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Abstract: Extensive experimental and theoretical study suggests that interchromophore electrostatic
interactions are among the most severe impediments to the induction and stability of large electro-optic
coefficients in electric-field-poled organic materials. In this report, multichromophore-containing dendritic
materials have been investigated as a means to minimize unwanted attenuation of nonlinear optical (electro-
optic) activity at high chromophore loading. The dendritic molecular architectures employed were designed
to provide optimized molecular scaffolding for electric-field-induced molecular reorientation. Design
parameters were based upon past experimental results in conjunction with statistical and quantum
mechanical modeling. The electro-optic behavior of these materials was evaluated through experimental
and theoretical analysis. Experimental data collected from the dendrimer structures depict a reasonably
linear relationship between chromophore number density (N) and electro-optic activity (rz3) demonstrating
a deviation from the dipolar frustration that typically limits rz3 in conventional chromophore/polymer composite
materials. The observed linear dependence holds at higher chromophore densities than those that have
been found to be practical in systems of organic NLO chromophores dispersed in polymer hosts. Theoretical
analysis of these results using Monte Carlo modeling reproduces the experimentally observed trends
confirming linear dependence of electro-optic activity on N in the dendrimer materials. These results provide
new insight into the ordering behavior of EO dendrimers and demonstrate that the frequently observed
asymptotic dependence of electro-optic activity on chromophore number density may be overcome through
rational design.

Introduction may find medical, analytical spectroscopy, and defense/

Organic materials exhibiting large first nonlinear susceptibili- homeland security z?lppllcanons. Or_gamc second-_o_rder nonlinear
ties (@), and therefore, large electro-optic coefficientss) optical, electrp-optlc (EQ), mate_rlals have tradlt_|onally been
have received considerable attention in recent years. TheirPréPared by incorporation of highly hyperpolarizable chro-

development is motivated by the promise of performance and mophores into a ponlinear optically inactive, polymeric hogt
cost improvements related to telecommunications, computing, matrix The resuiting chromophore/polymer composite materi-

embedded network sensing, THz wave generation and detectionals are then heated near thei_r glas_s trar_15ition t_emperatures u_nder
and many other applicatios? High-speed electro-optical the appllcat|on 01_‘ an electric poling field to induce ac_emrlc
signal transduction (modulation) and routing (multiplexing) via ordering 9f the d|po|_ar (_:hromop_hores. Large EQ coefficients
the Pockels effect is attracting attention from computing and (rsg) require a combination of high chromophore hyperpolar-

telecommunictions industries while terahertz wave technologies izability (5), chromqphore number density per material qnlt
volume (N), and efficient acentric molecular ordering. Extensive

T Department of Chemistry, University of Washington. o experimental and theoretical study has implicated interchro-
*Department of Materials Science and Engineering, University of mophore electrostatic (dipolar) interaction, gudsbst incom-

W%S,?g?gfﬁmversity_ patibility, and chromophore shape as major factors defining the
' Applied Physics Laboratory, University of Washington. electro-optic activity of electric field-poled organic materi&ig.
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Figure 1. Three-arm EO dendrimers PSLD_33 and PSLD_41.

Because of magnified dipotedipole electrostatic interaction,  stability and film-forming properties than small molecules, yet
increased chromophore number density commonly impedesthey retain many of the desirable characteristics inherent to
poling-induced molecular order, resulting in a maximum in the small-molecule materials. Dendritic structures also offer unique
plot of electro-optic activity versus chromophore number characteristics such as globular shape, large internal free-volume,
density. Chromophore number densities greater than thisand an outer periphery capable of providing physical isolation
optimum result in reduced poling-induced order, and thus lower of contents within. Theoretical analysis can be used as a guide
rss.® in the bottom-up design of dendrimer materials which exploit
To control the potentially detrimental effects of chromophore these attributes to achieve greatly increased chromophore
dipole—dipole interactions, material systems must be engineerednumber density with no loss of poling-induced ordering ef-
at the molecular level employing first-principals theory-guided ficiency.
design. Molecular structure can be modulated through asym- The electro-optic properties of two multichromophore den-
metric organic synthesis, allowing control over electrostatic and drimers were examined herein, and the effectiveness of theory-
other supramolecular interactions. Covalent modification may guided molecular engineering was examined. Multiple-chro-
also be used to address compatibility problems through attach-mophore-containing dendritic materials were used to fabricate
ment of the chromophore to the host material or by creation of stand-alone thin films with extremely high chromophore number
dendritic or hyperbranched molecular structures. Such well- density. These all-dendrimer films exhibit high poling efficiency,
designed molecular architectures have demonstrated significantlyrss/E,. One of the most striking characteristics of the EO
enhanced sz as compared to analogous (e.g., containing the behavior displayed by the dendrimer materials is a linear
same fundamentalr-electron core chromophore structure) dependence ofsz on N even when films were cast as pure
guest-host blendg%-13 dendrimer materialsN = 6.45 x 10?° chromophores/cc).
Multichromophore deqqrimers are of particular ir_1terest Synthetic Rationale
because of the opportunities for molecular-scale architectural
control. Alteration of chromophore and successive dendrimer
generation binding geometry, attachment flexibility, and polarity
can very effectively direct both intra- and intermolecular
interactionst*~18 Dendrimers display better overall mechanical

