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ABSTRACT: NMR is a powerful tool to study the dynamics
of dendrimers. By analogy to linear polymers, shorter T,
relaxation times have been traditionally associated to less
mobile nuclei and hence, dendrimers described with reduced
local motions at either the core or the periphery. Herein we
report a NMR relaxation study ['H and *C T}, T,; *C{'H}-
NOE; various fields and temperatures] which reveals profound
differences between the relaxation behavior of dendrimers and
linear polymers. Dendrimers show slower dynamics at internal
layers and on increasing generation and may display internal
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nuclei in the slow motional regime with larger T values than the periphery. In contrast to the relaxation properties of linear
polymers, these T, increments should not be interpreted as resulting from faster dynamics. Only the recording of T, data at
various temperatures (alternatively, T, or NOE at one temperature) ensures the correct interpretation of dendrimer dynamics.

B INTRODUCTION

Dendrimers constitute an exciting opportunity for scientists to
create globular, highly branched, and perfectly monodisperse
macromolecules with applications in numerous fields." The
characteristic architecture of dendrimers by generations (Gl,
G2, G3, etc.) determines their physicochemical properties and
function, which has attracted much attention to their density
distribution and dynamics. Conflicting theoretical models
initially proposed by de Gennes/Hervet (dense shell),” and
Lescanec/Muthukumar (dense core)® described segmental
density profiles with global maxima at the periphery and core,
respectively. More recently, a consensus has emerged with the
majority of theoretical models, computer simulations, and
experimental studies (small angle neutron and X-ray scattering)
pointing to a density distribution close to that predicted by
Lescanec and Muthukumar.*

Nuclear magnetic resonance (NMR) is a powerful tool to
study the dynamics of macromolecules at atomic level.®
Information is usually extracted by measuring longitudinal
(T,) and transverse (T,) relaxation times and nuclear
Overhauser effect (NOE).%” It is especially suited for the
analysis of dendrimers since their repetitive nature offers the
opportunity to probe different layers and G. Quantitative
modeling of dendrimer dynamics is feasible from *C relaxation,
but lengthy experiments and the necessity of recording various
relaxation parameters (typically T; and T, and NOE) at
different magnetic fields limit such approach.® Conversely, a
great deal of information has been extracted by qualitative
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interpretation of 'H and/or C relaxation.”” "> These studies
have, nevertheless, afforded conflicting results on the relative
dynamics between the dendritic core and the periphery which,
in our opinion, might stem from interpretation pitfalls of the
relaxation data.

With the aim of throwing light on this controversy, one
should bear in mind the theoretical variation of T, and T, with
the correlation time (7) and their experimental dependence on
the molecular weight (MW). Thus, for a spin in a simple
isotropic and rigid model, T, decreases monotonically with 7,
whereas T, decreases down to a minimum (where @’z ~ 1.12,
@ is the Larmor frequency) to increase afterward. This renders
two possible 7 for a given T value, at the fast (w*z* < 1.12) and
slow (w*c* > 1.12) motional regimes, respectively (Figures 1
and S1).'* However, this scenery is hardly observed when
increasing the MW of linear polymers, as constant T| and T,
values typically arise above a fairly low MW.*” When modeling
the dynamics of polymers two types of motions must be
considered, the overall rotatory diffusion of the polymer chain
as a whole (which slows down on increasing MW) and local
chain motions (almost independent of MW). Indeed, for
sufficiently high MW linear polymers, as the overall motion is
much slower than chain local motions, it makes a negligible
contribution to the effective 7 (.4 an average of the 7 for every
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Figure 1. Structures of poly(aryl ether) G1—G4 dendrimers. Top left
panel: schematic representation of the dependence of T} and T, on 7.
Bottom panel: '"H T, and T, for the benzylic protons of G1—G4
(CDCl,;, 500 MHz, 298 K).

motion affecting relaxation) and to T and T, relaxation at high
magnetic fields.””

The analysis of dendrimer dynamics by NMR relaxation has
mostly relied on T, experiments because it is the relaxation
parameter easiest to measure accurately. By analogy to linear
polymers, shorter T values have been associated to less mobile
nuclei and hence, dendrimers with reduced local motions at the
core'® or periphery’' ™" reported, attending to the topological
location of the lowest T values. Certainly, these simplified
dynamical studies performed in the absence of additional
relaxation data (e.g, T, the temperature dependence of Tj, or
NOE) have the advantage of a straightforward recording.
However, they could lead to misinterpretations in case the
relaxation behavior of dendrimers does not match with that of
linear polymers because of their globular architecture.

