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Shape Persistence and Bistability of Planar Three-Fold Core Polyphenylene Dendrimers: A
Molecular Dynamics Study
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We present an atomistic molecular dynamics investigation of the structural time evolution of isolated
polyphenylene dendrimers, carbon based dendrimers with a planar core formed by a 1,3,5 trisubstituted benzene
ring. Simulations are carried out at low (80 K) and room temperature. A general classification of the
conformations (core conformations) assumed by the three dendrimer branches with respect to the planar core
is presented. It is found that out of the six possible core conformations only four are stable, the remaining
two being unstable for steric reasons. For second generation dendrimers, two of the four accessible core
conformations are associated with apenarrangement of the three branches attached to the planar 3-fold
core of the dendrimer, whereas the remaining two are associated eatlapsedarrangement of two branches.

At low temperature the initial conformation is generally conserved whereas at room temperature jumps among
the four possible core conformations are observed in the nanosecond time range. For second generation
dendrimers the core conformation jumps are associated with an oscillation between two global shape states:
open and collapsed. The computed bistability of the global shape suggests additional possible functional uses
for some of these carbon based dendrimers.

packing, the monodisperse PDs are of interest with respect to
the design of nanostructures with invariant shiigesides their

De_ndrimers represent a new clas_s of funct_iona}l materia_ls andsignificantly enhanced thermal and chemical stability, their
fc_)r this reason are attracting increasing attenti@wing to the_|r rigidity as compared to aliphatic dendrimer systems, coupled
highly br?nchelq, regular strhuctures, tlhgy have been usﬁd In 1arg&,ith the wide variety of possible functionalizations, provide the
variety of applications such as catalySes energy or chargé- — pagjs for a wide range of potential applications. In this sense,
transfer systems,® for charge transport or light emitting layers 0" 10ha| shape and the extent of flexibility are important
in organic light emitting diodes (OLEDSpr even as a template features for the design of well-defined architectures.

for the preparation of monodisperse metal nanoparticles.
Dendrimers tend to adopt a spherical shape for higher genera-
tions8 Their three-dimensional shape, however, is determined
by the core, the building blocks and the surface groups.

Recently, molecular mechanics and molecular dynamics
investigations have been reported to study the nature of stable
conformers and the shape persistence of PDs based on different
corest’~20 |n a first study, NVT T = 300 K) molecular

fRecbentIy, 3 Ee(\;v class of denﬂriticbsystems,hccg)r;&c;s_ed only dynamics (MD) simulations were carried out on a G2 dendrimer
of carbon and hydrogen atoms, has been synthesiaearting built around a 4-fold biphenyl cofg,using the MM2 force field

from polyfunctional central building blocks, a generation by and the CERIUBpackag®! and it was found that the dendrimer

generation buildup of structurally defined, highly branched

constituted a shape-persistent molecule. In subsequent stud-

polyphenylene dendrimers (PDs) has become possible. iest®19the conformers of PDs of first (G1) and second (G2)
Among other USes, these dgndrlmers are.employe(.i as precursoraeneration, with 3-fold or tetrahedral cores were investigated
in the syntheS|_s of WeII-de_flned polycyclic aromatic hydrocar- by employing the Universal force field (UFB3.Brocorens et
bons (PAHs)** from which more complex supramolecular | estigated the dendrimers equilibrated at 300 K and found
structures, such as liquid crystals, can be obtained. PDs A%hat the so-called false-propeller structure of the 3-fold core G1

synthesized by cycloaddition of the branching units such as

& dendrimers is the most stable conformer. However, for the G2

3,4-bis(4-[(triisopropylsilyl)ethynyl]phenyl)-2,5-diphenylcyclo- dendrimer, they found its shape to evolve fromogen false-

penta-2,4-dienone to a multiethynyl substituted core. The cor

e propeller structure to a more compactub-shapestructure in

can be, e.g., a 1,3,5 trisubstituted benzene (namely a 3'f0|d’which two branches have collapsed against each é#Ene

planar core) or a tetrasubstituted biphenyl or a tetrasubstituted

authors suggested also that the small energy difference predicted

tetr_aphenylmgthane (both are 4-fold, nonplanar_ cores). Due ©for the different conformations might allow their efficient
their semirigid framework and very dense intramolecular interconversion. Furthermore, they showed that dendrimers

based on a tetraphenylmethane core have a more pronounced

* Corresponding author. E-mail: fabrizia.negri@unibo.it. shape persistence than those built on a 1,3,5,trisubstituted
T Universitadi Bologna. . .
*INSTM UdR Bologna. penzene core. More recently, NVT molecular dynamics simula-
§ Max-Planck-Institut fu Polymerforschung. tions based on the Compass force ftéldiere reported® for
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Figure 1. (a) Schematic 2D representation of a planar 3-fold core dendrimer. The thin portions of the branches correspond to the G1 dendrimer.
Addition of the thick portions leads to the G2 dendrimer. (b) Core of the dendrimer and a schematic representation of the branches along with the
dihedral angles employed to identify the core conformation. Appropriate ranges for these angles are given in the Supporting Information.

