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Abstract: Advanced solid-state NMR methods under fast magic-angle spinning (MAS) are used to study
the structure and dynamics of large supramolecular systems, which consist of a polymer backbone with
dendritic side groups and self-assemble into a columnar structure. The NMR experiments are performed
on as-synthesized samples, i.e., no isotopic enrichment is required. The analysis of *H NMR chemical-
shift effects as well as dipolar *H—*H or *H—13C couplings provide site-specific insight into the local structure
and the segmental dynamics, in particular, of phenyl rings and —CH,O— linking units within the dendrons.
Relative changes of *H chemical shifts (of up to —3 ppm) serve as distance constraints and allow protons
to be positioned relative to aromatic rings. Together with dipolar spinning sideband patterns, 7—x packing
phenomena and local order parameters (showing variations between 30% and 100%) are selectively and
precisely determined, enabling the identification of the dendron cores as the structure-directing moieties
within the supramolecular architecture. The study is carried out over a representative selection of systems
which reflect characteristic differences, such as different polymer backbones, sizes of dendritic side groups,
or length and flexibility of linking units. While the polymer backbone is found to have virtually no effect on
the overall structure and properties, the systems are sensitively affected by changing the generation or the
linkage of the dendrons. The results help to understand the self-assembly process of dendritic moieties
and aid the chemical design of self-organizing molecular structures.

1. Introduction techniquelgive insight into the local structure of several related

Determining the structure as well as identifying the structure- Self-assembling columnar structureéBhese superstructures are
driving and structure-directing features of supramolecular formed by polymer molecules consisting of a polymethacrylate
systems represent an important challenge for modern charac{PMA) or polystyrene (PS) backbone with large dendritic side
terization techniques in the rapidly developing field of supramo- 9roups? In particular, site-specific information about the local
lecular chemistryin this paper we demonstrate how advanced dynamics of different Ckunits is obtained, which allows the
solid-state NMR methods under fast magic-ang|e Spinning identification of the StrUCtUre-driVing and StrUCtUre-determining
(MAS) can provide detailed information about the structure and €lements in the self-assembly process of such systems. The
dynamics of fairly large supramolecular systems without isotopic following four related polymers were investigated:
enrichment. In this context, solid-state NMR has recently made
considerable progress in the field of complex biomolecular (2 |(_?,I) gﬁgmer% -Aagcﬁé!fﬁ"h”% Sﬁr%gvaegt?%;% PSCTS/IS %%%S%QW-J-:
systemg. In the work presented here, MAS frequencies of 30 918179108.’ (b) Luca, S.; Filippov, D. V.; van Boom, J. H.; Oschkinat,

kHz combined with di OlarlH—lH or 1H—13C recouplin H.; de Groot, H. J. M.; Baldus, Ml. Biomol. NMR2001, 20, 325-331.

P piing (c) Alia; Matysik, J.; Soede-Huijbregts, C.; Baldus, M.; Raap, J.; Lugten-
burg, J.; Gast, P.; van Gorkom, H. J.; Hoff, A. J.; de Groot, H. JJIM.
Am. Chem. So@001, 123 4803-4809. (d) van Rossum, B. J.; Steensgaard,

TMax Planck Institute for Polymer Research.

*Present address: Department of Physics, University of Warwick, D. B.; Mulder, F. M.; Boender, G. J.. Schaffner, K.. Holzwarth, A. R.; de
Coventry CV4 7AL, UK. Groot, H. J. M.Biochemistry2001, 40, 1587-1595. (€) Rienstra, C. M.;
§ University of Pennsylvania. Hohwy, M.; Mueller, L. J.; Jaroniec, C. P.; Reif, B.; Griffin, R. G.Am.
(1) (a) Steed, J. W.; Atwood, J. ISupramolecular ChemistrViley: 2000. Chem. Soc2002 124, 11908-11922. (f) Rienstra, C. M.; Tucker-Kellogg,
(b) Ciferri, A. Supramolecular Polymerekker: New York, 2000. (c) L.; Jaroniec C. P.; Hohwy, M.; Reif, B.; McMahon, M. T.; Tidor, B.;
Atwood, J. L.; Lehn, J.-M.Comprehensie Supramolecular Chemistry Lozano-Perez, T.; Griffin, R. GProc. Natl Acad. Sci. U.S.A2002 99,
Pergamon Press: Oxford, 1996; Vols. 9 and 10. (d) Ciferriidcromol. 10260-10265. (g) van Beek, J. D.; Hess, S.; Vollrath, F.; Meier, B. H.
Rapid Comm2002 23,511-529. (e) Gorp, J. J.; Vekemans, J. A. J. M,; Proc. Natl. Acad. Sci. U.S.£002 99, 10266-10271.
Meijer, E. W.J. Am. Chem. So@002 124,14759-14769. (f) Ma, Y.; (3) Brown, S. P.; Spiess, H. WChem. Re. 2001, 101, 4125-4155.
Kolotuchin, S. V.; Zimmerman, S. Q. Am. Chem. So@002 124,13757 (4) Percec, V.; Ahn, C.-H.; Ungar, G.; Yeardley, D. J. Pl M.; Sheiko,
13769. (g) Fenniri, H.; Deng, B.-L.; Ribbe, A. E. Am. Chem. So2002 S. S.Nature 1998 391, 161—-164.
124, 11064-11072. (h) Brunsveld, L.; Folmer, B. J. B.; Meijer, E. W.; (5) Dendritic polymers in general: (a) Newkome, G. R.; Moorefield, C. N.;
Sijbesma, R. PChem. Re. 2001, 101,4071-4097. (i) Moore, J. SCurr. Vogtle, F.Dendritic MacromoleculesyCH: Weinheim, 1996 (b) Vatle,
Opin. Colloid In. 1999 4, 108-116. (j) Suaez, M.; Lehn, J.-M,; F.Top. Curr. Chem1998 197,19—77 and 165-191; Vagtle, F.Top. Curr.
Zimmerman, S. P.; Skoulios, A.; Heinrich,. B. Am. Chem. S0d.998, Chem.2001, 212, 41—-80. Vigtle, F. Top. Curr. Chem2001, 217, 1—-50
120,9526-9532. and 95-120. (c) Frey, HAngew. Chem., Int. EA.998 37, 2193-2197.
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Figure 1. Systems investigated in this study. All consist of a polymer backbone (PMA or PS) to which dendrons of first and second generation (G1 and
G2) are attached. The side groups are responsible for a columnar supramolecular arrangement of the molecules.

(A) poly(3,4',5-tris[4"'-(n-dodecyl-1-oxy)benzyloxy]benzyl-
methacrylate), henceforth referred to@%-PMA,

(B) poly(4-ethylbenzy3',4',5-tris[4"'-(n-dodecyl-1-oxy)-
benzyloxy} benzoate), henceforth referred to@%-PS

(C) poly(3,4,5-tris[3",4",5"-tris(n-dodecyl-1-oxy)benzyl-
oxy]benzylmethacrylate), henceforth referred toG&PMA,
and

(D) poly{ 2-[2-[2-(2-methacryloylethoxy)ethoxy]ethoxy]ethyl-
3,45 -tris[4"-(n-dodecyl-1-oxy)benzyloxy]benzodtehence-
forth referred to a$31-4EO-PMA.

The dendrons are attached to a polymer backbone by a shor

and inflexible—CH,OCO—/—COOCHPh— linking unit or by
a more extended and flexible (OCH,CH,)4OCO— unit (see
Figure 1). They self-organize in a columnar fashion in the soli
state, as shown by scanning force microsc&y1-4EO-PMA

has also been studied in great detail by small and wide-angle

X-ray diffraction’ G1-PMA, G1-PS, and G1-4EO-PMA display

(6) (a) Percec, V.; Ahn, C.-H.; Cho, W.-D.; Jamieson, A. M.; Kim, J.; Leman,

T.; Schmidt, M.; Gerle, M.; Mbber, M.; Prokhorova, S. A.; Sheiko, S. S.;
Cheng, S. Z. D.; Zhang, A.; Ungar, G.; Yeardley, D. JJPAm. Chem.
Soc. 1998 120, 8619-8631. (b) Percec, V.; Heck, J.; Tomazos, D.;
Falkenberg, F.; Blackwell, H.; Ungar,.G. Chem. Soc., Perkin Trars993

1, 2799-2811.

(7) (a) Chvalun, S. N.; Shcherbina, M. A.; Bykova, I. V.; Blackwell, J.; Percec,

V.; Kwon Y. K.; Cho, J. D.Polym. Sci A2001, 43, 33—43. (b) Chvalun,
S. N.; Blackwell, J.; Cho, J. D.; Bykova, I. V.; Percec, Xcta Polym.
1999 50, 51-56. (c) Kwon Y. K.; Chvalun, S. N.; Blackwell, J.; Percec,
V.; Heck, J.Macromolecules 995 28, 1552-1558.

a glass transition temperature, while G2-PMA does not. The
observed liquid crystalline phase is hexagonal colungm®?
which shows that the highly organized columnar structure is
observed below as well as aboVg

The paper is structured as follows: After providing a brief
overview of the NMR methods applied, the structural features
and segmental dynamics (beldlly) of G1-PMA (see Figure
1A) are studied by analyzinH NMR chemical shifts as well
as™™—13C andH—1H dipolar sideband patterns. In particular,
the aromatic rings and the CH,O— linking units within the

tolendrons are investigated in detail. On the basis of the high

degree of local order found within the dendrons, they are
identified as the structure-directing moieties of the columnar

d architecture. Subsequently, the results obtained for G1-PMA

are systematically compared to materials with characteristic
differences, i.e., a different polymer backbone (G1-PS, see
Figure 1B), a larger dendritic side group (G2-PMA, see Figure
1C), and, finally, a longer and more flexible linker between

backbone and dendron (G1-4EO-PMA, see Figure 1D).

