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Abstract: Selectively deuterated, dodecyloxy substituted stilbenoid dendrimers of the first and second
generation were synthesized by a convergent synthesis, using the Wittig—Horner reaction. The photo-
chemistry and the fluorescence in the different crystalline and liquid crystalline phases were investigated.
Molecules deuterated at the a-position of the alkoxy chains were used to study the photoreactions in the
neat phases by 'H NMR. Reactions of the double bonds are exclusively observed in the liquid crystal
phases. No photoreactions occur in the crystalline state. The mobility of the dendrimers was studied by
means of 2H solid-state NMR spectroscopy. The onset of the photochemistry for dendrimer 1 [all-(E)-1,3,5-
tris[2-(3,4,5-tridodecyloxyphenyl)ethenyl]benzene] corresponds to the increasing mobility at the Cr/LC
transition. The first generation dendrimers still show large angle motion, whereas dendrimers of the second
generation 2 [all-(E)-1,3,5-tris(2-{ 3,5-bis[2-(3,4,5-tridodecyloxyphenyl)ethenyl]phenyl} ethenyl)benzene] are
restricted to librational motions. Photochemical conversion and fluorescence quenching for first and second
generation dendrimers 1 and 2 increase with increasing molecular motion and reach a maximum in the
isotropic phase.

Introduction Their photophysical properties have been studied with respect
to their ability toward charge transpdftlight emissiont! and
electron transfef? Attachment of long alkyloxy chains to their
periphery not only effects their solubility in conventional organic
solvents but also induces liquid crystal phases for the first two
generation$:?® Irradiation of stilbenoid dendrimers in cyclohex-
ane solution or of spin-coated thin films results in a fast
photodegradation of almost all double borid&14Photoreac-
tions in the mesophases afford a slight decrease of the clearing
temperatures for small amounts of photoproducts; prolonged
exposure to UV light results in an irreversible formation of an
isotropic phasé:!® It has been shown that oligomeric and
polymeric photoproducts were formed by statistical CC bond
formation. This is in contrast to the photochemistry in diluted
solutions, where a high proportion of regular dimers (cyclo-
t University of Mainz. phanes) is produced.From other stilbenoid mesogens, namely

¥ Max Planck Institute for Polymer Research. the triphenanthro anellated [18] annulefes, behavior more
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Universite Libre de Bruxelles, Boulevard du Triomphe, 1050 Bruxelles, similar to that of the photochemistry in solution is known: there,

Compounds based on stilbenoid units play an increasing role
in materials science. Their interesting photochemical and
photophysical properties which can be easily tuned for specific
applications make them prone not only for photoresists, imaging
and optical switching techniques, and nonlinear optics but also
for optoelectronic devices, such as light-emitting diodes, pho-
toconductors, or photovoltaic cefls* The latter applications
are of emerging interest, and the fabrication of cheap, flexible
plastic devices is envisaged.

Recently, stilbenoid compounds have been incorporated in a.
new structural concept, the dendrimeStilbenoid dendrimers
have been synthesized by various methodsyith stilbenoid
units of different conjugation lengths up to the fifth generafién.
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1a A-C="H,R =C,,H,; 2a A=1H,R=C,H,y
1b A=?H, B,C="H,R=C,H,, 2b A=2H,R=C,Hy
1c B=2H, 4, C="H,R=C,H,, 2¢ A="H, R=C?H,C, H,,

1d C="H, 4, B="H,R=C,H,
le A-C="H,R = CH,C, H,,

Figure 1. Selective deuterated stilbenoid dendrimers of first and second genetadioth?2.
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Figure 2. Deuterated building blocks for the synthesis of stilbenoid dendrimers.

the neat mesophase is photochemically inert up to temperaturesSynthesis

of around 150°C \_/vh(_ere the photodimerization starts, .which The synthesi¥ of the deuterated dendrimetsnd? (Figure
becomes a quantitative process above 200Investigations 1y \yas carried out in a convergent procedure coupled for the
of the mesogenic stilbenoid dendrimers under polarized light ingividual generations as previously described for nondeuterated
without UV filters typically show a fast degradation of the LC  derivatives® The preparation was conveniently performed using
phase, especially in the vicinity of the clearing point. Since the three initial building blocks: peripheral uni& core unit8,
photochemical behavior is crucial for the performance of most and branching un@ (Figure 2). To gain information on different

of the potential applications of stilbenoid dendrimers, it is segment mobilities byH solid-state NMR, target compounds
essential to gain a deeper understanding of the photochemicall and2 were selectively deuterated at various positions; core,
and photophysical behavior and the underlying structural and double bonds, peripheral aromatic units, ane€CH,. The
molecular dynamical features. Molecular dynamics can be easily deuteration was achieved by synthesis of c@rasd aldehydes
and precisely probed bjH NMR spectroscopy® For this 6 (Figure 2). The deuterated peripheral uibsd were prepared
reason, stilbenoid dendrimers of the first and second generation@n@logously to the nondeuterated compo6etf (Scheme 1),

(1, 2) were selectively deuterated from the center to the USING deuterated reagents, i.e., 1,1-dideuteriododecylbrétide

periphery (Figure 1). In this study, the results from the

(16) Schmidt-Rohr, K.; Spiess, H. Wiultidimensional Solid-state NMR and

temperature-dependett NMR experiments will be related to Polymers;Academic Press: London, 1994. .
. . . . . (17) Experimental details on synthesis, irradiation, and fluorescence experiments
the photochemistry and photophysics of the stilbenoid dendrim- and the spectroscopic investigations are collected in the Supporting

i i iati Information.
ers, which are probed by fluorescence spectra and |rrad|at|on(18) Kosteyn. F.: Meier, H.. Zerban, @hem. Ber1992 125 893-897.

experiments on the neat materials. (19) Warner, R. M.; Leich, L. CJ. Labeled Compdl965 1, 42—53.
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Scheme 1. Synthesis of Selectively Deuterated Aldehydes 6 and 102