the first, second and third generation of PDs built on three between aromatic ring®.The most demanding part of the MM3
different cores, namely planar 3-fold and nonplanar 4-fold. calculations is the p-electron SCF evaluation of bond orders,
Molecular global shapes and internal organizations as well asrequired to modify the stretching and torsional parameters of
molecular surfaces and their implications on the derivatization the conjugated bonds. Because bond orders do not change
of PDs were computed. The study revealed, for all the remarkably with the conformation assumed by the dendrimer,
dendrimers investigated, a shape-persistent, nonspherical strucwe employed the stretching and torsional parameters obtained
ture but the deviation from the spherical structure found in ref from energy minimizations and kept them fixed during the
20 is more remarkable than that predicted from the simulations subsequent molecular dynamics simulations. This procedure
of ref 18. required the definition of two additional atom types for> sp

In this work we consider G1 and G2 planar 3-fold core PDs carbon atoms (see the Supporting Information), to maintain the
and investigate in greater detail their structural time evolution appropriate CC bond lengths and flexibility during MD simula-
with the help of longer atomistic molecular dynamics simula- tions. Notice, indeed, that the CC bond length connecting two
tions carried out using the MM3 force fie¥ddParticular attention ~ phenyl rings is about 1.5 A, whereas CC bonds in aromatic
is paid to the dynamical evolution of the conformation assumed rings are considerably shorter and stiff (ca. 1.4 A).
by the core of the dendrimer and to the associated dendrimer A suitable descriptor of molecular shape is the second
global shape, and a complete classification of the dendrimer's moment of the atomic distribution, also known as the gyration
shape in terms of its core conformation is presented. The shapeensor which is defined 852° (uniform mass assumed)
persistence of these and related systems may favor the formation
of trapping sites, but the temperature may influence their
stability. For this reason we explored the effect of temperature
by comparing simulations at low (80 K) and room temperature.

The paper is structured as follows: In section 2 we describe \whereN is the number of atoms in the p[j%, is the position
the computational techniques employed for the simulations. In of theith atom and? is the position of the dendrimer’s center
section 3 we describe the core conformgtlons for 3-folq COre of mass. The above equation allows us to represent the
PDs. In sections 4 and 5 we discuss the simulations carried oUtgendrimer in terms of its equivalent ellipsoid, which is a very
on G1 and G2 dendrimers and a conclusion section closes thesffective descriptor for compact molecular shapes. Equivalent

1N :
Ru,f:N (Fu—TOFs—T5) . f=xy,z
£

paper. ellipsoids share characteristic lengths p» and ps, with the
molecules they describe, which are the roots of the eigen-
2. Computational Details value€’-28 of the diagonalized gyration tensor:
The G1 and G2 PDs investigated in this work are shown 2
schematically in Figure 1. They are characterized by a planar p”0 0
3-fold core from which three identical radiating branches Rg2= 0 ,022 0
emerge. These branches will be labeled blades, in the following, 0 0 p

because the overall dendrimer structure resembles a propeller.

The blades are composed of the repetitive units, namely by The squared radius of gyratidRy? is defined as the trace of
pentaphenyl-substituted benzene rings: one repetitive unit formsthe tensor, and its average computed over the MD configurations
the blade of G1 PDs, whereas three of them constitute eachcan be compared with experimentally measured radial sizes.
blade of G2 PDs. We have derived the eigenvalues of the gyration tensgy (

MD simulations were carried out with the TINKER softw#ire p2%, p3?), monitored the time evolution of the characteristic
and the empirical force field chosen to carry out all the lengths and averaged them over the MD trajectory. The time
simulations was the MM3 potentiéf which is particularly well evolution provides direct indications on the shape’s changes
suited to describe conjugated systems, owing to its explicit whereas the averaged values can be seen as the dimensions of
description of thez-system and through-space interactions the ellipsoid occupied by the average dendrimer molecule.
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Figure 2. (a) Schematic view of the planar 3-fold core dendrimer with the indication of the phenyl and hydrogen employed to label the reciprocal
orientations of pairs of blades. (bfe) Newman projections along the direction indicated in (a) showing the four possible orientations of one
branch with respect to the dendrimer’s core and the positions assumed by the hydrogen and the phenyl group.

NP(HP) NP(HH) NP(PP)

Figure 3. Schematic representation, in terms of Newman projections, and labeling of the six possible reciprocal orientations of the three pairs of

branches belonging to planar 3-fold core PDs. Green circles indicate stabilizing interactions; the red rectangle indicates destabilizmgsinterac

The G1 and G2 core conformers described in the next sectionoverall shape changes of the dendrimer, rather than to explore
were used to start isothermal NVT MD simulations on isolated the full conformational space, we will concentrate on the role
dendrimer molecules. Two temperatures were considered,played by the reciprocal orientation of the blades emerging from
namely 80 and 298 K, to compare the effect of temperature on the core and generally disregard minor re-organizations occur-
the dendrimer’s shape and core conformational jumps. Simula-ring inside each blade.
tions at 80 K were 4 ns long, whereas those at room temperature  Tg jdentify the plausible core conformations of planar 3-fold
were 8 ns long, and temperature was maintained constant bypps, we notice that the pentasubstituted phenyl ring of each
scaling the velocities via coupling to an external temperature pjade, directly bound to the 3-fold core, directs, toward the core,
bath using the Berendsen methidyith a coupling constant  gne phenyl ring on one side and a hydrogen atom on the other
zr of 0.1 ps. The van der Waals interactions cutoff was set to sjge of the connecting CC bond (see Figure 2a). We will take
12 A and the interaction energy beyond the cutoff distance was the position of these two groups in each blade as a reference
set to zero for all the simulations. The time step was 1 fs and for |abeling the possible core-conformations. Optimization of
configurations were saved every 10 ps. Jumps among COrépoth G1 and G2 structures (see below) indicates that this
conformers were identified by monitoring the time evolution pentasubstituted phenyl is substantially rotated, with respect to
of the three pairs of dihedral angles indicated in the inset of he plane of PD's core, although it is not perpendicular to it.
Figure 1 and discussed in the next section (see also theas 5 consequence, each blade can point the hydrogen above
Supporting Information), each pair identifying the reciprocal (Figure 2b,c) or below (Figure 2d,e) the core’s plane, and

orientation of two blades. because the pentasubstituted phenyl ring (practically the entire