2. NMR Theory and Methods

2.1. Dipole—Dipole Couplings and Magic-Angle Spinning
(MAS). All solid-state NMR methods applied in this work are
based on the effective suppression and/or the measurement of
homo- and heteronuclear dipeldipole couplings which depend
on both the distance between the two spins involved as well as

J. AM. CHEM. SOC. = VOL. 125, NO. 43, 2003 13285
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1Al g an electronic current density. This quantum current induces an
Alppm] additional magnetic field within a range of several angstroms,
4 which is the basis of our NICS maps. Taken at the actual
3 positions of the atoms, we would find their absolute chemical
j shielding values. In this calculation, no explicit probe atom is
0 incorporated, such that the picture is quantitative only in the
1 limit of noninteracting molecules. However, as long as the
3 electronic wave functions do not overlap with those of neigh-

4 boring molecules, it can be assumed that the electronically

induced magnetic fields are essentially unchanged.

The calculations were performed in the framework of density
Figure 2. Nucleus-independent chemical-shift (NI€®)ap of a phenol f_unCtlona! theory with the BLYP eXChangefcorrel_atlon func-
ring, calculated using density functional theory with the BLYP exchange- tionaP using the CPMD cod&. The electronic orbitals were
correlation function&land the CPMD cod& The color code reflects the  expanded in plane waves with a cutoff of 70 Ry, and Goedecker-
chemical-shift change a nucleus would experience when placed at thetype pseudopotentiéPswere used for all atoms. The system

respective position relative to the phenol ring. The white-shaded surface ti | it cell of 203 der to eliminate int
around the phenol molecule represents the effective exclusion volume where'V@s putin alarge unit cell o n order to eiminate nter-

no other atom can be placed without strongly interfering with the phenol actions between periodic images. The magnetic response prop-
electrons. erties were calculated using the method described in réf 12.
Prior to calculating the NICS map, the geometry of the molecule
on the molecular dynamics. The distance dependence of theyas fully optimized under the same computational setup.
coupling is contained in the dipolar coupling constant= The resulting map (see Figure 2) displays the theoretical
= (uohyiy)/(4nry®), wherer; denotes the internuclear distance  chemical-shift displacement that a nuclear spin would experience
andyi; the magnetogyric ratios of the nuclei. The dependence yynen placed at a given position relative to a phenol molecule.
on the molecular dynamics arises from the anisotropy of the sych rings represent key building blocks of the dendrons under

interaction in the presence of a strong magnetic fiBlg, vhich investigation. In their environments, characteristic chemical-
is proportional to (3 cds — 1), whered is the angle between  ghjft patterns are thus expected with large and long-ranged
the internuclear vector and ti# field. In solid-state NMR,  ;_shifts (to lower frequencies) above and below the ring, as

dipole—dipole interactions are known to broaden the resonance yel| as a weak and localized inverse effect beside the ring. On
lines and hamper spectral resolution of molecular building the pasis of the map in Figure 2, the shift effect experienced by
blocks according to their chemical shifts. In this work, fast MAS 4 proton can be used in a semiquantitative fashion to locate the

at rotation frequencies of 280 kHz and highB, fields proton relative to the aromatic ring. The shift effects are

(corresponding to &H Larmor frequency of 700 MHz) are  getermined by comparinid NMR spectra of dilute solutions

applied to ensure sufficient resolution even'i spectra. (with negligible aggregation of the solubilized molecules) with
2.2. Distance Constraints from*H Chemical-Shift Effects solid-state data. For example, a proton in the condensed phase

of Aromatic Ring Currents. H chemical shifts are known to  that is shifted to lower frequency kY = Osolid — Osolution= —2
be affected by aromatic ring currents and be indicative of ppm can be expected within a distance range-683 A above
supramolecular organizatidrRronounced effects of such kind  or below the center of a phenyl ring. In this way, #hechemical
are also observed in the dendritic side chains of the systemsshift can provide distance constraints for the structure, which
studied here. Our present work includes model calculations in are remarkably precise given the simplicity of the approach. In
order to arrive at a more quantitative interpretation and to relate biological solid-state NMR, suchH chemical-shift constraints
the characteristi¢H shift effects to local structural features. have already been used successfully in a study of bacteriochlo-
For a better understanding of the possible molecular origins of rophyll aggregate® Moreover, in materials research, solid-
the observed up- and downfield shifts of individual protons, a state structures have been derived by combining experimental
nucleus-independent chemical-shift (NICS) fhap a phenol IH shifts with quantum-chemical calculatiofs!4
ring has been computed, as shown in Figure 2. Although the To determine the accuracy of the NICS scheme and its
phenol system is quite small, the calculation has been performedimplementation in the CPMD code, we performed a comparative
using a DFT method, because it is capable of handling also all-electron ab initio calculation of a system containing a
larger and more complex systems, to which we plan to extend benzene and methane molecule in various geometries. The
our work in the future. The accuracy of this approach is checked methane molecule was placed at about 150 characteristic
as described below. positions within the “shielding cone” of the benzene molecule,
A NICS mag is a generalization of the atom-specific chem- and its proton NMR chemical shifts (relative to the isolated
ical shift tensor. It is defined as the trace of the shielding tensor
computed at every point in space, as opposed to the traditional © (@ -?fﬁ'»‘i;/fpf_”?;'gﬁ'y?%‘_ 1'39*31%%3?7(”978&5?’_17(’59_@ Lee, C.T.; Yang,
chemical shielding value which is only calculated at the positions (10) Computer program CPMD V3.5, http://www.cpmd.org, IBM Corp., 1990
of the nuclei. The map shows how much the chemical shift of (,,, 2001 MacPlancicisutut e estioperorschung, Siuigart 1992001
a fictitious nuclear spin would be changed by the presence of (12) Sebastiani, D.; Parrinello, M. Phys."Chem. 2001, 105, 1951-1958.

a particular molecule. Technically, we calculate the electronic (13) (&) Ochsenfeld, C. 'é?;{gLNFu:dBfmghsh P c%co%azllezr,zT.l;zggilsbgcr(wb)u. P.;
linear response to the external magnetic field, which results in ~ Brown, S. P.; Schaller, T.; Seelbach, U. P.; Koziol, F.; Ochsenfeld, C.;
Klarner, F.-G.; Spiess, H. WAngew. Chem., Int. E@001, 40, 717—-720.

(14) (a) Ochsenfeld, CPhys. Chem. Chem. Phy200Q 2, 2153-2159. (b)

(8) RagueSchleyer, P.; Maerker, C.; Dransfeld, A.; Jiao, H.; van Eikema Ochsenfeld, C.; Brown, S. P.; Schnell, |.; Gauss, J.; Spiess, H. \Am.
Hommes, N. J. RJ. Am. Chem. S0d.996 118 6317-6318. Chem. Soc2001, 123 2597-2606.
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methane molecule) were computed. The values obtained from Preparation  Excitation 1, Reconversion Detection

these calculations agree very well with the predictions extracted o S 2

from the NICS map, in which the explicit interaction between a) E I ﬂ i I ﬂ b An

the phenol ring and neighboring atoms is neglected. We estimate ¥ 1 g - VR

the error due to this approximation to be of the order of 0.2 M i i

ppm at distances larger than 2.5 A, of interest here. b) I ﬂ | HH HH I %
Further, we investigated the impact of using the CPMD code, we j] |ﬂ [ I W [ I ] | I | DA

which is based on a pseudopotential plane wave scheme, and —

the neglect of dispersion interactions. For this purpose, we , 1 i

compared the CPMD NMR chemical shifts of the methane ) ! I ” I “H “H i %

benzene system in several representative geometries with all- wcm Iﬂ “H “H | I | b Aon

electron DFT/BLYP and MP2 calculations done with the TR RS VIV

Gaussian packadé.We used the 6-3H+G** basis set for w | cp [

the DFT calculations and 6-311G** for MP2. It turns out that  d) | “H HH [” } - ”] I %

the difference between CPMD/BLYP and Gaussian/BLYP is "¢ CP |I ﬂ ﬂ | l{\n

of the order of 0.1 ppm, and the neglection of correlation results I

in an error of less than 0.3 ppm. Together with the error Figure 3. Schematic representation of the 2D NMR experiments and pulse
discussed above, we arrive at a maximum error margin of 0.6 Seduences applied in this study: (#)—'H DQ MAS spectroscopy, (b)

. , . 1H-13C REPT-HSQC, (c)H—13C REPT-HDOR, and (d)*H—13C
ppm from the calculations, which corresponds to a maximum perepoR.