Previous work on mutlichromophore dendrimers focused on
the optimization of intramolecular design parameters of three-
arm dendritic chromophoré8.In this report these previous
findings have been employed to guide the design and synthesis
of three-arm dendritic structures with extended outer peripheral
(8) Dalton, L. R.; Harper, A. W.; Robinson, B. Rroc. Natl. Acad. Sci. U.S.A. functionality. These dendritic materials were designed for use

1997, 94 (10), 4842-4847. in the fabrication of stand-alone amorphous thin films without

(9) Dalton, L. R.; Robinson, B. HJ. Phys. Chem200Q 104, 4785-4795. . . . .
(10) Briers, D.; Koeckelberghs, G.; Picard, |.; Verbiest, T.; Persoons, A.; Samyn, the addition of an inert polymer host. Figure 1 illustrates the

C. Macromol. Rapid Commur2003 24 (14), 841-846. _ i
(11) Ma, H.; Liu, S.; Luo, J.; Suresh, S.; Liu, L.; Kang, S. H.; Haller, M.; Sassa, structures of th? two three, arm dendrimers (PSLD—41 and
T.; Dalton, L. R.; Jen, A. K.-Y Adv. Funct. Mater.2002 12 (9), 565 PSLD_33), considered herein.
574.
(12) Luo, J.; Haller, M.; Ma, H.; Liu, S.; Kim, T.-D.; Tian, Y.; Chen, B.; Jang, (16) Annoni, E.; Pizzotti, M.; Ugo, R.; Quici, S.; Morotti, T.; Bruschi, M.;
S.-H.; Dalton, L. R.; Jen, A. K.-YJ. Phys. Chem. B004 108(25), 8523~ Mussini, P.Eur. J. Inorg. Chem2005 (19), 38573874.
8530. (17) Yokoyama, S.; Nakahama, T.; Otomo, A.; MashikoJSAm. Chem. Soc.
(13) Bai, Y.; Song, N.; Gao, J. P.; Sun, X.; Wang, X.; Yu, G.; Wang, ZJY. 200Q 122 3174-3181.
Am. Chem. So005 127 (7), 2060-2061. (18) Gopalan, P.; Katz, H. E.; McGee, D. J.; Erben, C.; Zielinski, T.; Bousquet,
(14) Ma, H.; Chen, B.; Sassa, T.; Dalton, L. R.; Jen, A. K.JY Am. Chem. D.; Muller, D.; Grazul, J.; Olsson, YJ. Am. Chem. SoQ004 126 (6),
Soc.2001, 123 (5), 986-987. 1741-1747.
(15) Pereverzev, Y. V.; Prezhdo, O. V.; Dalton, L. Ghem. Phys. LetR003 (19) Sullivan, P. A.; Akelaitis, A. J. P.; McGrew, G.; Lee, S. K.; Choi, D. H.;
373 (1,2), 207212. Dalton, L. R.Chem. Mater2006 18, 344—351.
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Scheme 1. Synthesis Scheme for Three-Arm Dendrimers
PSLD_33 and PSLD_412
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i
aConditions: (i) DCC/DPTS, DCM/DMF, reflux 48 h, 50%; (ii) 1 N

HCI (MeOH solution.), acetone, room temp, 2.5 h, quant.; (iii) DCC/DPTS,
DCM/DMF, reflux 48 h, 62%.

Dendrimers PSLD_41 and PSLD_33 incorporate three chro-
mophore units based on the £FTC desigri®-22 Synthetic
details for the preparation of chromophore 1 can be found in
Supporting Information. Both dendritic materials were synthe-
sized following the outline in Scheme 1. Synthesis of the
trihexanoic acid core has been reported previotislyse of
this core has been shown to lead to materials exhibiting excellent
thermal and mechanical properties while allowing for efficient
poling. Chromophore 1 (3 equiv) was introduced surrounding
the core through esterification in the presence of DGIN(-
dicyclohexylcarbodiimide) and DPTS (4-(dimethylamino) py-
ridinium 4-tosylate) yielding tri-TBDMSutyl-dimethyl-silyl)
functionalized three-arm dendrimer PSLD_33. The resulting
material was then purified by silica gel column chromatography
followed by reprecipitation from methanol. The TBDMS groups
were then removed under mildly acidic conditions. The resulting
trinydroxyl dendrimer was then functionalized with 3 equiv of
the pentafluoro phenyl containing Frechet-type dendron (FD)
to yield PSLD_41, which was again purified by similar me&hs.
Synthetic material identity and purity was confirmed Hy
NMR, MALDI-TOF mass spectrometry, and elemental analysis.

Theory

The order parameteitos' 00 for odd n, is a measure of
dipolar order produced within the material matrix following the
application of the poling fieldE,. The order parameter depends
on interchromophore electrostatic interactions, composite mate-
rial component compatibility, covalent binding effects, molecular
shape, and thermal randomization as well as other supra-
molecular interactions. At low density intermolecular electro-
static interactions are negligible compared to the dipole-field
interaction and ordering is well-approximated by the Langevin
functions:

where the poling parameter i = uEp/kgT. Inclusion of
electrostatic interactions from neighboring chromophores at-

f o

[¢os' 0= sinh() ﬁ

(sinh(f)

f @

(20) Liao, Y.; Anderson, C. A.; Sullivan, P. A.; Akelaitis, A. J. P.; Robinson,
B. H.; Dalton, L. R.Chem. Mater2006 18 (4), 1062-1067.