) . blade) is not perpendicular to the core’s plane, the hydrogen
3. Core Conformations and Initial Structures for MD can sit on the right or on the left with respect to this
Simulations perpendicular.

Owing to the torsional flexibility of the phenyl rings, a large By combining the four orientations shown in Figure-2b
number of conformational states can be expected for these PDspf two blades, we obtain the six possible reciprocal orientations
as shown from several experimental studie®.The multitude shown in Figure 3: three are characterized by a true propeller
of conformational changes localized on the periphery or inside (TP) orientation of the two blades and three by a nonpropeller
the blades will affect marginally the overall shape of the (NP) orientation. The three TP arrangements may be distin-
dendrimer. In contrast, more significant shape modifications may guished by considering the groups (pheayP or hydrogen
be favored by core conformation changes because these aréd) confined in the region between the blades. Accordingly,
associated with the overall movement of an entire blade (seein the top part of Figure 3 we have collected the TP(HP),
below). Because the scope of this study is to investigate the TP(HH), and TP(PP) reciprocal orientations. Similarly, the three
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TABLE 1: Summary of the Procedure Followed To Label Each of the Six Possible Core Conformations of Planar Three-Fold
Core PDs

first pair of blade3 second pair of bladés third pair of blade% resul? core conformatioh
TP(HP) TP(HP) TP(HP) — TP(HP—HP—HP) TP(3HP)
NP(HP) NP(HP) TP(HP) — NP(HP-HP)TP(HP) NP(2HP)
NP(HH) TP(PP) NP(HP) — NP(HP-HH)TP(PP) NP(HH-HP)
NP(HH) NP(PP) TP(HP) — NP(HH—-PP)TP(HP) NP(HH-PP)
TP(HH) TP(PP) TP(HP) — TP(HH—PP-HP) TP(MIX)
TP(HH) NP(PP) NP(HP) — NP(PP-HP)TP(HH) NP(PP-HP)

@ Reciprocal orientation assumed by the pair of blades; see the text for discussion and additional details in the Supporting Information section.
b Short notation that summarizes the sequence of reciprocal orientations in the dentlFimaklabel defining the resulting core conformation.

o @
E H
e
P

Ph

NP{HH-FP) [NP(HH-PP)TP(HP)] ' / NP(HH-HF) [NP(HH-HP)TP(PP)] 4§

@ . )

H ﬁ H H ﬁ H
71 £ ; é
L/ ®,
Fh Fh FPh FPh H
i

TP(3HP) [TP(HP-HP-HP}] l 7 TP(MIX) [TP(HH-FP-HP)]

A ™\ () .
FA SN (] i Rl
X\ J W E
L ) 1A =]

NP(ZHP) [NP(HP-HP)TP(HF)] NP(PP-HP) [NP(PP-HP)TP(HH)]

Figure 4. Schematic representation, in terms of Newman projections, and labeling of the six possible core conformations of planar 3-fold core
PDs. Green circles indicate stabilizing interactions; red rectangles indicate destabilizing interactions. Green and blue arrows indlegtathessib

for interconversion between stable core conformers, red arrows indicate possible paths for conversion to unstable core conformers, aed finally, th
orange arrow indicates a motion of one blade that does not change the core conformation state.