deviation of about 0.3 A in space, as gradient of the NICS map

is typically 0.5 A per ppm. where the creation of a double-quantum (DQ) coherences be-
These systematic errors of about 0.3 A in total are smaller tween two protons relies on the existence of a sufficiently strong
than the overall uncertainties of the approach. One IImItlng factor d|p0|e—d|p0|e Coup”ng between them. Converse|y, Spatia|
of distance constraints derived in this way is the nonuniquenessproximities of protons can be directly inferred from the observed
of ring-current effects: a given shift displacement could be pQ signals. Under fast MAS conditions, a straightforwardly
caused by a single phenyl ring as well as by two phenyl rings applicable recoupling scheme féfi—'H DQ spectroscopy is
with the same orientation at a larger distance (about 1.5 timesthe so-called “back-to-back” (BABA) pulse sequeHdEigure
larger). This slightly reduces the accuracy of distance constraints3a). Heteronuclear dipotedipole couplings can be robustly and
that can be derived frome-shifts, but they still contain  efficiently recoupled by trains of RE-pulses, which is known
significant information, so that the principal approach is not as the REDOR (rotational-echo double-resonance) appfdach.
affected. Moreover, in the context of the dendritic systems |5 our NMR experiments, REDOR-type recoupling is used
studied here, it should also be noted that there is a dynamicalas a puilding block of different two-dimensionaH—13C
component: The shift displacement can be averaged by rapidexperiments: (i) REPT-HSQE, (i) REPT-HDOR!8 and (iii)
molecular motions, through which the spin experiences different REREDOR? (schematically displayed in Figure 3d). In these

frequency shifts. o acronyms, REPT stands for recoupled polarization transfer,
Nevertheless, within a given scenario, shift effectdldneso- which is in our case #H—13C transfer. HSQC and HDOR stand

nances can reliably be used to locate protons relative to a phenykor heteronuclear single quantum correlation and heteronuclear

ring in a distance range of- 3 A with an accuracy 0f-0.5 A. dipolar order, respectively. REREDOR is a rotor-encoded

2.3. Homo- and Heteronuclear Recoupling Pulse Se- REDOR technique. Further details about these NMR experi-
quences.While the above-mentioned techniques are required ments will be given in the following.
for dipolardecoupling and for providing spectral resolution on In a HSQC experimentH and’3C resonances are correlated
the one hand, dipolarecoupling approaches are used on the i a two-dimensional fashion and the recoupling conditions can
Ol‘hel’ hand to ga'n access to InfOI‘matIOI’l abOUt molecular be Chosen to cover On'y Short-range or a|so |onger-rangH C
structure and dyngmlcs, which is |nherent to dipedépole interactions. In the former case, only signalstigf-13C pairs
couplings. By applying rotor-synchronized radio frequency (RF) with a direct chemical bond are observed in the spectra, while
pulse sequences, it is possible to compensate for the effect ofthe |atter case also allows féH—13C polarization transfer to
sample rotation by a “counter-rotation” in spin space and, thus, carhons without directly attached protons. In addition, due to
to selectively reintroduce homo- or heteronuclear dipalipole the 13C chemical-shift dimension, HSQC spectra enable the
couplings _dU”ng specific periods of .the NMR experiment. A djstinction and the assignment of proton resonances which
method using homonucle&i—*H couplings is two-dimensional  gverlap in 1D'H spectra. Skipping théH dimension of the
'H—"H double-quantum MAS spectroscdfysee Figure 3a),  HSQC experiment (Figure 3b) yields the TEDOR experiniént,

) ) which is particularly useful for obtaining a qualitative idea about

(15) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, the mOb”ity of Ch groups. The*C Signal of rigid CH groups

R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, i i i

K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, dlsappears for reCOUp“ng tlmesr&”) of two or more rotor
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; (16) Schnell, I.; Spiess, H. WI. Magn. Reson2001, 151, 153-227.
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, (17) (a) Gullion, T.; Schaefer, J. Magn. Resorl989 81, 196-200. (b) Guillon,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; T. Magn. Reson. Re 1997, 17, 83—-131.

Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, (18) Saalwahter, K.; Graf, R.; Spiess, H. W. Magn. ResorR001, 148 398—
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; .

Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L,; (19) Saalwahter, K.; Schnell, 1Solid-State Nucl. Magn. Resd002 22, 154~
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian 187.

98, Revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998. (20) Hing, A. W.; Vega, S.; Schaefer, J. Magn. Reson1992 96, 205-209.
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DQ sideband patterns

REPT-HDOR sideband patterns

REREDOR sideband patterns

Trcpl = 1TR Trcpl = 1TR
L L) L
Trcpl = 2TR Trcpl = 2‘ER
Trcpl =4TR N n Trcplz 4TR “ N N H
Trcpl = 6TR Trcpl = 6TR N N N H
9 7 B 3 1 +1 43 45 7 0o, -9 7 5 3 -1 +1 43 +5 +7 0o, -9 7 5 3 -1 +1 43 +5 +7 oo,

Figure 4. Spinning sideband patterns of homonuclear DQ and heteronuclear REPT-HDOR and REREDOR experiments, calculated for a dipolar coupling
(Djj) of 10 kHz and different recoupling times:{,) under a MAS frequency of 30 kHz (corresponding to a rotor periotkof 33.3 us).

periods ficp = 27r) at MAS frequencies 25 kHz?! Dynamic nuclei of interest. Hence, for a given-& coupling, different
processes, however, may lead to an orientational averaging andrecoupling times result in different spinning sideband patterns,

thus, to a motional reduction of the @ dipole—dipole
couplings in the CHgroup, which is then reflected in the spectra
by the reappearance of the respecfi¥@ resonance forcy =

2 tr. Effectively, 'H—13C TEDOR spectra of this type straight-
forwardly provide semiquantitative information of the local
mobilities of CH groups.

2.4. Rotor-Encoded MAS Sideband Patternsin contrast

with a longer excitation time generating higher-order sidebands
(Figure 4). By relating the measured (residuat) L couplings

to those of a rigid G-H site, motional reduction factors can be
determined individually for all Ckigroups resolved in th&C
spectral dimension. The dipetalipole coupling of an immobile
segment, such as CH, GHCHgs, or a phenyl ring, is known
from both experiments and calculations. In our work, a coupling

to the REPT-HSQC experiment discussed above, the REPT-0f Dcw/27 = 20.4 kHz is used, corresponding to a8 bond
HDOR and REREDOR experiment do not correlate the chemical length of 114 pri318.19.21

shifts ofIH and!3C resonance lines but rather aim at a sensitive
and site-selective determination of the-B dipole—dipole
couplings by correlating the coupling information with €
chemical shifts. In REPT-HDOR and REREDOR experiments,
C—H dipole—dipole couplings are measured by means of

spinning sideband patterns, which arise in the indirect dimension

as a result of the rotor-encoding of the recoupled dipolar
interaction!®1° This rotor-encoding is introduced when the
evolution time is incremented in fractions of a rotor period. In

this way, the two average Hamiltonians representing the

recoupling periods before and aftereffectively differ by an
amplitude factor] Dj cos@rts), whereDjj and wg denote the
(motionally reduced) €H dipole—dipole coupling constant and
the MAS frequency, respectively. Accordingly, th€ signal
intensities are modulated alog and Fourier transformation
yields a pattern of MAS-induced sidebands along the F1
frequency axis (Figure 4).

For a'H—13C spin pair, the rotor-encoded signal observed
in the t; dimension of REPT-HDOR and REREDOR experi-
ments can be described by the following equations, which have
been derived previoust§®

REPT-HDOR: S(ty) U [8in Ne,po Sin Ny, U @

REREDOR: S(t,) 0 [8in N, ¢, Sin N, 3
[¢os Nexzfﬁo cos Nrec¢t1|:| (2)

The bracket§ldenote the powder average, a¥gcandNiec
give the numbers of rotor periods, during which a recoupling
pulse sequence is applied before (excitatiofy and after
(reconversiontrec) thet; dimension, respectivelytexe = Nexdr
and trec = NrecTr. The phase anglegy and ¢y, contain the
dipole—dipole couplingDj;, the orientation of the internuclear
C—H vector in a rotor-fixed reference frame (in polar angles

The distribution of the sideband intensities over the pattern @1dy), and the rotor modulatiowgty

is determined by the product of the recoupling time and the

strongest G-H dipole—dipole coupling experienced by théC
13288 J. AM. CHEM. SOC. = VOL. 125, NO. 43, 2003
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outer aromatic rings

—D..
b0 = w—R“zﬁsin P, siny; (3a)

inner
aromatic OCH,R

ring and aliphatic chains
/ OCH,Ph - groups

,,,\/\,\_,./\.A.WMA/V‘)

. _Dij . .
¢tl = w—Z«/ESIH 23“ S|n(CURt1 + '}/”) (4a)
R

The sideband patterns resulting from Fourier transformation
of S(k) are shown in Figure 4. The same type of rotor encoding
as in REPT-HDOR and REREDOR experiments can equally
be introduced into REPT-HSQC and homonuchdr1H DQ
MAS experiments by incrementing the dimension in steps
At, < s, as mentioned above. In thg dimension, the sideband
patterns (REPT-HDOR type, as described by eq 1) are then
shifted according to the chemical shifts of the single-quan- _2(:35_0,%
tum orH—'H double-quantum resonances in REPT-HSQC or
IH—1H DQ experiments, respectively. For the rotor-encoded
version of the REPT-HSQC, egs 1, 3a, and 4a apply equally,
while the phase anglegy and¢, need to be scaled by a factor
3/2 for the'H—1H DQ sideband patterns due to different tensor
scaling factors of homo- and heteronuclear interactfons

H chemical shift

v L T T T
140 120 100 80 60 40 20 ppm
*C chemical shift

3Dy - . . Figure 5. 2D H—13C REPT-HSQC lati f G1-PMA
. i igure QC correlation spectrum o ,

¢y = w—\/és'n %ij sin(gly + ¥4) (4b) obtained at 25 kHz MAS using short dipolar recoupling periods.gf =

R r = 40 us. The one-dimensional spectra plotted at the top and the left are

the sum projections for the carbon and proton dimension, respectively.