(21) Xu, G.; Liu, Z.; Ma, J.; Liu, B.; Ho, S.-T.; Wang, L.; Zhu, P.; Marks, T.
J.; Luo, J.; Jen, A. K.-YOpt. Expres2005 13 (19), 73806-7385.

tenuates the order parameters to values below that predicted by
eq 1. The interaction with neighboring chromophores may be
illustrated in terms of Piekara theo#§2>The poling parameter

f is replaced by the interaction parameter

Z=12+w*+ 2fwcosQ 2)

where the dipoledipole interaction parameter = (u4/r3kgT)>?

is related to the average nearest neighbor chromophore distance
T and the angl& between the local dipolar field and the external
poling field. Integration ovef? yields the expression for the
order parameters:

1

2

dsinhz
0z

z

[Gos 8= :
sinhz

dQ

Ja

At concentrations where dipotalipole electrostatic interactions
are dominant, the poling field may be treated as a perturbation
in z in this limit the order parametefsog' 6Cexhibit a linear
response to the strength of the poling field.

The material first nonlinear susceptibility® is directly
proportional to electro-optic activityr{3) expressed as

o NﬂzzJ:L(3 - /’Lmaxzmz)
=2 4 2772
377 (L — Apax 149)

®3)

o< 60

(4)

where 5;,; is the first hyperpolarizability of individual chro-
mophore$, N is the chromophore number density,is the
material index of refraction and the rati@,.,2/A2 refers to the
wavelength at maximum absorbance to the wavelength of the
incident light field. The local field correctioR, = ((76X(#o2 +

) (M2 + 21769))((n2 + 2))I3% is the product of Lorentz and
Onsager field factors for the static- and frequency-dependent
refractive indices of the materiaP®2"The local field correction
also modifies the effective poling field experienced by the
chromophore,

[, +3)

= 5
77(4)2 + 2’702 ( )

o] 0

whereEg is the magnitude of the applied (laboratory) poling
field. The field correction factor could equally well be applied
to the dipole momenty, in theuEpq term. For the dendrimers
considered in this study, wheig? ~ 7,2 ~ 2.9, the local poling
field is approximately twice that of the applied fielk.

Monte Carlo calculations are useful for predicting, in a
semiquantitative fashion, the optimal order parameters for a
given number density and poling fie# The molecular hyper-
polarizability, 8, may be estimated from quantum mechanical
modeling and experimental measurement, yielding a quantitative
prediction ofrss from first principles?®3° To model the bulk

(22) Paloczi, G. T.; Huang, Y.; Yariv, A.; Luo, J.; Jen, A. K.-Xppl. Phys.

Lett. 2004 85 (10), 1662-1664.

(23) Luo, J.; Ma, H.; Haller, M.; Jen, A. K.-Y.; Barto, R. Rhem. Commun.
2002 (8), 888-889.

(24) Nielsen, R. D.; Rommel, H. L.; Robinson, B. Bl. Phys. Chem. B004
108 (25), 8659-8667.

(25) Piekara, AProc. R. Soc. London, Ser. A939 172, 360.

(26) Zyss, J.; Chemla, D. S\onlinear Optical Properties of Organic Molecules
and Crystals Academic Press: New York, 1987; Vol. 1, p-999.

(27) Onsager, LJ. Am. Chem. S0d.936 58 (8), 1486-1493.

(28) Robinson, B. H.; Dalton, L. Rl. Phys. Chem. 200Q 104 (20), 4785-

4795.

)

(29) Firestone, K. A.; Reid, P.; Lawson, R.; Jang, S.-H.; Dalton, LIngrg.
Chim. Acta2004 (357), 39573966.
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potential without the discontinuity associated with a hard-core/
step function approach.

The total thermal energy of the system is given by the sum
of Lennard-Jones, dipole-field and dipeldipole interactions,

Ur=U,+ ! > — uEpcoso, +
=Y T — UEpCOSO;
keT |4

ﬁi'ﬁj OWi'Tij)@j'Tij)
J
= o r°
where ¢; is the angle of thgth chromophore with respect to
the poling field director. Characters with an arrow denote vector
guantities. In the course of a Monte Carlo calculation the
summation is over all effective neighbors using the minimum
image convention with respect to the simulation cell and the
traditional Metropolis algorithm for configuration acceptarite.
When studying the effects of molecular shape on electric
field-induced dipolar order, models of spherical point dipoles
serve as an ideal benchmark against which to compare more
Figure 2. The three-arm dendrimer PSLD_33 represented as a system of complicated systems, such as dendrimeric chromophores. Two
ellipsoids. Green circles show where the rotations between ellipsoids may theoretical models, on-lattice and off-lattice, were explored to
oceur. examine the poling-induced ordering behavior of the spheres.
In the on-lattice model, spheres are only allowed to rotate,

ordering in compllcatgd dendr!merlc systems, we have con- holding their translational positions fixed. The off-lattice model
structed a coarse-grained, united atom model based on the

