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PGSE NMR measurements have been carried out for DAB-dendr-(NH2)n [n ) 4 (Dab4), 8 (Dab8),
16 (Dab16), 32 (Dab32), and 64 (Dab64)] and DAB-dendr-[NH(O)COCH2CH2OC(O)C5H4Rh(NBD)]n
[n ) 4 (Rh-Dab4), 8 (Rh-Dab8), 16 (Rh-Dab16), 32 (Rh-Dab32), and 64 (Rh-Dab64)] in CD2Cl2 and
CD3OD as a function of the concentration. The hydrodynamic radius (rH) and, consequently, the
hydrodynamic volume (VH) of all the species are determined from the measured translational self-diffusion
coefficients (Dt). In CD2Cl2, bothDab andRh-Dab dendrimers show a tendency toward self-aggregation
that increases with the generations. In addition, while the radiirH for Dab dendrimers is ca. 20-30%
higher in CD3OD than in CD2Cl2, the rH values forRh-Dab dendrimers are only slightly influenced by
solvent variation. To estimate the Rh-Rh spatial proximity (dRh/Rh) on the surface, the internal radius
(r int) of theDab skeleton inRh-Dab dendrimers was (i) considered equal to that of theDab dendrimers
(model A) or (ii) evaluated assuming that the additional solvent molecules derived from the attachment
of Rh to Dab dendrimers were incorporated into the elongated dendritic skeleton (model B). It was
found thatdRh/Rhdecreases from 17.2-19.8 Å (Rh-Dab4) to about 14.0 Å (Rh-Dab64) with the increase
in dendrimer generation.

Introduction

Hyperbranched dendritic molecules have inspired many
chemists to develop new materials, and several applications have
been explored,1 including catalysis. In this field, great efforts
have been devoted to attach a catalytic module to the dendrimer
surface in order to form well-defined macromolecular homo-
geneous systems that enable precisely controlled structures to
be built that could possibly fill the gap between homogeneous
and heterogeneous catalysis.2 The position of the active sites
and their spatial separation within the dendritic framework are
of crucial importance because of their influence on the catalytic

properties.3-6 It has been shown that catalytic performance
improves when the active sites are spatially close enough to
undergo a constructive cooperative effect3-6 and that the
decrease in catalytic efficiency per catalyst unit is usually due
to steric crowding.3,4

Therefore, it is extremely important to evaluate the spatial
proximity of the catalytic sites. In principle, this information
could be obtained if the size of the dendritic structure and that
of the anchored organometallic catalyst were known. The size
of dendritic molecules has been measured by neutron scattering
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(SANS),7 small-angle X-ray scattering (SAXS),8 intrinsic vis-
cosimetry,9 osmotic compressibility,10 gel permeation chroma-
tography,11 mass spectrometry,12 low-angle laser light scattering,
vapor pressure osmometry,13 capillary electrophoresis (CE),14

and neutron spin-echo (NSE) experiments.15

An alternative and attractive way to evaluate molecular
dimensions16 is represented by PGSE (pulsed field gradient
spin-echo) NMR measurements17 that lead to the determination
of the translational self-diffusion coefficient (Dt) and conse-
quently to the hydrodynamic radius (rH) of the diffusing particles
by means of the Stokes-Einstein equationDt ) kT/cπrH, where
k is the Boltzman constant,T is the temperature,c is a numerical
factor, andη is the solution viscosity.

While PGSE NMR measurements have been applied to
dendrimers for a long time,18 organometallic dendrimers have
been considered only in a few cases19,20 and the final aim was
never to evaluate the spatial proximity of the metal centers on
the dendritic surface.

Herein we report the results of a systematic PGSE NMR
investigation of both the poly(propylenimine) dendrimers (DAB-

dendr-(NH2)n, n ) 4, 8, 16, 32, 64) and their organometallic
derivatives DAB-dendr-[NH(O)COCH2CH2OC(O)C5H4Rh-
(NBD)]n [n ) 4, 8, 16, 32, and 64], which were obtained (Chart
1)21 by anchoring an alkoxycarbonylcyclopentadienyl rhodium-
(I) complex, namely, [Rh{C5H4CO2(CH2)2OH} (NBD)] (Rh),22a,b

which was found to be active in the hydroformylation reactions
of hex-1-ene and styrene.22c

The threefold objective of this study was (1) to evaluate the
size of the DAB-organo-rhodium dendrimers, (2) to explore how
the apparent size depends on the dendrimer concentration, and
(3) to estimate the surface density of the rhodium on the
dendrimer.