—3D..
¢ =—_—/2sin P siny, (3b)
R

In this way,*H—'H dipole—dipole couplings can be sensi-
tively measured, which provides accessho-H internuclear Ty of the respective material (G2-PMA has been studied at the
distances or, in the case of a known distance, to motional ordersame temperature as G1-PMA).
parameters for molecular segments. For example, the homo- NMR. All solid-state data was collected on a Bruker DRX
nuclear coupling of two neighboring protons on a (rigid) phenyl spectrometer with a 16.4 T magnet, operatingtatand 13C
ring with a distance of 247 pkiis Dyp/27 = 8.0 kHz. A Larmor frequencies of 700 and 176 MHz, respectively. A
noteworthy feature of these sideband patterns is tHat'H double-resonance MAS probe supporting rotors of 2.5 mm outer
DQ as well adH—13C REPT patterns consist of only odd order diameter allowed the experiments to be performed at MAS
sidebands, while REREDOR experiments generates odd andfrequencies of 25 or 30 kHz. The/2 radio frequency pulses
even order sidebands due to its mixed sinesine dependence were set to lengths of 2s, and a recycle delayfd s was
(see eq 2). At first sight, more sidebands should mean a higherused. The spectra are referenced to adamantane (1.63 ppm for
sensitivity of the pattern to the underlying dipeldipole IH and 38.5 ppm fot3CH). If not stated otherwise, the spectra
coupling, but practically more sidebands also mean that the were recorded at room temperature, which, in combination with
signal is spread over more peaks, which reduces the overallfast MAS, results in effective sample temperatures of 39 and
signal-to-noise ratio. Essentially, the REREDOR experiment is 48°C (4 2 °C) due to frictional heating at spinning frequencies
advantageous when weak couplings or couplings of relatively of 25 and 30 kHz, respectively. All dipolar recoupling experi-
rigid CH, groups need to be measured. In the latter case, thements were carried out with equal excitation and reconversion
sine-sine dependence of the REPT signal (see eq 1) leads totimes. For the rotor-synchronizéd —3C REPT-HSQC spectra,
signal cancellation for rigid Cklgroups and recoupling times  an excitation time equal to one rotor period was used. For the
Trepl > 60 us, as mentioned above. spinning sideband patterns (without chemical shift resolution),
two full rotor periods were recorded in the indirect dimension,
with the time increment set to 2.2 or 245 for 30 or 25 kHz,
Materials. The dendritic macromolecules were synthesized respectively.
via a controlled radical polymerization of the respective mono- . .
dendrons. These in turn were obtained from polyhydroxymethyl 4. Resulis and Discussion
benzoate building block§:"G1-PMA and G1-PS havg, values 4.1. Structural Features of G1-PMA: 2D*H—13C Corre-
of ~70 °C and G1-4EO-PMA of 5C (second heating). All  lation Spectra. Figure 5 shows the two-dimensiond —13C-
three macromolecules form a hexagonal columnar liquid crystal- correlation spectrum, recorded using the REPT-HSQC experi-
line phase above their glass transition temperature. The isotropicment displayed in Figure 2b. It allows the resonances of the
phase of G1-PMA and G1-PS is reached~dt30 °C and for carbons and their attached protons to be assigned for the dif-
G1-4EO-PMA at 105°C. G2-PMA neither undergoes a glass ferent CH, groups of G1-PMA. A comparison of selected solid-
transition nor a melting process before it decomposes at 250state chemical shifts with the corresponding solution-state values
°C. All investigations presented here have been performed below(in brackets) is given in Table 1. In the 2D HSQC spectrum,

3. Experimental Section
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Table 1. 'H and 3C Chemical Shifts of G1-PMA from *H—13C resonances range from 2.3 to 5.5 ppm (Table 1) and deviate
sﬁg(-msb?a%kse?lsu)d-s,tate Correlation Spectra and Solution-State noticeably from their solution-state values. Such effects can be
attributed to ring currents of nearby aromatic moieties, which

GLPMA have been discussed above (see section 2.2).
13 1]
O™C [ppm] O ppm] In Figure 6A, threéH resonances can be differentiated, which
solid-state ~ solution-state’™  solid-state  solution-state’™ are all correlated to th8C peak at 70.6 ppm. Hence, the four
4-OCHR 67.8  (69.1) 3.4 (3.8) protons of the two 3,5-OC}Ph groups do not have the same
(COOLCHPh ~67.8  (67.7) b “.7) chemical environment but experience ring-current effects to
3,5-0CH.Ph 70.6  (70.4) 23 4.7 . . .
43 4.7 different degrees. In Figure 2, the low-frequency shift to 2.3
55 4.7 ppm (relative to a solution-state value of##.7 ppm, i.e. A =
glj?;?fehnyl . ortho ﬁfo ((71?}% 1148) 4-‘;; 5 (4-(?6) —2.4 ppm) can be explained by a phenyl ring located at a
outer phenyl CH, meta  130.0 (129.0-130.5) 6.7 (7.0) dlSFance Of.(2.5|: 0.5)A aboye or below the respective .proton,
inner phenyl CH 109.0 (109.0) a9 (6.6) while the high-frequency shift to 5.5 ppm (corresponding\to

= +0.8 ppm) suggests that this proton is placed beside a phenyl
2 The achievable signal intensity is too low to reliably determinelt-lhe‘ ring at a distance of-3 A (relative to the center of the ring).
chemical shift? The!H resonance is concealed by the high-frequency wing f . . .
of the 4-CCH,R peak. To interpret these observations, possible scenarios e@iips
with sr-shifted protons are considered in the following. Ignoring
three regions can be distinguished: the aromatic, the )CH signal intensities, the simplest scenario would be represented
and the aliphatic region. No peaks of quaternary carbons areby three types of Ckigroups which differ in theifH chemical
observed, because the REPT-HSQC experiment, when per-shifts: HH—C—H®), HO-C—H©, HO—-C—H), where the
formed with short recoupling times of, = 7= = 40 s (at 25 superscripts), (0), and () denote high-frequency shift, no
kHz MAS), is selective for carbons that couple to a directly shift, and low-frequency shift, respectively. While an unaffected
bonded proton. group, HO9—C—H©, can obviously be rationalized very easily,
In the aromatic region, two peaks are observed at 114 anditis in fact unlikely that both protons of a Gigroup are located
130 ppm, which belong to the three outer aromatic rings of the elative to a phenyl ring in such a way that they are subject to
dendron, as indicated in the inset in Figure 5. The CH signal of €dqual ring currents at the same time, given the geometrical
the inner aromatic ring is expected at3¥ chemical-shift of requirements and spatial restrictions for noticeable shift effects
5(23C) = 109 ppm but was only observed as a very weak signal (See Figure 2). Therefore,(H—C—H™ and H)—C—H) are
in a conventional cross-polarization (CP) MAS spectrum, which unlikely situations. The combination of an up- and a downfield
is plotted above the sum projection of the carbon dimension in Shifted proton on one CHgroup, H"—C —H), can also be
Figure 5. Thus, no correspondiri$i chemical shift can be excluded, because Figure 2 shows that the regions, where the
assigned for the inner aromatic rings, as from the rather broading current of a single phenyl ring would cause the observed
shape of thé3C peak (covering a spectral range from 100 to shifts in both directions, are spatially separatedy5 A. This
115 ppm) a similarly broad distribution of thkl resonancesis ~ distance is far too large for a single giroup with a protor-
expected. In the OCitegion, different types of groups can be  Proton distance of only 1.8 A. Consequently, the Gfoups
distinguished, corresponding to the molecular structure of Need to consist of a shifted {H or H)) and an unshifted proton
G1-PMA (depicted in Figure 1A): OCH#R groups in the  (H©), which leads us to two different types of @igroups,
dodecyl chain (with R= C11H,3), OCH,Ph between the phenyl  namely, H)—C—H®© and H?)—C—H®. This scenario also
ringsl and a (COO)CHPh group that links the dendron to the concurs with the observation that the peak at4.3 ppm (l(é), H
polymer backbone. The latter, however, is not visible in our With A ~ 0 ppm) is stronger than the shifted ones at 2.8YH
NMR spectra because it is of weak intensity and, moreover, is and 5.5 ppm (H).
covered by the low-frequency wing of the 4-OgRipeak. On Turning to the question which phenyl rings are responsible
the basis of symmetry considerations, the QR groups in for the shifts, we first note that the observed effects cannot be
the 4-position of the phenyl ring can be expected to exhibit caused by the phenyl rings attached to either side of the
different properties than those in the 3- and 5-positions. —OCH,— units alone. On the OCH-Ph side, the effect is al-
Therefore, a distinction is made according to ¢®Ph (blue), ready included in the solution-state chemical shift, while on the
3,5-CCH,Ph (red), while the 4-OCHR groups are shown in  Ph—OCH; side, the possible positions of the Ogptotons with
green. The aliphatic region is dominated by the dodecyl chains respect to the phenyl ring allow forzashift effect of only 0
of the dendron. However, this region is not of major interestin ppm < A < +0.2 ppm, which is significantly less than the
this study, as the aliphatic side chains do not play a significant observedA = +0.8 ppm.