PSLD 33 dendrimer/ch h ; Fi 2 A full allows for both translational and rotational molecular motion
)25 dendrimerichromophore system .( \gure )- A fully while the system approaches a minimum energy state. The
atomistic statistical calculation is computationally intractable;

h h itioned the dendri into elliosoidal dipole moment for the chromophores is set to 12 Debye, and
ence, we have partiione € dendnmer into efipsoidal v, poling temperature is 350 K. The local poling field is set to
subdomains. Ellipsoids are traced about the atom positions,

hich imized d by density f ) I300 Vium. For the off-lattice calculations, each sphere is
which are optimize s.truc'gures generated by density ungtlona assigned a modified Lennard Jones energy;dfsT = 0.2.
theory (DFT). The ellipsoids are allowed complete rotational Fi 3 sh th lculated ord ters f latti
freedom, except for the three that together comprise the active Igure > shows the caiculated order parameters for on-latlice
chromophore, about the bonds within the molecule. Each and off-llattlce modelg as a function of density fgr spheres, eac;h
ellipsoid is assigned a Lennard-Jones type potential and dipolecomam'ng a single dipole at the cente_‘r. Orderlng 'S _greater n
moments are placed within the ellipsoids corresponding to the the off-lattice case (black) than for the S|mpl_e cubic Ia_ttlce (qu(_a).
principal chromophore axes. We use the contact function of FCC (red) and BCC (green) lattice geometries sho_wmtermed|ate
Perram and Wertheith to calculate ellipsoidal overlap. The ordering. Bothigos 6LJand [osf §llare shown. It is apparent

contact function allows a precise knowledge of the minimum from the figure thatiéos’ 60~ 0.82os fLlirrespective ofN.

surface to surface distance between ellipsoids which is then Igﬁrgsﬁfr\;zt;ni:iﬂ?essot;g;?t thﬁie{isuizﬁlgz?ﬁigzéﬁor
mapped onto a modified Lennard-Jones potential, y P s ’

practical poling voltages and realisfit values.

4 Rf,) 2 Rfj) ° Results and Discussion
U.=—N o |1—] —|—

n ke T ! Rj R; UV —visible absorption spectroscopy performed on the two
A, R _21/6R0_d dendrimers PSLD_33 and PSLD_41 yielded the physical
sl 1—tan ! (6) parameters listed in Table 1. Also shown are thermal data

2 d obtained using differential scanning calorimetry (DSC). Den-

drimers PSLD_33 and PSLD_41 displayed distinct glass-

The sum is over all neighboring ellipsoids where contact and ransition temperatures of 85 and 108, respectively. The
overlap are possibl®; is the center-to-center distance between absorption maxima corresponding to each compound, both from

ellipsoidsi andj. R} is the center-to-center distance between 2 solution in chloroform and from a thin solid film were
ellipsoidsi andj when the two ellipsoids are just touching and €valuated and tabulated. Both PSLD_33 and PSLD_41 were

o is the energy minimum. In the calculations the empirical spin cast on glass slides as solutions of pure compounds.
parametersiso = 1 andd = 2 A serve to attenuate the Lennard- D€creased solvatochromic dependence is apparent for PSLD_41
Jones energy minimum to produce a smoothly repulsive in going from solution to film. Attenuated solvatochromic shift

implies that the chromophore units comprising PSLD_41 are

(30) Kinnibrugh, T.; Bhattacharjee, S.; Sullivan, P.; Isborn, C.; Robinson, B.
H.; Eichinger, B. EJ. Phys. Chem. B006 110, 13512-13522. (32) Allen, M. P.; Tildesley, D. JComputer Simulation of LiquiggOxford
(31) Perram, J. W.; Wertheim, M. S. Comp. Phys1985 58, 409. University Press: New York, 1987.
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Figure 3. Monte Carlo predicted behavior of order parameter as a function of number density as calculated for dipoles contained in a spherical shell.
Results are shown for both on-lattice and off-lattice models (black lines).

Table 1. Thermal and UV—Visible Absorption Data for EO 150
Dendrimers o
—e—PSLD_33

compound Ty (°C) Amax (CHClg) nm Amax (film)@nm

PSLD_41 103 724 720
PSLD_33 96 759 734

—8 -PSLD_41

—_—y=1.4201x

a Absorption maximum of a neat dendrimer thin-film cast on glass 00 L — -y =1.0366x
effectively shielded from the surrounding environment by the
extended peripheral structute.

Evaluation of the electro-optic properties of pure films of - o
PSLD 33 and PSLD_41 was performed using a modification = yd
of the widely utilized single-beam reflection ellipsometry o L e
apparatus. The instrument was modified to simultaneously
monitor the EO-modulated signal intensityand unmodulated |:|/
probe intensity I¢) in real-time during poling®3435> Such 7
modification allowed in-situ optimization of processing condi- 7
tions. Samples of each material were prepared by solution spin- /4
casting onto ITO (indium tin oxide transparent electrode) coated o ¢ . . \ . :
glass slides. Gold electrodes# 200 nm) were then deposited 0 20 40 80 80 100
atop the films. EO measurements were performed at a probe E (volts / micron)
wavelength oftf = 1310 nm. After cooling and removal of the P
poling field, ras values were calculated by sine wave fitting of ~F/9ure 4. Experimentalss data for PSLD_33 and PSLD_41 pure films as

) e . a function of applied poling voltage. Poling efficiency is determined as the

lock-in-amplifier and direct detector response curves as a gjope; r3yE, = 1.42 and 1.04 (nmA?)for PSLD_33 and PSLD_41,
function of the relative phase angl®¢,) betweenTg and Ty respectively.
modes of the exciting light field.