NP orientations can be distinguished by the P or H groups NP(PP-HP) are unstable, for this class of dendrimers, because
confined between the two blades and we obtain the NP(HP), of steric interactions. Indeed, they both contain a pair of blades
NP(HH) and NP(PP) reciprocal orientations shown in the bottom in the NP(PP) arrangement, which implies a strong repulsion
part of Figure 3. between the two phenyl groups confined between the blades
The reciprocal orientations of two blades can be unambigu- (the repulsive interaction is schematically indicated, in Figure
ously identified by monitoring the value of the two dihedral 4, by the red rectangles). The remaining two core conformers
angles (for each pair of blades), indicated in the inset of Figure are the no. 3 and no. 4 in Figure 4, namely NP{HP) or,
1 (see also the Supporting Information section). shortly, NP(2HP) and NP(HHHP). The NP(2HP) core con-
Combinations of the six reciprocal orientations leads to only former corresponds to the false-propeller structure discussed in
six possible core conformations, as summarized in Table 1 andprevious studie®?
shown schematically in Figure 4. We have labeled each core On the basis of the above-defined six core conformations,
conformation on the basis of the reciprocal orientations of the we have built six initial G1 and G2 dendrimer structures, with
three pairs of blades. Notice that there are two core conforma- blades oriented accordingly. These initial geometries were opti-
tions in which the blades are all in a TP arrangement and four mized using the MM3 force field, to obtain starting structures
in which two pairs of blades are in a NP arrangement. The core for subsequent molecular dynamics simulations. As anticipated,
conformer no. 2 in Figure 4 corresponds to the TP structure two of the six core conformers, namely the NP(HPRP) and
discussed in previous studi®sand is characterized by three NP(PP-HP) could not be optimized because of the strong steric
pairs of blades in the TP(HP) arrangement. Thus, we label this repulsions and during energy minimization a jump to one of
conformer as TP(3HP). In the second TP core conformer (no. the remaining core conformations occurred. The remaining four
5 in Figure 4), all three possible TP arrangements of pairs of core conformations were optimized for both G1 and G2
blades are present. For this reason we label it as TP(MIX). The dendrimers and their energies are collected in Table 2. The
remaining four core conformers, having two pairs of blades in equilibrium structures of both G1 and G2 core conformers are
a NP arrangement, are unambiguously identified by the sole presented in Figure 5s and 6, respectively. Notice that each core
sequence of the NP arrangements, and will be labeled, in theconformer defined above corresponds to a collection of den-
following, as NP(XX-YY) with XX, YY = HP, PP, HH. Two drimer’s structures with the same core conformation but with
of these (nos. 1 and 6 in Figure 4), namely NPHPP) and different conformations of the phenyl rings that form each blade.
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TABLE 2: MM3 Optimized Energies, Gyration Radius Rg, out at 80 K shows that, with the exception of the dynamics

8ha][acteristich§£1gth3 %ép_?_ﬁ”d pa Ic()jf E:he F%‘g Sléablel Coae using the TP(MIX) initial structure, during the remaining three
onformers o an ree-rod ~ore FDS Employe MD simulations the dendrimer remains in its initial core

as Initial Configurations in MD Simulations . . . .
conformation (see also the Supporting Information section). The

core conformer _energy, kcallmolR, A p1, A oo A ps, A PE average values that can be extracted from the G1 dynamics
G1TP(3HP) 77.1 71 27 45 4.7 are collected in Table 3 and correspond to the average energies
G1NP(2HP) 74.9 70 25 46 47 5t 80 K of the TP(3HP), NP(2HP) and NP(HPIH) core
G1 TP(MIX) 78.1 70 27 44 4.8 conformers. res ; ; ;

, pectively. The dynamics obtained from the
G1 NP(HH-HP) 74.4 7.0 2.5 4.5 4.8 L . .
G2 TP(3HP) 206.2 122 36 7.8 86 [TP(MIX) initial structure is slightly more complex, because
G2 NP(2HP) 208.7 124 34 81 8.7 the dendrimer switches immediately from the TP(MIX) to the
G2 TP(MIX) 202.7 121 28 61 100 NP(HH—HP) core conformation, and after about 3 ns it jumps
G2 NP(HH-HP) 202.5 119 33 6.0 98 o the NP(2HP) conformation. This is clearly seen in the top