role in the self-assembling process of the dendritic polymer.  Thus, we attribute the shift effects to phenyl rings of other
For the structure and, in particular, the molecular dynamics dendrons (or other segments of the same dendron, but this
of the dendritic side groups, the OGHinits play a central role,  possibility will be excluded later) which are arranged next to
as they link the different moieties. Therefore, they deserve athe 3,5-OCHPh groups according to the two distance con-
more detailed consideration, and the respective region of thestraints derived above (see also Figure 12b below): (i) a
2D REPT-HSQC spectrum is enlarged in Figure 6A. neighboring phenyl ring is located above or below one of the
Three differenf3C resonances are observed at 67.8 (green), two 3,5-OCHPh groups such that one of its two protons points
70.6 (red), and 75.0 ppm (blue) and are assigned to thetoward the center of the ring (“face-on”-type arrangement); (ii)
4-OCHR, 3,5-OCHPh, and 4-OCKEPh groups, respectively, the other 3,5-OCHPh group is oriented such that one of its
based on solution-state NMR data. The correspondifg protons is placed at a distance-e8 A beside another phenyl
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Figure 6. OCH;, region of 2D*H—3C REPT-HSQC correlation spectra obtained under MAS at3bkHz usingricoi = 7r: (A) G1-PMA, B) G1-PS, C)
G2-PMA, and D) G1-4EO-PMA.

ring (“edge-on’-type arrangement). In both cases, only one of corded with a recoupling time ofy = 2 tr for MAS

the two CH protons experiences additional ring currents, while frequencies of 2530 kHz (as described above), because under
the other proton remains essentially unaffected. Finally, from these experimental conditions tF€ signal of immobile CH

the observation of three distinct chemical shifts, it is evident groups vanishes. Considering the OCgtoups of G1-PMA,
that the 3,5-OCkKPh groups are rather immobile on the NMR only the peak at 71 ppm disappears; therefore, only the 3,5-
time scale (i.e., 1s to 1 ms) so that théH chemical shifts OCH,Ph groups are largely rigid (Figure 7A). Faty = 4tr,

are not motionally averaged. The presence of only one (average)he 4-OCHPh group disappears too; obviously, it fulfils the
1H chemical shift of the 4-OCHPh groups, however, can be condition for signal cancellation at longer recoupling times due
attributed to motional effects. We will return to this point in  to weaker dipole-dipole couplings. Therefore, it must be a little
the discussion of CiHdynamics below, where the structural more mobile than the 3,5-OGHh groups but still a lot less
features derived above will be combined with features of mobile than the 4-OCHR groups in the alkyl chains, as their
segmental motion. signal at 68 ppm clearly persists @iy = 4tr.

4.2. Segmental Dynamics of G1-PMA:H—-13C and To extend this qualitative understanding to a quantitative
1H—1H Sideband Patterns.Turning to the molecular dynamics measurement, the segmental dynamics can be determined by
of G1-PMA, qualitative information can be straightforwardly means of spinning sideband patterns which arise from hetero-
obtained from one-dimensiondH—C TEDOR spectra re-  nuclear tH—3C) or homonuclear 'H—!H) dipole—dipole
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+CH; Dey
A 4-0CH,R B £CHO,
. 4-0CHR _ =
. tero—(O)

3,5-0CH,Ph ]

4-OCH;I59h A
‘_‘_/\/ Dy, = 21.0 kHz
(Sper ~ 100%)
-—-/\-—" 7+ 43+ 1 3 5wy
5 Figure 8. Residual dipolatH—13C coupling of the inner phenyl rings of
: (A) G1-PMA measured by a REREDOR spinning sideband pattern recorded
— under MAS at 30 kHz and applyingcp = 2 tr = 67 us (black line=
i ! ) experimental, gray line= calculated). The coupling vector is indicated in
75 70 65 Ppm 75 70 65 Ppm the inset above.
c 3,5-OCH,Ph D PEO Da, M
H +
i 3,5-OCH,Ph )
4OCH;:-R 3,5-OCH, R ’ © 40CHR e H}Q(H
A
- - D, = 6.1 kHz
T = 815 = 320ps (S = 30%)
: B
d : _ _ D,y = 5.8 kHz
Tu= 81 32(..)95 . . [SC':‘ = 28%)
L e, Il ﬁ L
: : : H c
75 70 65 Ppm 7 70 85 ppm T = 37,=120ps - D, = 16.1 kHz

(S = T9%)
Figure 7. OCH, region of one-dimensiondH—13C TEDOR spectra of
(A) G1-PMA, B) G1-PS, C) G2-PMA, and D) G1-4EO-PMA recorded
5 . .

under MAS at 30 kHz.

Dy = 6.3 kHz
Tep = 8 Tr = 320”5 . [Sl:| =31%)

couplings according to the rotor-encoding mechanisms described
above (egs +4). According to conventional definitions, a dy-
namic order paramet&can be determined locally for individual Mo o a3 5 vy

segments by relating the measured (reduced) coupling and thafigure 9. ResiduatH—13C dipolar couplings of the outer phenyl rings of

; ; ; (A) G1-PMA, B) G1-PS, C) G2-PMA, and D) G1-4EO-PMA, as
of the immobile case. Effectively, the parameSaeflects the measured by REPT-HDOR spinning sideband patterns recorded under MAS

motion of the internuclear vector (& or H—H) in terms of at 25 kHz and applying the recoupling times given in the figure (black line
its reorientation with respect to the external magnetic field vector = experimental, gray line= calculated).

Bo. Recalling the cancellation effects observed 1—13C

TEDOR spectra, it should be noted tRat—13C REPT experi-  error margin is effectively about twice as large, i&Dj/2r ~
ments and their sideband patterns are not suited for measuringt.0 kHz.

couplings of relatively rigid Chlgroups, because the 2D REPT For G1-PMA, Figures 8 and 9A shoiti—13C REREDOR
sequences are extended versions of the TEDOR experiment anéind REPT-HDOR patterns of CH groups of the inner and outer
therefore equally suffer from signal losses. Instead, rigicc CH aromatic rings, respectively. Figure 10A depictstHe-'H DQ
groups are investigated by REREDOR experiments and their sideband patterns for the outer aromatic rings, while the
sideband patterns. REREDOR sideband patterns of the OC#toups are shown

When fitting REPT-HDOR and DQ sideband patterns, the in Figure 11. These results are discussed below.
first-order sidebands are neglected, because their intensity is Motions of Aromatic RingsThe inner aromatic ring of the
usually too high due to couplings to remote prot&hSimilarly, dendrons is fully immobile, while the outer ones are significantly
the center band of REREDOR sideband patterns is excludedmobile. Comparing Figures 8 and 9A, the best fit for the
from the evaluation as its intensity is strongly affected by sideband pattern of the inner and outer aromatic ring gives
relaxation processé8 The error margin of the residual dipolar  heteronuclear couplings oDcw/27 = 21.0 and 6.1 kHz,
couplings extracted from the relative intensities of the sidebandscorresponding to order parametersS ~ 100% and 30%,
predominantly depends on the signal-to-noise ratio of the respectively. For the outer aromatic rings, the homonuclear
experiment. For the REPT-HDOR and DQ sideband patterns coupling between the two neighboring aromatic protons can be
shown below, it can be estimated to be abaily;/27 ~ 0.5 measured too, where a coupling @wn/2r = 4.9 kHz,
kHz. In REREDOR experiments, the signal is spread over a corresponding t&om = 61%, is determined (Figure 10A).
larger number of sidebands and, in addition, the patterns are a For phenyl rings, the comparison of homo- and heteronuclear
little less sensitive to the coupling, such that the REREDOR dipolar couplings is informative because only the heteronuclear
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Dy Table 2. Experimental and Calculated Residual Dipolar Couplings
ars for the Possible Motions of the Outer Aromatic Rings in G1-PMA
g [
:‘;_—/ ' calculated/experimental couplings and order parameters
i 8 homonuclear heteronuclear
H=H Dy/277 (Spom) C-H Dcul277 (Sher)
D,y = 4.9 kH — —

A (Sh.= 61%) ‘ rigid aromatic ring 8.0 kHZ(100%) 20.4 kH2 (100%)
180 ring flip 8.0 kHz (100%) 12.8 kHz (63%)
full ring rotation 8.0 kHz (100%) 2.6 kHz (13%)

only chain motion 4.9 kHz (61%) —12.4 kHz (61%)

chain motion plus —7.8 kHz (38%),

B D,, = 4.8 kHz 180 ring-flip 6.1 kHz (30%)

(Shom= 60%)

aCalculated usingny = 2.47 A3 PCalculated usingcy = 1.14
A.181921

Table 3. Residual Dipolar 'H—13C Couplings of OCH, Groups of

No neighboring aromatic protons are present, so that there G1-PMA from REREDOR Experiments
are no homonuclear dipolar couplings to be measured,

heteronuclear C-H Dey/277 (Sper)
D, =47 kHz 4-OCHR 7.5 kHz (37%)

(Shom= 59%) 3,5-OCHPh 17.0 kHz (83%)
4-OCHPh 12.0 kHz (59%)

# 0 0#H #3430 5wy

K

) ) . . ) occurs in addition to the side chain motion. A pure 18
Figure 10. ResidualH—H dipolar coupling of outer phenyl rings oA}

i = 0, i
G1-PMA, ) G1-PS, andlp) GL-4EO-PMA, as measured by DQ sideband  /OU!d resultin an order parameter §: = 63% for the C-H
patterns recorded under MAS at 30 kHz and applying = 8 tr = 267 coupling?* When flip and side chain motions are considered

us, (black line= experimental, gray line= calculated). independent of each other, the effective heteronuclear order
parameter can be calculated accordin@#9= Som x 63% =

A .