Results and Discussion

PGSE NMR Measurements on DAB-dendr-(NH2)n. PGSE
experiments (Figure 1) were performed on DAB-dendr-(NH2)n
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[n ) 4 (Dab4), 8 (Dab8), 16 (Dab16), 32 (Dab32), and 64
(Dab64)] in CD2Cl2 and CD3OD as a function of the concentra-
tion (Table 1). The methodology used to obtain accuraterH

values from the measured self-diffusion coefficientDt is
described elsewhere (Experimental Section).23 The Dt values
determined by Rietveld and co-workers18a for the same den-
drimers in CD3OD are also reported in Table 1 (entries 5, 12,
19, 23, and 27) for comparison. TherH values determined from
the two sets of measurements are in remarkable agreement and
can be considered equal within the experimental error (ca. 3%).

For all the generations ofDab dendrimers,rH was higher in
CD3OD than in CD2Cl2, which are “good” and “bad” solvents,
respectively, due to the well-recognized swelling effect.24,25On
passing from CD2Cl2 to CD3OD, the dendritic branches elongate,
leading to a 20-30% enhancement ofrH (compare entries 1/5,
7/12, 14/19, 21/23, 25/27 in Table 1).

The apparent dimensions of the dendrimers also depend on
the dendrimer concentration, especially for the higher genera-
tions. This is evident in data reported in Table 1 and in Figure
2, where the trend of the hydrodynamic radius versus theDab
dendrimer concentration is depicted.

It is clear thatrH is almost insensitive to an increase in
concentration for the first generation of dendrimers; for the
second one, it increases smoothly, while for the three highest
generations,rH is dramatically affected by the concentration with
slopes that become increasingly steeper (Figure 2). For example,
the hydrodynamic radius ofDab64 is 16.9 at 0.4 mM and 20.1
at 8 mM (entries 25 and 26 in Table 1). This dependence ofrH

on the concentration is explained by assuming that dendrimers
self-aggregate in solution. An alternative explanation, which
considers that the dissolution of a rather elevated amount of
dendrimer could transform CD2Cl2 from a “bad” to a “good”
solvent, seems less plausible, becauserH should then vary for
all the dendrimers and not only for the highest generations.26

A more quantitative idea of this self-aggregation effect can
be obtained from the aggregation number (N) (Table 1) defined
as the ratio between the hydrodynamic volume (VH) and that at
zero concentration (VH

0).23,27 The VH and VH
0 can be easily

determined fromrH and rH
0, i.e. the hydrodynamic radius

extrapolated at zero concentration, by assuming a spherical shape
of dendrimers in solution. It can be noted thatN remains practically constant and equal to 1 over the entire concentration

range 5.8-326 mM forDab4 (Table 1, entries 1-4). In contrast,
there is a significant presence of dimers in solution (N ) 2) for
all the other generations at the different concentrations. For
Dab8andDab16, the dendrimer dimerization is important only
at concentrations higher than 0.1 M (entries 7-11 and entries
14-17, Table 1). Conversely, for the two highest generations

(23) Zuccaccia, D.; Macchioni, A.Organometallics2005, 24, 3476.
(24) Chai, M.; Niu, Y.; Youngs, W. J.; Rinaldi, P. L.J. Am. Chem Soc.

2001, 123, 4670.
(25) Gorman, C. B.; Smith, J. C.; Hager, M. W.; Parkhurst, B. L.;

Sierputowska Gracz, H.; Haney, C. A.J. Am. Chem. Soc.1999, 121, 9958.
(26) Fuoss, R. M.J. Am. Chem. Soc.1958, 80, 5059.

Figure 1. Three sections of three different1H-PGSE NMR spectra
recorded in CD2Cl2 showing the dependence of the resonance
intensities (norbonadiene forRh-Dab32, methylene protons bearing
NH2 for Dab16 and NBD forRh) on the intensity of the pulsed-
field gradient.

Table 1. Diffusion Coefficient (1010Dt m2 s-1),
Hydrodynamic Radius (rH, Å), Hydrodynamic Volume (VH,
Å3), and Aggregation Number (N) for Dab, Rh, and Rh-Dab

as a Function of Concentration (C, mM), in CD2Cl2 (Er )
8.93 at 25°C) and CD3OD (Er ) 32.66 at 25°C)

Dt rH VH N C

Dab4 (VH
0 ) 501)

1 CD2Cl2 11.0 4.9 501 1.0 5.8
2 CD2Cl2 10.6 5.0 517 1.0 23.4
3 CD2Cl2 10.1 5.1 539 1.1 83.8
4 CD2Cl2 8.6 5.1 564 1.1 326
5 CD3OD 5.6 6.4 1072 13

ref 18a 6.4
6 CD3OD 4.1 6.5 1166 326

Dab8 (VH
0 ) 1300)