Thus, the energies listed in Table 2 and the structures shown inPart of F_lgur_e 7, where the time evolution of the core
Figures 5 and 6 do not necessarily correspond to the IowestCmeorm"jltlon s followed b_y monitoring changes of the selected
energy structures of a given core conformer. This is particularly dihedral angles (see the inset of Figure 1).
evident for G2 dendrimers, for which a multitude of conformers ~ The core conformation change is not associated with a global
with the same core arrangement exists. shape change, because all the four core conformers of G1
The optimized structures are characterized, as anticipated, bydendrimers are characterized bya@penshape. As a result, the
blades twisted with respect to the core’s plane. The twisting is, average gyration radius and the characteristic lengths listed in
on average, larger for G1 structures than for G2 structures. In Table 3 are similar for the four MD simulations. Inspection of
addition, G1 structures show a pseu@gsymmetry (see Figure  the time evolution of the characteristic lengths, shown in the
5), in that the three blades point approximately along the three bottom part of Figure 7, shows, indeed, that there is no
C, axes of theCz symmetry point group. In other words, the ~appreciable change in these parameters before and after the
overall shape of the four core conformations of G1 dendrimers conformation jump NP(HHHP)— NP(2HP). As indicated in
can be defined aspenin contrast with thecollapsedshape ~ Figure 4, by green arrows, the observed core conformation
assumed by two (the TP(MIX) and the NP(H#IP)) of the  jumps (TP(MIX) — NP(HH-HP) — NP(2HP)) require the
four G2 core conformers, in which two blades have collapsed twisting of a single blade without crossing the core’s plane,
against each other (see Figure 6). Equilibrium structure calcula-namely, a motion characterized by a relatively small steric
tions indicate that the collapse of two blades is induced by core- hindrance.
conformations with a pair of blades in the TP(PP) arrangement.  The average PEs listed in Table 3 indicate that the relative
Thus, in contrast with G1 dendrimers, G2 dendrimers can be stability of the core conformers has changed, at 80 K, with
classified as bistable because they may be found in two globalrespect to the values reported in Table 2 (minima on the PE
shape’s states: aspenstate if the core conformation is either  surfaces, that is, energies at 0 K). In particular, we notice that
TP(3HP) or NP(2HP) and aollapsed state if the core  at 80 K the NP(2HP) conformer is predicted to be more stable
conformation is either TP(MIX) or NP(HHHP). We willcome  than the NP(HHHP) conformer, by about 1.5 kcal/mol.
back to this point in section 5, because MD simulations confirm Although this energy difference is relatively small, it is
more clearly the existence of these two global shape states forintriguing that their relative stability changes noticeably with
G2 dendrimers and show an oscillation between them. the temperature. We can attempt to clarify qualitatively this
To characterize more quantitatively the shapes associated withpeculiar behavior by analyzing the components of the total PE
core conformations, we have calculated the eigenvalues of theat 0 K and at 80 K. We can separate the energy components in
gyration tensor (see section 2) for the optimized structures of honding contributionsHg) (stretching, bending, torsion, ...) and
the four stable core conformers of G1 and G2 PDs. The nonbonding Contributionﬂ\lB) (Wan der Waals and d|p0.|-e
corresponding characteristic lengths and the gyration radius aregipole). At 0 K, Eg is 64.9 kcal/mol for the NP(HHHP)
collected in Table 2. It is seen that for G1 PDs two lengis ( conformer and 68.5 kcal/mol for the NP(2HP) conformer,
and ps) are very similar whereap, is substantially different  \whereas theEyg contributions are 9.5 and 6.4 kcal/mol,
G2 dendrlmers thes length is shorter than the remaining tWo, the balance betwee&s and Ens, With Eng favoring the
and only slightly longer than thg; length of G1 dendrimers. NP(2HP) conformer and th&g favoring the NP(HH-HP)
The remaining two lengths are similar (both ca. 8 A) for the conformer. Average contributions at 80 K show that Eag
two openconformers and substantially different (@A and  terms are similar to those at 0 K, namely, 9.5 and 7.3 kcal/mol
10 A) for the twocollapsedconformers. Thus, the characteristic for the NP(HH-HP) and NP(2HP) conformers, respectively.
Iengths can pe useql to monitor global shape’s changes occurringrpys the energy increase of the NP(HHP) conformer at 80
during MD simulations. K is due to a larger temperature-induced destabilization of the
. remainingEg contribution, with respect to that of the NP(2HP)
4. G1 Dendrimers conformer. The more favorabl&yg contribution for the
The energies listed in Table 2, corresponding to the four initial NP(2HP) conformer, at O or 80 K, is connected with the
structures employed in the MD simulations, show that two core stabilizing interaction between the hydrogen of one blade and
conformers (NP(2HP) and NP(HHHP)) are more stable that  thes-system of the phenyf residing on the adjacent blade for
the remaining two (TP(MIX), TP(3HP)). The NP(2HP) core each pair of NP(HP) arrangements (see the green circle in Figure
conformer was indicated as the most stable G1 structure also3 for the NP(HP) arrangement). Notice that, whereas the
in previous studie&® whereas here we identify a second core NP(2HP) core conformer is characterized by two of such
conformation (NP(HH-HP)) with a similar stability at 0 K. interactions, the NP(HPHH) core conformer is stabilized by
4.1. Simulations at 80 K.The time evolution of the potential ~ only one (see Figure 4), which explains the less favor&hle
energy (PE) associated with the four MD simulations carried contribution in the latter.
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Figure 5. Optimized structures corresponding to the four stable core conformers of G1 PDs employed as initial configurations in MD simulations.
Hydrogen atoms are omitted, except for the three hydrogens used to label the core conformations. The positdowf) U = up) of these
hydrogens, along with the reciprocal orientations of pair of blades, are indicated.
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Figure 6. Optimized structures corresponding to the four stable core conformers of G2 PDs employed as initial configurations in MD simulations.
Hydrogen atoms are omitted, except for the three hydrogens used to label the core conformations.

4.2. Simulations at 298 K.The time evolution of the PEs  the four dynamics at 298 K. Inspection of Figure 8 shows that,
for the MD simulations carried out at 298 K shows a jump to at room temperature, jumps among core conformation states
lower energies can be identified only for the simulation using occur frequently. In particular, the simulations show that,
the TP(3HP) structure as initial configuration (see the Supporting generally, the NP(2HP) and the NP(HRH) conformers are
Information). The remaining three simulations show oscillations more frequently populated than the TP(MIX) conformer and
around average values that are very similar in the three caseghat the TP(3HP) conformer is populated only in the first 2.5
and also similar to the average energy in the second part of thens of the simulation starting from this core conformer. This
simulation starting from the TP(3HP) configuration (see Table behavior suggests that there must be a considerable barrier for
3). A common average energy may indicate that the systemthe formation of the TP(3HP) conformer from the other three,
evolves toward a unique, more favorable structure, or that the which precludes its population. A possible explanation for such
system jumps frequently among some structures of similar a barrier is that the formation of the TP(3HP) core conformer
stability. To clarify this point, we have plotted (see Figure 8) from the remaining three, requires a twisting of one blade
the time dependent population of core conformation states for through the core’s plane, (see the green arrow in Figure 4 for
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simulations, T = 80 K, carried out on isolated G2 dendrimers. The
initial configuration for each of the four simulations is indicated in the
top right angle of the figure. The core conformers sampled during each
dynamics are also indicated.