38%, which would correspond /27 = 7.8 kHz (see Table
4-0CHR e T iz 2). These numbers are slightly higher than experimental ones
T =47, = 133 pis (Sye = 37%)

(Dcu/2m = 6.1 kHz, Shet = 30%), which points at a liberating
small-angle motion of the aromatic rings on top of the 2180
ring flip. However, a full ring rotation can be excluded, because
the resulting coupling would then be much low®&c(/27 =
Do, = 17.0 kHz 2.6 kHz,S\e= 13%}* than the experimental one, not even taking
(Sp.. = 83%) into account the side chain motion. These results show very
clearly that there is a pronounced mobility gradient among the
aromatic residues of the dendron with order parameters changing
from 100% to 61% (30% including the flip) between the inner
D,, = 12.0 kHz and outer aromatic rings.
(She = 59%) Motions of OCH Groups In the qualitative study, it has
already been noted that 4-O@Rigroups are significantly more
mobile than the PhOCIPh groups (see Figure 7A). The residual
45 8 H 4 3 5wy dipolar couplings, as obtained from the REREDOR sideband
Figure 11. Residual'H—13C dipolar couplings of the different OGH  Patterns shown in Figure 11, are listed in Table 3. Since the
groups of A) G1-PMA, as measured by REREDOR spinning sideband 3C resonance lines of the 4-OGPh and 3,5-OCkPh groups
patterns recorded under MAS at 30 kHz and applying the recoupling times are separated, their mobility can be determined independently,
given in the figure (black lines- experimental, colored lines calculated). confirming that the 4-OCkPh segment is more mobil& =
59%) than the ones in positions 3 and $e( = 83%). This
effect is most likely due to steric hindrances from neighboring
dendritic groups, which affect the chains in the 3- and 5-posi-

3,5-0CH.Ph
T = 2 Tz = 67 ps

4-OCH.Ph
T =2 T =67 ps

coupling is affected by a flip or a rotation of the aromatic ridgs.
The homonuclear coupling between the two aromatic protons
remains unaffected by a flip or rotation because the dipolar . X ) ;
coupling vector lies parallel to the flip/rotation axis. Therefore, tions more severely. The e.xte.nt to which this effect is also
a reduction of the homonuclear coupling must be due to a present for the outer aro”?a“c rings and the attach_ed 4"@CH
motion of the whole side chain, while the heteronuclear dipolar groups cannot be determined, because the chemical shifts can

coupling can be reduced by both, the side chain movement and"© longer be distinguished. Rather, the valueSgg = 37%

a local ring flip. The reduced homonuclear couplii@y/27 determined for 4'OC?R’ as well as the vaIueShPm = 61%
= 4.9 kHz, Swom = 61%) can be related to a side chain motion andSe:= 30% determined above for the phenyl rings, represent

which effectively occurs within a cone-shaped volume with an ) . } i } )

. . (22) Discussion of internuclear distances as determined by NMR and alternative
opening angle of:20° (see below, Figure 12a). The angular methods: (a) Ishii, Y.; Terao, T.; Soichi, H. Chem. Phys1997, 107,
restriction can be estimated directly from the residual order 2760-2774. (b) Case, D. AJ. Biomol. NMR1999 15, 95-102.

23 (23) (a) Schmidt-Rohr, K.; Spiess, H. Wiultidimensional Solid-State-NMR
parameteiS,om ~ 60%: and PolymersAcademic Press: London, 1997. (b) Hentschel, R.; Sillescu,

; H.; Spiess, H. WPolymer1981, 22, 1516.
In the heteronuclear experiment, a lower order parameter of (24) Macho, V.. Biombacher. L. Spiess, H. Wepl. Magn. Resor2001,20,

Set = 30% is found, which indicates a phenyl ring flip that 405-432. (http://www.mpip-mainz.mpg.de/weblab40/)
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Figure 12. Characteristic features of the molecular dynamics and packing of the dendrons in G1-PMA. (a) A mobility gradient along the dendrons is
obvious from the local order parameters. On the basis ef 60%, the motion of the three linear chains occurs within a cone with an opening angle

of approximately+20°.23 (b) From the'H chemical-shift effects observed for the 3,5-OfH groups, “face-on” and “edge-on” types of contacts be-
tween dendrons can be derived. The figure should only be taken as a schematic visualization of principal structural features rather than agbaat of the a
structure.

averages over all three rings. On the basis of the ¢gf@Hesults, found. Consequently, the phenyl rings belonging to the chains
however, it can be assumed that the chain in the 4-position isin the 4-position can hardly cause thd shift effects of the
more mobile, as a whole, than the other two chains. 3,5-OCHPh groups.

On going from the outer phenyl ring§6m = 61%) to the Following the mobility argument, the inner and immobile
attached 4-OCER groups ..t = 37%), the segmental mobility  phenyl ring needs to be considered for theshifts, but there
increases by a factor 6f1.6, which can only be attributed to  is only one such inner phenyl ring per dendron and, in addi-
a liberating effect of the-O— segment between the phenyl ring tion, there are considerable steric hindrances, in particular for
and the CH group. A similar effect is also observed when the “edge-on’-type arrangement beside the phenyl ring. It can-
comparing the inner aromatic ring and the attached ¢RPH not be excluded that the inner phenyl ring contributes to the
groups. Correspondingly, theO— segment leads to an increase A = —2.4 ppm shift effect in the “face-on”-type arrange-
in the segmental mobility by factors of +24.7. ment, but it is most likely that the outer phenyl rings in the

Structural Implicatons from NMR Datdigure 12 schemati-  3- and 5-positions of neighboring dendrons dominate'the
cally summarizes the various pieces of information which have shift effects of the 3,5-OCHPh groups. Schematically, Figure
been gained so far about the structure, dynamics, and packingl2b shows possible “edge-on” and “face-one” arrangements
of the dendrons in G1-PMA. The segmental dynamics (given between dendrons, which would lead to the observed effects.
in detail in Figure 12a) show a clear mobility gradient along At this point, however, a word of caution needs to be added.
the dendrons, ranging from the immobile inner phenyl rings to The features displayed in Figure 12b are derived from a
the mobile ends of the aliphatic chains. The order parameter of combination of NMR results and should be taken as suggestions
the terminating methyl groups at the alkyl chains could be for local packing phenomena. These local features belong to
estimated t® < 4% by means of REREDOR experiments with an overall structure which can, as a whole, not be determined
long recoupling times (results not shown). The order parameterby NMR experiments alone. In particular, we do not know
S~ 60% of the outer phenyl rings can be understood in terms Whether each dendron is involved in edge-on- and face-on-type
of an angular motion by which the chain covers a cone-shapedarrangements at the same time or whether there are different
volume with an opening angle of approximate20° (as types of dendrons packed in face-on, edge-on, and mixed
indicated in Figure 12 arrangements.

Combining the results on the molecular dynamics with the ~ 4.3. G1-PS vs G1-PMAG1-PS has the same dendritic side
observedtH chemical-shift effects (see section 4.1 and Table group as G1-PMA but attached to a polystyrene backbone
1), some features of the dendron packing can be derived, whichinstead of a polymethacrylate one. G1-PS self-assembles into a
are depicted schematically in Figure 12b. A few conclusions columnar structure similar to G1-PMA and also exhibits a
concerning the structure of the dendrons and their packing havehexagonal liquid crystalline phase abdige Comparing the local
already been drawn in section 4.1, which are now to be structure and dynamics of the two supramolecular systems
completed by consideration of the segmental dynamics. As provides insight into the role the polymer backbone plays in
discussed above, the shift effects allow the,@irbtons of the the self-assembly process of the columnar structure.
3,5-OCHPh groups to be located either above/below or beside  Figure 6B shows the OCHregion of the!H—13C REPT-

a phenyl ring (according t&A = —2.4 or +0.8 ppm, respec-  HSQC spectrum of G1-PS. Comparing this spectrum to the one
tively). The respective regions are relatively small and restricted of G1-PMA (Figure 6A), similar'H chemical shifts are
(highlighted in red in Figure 12b), so that the phenyl ring causing observed, which indicates that similarshifts are present in
the shifts has to be relatively immobile. Otherwise, motional both systems. This observation suggests that the inner,OCH
averaging would lead to less pronounced shift effects. This groups and the outer aromatic rings arrange in a similar fashion

kind of situation is observed in the case of the 4-QBEH
groups, where a combination &f ~ 0 ppm andS = 59% is
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in both systems. Consequently, the polymer backbone does not
have a pronounced influence on the structure adopted by the
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Table 4. Residual Heteronuclear 'TH—12C Couplings of G1-PS and c
G1-PMA from REPT-HDOR and REREDOR Spinning Sideband
Patterns as Well as Residual Homonuclear *H—1H Couplings from 4-0CHR Pscr =_7é§0?';z
het — o