7 CD2Cl2 7.6 6.8 1300 1.0 0.5
8 CD2Cl2 6.9 7.1 1486 1.1 5.5
9 CD2Cl2 6.6 7.4 1708 1.3 22.8
10 CD2Cl2 5.2 7.7 1927 1.5 106
11 CD2Cl2 2.9 8.4 2460 1.9 343
12 CD3OD 3.6 9.0 3053 13

ref 18a 9.2
13 CD3OD (32.66) 1.7 9.6 3705 343

Dab16(VH
0 ) 4056)

14 CD2Cl2 5.0 9.9 4056 1.0 0.8
15 CD2Cl2 4.9 9.9 4100 1.0 3.1
16 CD2Cl2 4.5 10.3 4590 1.1 18.9
17 CD2Cl2 2.1 13.0 9170 2.3 113
19 CD3OD 2.8 12.0 7292 13

ref 18a 12.7
20 CD3OD 1.6 13.8 10912 113

Dab32(VH
0 ) 9612)

21 CD2Cl2 (8.93) 3.7 13.3 9832 1.0 0.8
22 CD2Cl2 (8.93) 2.9 15.0 14080 1.5 13
23 CD3OD (32.66) 2.1 16.6 19160 1

ref 18a 16.5
24 CD3OD (32.66) 2.6 18.8 28011 13

Dab64(VH
0 ) 19579)

25 CD2Cl2 2.9 16.9 20290 1.0 0.4
26 CD2Cl2 2.0 20.1 34117 1.7 8
27 CD3OD 1.7 20.1 34015 0.5

ref 18a 20.3
28 CD3OD 2.0 24.8 63891 8

Rh (VH
0 ) 299)

29 CD2Cl2 14.5 4.1 299 1.0 10
30 CD2Cl2 14.2 4.2 308 1.1 100

Rh-Dab4 (VH
0 ) 3401)

31 CD2Cl2 5.1 9.3 3401 1.0 3
32 CD2Cl2 4.6 9.4 3501 1.0 25
33 CD3OD 4.0 8.7 2758 1

Rh-Dab8 (VH
0 ) 7775)

34 CD2Cl2 4.0 12.3 7775 1.0 0.7
35 CD2Cl2 3.6 12.4 8063 1.0 6
36 CD3OD 3.0 11.2 5900 1

Rh-Dab16(VH
0 ) 17415)

37 CD2Cl2 3.0 16.1 17415 1.0 0.04
38 CD2Cl2 2.9 16.5 18782 1.1 0.4
39 CD2Cl2 2.8 16.8 19861 1.1 1.8
40 CD2Cl2 2.7 16.7 19509 1.1 3.2

Rh-Dab32(VH
0 ) 40478)

41 CD2Cl2 2.2 21.3 40478 1.0 0.03
42 CD2Cl2 2.2 22.0 44602 1.1 0.5
43 CD2Cl2 1.8 22.7 48802 1.2 1.1
44 CD2Cl2 1.8 24.5 61600 1.5 3

Rh-Dab64(VH
0 ) 99229)

45 CD2Cl2 1.6 28.7 99229 1.0 0.02
46 CD2Cl2 1.6 29.0 102160 1.0 0.7
47 CD2Cl2 1.3 30.6 120491 1.2 1.2
48 CD2Cl2 1.2 32.3 140892 1.4 2
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(Dab32andDab64), already at a millimolar concentration level,
N is higher than 1.5, indicating an important presence of dimers
(entries 22 and 26, Table 1).

Self-aggregation of the highest generations of dendrimers in
methanol has been reported in the literature.7b,9b,10,13,18aWhere
self-aggregation of dendrimers in low polarity, aprotic solvents
such as CD2Cl2 is concerned, it has only been observed for
dendrimers based on peptide fragments28 or those that contain
a single ureidopyrimidine.29 In both cases, the self-aggregation
was driven by the possibility of establishing hydrogen bonds.

To evaluate the radial density distribution in the different
generations of dendrimers, the natural logarithm of the inverse
of the rH

0 was reported against the natural logarithm of the
molecular weight (Figure 3).30

The linear regression of the data gives a slope of 0.41, which
is very close to the slope found in methanol (0.38 at 25°C)18a

and is intermediate31,32 between that expected for a uniform
density distribution (0.33)33 that decreases on the outer side18a

and that for dendrimers that possess a fractal structure (0.5).33

Rietveld and co-workers showed thatrH
0 for Dab (1-5

generations) in CD3OD grows linearly with the generation
number (G) according to the relationrH

0 ) 0.35G + 0.25, where
rH

0 is expressed in nanometers.18a Our measurements in
CD2Cl2 indicate thatrH

0 ) 0.28G + 0.18. Due to the fact that
CD2Cl2 is a worse solvent than CD3OD, dendrimers have both
size (compare 0.18 with 0.25) and size-increment on increasing
the generation (compare 0.28 with 0.35) smaller in CD2Cl2 than
in CD3OD. The exponentially growing molar weight with the

generation number in combination with the linear growth of
the hydrodynamic radius implies a minimum in the density of
the dendrimer around the two highest generations.