To elucidate in detail the relaxation behavior of dendrimers
and its interpretation in terms of dynamics, Fréchet-type
poly(aryl ether) dendrimers were selected as an illustrative
example of a dendritic family where conflicting relative
dynamics between core and periphery have been reported. A
reduced local motion has been claimed on going from the core
to the periphery of these dendrimers according to 'H T,
relaxation,'"'* but opposite relative dynamics by alternative
techniques (size exclusion chromatosgraphy with coupled
molecular weight sensitive detection,”> REDOR NMR data
combined with molecular modeling,16 ﬂuorescence”). So, G1—
G4 dendrimers shown in Figure 1 were synthesized,'® and their
'H and *C NMR relaxation analyzed at various magnetic fields
and temperatures [T, T,, selective T, (T}s), NOE].

B RESULTS AND DISCUSSION

We started measuring '"H T, for the benzylic protons of G3
(500 MHz, 298 K) and found coincident values with those in
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Figure 2. Temperature dependence of 'H T, and T, for the benzylic protons of G1—G4 (CDCl;, 500 MHz). Lines are guides for the eye.
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the literature,'" with larger T; at the core dG3 and periphery
aG3 protons than intermediate bG3 and ¢G3 (Figure 1). The
analysis of G2 and G4 also revealed larger T values at the core
than at intermediate layers (and even periphery for G4), along
with larger T, differences between core and intermediate
protons on increasing G. Interestingly, similar "H T values
resulted at the periphery independently on G (protons a), but a
sharp increase of T, was observed at the core on going from
bG1 to ¢G2, dG3, and eG4. This T, relaxation profile agrees
with that observed for other poly(aryl ether) dendrimers
carrying focal units different to that shown in Figure 1.'"'*
When the dynamics of all these dendrimers has been
interpreted in light of the T, relaxation model of linear
polymers, an increased mobility at the core of the larger
dendrimer G (higher T, values) has been disclosed."™"?* To
ascertain the pertinence of this dynamical analysis, a T, study
was then carried out on G1-G4 (500 MHz, 298 K), which
exploits the monotonic decreases of T, with 7. Figure 1 shows
that in contrast to T, the benzylic protons always show a
decrease of T, from the periphery to the core independently on
G, pointing to a reduced mobility in the same direction.
Remarkably, the variation of T, from G1 to G4 afforded a 53%
reduction for peripheral protons g, while a much sharper 84%
at the core (bGl vs eG4), in agreement with higher G
displaying slower dynamics and larger differences in mobility
between core and periphery. Taken as a whole, these T} and T,
relaxation data reveal the unsuitability of T, data recorded at
one temperature for the analysis of dendrimer dynamics as
typically done for linear polymers.

To further unravel the dynamical behavior of G1-G4, we
then investigated the temperature dependence of T, a
parameter widely recognized as an accurate means to probe
the relative dynamics within macromolecules (Figures 2 and
$2).” The T, minimum with the temperature (0?z* = 1) can be
used to estimate 7. and the differences in its position as a
qualitative indicator of relative rates: the lower the temperature
of the T} minimum, the higher the rate of the motions. Figure 2
shows the temperature dependence of T, for the benzylic
protons of G1—G4 (500 MHz). In the case of G3, as the
temperature increases, the T for nuclei at intermediate layers
(bG3 and ¢G3) decreases down to a minimum around 298 K,
to slightly increase afterward. This minimum is however located
at a temperature lower than 243 K for peripheral aG3 protons
and higher than 333 K for core dG3, in agreement with an
enhanced contribution of fast local motions on going from the
core to the periphery. At 500 MHz and 298 K, peripheral
protons aG3 lay at the fast motional regime, while bG3/cG3
close to the T| minimum, and core dG3 at the slow motional
regime. The analysis of the temperature dependence of T for
G1, G2, and G4 afforded a similar prospect. It was observed
that on increasing G, the T} minimum of each proton layer was
shifted toward higher temperatures, in agreement with a
reduction of dynamics (Figure S4). Also, larger differences in
T, minima were revealed between core and periphery on
increasing G, pointing to wider distributions of local motions
for dendrimers than for polymers of similar MW. Confirmation
of this dynamical behavior was obtained by studying the
temperature dependence of T, for the benzylic protons of G1—
G#4 (steady increase of T, with the temperature; Figures 2, S3,
and S4) and of T, and T, for the aromatic protons (Figures
$5—S7). Interestingly, aromatic protons show T; minima
shifted to lower temperatures than benzylic protons, laying at
the fast motional regime at 298 K (with the exception of
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protons at the focal unit). In this scenery, a dynamical study
based only on T| recorded at one temperature could lead to
opposed motional outcomes depending on the relaxation data
analyzed, aromatic vs benzylic, because of an interpretation
pitfall of the relaxation data of the latter.

