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ABSTRACT: We present solid-state NMR investigations of a series of shape-persistent polyphenylene
dendrimers of generation 1-4 with different surface functionalization. Using a combination of traditional
static and more advanced magic-angle spinning (MAS) exchange techniques for the elucidation of slow
dynamics as well as fast-MAS recoupling techniques for the quantification of dynamic averaging in the
megahertz range, we derive a clear picture of the complex molecular dynamics in these systems. Fast
processes in the megahertz regime are shown to be restricted to fast vibrations of terminal phenyl rings
with amplitudes of up to 40° at most, with a 5-30% fraction of rings performing larger-amplitude motions.
Slow processes on the time scale of milliseconds to seconds are also restricted to terminal and doubly
para-substituted phenyl rings. This type of motion is characterized by a two-site jump with a mean
reorientation angle of 24° and a mean apparent activation energy of 34 kJ/mol and is presumably a
concerted process involving several adjacent phenyl rings. The comparison of dendrimers with different
surface functionalization allows us to conclude that the molecular dynamics are dominated by intramo-
lecular steric constraints. As for the dependence on dendrimer generation, both the fast and the slow
processes follow a trend that is expected from the evolution of the segment free volume at the periphery
of the molecules, where most terminal rings are located. We therefore believe that our results represent
the first experimental evidence of a class of dendrimers in which the radial segment density distribution
is caused by truly extended arms and for which the dense-shell packing limit is reached for generation
4.

1. Introduction

The field of dendrimers, macromolecules with a
regularly branched arm structure emanating from a
well-defined focal point, is still enjoying an exponential
increase in research activities.1 Besides very promising
applications of dendrimers as drug2,3 and contrast agent
carriers,4 gene transfer agents,5,6 or nanosized carrier
in combinatorial synthesis,7 the intriguing topological
properties of these molecules have stimulated much
theoretical8-12 and experimental13-23 work with respect
to their particular molecular structure and dynamics
both in solution and in the solid state. The focus of most
of the work has been the elucidation of packing con-
straints, as imposed by the cascade topology, on the
radial distribution and dynamics of segments located
at different (topological) distances from the core.

While the first account of the synthetic realization of
“cascade” or “starburst” growth by Vögtle and co-
workers24 went by almost unnoticed for several years,
the work of Tomalia et al.25,26 has actually provided the
nucleus for rapidly increasing interest in these systems,
which was mainly based on the possible rational design
of molecular cavities providing mimics of biocatalytic
sites or guest specificity. Such arguments were based
on a rigid-shell model, assuming an exponentially
increasing steric crowding of arms which should ema-
nate radially from the core. Shortly after Maciejewski’s
first explicit mention of possible dense-shell guest

inclusion,27 and even before the first publication of
Tomalia’s synthetic breakthrough,25 de Gennes and
Hervet8 established a self-consistent-field model of
starburst growth. This work provided the basis for the
dense-shell picture of dendrimers. While dendrimers
may well be able to form cavities and accommodate
molecular guests within the branched structure after
attachment of a rigid shell of chemical different nature
(a synonym of which has become renowned as Meijer’s
“dendritic box”15), the open core-dense shell notion put
forth by de Gennes and Hervet was actually never
verified, neither in any future theoretical nor in experi-
mental work.

Computer simulations of increasing sophistication9-11

and, finally, improved self-consistent-field arguments12

consistently proved a density distribution with a maxi-
mum at, or close to, the central core. Boris and Rubin-
stein12 explicitly mention the reason for the failure of
de Gennes arguments: the increasing radial density is
actually built into their model. Among the multitude of
experimental work along these lines, Ballauff’s recent
results stand out in that, using SANS, it was finally
possible to directly measure the structure factor associ-
ated with a decreasing radial density distribution.17,23

The necessary back-folding of arms could directly be
observed by solution-state NMR spectroscopy.22

So far, the majority of all work was devoted to
dendrimers with arms made up of flexible units. How-
ever, dendrimers with rather rigid arms, incapable of
considerable back-folding, may actually be expected to
comply with the notion of increasing surface density of
arms. Such dendrimers, solely built from phenylene
units, were recently introduced by Miller et al.28,29 and
Müllen and co-workers.30-32 Considerable rigidity and
shape persistence of these molecules (Figure 1) were
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proven by AFM33 and molecular dynamics simula-
tions.30,34 In a forthcoming publication,35 results from
scattering will be reported which prove that, indeed, the
density of molecular segments is larger at the surface
of a dissolved polyphenylene dendrimer than in its
center.

In a preliminary communication,36 using solid-state
NMR methods, we have correspondingly shown that
molecular dynamics in these systems is rather limited.
It was found that fast megahertz fluctuations of molec-
ular units can occur only in a limited angular range,
with only a very small fraction of units performing fast
large-angle fluctuations. Independently, a slow process
on the time scale of milliseconds to seconds was identi-
fied, and the counting statistics of the atoms performing

this type of motion was shown to comply with reorienta-
tions being restricted to two-site jumps of terminal
phenyl rings. Some uncertainty, however, remained on
the exact geometry of this process.

Here, were give a detailed account of results from
various static and magic-angle spinning (MAS) 13C(-
1H) solid-state NMR experiments.37 All of these experi-
ments were applied to samples naturally abundant in
13C, with no isotopic labeling necessary. We give details
about the fraction of segments performing fast large-
angle fluctuations and correlate these with temperature
and molecular size. We as well report on the geometry
and the time scale of the slow reorientation process of
terminal phenyl rings as a function of temperature and
dendrimer generation. Results from different types of

Figure 1. (a, b) Chemical structure of the differently functionalized, tetrahedral dendrimers of generation 1 and 2, respectively.
R ) -H, -CH3, or -C12H25. (c) First-generation unsubstituted dendrimer TdHexG1H8, which exists in an amorphous and crystalline
modification. (d) Projection of the corresponding crystal structure54 with one elementary cell indicated.
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dendrimers varying in molecular geometry and func-
tionalization are used to substantiate our conclusions.
We discuss all our findings, also taking into account
recent solid-state NMR investigations of flexible dendri-
mers.18-21 The implications of our findings for rigid
dendrimers of different generation will provide the basis
of a revival of the original dense-shell picture for this
particular kind of dendrimer.

The paper is structured as follows: the experimental
part gives an overview of the various NMR methods
used in this work and summarizes the type of informa-
tion extractable from the different experiments. The
first part of the results is devoted to the quantification
of the fast dynamics, and in the second part, the
restricted slow dynamics is elucidated. Both types of
motions are discussed with respect to their temperature
dependence and to possible influences of inter- or
intramolecular packing. Finally, we discuss the inter-
pretation of both types of dynamics with respect to their
dependence on generation. Arguments are presented
that are in accord with the notion that an increasing
density of arms at the surface of these dendrimers
indeed plays a role.

2. Experimental Section
Solid-state NMR experiments performed in this work can

be subdivided in two classes. The first class is the represented
by traditional two-dimensional (2D) static 13C exchange NMR
experiments,37 used to elucidate the extent and geometry of
slow reorientational processes. It is based on the classic three-
pulse sequence, where the first pulse is replaced by cross-
polarization (CP). Acquisition includes high-power 1H CW
dipolar decoupling (DD) after the third pulse and is preceded
by a Hahn echo to eliminate dead-time problems. Figure 2a
shows a representation of the pulse sequence.

All other experiments were conducted under MAS condi-
tions, providing chemical selectivity for different types of
functional groups in the molecule. The simplest MAS experi-
ment is a one-pulse spectrum of 1H under fast MAS conditions,
where spectral resolution is already quite satisfactory when
the spinning frequency exceeds 25 kHz and the B0 field is
sufficiently high.38,39 This holds in particular for partly mobile
systems, where simple analysis of the 1H line width provides
information about fast dynamic averaging of 1H-1H dipolar
couplings, which are responsible for the line broadening.40

Another important source of information is the hetero-
nuclear dipolar coupling between 13C and 1H. Anisotropic
molecular motions in the megahertz range can be probed by
their effect on the averaging of DCH in molecular moieties with
known rigid-limit coupling constants, such as CH, CH2, or
methyl groups. Under MAS conditions, 2D separated local-
field spectra41 provide the possibility of determining DCH of
spectrally resolved 13C nuclei to their nearest 1H neighbors
under conditions of high 13C resolution. This type of experiment
gives precise results only when the 1H nuclei are decoupled
from each other in the indirect dimension, in which DCH is
probed. We used a simplified version in which the 1H homo-
decoupling during t1 is left to MAS alone, which was recently
shown to be a robust and much simpler alternative42 (see
Figure 2b). Spinning sideband patterns in the indirect dimen-
sion of this experiment can be fitted to

where the phase factor ΦCH,i(0,t1) depends on the dipolar tensor
orientation and on the ratio between the coupling constant and
the spinning frequency: DCH,i/ωR. The product runs over all
1H coupled to the detected 13C and can be restricted to the
dominating, directly bonded protons; angular brackets denote
a powder average.

