finally leaving permanently
presence of the eosins. POPAM-4D. This trend emerges even more clearly from Figure

J. AM. CHEM. SOC. = VOL. 125, NO. 24, 2003 7391
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away from a dendrimer atom. The number of eosins is determined by of mass of the individual surviving eosins and the dendrimer’s.

averaging over every picosecond, the line that joins the points is intended
only to assist the eye.

7, which presents the instantaneous number of eosins with an

atom less than 2.8 A away from a dendrimer atom: convergence ) 3
toward the experimental number of six is observed. Notice that ‘g , 5
the number of eosins is determined by averaging over every &
picosecond, the line that joins the points is intended only to % 2
assist the eye. O 15
An important issue to consider is the origin of the multiple f_’
entrances-exits observed in the short time frame of less than a :: 1

nanosecond. Experiments and simulations concur that the

3.5

e
2]

hyperbranched molecule can accommodate only six eosins.
Excess eosins therefore tend to leave the host and to find the
“unfriendly” solvent environment, where they are not soluble.
Low solubility implies, although not only, weak intermolecular
interactions with the solvent. If, after departure from POPAM- Figure 9. Number of eosin pairs with at least one ateatom distance
o . smaller than 2.8 A. Solid line all eosins. Dotted line at least one atom of

4D, then the dye comes again in contact with the macromol- e pair is at a distance smaller than 2.8 A from the dendrimer. The number
ecule, the favorable stabilizing interaction forces generated of eosins pairs is determined every picosecond by averaging over the this
“suck” it in. In so doing, they may displace another guest time, the line that joins the points is intended only to assist the eye.
molecule, or, alternatively, if the closest guest molecule is solidly
embedded, then it may be difficult to displace and the eosin is  Figure 9 shows that a number of eosin pairs, with at least
expelled again. It is therefore expected that one would observeone atom-atom distance smaller than 2.8 A, are instantaneously
a large number of entrances/exits in the conditions of these formed. Some of the pairs permanently leave the macromol-
simulations. ecule. Because some contact-times are very rapid, it was thought

Notice that the periodic boundary conditions used here make that the best way to present the figure was to average, at each
some molecules first leave from a face of the simulation box, point in time, the number of pairs over 1 ps of simulation. In
and then re-enter from the opposite one. Depending on thepractice, there is always at least one eosin pair inside the
orientation of the dendrimer inside the box, and the region where dendrimer.
a given eosin is located, both the path covered by the dye and Comparison with Experiments. The original experiments
the maximum distance between guest and host that can beon the eosins@POPAM-4D showed the presence of two
reached may vary. When this technical event occurs, its lifetimes 1 = 2.2 ns,;r, = 0.6 ns) for the dye&This is contrary
equivalent, in a real solution, is the molecule moving toward to the single lifetime observed for eosin in water. It is tempting
another POPAM-4D. to ascribe these lifetimes to their distribution inside the

Location of the Guest Molecules.Figure 8 shows the  dendrimer (Figure 8). One lifetime would be caused by the larger
evolution of the distances between the centers of mass of thePOPAM-4D-eosin interaction when they reside in the core,
“permanent” guest eosins and that of the dendrimer. Although while the other by the eosins residing in the periphery. A second
their location was randomly generated, they separate in two possible explanation of the two lifetimes is that one of them is
groups with three molecules residing in the core of the dendrimer caused by single eosins entrapped inside the macromolecule,
and three in its periphery. whereas the other is due to pair, i.e., dimer, formation. It must

Similar results were obtained in other simulations that are be mentioned that the rapid movements of the eosins in the
not shown here. In practice, the eosins reside either in the innerdendrimer make both these qualitative pictures not entirely
core of the dendrimer or on its surface. In both case, they showsatisfactory because of their static representation of highly
a substantial mobility, which may even bring them in contact dynamical processes. Importantly, however, differences in the
with each other. environments of the eosins that may lead to the presence of

{1 ] oYY NI NS SRU NS S ST S RSN S NSNS RS |
80 160 240 320 400 480 560 640
time / ps
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two lifetimes are well present here. The simulations are also in substantially. The six dyes that remain in contact with POPAM-
accord with the detailed microscopic picture obtained by single 4D are found at two main distances from the center and are
molecule spectroscopy investigation for another dendrmer often in van der Waals contact with one another, forming at
dye guesthost system, which show that the guests experience |east one pair, at any given time. The simulations agree with
a wide variety of environments. recent spectroscopic findings on dendrimer-based st
systems and show that there are no static cavities in the
dendrimer with eosins molecules inside.

IV. Conclusion

MD calculations find that POPAM-4D is a flexible system
where a large number of solvent molecules move nearly freely. Acknowledgment. We would like to thank Professor Vin-
Introduction of 12 eosins in a thought-experiment shows that ¢, Balzani and Drs Paola Ceroni and Veronica Vicinelli for

they telnd tto leave dth; macromolecuga, f|rstt_| t(ter?tatlvely r\:\”m constant encouragement and useful discussions on the topic of
several returns an €n permanently unti they reac € this work. Financial support from MURST and Universda
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compacts and makes more spherical the dendrimer structure. 9 P 9 y app ’

Each of the guest molecules can still move inside the host JA027905S
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