Finally, it is noteworthy to compare therH
0 values determined

by PGSE NMR measurements in both CD2Cl2 and CD3OD with
the van der Waals radius (rvdW, see Experimental Section), the
maximum radius (rMax) (geometrically estimated considering a
fully extended structure,34 see Experimental Section), and the
radius of gyration (rg) that was calculated for “bad” and “good”
solvents (Table 2).7a

The rvdW and rg radii for a “bad” solvent represent the
minimum size of the dendrimers corresponding to a situation
in which all the branches are completely folded, while the upper
limit for the dendrimer size is clearly determined byrMax. In
both solvents,rH

0 is slightly higher thanrg (“good” and “bad”
solvent for CD3OD and CD2Cl2, respectively, in Table 2) with
a deviation that increases with the dendrimer generation. This
is in agreement with a previous study by Scherrenberg and co-
workers.7a On the other hand,rH

0 is considerably smaller than
rMax, especially in CD2Cl2. The positive deviation ofrH with
respect torg has been attributed to the solvent that is incorpo-
rated into the dendritic structure and translates with it.18a

PGSE NMR Measurements on Organo-Rhodium Den-
drimers. PGSE experiments were performed on DAB-dendr-
[NH(O)COCH2CH2OC(O)C5H4Rh(NBD)]n [n ) 4 (Rh-Dab4),
8 (Rh-Dab8), 16 (Rh-Dab16), 32 (Rh-Dab32), and 64 (Rh-
Dab64)] and the free rhodium compound (Rh)22 in CD2Cl2 as
a function of the concentration (Table 1). TheRh-Dab den-
drimers (Scheme 1) were synthesized as previously described.21

Due to the insolubility ofRh-Dab dendrimers in CD3OD and
in order to understand the effect of solvent on the dendrimer
size, PGSE NMR measurements were also carried out in a CD3-
OD/CD2Cl2 (8:1) mixture for the first two generationsRh-Dab4
and Rh-Dab8 (Table 1, entries 33 and 36). In contrast with
the results obtained forDab, theRh-Dab dendrimers showed
a slight decrease in size on passing from CD2Cl2 to a CD3OD/
CD2Cl2 (8:1) mixture (compare entries 31/33 and 34/36).
Typically, rigid dendrimers25 are quite insensitive to variations
in the nature of solvent,35,36 while flexible dendrimers usually
undergo a swelling effect. The slight variation in size of the
considered flexibleRh-Dab dendrimers has to be reasonably

(27) For papers where N has been used: (a) Pochapsky, S. S.; Mo, H.;
Pochapsky, T.J. Chem. Soc., Chem. Commun.1995, 2513. (b) Mo, H.;
Pochapsky, T.J. Phys. Chem. B1997, 101, 4485. (c) Zuccaccia, C.;
Bellachioma, G.; Cardaci, G.; Macchioni, A.Organometallics2000, 19,
4663. (d) Zuccaccia, C.; Stahl, N. G.; Macchioni, A.; Chen, M.-C.; Roberts,
J. A.; Marks, T. J.J. Am. Chem. Soc.2004, 126, 1448. (e) Song, F.;
Lancaster, S. J.; Cannon, R. D.; Schormann, M.; Humphrey, S. M.;
Zuccaccia, C.; Macchioni, A.; Bochmann, M.Organometallics2005, 24,
1315-1328.

(28) Mong, T. K. K.; Niu, A.; Chow, H. F.; Wu, C.; Li, L.; Chen, R.
Chem. Eur. J.2001, 7, 686.

(29) Sun, H.; Kaiser, A. E.Org. Lett.2005, 7, 3845.
(30) (a) de Gennes, P. G.; Hervet, H.J. Phys. (Paris)1983, 44, L351.

(b) Zook, T. C.; Pickett, G. T.Phys. ReV. Lett. 2003, 90, 015502-1.
(31) Baille, W. E.; Malveau, C.; Zhu, X. X.; Kim, J. H.; Ford, W. T.

Macromolecules2003, 36, 839.
(32) Lyulin, S. V.; Darinskii, A. A.; Lyulin, A. V.; Michels, M. A. J.

Macromolecules2004, 37, 4676.
(33) (a) Murat, M.; Grest, G. S.Macromolecules1996, 29, 1278. (b)

Lascanec, R. L.; Muthukumar, M.Macromolecules1990, 23, 2280.