A second, also rather robust approach is based on the
application of much higher MAS frequencies (25 kHz and
more), at which 1H homodecoupling by MAS is even more
efficient, and DCH can be determined quantitatively by way of
reintroducing this coupling (which is also averaged out almost
completely) by a recoupling sequence, which in our case is
represented by a train of π pulses spaced by half a rotor period.
This principle of recoupling, usually termed REDOR (rotational-
echo, double-resonance), has become very popular for the
determination of distances between pairs of heteronuclei.43 Our
sequence is efficient in that no initial CP is needed; 1H
polarization is used directly and transferred to 13C in the
course of the sequence.44,45 We employ the principle of rotor
encoding,46 which leads to spinning sideband patterns in the
indirect dimension of the 2D experiment, which is sensitively
dependent on the magnitude of DCH. The experiment is
referred to as recoupled polarization-transfer heteronuclear
dipolar order rotor encoding, REPT-HDOR.47,48 The patterns
are described by

where Φh CH,i(t) is the average phase factor associated with one
of the two recoupling periods, which have a duration of Nr rotor
periods each. See refs 47 and 48 for details on the notation;
Figure 2c shows the pulse sequence. Most importantly, this
experiment can be used in rather mobile systems, in which
no spinning sideband information is apparent any more in a
conventional MAS SLF experiment.

Recoupling by rotor-sychronized π pulses can also used for
the 13C chemical shift anisotropy (CSA). The CODEX (center-
band-only detection of exchange) experiment49 shown in Figure
2d is based on this principle; two identical rotor-synchronized

SSLF ) 〈∏
i

cos ΦCH,i(0,t1)〉 (1)

Figure 2. Pulse sequences of the solid-state NMR experi-
ments used in this work. (a) Static 13C exchange experiment
featuring an initial cross-polarization and a Hahn echo before
detection.37 (b) 13C(-1H) separated local-field (SLF) experiment
performed under MAS conditionss1H homodecoupling during
t1 is left to MAS alone.42 (c) Recoupled polarization-transfer
heteronuclear dipolar order rotor encoding (REPT-HDOR)
experiment for the precision determination of 13C-1H dipolar
coupling constants from spinning sidebands.47 (d) Centerband-
only detection of exchange experiment for the measurement
of slow reorientational exchange processes under MAS.49

SREPT )

〈∑
i

sin NrΦh CH,i(0) sin NrΦh CH,i(t1)∏
j*i

cos NrΦh CH,j(t1)〉 (2)
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π-pulse trains of Nr/2 rotor periods length flank a mixing time,
tmix, during which the magnetization is stored along the B0

direction. During tmix, slow molecular reorientations may occur.
The sequence is preceded by a cross-polarization. The applica-
tion of the π-pulse trains leads to a stimulated echo at the
end of the second train. The echo signal is given by

where Φh csa,1 and Φh csa,2 are again the integrated phases acquired
during the first and second π-pulse train, respectively. A full
echo signal Scodex ) 1 is only obtained if Φh csa,1 ) Φh csa,2. Any
change of Φh csa, as induced by tensor reorientation during tmix,
leads to a characteristic signal loss, which can be used to
extract the correlation time, tc, of the motion. Φh csa depends on
the CSA tensor orientation,50 such that a variation of Nr at
constant tmix can be used to estimate the reorientation angle.

The plotted absolute exchange intensity

obtained by normalization to an experiment with vanishing
tmix, approaches a plateau for long tmix and Nr which depends
on the number of molecular sites accessible to the dynamic
process, M, and on the fraction of mobile segments, fm:

Most notably and opposed to static exchange spectroscopy, the
CODEX method permits this type of analysis for any carbon
site resolved in the 13C CP MAS spectrum and is very sensitive
to small rotation angles, for which exchange intensity in a
static 2D spectrum would be very close to the diagonal and
hard to detect.

To determine fm and M unambiguously, the four-time
CODEX experiment, which is fully described in ref 50, can be
used. It basically consists of two consecutive CODEX se-
quences, the first of which serves to select the mobile fraction,
while its exchange behavior is then probed by the second
CODEX experiment. For reasons of referencing, four spectra
have to be recorded, which differ only in the length of the
mixing times, tmix,1 and tmix,2, of the two CODEX sequences.
1/M can be obtained independently of fm according to

The two arguments of S4t correspond to the two mixing times;
the first mixing time tmix,1 can, in principle, be chosen freely
in two of the experiments, but for reasons of maximal signal
it is usually chosen to be well in the plateau range, i.e., tmix .
tc. The fraction of mobile segments fm can subsequently be
obtained from the regular CODEX plateau value E∞.

The majority of the experiments were performed on a
commercial Bruker DSX 300 spectrometer operating at a
Larmor frequencies of 300.23 and 75.49 MHz for 1H and 13C,
respectively. CODEX and SLF experiments were conducted
with a 4 mm MAS double-resonance probe with zirconia rotors
capable of spinning frequencies up to 15 kHz, while REPT-
HDOR measurements necessitate faster spinning (25 kHz) and
were performed with a 2.5 mm MAS double-resonance probe.
Static exchange spectra were acquired on a double-tuned static
Bruker probe with a 7 mm coil. Typical B1 frequencies were
125 kHz (2.5 mm probes) and 83 kHz (4 mm MAS and static
probes) for pulses on both channels and decoupling, while the
power levels for CP, when applicable, were decreased. A ramp51

was applied for CP under MAS. Fast-MAS 1H spectra were
obtained on a Bruker DRX 700 equipped with a 2.5 mm MAS

probe. Frictional heating in all MAS probes was accounted for
by suitable calibration procedures.52

Characteristics of the dendrimers investigated in this work
are compiled in Table 1, and schematic representations of the
dendrimers of generation 1 and 2 are shown in Figure 1a-c.
The basic dendrimer structure consists of phenyl rings only,
with the exception of a single aliphatic C at the center and
different surface functionalization. All molecules are tetrahe-
dral (“Td”) in the sense that the core has a functionality of 4
(tetraphenylmethane); the branching coefficient for the arms
is 2. The preparation of all dendrimers was reported in the
literature31,36 and in the PhD thesis of Wiesler.53 The informa-
tion on molecular weights in Table 1 demonstrates the high
purity of the compounds and the efficiency of the divergent
synthetic approach. All dendrimers are solid powders, and
apart from a single sample (vide infra), DSC measurements
show a flat line over the whole range from 100 K up to the
decomposition temperatures of 500 and 800 K for substituted
and unsubsituted dendrimers, respectively.31

The samples were used as-synthesized. Two samples stand
out in that they have special physical properties. TdHexG1H8

has a very regular molecular shape and can be crystallized.
Its X-ray structure is depicted in Figure 1d. The large voids
are stabilized by solvent molecules.54 When precipitated from
solution, this dendrimer can also be obtained in an amorphous
modification. Powder X-ray diffraction spectra of both modi-
fications are shown below in the insets of Figure 8 and were
obtained on a Siemens Kristalloflex 500 diffractometer using
a Cu KR radiation source and a graphite monochromator.
Second, DSC traces of the alkyl-substituted TdG2(C12H25)16

exhibit a weak solid to liquid-crystalline phase transition at
around 240 K and a pronounced melting peak at 350 K.
Lamellar (smectic) ordering with a layer spacing of 4.4 nm
and characteristic birefringent textures were observed in this
interval by powder X-ray diffraction and polarization micros-
copy, respectively.53 This and other alkyl-substituted dendrim-
ers were further shown to self-assemble on graphite surfaces
to form two-dimensional crystals.55

3. Results
3.1. Fast Dynamics. 3.1.1. Fast Fraction. The first

results on probing the rigidity of polyphenylene den-
drimers by solid-state NMR were published in ref 36.
Rigidity on a microsecond time scale was inferred from
the measurement of the aromatic CH dipolar coupling
constants by REPT-HDOR. Figure 3a shows a 2D
spectrum, from which the spinning sideband patterns
were extracted, which are shown in Figure 3b,c. In the
high-resolution 13C dimension, the signal of the tertiary
aromatic CH groups is always roughly split in two,
which correspond to CH groups in the ortho/para and
meta position with respect to a quaternary 13C bound
to an adjacent phenyl ring. In none of the cases studied
in this work did the separate analysis of these two
signals yield any consistent additional information.
Consequently, this group of signals, centered around
130 ppm, will always be treated as one.