H,,C,,CX,0 H,,C,,CX,0 H,3C,,CX,0,
(iii) 0
—P H,,C,,CX,0 —> H,,C,,CX,0 CY,0H —» H,C,,CX,0
Y
H,,C,,CX,0 H,,C,,CX,0 H,,C,,CX,0
3 4 5 6
6a X, Y="H
6b X=HY=H
6¢c X=2H,Y="H
H2:C1,0, H25C 120,
o (i) QCH,
HxC120 —» HyC0 CH
H OCH,
HC120 H:C120
6a 7
(vii)

6b,ec + 9 —>
(viii)

10a Z="H,R=C,H,;

10b Z=TH, R=C?H,C,|,Hy;
a (i) H23C11CX2Br, K2CO, acetone, reflux; (ii) LAY, (HsCy),20; (iii) DDQ, dioxane, rt; (iv) CHOH, HC(OCH;)s, Dowex 50W-X8; (v) TMEDA, Buli,
Et,0, D;O; (vi) HCI, CHCE; (vii) Ko-t-C4Hg, THF; (viiii) HCI, CHCls.

. . . : . Table 1. DSC Results for Stilbenoid Dendrimers 1 and 2 at a
in the first reaction step towat and LiAID, for the reduction Heating Rate of 10° C/min

of the ethyl ester (step 2) to obtafit. The deuteration of the

phase transitions (onset [°C]/AH [kJ/mol])

aromat|c ring in6C was aChieved Via a 2'f0|d I|th|at|0n Of a dendrimer heating rate 10 °C/min
dimethylacetale-protected aldehy@€é® subsequent quenching 15 heating Cy13.2/49.4 Cs 18.8/-21.0 Cg 37.9/39.1 Cals 75.3/10.1 |
with D,O and cleavage of the acetale ga&® deuterated by cooling |74.0+~9.5 Cohq8.2/~60.1 Ck;

95% at the 2,6-positions. Deuterium at the center of the molecule 1P heating Cr14.2/59.2 C518.9/-11.7 Cg 36.7/13.5 Cala 75.4/9.6 |
0 P cooling 174.9+9.1 Cokg11.0~59.3 Cx.

was introduced by using trideutgrio tri§phosphor@meas the 1c  heating Cri12.8/42.6 Cy18.0~21.8 Cg 37.7/43.4 Caly 74.6/10.3 |
core unit. It was prepared according to literature proce8ét@3 cooling 172.4/-9.3 Cohy8.2/-59.5 Ck
starting from deuterated mesityleffe The deuterated first 1d  heating Cr12.0/24.4 Cy17.2/-24.0 C 37.3/52.8 Caly 73.1/9.8 |

. . K cooling 170.3+8.8 Cohq9.2/—65.2 Cq
generation dendrimetsa—d could then be obtained by a 3-fold 16 heating cri12.2/52.2 Cy18.2+-22.2 C 37.3/41.3 Caly 73.7/10.2 |

Wittig—Horner reaction of the aldehydé&swith the trisphos- cooling |71.7/-9.2 Cohg 7.9/-63.0 Cy
i : ; 2a  heating Cr11.0/59 Cai32.0/4 Col, 99/17 |
phonates. qu .the preparation Qf secongl generation dendrimers cooling 191/-17 Coby5/--48 Cr
2, a 2-fold Wittig—Horner reaction o6 with 9 and subsequent 2b  heating Cr4.1/59.1 Cg)29.7/20.4 Ca}, 98.3/19.6 |
cleavage of the acetale were carried out to provide the dendrons cooling |94.8+18.6 Col, 8.7/~47.4 Cr
i _ 2c  heating Cr2.2/40.9 CQ|27.5/11.1 Ca), 94.6/11.3 |

10ab (S_cheme 1). The Iatter were coupled to the tnspho_spho cooling 1 91.9-11.0 Coly 5.2/-38.2 c?
nate 8a in order to obtain the second generation dendrimers
2b,c. All synthesized deuterated dendrimers were exhaustively
purified by column chromatography and succeeding reprecipi- calorimetry (DSC) measurements. Phase transitions are in
tation from THF using methanol. By this method, small amounts accordance with the data previously published for the nondeu-
of photoproducts could be removed, which are formed during terated samplesData for the second heating and first cooling
synthesis and have a dominant influence on the phase transitiorcurve are collected in Table 1. For all derivatives of sellies
characteristics. the second heating curves show two transitions between
crystalline phases assigned ag-Grone transition between the
) ) Crs phase and the Cglphase (37.4t 0.5°C/38.0+ 14.7 kJ/

Thermal Behavior of Neat Samples.The thermotropic  mol) and one transition from the liquid crystal phase to the
behavior of the dendrimers was analyzed by differential scanning isotropic phase (74.4 1.0°C/10.0+ 0.3 kJ/mol). In the cooling