(34) Riley, M J.; Alkan, S.; Chen, A.; Shapiro, M.; Khan, W. A.; Murphy,
W. R. Jr; Hanson, J. E.Macromolecules2001, 34, 1797.

(35) Moore, J. S.Acc. Chem. Res.1997, 30, 402.
(36) Huang, B.; Prantil, M. A.; Gustafson, T. L.; Parquette, J. R.J. Am.

Chem Soc.2003, 125, 14518.

Figure 2. Dependence of the hydrodynamic radius (rH, Å) on the
concentration (mM) in CD2Cl2 for Dab dendrimers.

Figure 3. Scaling of the hydrodynamic radius (rH
0, Å) obtained

in CD2Cl2 with the molecular weight forDab andRh-Dab (1-5
generations).
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ascribed to the fact that the introduction ofRh moieties onto
the dendritic surface makes CD2Cl2 as “good” a solvent as
CD3OD.

The dimensions of the first three generations are found to be
independent of the concentration (Table 1, entries 31-32 for
Rh-Dab4, entries 34-35 for Rh-Dab8, and entries 37-40 for
Rh-Dab16). In contrast, therH value increases with the
concentration for the two highest generations (Table 1, entries
41-44 for Rh-Dab32 and entries 45-48 for Rh-Dab64). For
instance,rH is 21.3 and 24.5 Å at 0.03 and 3 mM, respectively,
for Rh-Dab32 (Figure 4).

The aggregation number (N) oscillates between 1.0 and 1.1
for dendrimersRh-Dab4/Rh-Dab16on varying the concentra-
tion and approaches 1.5 for the two highest generations (Rh-
Dab32 and Rh-Dab64) already at a millimolar concentration
level reasonably due to the self-aggregation of the dendrimers
that afford dimers. The rhodium fragment (Rh) does not seem

to play a particular role in the aggregation process since it does
not show any tendency to aggregate:37 on increasing the
concentration from 10 mM to 100 mM, there is almost no
variation inN (Table 1, entries 29 and 30). Although it is rather
difficult to make a convincing comparison, it seems that the
Dab andRh-Dab dendrimers have a similar tendency to self-
aggregate (compare entries 25-26 and 48 for generation 5,
n ) 64), while self-aggregation is negligible for all Rh-
dendrimers at concentrations less than 1 mM.

The radial density distribution in theRh-Dab dendrimers,
determined by reporting ln(1/rH) against the ln(molar weight),
is very similar to that ofDab (Figure 3). The linear regression
of the data gives a slope of 0.39, which is close to the slope
found for the parentDab dendrimers (0.38 at 25°C in
CD3OD18a and 0.41 at 25°C in CD2Cl2). This means that the
introduction of the organometallic moieties on the surface has
little effect on the density distribution.

The hydrodynamic radius extrapolated at zero concentration
(rH

0) is reported in Table 3. Analogously to what is observed
for Dab, rH

0 increases linearly with the generation number
(G): rH

0 ) 0.50G + 0.40 (whererH
0 is expressed in nanom-

eters). The exponential growing molar weight with the genera-
tion number in combination with the linear growth of the
hydrodynamic radius implies a minimum in the density of the
dendrimer around the two highest generations similar to that
found for Dab.

Evaluation of the Surface Metal Density of Dab-Organo-
Rhodium Dendrimers. As stated above, it is extremely
important to evaluate the spatial proximity of the organometallic
catalytic sites in the dendrimer surface in order to predict and/
or explain possible beneficial or detrimental cooperative effects
between two (or more) sites. In principle, the surface metal
density could be easily determined if the internal radius (r int in
Figure 5) of the dendritic skeleton, i.e., the distance between
the center of the dendrimer and the last NH-amido moiety of
Rh-Dab, were known.

Unfortunately,r int cannot be directly determined from PGSE
measurements. To indirectly evaluater int, it can be considered
that for all dendrimers

This indicates that some additional solvent molecules are
included in theRh-Dab dendrimers besides those present in
Dab andRh that are already counted inVH

0(Dabn) andVH
0-

(Rh). From eq 1 the volume of the additional solvent molecules
(Vsolv) can be defined as

(37) In some cases it has been observed that neutral organometallic
complexes undergo aggregation in solution: Zuccaccia, D.; Clot, E.;
Macchioni, A.New J. Chem.2005, 29, 430.