Scodex ) 〈cos
Nr

2
Φh csa,1 cos

Nr

2
Φh csa,2 +

sin
Nr

2
Φh csa,1 sin

Nr

2
Φh csa,2〉 (3)

E(tmix, Nr) ) 1 -
Scodex(tmix, Nr)

Scodex(tmix ) 0, Nr)
(4)

E∞ ) fm
M - 1

M
(5)

1
M

)
S4t(0,∞) - S4t(tmix,1,∞)

S4t(0;0) - S4t(tmix,1,0)
(6)

Table 1. Dendrimers Investigated in This Worka

molar mass
[g/mol]

dendrimer
sum

formula calcd exptl

no. of
phenyl
rings ref

TdG1(CH3)8 C153H116 1954.6 1954.7 24 36
TdHexG1H8 C222H150 2817.6 2816.4 28 31
TdG2(CH3)16 C401H292 5133.7 5131.9 64 36
TdG2H16 C385H260 4886.3 4887.0 64 31
TdG2(C12H25)16 C577H644 7618.7 7618.0 64 53
TdG3(CH3)32 C891H640 11386.1 11414.9 144 36
TdG3H32 C859H580 10974.1 11006.0 144 31
TdG4H64 C1825H1220 23149.8 23217.0 304 31

a Td indicates that all dendrimers have a tetrahedral core with
a functionality of 4.
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For the ensuing analysis, it is important to realize
that signal for the quaternary aromatic carbons, Cq, is
always shifted to the low-field end of the aromatic region
and is well separated from signals due to CHtert. The
signal of Cq is not expected to overlap with CHtert, first,
because the signals were also found to be completely
separated in solution-state J-modulated echo spectra
and, second, because the spinning sideband patterns of
CHtert (slices along the dipolar dimension) are always
identical across the whole range of signal for CHtert. A
contamination with Cq would lead to an increase of first-
order sideband intensity at specific spectral positions
and would very unlikely occur homogeneously through-
out the 125-135 ppm range.

A quantitative analysis of the patterns in Figure 3b
was presented in ref 36. In essence, the patterns can
consistently be fitted to DCH/2π ) 20.5 kHz, correspond-
ing to a rigid CH bond of 113 pm. Fast librational
excursions up to about (20° around para axes, however,
would not influence this result much and could not be
excluded. In fact, vibrations with a mean amplitude of
40° were also found in molecular dynamics simula-
tions,30,34 and the rather short proton T1 relaxation time
of TdHexG1H8 even in the crystalline modification

(about 1 s, to be contrasted with tens of seconds for
related rigid systems such as hexaphenylbenzene) gives
additional confidence that such mobility is present. In
the whole investigated temperature range of about 230-
400 K, no onset of global, large-amplitude fast ring flips
or whole arm reorientations, which would lead to a
substantial decrease in spectral intensity and, upon
increasing the correlation time further, to narrower CH
patterns, was observed. This is in contrast to most other
dendrimer systems with internal flexibility, which usu-
ally have a Tg and exhibit such phenomenology for T >
Tg.

Interesting small and systematic deviations of the
patterns from the theoretical prediction were, however,
observed: while the consistent result for DCH is obtained
from fitting of the outer sidebands (ratio of fifth to third
order sideband), the first-order sidebands exhibit a
systematic deviation toward higher intensities. A small
systematic deviation of that kind is generally observed
for REPT-HDOR sideband patterns;47 it is known to be
due to long-range 13C-1H couplings and is influenced
mainly by the local geometry (neighboring aromatic
protons). The deviations observed here are, however,
significantly bigger and were hypothesized to be due to
a small fraction of rings that do perform larger ampli-
tude motions with frequencies exceeding 100 kHz.

The deviation is shown in Figure 3b, where the
dashed lines indicate the first-order sideband intensity
which is usually observed in spectra of aromatic CH
groups (the increase which is intrinsic to the experiment
is included). The excess intensity is seen to increase with
dendrimer generation from G1 to G2 and G3, as well as
temperature. Results of a systematic investigation are
depicted in Figure 4, where the ratio of this intensity
increase relative to the integral intensity of the whole
pattern is plotted as a function of dendrimer generation
(a) and temperature (b) and is denoted as “fast fraction”.
Note that the numbers thus determined do probably not
reflect the number fraction of quickly mobile rings
quantitatively, since relaxation/dephasing effects under
the pulse sequence are probably different for two such
populations with different mobility. The systematic
variation of the value shown here is, however, well-
suited for further interpretation.

The spinning sideband patterns for the terminal CH3
groups in the methylated dendrimers, shown in Figure
3c, may help to elucidate the nature of this fast process.
The patterns, which are obtained at longer recoupling
times in order to make up for the reduced DCH due to
the fast methyl rotation, hardly change upon temper-
ature variation. Methyl groups are always attached in
the para position with respect to the core phenyl ring
of every arm (see Figure 1) and are thus not influenced
by motions around this axis. We therefore conclude that
the fast fraction corresponds to quickly rotating/jumping
terminal rings around the para axis. In our previous
communication,36 it was already shown that the process
must involve large-angle jumps exceeding 90°; 180° is
a probable candidate. The slow small-angle process to
be discussed below, when being accelerated into the fast
limit at higher temperatures, would not lead to a
sufficient averaging of the CH dipolar coupling.

From Figure 4a, it is inferred that the fast fraction
first increases upon going from the first to the second
generation and then stays almost constant. This trend
is only weakly dependent on the particular type of
dendrimer (varying surface functionalization). This

Figure 3. (a) Two-dimensional REPT-HDOR spectrum taken
at ambient temperature (slight heating due to rotor friction)
and 25 kHz MAS with τrcpl ) 2τR. (b) Spinning sideband
patterns, taken as slices along the dipolar dimension of spectra
of different dendrimers and temperatures, extracted at the
aromatic CHtert signal positions. (c) Spinning sideband patterns
of the CH3 signal of TdG2(Me)16, acquired with τrcpl ) 6τR.
Dashed horizontal lines indicate the usual height of first-order
sidebands in sideband patterns of rigid aromatic CH groups
and permit the estimation of the amount of a fast fraction.

Macromolecules, Vol. 35, No. 27, 2002 Molecular Dynamics in Polyphenylene Dendrimers 10075



observation is most notable for the case of the dendrimer
with long and, as shown below, pending mobile alkyl
chains. Therefore, it is believed that the fast fraction is
dominated by intramolecular steric constraints. This is
corroborated by the low and identical values for amor-
phous and crystalline TdHexG1Td, which has an ad-
ditional terminal phenyl ring attached to the ring
forming the center of every arm. This increases in-
tramolecular steric crowding and inhibits fast flips.

For all dendrimers, the fast fraction increases with
temperature, as shown in Figure 4b. This means that
more and more rings attain motional frequencies in the
fast-limit range. Here, the second-generation C12H25-
substituted dendrimer stands out in that the fast
fraction increases more strongly and in a sigmoidal
fashion around 290 K. As will be shown below, this
behavior must be associated with the onset of fast
mobility in the presumably microphase-separated alkyl
region between the polyphenylene scaffolds.

3.1.2. Dynamic Isolation of the Core. We now
move to a more detailed investigation of the long-chain-
substituted dendrimers, where microphase separation
of rigid core and alkyl chain shell was hypothesized. The
microphase separation is immediately proven by com-
paring simple 1H MAS spectra at different temperatures
(Figure 5a). At low temperatures, the spectrum consists
of two homogeneously broadened lines in the ppm
ranges for aliphatic chains and aromatic rings, and the
line widths of roughly 2 ppm are of typical magnitude
for rigid organic solids at 25 kHz MAS. Upon heating,
considerable narrowing of the alkyl signals occurs, while
the aromatic resonance hardly changes. This can be
immediately associated with the onset of rapid chain

motion and an averaging of dipolar couplings. The
process can nicely be followed in the plot of the line
width (full width at half-maximum, fwhm) vs the
sample temperature (Figure 5a, right).