Figure 10. Analysis of the simulationT = 80 K, G2 dendrimer)
carried out with the TP(MIX) initial configuration. (Top) time evolution
of the population of core conformational states. The initial TP(MIX)
configuration converts, after ca. 1.4 ns, to the NPtHH#P) core

; . - conformer. (Bottom) time evolution of the characteristic lengthg,
listed in Table 3. As expected, these are very similar for all the and ps showing that a global shape’s change is associated with the

four simulations. ) . TP(MIX) — NP(HH—HP) core conformation jump.
In summary, simulations on G1 dendrimers show that they

are globally shape persistent at low and room temperature,gg K . |t is seen that jumps to lower energies are computed for
although at room temperature core conformation jumps OCCU three out of four simulations. The simulation starting from the
very frequently among three of the four accessible COreé NP(2HP) core conformer shows a jump to lower energies (by
_conformers. In c_)therwords, the global shape of G1 dendrimers gpq,t 2 kcal/mol) after about 900 ps, and subsequently the PE
is temperature independent. remains stable. The PE extracted from the MD simulation that
. used the NP(HHHP) conformation as initial configuration
5. G2 Dendrimers shows a less marked jump (of about 1 kcal/mol) after ca.
As described above, MD simulations were carried out using, 2 ns and, finally, the PE of the MD started with the TP(MIX)
as initial configurations, the four core conformations shown in core conformer shows a clear and remarkable jump (about 3
Figure 4 whose energies are listed in Table 2. The more stablekcal/mol) after ca. 1.5 ns.
initial structure is predicted to be the NP(HHHP), but as To clarify the nature of the structural changes that determine
discussed in section 3, the energies in Table 2 do not necessarilhe PE decreases, we can inspect the time dependent population
correspond to the lowest energy for each core conformer. of core conformation states in the top part of Figure 10, which
However, we notice that two groups of core conformers (the shows that only for the MD started from the TP(MIX) core
TP(MIX) and NP(HH-HP)) have energies markedly lower than conformer, a jump to another core conformer occurs. The core
the other two (NP(2HP) and TP(3HP)). The energy difference conformation change can be easily appreciated by inspecting
between these two groups, (ca-@ kcal/mol; see Table 2) is  the time evolution ops, p2 andps shown in the bottom part of
similar to theopenclub shapesnergy difference computed from  Figure 10: a discontinuity in the characteristic lengths is
UFF simulations® On the basis of our computed energy observed after the core conformation jump. Howeyerand
differences, we can state with confidence that, at 0 K, the lowest p3 remain substantially different, which implies that the
energy core conformations are either the TP(MIX) or the NP- new core conformer is still characterized bgallapsedglobal
(HH—HP). The rationale behind this computed result is easily shape. Indeed, the jump occurs between the TP(MIX) and the
understood by inspecting the dominant stabilizing interactions NP(HH—HP) conformers, both characterized (as discussed in
(green circles) schematically indicated in Figure 4 for each core section 3) by the presence of a TP(PP) pair of blades favoring
conformer. These are the already mentioned hydrogéeny! the collapsedshape.
interaction in the NP(HP) arrangement along with the attraction  In the remaining three MD simulations, core conformation
between two blades, which leads t@allapsedstructure and jumps do not occur, and thus the computed energy stabilization
which is favored by the TP(PP) arrangement. Figure 4 shows must be associated with structural rearrangements internal to
that the TP(PP) stabilizing arrangement occurs in both the the blades. Inspection of the time evolution of the characteristic
TP(MIX) and the NP(HH-HP) core conformers, with the latter  lengths (see Figure 11) shows substantial variations only for
conformer further stabilized by the presence of a NP(HP) the simulation started from the NP(2HP) and the TP(3HP) core
arrangement. Thus, it can be expected that, for G2 PDs, theconformers. For the NP(2HP) conformer, the sudden energy
NP(HH—HP) core conformer corresponds to the most stable lowering observed in Figure 9 is accompanied by a slight change
dendrimer structure. Notice that, in contrast, the TP(PP) in p; and a more remarkable change in the periodic behavior of
arrangement does not stabilize G1 dendrimers because of thep, and ps.
reduced dimension of the blades, which is not compatible with  The oscillations ofo, and p3 suggest that the dendrimer is
collapsing. attempting aropen— collapsedglobal shape change, without
5.1. Simulations at 80 K.In Figure 9 we present the time  success. Indeed, the two lengths remain in a range compatible
evolution of the PEs for the four MD simulations carried out at with openstructures and thus, as anticipated in section 3, the
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MD simulation shows that the NP(2HP) core conformer is Figure 12. (a) MD simulation T = 298 K, G2 dendrimer) carried out
always associated with ampenglobal shape. The structural  with the TP(3HP) initial configuration. (a, Top) time evolution of the
reorganization occurring during the MD at 80 K leads, however, population of core conformational states and (a, bottom) time evolution
to a more stable NP(2HP) core conformer. Indeed, geometry Of the characteristic lengths;, p2 ar]d ps. Core conformation jumps
optimization of a structure sampled at the end of the simulation &€ associated with global shape’s changes as indicated. (b) Same
: . analysis as above for the simulation carried out with the NP(2HP) initial
gives an energy of 206.8 kcal/mol, to be compared with the configuration.
initial 208.7 kcal/mol configuration (see Table 2).