process, only two transitions are observed, one with a small

Results and Discussion

(20) Plaumann, H. P.; Keay, B. A.; Rodrigo, Retrahedron Lett1979 51,

4921-4924. hysteresis at 72.4 1.8 °C (—9.2 £ 0.3 kJ/mol) which
(21) Yodtle, F.; Lichtenthaler, R. G.; Zuber, Nehem. Ber1973 106 717~ corresponds to the conversion from the isotropic to the LC phase
(22) Malkes L. Y.; Kovalenko, N. FZh. Org. Khim.1966 2, 297;Chem. Abstr. and one with a large hysteresis at &91.3°C (—61.4+ 2.6
1966 65, 2188a. i i ati
(23) Andreou, A. D.; Bulbulian, R. V.; Gore, P. H.; Morris, D. F. C.; Short, E. k‘]/mOD' The latter is related to the CryStalhzatlon of the LC
L. J. Chem. Soc., Perkin Trans. 1081, 830-837. phase to the low-temperature crystal phasg The transition
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enthalpy equals the sum of the three transitions detected duringmolecular motions and different segmental motiohswas
the heating cycle. selectively deuterated at various positions as shown in Figure
Dendrimers2 show a similar behavior. In the heating curves, 1. Dendrimerlbis deuterated at the central benzene ring; thus,
three transitions Cr/Cg| (5.8 + 4.6 °C/53.0+ 10.5 kJ/mol), the results obtained for this sample reflect the molecular motion
Colhd/Colop (29.74 2.3°C/11.8+ 8.2 kJ/mol) and Cgl/I (97.3 of the whole mesogen. Additional dynamics of the dendrimer
+ 2.4°C/16.0+ 4.2 kJ/mol) take place. Thereby, transitions arms can subsequently be investigated by analyzing the spectra
between the hexagonal phase and the oblique phase appear veryf the molecules selectively deuterated at the olefinic and the
broad and can be supercooled; consequently, the cooling curveuter aromatic positiond,c and1d. The samplele deuterated
exhibit only two transitions at 92.3 2.1°C (—15.5+ 4.0 kJ/ at the o-CH; groups of the alkoxy chains finally provides
mol) and 6.3+ 2.1 °C (—44.5 + 5.5 kJ/mol). Interestingly, information about the restricted mobility of the side chain in
the phase sequence of these dendritic mesogens is invertedhe vicinity of the aromatic core. For tiél NMR studies of
(Colng at lower temperatures than Gg)l compared to other  the second generation dendrin®rtwo different isotopomers
discotic molecules forming columnar phagéshis may be were prepared, which are shown in Figure 1. Molec@leand
attributed to the presence of several conformation isomers,2c were selectively deuterated at the second shell of the
whose distribution changes with temperature and, thus, might dendrimer, the outer olefinic positions and thenethylene units
lead to the observed distortion of the hexagonal phase at elevatef the side chains, respectively. A deuteration of the outer parts
temperatures. of the molecule was preferred over a deuteration of the core
NMR Background. In solid-state®H NMR, the NMR moieties, since the very low overall content?f in the case
frequencywq (in the rotating frame) depends on the orientation of core deuteration would have presumably led to severe signal-
of the external static magnetic fielBy with respect to the to-noise problems.
principal axes system of the electric-field gradient (EFG)  A. First Generation Dendrimers 1. In the following section,
tensort® wq is described by the following equation: we focus on the sample selectively deuterated at the central
benzene ringlb. The temperature-dependéht NMR spectra
wo = ié(B co$ § — 1 — 7 sir’ 6 cos 2p) (1) are presented in Figure 3. At 2Z 1b is in its crystalline Cg
2 phase. Hence, no significant mobility of the core of the molecule
is expected, and correspondingly, the spectruitidias a Pake
pattern with a quadrupole splitting of 130 kHz, which is the
typical splitting constant of a rigid €D bond. Therefore, the
core of the molecule is immobile on the fast time scalé@*
s). Heating to 67C and 72°C into the liquid crystalline phase
leads to spectra with a strongly reduced quadrupolar splitting
of 46 kHz. The spectra also exhibit a comparably strong signal
at wo, which is due to isotropic parts in the sample and will be
discussed in detail below. The observed reduction of the
qguadrupolar splitting is due to the onset of the rotation of the
mesogens. It should be noted that for symmetry reasons in the
fast motional limit a free rotation cannot be distinguished from
three-site (or higher) jumps by means?f NMR line shape
analysis. Discrete three-site jumps ($R@round the column
axis are known from other discotic molecules with sym-
metry2” In the following, we refer to a rotation around the
column axis as the motional process, keeping in mind that as
Ywell in-plane 120 jumps might take place. In the case of an
ideal rotation around th€; symmetry axis of the molecule, a

wheref and¢ are the polar coordinates of the magnetic field
in the principal axes system of the EFG tensor. The anisotropy
paramete of the quadrupolar interaction is on the order of
21 x 125 kHz for C-D deuterons.y is the asymmetry
parameter of the electric field gradient (EFG) tensor and is
usually negligibly small for €D bonds. Since the deuteron is

a spin-1 nucleus, two transitions are allowed between the
corresponding three energy levels, which is reflected in the two
signs in eq 1. One-dimension#i NMR spectra are usually
recorded by applying the solid-echo pulse sequence, which
consists of twaorr/2 pulses separated by an echo dejagnd
shifted in phase byr/2. The solid-echo sequence leads to the
formation of an echo dt= 2t,. In absence of molecular motions,
the line shape of the 1D spectrum is independent of the length
of the applied echo delatp. In this static case, the signal of
isotropic media results from summing over all value® @nd

@ and is commonly referred to as the Pake spectrum (assumin
an axially symmetric EFG tenson & 0)), which features two

singularities with a separatiah(6 = 90°) and feet with a total reduction of the quadrupolar splitting by a factor 0.5-t65

width of 20 (6 = 0). . . "
In contrast, if molecular reorientations take place during the !(HZ Is expected. Further reduction of the quadrupolar splitting

) ) . : is due to less well-defined rotational motion. In the case of
pulse sequence, a time-dependent signgt) results?® In this - . . -
. ) o nonaligned, isotropic samples, the order parameter for the disk

case, the line shape of the 1D spectra is very sensitive to bo'[hrotation can be defined as
the kind of motion and the interpulse delkayTherefore, detailed
information about the mechanism of molecular reorientation can 20 psorved
be extracted by carrying out a line shape analysis. I (2)

2H NMR Investigations. From various discotic systems, it

is well-known that different segments in the molecule might  The measured reduction to 46 kHz therefore corresponds to
exhibit large differences in the mobilif:?” To distinguish an order parameter @ = 0.74. Usually in discotic systems
,29
(24) Cammidge, A. N.; Bushby, R. J. Hiandbook of Liquid CrystajDemus, order parameter_S ~ O_'8 ar_e observe#:?The reducgd order
D., Gray, G. W., Spiess, H.-W., Vill, V., Eds.; VCH: 1998; Vol. 2B, pp  parameter obtained in this system can be explained by the
81798 dynamics of the dendritic arms as will be shown later with

