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PGSE NMR measurements have been carried out for daBdr(NH,), [n = 4 (Dab4), 8 (Dab¥8),
16 (Dab16), 32 (Dab32), and 64 Dab64)] and DAB-dendr[NH(O)COCH,CH,OC(O)GH4Rh(NBD)],
[n= 4 (Rh-Dab4), 8 (Rh-Dab8), 16 (Rh-Dab16), 32 (Rh-Dab32), and 64 Rh-Dab64)] in CD,Cl, and
CDs0OD as a function of the concentration. The hydrodynamic radiyp énd, consequently, the
hydrodynamic volume\{,) of all the species are determined from the measured translational self-diffusion
coefficients Dy). In CD,Cl,, bothDab andRh-Dab dendrimers show a tendency toward self-aggregation
that increases with the generations. In addition, while the madior Dab dendrimers is ca. 2630%
higher in CROD than in CDCl,, thery values forRh-Dab dendrimers are only slightly influenced by
solvent variation. To estimate the RRh spatial proximity drnrn) On the surface, the internal radius
(rine) of the Dab skeleton inRh-Dab dendrimers was (i) considered equal to that of Btad 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 thatdrrndecreases from 17-219.8 A (Rh-Dab4) to about 14.0 ARh-Dab64) with the increase
in dendrimer generation.

properties® It has been shown that catalytic performance
» o improves when the active sites are spatially close enough to
Hyperbranched dendritic molecules have inspired many undergo a constructive cooperative effeétand that the

chemists to develop new materials, and several applications haveyerease in catalytic efficiency per catalyst unit is usually due
been explored,including catalysis. In this field, great efforts to steric crowding

have been devoted to attach a catalytic module to the dendrimer o ) )
surface in order to form well-defined macromolecular homo-  Therefore, it is extremely important to evaluate the spatial
geneous systems that enable precisely controlled structures td®roximity of the catalytic sites. In principle, this information
be built that could possibly fill the gap between homogeneous could be obtained if the size of the dendritic structure and that
and heterogeneous cataly$i$he position of the active sites  of the anchored organometallic catalyst were known. The size
and their spatial separation within the dendritic framework are of dendritic molecules has been measured by neutron scattering
of crucial importance because of their influence on the catalytic
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(SANS); small-angle X-ray scattering (SAX8)intrinsic vis-
cosimetry? osmotic compressibility® gel permeation chroma-
tography!! mass spectrometif,low-angle laser light scattering,
vapor pressure osmomettycapillary electrophoresis (CE},
and neutron spirnecho (NSE) experiments.

An alternative and attractive way to evaluate molecular
dimension& is represented by PGSE (pulsed field gradient
spin—echo) NMR measurementghat lead to the determination
of the translational self-diffusion coefficienD{) and conse-
quently to the hydrodynamic radiusyf of the diffusing particles
by means of the Stoke€instein equatio®; = kT/czzry, where
kis the Boltzman constant,is the temperature,is a numerical
factor, andy is the solution viscosity.

While PGSE NMR measurements have been applied to

dendrimers for a long tim& organometallic dendrimers have
been considered only in a few ca¥&®¥ 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-
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dendr(NHz)n, N = 4, 8, 16, 32, 64) and their organometallic
derivatives DABdendr[NH(O)COCHCH,OC(O)GH4Rh-
(NBD)]n[n=4, 8, 16, 32, and 64], which were obtained (Chart
1)%1 by anchoring an alkoxycarbonylcyclopentadienyl rhodium-
(1) complex, namely, [RpCsH4COx(CH,),OH} (NBD)] (Rh),22ab
which was found to be active in the hydroformylation reactions
of hex-1-ene and styrerfé

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 DABdendr(NH3),. PGSE
experiments (Figure 1) were performed on DABRdF(NH>),
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Figure 1. Three sections of three differeti-PGSE NMR spectra
recorded in CRCl, showing the dependence of the resonance
intensities (norbonadiene f&h-Dab32 methylene protons bearing
NH, for Dab16 and NBD forRh) on the intensity of the pulsed-
field gradient.