Table 2. van der Waals Radius (rvdW, Å), Maximum Radius (rMax, Å), Radius of Gyration (rg, Å), and Hydrodynamic Radius
Extrapolated at Zero Concentration (rH

0, Å), for Dab Dendrimers

entry rvdW rMax

CVFFCa

(bad solv)
rg

CVFFREPa

(good solv)
rg

PGSE
CD2Cl2

rH
0

PGSE
CD3OD

rH
0

1 Dab4 4.3 8.5 4.9 5.0 4.9 6.4
2 Dab8 5.8 13.4 6.0 7.6 6.8 9.0
3 Dab16 7.4 18.3 7.4 10.1 9.9 12.0
4 Dab32 9.7 23.3 10.0 12.9 13.2 16.6
5 Dab64 12.2 28.4 12.5 15.9 16.7 20.1

a CVFFC ) consistent valence force field coulombic (ref 7a).b CVFFREP) consistent valence force field repulsion (ref 7a).

Scheme 1

Figure 4. Dependence ofrH
0 (Å) on the concentration (mM) for

Rh-Dab32 in CD2Cl2.

VH
0(Rh-Dabn) > VH

0(Dabn) + nVH
0(Rh) (1)

Vsolv ) VH
0(Rh-Dabn) - VH

0(Dabn) - nVH
0(Rh) (2)
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These additional solvent molecules can be trapped (a) in the
external shell derived from the anchoring ofRh onto the
dendrimer surface (model A in Figure 5) or (b) within the
dendritic skeleton that has increased in size due to elongation
of the branches (model B in Figure 5).

In model A it is assumed that the dendriticDab branches do
not further elongate whenRh is attached; consequently, the
internal radius of the dendritic structure inRh-Dab (r int

A) is
simply equal torH

0 of Dab. The maximum volume available
for the additional solvent molecules (VMax

A) corresponds to that
of the spherical shell which has a thickness equal to the
hydrodynamic diameter ofRh (dRh) (Figure 5) after the volumes
that are occupied by then Rh units have been subtracted.
Computing theVMax

A values and the percentage of the shell
occupied by CD2Cl2 and CD3OD, it is clear that it is not correct
to considerr int

A equal torH
0 of theDab dendrimer in CD2Cl2,

at least not for the highest generation of dendrimer sinceVMax
A

is 2.25 times smaller thanVsolv. If we use rH
0 of the Dab

dendrimer in CD3OD to evaluater int
A of Rh-Dab64, it is found

that VMax
A ) Vsolv within the experimental error. The same

occurs forRh-Dab32 if rH
0 of theDab dendrimer in CD2Cl2 is

used. This means that the spherical shell that has a thickness
equal to dRh is completely filled by the additional solvent
molecules. For all other generations,Vsolv is smaller thanVMax

A.
As far as model B is concerned,r int

B can be computed by
subtractingn times VH

0(Rh), depending on the dendrimer
generation, fromVH

0(Rh-Dabn) and assuming a spherical shape
of the internal structure. Ther int

B values, reported in Table 3,
are always higher thanrint

A in CD3OD and are consistently lower
thanrMax of the Dab dendrimers. In addition, for the first and
last generation,r int

B (8.0 and 26.6 Å, respectively) approaches
rMax (8.5 and 28.4 Å, respectively). The real situation is
reasonably intermediate between those depicted by the models
A and B; that is, some additional solvent molecules could be

accommodated within the elongated branches of theDab
structure and others in the spherical shell ofdRh thickness.
Therefore, from now onr int

A andr int
B are considered to be the

lower and upper limits for estimating the surface metal density.
An approximate evaluation of the maximum number ofRh

units that can be physically accommodated on the surface of
the dendritic skeleton (nRh

Max), the degree of covering (FRh),
defined as the ratio betweennRh

Max and the number ofRh units
of the various generations, and the linear distances between two
Rh atoms (dRh/Rh) can be obtained as described in the Experi-
mental Section. The values for models A (CD2Cl2 and
CD3OD) and B are reported in Table 3. In all three cases,FRh

increases anddRh/Rh decreases with the dendrimer generation.
It is important to note thatFRh cannot assume all of the values
up to 1 in model A since, according to this model, the additional
solvent molecules derived from the attachment ofRh onto the
dendritic skeleton have to be accommodated on the dendritic
surface. Although the maximum value thatFRh can assume is
different for each dendrimer (depending on the amount ofVsolv),
anyFRh value over 0.5 must be considered unrealistic. This leads
to the conclusion that model A fails to describeRh-Dab64 if
the dendritic skeleton ofDab64 in both CD2Cl2 and CD3OD is
taken into account and alsoRh-Dab32usingDab32 in CD2Cl2
(FRh > 0.5 in Table 3). Considering that also theFRh values for
Rh-Dab16 and Rh-Dab8 are close to the maximum limit of
0.5 and that the chemical wisdom suggests that the introduction
of the organometallic moiety at the end of theDab dendritic
branches makes theRh-Dab dendrimers more suitable to solve
in CD2Cl2, theFRh anddRh/Rh data in CD3OD can be taken into
account to describe the limit situation of maximum proximity
between the organometallic sites. Comparing these data with
those from model B, the range of variation ofFRh anddRh/Rh is
rather small and, consequently, the real situation can be nicely
depicted. For the three lowest generations, the distance between

Figure 5. The two models used to evaluate the linear distance between two Rh centers (dRh/Rh). In model A (left) the dimension of the
dendritic skeleton does not change compared to theDab dendrimer (r int ) rH

0). In model B (right), the branches of theDab skeleton
elongate.