(25) Spiess, H. W.; Sillescu, H. Magn. Res1981, 42, 381.
(26) Spielberg, N.; Sarkar, M.; Luz, Z.; Poupko, R.; Billards, J.; Zimmermann,

H. Lig. Cryst.1993 15 (3), 311. (28) Goldfarb, D.; Luz, ZJ. Physiquel981, 42, 1303-1311.
(27) Leisen, J.; Werth, M.; Boeffel, C.; Spiess, H. W.Chem. Physl992 97 (29) Herwig, P.; Kayser, C. W.; Mien, K.; Spiess, H. WAdv. Mater. 1996
(5), 3749. 8, 510-513.
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71°C

77°C

72°C

relative intensity

200 0 -200
frequency [kHz]

Figure 3. Temperature-dependefii NMR spectra oflb. The second spectrum (gray) at 22 is a simulated Pake pattern with a quadrupole splitting of
130 kHz.

dendrimerslc and 1d. It should be noted that in principle the s due to alignment of the aromatic cores and thus of the columns
smaller quadrupolar splitting could originate from a tilt of the orthogonal with respect to the magnetic field, which is a well-
molecules with respect to the columnar axis. Assuming ideal known phenomenon for liquid crystals containing aromatic
order § = 1), the reduced quadrupolar splitting for a tilted building blocks3! Due to the anisotropy of the magnetic suscept-

arrangement is given by ibility of aromatic systems, the potential energy is minimized,
_ when the normal vectors of the aromatic planes are oriented
d=05)3cosa— 1) 3) orthogonal to the magnetic field. In the case of aligned samples,

) . determination of the order paramet&rfrom the observed
wherea is the angle between the<D bond and the rotation  gpjitting in the?H NMR spectrum has to take the macroscopic
axis. Foro. = 40.4 also, a splitting of 46 kHz would be  3lignment into account. For uniaxial, magnetically aligned

expected. However, powder X-ray studies reveal a hexagonalsammes, the motional order parameter is given by eq 4:
columnar disordered phase (¢! A tilt of the molecules by

41° would lead to an ecliptical distortion. Such a distortion is 20 jpserved
usually combined with a loss of symmetry in the column packing S= 4)
in order to get a closest packifgwhich is not observed in our o(3 cod o — 13 cos i — 1)

case. Therefore, we favor the conclusion that the mesophase of . )
the stilbenoid dendrimers is characterized by a rotation of the Wherea is the angle between the<D bond and the rotation

molecules around the columnar axis with additional out-of-plain @XiS and? is the angle between the external magnetic fiad
motions, which are indicated by the low order parameter. and the rotation axis. If the rotation axis lies orthogonal to the

At 77 °C the material is in its isotropic phase, and only a diréction of the magnetic field)(= 90°) anda. = 90°, which
narrow, intense isotropic signal remains. Cooling the sample 'S the case when aromatic mesogens formmg an un|aX|§1I
slowly down to 71°C into the liquid crystalline phase leads to N€xagonal columnar phase are allowed to minimize their
a spectrum with two sharp singularities corresponding to a Intéraction withBo, an order paramet&= 0.74 results, which
motionally reduced splitting of, again, 48 kHz. The occurrence is identical to the one observed during the heating process. On

of two peaks instead of a motionally averaged powder pattern cooling the sample to lower temperatures, the spectra broaden
significantly. At 49°C the signal almost completely disappears,

(30) Chandrasekhar, S. Handbook of Liquid CrystajsDemus, D., Goodby,
J., Gray, G. W., Spiess, H. W, Vill, V., Eds.; Wiley-VCH: Weinheim, (31) Bothner-By, A. A. InEncyclopedia of NMRGrant, D. M., Harris, R. K.,
1998; Vol. 2B, pp 749-780. Eds.; Wiley: Chichester, 1996; Vol. 5.
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relative intensity
relative intensity

200 100 0 -100 0
frequency [kHz] frequency [kHz]

Figure 4. (a) Temperature-dependeit NMR spectra ofLc. The intensity of the spectrum at 82 was scaled down by a factor of 0.5. (b) Temperature-
dependentH NMR spectra ofld. The intensity of the spectrum at 82 was scaled down by a factor of 0.25. The spectrum &tQ#vas measured first
directly and then after annealing for some hours to probe slow crystallization effects.

because of an intermediate motion on the experimental time [y
scale?® Cooling further down to 28C and annealing leads again .
to a rigid splitting of 130 kHz, indicating that a crystalline phase B
has formed. At-25°C the spectrum exhibits no further change rotation axis
of the quadrupole splitting. P

Figure 4 shows the temperature-dependehNMR spectra
of the samples deuterated at the olefinic and outer aromatic
positions,1c (Figure 4a) and.d (Figure 4b). Both compounds
exhibit the same temperature behaviorlds The rigid qua-
drupolar splitting of 127 kHz iric,dis only slightly lower than
in 1b. However, in the liquid crystalline phase, the quadrupolar
splitting of both compounds is reduced to 38 kHz, which is 10
kHz less than the quadrupolar splitting observed for dendrimer
1b, deuterated at the central benzene ring. The identical splitting
for 1c and 1d indicates that both the olefin and the outer i . . .