The experimentalss measurement results corresponding to  thickness,E,, andrss measurements. Poling efficiency deter-
PSLD_33 and PSLD_41 are depicted in Figure 4. The slope of mines thers; obtained through application of a known poling
a linear plot ofrss with respect to electric fieldE, (V/um), voltage. However, maximumsy/E, ratio does not necessarily
(applied at optimum poling temperature) defines the poling guarantee maximum EO activity. Secondary material properties
efficiency, rsEp, of a given material. Experimental error can  such as decreased resistivity often also depentl @amd can
be approximated as ¥20% owing to the combination of film  |imit the maximumE, that can be applied before dielectric
breakdown occurs.

(pm /V)
X

(33) gL?EhAeéle'gﬁé]hwg%vékggsc(ig)'); ?gg&’ikégeonvlw“mmm Sci,, The r3yE, ratios measured for films of PSLD_33 and

(34) Michelotti, F.;(To;Jssaere, E.. Levenson, R.; Liang, J.; Zysappl. Phys. PSLD_41 were determined as 1.42 and 1.04 (nf/xspec-
Lett. 1995 67 (19), 2765-2767. : ; ;

(35) Michelotti, F.; Toussaere, E.; Levenson, R.; Liang, J.; Zyss, Appl. tlvely (Flgure 3)' Our prewously reported EO _Value for the
Phys.1996 80 (3), 1773-1778. parent chromophore, GFFTC in APC (poly[bisphenol A
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Figure 5. Order parametef¢o)Uiof PSLD_33 as a function of field  gpheres (diamonds), PSLD_33 (circles), and PSLD_41 (triangles) dendrim-

strength (squares), Langevin limit (solid line) whéges’ 00~ 0.620s 60 ers. The error bars represent the standard error ofdthe ¢0averaged

over the set of trajectories.

=]
S

carbonate-co-4'43,3,5-trimethylcyclohexyl-idene)diphenol car-
bonate]) host polymer, at optimum loadingMf= 1.78 x 10%° MC calculations were carried out to determine the effect of
chromophores/cc, wagg/E, = 0.45 (nm/V)?2° Compared to  the poling field strength on the linear order parameter of the
this optimized value for the same fundamentatlectron core three-arm dendrimer PSLD_33. Langevin theory predicts a
chromophore structure in a polymer host, PSLD_33 exhibits nonlinear response in the field for typical values of the poling
anrs3/E, ratio that is enhanced by a factor of 3. The increase in parameter. However the MC results show that the order
poling efficiency displayed by the PSLD_4M ¢ 4.6 x 10%° parameter does follow linearly with poling field strength (Figure
chromophores/cc) and PSLD_38l (= 6.45 x 10? chro- 5) consistent with the expected order from Piekara theory when
mophores/cc) samples was found to be approximately propor-gipole—dipole interactions are dominant. Figure 5 plots the order
tional to increased chromophore number density. Optimized  parameteftos6as a function of poling field strength for the
values for PSLD_33 and PSLD_41 were found to be 140 and PSLD_33 dendrimer¢os$ 00~ 0.6:¢0s 6L). The solid line
90 pm/V, while the value for G=FTC in APC was previously  represents the order predicted by dilute (Langevin) theory for
reported as 52 pm/¥° dipolar spheres. The dashed line represents a least-squares best
Simulations were carried out (in parallel with experiments) fit through the calculated values for PSLD_33 and the origin.
to determine the origins of the more than 3-fold enhancement For all calculations the density is set to 0.9 gfoiN = 5.9 x
in ras/E, observed for dendrimer films relative to the analogous 10?° chromophores/cc). At this density the possibility exists for
chromophore as an APC composite. For the simulativi]T contribution of both intra- and intermolecular electrostatic
Monte Carlo calculations were performed on multiellipsoidal interactions to the attenuation of the order parameter. The linear
structures generated from the dendrimers PSLD_33 and PSLD_41response to the poling field predicted by simulation reproduces
The results were referenced against those predicted for dipolarthe general behavior of; with respect tdg, presented above.
spheres. Systems were constructed using64 molecules with Figure 6 shows the order paramet@os 0[] as a function
periodic boundary conditions. This corresponds to systems of of number density for the three-arm dendrimers PSLD_33, and
3520 and 4864 ellipsoids in the simulation cell for the PSLD_33 PSLD_41. The order parameter of the dipolar spheres was also
and PSLD_41 systems, respectively. For all the following computed for comparison. The triad of results for each of the
dendrimer calculations, order parameters were computed bydendrimers, shown for the higher density measurements, 4
assembling the final 5000 equilibrated NVT MC trajectories 10?° < N < 8 x 10?2 cc™}, represent material densities of 0.9,
from 25 runs. Average values and standard deviations were thenl.0, and 1.1 g/cfh This density range was investigated to
calculated from the resulting assembled trajectories. The dipoleexplore potentially different dendrimer densities. Unlike the
moment for the chromophores was set to 12 Debye, and thedipolar spheres, no tendency is predicted for the dendrimers to
poling temperature was 350 K. Unless otherwise noted, the localapproach the Langevin-like order parameter at wOrder
field was set to 300 V/micron corresponding to a laboratory parameters predicted for the two dendrimers remain virtually
poling field of 150 V/micron. For MC simulations of both  constant over the relevant range Nf This suggests that