The py, p2 and p3 time evolution for the TP(3HP) core 3. The time dependent population of core conformational states
conformer is similar to that of the NP(2HP) core conformer; along with the time evolution of the characteristic lengths are
that is, it shows an oscillatory behavior pf and ps, which depicted in Figure 12 for the dynamics using TP(3HP) and
suggests frustrated attempts to convert to a more stabpsed  NP(2HP) initial configurations and in Figure 13 for the dynamics
structure. In contrast, the almost negligible oscillation of the ysing the TP(MIX) and NP(HHHP) initial configurations.
three lengths during the MD started from the NP(HHP) core  Simijlar to the G1 dendrimers, jumps among the core conforma-
conformer is justified by its already staldellapsedshape. The tjon states of G2 dendrimers occur at room temperature, although
dendrimer has too little energy at 80 K to change its global |ess frequently than for the G1 dendrimers. The simulations
shape during the MD simulation, and the energy decreaseshow that, generally, the NP(2HP) and the NP(H#P)
observed after ca. 2 ns is due to minor structural rearrangementseonformers are more populated than the TP(MIX) conformer
Interestingly, the simulations started from the TP(M'X) and the and that the TP(3HP) conformer is popu|ated on|y in the first
NP(HH-HP) core conformers lead to equilibrated structures (.7 ns of the simulation starting from this core conformer. Thus,
both belonging to the ensemble of NP(HHP) core conform-  the population of core conformers for G2 dendrimers follows
ers. However, the two equilibrated NP(H#iP) core conform-  the same trend already discussed for G1 PDs. The barriers for
ers are not identical, as indicated by their different average the formation of the TP(3HP) conformer from the other three
energies (see Table 3) and by the optimized energies of twoare Jikely to be even larger in this case, owing to the larger
structures sampled from the two simulations (199.5 and 200.8 dimension of the dendrimer’s blade that must cross the core’s
kcal/mol), both lower than that of the initial NP(H+HP) core plane. Similarly to the simulations carried out at low temper-
conformer listed in Table 2. ature, the major characteristic of G2 dendrimers is their global

In summary, these simulations indicate that core conformation shape, which can be eithepenor collapsed.The comparison
jumps are rare at 80 K, although minor structural rearrangementspetween the sequence of conformational state jumps and the
may occur. As a consequence, the global shape is conserved agvolution of thep, and p3 characteristic lengths during each
this temperature and the lowest energy core conformer is foundsimulation (see Figures 12 and 13) shows clearly that the global
to be the NP(HH-HP), owing to the stabilizing contribution  shape of the dendrimer changes in parallel with the core
of TP(PP) and NP(HP) blade’s arrangements. conformation jumps. Inspection of Figures 12 and 13 shows

5.2. Simulations at 298 K.The average PEs extracted from that, invariably,p, andpz converge to similar values when the
the four simulations carried out at 298 K are collected in Table G2 dendrimer is in either the TP(3HP) or NP(2HP) core
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by carbon and hydrogen atoms. These planar 3-fold core PDs
may be found, generally, in either apenor acollapsedglobal
shape state. Although G1 PDs exist only in thgen state,
starting from G2 dendrimers, the two global shape states may
be observed.

We have proposed a classification of the core conformers of
these planar 3-fold core dendrimers that allows us to rationalize
the existence of the two global shapes adopted by the higher
generation dendrimers.

The classification is based on the reciprocal orientations of
pairs of dendrons which lead to stabilizing or destabilizing
interactions. Only six core conformations can exist for these
dendrimers and only four stable core conformations are identi-
fied by computations, along with the ease or difficulty of
interconversion between them. In the case of G2 dendrimers,
two of the four stable core conformers are associated with an
openglobal shape and two with eollapsedglobal shape. We
can generalize this observation by concluding that each global
shape state (eithepenor collapsed is associated with a precise
collection of core conformations.

In particular, it has been shown that collapsing of two
dendrons is induced by a specific reciprocal orientation of two
blades, namely the TP(PP) arrangement, which favors their
nonbonding interaction. Such collapsing does not occur in G1
dendrimers owing to the small size of their dendrons, whereas
for G2 (and higher generation) dendrimers, the collapse of two
dendrons results in a stabilization.

The stabilizing attraction betweespllapseddendrons in-
duced by the presence of a TP(PP) arrangement explains why
the NP(2HP) and NP(HHHP) core conformations have sim-
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Figure 13. (a) MD simulation T = 298 K, G2 dendrimer) carried out
with the TP(MIX) initial configuration. (a, Top) time evolution of the

population of core conformational states and (a, bottom) time evolution
of the characteristic lengthsi, p» and ps. Core conformation jumps

ilar stability for G1 dendrimers, whereas the energy of the
NP(HH—HP) core conformation becomes remarkably lower for

are associated with global shape’s changes as indicated. (b) Samdg52 dendrimers. For higher generation dendrimers it may be

analysis as above for the simulation carried out with the NP{HIR)
initial configuration.

expected that theollapsedstate will be even more stabilized
as compared with thepenstate.