L . . Figure 5. Schematic drawing of the torsional angle (dihedral anglej
aromatic rings are on average tilted out of the plane of the inner y.& gendritic arm oft out of the inner aromatic plane and the angle
benzene ring by the same absolute value of the tilt angle. Indeedenclosed between the CD bond and rotational axis.
as it is obvious from Figure 5, the<D bonds for both positions
form identical anglest o with the rotation axis, provided the (3 co$ a. — 1) and, henceq is 4-39°. This corresponds to a
olefinic and the aromatic units lie in the same plane. In this torsional angler = +26°. Such a torsion of the dendritic arms
arrangement, the angle between the €D bond and the out of the inner aromatic planes does not require much erergy.

rotation axis is given by From force field simulations of similar systerh& it is well-
known that the inharmonic slope of the potential for the torsion
cosa = cos(90 — 7) x cos 30 ) out of the plane is very shallow and increases significantly only

at torsional angles abow&30°. The observed torsional angle

wheret is the torsional angle as depicted in Figure 5. This
g g P d of £26° is therefore typical for stilbenoid compounts3? It

torsion out of the plane causes the additional reduction of the

_observed_quadrt_JpoIar splitting by a f_actor of 0.81. From eq 3 (32) Karabunarliev, S.; Baumgarten, M.; Tyutyulkov, N.;'IMa, K. J. Phys.
it follows immediately that this reduction factor equals 081 Chem.1994 46, 11892-11901.
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3 23°C
52°C
I
S
68°C 8
L x 0.5 83°C

kL 68°C
A 52°C
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g S8 oc 4
£ E °
Sk <
2 E
S E x3 -26°C
e -

3 x3 -80°C
200 1OIO (I) -1(l)0 —2(I)O

frequency [kHz]

Figure 6. Temperature-dependefii NMR spectra ofle The spectra are scaled by the factors indicated in the figure.

should be noted that the line shape of tReNMR spectra does  highest in the spectra in the intermediate motional regime,
not allow for a conclusive distinction as to whether the dendritic because the main signal is then significantly reduced which
arms are in a dynamic average between various conformationsmakes the isotropic signal appear stronger. The isotropic signal
or represent stiff segments causing a propeller-like structure of decreases also on cooling the sample as compared to heating
the dendrimer in the mesophase, as it is visualized for den-the sample. This is probably due to the formation of larger
drimers of third or higher generatiériHowever, the very low domains during the slow cooling process and thus to a smaller
activation barriers around the planar minini@makes the latter  isotropic signal from domain boundaries.

case appear improbable, as long as an isolated molecule is The restricted mobility of the alkoxy side chains in the
considered. Steric constraints in the columnar packing might neighborhood of the core is probed with the samfle
principally lead to a stiff propeller-like structure as it was deuterated at thet-methylene position. For many discotic
observed in polyphenylene dendrimétsn disordered hexago-  systems, it is well-known that the-methylene units exhibit

nal columnar phases (G@), however, this is unlikely. only small-angle librations in addition to the column rota-
In Figure 4b, two spgctra qld at 24 °C (copllng) are tion 27:36:37 The temperature-dependéit NMR spectra ofLe
shown: one measured immediately after reaching@4and (Figure 6) show even at80 °C in the Ci phase no rigid Pake

the other measured after annealing the sample for 1 h. Clearly,patterns. The observed splitting is about 114 kHz and indicates
the signal intensity of the annealed sample is much higher, small angle librations. At higher temperatures, the small angle
indicating that the mesophase can be supercooled considerablyiprations increase. In the €phase at 30C, the splitting is
and crystallizes slowly. reduced further to 105 kHz. The transition to the LC phase is
In the spectra otb, 1c, and1d, an additional isotropic signal  connected with a significant reduction of the quadrupole
of varying intensity on the % level abo is present. This  gpiitting. After cooling from the isotropic phase, the LC phase
phenomenon is well-known from liquid crystalline systems with  gpectra of both the unoriented and the oriented sample exhibit
deuterated dopant8=° There, the isotropic signal arises from 3 strong signal abo and two smaller peaks corresponding to a
molecules outside of the columns, which can undergo isotropic guadrupolar splitting of 18 kHz. Cooling from the LC phase to
motions. In our case, obviously parts of the sample form smaller {he crystalline phase yields again at 3 a Pake-like pattern.
assemblies with less order and higher mobilities. Especially at Tpe phenomenon of a well-defined quadrupole splitting in the
the domain boundaries, one can easily envisage smaller amountgnesophase is known from triphenylene systéfiéwhere the
of less ordered material. The additional intensity seems to be gpjitting ¢ of the o- C2H, deuterons was found to depend on
(33) Stallmach, U.; Schollmeyer, D.; Meier, Bhem. Mater1999 11, 2103. the temperature within the LC phase. This fact was taken as an

(34) Wind, M.; Saalwahter, K.; Wiesler, U.-M.; Milen, K.; Spiess, H. W. indication for a change of the conformation of the alkyl chains
Macromolecule200Q 35, 1007110086.

(35) Kranig, W.; Boeffel, C.; Spiess, H. Wiq. Cryst.199Q 8 (3), 375-388.

(36) Luz, Z.; Goldfarb, D.; Zimmermann, H. INuclear Magnetic resonance (37) Werth, M.; Leisen, J.; Boeffel, C.; Dong, R. Y.; Spiess, H.JVPhys. Il
of Liquid Crystals Emsley, J. W., Ed.; NATO ASI Series C; D. Reidel France 1993 3, 53-67.
Publishing Company: Dordrecht, Netherlands, 1995; Vol. 141. (38) Goldfarb, D.; Luz, ZJ. Chem. Phys1983 78 (12), 7065.
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Figure 7. (a) Temperature-dependeit NMR spectra o2b. (b) Temperature-dependett NMR spectra of2c. The intensity of the spectrum at 108
was scaled down by a factor of 0.25.