Despite a weak endothermic peak at 240 K, which
was associated with a structural phase transition into
a liquid-crystalline state,53 DSC heating traces of the
compound are rather featureless in the region of in-
creasing alkyl motion, indicating a rather broad Tg of
the chains. The structural phase transition occurs at
much lower temperature than the onset of fast alkyl
motion. Obviously, slow mobility of the alkyl chains,
which allows for structural changes, sets in at even
lower temperatures.

It is actually possible to prove that mobility sets in
from the chain ends and that motional amplitudes
decrease upon approaching the rigid core. This is
achieved by quantitatively measuring CH dipolar cou-
pling constants for the chain methylene groups, where
the spectral resolution in a 13C MAS spectrum is
sufficient to differentiate signals from the chain end (ω-1
position), the main part of the chain, and the R-CH2 at
the core (Figure 5b). The method is very similar to the
REPT technique shown above. Since REPT is not
applicable to CH2 groups,47 we resorted to the simpler,
but less quantitative, separated local-field method,
which is explained in the Experimental Section.

CH dipolar coupling constants associated with the
distinguishable methylene signals along the chain were

Figure 4. Fast fraction extracted from the REPT-HDOR
spinning sideband patterns, plotted as a function of (a)
dendrimer generation (T ) 313 K) and (b) temperature. The
lines are simply guides to the eye. The LC phase transition
range for TdG2(C12H25)16 is also indicated in (b).

Figure 5. Fast-limit mobility in TdG2(C12H25)16 as investi-
gated by (a) simple line-width analysis of 1H MAS spectra (νR
) 25 kHz) and (b) fitting of 13C-1H MAS SLF spinning
sideband patterns (νR ) 10 kHz). The plots in (a) and (b) show
the full width at half-maximum (fwhm) of the 1H line width
and the heteronuclear dipolar coupling constant extracted from
the MAS SLF patterns, respectively, for the indicated signal
positions as a function of temperature. The fits in (b), plotted
as dashed lines, were performed using the analytical solution
for the signal of isolated and rigid CH or CH2 moieties, where
tetrahedral symmetry was assumed for the latter.
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determined by fitting of sideband patterns which appear
in the indirect dimension of such a 2D experiment.
Sample patterns and fits are shown in Figure 5b. In the
diagram, the so-obtained DCH/2π are compiled. The low-
temperature limiting value of 17.4 kHz for the R-CH2
is too low by about 4 kHz as a result of an interference
effect of the strong 1H homonuclear coupling within a
CH2 group, which is not supressed sufficiently well at
the moderate spinning frequency used for this investi-
gation. Faster spinning is not possible because the
meaningful dipolar sidebands cannot be “pumped” by
recoupling in in MAS SLF experiments and would
vanish.

The method works better for the aromatic CH groups,
where the correct result from the REPT investigations
is reproduced at low temperature. In fact, the slight
decrease of the value for DCH(CHtert) with temperature
corresponds to the effect of the fast fraction as discussed
above. The fast fraction leads to an increase of the
centerband of MAS SLF sidebands, while the outer
region is again found to be unchanged. The overall
decrease in DCH is only a consequence of the fact that
the centerband was included in the fitting procedure for
the MAS SLF sideband patterns.

The most prominent effect is observed for the R-CH2,
which exhibits a very narrow transition range into the
fast limit and retains an almost constant DCH up to high
temperature. Clearly, this group merely performs rota-
tions around the bond to the adjacent terminal phenyl
ring. It is possible to give a quantitative interpretation
in terms of a local dynamic order parameter

where R is the angle of the two CH bond vectors with
respect to the rotation axis, which coincides with the
CC bond to the phenyl ring. Therefore, R ) 109.5°. SCH
) 0.98 ( 0.08 proves the stability of the rotation axis.
This value is obtained only when a realistic DCH,stat of
21 kHz is used. As discussed, the low-temperature value
of 17 kHz from the same series of experiments is subject
to a large systematic error. The error is much smaller
for DCH,dyn of the rotating CH2 group due to an efficient
self-decoupling of perturbing HH interactions as a result
of the rotation.

We have thus proven that the alkyl chains are
attached to a rigid object. The chain end starts to move
much earlier than the R-CH2, and averaging over wider
angular ranges persists in the whole range of measure-
ment.

3.2. Slow Dynamics. 3.2.1. 2D Static 13C Ex-
change Spectroscopy. Our next concern will be the
study of slow motions in the milliseconds to seconds
range, which show no effect in the dipolar experiments
discussed so far. Static 2D 13C exchange spectroscopy
is a well-established method to study such slow pro-
cesses.37 Therefore, static 2D exchange spectra were
acquired for all dendrimers in our series and provide
preliminary insight into slow motions in the dendrimers.
Figure 6 shows two representative spectra of amorphous
TdHexG1H8 taken at 100 °C at two different mixing
times. The most notable observation is the absence of
considerable off-diagonal exchange intensity. Even after
4 s, most of the intensity is still concentrated on the
diagonal. This lets us conclude that no large-scale

reorientations of whole dendrimer arms or arm seg-
ments occur in the range of seconds.

In the spectrum in Figure 6b, the exchange intensity
close to the diagonal is apparent above the noise, but
its intensity does not exceed 10% of the integral
intensity (the contours are logarithmic). Even though
the appearance of this off-diagonal intensity might be
taken as an indication of the presence of slow and very
restricted motional processes, which is indeed found, we
will later see that the off-diagonal intensity in Figure
6b is in fact dominated by slow 13C-13C spin diffusion.
We will return to the implications arising from the static
2D exchange data when discussing the motional model
derived from the data of the 1D MAS exchange experi-
ments.

3.2.2. Correlation Times. Static 2D exchange spec-
troscopy, in particular when performed in natural
abundance, is not well-suited to study correlation times
in detailsthe acquisition of each of the spectra in Figure
6 took about 2 days! The CODEX experiment, a 1D
exchange method with high 13C resolution, fills this gap.
As detailed in the Experimental Section, with this

SCH ) | DCH,dyn

1
2
(3 cos2 R - 1)DCH,stat| (7)

Figure 6. Slow molecular reorientations in amorphous
TdHexG1H8 as investigated by static 13C exchange spectros-
copy. (a) and (b) show experimental spectra taken at 373 K
with mixing times indicated. The contour lines are logarithmic
(increment factor 1.5) and start at about 3% of the maximum
intensity. (c) Numerical simulations of exchange spectra of the
same dendrimer based on the motional models discussed in
section 3.2.3. Contour levels are logarithmic, matching the ones
in the experimental spectra. The dashed lines in (a) indicate
the approximate spectral positions of the three CSA principal
values.
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technique it is possible to study correlation times and
rotation angles in a site-resolved fashion by simple
variation of the mixing time and the recoupling time,
respectively. In ref 36, we have already shown that slow
motions with a distribution of correlation times are
present, that they are restricted to reorientations of
terminal rings, and that they must be different from
the commonly observed 180° flip. We will recapitulate
these findings upon presenting an in-depth treatment
including the determination of activation energies and
the elucidation of the exact geometry of the process.

Typical CODEX exchange spectra are shown in
Figure 7a. While the reference spectrum on top is almost
identical to the regular MAS spectrum, the pure-
exchange spectra below show only signals from molec-
ular fragments which must have reoriented during tmix.
The existence of nonzero exchange intensity for the Cq
is actually the proof that the process cannot be modeled

by a 180° flipssuch a process would be symmetry
conserving for all quaternary carbon CSA tensors and
not lead to any signal. We will return to geometry
considerations later and first discuss the correlation
times, which were determined from the tmix dependence
of the exchange intensity of the CHtert signals, as plotted
in Figure 7b.

The correlation functions were found to be non-
exponential. A KWW expression (E(t) ) E∞(1 -
exp{-(tmix/tc)â})) provided good fits in all cases, and the
average â was 0.51 ( 0.05, indicating a distribution of
correlation times of about 2 orders of magnitude. The
distribution leads to a problem concerning the deter-
mination of the long-time plateau intensity E∞, which
contains valuable information on the number of sites
accessible to the process. As data for sufficiently long
tmix are already significantly influenced by 13C-13C spin
diffusion (vide infra), the KWW fit did not provide a
stable fit for E∞ (spin diffusion is a multisite process,
which ultimately leads to E∞ ) 1).