Table 3. Internal Radius (r int, Å) Evaluated According to Models A and B, Maximum Number of Rh on the Dendritic Surface
(nRh

Max), Covering Degree (GRh, N/nRh
Max), and Distance between Two Rh Atoms on the Surface (dRh/Rh, Å) for Rh-Dab

Dendrimers

model A (r int ) rH
0 in CD2Cl2) model A (r int ) rH

0 in CD3OD) model B

entry r int nRh
Max FRh dRh/Rh r int nRh

Max FRh dRh/Rh r int
B nRh

Max FRh dRh/Rh

1 Rh-Dab4 4.9 15 0.27 14.8 6.4 21 0.19 17.2 8.0 28 0.14 19.8
2 Rh-Dab8 6.8 22 0.36 13.3 9.0 33 0.24 16.0 10.9 43 0.19 18.3
3 Rh-Dab16 9.9 37 0.43 12.4 12.0 49 0.33 14.2 14.5 67 0.24 16.4
4 Rh-Dab32 13.2 57 0.56 11.1 16.6 83 0.39 13.3 19.5 108 0.30 15.2
5 Rh-Dab64 16.7 84 0.76 9.5 20.1 114 0.56 11.0 26.6 185 0.35 14.0
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the two organometallic sites is remarkable, ranging from 17.2
to 19.8 Å forRh-Dab4, 16.0 to 18.3 Å forRh-Dab8, and 14.2
to 16.4 Å for Rh-Dab16, i.e., ca. 2 times higher than the
diameter ofRh (8.3 Å). In the case ofRh-Dab32, the distance
dRh/Rh is between 13.3 and 15.2 Å and is half the diameter of
Rh. Finally, in Rh-Dab64 the value ofdRh/Rh is a little smaller
than 14.0 Å. It seems unlikely that cooperative effects are
present in any of the cases at least for catalytic processes that
do not involve large substrates.

Conclusions

We have here demonstrated that PGSE NMR measurements
afford precious information concerning the structure of organo-
metallic dendrimers in solution. Besides the estimation of the
hydrodynamic dimensions, the tendency to self-aggregate and,
more importantly, the spatial proximity of the organometallic
sites have been evaluated for the first time.

The tendency ofRh-Dab dendrimers to self-aggregate
increases with the generation: whileRh-Dab4, Rh-Dab8, and
Rh-Dab16 do not self-aggregate,Rh-Dab32 and Rh-Dab64
exhibit a 40-50% enhancement ofVH when the concentration
is increased 100-fold.

As for the spatial proximity of the Rh centers, the linear
distance between two Rh atoms decreases with the generations
but remains considerably higher than the “contact” distance,
i.e., the diameter of theRh units (8.3 Å).

Since organometallic dendrimers are being used more fre-
quently as homogeneous microfilterable catalysts, we believe
that it is important to evaluate the tendency to self-aggregate
and, especially, to determine the spatial proximity of the metal
centers in order to understand, and even predict, possible
beneficial or detrimental cooperative effects between the
catalytic sites.

Experimental Section

Poly(propylenimine) DAB-dendr-(NH2)n (n ) 4, 8, 16, 32, 64)
were purchased from Sigma Aldrich. DAB-dendr-(Rh)n (n ) 4, 8,
16, 32, 64) were prepared according to literature methodology.21

1H NMR spectra were measured on Bruker DRX 400 spectrom-
eters. Referencing is relative to TMS. NMR samples were prepared
by dissolving the suitable amount of compound in 0.5 mL of
solvent.

PGSE Experiments.1H-PGSE NMR measurements were per-
formed using the standard stimulated echo pulse sequence17c on a
Bruker AVANCE DRX 400 spectrometer equipped with a GREAT
1/10 gradient unit and a QNP probe with a Z-gradient coil, at 296
K without spinning. The dependence of the resonance intensity (I)
on a constant waiting time and on a varied gradient strength (G) is
described by eq 3:

whereI ) intensity of the observed spin-echo,I0 ) intensity of
the spin-echo without gradients,Dt ) diffusion coefficient,∆ )
delay between the midpoints of the gradients,δ ) length of the
gradient pulse, andγ ) magnetogyric ratio.