[n = 4 (Dab4), 8 (Dab8), 16 (Dabl6), 32 (Dab32), and 64
(Dab64)] in CD,Cl, and CXOD as a function of the concentra-
tion (Table 1). The methodology used to obtain accurate
values from the measured self-diffusion coefficieDt is
described elsewhere (Experimental Sectir)he D; values
determined by Rietveld and co-work&&for the same den-
drimers in CROD are also reported in Table 1 (entries 5, 12,
19, 23, and 27) for comparison. Thevalues determined from

the two sets of measurements are in remarkable agreement and
can be considered equal within the experimental error (ca. 3%). 21

For all the generations ddab dendrimersry was higher in
CDsOD than in CBQCl,, which are “good” and “bad” solvents,
respectively, due to the well-recognized swelling efféétOn
passing from CBCl, to CD;0D, the dendritic branches elongate,
leading to a 26-30% enhancement of; (compare entries 1/5,
7112, 14/19, 21/23, 25/27 in Table 1).

27
The apparent dimensions of the dendrimers also depend on
the dendrimer concentration, especially for the higher genera- 28

tions. This is evident in data reported in Table 1 and in Figure
2, where the trend of the hydrodynamic radius versudhke
dendrimer concentration is depicted.

It is clear thatry 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 33

generations; is dramatically affected by the concentration with

slopes that become increasingly steeper (Figure 2). For example,35

the hydrodynamic radius @ab64is 16.9 at 0.4 mM and 20.1
at 8 mM (entries 25 and 26 in Table 1). This dependenag, of

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 40

dendrimer could transform CICl, from a “bad” to a “good”
solvent, seems less plausible, becaysshould then vary for
all the dendrimers and not only for the highest generatiéns.
A more quantitative idea of this self-aggregation effect can
be obtained from the aggregation numkdy (Table 1) defined
as the ratio between the hydrodynamic volunvg)(and that at
zero concentration\,@o).23~27 The Vy and Vi° can be easily
determined fromry and ry°, i.e. the hydrodynamic radius

Organometallics, Vol. 25, No. 9, 208

Table 1. Diffusion Coefficient (10°D; m? s71),
Hydrodynamic Radius (ry, A), Hydrodynamic Volume (Vy,
A3), and Aggregation Number () for Dab, Rh, and Rh-Dab
as a Function of Concentration C, mM), in CD,Cl; (e; =
8.93 at 25°C) and CD30OD (¢, = 32.66 at 25°C)

Dt 'y Vu N C
Dab4 (V4? = 501)
1 CDJCl, 11.0 4.9 501 1.0 5.8
2 CDJCl 106 5.0 517 1.0 234
3 CDJCl 101 51 539 1.1 8338
4  CDJCl, 86 5.1 564 1.1 326
5 CDsOD 56 6.4 1072 13
ref 18a 6.4
6 CDsOD 41 6.5 1166 326
Dab8 (Vi° = 1300)
7 CDJCl, 76 6.8 1300 1.0 0.5
8 CDJCl 69 7.1 1486 1.1 5.5
9 CDJCl, 66 7.4 1708 1.3 228
10 CDJCl, 52 7.7 1927 15 106
11 CDJCl, 29 84 2460 1.9 343
12 CD;OD 36 9.0 3053 13
ref 18a 9.2
13 CDs;0OD (32.66) 1.7 9.6 3705 343
Dab16(Vx0 = 4056)
14 CDJCl, 50 9.9 4056 1.0 0.8
15 CDJCl, 49 99 4100 1.0 3.1
16 CDJCl, 45 10.3 4590 1.1 18.9
17 CDJCl, 21 13.0 9170 2.3 113
19 CDOD 28 12.0 7292 13
ref 18a 12.7
20 CDsOD 1.6 138 10912 113
Dab32 (V40 = 9612)
CDxCl»(8.93) 3.7 133 9832 1.0 0.8
CDxCl»(8.93) 29 15.0 14080 1.5 13
23 CDs;OD (32.66) 21 16.6 19160 1
ref 18a 16.5
24 CD;OD (32.66) 2.6 18.8 28011 13
Dab64 (Vy® = 19579)
25 CDCl, 29 169 20290 1.0 0.4
26 CDCl, 20 201 34117 1.7 8
CDs0OD 1.7 20.1 34015 0.5
ref 18a 20.3
CD;OD 20 248 63891 8
Rh (V4° = 299)
CDCl, 145 41 299 1.0 10
30 CDCl, 142 4.2 308 1.1 100
Rh-Dab4 (Vi,° = 3401)
31 CDCl, 51 93 3401 1.0 3
32 CDCl, 46 94 3501 1.0 25
CD;OD 40 87 2758 1
Rh-Dab8 (V0 = 7775)
CD.Cl> 40 123 7775 1.0 0.7
CD.Cl, 36 124 8063 1.0 6
36 CD;OD 3.0 11.2 5900 1
Rh-Dab16(Vi{? = 17415)
CDCl, 3.0 16.1 17415 1.0 0.04
CD.Cl, 29 165 18782 1.1 0.4
39 CDCl, 2.8 16.8 19861 1.1 1.8
CDCl, 27 16.7 19509 1.1 3.2
Rh-Dab32 (Vi = 40478)
41 CDJCl, 22 21.3 40478 1.0 0.03
42 CD.Cl, 22 22.0 44602 1.1 0.5
43 CD.Cl, 1.8 227 48802 1.2 1.1
44 CD.Cl, 1.8 245 61600 15 3
Rh-Dab64 (Vi{° = 99229)
45 CDCly 1.6 287 99229 1.0 0.02
46 CD.Cl, 1.6 29.0 102160 1.0 0.7
47 CD.Cl, 1.3 30.6 120491 1.2 1.2
48 CD.Cl, 1.2 323 140892 1.4 2