Additional evidence supporting the faster dynamics of
peripheral nuclei in poly(aryl ether) dendrimers was obtained
from T,g experiments in G3 (500 MHz, 298 K; SI). Thus, the
T,s/T, ratio can be used to estimate the motions involved in
relaxation.'” Characteristic T/ T} ratios close to 1 are expected
for protons in the proximity of the T minimum, while higher
ratios up to a theoretical 1.5 for protons at @*7*<1 and values
close to zero for @*7%>>1.%° Indeed, the T,s/ T, obtained for the
well-resolved aG3 (1.1) and dG3 (0.9) benzylic protons is
indicative of these nuclei being at the fast and slow motional
regimes, respectively, in areas close to the T; minima (Figure
S8).

The above dynamical picture at 500 MHz was validated by
recording '"H T, and T, at lower and higher magnetic fields.
Increasing the magnetic field it is expected to produce minute
enhancements in T, but large in T, especially for nuclei close to
the T, minimum and at the slow motional regime (shift of T
minimum toward smaller 7.4).”'* A theoretical simulation of
the dependence of T; and T, with 7 at three magnetic fields is
shown in Figure S1. '"H T, and T, were recorded for the
benzylic and aromatic protons at 300 and 750 MHz (298 K)
and compared with the data obtained at 500 MHz (Figures 3
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Figure 3. "H T, and T, values for the benzylic protons of G2—G4 as a
function of the magnetic field (CDCl,, 298 K).

and S9). As expected, a small increase in T, was observed on
going from 300 to 750 MHz. Large enhancements were
obtained for the T, especially for the benzylic protons at
intermediate and core layers and on increasing G, in agreement
with these nuclei being located close to the T minimum or at
the slow motional regime at 298 K (Figure 3). Variations in T
with the field were less marked for the aromatic protons as they
predominantly lay at the fast motional regime at this
temperature (Figure S9). It was interesting to observe how
the resonances having the lowest T values moved to more
peripheral layers on increasing the magnetic field (quite evident
for benzylic protons in G4) as a result of the expected shift of
the T| minimum toward smaller 7.4 Next, we decided to study
the temperature dependence of 'H T, and T, in G3 at three
magnetic fields (Figures 4 and S10). Similarly to 298 K,
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Figure 4. Top and bottom panels: temperature dependence of 'H T,
and T, for the benzylic protons of G3 at 300, 500, and 750 MHz
(CDCl,). Middle panel: schematic representation of the T curves for
the benzylic protons of G3 (a—d) at the three magnetic fields and their
respective locations at 298 K.

benzylic and aromatic protons showed almost no variation in
T, with the magnetic field when a broader range of
temperatures was analyzed. As for '"H T}, a more complicated
scenery was revealed. Although increasing T, figures were
always observed on going from 300 to 750 MHz, the
temperature dependence of T, was strongly affected by the
field and the topological location of the nuclei (periphery,
intermediate layers, core). For instance, T, decreases for core
dG3 proton on increasing the temperature at 750 MHz, but it
remains rather unaffected at 300 MHz. On the contrary,
peripheral aG3 always shows increasing T, values with the
temperature independently on the field, although larger
enhancements resulted at 300 MHz. In addition, converging
T, values were always seen for the three fields on increasing the
temperature. A detailed analysis of these variations of T, for
benzylic and aromatic protons, bearing in mind the theoretical
dependence of T; with 7 and the magnetic field (Figure S1),
has allowed us to draw a clear picture of the dynamics of these
dendrimers. As schematically represented in Figure 4 for the
benzylic protons of G3, on going from the periphery to the
core, nuclei in dendrimers experience a reduced mobility
characterized by larger 7. On increasing the dendrimer G,
additional nuclei with even larger 7.4 are added at the core
which results in a progressively wider distribution of local
motions. Since the translation of 7.4 into T values depends on
the magnetic field and the nuclei’s motional regime, only the
recording of T, data at various temperatures can ensure the
correct description of dendrimer dynamics. Alternatively, a
detailed dynamical analysis can be obtained by recording T), at
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one temperature, although no information on the nuclei’s
motional regime is gained in this way.

Dynamical studies by 'H relaxation benefit from a fast data
acquisition due to the high natural abundance of the 'H nucleus
and its large gyromagnetic ratio. Conversely, 'H relaxation in
large macromolecules might suffer from spin diffusion, an
extensive cross-relaxation phenomenon efficient in the slow
motional regime. Whereas dipolar relaxation diminishes with
the sixth power of the distance, leading to substantial
magnetization being transferred only to the most nearby
protons, spin diffusion rapidly propagates through the network
of protons to utterly affect nuclei located quite apart.
Consequently, spin diffusion leads to T), T)s, and T, data
loosing most of their local dynamical details.”* Under these
circumstances, "*C relaxation studies are recommended as they
are dominated by dipolar interactions with directly bonded
protons, ensuring the efficient probe of local dynamics.”