DQ Sideband Patterns

experimental couplings and order parameters

G1-PMA heteronuclear
C-H Dyl 27t (Sher)

21.0 kHZI00%)
17.0 kHz (83%)
12.0 kHz (59%)

6.1 kHz (30%)
4.9 kHz (56%)

G1-PS heteronuclear
C-H Dyl 27t (Sher)

not measured
16.0 kHz (78%)
13.0 kHz (64%)

5.8 kHz (28%)
4.8 kHz (55%)

inner aromatic ring

3,5-OCHPh

4-OCH,Ph

outer phenyl rings

homonuclear H-H
Dun/27t (Shom)

4-OCHR

7.0 kHz (34%) 7.5 kHz (37%)

T =41, =133 ps

45 3 #1435y

Figure 13. Residual'H—13C dipolar couplings of the OC}R groups of

(C) G2-PMA, as measured by REREDOR spinning sideband patterns
recorded under MAS at 30 kHz (black lire experimental, green line
calculated).

changes oA = 1.2 and—1.6 ppm can be converted to proton
locations at distances of3 A beside and (3.6 0.5) A above/
below the center of a phenyl ring, respectively. In G2-PMA,

system, which is rather driven by the steric requirements as well the shifts tend to slightly higher frequencies than in G1-PMA,

as thesr—mr interactions of the dendron.

and all OCHPh protons experience shifts of nearby aromatic

This conclusion is further supported by the local dynamics ngs, so that no chemical shift close to the solution-state value

of the dendritic side groups of G1-PS. THe—13C TEDOR

is observed. This can be attributed to the higher density of

spectra (Figure 7B) as well as the REREDOR sideband pat- Phenyl systems in G2-PMA. For the 3,5-Ogitgroups, simi-

terns of the OCH groups (not shown) prove that the dynam-
ical properties of G1-PS are very similar to G1-PMA. More-
over, the residual dipotedipole couplings and order param-
eters observed for the outer aromatic ringsl(*C and

IH—!H couplings in Figures 9B and 10B, respectively) are

practically identical, too. The values are listed in Table 4. Thus,

lar zz-shifts lead to two differentH resonances at 4.5 and 1.7
ppm, compared to the solution-state value of 3.6 ppm @Ae.,
= 0.9 and—1.9 ppm). These values correspond to proton
locations at distances of3 A beside and (2.5 0.5) A above/
below the center of a phenyl ring, respectively. These findings
bear similarities to the 3,5-OGRh segments in G1-PMA,

not only the local structure but also the dynamics of G1-PMA Which points at a similar exposure of the 3,5-OGtotons to
and G1-PS are largely identical despite the different polymer nearby aromatic systems. From a structural point of view, 3,5-

backbones.
4.4. G2-PMA vs G1-PMA.The G1-PMA and G1-PS systems

OCH,Ph in G1-PMA and 3,5-OCHR in G2-PMA play a similar
role in the dendrons, since both units link a linear side chain to

discussed so far contain dendrons of the first generation. To@ 3,4,5-substituted phenyl ring.

study the influence of the generation on the supramolecular

Considering the chemical shifts in G1- and G2-PMA, it is

arrangement, the results obtained for G1-PMA shall now be evident that the dendrons of first and second generation exhibit

compared to those for G2-PMA with a PMA backbone and

similar general features and can thus be expected to pack in a

dendritic side groups of second generation. In the solid phase,similar fashion. In G2-PMA, the local density of phenyl rings
G2-PMA also self-assembles in a columnar structure, but neitheris obviously higher around the OGHjroups, which leads to
a pronounced glass transition nor an isotropic phase is observednore pronouncede-shift effects.

before the compound decomposes at 260

Chemical ShiftsA comparison of selected solid-state chemi-
cal shifts of G2-PMA with the corresponding solution-state
values (in brackets) and the values of G1-PMA is given in

Molecular Dynamics The dynamic properties of G2-PMA
are different from G1-PMA, as will be discussed in the
following. Starting with the outer phenyl rings, Figure 9C shows
a'H—C REPT-HDOR sideband pattern from which a coupling

Table 5. On the basis of the solution-state NMR data, the of Dcn/27 = 16.1 kHz is determined, correspondingS@: =
13C resonances between 69 and 75 ppm, as observed in theg9%. Hence, the outer aromatic rings in G2-PMA are a lot less
1H—13C correlation spectrum (Figure 6C), could be assigned mobile than in G1-PMA and G1-PS (whefe ~ 30% and

to the different OCHgroups. As mentioned above for G1-PMA
and G1-PS, the 4-OGIRh groups (blue in Figure 6C) are
expected to have a differeAtC chemical shift than the 3,5-

substituted ones (red in Figure 6C). Accordingly, G2-PMA,
4-OCHR (green), and 3,5-OCIR (dark green) are expected
to have different3C chemical shifts. However, there are two
more’3C chemical shifts present: For the 3,5-OfH and the

60% with and without the phenyl flip, respectively). This is
not too surprising because the outer rings in G2-PMA are centers
of dendritic units (with a 3,4,5-substitution) while in G1-PMA
the outer ring is only part of a linear side chain (only
4-substitution). Indeed, the coupling value @§y/27 = 16.1

kHz shows that the phenyl ring flip is inhibited, as such a flip
would be associated with a reduction of the coupling to 12.8

3,5-OCHR groups, pairs of resonances are observed (71.3/72.1kHz. In comparison to the inner ring in G1-PMA (Withet ~
and 69.2/69.7 ppm, respectively). This could either mean that 100%), however, the outer rings in G2-PMA are more mobile

in G2-PMA the 3-OCH and 5-OCH groups have a slightly
different environment or that the organization of the 3,5-QCH
groups is not fully identical throughout the macromolecule. With

(with Siet = 79%). This is because the outer rings in G2-PMA
carry only linear alkyl side chains, but no phenyl rings which
would be capable ofi—m stacking.

respect to the structure, however, the observation of more than Turning to the alkyl side chains attached to the outer phenyl

onelH resonance for the 3,5-OGlgroups is more significant.
Similar to G1-PMA, the 3,5-OCHPh protons are found to be

rings, the same coupling®cy/2r = 7.5 kHz and order
parameter$,: = 37% are found for the 4-OCIR groups in

shifted due to aromatic ring currents to higher and lower G1-and G2-PMA (see Figures 11 and 13). Thus, the dynamics
frequencies, i.e., 6.0 and 3.2 ppm compared to the solution- of these CH groups appears to be dominated by the dynamics
state value of 4.8 ppm. On the basis of Figure 2, the shift of the alkyl chain rather than by the inner part of the dendron.
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Table 5. H and 13C Chemical Shifts of G1-PMA and G2-PMA from 1H—13C REPT-HSQC Solid-State Correlation Spectra and
Solution-State NMR (in brackets)
G1-PMA solid (solution-state) G2-PMA solid (solution-state)
6(**C) [ppm] O(*H) [ppm] 0(*°C) [ppm] O(*H) [ppm]
3,5-OCHR a a 69.2 (68.5) 1.7 (3.6)

a a 69.7 (68.5) 4.5 (3.6)
4-OCHR 67.8 (69.1) 3.4(3.8) 73.5(73.1) 3.7(3.8)
3,5-OCHPh 70.6 (70.4) 2.3(4.7) 71.3(71.2) 3.2 (4.9)

4.3(4.7) 6.0 (4.9)

5.5 (4.7) 72.1(71.3) 3.7 (4.9)
4-OCHPh 75.0 (76.1) 4.4 (4.7) 75.0 (74.8) 3.4 (4.8)
outer phenyl CH, ortho 114.0 (114.0-114.8) 6.3 (6.6) 106.0 (105.7-106.3) 6.4 (6.5)
outer phenyl CH, meta 130.0 (129.0-130.5) 6.7 (7.0) a a
inner phenyl CH 109.0 (109.0) b96.6) 110.0 (110.1) 5%6.7)

aNo such group is present in the molecui@he signal intensity in the 2D REPT-HSQC spectrum is too low to reliably determingitaokemical shift.