extrapolated at zero concentration, by assuming a spherical shape

of dendrimers in solution. It can be noted thdtremains

(23) Zuccaccia, D.; Macchioni, AOrganometallic2005 24, 3476.

(24) Chai, M.; Niu, Y.; Youngs, W. J.; Rinaldi, P. 0. 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.Am. Chem. S0d999 121, 9958.

(26) Fuoss, R. MJ. Am. Chem. Sod.958 80, 5059.

practically constant and equal to 1 over the entire concentration
range 5.8-326 mM forDab4 (Table 1, entries+4). In contrast,
there is a significant presence of dimers in solutihn< 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 (entries1 and entries
14—-17, Table 1). Conversely, for the two highest generations
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22 - -
] * Dabd M
20 + * Dab8 161 A
] 4+ Dab16 -1.8 « Rh-Dab
* v Dab32 2.0
164 / + Dab64 = 2.2
17 < L4
14/ = 2
oz I i %4&
5= 12 =
7] = 28
s £ ]
10"1_!" -3.04
Gl I T T 3.2
B--‘ 3.4 ~
| — . = 55 60 65 7.0 7.5 80 85 9.0 95 10.0 10.5
D S S A PO A P In (molar weight [g/mol])
- tration (mM) Figure 3. Scaling of the hydrodynamic radiusf, A) obtained

in CD,Cl, with the molecular weight fobab andRh-Dab (1-5
Figure 2. Dependence of the hydrodynamic radiug, &) on the generations).

concentration (mM) in CBECl, for Dab dendrimers.
generation number in combination with the linear growth of
(Dab32andDab64), already at a millimolar concentration level, the hydrodynamic radius implies a minimum in the density of
N is higher than 1.5, indicating an important presence of dimers the dendrimer around the two highest generations.
(entries 22 and 26, Table 1). Finally, it is noteworthy to compare thrg® values determined
Self-aggregation of the highest generations of dendrimers in by PGSE NMR measurements in both £II) and COD with
methanol has been reported in the literaff?r:10.13.183\here the van der Waals radius,§w, see Experimental Section), the
self-aggregation of dendrimers in low polarity, aprotic solvents maximum radiusrvax) (geometrically estimated considering a
such as CBCl, is concerned, it has only been observed for fully extended structuré see Experimental Section), and the
dendrimers based on peptide fragméhts those that contain ~ radius of gyrationi(g) that was calculated for “bad” and “good”
a single ureidopyrimidiné® In both cases, the self-aggregation solvents (Table 2}2
was driven by the possibility of establishing hydrogen bonds.  The ryw and rq radii for a “bad” solvent represent the
To evaluate the radial density distribution in the different Minimum size of the dendrimers corresponding to a situation
generations of dendrimers, the natural logarithm of the inverse in which all the branches are completely folded, while the upper
of the ry® was reported against the natural logarithm of the limit for the dendrimer size is clearly determined hyax. In

molecular weight (Figure 3¥ both solventsrC is slightly higher tharrg (“good” and “bad”
The linear regression of the data gives a slope of 0.41, which Solvent for CROD and CRCl, respectively, in Table 2) with
is very close to the slope found in methanol (0.38 af@5-8a a deviation that increases with the dendrimer generation. This

and is intermediafé 32 between that expected for a uniform IS in agreement with a previous study by Scherrenberg and co-
density distribution (0.33§ that decreases on the outer $fde ~ Workers’On the other hand® is considerably smaller than
and that for dendrimers that possess a fractal structure¥0.5). 'max, €specially in CCl. The positive deviation ofy with