with temperature and could be analyzed in terms ofjéneche- focus on the second generation dendriraeAs will be shown
trans equilibrium at theo-carbon3® In our case, we do not inthe following, the increase in size leads to significant changes
observe a change in the splitting within the LC phase. A inthe molecular dynamics. Figure 7 illustrates the temperature-
conformational analysis was also carried out for a discotic liquid dependertH NMR spectra of the second generation dendrimer
crystal main chain polymer and the corresponding monomer/ deuterated at the outer olefinic positidbh and at thex position
dimer and showed that the triphenylene monomer side chainsof the aliphatic side chairc. The temperature dependence of
are almost completely im-plane-transconformation (IPT); i.e., both series of spectra is quite similar, showing Pake-like shapes
the O—CH; bond lies in the aromatic plane. For the polymer, in the crystalline phase, broader spectra with a reduced
a distribution between IPT~70%) and out-of-plane conforma-  quadrupolar splitting in the LC phases, and finally a single signal
tion (~30%) was observe¥. Such information could not be  at wq for the isotropic melt. The spectra of the side chain
extracted from the data presented here, because the stilbenoidubstituted2c are broader and exhibit reduced quadrupolar
structure leads to an increased number of degrees of confor-splittings at higher temperatures. This is an indication for
mational freedom. Nonetheless, the strong sharp signal at theadditional librational motions of the-methylene units. Apart
center of the spectrum and the two sharp signals with a from those librations, the dynamics of the two molecular
quadrupole splitting of 18 kHz are consistent with preferred segments seem to be alike.

conformations of thex-methylene units ofl in the LC phase. The spectra ob can be analyzed in more detail, yielding
Theo-methylene units carry out only weak, restricted librational - jnformation about the motion of the outer stilbene units. In the
motions in addition to the overall molecular dynamics, a crystalline phase, the spectra have Pake-like patterns with a
behavior which is well-known from familiar systerfis. quadrupole splitting of 127 kHz fc2b at —26 °C. Therefore,

B. Second Generation Dendrimers 2Having elucidated the  the outer stilbene units are rigid on the fast time scalgq4s)
molecular dynamics of the first generation dendrihawe now  55ijt is expected for a solid phase. Upon heating, the quadrupole
(39) Hirschinger, J.; Kranig, W.; Spiess, H. Wolloid Polym. Sci1991, 269 splitting is slightly reduced and the resonance broadens and loses

993-1002. intensity. Even at 95C in the Col, phase, the splitting a2b

J. AM. CHEM. SOC. = VOL. 126, NO. 3, 2004 779



ARTICLES Lehmann et al.

Figure 8. (a) Schematic drawing of a dendritic arma#&nd the torsional freedom resulting from rotations around the three single bonds next to the olefins;
dotted lines symbolize dendritic arms not shown here. (b) Schematic drawing of the second possible motional mectzanigictotonsists of jumps
around the column axis.

is only reduced to 87 kHz. A fast rotation around the columnar
axis, as found in the LC phase bfwould lead to a quadrupolar
splitting at least reduced by a factor of 2. The observed small
reduction of the quadrupolar splitting proves tl2aperforms
slower molecular motions in its LC phases and does not rotate
like the first generation dendrimér Only in the isotropic phase
the fast motional limit is reached. There, at 1’15, solely an
isotropic signal is observed. Upon cooling, the same spectra 11 12
ar_e obtained as on heating t_he_sam_ple. This |nd|_cat_es that noFigure 9. Photoproducts built by CC bond formation: methine structures
alignment of the outer aromatic rings in the magnetic field takes 11 and cyclobutanes2.

place. Nonetheless, an alignment of the columns cannot be

completely excluded, since the outer aromatic rings can be by the fact that the spectra &t (i.e., the sample deuterated at
twisted out of the plane of the core of the molecule to various the a-methylene units) do not exhibit signals as sharp and
degrees and thus adopt all sorts of orientations with respect tointense as those ole Thus, even the dynamics of the
the external magnetic field. This torsional freedom around three a-methylene units are restricted to ill-defined intermediate
different single bonds per dendritic arm (illustrated in Figure motions. It should be noted that, apart from a broad foot, the
8) makes it difficult, if not impossible, to figure out the spectra of2c at 88°C are completely isotropic, although the
mechanism of the molecular motion leading to the observed phase transition to the isotropic phase is abouf@igher.
small reduction of the quadrupolar splitting. In principle, there Obviously, the melting of the alkyl chains precedes the isotropic
are two possible mechanisms of molecular motion which might melting of the complete mesogen.

both be present i2 and are depicted in Figure 8. First, the Photoreaction within Different Phases Previous studies by
dendritic branches can rotate around the single bonds next toFTIR and UV-vis spectroscopy on spin-coated films (thickness
the olefins (Figure 8a). Second, jumps around the column axis of approximately 106200 nm) ofl and2 at ambient temper-
can take place (Figure 8b). First generation dendrimers showedature revealed an almost complete photodegradation of all
that single segments are mobile and twist out of the molecular olefinic double bond14 The films were irradiated with a light
plane up to an angle of 2&nd only, on average, a planar shape of 4 = 350 nm on the low energy side of the absorption
may be formed necessary for aggregation and liquid crystal maximum ofl and2 (Amax= 342 nm), which is broadened and
organization. Similar torsional freedom can be expected for the bathochromically shifted in the solid state compared to an
deuterated peripheral building blocks of second generation absorption spectrum recorded for solutions iN,CH (Amax =
dendrimer2. Consequently, a single preferential angle between 330 nm). More detailed high-resolutidd NMR studies turned
the C-D bonds and the column axis cannot be specified. out to be difficult, since the signals of the products formed by
Therefore, simulations determining jump angles and/or rates statistical CC bond formation, i.e., protons of methikieor
cannot be carried out in an unambiguous fashion. Nonethelesscyclobutanel 2 structures (Figure 9), were partially covered by
it is clear from the small reduction of the quadrupolar splitting the CHO signals of the lateral chains. For more insight into
that the motions o2 do not include any large angle motions or how these reactions proceed in neat films, molecli&snd2c

free rotations in the fast motional limit, since those kinds of with deuterated-methylene groups have been investigated. The
motion would lead to a more efficient reduction of the deuteration ina-positions of lateral chains allows a detailed
quadrupole splittings. The intensity loss and the broadening of quantitative study of the progressing photoreactiond-biMMR

the spectra at higher temperatures indicate that the dynamics inspectroscopy. Figure 10 presents #i NMR spectra ofle

2 are on the intermediate time scale and below. Only the after exposure to a light of = 350 nm for 2 h in itdifferent
isotropic signal contributions at higher temperatures are due tophases from the crystalline state to the isotropic liquid. Irradia-
moieties undergoing fast isotropic motions. The finding of tion of the crystalline phase at room temperature does not result
slower dynamics ir2 as compared td is strongly supported  in any photoreaction, i.e., isomerizations or oligomerizations.
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Figure 10. ™ NMR spectra of dendrimete in CDCls, previously irradiated fio2 h with a light of A = 350 nm in its different neat phases.