Although spin diffusion can be anticipated as negligible in the
poly(aryl ether) dendrimers herein analyzed [(i) molecular
weight range; (i) Tys/T; ratios close to 1; and (jii) integration
of cross peaks in 'H—"H NOESY for G3 account for only 1—
2% of the corresponding diagonal peak intensity (mix time 350
ms, 298 K, SI)], we decided to perform a "*C relaxation study
(T, T,, heteronuclear *C{"H}NOE) at various fields (125 and
188 MHz) and temperatures. With the aim of increasing the
sensitivity of the usually long '*C experiments, we have taken
advantage of indirect detected experiments based on the HSQC
sequence.”’ This way not only faster T), T, and NOE
experiments were recorded but also strong signal overlapping in
the "*C spectra was surpassed. Moreover, by reducing the
dimensionality of the experiments to the more resolved 'H 1D
dimension, even larger savings in spectrometer time resulted in
addition to a simplified signal integration task.

Gratifyingly, this '*C study confirmed the validity of the
relative dynamics extracted from 'H relaxation. As seen in
Figures 5 and S11, benzylic and aromatic carbons in G2—G4
displayed T, and T, values which confirmed the reduction of
mobility on going from the periphery to the core and at higher
G (higher T, than T,; lower T, at internal layers and on
increasing G; T, follows a similar trend to T, although with
slightly increasing values being observed at the more internal
layers). In addition, T, and T, increased with the magnetic field
as expected, showing larger enhancements for T, than T,. The
variations of T and T, with the temperature were also studied
for G3 (Figures S and S12), showing complete consistency with
the aforementioned dynamical analysis (reduction of T, on
lowering the temperature and T showing the expected minima
for the more internal carbons: dG3, CG3, ZG3).

Similar conclusions were also obtained by studying the
BC{'H}NOE for G2—G#4 at two magnetic fields. Theoretically,
for a ®C—'H pair, the “C{'H}NOE varies with 7 between
2.988 for w*r’<1 and 1.15 for @*2>>1. In between these
limiting regimes, *C{'H}NOE is expected to increase with the
temperature and decrease with the magnetic field.” Indeed, a
BC{'H}NOE analysis for the benzylic and aromatic carbons in
G2—G#4 afforded decreasing NOE values from the periphery to
the core and on increasing G, in agreement with a reduction of
dynamics and the adoption of larger 7.¢ (Figures 6 and S13). In
addition, lower NOE values were obtained on increasing the
magnetic field. When the temperature dependence of *C{'H}-
NOE was studied in G3, decreasing values were seen for
benzylic and aromatic C—H on lowering the temperature, in
harmony with the expected reduction of dynamics.
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The dynamical framework herein presented can be
interpreted in light of recent theoretical studies on the
relaxation spectra of dendrimers by Markelov and co-workers.**
These authors have proposed the dendrimer segmental
orientational mobility as governed by three main relaxation
processes with rather different characteristic times: (i) the
global rotation of the dendrimer as a whole [rotational
correlation time (7°"), which increases with G]; (ii) the turns
of a dendrimer sub-branch originating from a given segment
[pulsating correlation time ("), which is independent of G
and increases with the topological distance between that

segment and the dendrimer periphery]; and (iii) the local
reorientation of individual segments [internal correlation time
(7™), practically independent of G and the segment topological
location]. Indeed, the slower dynamics observed on going from
the periphery to the core in G1—G4 respond to the proposed
increase of 7%". At the same time, at higher G, not only 7
increases but also new internal layers appear characterized by
even larger 7?0 which results in wider distributions of local
motions than linear polymers of similar MW. It is also
interesting to stress that in contrast to linear polymers, the
globular architecture of dendrimers turns into overall motions
fast enough to significantly contribute to relaxation.

B CONCLUSIONS

We have shown that the evaluation of dendrimer dynamics only
on the basis of "H or *C T relaxation data at one temperature
can lead to misinterpretations. Dendrimers present slow
internal dynamics, and hence, nuclei may reside in the slow
motional regime and display increasing T values on going from
the periphery to the core and at higher G (larger 7.g). In
contrast to the relaxation properties typically observed for
linear polymers, these T increments should not be interpreted
as resulting from faster dynamics. Since an accurate analysis of
T, depends on the magnetic field and nuclei’s motional regime,
only the recording of T data at various temperatures (or fields)
ensures the correct description of dendrimer dynamics. Fast
and reliable information on the motions involved in the
relaxation of dendrimers can be also obtained by determining
T, or BC{'H}NOE data at one temperature, however, no
information on the nuclei’s motional regime is gained in this
way. The large number of dendritic families, other than
poly(aryl ether), where dynamics have been evaluated on the

10,1 .
13 unveils the relevance of

basis of T, data at one temperature
these results and urges necessity of revisiting previous studies.
With the aim of further unravelling the dynamics of
dendrimers, quantitative NMR analysis is much awaited
implementing spectral density functions that weight the
influence of overall and local motions as a function of G and

the nuclei’s topological location.
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