As a resort, all data from temperatures above 340 K
and mixing times up to 2 s were fitted to a double-
exponential function, which permitted a consistent
determination the plateau value. The fixed average
plateau values for the higher temperatures (collected
in Table 2) were then used for the KWW fits of the whole
temperature series. Note that exchange intensities
associated with Cq are roughly compatible with the
results thus obtained. However, since the considerably
lower value of E∞ associated with this signal leads to a
much stronger relative influence of spin diffusion effects
on the data, Cq exchange intensities were not attempted
to be analyzed quantitatively.

The inverse tc thus determined are shown in an
Arrhenius plot (Figure 7c). The factor of 2 in k ) 1/(2tc)
takes into account that the process is a two-site jump,
to be proven below. Most notably, the data seem to
approach a constant value at low temperatures. This
phenomenology is a clear fingerprint of temperature-
independent 13C-13C spin diffusion. It can be accounted
for by fitting ln k in an Arrhenius plot by56

where ksd is the spin diffusion rate. This simple fitting
function is purely heuristic. The assumption that the
two rates are additive implies that the geometry (thus
the associated E∞ values in CODEX) of the two processes
is the same, which need not be the case (additivity of

Figure 7. Data from CODEX experiments for the determi-
nation of slow-motional correlation times. (a) Experimental
CODEX spectra for TdG2Me16 measured at 349 K, 7.5 kHz
MAS, and a recoupling time of 0.8 ms (six rotor periods).
Mixing times are indicated at the spectra; the top spectrum is
the reference spectrum. Asterisks denote spinning sidebands.
(b) CODEX exchange intensities corresponding to the averaged
intensities of the CHtert as a function of the mixing time for
three different temperatures. The correlation functions plotted
as solid lines are based on KWW fits. (c) Arrhenius plot of the
correlation rates () 1/2tc in the case of a two-site jump) for the
various dendrimers. Solid lines are fits to a function which
includes a temperature-independent contribution from spin
diffusion (see text), and dotted lines indicate the trends for
absent spin diffusion.

Table 2. E∞ As Determined as the Average over
Double-Exponential Fits to Correlation Functions
Measured at T > 340 K (Mean Error: (0.04) and

Theoretical Values for Two Different Models Including
Non-180° Two-Site Jumps of Terminal (Model 1) or All

(Model 2) Para-Substituted Phenyl Ringsa

model 1 model 2

dendrimer exptl CHtert CHtert (Cq) CHtert (Cq)

TdG1(CH3)8 0.362 0.39 (0.21) 0.48 (0.29)
TdHexG1H8 0.419 (am),

0.395 (cryst)
0.43 (0.19) 0.5 (0.27)

TdG2R16 0.428 (R ) CH3),
0.430 (R ) C12H25)

0.30 (0.18) 0.48 (0.27)

TdG2H16 0.410 0.31 (0.14) 0.48 (0.24)
TdG3(CH3)32 0.421 0.26 (0.16) 0.47 (0.27)
TdG3H32 0.440 0.28 (0.11) 0.48 (0.25)
TdG4H64 0.440 0.25 (0.11) 0.48 (0.25)

a Experimental values for Cq could not be extrapolated by fitting
but were always in the range of 0.1-0.2 at the longest Tmix.

ln k ) ln(k0e
-Ea/kT + ksd) (8)
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rates implies the observation of a singly exponential
correlation function!). Therefore, results for k0 and Ea
must be interpreted with care. Within experimental
accuracy, ksd was the same for all dendrimers and
amounted to 0.31 ( 0.06 s-1, which is a surprisingly
high value. A detailed discussion of such a high 13C-
13C spin diffusion rate in a naturally abundant sample
is beyond the scope of his paper. We may just mention
that rates of similar magnitude were also observed
between aromatic carbons in crystalline durene (1,2,4,5-
tetramethylbenzene),57 which, just like the investigated
dendrimers, is an aromatic molecule with terminal
methyl groups. More commonly, rates of this magnitude
(and higher) are observed only in 13C-enriched sys-
tems.58

Since spin diffusion is seen to exert its adverse effect
mainly on low-temperature data, and the value of â did
not change significantly even at high temperature, we
conclude that the distribution of correlation times is
intrinsic to the process and not an artifact caused by
spin diffusion. The intrinsic distribution of tc explains
why the two correlation times from double-exponential
fits are not interpretable in a consistent way.

The average values for Ea and k0 for the methylated
dendrimers of generation 1-3 are 36 ( 10 kJ/mol and
(1.9 ( 2.4) × 106 s-1, respectively, while TdG2(C12H25)16
has Ea ) 31 ( 4 kJ/mol and k0 ) (3.3 ( 2.5) × 106 s-1.
Obviously, the frequency factors are ill-defined as a
result of the limited temperature range. Values of up
to 10-9 s-1 can still be reconciled with the data, which
is much lower than values of 10-14-10-15 s-1 expected
for an elementary jump process. Lower values are,
however, commonly found for phenyl reorientations (π
flips in most cases) in complex polymer systems like
poly(ethylene terephthalate) (Ea ) 42 kJ/mol, k0 ≈ 4 ×
106 s-1 (ref 59)) or polycarbonate (Ea ) 37 kJ/mol, k0 ≈
1013 s-1 (ref 60)), where low frequency factors are
usually discussed in terms of the complexity and coop-
erativity of the dynamic process. The reconciliation of
an empirical KWW fit (to account for an apparent
distribution) with an Arrhenius-type analysis (implying
an elementary process leading to exponential relaxation)
is always problematic. We also favor an interpretation
of the jump motion in the dendrimer as being coopera-
tive, and we will come back to this issue in the
Discussion section.

The values for Ea of methyl- and alkyl-substituted
dendrimers are identical within experimental error,
which is surprising in view of the up to 10 times higher
correlation rates for the chain-substituted dendrimer.
Just like for the “fast fraction” identified in section 3.1,
the alkyl matrix does not seem to substantially influence
the microscopic intracore nature of the slow process (as
characterized by Ea), but more subtle effects on correla-
tion rates or a quick increase in the fast fraction (Figure
4b) are clearly present. Unfortunately, an investigation
of the effect of alkyl matrix solidification on the slow
process is not possible because slow exchange correla-
tion times in the temperature range where the alkyl
chains are frozen are not accessible due to the spin
diffusion problem.

A further confirmation of the weak effect of intermo-
lecular packing on the correlation time of the slow
process comes from a comparison of tc for the crystalline
and the amorphous modification of TdHexG1H8, shown
in Figure 8. The rates are very similar, yet somewhat
lower, for the crystalline modification. This is surprising,

since the crystals are known to exhibit large solvent-
filled voids and lack considerable intermolecular arm
interdigitation (see Figure 1d). The crystals decompose
into the amorphous modification upon heating and loss
of solvent,54 which might imply denser packing and
lower rates for the latter. The assumption that intramo-
lecular constraints are dominant can better explain
lower rates for a crystal, where steric constraints posed
by neighboring arms cannot be relaxed as easily as in
an amorphous packing environment. We take the find-
ing of faster dynamics for the amorphous modification
as a valuable hint that arm interdigitation does not play
a significant role in the global dynamics of the dendrim-
ers.

In summary, we repeat the preliminary conclusion
that we have identified and quantified a slow motional
process restricted to local reorientations of terminal
phenyl rings, the exact geometry of which is to be
determined in the next section. The interpretation of
the weak but significant generation dependence of tc,
as apparent from Figure 7c, will be further deferred to
the Discussion section.

3.2.3. Geometry of Motion. The number of sites
accessible to the slow process is encoded in the long-
time plateau E∞ of the exchange intensity. The plateau
values, as determined from fits to the high-temperature
correlation functions, are listed in Table 2. The spin
diffusion problem is the most serious source of error for
these values; therefore, they might be somewhat over-
estimated. The values for CHtert are consistently lower
than 0.5, which excludes any multisite process involving
most C atoms in the dendrimers. Since the plateau for
an M-site jump is (M - 1)/M g 0.5, there must be a
fraction of atoms that are either immobile or have a CSA
tensor which is invariant under the process.