PSLD_41 and PSLD_33 the parametgts= 2.9, Amax = 700 intramolecular interactions within single dendrimer molecules
nm, A = 1300 nm, angb,,,= 3200 x 1030 esu, were used in  play a major role in determining the net dipolar order. Such
conjunction with eq 4 to yield an estimate of. While the behavior implies that at low dendrimer concentration, although

experimentally determined values for PSLD_33 and PSLD_41 overall chromophoréN may be diluted by dispersion of the
differ slightly from the parameters chosen, these values in dendrimer into an inert host, high local chromophdieis
addition to the local fieldE, were set as identical in the maintained due to the covalent attachment of three chromophore
simulations to isolate the effects of ordering due to the units, limiting maximum interchromophore separation. At high
differences in the local steric environment. dendrimer concentration, as is the case for pure dendrimer films,
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281 hyper-Raleigh-scattering at an excitation wavelength sf1.0
um.2236The relative HRS intensity was converted to absolute
units via internal reference to chloroform, using the literature
value of fcpci, = (10.16+ 0.008) x 10730 esu?’” To estimate
Bz from furs for a dipolar chromophore wherg,,,is much
greater than all other components of the hyperpolarizability

...............
.........

S st tensor, the CyvirrRauch-Decius treatment yields the conver-
E i} sion: Burs~ 0.4148,,,%8 This relation gives an experimentally
LE g PSLDS3 based estimate ¢t = 2857 x 10730 esu.that compares very
s T favorably with the best-fit value determined abd%eAs one

£

can see, this value spans the data range reasonably well, being
too large for the PSLD_33 and too small for the PSLD_41, and
also too large for the PSLD_33/APC.

PSLD33/APC %

PSLD41
] Conclusions

05

. . " : . 1 We have shown that theory-guided modification of EO
Chromophore Number Density (N/cc) 2 chromophores from that of the traditional prolate ellipsoidal
Figure 7. Monte Carlo simulations af:3/Ep, assumingt = 12 Debye Ep geometry can yield robusgs Coe_'fﬂCientS owing to the erlhance-

=150 Viu andB.z= 3200 x 10-30 esu for the two different dendrimers ~ ment of chromophore density beyond that obtainable by

at different number density (open circles). Dipolar spheres are shown for unmodified chromophores in a polymer matrix. A simple model
reference (dotted line). The error bars are the standard error of the MC

- ) . : .dof dipole—dipole, dipole-field, and steric interactions presents
simulations. Experimental measurements for dendrimer samples are the soli . itative d L f the behavi f th |
circles, and the straight line is the best proportional fit, only to aid the eye. & S€Miquantitative description of the behavior of these nove

molecules. While there is a need for further refinement of the

coarse grained MC calculations, we have captured the essential
the opposite scenario can be envisioned. HYMC results  elements of the physics behind the behavior and ordering of
for the dendrimers suggest that minimum interchromophore sterically modified (dendritic) chromophores. Theory has shown
distance is also ||m|ted, so that increased densities have ||tt|ethat the order parameter for the dendrimer Systems is near|y
effect on intermolecular interactions reflecting little dependence constant with number density and that the PSLD_33 consistently
of [@og #0on N. Such limitations are not apparent for has a modestly higher EO response (around 50% higher) than
independent dipolar spheres in which the average interdipoleps| D 41. These results are consistent with the experimental
distance may be widely varied leading to a pronounced finding. While the value of the hyperpolarizability is somewhat
[6og o[dependence ON. The calculation of the order parameter ynknown, it is encouraging that a best-fit value is nearly the
shows that it is nearly independentof It follows from eq 4~ same as that estimated from the HRS experiments. The
then thatrss will be proportional toN if the other parameters,  assumption that a single hyperpolarizability is valid for all
such as the molecular hyperpolarizability, remain constant. experimental conditions may prove to be too approximate.

Figure 7 shows the experimental data points for two pure  The MC simulations, as reported, do not consider the

dendrimer films (assuming a density of 1 gram/cc). Additionally, dielectric properties of the bulk material (pure dendrimer), which
shown in Figure 7, are two loweX dendrimer compositions  implies that the dielectric constant carries a value of unity.
prepared by dispersing PSLD_33 into an APC polymer host at Currently, we believe that the correct, unmodified, gas-phase
2.4 x 10°%and 3.5x 107 active chromophore molecules (three  dipole moment is actually 24 D (consistent with QM calculations
for each dendrimer) per cubic centimeter of material. The plOt performed using four different method§)‘]’he work presented
of rsgE, is approximately proportional ti, with some data  yses an effective dipole moment of 12 D. Our calculations of
scatter. Such behavior is consistent with the trend eXpeCted fromorder y|e|d identical order parameters when the d|po|e moment
MC simulations. The experimental poling efficiency ratio of s doubled (24 Debye) and the poling field is halved (150
PSLD_33 to PSLD_41 dendrimers was found to be ap- v/micron, the experimental value) and when a dielectric constant
proximately 1.4, matching well the ratio of 2 found by MC  of 4 is used in the calculations when considering interchro-

0 1

calculations. Figure 7 shows the dependencesgE, for the mophore, dipole-dipole, electrostatic interactions. This point,
simulation of simple dipolar spheres, using the same parameterswhich is beyond the scope of the current discussion, also has
The nonlinear nature of the dependenceNofor the dipolar  jmplications for the quantum mechanical prediction of hyper-

spheres illustrates the qualitative difference of this model and polarizability and will be addressed in detail elsewhere. Experi-
the fact that dipolar spheres cannot adequately model thements are currently underway to explore the possibility that the

experimental data. _ . intrinsic hyperpolarizability, in addition to dipole moment,
Theoretical simulation ofs3/E, requires an estimate of both  exhibits a dependence on the nature of the molecular environ-
the order parameter and the molecular hyperpolarizabflity, ment.