Table 6. H and 13C Chemical Shifts of G1-PMA and G1-4EO-PMA from 'H—13C REPT-HSQC Solid-State Correlation Spectra and
Solution-State NMR (in brackets)

G1-PMA solid (solution) G1-4EO-PMA solid (solution)

0(“C) [ppm] O('H) [ppm] 0(°C) [ppm] O('H) [ppm]
4-OCHR 67.8 (69.1) 3.4 (3.8) 68.0 (68.1) 3.5(3.9)
3,5-OCHPh 70.6 (70.4) 2.3(4.7) 70.3(71.3) 3.5(5.0)

4.3 (4.7)

5.5 (4.7)
4-OCH,Ph 75.0 (76.1) 4.4 (4.7) 74.5 (74.8) 3.7 (5.0)
-(OCH,CHy)4- linker a a 70.3(70.8) 3.5(3.6)
outer phenyl CH, ortho 114.0 (114.0-114.8) 6.3 (6.6) 114.0 (114.0-114.6) 6.1 (6.7-6.9)
outer phenyl CH, meta 130.0 (129.0-130.5) 6.7 (7.0) 130.7 (129.4-130.3) 6.6 (7.2-7.3)
inner phenyl CH 109.0 (109.0) b96.6) 107.8 (109.6) 6.8 (7.4)

aNo such group is present in the molecli@he signal intensity in the 2D REPT-HSQC spectrum is too low to reliably determingitaokemical shift.

Obviously, the —O— linker provides efficient mechanical in significant contrast to the observation of many differét
decoupling from the phenyl ring, whose dynamics is consider- chemical shifts in G1-PMA, G1-PS, and G2-PMA (see Figure
ably different in G1-PMA and G2-PMA. 6A—C) and leads to the conclusion that the EO linker introduces
4.5. G1-4EO-PMA vs G1-PMA.The G1-4EO-PMA mac- some degree of flexibility into the system, thereby allowing for
romolecule is very similar to G1-PMA, with the only difference @ distribution of conformations and, as a consequence of this,
being a linker of four ethoxy (EO) groups between the a distribution of*H chemical shifts. Correspondingly, a broad
polymethacrylate backbone and G1 dendron. G1-4EO-PMA also Gaussian-type line shape is found, which reflects the distribution
self-assembles into columns, but the EO linker chain has Of local conformations. It should be noted that the protons of
significant influences. Its impact on the supramolecular structure the linker do not experience aromatic ring currents at all but
is quite pronounced, because G1-4EO-PMA displays a higher remain at their solution-state resonance position. Hence, the EO
long-range order than the molecules without EO linker unit, so linker and the aromatic units are spatially separated in the
that detailed small- and wide-angle X-ray diffraction studies columns.
could be carried outBy comparing the solid-state NMR data Molecular DynamicsTurning to the dynamics of G1-4EO-
of G1-4EO-PMA and G1-PMA, more insight can be gained into PMA, the TEDOR spectra in Figure 7D show that the signal of
the effects of the linker unit on the local arrangement and the 4-OCHR group disappears at four rotor periods excitation
dynamics of the phenyl rings. Then the question can be tackledwhile the corresponding signal is still present in the case of
whether these properties can be considered as the actual sourc&1-PMA (Figure 7A). Hence, the 4-OGR group is less mobile
of the increased long-range order. in G1-4EO-PMA than in G1-PMA. Moving toward the inner
Chemical Shiftsin Table 6, selected solid-state chemical part of the dendron, the 4-OGPh group remains basically as
shifts of G1-4EO-PMA are compared with the corresponding mobile as the 4-OCHR group. The peak at 70.3 ppm is
solution-state values (in brackets) as well as with the values of dominated by the EO linker (concealing the 3,5-QRHsignal),
G1-PMA. Similar to G1-PMA, thé3C resonances at 68.0 and and its mobility is also comparable to 4-OgRi This observa-
74.5 ppm could be assigned to the 4-O®Hand 4-OCHPh tion is confirmed by REREDOR spinning sideband patterns
groups, respectively. There is only one more resonance observedFigure 14), which yield residual heteronuclear couplings of
at 70.3 ppm, which has to be assigned to the 3,5-gFBHjroups DcW/2r = 11.5 and 11.0 kHz for the EO linker and the
as well as to the EO linker. Unfortunately, these groups turn 4-OCHR group, respectively, corresponding to order parameters
out to have the sam®C chemical shifts. On the basis of the Shet= 54—56%. Thus, considering all OGlsegment mobilities,

solution-state values in Table 6, differeld chemical-shifts
would be expected for 3,5-OGRh and the linker unit in the
solid state, but basically only one bro#d resonance at 34
3.8 ppm is observed for the different Oggroups in the 2D
IH—13C REPT-HSQC spectrum (shown in Figure 6D). This is
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it can be concluded that G1-4EO-PMA exhibits basically no
mobility gradient through its dendritic side groups.

For the outer phenyl rings, residual homo- and heteronuclear
couplings ofDyn/27 = 4.7 kHz (Figure 10D) an®cp/27 =
6.3 kHz (Figure 9D), respectively, are found, which are similar
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Figure 14. Residual'H—13C dipolar couplings of the different OGH
groups of D) G1-4EO-PMA belowTy (T = 15 °C), as measured by
REREDOR spinning sideband patterns recorded under MAS at 30 kHz
(black line= experimental, colored line= calculated).

to G1-PMA (Figures 10A and 9A). Therefore, the outer phenyl
rings of G1-4EO-PMA undergo 180flips in addition to a
motion of the whole side chain with a chain order parameter of
Som ~ 60%, as found for G1-PMA above. This value is not
significantly higher than the one determined for the EO linker
(Shet= 56%) and the 4-OCHR group Gret= 54%) in G1-4EO-
PMA, which again shows that the dendrons of G1-4EO-PMA
exhibit a very uniform motion, in contrast to G1-PMA.
Obviously, the EO linker mechanically decouples the polymer
backbone from the dendron, such that the immobility of the
backbone parts no longer induces a mobility gradient through
the dendron. In this way, the aromatic units of the dendrons
gain motional flexibility, which allows them to unperturbedly
arrange in a favorable fashion.

5. Conclusion

Dipolar 'H—H andH—13C recoupling NMR methods under
fast MAS allow a detailed analysis of the local structure and
the local molecular dynamics in supramolecular dendritic
polymers without the need of isotopically enriched materials.

of a helical polymer backbone which is surrounded by the inner,
well-organized, and relatively rigid part of the dendrons. At the
outer part of the dendrons, mobile dodecyl chains build an
additional flexible layer toward the surface of the columns,
which further stabilizes them.

Besides these common general features, a more detailed study
of the individual properties of the dendritic polymers reveals
further similarities as well as a few significant differences among
them. G1-PMA and G1-PS generally exhibit very similar overall
properties: They do not differ much in thédiig value and their
melting temperature, and a very similar arrangement of the
dendritic moieties of G1-PMA and G1-PS is observed. The
sr-shifts experienced by the OGPh protons are largely identical
for both systems, which indicates similar ring-current effects
and, thus, implies that the arrangement of the aromatic rings
and OCH groups must be essentially the same for G1-PMA
and G1-PS. This is further confirmed by the similar dynamical
properties observed for both systems. From this comparison, it
is obvious that the polymer backbone does not have a significant
influence on the structure adopted by the system. Rather, the
aromatic moieties in the dendrons are the driving force in the
self-assembly process, inducing a helical arrangement of both
the PS and the PMA chain.

Comparing dendrons of first and second generation (i.e.,
G1-PMA vs G2-PMA), the OCkigroups and aromatic rings
of the G2-dendron arrange in a fashion comparable to G1. In
G2, however, more pronouncedshifts are observed, which
indicate a higher density of phenyl rings around the QCH
groups. In general, less motion is observed in the G2-dendrons

than in G1, which can predominantly be attributed to steric

effects associated with the 3,4,5-substitution of O-dodecyl chains
in G2.

G1-4EO-PMA deviate significantly from the other three
materials. Here, the flexible EO linker unit provides efficient

The present work focuses on how dendritic side groups attachedmechanical decoupling between the polymer backbone and the
to a polymer backbone arrange in a supramolecular fashion andattached dendron, such that the latter can arrange in a favorable
how this assembly with its local molecular packing and fashion Get = 54%-56%) instead of being forced to mediate

dynamics is influenced by (i) the polymer backbone, (ii) the

between the rigid backbone and the flexible alkyl chains. The

generation of dendritic side groups, or (iii) the type and size of different arrangement of the G1-dendrons in G1-PMA and
linkers. All four polymers investigated self-assemble in a G1-4EO-PMA s also reflected by the very different ring current
columnar fashion, which is well organized below as well as effects on théH chemical shifts detected for the two systems.

aboveTy.
High local dynamical order parameters of upSe= 100%,
as obtained fromH—13C and 'H—'H dipolar recoupling

Remarkably, G1-4EO-PMA exhibits a higher long-range order

below Ty,

In conclusion, this investigation shows how advanced solid-

experiments, and pronounced aromatic ring-current effects onstate NMR experiments can elucidate the local structure of

1H chemical shifts, as observed IH—13C correlation spectra,

supramolecular architectures as well as the site-specific dynam-

provide evidence for a high degree of order in the packing of ics of different molecular building blocks in large complex
the dendrons. The pronounced local order among the aromaticsystems. In this way, valuable information is provided which
moieties implies that these parts play a structure-directing role helps to quantify local interactions, to identify structure-directing

in the systems. Using aromatic ring current effectdtdchem-

elements, and to understand order phenomena, which all together

ical shifts as distance constraints, “edge-on”- and “face-on”- determine the self-assembly process of supramolecular systems.
type arrangements can be identified as characteristic features

of the dendron packing. Within the dendrons (except for
G1-4EO-PMA, see below), large mobility gradients are found
to range fromS,et~ 100% for the inner phenyl rings &t ~
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