Table 2. Photochemical Conversion of Double Bonds by

Obviously, the constraints of the crystal lattice prevent the Irradiation of the Stilbenoid Dendrimers with a UV Light of A = 350

stilbenoid molecules from phototransformatidAs?hotodeg- nm in Their Different Phases
radation of double bonds begins when the material is heated to conversion of
its liquid crystal phase. At the Cr/Ggltransition, the mesogens temperature double bonds
start to rotate around their columnar axis and olefinic centers  compound phase [°cl [%]
of neighboring molecules can approach each other within the 1le cr, 23 0
average lifetime of the excited singlet state. The mean intra- le Colhg 50 13
columnar distances within the disordered hexagonal columnar le Colhg 67 16

. . - le [ 77 49
phase is estimated to be 0.400.01 nm?! Such distances are 2 Colg 23 7
known to promote topochemically controlled photoreactitns. 2c Colop 88 19
With the beginning conversion of double bonds at &0 a 2c ' 108 38

dominant signal in theH NMR spectrum at 4.37 ppm is
observed, which appears also for cyclophane dimetfafmed

via three cyclobutane®. With iradiation of 1e at higher aggregates remaining in the isotropic ligéfdimilarly, solution

O§tudies showed that, in apolar solvents where aggregates are

temperatures, signals broaden and become a typical aspect . - o
oligomer/polymer resonances. As the mobility of the molecules preferentially formed, the photooligomerization is fast, whereas,
X at low concentration in good solvents, where almost no

1in their neat phases increases, the conversion of double bonds

increases too (Table 2). It is evident, that double bonds have toaggregatlon of molt_ecules is expected, the reagtlon IS éFOW'.
o - . . Note that a conversion of double bonds of 49% in the isotropic
approach within the lifetime of the excited state, which was

determined in solution for the parent compourglE(E)-1,3,5- phase forle means that, on average, 1.5 olefin units per

tristyrylbenzene, to be 8:313.6 ns'3 The temperature-depend- molecule have reaf:ted. As s00n as no monomer signal is present,
) o _ 5 all molecules are incorporated into the oligomers or polymers
ent increase of mobility in the range fromm= 10> s tor; <

- . » . formed. MALDI-TOF analysis of a photoproduct afté h of
1077 s thus raises the probability of photoconversion. Interest- .~ " . .
; - 7 . ..~ irradiation at 50°C (21% double bond conversion) shows signals
ingly, the photoreaction of olefinic centers is most efficient in

. . . . for monomers, dimers, trimers, and tetramers (Figure 11). A
the isotropic phase (Table 2). This observation accounts for signal atmiz = 1298.1 u demonstrates the presence of a

(40) Ramamurthy, V.; Venkatesan, Khem. Re. 1987 87, 433-481. cycloreversion product3 (Figure 11), which can be formed
(41) The intracolumnar distance of mesogens has been determined by evaluatin i iati . i
the wide angle region of the powder X-ray pattern. Besides the halo at ®nly upon Irr.adlatlon. (bLaser; 329 nm) of products with
0.44 nm attributed to the mean distance of the liquidiike aliphatic chains, Cyclobutane rings during the MALDI measurements. As already
the diffraction patter olain the room temperature phase shows a broad  otjined earlier, photoconversion can lead to both cyclobutanes
reflection on the wide angle side of the halo, which indicates an . . .
intracolumnar distance of approximately 0.38 nm. In the LC phase at higher and methine structures. Unfortunately, it was not feasible to
temperature, this reflection has disappeared and only the broad halo remains. ; ; it
From the asymmetry of the halo at wide angles, an intracolumnar distance determme Fhe portlor_l of each structural unit in the phomprOdUCtS
of 0.40+ 0.01 A has been estimated. of stilbenoide dendrimers.
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Figure 11. Cycloreversion product3 formed during mass spectrometry (MALDI technique) of the photoprodutte@ind MALDI TOF spectrum ofle
irradiated fao 5 h with a light of A = 350 nm, using dithranol doped with @E0,Ag as matrix and an Nlaser ¢ex = 329 nm). (A)m/z = 1298.1; M
(cycloreversion product3); (B) m/'z= 2060.8; M" (monomerle); (C) m/z = 2169.8; M" (monomerle + Ag); (D) m/iz= 4231.5; M" (dimer of 1¢); (E)
m/z = 6291.6; M (trimer of 1€); (F) m/z = 8354.9; M" (tetramer ofle).

Analogous observations are made for the second generatiorcrystalline state indicates an enhanced intermolecular interaction
dendrimer2c (Table 2). The photoconversion increases with in the crystalline state; increase in temperature leads again to
temperature, thus, with larger mobility of the molecules. In weaker interactions of molecules and, thus, to a shift to higher
contrast tol, photodegradation of olefinic centers is also energies. More pronounced changes can be observed in the

observed at ambient temperature, since mole2igen its low- series of integrated peak intensities (Figure 12B). From a high
temperature mesophase (! In contrast to the crystal state value in the crystal phase, the integrated intensity decreases
of 1 at ambient temperature, dendrinieis still mobile, which drastically at the transition to the LC phase. The value of the
is demonstrated by the solid-state NMR studies. The photo- fluorescence peak integral diminishes continuously in the
chemical conversion of the double bonds of compouretsnd mesophase until the isotropic liquid is formed. In agreement