Rietveld and co-workers showed that® for Dab (1-5 respect tay has been attributed to the solvent that is incorpo-
generations) in CEDD grows linearly with the generation rated into the dendritic structure and translates wifait.
number () according to the relation,® = 0.35G + 0.25, where PGSE NMR Measurements on Organo-Rhodium Den-

ri® is expressed in nanometéfs. Our measurements in  drimers. PGSE experiments were performed on DABAdF

CD,Cl, indicate that© = 0.28G + 0.18. Due to the fact that  [NH(O)COCHCH,0C(O)GHRh(NBD)], [n = 4 (Rh-Dab4),
CD,Cl, is a worse solvent than GDD, dendrimers have both 8 (Rh-Dab8), 16 (Rh-Dab16), 32 (Rh-Dab32), and 64 Rh-
size (compare 0.18 with 0.25) and size-increment on increasing2ab64)] and the free rhodium compoungif)?? in CD.Cl; as
the generation (compare 0.28 with 0.35) smaller i,CBthan a function of the concentration (Table 1). TRé-Dab den-

in CDsOD. The exponentially growing molar weight with the ~drimers (Scheme 1) were synthesized as previously descfibed.
Due to the insolubility oRh-Dab dendrimers in CBOD and
(27) For papers where N has been used: (a) Pochapsky, S. S.; Mo, H.:in order to understand the effect of solvent on the dendrimer
Pocﬂapsllzy, ‘I_I'_.f] CPhhem. g?]c., CE£7Cf£mgf§§ %(35)1?2 E:t::)agjclzqé HC size/, PGSIE(NI\/I)R measuremhen':cs were also Carriergég)ut irll):.;a CD
Pochapsky, T.J. Phys. Chem. . A - uccaccia, C.; OD/CD,ClI, (8:1) mixture for the first two generatiofith-Dab4
Belacon®, i CAdad S acchion, @rganometalic000 18 . and Rh-Dab (Table 1, entries 33 and 36). In contrast with
J. A;; Marks, T. J.J. Am. Chem. Soc2004 126, 1448. (e) Song, F.; the results obtained fdbab, the Rh-Dab dendrimers showed

Lancaster, S. J.; Cannon, R. D.; Schormann, M.; Humphrey, S. M.; a slight decrease in size on passing from,CRQto a CD;OD/

fg‘l’ga_‘ig"z"éc'; Macchioni, A.; Bochmann, idrganometallics2005 24, CD,Cl, (8:1) mixture (compare entries 31/33 and 34/36).
(28) Mon'g, T. K. K. Niu, A.; Chow, H. F.: Wu, C.; Li, L.: Chen, R. Typically, rigid dendrimer® are quite insensitive to variations

Chem. Eur. J2001, 7, 686. in the nature of solver®38while flexible dendrimers usually
(29) Sun, H.; Kaiser, A. EOrg. Lett.2005 7, 3845. nder wellin ff Th lioht variation in siz f th
(30) (a) de Gennes, P. G.; Hervet, H.Phys. (Paris)1983 44, L351. u de. goas e. g effect. € S gnt variatio size of the

(b) Zook, T. C.; Pickett, G. TPhys. Re. Lett 2003 90, 015502-1. considered flexibleRh-Dab dendrimers has to be reasonably
(31) Baille, W. E.; Malveau, C.; Zhu, X. X.; Kim, J. H.; Ford, W. T.

Macromolecule2003 36, 839. (34) Riley, M J.; Alkan, S.; Chen, A.; Shapiro, M.; Khan, W. A.; Murphy,
(32) Lyulin, S. V.; Darinskii, A. A.; Lyulin, A. V.; Michels, M. A. J. W. R. Jr; Hanson, J. BMacromolecule001, 34, 1797.

Macromolecule2004 37, 4676. (35) Moore, J. SAcc. Chem. Red.997, 30, 402.
(33) (a) Murat, M.; Grest, G. SMacromoleculesl996 29, 1278. (b) (36) Huang, B.; Prantil, M. A.; Gustafson, T. L.; Parquette, JJ.FAm.