The best overall single value used to compare with the

i i — 30 i i (36) Liao, Y.; Eichinger, B. E.; Firestone, K. A.; Haller, M.; Luo, J.; Kaminsky,
experimental data izz; = 3200 x 107 esu. This value is W.; Benedict, J. B.; Reid, P. J.; Jen, A. K. Y.; Dalton, L. R.; Robinson, B.

larger than that calculated from DFT theory in vacuo but H. J. Am. Chem. SoQ005 127 (8), 2758-2766.
i ; i (37) Kaatz, P.; Shelton, D. ®pt. Commun1998 (157), 177198.
compares favorably with the.experlmentally.detgrmnﬁag)z (38) Cyvin . J.: Rauch. J. B Decius, J. .Chem. Phys1965 43 (1)
measured in chloroform solution. Hyperpolarizability may be 4083-4095.
; ; — (39) Ishorn, C. M.; Leclerg, A.; Vila, F. D.; Dalton, L. R.; Bredas, J. L.;
determined from the experimentally measufbgks = (1183 Eichinger, B. E.; Robinson, B. Hl. Phys. Chem. £007 111, 1319~
+ 130) x 103 esu for CE—FTC, as evaluated in-house by 1327.
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The dendritic chromophores, relative to undressed chro- mL). HCI (1 N, 0.5 mL) was then added. The reaction was allowed to
mophores dispersed in polymer, have a langgrcoefficient proceed for 2.5 h. The mixture was then neutralized with NaglCO
because of the stability of the material under poling. The design @nd the product ‘_’V?; CO'C'jECteddby _ﬁ::ratiof“- Thhe b'“?f§°|i%was obtained
paradigm of chromophores covalently attached in a local " quantitative yield and used without further purificatichi NMR
netvyork appears to overcome the frustratiqn 'commonly ob.served(;?g? ('\é' 'jZ: gg(ﬁ)z gH7).,971.0(g ’(‘L”]_:l?;'g 'H:’I%’Hé"sf 071'5(21 (g_")llgg)é
in d_|polar glasses that has pre_wously limited the maximum (4 3 = 8.7 Hz, 6H) 6.93 (d,) = 15.3 Hz, 3H), 6.77-6.74 (m, 12H),
achievable chromophore density and resultant electro-optic 6.60 (d,J = 15.3 Hz, 3H), 4.91 (s, 6H), 3.95 d,= 6.3 Hz, 6H), 3.86

activity. However the degree of order observed in these systems(t, J = 5.4 Hz, 6H), 3.6 (tJ = 5.4 Hz, 6H), 3.09 (s, 9H), 2.35 (§,=

is still well below that of the theoretical maximum predicted 7.5 Hz, 6H), 2.08 (s, 3H), 1.83-1.74 (m, 6H), 1.72-1.64 (m, 6H), 1.54-
by analytic theory. Subtle changes in molecular architecture may 1.45 (m, 6H) ppm. MALDI-TOF: m/z calcd 2437.78; found, [Mt

be able to minimize the inter- and intramolecular electrostatic Hl: 2438.1, [M+Na], 2461.040 1fV2).

interactions that attenuate order, leading to materials with ~Dendrimer PSLD_41.An oven dried, magnetically stirred, 100 mL
previously unrealized electro-optic activity. The framework of Wo-neck round-bottomed flask was charged wi0.10 g, 0.041
the MC calculations presented herein provide a tool for quickly MMo: dendron 1RD) (0.084 g, 0.164 mmol), 1,3-dicyclohexylcar-

. . . . bodiimide (0.038 g, 0.184 mmol), and DPTS (0.030 g, 0.20 mmol).
assessing the influence of changes in molecular architecture onygq, 1 1y ofdrying under a high vacuum, the mixture was dissolved in

the overall structure of bulk ONLO materials. It is our hope  freshly distilled THF (10 mL) and DCM (15 mL). The reaction was
that the work presented will accelerate the development of new stirred for 48 h and washed with NaCl (saturated), and the organic

optical materials and devices through the careful integration of layer was collected. The aqueous layer was extracted with DCM, and

theory, experiment, and rational design. the combined organics were washed with water, dried over MgSO
. . and condensed in vacuo. The dark-blue crude solid was purified by
Experimental Section silica gel column chromatography (2.5% THF/DCM) to yield 0.1 g

General SynthesisAll solvents were purified by distillation prior ~ (0.025 mmol, 62%), of a deep-blue soliH NMR (500 MHz,
to use unless otherwise stated. Commercially available chemicals wereCDCL): 6 7.93, (d,J = 15.5, 3H), 7.58-7.54 (m, 15H), 7.39 (d=
used as received unless otherwise stated. All alkylithium reagents were9 Hz, 6H), 7.21 (dJ = 2.5 Hz, 6H), 6.99 (s, 3H), 6.98 (d,= 7 Hz,
titrated prior to use. Glassware was base treated and oven or flame6H), 6.96 (d.J = 15.5 Hz, 3H), 6.87 (dJ = 15.5 Hz, 3H), 6.83 (dJ
dried. All reactions were performed under inert atmosphere. Amorphous = 9 Hz, 6H), 6.77 (dJ = 9 Hz, 6H), 6.71 (tJ = 2.5 Hz, 3H), 6.66
polycarbonate, APC (poly[bisphenol A carbonate-co-4343,5-tri- (d,J = 15.5 Hz, 3H), 4.99 (s, 12H), 9.86 (ddh = 13 Hz,J, = 6.5
methylcyclohexyl-idene)diphenol carbonate]), was purchased from Hz, 6H), 4.54 (tJ = 5.5 Hz, 6H), 3.93 (tJ = 6.5 Hz, 6H), 3.86 (t))
Sigma Aldrich and purified by repeated precipitaion from a THF = 5.5 Hz, 6H), 3.13 (s, 9H), 2.36 (3,= 7.5 Hz, 6H), 2.09 (br-s, 3H),
solution into methanol followed by filtration and vacuum drying before  1.82-1.76 (m, 6H), 1.73-1.67 (m, 6H), 1.53-1.47 (m, 6H), ppm. MALDI-