2cin the respective mesophases and the isotropic phase after avith the results fronH NMR spectroscopy and photochemistry
h of irradiation is for both compounds in the same range. studies, the starting mobility of the molecules and the photo-
Although the latter show a higher viscosity and consequently a reaction quenches the fluorescence in the columnar disordered
lower mobility of the stilbenoid molecules (only librational and LC state. Thermally activated radiationless processes are
small angle motions), the higher number of double bonds in a decreasing the fluorescence intensity on increasing the temper-
columnar segment compensates for the lower mobility during ature in the mesophase as it is generally expettéuh cooling
the photoreaction. Conversion of 38% in the isotropic phase of the sample to ambient temperature, fluorescence intensity is not
2c means that, on average, approximately three double bondsrecovered at 25C, which is rationalized by the supercooling
per molecule are photochemically transformed. Although the of the LC phase, already observed in DSC measurements and
number of converted double bonds per molecule is higher for 2H NMR spectroscopy.
the second generation dendrimer, sharp monomer signals are The fluorescence maximum of the second generation den-
still present. A prolonged irradiation (5 h) @t leads to the drimer2cin its hexagonal phase is also bathochromically shifted
complete disappearance of the long-wavelength absorption,to 446 nm compared to 428 nm in CHGlolution. Similarly to
which is characteristic for the stilbenoid chromophore. le a hypsochromic shift to 429 nm is observed upon heating
Fluorescence Spectra in Different Phaseslhe results of to the isotropic phase. However, a discontinuity at the phase
the temperature-dependent emission measurements of dendrimtransitions does not appear as can be seen in diagram D of Figure
ersleand2aare shown in Figure 12. Compared to the solution 12. There, a continuous decrease of the integrated intensity from
SpECtrum ofl in .CHC|3 with a maXIm.um at 426 nm’ the (42) Lehmann, M. Dissertation, Mainz, Germany, 1999.
fluorescence maximum of dendrimée is bathochromically (43) Meier, H.; Zertani, R.; Noller, K.; Oehlkrug, D.; Krabichler, Ghem. Ber.
shifted by 20 nm to 446 nm at ambient temperature in its crystal (42) %2)8%233#9761?'?.; Lilya, C. P Yang, G. Am. Chemn. Sod07, 119,
phase (Figure 12A). On heating, the peak maximum shifts 4097. (b) Lee, W. K.; Heiney, P. A.; Mccauley, J. P., Jr.; Smith, A. B., Ill.
hypsochromically un_t” avalue of 425 nm in the iSOtI’QpiC phase (45) '\L/Ig\lntglgsﬁ I:’-I\q I%rsyli}ésv%l &?;8E2iZl?Horn, S. H.; Swager, T. NIl. Am.
is reached. The shift to lower energy from solution to the Chem. Soc200Q 122, 2474-2479.
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Figure 12. Temperature-dependent fluorescence of stilbenoid dendribeensd2arecorded between two Caplates withlex = 330 nm. (A) Fluorescence
spectra ofLeat different temperatures. (B) Temperature-dependent integrated fluorescence intehsit@yheating, ©) cooling. (C) Fluorescence spectra
of 2a at different temperatures. (D) Temperature-dependent integrated fluorescence inte@sityjfheating, ©) cooling.

the Colg over the Cal, to the isotropic phase is observed. In the second generation do not show large angle motions. Only
the isotropic liquid, the integrated intensity decreases only librations or small angle motions have been observed.

slightly between 100 and 16C. The integral values are almost  npolecular mobility turns out to be extremely important for
recovered upon cooling to ambient temperature (open circles). the photochemical degradation of olefinic centers in neat phases.
Thes_,(_a fino!ing_s can b_e rationalized by the increasing molecular |, the crystalline state of where large amplitude mobility on
mo.b|I|ty with increasing temperatur.e.. As demonstratc_ad by the 3 time scale below 1@ seconds does not occur, no photore-
solid-state NMR experiments, mobility changes continuously; action has been detected, since olefinic units are not able to
a sudden onset temperature for molecular motion ad éat interact during the lifetime of the excited state bfInstead

the Cr/Colq transition is not found, and consequently also N0 npanced emission of fluorescence light has been observed.
sharp decrease in the integrated fluorescence intensity IS\When mesogens start to be mobile in the LC phases, fluores-
observed. cence is quenched significantly and double bonds begin to
Summary and Conclusions transform via [2-2] cycloaddition or radical reactiodsWhen
mobility increases, the probability that olefinic centers find each
other during the lifetime of an electronic singlet state of one
reaction site increases too. Consequently, in the isotropic phase
in the vicinity of the phase transition, where a certain order
within small aggregates can remain, the photoreaction is most
the center to the periphery, reveals that moleclerform efficie_nt. Similar behavi(_)r is found for the second genera_tion
an improper rotation around their columnar axis. Althodgh ~ dendrimer2. However, since the molecules do not crystallize,
adopt an average planar shape which allows the regularnO discontinuous transition is noticed. Interestingly, the conver-
aggregation of the mesogens in LC phases, styryl arms cansion of double bonds is as fast as that for dendriricagthough
deviate significantly from planarity due to the flat hypersurface the molecular mobility is much lower. This is attributed to the
of the potential energy when rotating a phenyl ring of a stilbene larger number of double bonds within a columnar segment.
unit? The latter deviation can be assigned to a dynamic The presented work has correlated photochemistry and
equilibrium of various conformers. In contrast, dendrimers of fluorescence in neat phases to the mobility of stilbenoid

Temperature-dependedd NMR in the neat phases of
stilbenoid dendrimers shows the different molecular and seg-
mental motions in their crystalline, liquid crystalline, and
isotropic phases. A comprehensive study of the first generation
dendrimerl, selectively deuterated in certain positions from
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However, if mesogenic stilbenoid dendrimers are to be applied
in electrooptical devices, such as light-emitting diddesr
photovoltaic cell§? precaution must be taken to avoid photo-
chemical transformation. On the other hand, such photoreaction
can be used for imaging techniques. JA0366179
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