Lascanec, R. L.; Muthukumar, MMacromolecules99Q 23, 2280. Chem Soc2003 125 14518.
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Table 2. van der Waals Radius yaw, A), Maximum Radius (rva
Extrapolated at Zero Concentratio

Organometallics, Vol. 25, No. 9, 2%

« A), Radius of Gyration (rg, A), and Hydrodynamic Radius
n (ru® A), for Dab Dendrimers

CVFFC CVFFREP PGSE PGSE
(bad solv) (good solv) CD.Cl, CDsOD
entry I'vaw I'Max rg rg IO rH°

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

aCVFFC = consistent valence force field coulombic (ref 7aLVFFREP=

Scheme 1
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ascribed to the fact that the introduction Rh moieties onto
the dendritic surface makes @O, as “good” a solvent as
CDsOD.

The dimensions of the first three generations are found to be
independent of the concentration (Table 1, entries 3 for
Rh-Dab4, entries 34-35 for Rh-Dab8, and entries 3740 for
Rh-Dab16). In contrast, thery value increases with the
concentration for the two highest generations (Table 1, entries
41—44 for Rh-Dab32 and entries 4548 for Rh-Dab64). For
instancery is 21.3 and 24.5 A at 0.03 and 3 mM, respectively,
for Rh-Dab32 (Figure 4).

The aggregation numbeNJ oscillates between 1.0 and 1.1
for dendrimerRh-Dab4/Rh-Dabl16on varying the concentra-
tion and approaches 1.5 for the two highest generatiBhs (
Dab32 and Rh-Dab64) already at a millimolar concentration
level reasonably due to the self-aggregation of the dendrimers
that afford dimers. The rhodium fragmemH) does not seem

consistent valence force field repulsion (ref 7a).

to play a particular role in the aggregation process since it does
not show any tendency to aggregéteon 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-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 thRh-Dab dendrimers,
determined by reporting In(d4) against the In(molar weight),
is very similar to that oDab (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 25C in
CD;0OD!82and 0.41 at 25C in CD,Cl,). 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
(ry0) is reported in Table 3. Analogously to what is observed
for Dab, ry° increases linearly with the generation number
(G): ry® = 0.50G + 0.40 (whererp? 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 radiyg it
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 ri,: cannot be directly determined from PGSE
measurements. To indirectly evaluajg, it can be considered
that for all dendrimers

V. (Rh-Dabn) > V,°(Dabn) + nV,°(Rh) 1)

This indicates that some additional solvent molecules are
included in theRh-Dab dendrimers besides those present in
Dab andRh that are already counted WM,%(Dabn) and V-
(Rh). From eq 1 the volume of the additional solvent molecules
(Vsony) can be defined as

V,

S

= V,%(Rh-Dabn) — V,’(Dabn) — nV,,°(Rh) (2)

olv

254
o
o 24
._I
234 .
-
= Rh-Dab32
224 I
'y
214~
0 1 2 3
Concentration (mM)

Figure 4. Dependence ofi,® (A) on the concentration (mM) for
Rh-Dab32in CD,Cl,.

(37) In some cases it has been observed that neutral organometallic
complexes undergo aggregation in solution: Zuccaccia, D.; Clot, E.;
Macchioni, A.New J. Chem2005 29, 430.
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Model A

; drurh

Zuccaccia et al.

T;

in int

B A
t =T

Figure 5. The two models used to evaluate the linear distance between two Rh celtggg.(In model A (left) the dimension of the

dendritic skeleton does not change compared toltab dendrimer
elongate.

(it = r19. In model B (right), the branches of tHgab skeleton

Table 3. Internal Radius (Fin, A) Evaluated According to Models A and B, Maximum Number of Rh on the Dendritic Surface
(nraMax), Covering Degree prn, N/ngpM2%), and Distance between Two Rh Atoms on the Surfacedgnrn, A) for Rh-Dab

Dendrimers
model A (int = rp%in CD,Cly) model A (int = rp®in CD30D) model B
entry int NrMa PR drn/Rh lint NryMa PR drh/Rh Fint® NriMax PRh drn/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

These additional solvent molecules can be trapped (a) in theaccommodated within the elongated branches of Eab

external shell derived from the anchoring Bh onto the
dendrimer surface (model A in Figure 5) or (b) within the

structure and others in the spherical shelldaf, thickness.
Therefore, from now om,® andri,® are considered to be the

dendritic skeleton that has increased in size due to elongationlower and upper limits for estimating the surface metal density.

of the branches (model B in Figure 5).