We have already seen that the existence of nonzero
exchange intensity for the Cq signals rules out exclusive
180° flips around the para axes, which would represent
the most probable candidate for a simple two-site jump.
However, assuming two-site jumps with a different
angle, we can calculate possible plateau values for all
generations, which comply with the observations, by
simple counting statistics. This involves counting all
aromatic carbon atoms of a particular dendrimer,
determining how many carbons belong to rings which
are assumed to be mobile, and calculating E∞ according
to eq 5. A comparison of experimental values with
calculated ones can be taken from Table 2. Experimental

Figure 8. Comparison of the correlation times for the two
modifications of TdHexG1H8 as a function of temperature. The
insets show powder X-ray diffraction intensities as a function
of the scattering angle, θ.
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values are found to lie between the values predicted
from a model where only terminal rings perform jumps
(model 1) and another model, where all doubly para-
substituted rings in the interior of the molecule are
included in the jump motion (model 2).

Experimental exchange intensities for Cq at long tmix
were always found to be in the range of 0.1-0.2. As an
example, Figure 9a shows buildup data for Cq in
comparison with CHtert. Note that the indicated KWW
fit merely represents a guide to the eye, since the
associated E∞ was not determined in a consistent way.
Such values would favor model 1, where only terminal
rings perform small-angle jumps. When inner rings are
hypothesized to perform 180° flips (which leaves the
associated Cq intensities unchanged), E∞ of all Cq would
be given by model 1, while model 2 would apply for E∞
of CHtert. This assumption would explain our experi-
mental data best, in particular considering that spin
diffusion effects lead to an overestimation of experi-
mental values. However, considering the large error
associated with all experimental values for E∞, we
hesitate to present this as a definite conclusion.

Our motional models presented so far rest on the
assumption of a two-site jump. Apart from being justi-
fied by the rather low value for E∞, the number of sites
M can be assessed quantitatively from the (very time-
consuming) 4-time CODEX experiment. The experiment
was performed on amorphous TdHexG1H8; spectra and
the result are shown in Figure 9b, where the single point
from the 4-time CODEX experiment, 1/M ) 0.49 ( 0.08,

is compared with the regular 2-time dephasing curve.
First, the result is consistent with M ) 2. M ) 3 would
lead to a result of 0.33, which is well outside the range
of the error limits. Second, the difference between 1/M
) 0.5 and the 2-time CODEX dephasing directly rep-
resents the fraction of immobile sites, which, in the
framework of our motional model, is related to CHtert
positions on rings that do not participate in the motion.

For the quaternary sites, we determine 1/M ) 0.62 (
0.08, which is slightly larger and unphysical. The result
being larger than 0.5 confirms that the process involves
two sites at most, while the deviation toward unphysical
values gives confidence that spin diffusion did not
distort the 4-time CODEX result considerably: spin
diffusion is intrinsically a multisite process and can only
be held responsible for decreasing (instead of increasing)
the result for 1/M. The error is more likely due to an
underestimation of experimental noise or to the finite
value of tmix,2 ) 2 s, which is not sufficient to reach
detailed balance. The mean correlation time as deter-
mined from the KWW fit was 530 ms at 337 K, so the
correlation time distribution leads to a contribution from
sites that do not reorient within 2 s, which in turn
increases the apparent 1/M.

Recoupling-time-dependent CODEX curves were used
to elucidate the geometry of the reorientation process
further. Results for crystalline TdHexG1H8 and TdG2-
(CH3)16 are plotted together in Figure 10. Their close
coincidence proves that the geometry of the processes
is determined by intramolecular packing and is hardly
dependent on the existence of the additional phenyl ring
in each arm of TdHexG1H8 (see Figure 1). In addition,

Figure 9. (a) CODEX data for the tertiary CH and quaternary
C signals of TdG2Me16 at 349 K (see also Figure 7) with plateau
values indicated by dashed lines. (b) Comparison of 2-time and
4-time CODEX intensities measured for the tertiary CH
signals of amorphous TdHexG1H8 at 337 K, 7.5 kHz MAS, and
6 τR recoupling. The conventional 2-time CODEX data are
plotted as dephasing, i.e., 1 - E(tmix) ) S(tmix)/S(tmix ) 0). The
mixing times for the 4-time CODEX experiments are shown
above the corresponding spectra in the inset.

Figure 10. Determination of the geometry of slow motions
from the recoupling time dependence of CODEX intensities
for TdG2(Me)16 (crossed symbols) and crystalline TdHexG1H8
(open symbols), measured at 14 kHz MAS and T ) 361 K, tmix
) 1.5 s for the former, and T ) 374 K, tmix ) 0.8 s for the
latter. The plot includes model curves calculated for various
reorientation angles. Corresponding models are also depicted.
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corresponding data (not shown) taken at a mixing time
of 150 ms exhibit the same trend, with the only
difference to the long-tmix data being an expected
decrease in the plateau value. This proves that the
faster population in the correlation time distribution
does not exhibit a significantly different angular char-
acteristic than the slower population.

Theoretical curves were calculated from eq 3 for
different rotation angles around the para axis; the
assumed geometry is depicted to the left of the plot and
in Figure 6c. Principal values for the CSA tensors (see
Table 3) were determined using the SUPER (separation
of undistorted powder patterns by effortless recoupling)
technique,61 which is a very powerful and robust MAS
recoupling method permitting a straightforward 2D
correlation of the high-resolution isotropic shift with the
associated quasi-static powder pattern. The experimen-
tal details for this study can be taken from ref 62. The
assignment to molecular axes as shown in Figure 6c is
based on literature data of CSA principal values and
directions in a variety of aromatic compounds.63 The
curves for CHtert and Cq were calculated assuming ortho/
meta positions and auto/para positions, respectively,
with respect to the rotation axis. The 12-20% CHtert
groups located on the rotation axis were neglected.

The experimental exchange intensities for CHtert in
Figure 10 can equally well be described assuming
rotation angles around the para axis of 24° and 180°.
This ambiguity arises from the 60° relative orientation
of the σ11 principal value direction of the asymmetric
CSA tensor with respect to the rotation axis (see Figure
6c), leading to the quickest initial rise in exchange signal
for 90° jumps. Note that the curve for 180°-24° is not
identical to the one for 24°, as would be the case for an
axially symmetric CSA tensor. As already mentioned,
the mere existence of nonzero exchange intensity for Cq
at rather short recoupling times excludes reorientations
close to 180° as the main contributor. As hypothesized
above, it is possible that some doubly para-substituted
rings located more to the center of the molecules
perform 180° flips.

The majority of terminal rings, however, apparently
undergo two-site jumps with a mean rotation angle of
24 ( 3°. The different value of 60° given in ref 36 was
based on preliminary estimations and a crude compari-
son with the crystal structure, where a tilt of 30° of each
terminal ring relative to the normal of the central ring
plane, to which it is attached, suggested a local sym-
metry-conserving 60° jump. The exact average tilt angle
was later found to be 26°.54 We will return to a more
detailed interpretation in section 3.3.1.

The value of 24° does not change even when the
simultaneous presence of fast librations with up to 40°
amplitudes, as discussed in section 3.1, is considered.
Apart from the weak partial averaging of the CSA and
heteronuclear dipolar tensors (which reduces δ by less

than 20% and is thus hardly measurable), such motions
change the tilt angle of the σ11 direction with respect to
the para axis from 60° to 53°, which, however, has no
significant influence on the CODEX build-up curves
shown in Figure 10.

Also, the characteristic first maximum of the theoreti-
cal curve is not fully reproduced experimentally. Such
phenomenology has been observed in other studies62,64

and can be explained by changes of CSA principal values
upon reorientation or by a small distribution of jump
angles. Changes of CSA principal values can be caused
by their dependence on the relative orientation of two
directly bonded phenyl rings65 and by changes in π-π
packing (“ring current effects”) induced by neighboring
phenyl rings,66 which both change for non-180° flips.

At long recoupling times, an increase of E(NrτR) over
the plateau value of 0.42 is apparent. This behavior is
also typical for a small distribution of jump angles (for
subsequent jumps of the same nucleus) or slow small-
angle diffusive motions.64,67 Both processes lead to an
increase in E(NrτR) at long NrτR, where CODEX be-
comes sensitive to very small rotation angles50 or, as is
the case here, small differences in successive rotation
angles due to imprecision of the return jumps. Such a
scenario can be explained in terms of a shallow potential
minimum around the mean reorientation angle, as
indicated at the bottom of Figure 10, and also gives a
straightforward rationale for the observed distribution
of correlation times.67

Finally, the consistency between our motional model
as derived from the 1D MAS exchange studies and the
2D static exchange data presented in Figure 6 needs to
be checked. Therefore, we have calculated static 2D
exchange spectra based on the CSA tensor values from
Table 3, assuming full exchange as described by the
counting statistics for TdHexG1H8 according to model
1 (reorientations of terminal rings only, see Table 2).
Simulations for R ) 24° and R ) 180° are compared to
the experimental spectra in Figure 6, where care has
been taken to match both the line widths and the lowest
contour levels (shown as dashed lines in the simula-
tions).