MD simulations in the nanosecond time range at 80 K show
that G1 and G2 dendrimers conserve their initial shape. The

values when the dendrimer jumps to the TP(MIX) or porsistence of the global shape at low temperature suggests that,
NP(HH—HP) core conformations. We notice that thyeenand among other possible uses, these dendrimers should be able to

collapsedstructures found in the present study are very similar 5, small molecules in intra- or intermolecular cavities and work
to those found by Brocorens et él. in this direction is in progress.
Conversely, the structures found here are remarkably different The MD carried out at room temperature indicate that core

Lrorr:jthe ﬂO\INerl'kf strtuct_'l[Jhr?ﬁ foundl':n r?f 2f01f§r the dsamij‘ G2 conformation jumps occur frequently. Although these conforma-
;an rlmter. nco? ras v(\;I eﬁﬁu ézodred \ ’Wef O NOLSEE, 4ion changes have little effect on the global shape of G1
atroom temperature, a decay ot the 2 dendrimer Iroopem dendrimers, for G2 dendrimers they imply a bistability because
o a collapsedstru_cture, but an oscillation b‘?‘Wee'_‘ th‘? WO eversible oscillations between the two global shape stafeEs(
glpbal shapes, owing p.robably to the longer simulation ume of andcollapsed are observed during the MD simulations.
this study. The oscillation between two global shape’s states, Because the frequency of core conformation iumps decreases
seen here for the first time, confirms the hypothesis proposedfrom G1to G2 degdrimeyrs (at room tem eratu]re) \F/)ve expect a
in ref 18 that interconversion between conformers might occur. further frequency decrease for hiaher Ft)aneration dendfi)mers
The four simulations discussed above show that the dendrimerAS a consg uen)ée larger dendrirr?ers a%e expected o conser\}e
retains a given global shape (eithgpenor collapsed for a . q , 1arg P
time in the range of nanoseconds their global shapeopenor collapsed for several nanoseconds
. . . at 298 K. Furthermore, this study shows that the generation of
In summary, nanosecond MD simulations on G2 dendrimers . . .
the dendrimer may influence the predominance of one of the

at 80 K, do not show changes of the global shape. Increasing ) ; .
the temperature to 298 K leads to frequent core conformation two global shape’s states. Although thgenstate is dominant

jumps occurring in the nanosecond time range and associatecIOr (.31 dendrimers, the:ollapsedstate is likely to become
. . \ dominant for generations above G2. G2 dendrimers at room
with an oscillatoryopen<> collapsedglobal shape’s change

) . ; temperature seem to represent the best combination of dendrimer
that can be monitored by following the evolution of the - . . X
characteristic lengthg, and ps size and thlermodynanjlcal conquns for observation of blstq-

‘ bility. In this sense this computational study suggests that it
might be possible to tune the time-range in which tipen<~
collapsedtransition occurs by selecting the appropriate tem-

We have presented a computational study on the propertiesperature and size of the dendrimer. Because the results discussed
of a recently synthesized class of dendritic systems formed only here were obtained by neglecting intermolecular interactions,

conformation, whereas they diverge to substantially different

6. Conclusions
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the combination dendrimer size and ambient conditions along _ (3) Jockusch, S.; Ramirez, J.; Sanghvi, K.; Nociti, R.; Turro, N. J,;
with the occurrence of bistability cannot be directly extrapolated TO”EZ')%E- JA-g?‘ggg\?r'gful'\lesg‘??_i32'D4‘31?é‘t‘:f§1- A De Schryver, F
to the condensed pha§e. These isolated .molecule S|mulat|onscl; Mullen, K. Chem.-Eur. 12004 10, 528-537. T e
however, can be considered representative of a poor solvent  (s) Balzani, v.; Campagna, S.; Denti, G.; Juris, A.; Serroni, S.; Venturi,
environment. M. Acc. Chem. Re<.998 31, 26-34.

It can be concluded that the rigid shape of the dendrimers 19986)11H%"7”;, 'g/|7-:4F’i”0W' J.N. G.; Samuel, D. W.; Burn, P. Adv. Mater.
investigated in this Wprk might fa}vor, especially at low (7) Zhao, M. Q.: Crooks, R. MAngew. Chem., Int. EA999 38, 364
temperature, the formation of stable intramolecular or intermo- 3¢
lecular cavities able to accommodate small molecules. At the  (8) Newkome, G. R.; Moorefield, C. N.; Vogtle, Rendritic Mol-
same time, the computed bistability of their global shape ecules VCH Verlag: Weinheim, 1996.
suggests that, in some cases, the trapping might be switchedl74g2)l738egr93he'm’ A. J.; Muller, M.; Mullen, KChem. Re. 1999 99,
on and Off_ by forcing the_)pen_‘__) collgpsedtr@nsn_lon. Aside (10) Morgenroth, F.; Reuther, E.; Mullen, lingew. Chem., Int. Ed.
from trapping, other functionalities might be imagined for these Engl. 1997 36, 631-634.
dendrimers, taking advantage of this bistability: for instance  (11) Morgenroth, F.; Berresheim, A. J.; Wagner, M.; Mullen Ghem.
chemical functionalizatio} of the dendrons with specific =~ €ommun199g 1139-1140.

chromophores might be employed to photoinduceapen< loil?zgfﬁ%% M. D.; Fechtenkotter, A.; Mullen, IChem. Re. 2001

coIIapsedtransition_, etc. _ _ (13) Simpson, C. D.; Mattersteig, G.; Martin, K.; Gherghel, L.; Bauer,
The computed bistability appears to be an interesting property R. E.; Rader, H. J.; Mullen, KI. Am. Chem. So@004 126, 3139-3147.
of this class of PDs but is discussed here on the basis of isolated (14) Di Stefano, M.; Negri, F.; Carbone, P.;"N&n, K. Chem. Phys.

molecule simulations. Higher generation dendrimers, other 20?1555’1&0?5;%& C Kubel. €. Muler. M- Wiesler. U. M. Berrecheim
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