In model A it is assumed that the dendribab branches do
not further elongate wheRh is attached; consequently, the
internal radius of the dendritic structure Rh-Dab (rin) is
simply equal tory® of Dab. The maximum volume available
for the additional solvent molecule®.*) corresponds to that

An approximate evaluation of the maximum numbeRbf
units that can be physically accommodated on the surface of
the dendritic skeletonngM®), the degree of coveringogp),
defined as the ratio betwe@a,M® and the number dRh units
of the various generations, and the linear distances between two
Rh atoms @rnrr) can be obtained as described in the Experi-

of the spherical shell which has a thickness equal to the mental Section. The values for models A (£ and

hydrodynamic diameter d&®h (dry) (Figure 5) after the volumes
that are occupied by tha Rh units have been subtracted.
Computing theVua values and the percentage of the shell
occupied by CRCl, and CROD, it is clear that it is not correct
to considerr;,® equal tor° of the Dab dendrimer in CRCly,

at least not for the highest generation of dendrimer sifgg®

is 2.25 times smaller thaWso. If we usery® of the Dab
dendrimer in CROD to evaluatei,* of Rh-Dab64, it is found
that Vwax® = Vsov Within the experimental error. The same
occurs forRh-Dab32if ry® of the Dab dendrimer in CRCl; is

CDsOD) and B are reported in Table 3. In all three cages,
increases andrnrn decreases with the dendrimer generation.
It is important to note thaprn cannot assume all of the values
up to 1 in model A since, according to this model, the additional
solvent molecules derived from the attachmenRafonto the
dendritic skeleton have to be accommodated on the dendritic
surface. Although the maximum value tha{, can assume is
different for each dendrimer (depending on the amouMsgy),

any prn value over 0.5 must be considered unrealistic. This leads
to the conclusion that model A fails to descriBd-Dab64 if

used. This means that the spherical shell that has a thicknesghe dendritic skeleton ddab64in both CD,Cl, and CRXOD is

equal todgrn is completely filled by the additional solvent
molecules. For all other generatioNgey, is smaller tharVya®.

As far as model B is concernedy® can be computed by
subtractingn times V4°(Rh), depending on the dendrimer
generation, fronv°(Rh-Dabn) and assuming a spherical shape
of the internal structure. They® values, reported in Table 3,
are always higher tham, in CD;OD and are consistently lower
thanryax of the Dab dendrimers. In addition, for the first and
last generation;;,® (8.0 and 26.6 A, respectively) approaches
rvax (8.5 and 28.4 A, respectively). The real situation is

taken into account and al&th-Dab32usingDab32in CD,Cl,

(prn > 0.5 in Table 3). Considering that also thg, 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 tbab dendritic
branches makes theh-Dab dendrimers more suitable to solve

in CD.Cly, the prn anddrnrndata in CROD 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@f, anddgrn/rnis

reasonably intermediate between those depicted by the modelsather small and, consequently, the real situation can be nicely

A and B; that is, some additional solvent molecules could be

depicted. For the three lowest generations, the distance between
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the two organometallic sites is remarkable, ranging from 17.2 the number of different gradient strength8)(were used for
to 19.8 A forRh-Dab4, 16.0 to 18.3 A foRh-Dab8, and 14.2 different samples.

to 16.4 A for Rh-Dabl6, i.e., ca. 2 times higher than the PGSE data were treat®dusing an internal standard (TMSS
diameter ofRh (8.3 A)_ In the case oRh-Dab32, the distance [tetrakis(trimethylsilyl)silane], whose dimension is known from the
drirn is between 13.3 and 15.2 A and is half the diameter of literaturé®) and introducing in the Stoke<€instein equation the
Rh. Finally, in Rh-Dab64the value ofdrirnis a little smaller semiempirical estimation of the factor, which can be obtained
than 14.0 A. It seems unlikely that cooperative effects are through eq 4 derived from the microfriction theory proposed by

present in any of the cases at least for catalytic processes thatVitz and co-workers? in which c is expressed as a function of
do not involve large substrates the solute-to-solvent ratio of the radii.