The shape of the gradients was rectangular, the duration (δ) was
4-5 ms, and the strength (G) was varied during the experiments.
All the spectra were acquired using 32K points and a spectral width
of 5000 Hz and processed with a line broadening of 1.0 Hz. The
semilogarithmic plots of ln(I/I0) versusG2 were fitted using a
standard linear regression algorithm; theR factor was always higher
than 0.99. Different values for∆, “nt” (number of transients), and

the number of different gradient strengths (G) were used for
different samples.

PGSE data were treated23 using an internal standard (TMSS
[tetrakis(trimethylsilyl)silane], whose dimension is known from the
literature38) and introducing in the Stokes-Einstein equation the
semiempirical estimation of thec factor, which can be obtained
through eq 4,39 derived from the microfriction theory proposed by
Wirtz and co-workers,40 in which c is expressed as a function of
the solute-to-solvent ratio of the radii.

Based on the Stokes-Einstein equation,Dt ) kT/cπrH, and eq
4, the ratio of theDt values for the standard TMSS (st) and sample
(sa), which are also equal to the ratio of the slopes (m) of the straight
lines coming from plotting log(I/Io) versusG2 [eq 3], is

Equation 5 circumvents the dependence of theDt values on
temperature, solution viscosity (that changes when the concentration
of the sample is varied), and gradient calibration and allows an
accurate value of the hydrodynamic radius to be obtained.23

The uncertainty of the measurements was estimated by determin-
ing the standard deviation ofm when experiments were performed
with different∆ values. The standard propagation of error analysis
gave a standard deviation of approximately 3-4% in hydrodynamic
radii and 10-15% in hydrodynamic volumes. The van der Waals
volume (VvdW)41 and the maximum radius (rMax) of the dendrimers
were computed using the software package WebLab ViewerLite
4.0.

Calculation of dRh/Rh, nRh
Max, and GRh and for Rh-Dab

Dendrimers. The problem of calculating the distance between two
rhodium atoms (dRh/Rh) on the surface is a problem strictly related
to that of placingn points on a spherical surface so as to maximize
the minimal distance (or equivalently the minimal angleϑ) between
them. The latter was numerically solved by Sloane.42 In our case,
n rhodium atoms have to be distributed on the surface of the sphere
having a radius equal tor int + rRh (see illustration below).

Sloane reported some numerical tables in which the number of
points distributed on the spherical surface is related to the angle
(ϑ) defined in the sketch. Using these tables, we calculatedϑ for
every dendrimer generation (n ) 4, 8, 16, 32, and 64). Finally,
dRh/Rh was estimated from the trigonometric relationship reported
in the illustration.

The maximum number ofRh units that can be physically
accommodated on the dendritic surface (nRh

Max) was estimated with
an inverse procedure fixingdRh/Rh equal to 2rRh (8.3 Å), deriving
first ϑ and thenn, always using Sloane’s tables. The covering

ln
I
I0

) - (γδ)2Dt(∆ - δ
3)G2 (3)

c ) 6

[1 + 0.695(rsolv

rH
)2.234]

(4)

msa

mst
)

Dt
sa

Dt
st

)
cstrH

st

csarH
sa

) f(rsolv,rH
sa,rH

st) (5)
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degree,FRh, is simply the ratio between the number ofRh anchored
on the dendrimer (n) andnRh

Max.
By inserting r int ( ∆r int and rRh ( ∆rRh values into Sloane’s

tables, the error ondRh/Rh, nRh
Max, andFRh was found to be ca. 10%.
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dell’Universitàe della Ricerca (MIUR, Rome, Italy), Programma
di Rilevante Interesse Nazionale, Cofinanziamento 2004-2005
for support.

OM0600240

(38) Dinnebier, R. E.; Dollase, W. A.; Helluy, X.; Ku¨mmerlen, J.; Sebald,
A.; Schmidt, M. U.; Pagola, S.; Stephens, P. W.; van Smaalen, S.Acta
Crystallogr.1999, B55, 1014.

(39) Chen, H.-C.; Chen, S.-H.J. Phys. Chem.1984, 88, 5118. Espinosa,
P. J.; de la Torre, J. G.J. Phys. Chem.1987, 91, 3612.

(40) Gierer, A.; Wirtz, K.Z. Naturforsch. A1953, 8, 522. Spernol, A.;
Wirtz, K. Z. Naturforsch. A1953, 8, 532.

(41) Bondi, A.J. Phys. Chem.1964, 68, 441.

(42) Sloane, N. J. A. with the collaboration of Hardin, R. H., Smith, W.
D., and others.Tables of Spherical Codes; published electronically at
www.research.att.com/∼njas/packings/.

2208 Organometallics, Vol. 25, No. 9, 2006 Zuccaccia et al.