At 373 K, the mean correlation time of TdHexG1H8
as measured by CODEX is approximately 200 ms.
Therefore, the spectrum in Figure 6a should be close to
full exchange. No significant exchange intensity is
apparent above the noise level, and the comparison with
(c) confirms that this can also not be expected consider-
ing the given S/N, also keeping in mind that (i) tmix )
500 ms is not sufficient to reach full exchange in
particular for segments located at the slower end of the
correlation time distribution and (ii) a distribution jump
angles around 24° would blur the characteristic ex-
change pattern even further. Therefore, the exchange
intensity observed at tmix ) 4 s must be attributed to
spin exchange.

The similarity of the 4 s exchange spectrum to the
signature of 180° flips shown in Figure 6c can be
interpreted as an indication of a preferential exchange
of polarization between carbons that share a common
direction of the σ33 axes (i.e., the ring normal), which
means that intra-ring transfer or transfer between
carbons in coplanar rings is preferred. Note that, even
though the interpretation of the exchange pattern in (b)
in terms of π flips of inner phenylene rings might
represent an appealing option, it can be excluded
because such a process would not lead to the observed

Table 3. CSA Principal Values Determined by the SUPER
Experiment61 Performed on Amorphous TdHexG1H8

a

ppm kHz

σ11 σ22 σ33 σ11 σ22 σ33

CHtert 227 147 16 17.1 11.1 1.2
Cq 240 163 21 18.1 12.3 1.6

a Values in kHz correspond to ωL
C/2π ) 75.5 MHz. For experi-

mental details see ref 62. Values for CHtert are averaged over the
two positions, assuming a common σiso of 130 ppm. The mean
errors are (4 ppm and (0.3 kHz, respectively.
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intensity. We close in stating again that, in contrast to
the weak effect of the slow process in static 2D exchange
spectra, the CODEX technique proved to be very suit-
able for the detection and quantification of the restricted
molecular dynamics in polyphenylene dendrimers, par-
ticularly because of its ability to detect small-angle
tensor reorientations50 or small fractions of mobile sites
(Cq in our case).

3.3. Discussion. We have found two characteristic
regimes of molecular mobility in the polyphenylene
dendrimers, which pertain only to terminal or doubly
para-substituted phenyl rings: (i) fast motions in the
megahertz range, which lead to fast T1 relaxation of
protons (even in a crystalline modification) and partial
motional averaging of heteronuclear dipolar interac-
tions, and (ii) slow motions in the seconds to mil-
liseconds range, which were probed by reorientations
of CSA tensors associated with aromatic carbon atoms.
Slow or fast large-amplitude motions of whole arm
segments can definitely be excluded for temperatures
up to 400 K. In particular, we have identified (1) fast
librational motions whose amplitude could be as high
as 40°, (2) a small fraction (5-30% of the integral signal)
of rings performing fast large-amplitude flips or rota-
tions, which increases with generation and temperature,
and (3) slow two-site jumps with a mean reorientation
angle of 24° around the para axes, which exhibit an
apparent activation energy of 33 kJ/mol and correlation
times which increase with dendrimer generation and
exhibit a constant distribution over about 2 orders of
magnitude as the dominating motional processes. Both
fast and slow processes were found to be mostly de-
pendent upon intramolecular steric constraints. Owing
to the rigidity of the dendrimer scaffold, the majority
of terminal phenyl rings are located close to the periph-
ery of the molecules, indicating that the generation
dependencies can provide information on segment pack-
ing at the periphery.

3.3.1. Correlation Time Distribution and Molec-
ular Model. We first turn to motivate the plausibility
of the appearance of two motional regimes and the
molecular origin of the slow two-site jump. In Figure
11, two scenarios for the possible observation of two
dynamic regimes are compared. We might assume a
very broad distribution of correlation times extending
from the fast limit to very slow exchange (a) or two
narrower separate distributions (b). Several arguments
can be given which are in disagreement with a mono-
modal model:

(i) The mean jump angle of the dominating slow
process is too low to explain an exclusive increase of
first-order sidebands in REPT spectra when a tail of the
process is assumed to reach the fast limit.36

(ii) Upon application of recoupling pulse sequences,
a large amount of spectral intensity is lost when the
correlation time of a process enters the intermediate
motional regime.68 Apart from an intensity decrease due
to the usual Curie factor (∼pωL/kT), however, such a
pronounced intensity loss was not observed at higher
temperatures.

(iii) The normalized plateau value in CODEX is also
expected to decrease significantly when intermediate
motions are present.68 Within experimental accuracy,
a reduction of the plateau was not observed, indicating
that the correlation time distribution of the slow process
does not significantly extend into the milliseconds range.

(iv) Accordingly, the stretch exponent â from the
KWW fit did not change with temperature, which would
be the case when parts of the correlation time distribu-
tion would become invisible to the experiment.

We therefore favor the notion according to which the
fast fraction is a separate process (Figure 11b), the mean
correlation time of which shifts away from the inter-
mediate motional regime with increasing temperature
within the experimentally accessible range, leading to
the observed increase of the fast fraction with increasing
temperature.

To discuss the molecular origin of these processes in
the dendrimer, we report the recent results of a solid-
state 2H NMR study of phenyl ring dynamics in crystal-
line o-terphenyl (benzene with two phenyl substituents
in the ortho position) by Haeberlen et al.69 The seem-
ingly equivalent terminal phenyl rings in this compound
are in fact crystallographically inequivalent, allowing
for spectral differentiation in a single-crystal study. The
two rings were found to undergo 180° flips with expo-
nential correlation functions and correlation times dif-
fering by 2 orders of magnitude! For eample, room
temperature rates are approximately 0.03 and 30 Hz,
respectively. The activation energies for the two rings
were found to be identical (80.5 ( 3 kJ/mol) within very
small error limits. The difference arises from the ap-
parent preexponential factors k0. The molecular origin
of this rather counterintuitive behavior still remains
unclear. Haeberlen gives a cautionary interpretation in
terms of fast flips of one ring pushing the neighboring
one and causing a flip of the latter only with very low
probability. This probability will also depend on of the
local packing environment. Such a probabilistic state-
ment entails that the flips are not strictly correlated,
i.e., that the flips do not occur concertedly, yet they may
be interdependent.

Turning to the polyphenylene dendrimer case, we
identify the same local pattern of mutual steric hin-
drance of phenyl rings as in o-terphenyl, with even

Figure 11. Effect of broad mono- (a) and bimodal (b) correla-
tion time distributions on the spectral intensity observed in
the different recoupling experiments. The intermediate mo-
tional regime (IMR) is characterized by substantial signal loss
over a wide range of correlation times.
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higher steric constraints posed by two phenyl neigbours
in the o-position for three out of five terminal rings. A
first casual statement concerning our coexistence of
processes on vastly different time scales is that, con-
sidering the intriguing results for o-terphenyl, unusual
findings should certainly not come as surprise. It seems
difficult to reconcile the process in o-terphenyl with the
restricted dynamics in the dendrimer. Apart from our
“fast fraction”, we can conclude that exact 180° flips are
apparently suppressed to a large degree for terminal
rings in the dendrimer. We hypothesize that the larger
steric hindrance allows only for concerted reorientations
of all terminal rings attached to one central ring. Carbon
atoms in ortho or meta positions of the terminal rings
therefore stay either above or below the central ring
plane. The model is depicted at the top of Figure 10.
This concertedness may further be the reason for our
lower value for Ea (the inherent potential barrier is
lower than for a 180° flip) and the not well-defined, but
nevertheless rather low, values for k0 (reduced overall
rate due to low probability of a concerted flip). As we
have seen in the comparison of regular dendrimers with
the alkyl-substituted species (Figure 7c), the large
difference in tc must be due to a change in k0, which in
turn might vanish upon matrix solidification.