Conclusions c=

6
{rs olv)zzsd] 4)
1+ 0.69
We have here demonstrated that PGSE NMR measurements y
afford precious information concerning the structure of organo-
metallic dendrimers in solution. Besides the estimation of the  Based on the Stoke<instein equationD; = kT/cary, and eq
hydrodynamic dimensions, the tendency to self-aggregate and 4, the ratio of theD, values for the standard TMSS (st) and sample
more importantly, the spatial proximity of the organometallic (sa), which are also equal to the ratio of the slopasof the straight

sites have been evaluated for the first time. lines coming from plotting lod(l,) versusG? [eq 3], is
The tendency ofRh-Dab dendrimers to self-aggregate
increases with the generation: whith-Dab4, Rh-Dabs, and w2 D st
Rh-Dab16 do not self-aggregatéih-Dab32 and Rh-Dab64 i Est = csarff: f(r sonal v 5)

exhibit a 46-50% enhancement &f; 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 generation
but remains considerably higher than the “contact” distance,

|.e.,.the diameter of tth unlts_ (8.3 A). . The uncertainty of the measurements was estimated by determin-
Since organometallic dendrlmgrs are being used more.fre- ing the standard deviation ofi when experiments were performed
quently as homogeneous microfilterable catalysts, we believe ity gifferentA values. The standard propagation of error analysis
that it is important to evaluate the tendency to self-aggregate gaye a standard deviation of approximately4% in hydrodynamic
and, especially, to determine the spatial proximity of the metal radji and 16-15% in hydrodynamic volumes. The van der Waals
centers in order to understand, and even predict, possibleyglume Veaw)** and the maximum radiusy(s) of the dendrimers
beneficial or detrimental cooperative effects between the were computed using the software package WeblLab ViewerLite
catalytic sites. 4.0.
Calculation of drprn, NrAM2, and prn and for Rh-Dab
Experimental Section Dendrimers. The problem of calculating the distance between two
rhodium atomsdrnry) On the surface is a problem strictly related
Poly(propylenimine) DABdendr(NH,), (n = 4, 8, 16, 32, 64)  to that of placingn points on a spherical surface so as to maximize
were purchased from Sigma Aldrich. DA@endr(Rh), (n =4, 8, the minimal distance (or equivalently the minimal ang)éetween
16, 32, 64) were prepared according to literature methoddlbgy. them. The latter was numerically solved by Slo4hkn our case,
'H NMR spectra were measured on Bruker DRX 400 spectrom- nrhodium atoms have to be distributed on the surface of the sphere
eters. Referencing is relative to TMS. NMR samples were prepared having a radius equal tgy + gy (See illustration below).
by dissolving the suitable amount of compound in 0.5 mL of  Sloane reported some numerical tables in which the number of

Equation 5 circumvents the dependence of Ehevalues on
gemperature, 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 obtaffed.

solvent. points distributed on the spherical surface is related to the angle
PGSE Experiments.'H-PGSE NMR measurements were per- () defined in the sketch. Using these tables, we calculatéat
formed using the standard stimulated echo pulse seqifémcea every dendrimer generatiom & 4, 8, 16, 32, and 64). Finally,

Bruker AVANCE DRX 400 spectrometer equipped with a GREAT  dgry Was estimated from the trigonometric relationship reported
1/10 gradient unit and a QNP probe with a Z-gradient coil, at 296 in the illustration.
K without spinning. The dependence of the resonance inten$ity ( The maximum number oRh units that can be physically

on a constant waiting time and on a varied gradient strer@ttis( accommodated on the dendritic surfang®) was estimated with
described by eq 3: an inverse procedure fixingdznrn €qual to 2gy, (8.3 A), deriving
first ¥ and thenn, always using Sloane’s tables. The covering
It = — (yé)th(A - é)G2 3)
lo 3

wherel = intensity of the observed spirecho,lo = intensity of
the spin-echo without gradientd); = diffusion coefficient A =
delay between the midpoints of the gradienits+ length of the
gradient pulse, angt = magnetogyric ratio.

The shape of the gradients was rectangular, the duratlonds
4—5 ms, and the strengtiG] 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 Ir(ly) versusG? were fitted using a .
standard linear regression algorithm; féactor was always higher drnRA=2(SIN(0/2)](lint*TRn)
than 0.99. Different values fok, “nt” (number of transients), and 6 depends on the number of points (n)
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degreeprp, is simply the ratio between the numberRif anchored
on the dendrimern) and ngaVa.
By insertingriny + Arin; andrgy, £ Argn values into Sloane’s

tables, the error odrprn NrAV®, @andprp Was found to be ca. 10%.
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