use. TOF: mizcalcd 3926.83; found, [M- H], 3927.26, [M+ NaJ, 3950.25
2-[4-(2{5-[2-(4{ [2-(tert-Butyl-dimethyl-silanyloxy)-ethyl]-meth- (m/2). Anal. Calcd for GooHiagFaeN12024Ss: C, 61.16; H, 3.46; N,

yl-amino}-phenyl)-vinyl]-3-hydroxymethyl-thiophen-2-yl} -vinyl)-3- 4.28%. Found: C, 60.86; H, 3.25; N, 4.46%. BVis: Amax (CHCL)

cyano-5-phenyl-5-trifluoromethyl-5H-furan-2-ylidene]-malononi- = 726 NM;Amax (film) = 720 nm. DSC: Ty= 103°C

trile (Chromophore 1). This compound was prepared following Thin Film Fabrication Techniques and EO MeasurementsReal

literature procedures that were slightly modified to include a single time pole and probes; measurement details have been reported
hydroxy—ethyl donor functionality for attachment of the outer dendron  previously*® Samples of each material were prepared by solution spin-
in PSLD_41. Complete synthetic details are available online in the casting onto ITO-coated glass slides gold electrodes 200 nm) were
Supporting Informatior®2° then deposited atop the films. EO measurements were perfornied at
1,1,1-Tris-(6-hexanoic acid-4-phenyl) Ethane (2)The triacid = 1300 nm, and3; measurements were recorded after cooling and
dendrimer core was synthesized according to literature procétiure.  removal of the poling field. Values were calculated by sine-wave fitting
Dendrimer PSLD_33.An oven dried, magnetically stirred, 100 mL  of lock-in-amplifier and direct current detector response curves as a
two-neck round-bottomed flask was charged with 1,1,1-Tris-(6-hexanoic function of the relative phase angl#{,) betweenTe andTy. Values
acid-4-phenyl) ethane2) (0.221 g, 0.341 mmol), chromophoré) ( for rs3 were then calculated frory and |, values using
(0.820 g, 1.13 mmol), 1,3-dicyclohexylcarbodiimide (0.260 g, 1.26

mmol), and DPTS (0.10 g, 0.341mmol). Afté h of drying under a 31 (n2 _ sin20)1/2
high vacuum, the mixture was dissolved in freshly distilled THF (10 33= al 5 - Ol
mL) and DCM (15 mL). The reaction was stirred for 48 h and washed 4AnVln si’ 6

with NaCl (saturated), and the organic layer was collected. The aqueous

Ia_yer was extra_cted with DCM, and the combined_ organics were washedyhereV,, is measured directly at the sample electrodes during p&ling.
with water, dried over MgS§) and condensed in vacuo. The dark-

blue crude solid was purified by silica gel column chromatography — Acknowledgment. The authors acknowledge the support of
(5% THF/ DCM) to yield 0.477 g (50%) of a deep blue sofid.NMR the STC-MDITR Program of the National Science Foundation
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J=28.7 Hz, 6H), 6.96 (dJ = 15.9 Hz, 3H), 6.77 (dJ = 8.7 Hz, 6H),
6.68 (d,J = 8.7 Hz, 6H), 6.64 (dJ = 15.3 Hz, 3H), 4.92 (dJ = 3 (F49620-03-1-0110'P000), as well as from the DARPA MOR-

Hz, 6H), 3.94 (tJ = 6.3 Hz, 6H), 3.81 (tJ = 6 Hz, 6H), 3.56 (tJ = PH program Phase | ((N) 14-04-10094), is also gratefully
6 Hz, 6H), 3.10 (s, 9H), 2.35 (§ = 7.2 Hz, 6H), 2.09 (br-s, 3H),  acknowledged.
1.87-1.79 (m, 6H), 1.72-1.67(m, 6H), 1.55-1.49 (m, 6H), 0.89 (s, 27H),

0.03 (s, 18H), ppm. MALDI-TOF:m/z calcd 2780.04; found, [M+ Supporting Information Available: Complete synthetic and
Na], 2804.4761fV2). Anal. Calcd for GssHisdoN12015S:Sis: C, 66.93; characterization details for chromophore 1 as well as representa-
H, 5.76; N, 6.04%. Found: C, 67.92; H, 5.96; N, 5.89%. tWs: tive thermal and refractive index analyses. This material is
Amax (CHCl) = 759 nM; Amay (film) = 734 nm. DSC: T, = 96 °C available free of charge via the Internet at http://pubs.acs.org.

Deprotection of PSLD_33 (3).A 50 mL round-bottomed flask is
charged with PSLD_33 (0.19 g) and acetone was added to dissolve (4JA068322B
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