An unusual observation is the rather small reorien-
tion angle of 24°. An angle of 52°, as derived from an
average 26° tilt of terminal rings with respect to the
central ring plane normal54 under the assumption of
concerted reorientation of all terminal rings connected
to one central ring, seems more likely. However, as-
suming that the double para-substituted connecting ring
cannot change its overall orientation due to steric
constraints posed by more inner rings, a jump by 24°
(or 26°) into a position where all but one rings stand
almost perpendicular to the central ring might be an
energetically favorable compromise. The existence of
differing jump angles for the five adjacent rings could
also be reconciled with the data. Further molecular
modeling studies might provide a deeper insight into
such fascinating concerted motions. Apart from these
ambiguities, our conclusion of the existence of two-site
jumps with an angle being substantially smaller than
90° and clearly different from 180° is beyond doubt.

3.3.2. Implications for Polyphenylene Dendri-
mer Structure. Leaving aside the complex molecular
details of the dynamic processes, we have already
concluded that the observation of generation-dependent
changes in the intramolecular dynamics might imply
arguments for the packing density of segments at the
dendrimer periphery. To motivate our conclusions, we
have plotted the fast fractions and slow exchange rates
as a function of dendrimer generation (g) in parts a and
b of Figure 12, respectively. In part c, we show crude
graphs which predict the trend for the free volume (Vf)
available to segments at the periphery of a spherical
molecule and in the full volume based on the simple
assumption that the number of phenyl rings grows
exponentially with generation, while the available space
grows with g2 and g3:

where, in the numerators, the sphere radius is given in
“phenylene” units under the assumption of fully ex-
tended para conformation and, in the denominators, the
exact number of phenyl rings is calculated (correct for
g g 1). For Vf(surface), all terminal rings at the branch
ends, excluding the central and the para-substituted
connecting rings, are taken into account. Essentially the
same scaling argument was brought forth by Maciejew-
ski27 when motivating the concept of topological trap-
ping.

It is seen that both the fast fraction and the rates of
the slow processes follow a trend that is intermediate
between the behavior predicted by the evolution of
surface and full-sphere free volume, respectively, with
increasing dendrimer generation on average, irrespec-
tive of the surface substitution pattern of the dendrimer.
Since both processes have been identified as being of
intramolecular origin, we take the observed correlation
as an argument in favor of an increasing surface density
of segments and an accordingly increased sterical
hindrance.

As a particularly strong indication for the effect of
surface packing, the significant increase of average
internal free volume of segments distributed over the

Figure 12. Tentative interpretation of the systemtatic gen-
eration-dependent trends observed for (a) the room tempera-
ture fraction of rapidly moving segments (reproduced from
Figure 4a; the experimental error is on the order of the size of
the symbols) and (b) the correlation times for the slow two-
site process (discussed in section 3.2) at T ) 349 K. In (c), the
trends for the free volume available to terminal phenyl rings
located at the dendrimer surface and all rings in an entire
spherical volume are plotted as solid and dashed lines,
respectively.

Vf(surface) ∝ r2

Nterm
∝

(1 + 2g)2

4 × 2(g+1)

Vf(sphere) ∝ r3

Ntot
∝

(1 + 2g)3

(5 × (2(g+2) - 4)) + 4
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full sphere is still large upon going from the second to
the third generation. This increase is not significantly
reflected in the dynamic data. As can be derived from
simple counting, the majority of terminal rings in each
dendrimer (≈72% for g > 1) are located at the branch
ends and, assuming extended arms, can be considered
to be influenced by packing constraints at the periphery.
It is therefore not surprising that the dynamics is
dominated by surface packing. However, a fraction of
terminal rings being located in the dendrimer interior
and the participation of doubly para-substituted rings
in the dynamics for higher generation give a possible
explanation for the absence of a pronounced drop in the
dynamic parameters upon going from the third to the
fourth generation.

It is seen that the space available for surface seg-
ments first increases and decreases only for generations
3 and higher. Together with the knowledge that the
scaffold is rigid and extended, this implies the existence
of stable intramolecular cavities. Apart from the fact
that the crystal structure of TdHexG1H8 (Figure 1d)
indicates a rather open structure with solvent-filled
voids,54 independent experimental evidence of stable
intramolecular voids can be inferred from PALS (positro-
nium annihilation lifetime spectroscopy) studies70 and
the successful use of these dendrimers as specific small-
molecule hosts in sensor applications using a quartz
microbalance.71 Finally, the strongest evidence in favor
of a dense shell at higher generations can be taken from
a neutron scattering study, which will be presented in
an upcoming publication.35

We recall that de Gennes and Hervet’s model for the
structure of “starburst” molecules,8 excluding backfolds,
leads to a steadily decreasing segment free volume from
the center to the periphery of the molecule. In contrast
to our simpler argument, this behavior arises from their
treatment of the radial growth variable as being con-
tinuous and from the more elaborate self-consistent-field
model for the free energy. The model is not suited to
describe low generations and extended arms. However,
the proposed starburst limit as given by the physical
limiting surface density of segments is observed for
polyphenylene dendrimers: the synthesis of a perfect
fifth-generation dendrimer is not possible any more.31

This is corroborated by the trend curve for the surface
fraction in Figure 12c, where Vf for generation 5 is
smaller than for generation 1.

We have here presented the first experimental evi-
dence for de Gennes’ conclusion that “starburst struc-
tures are somewhat flexible in the early stages but quite
rigid (at least in their outer surface) at [the starburst
limit]8.” This “flexibility” cannot be considered to be
dynamic in our system and is manifested only indirectly
as a decrease of local steric hindrance and increased
mobility of terminal rings at lower generations but can
be directly inferred from simulations of the static
structure of the second-generation dendrimer34 and the
possible formation of smectic layers of TdG2(C12H25)8.53,55

Both results agree in that a deformation of the scaffold
toward a dumbbell shell shape with two paired arms
extending in different directions is possible for G2 but
less favorable for higher generations.

Our results shall finally be compared with other
solution13,14 and solid-state18-21 NMR studies of dynam-
ics in regular, flexible dendrimers. Studies of 13C and
2H relaxation times in flexible polyamidoamine (PAM-
AM) dendrimers in solution13,14 revealed increased

mobility of chain termini, an overall decrease of mobility
for both chain ends and interior sites as a function of
generation, and no radial dependence of correlation
times. This is consistent with a homogeneous decrease
of segment free volume of the whole structure with
increasing generation, which results from the possibility
of backfolding upon dendrimer growth10 and stands in
pronounced contrast to our observations on shape-
persistent dendrimers.

REDOR studies on distances between the core and
the arm termini in poly(benzyl ether dendrimers)18,19

as well as 2H NMR investigations of dynamics in solid
PAMAM dendrimer salts20,21 consistently revealed the
importance of backfolding at higher generations (g >
4) and the absence of indications of decreased segment
free volume at the surface. In contrast, extensive arm
interdigitation for generations e3 was identified as an
important factor governing the distance estimates and
the molecular dynamics. A balance between arm inter-
digitation at low generations and backfolding at higher
generations was considered to be responsible for the
observation of high mobility in the interior of third-
generation PAMAM dendrimer salt.20,21 This observa-
tion seems to superficially comply with our observations
(Figure 12), but it must be emphasized that (i) our data
are dominated by segments located close to the surface
and (ii) interdigitation for lower-generation dendrimers
does not play a significant role, as has been shown by
comparing the crystalline and the amorphous modifica-
tion of the TdHexG1H8 dendrimer (Figure 8).

All cited solid-state NMR studies were performed on
dendrimers exhibiting broad glass transition ranges
centered not far above ambient temperature, at which
the crucial measurements were performed. Considering
the richness and fascinating complexity of motional
processes identified in the shape-persistent polyphe-
nylene dendrimers, the physical properties of which
clearly fulfill the usual definition of “far below Tg”, great
care must be taken when interpreting NMR data
obtained on other dendrimers under conditions, where
significant dynamics associated with Tg might compli-
cate the situation even more. This is particularly true
for intensity-based applications of recoupling methods
such as REDOR,43 where very undesirable interferences
between the recoupling and intermediate motions can
be expected.68
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Müllen, K. Polyphenylene Dendrimers as Sensitive and
Selective Sensor Layers. Angew. Chem., Int. Ed. 2001, 40,
4011-4015.

MA021283D

10086 Wind et al. Macromolecules, Vol. 35, No. 27, 2002


