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ABSTRACT: The systematic synthesis, structural, optical spec-
troscopic, and second-order nonlinear optical (NLO) character- -
ization of a series of donor—acceptor poly-arylene chromophores
which have heretofore unachieved 7-extension and substantial g
twisting from planarity, are reported: specifically, two-ring
2TTMC, dicyano(4-(3,5-dimethyl-1-(2-propylheptyl)pyridin-1- n=0.1,0r2 :
ium-4-yl)-3-methylphenyl)methanide; three-ring 3TTMC, n
dicyano(4'-(3,5-dimethyl-1-(2-propylheptyl)pyridin-1-ium-4-yl)-

2,2,3',5',6'-pentamethyl[1,1’-biphenyl]-4-yl)methanide; and four-ring 4TTMC, dicyano(4”-(3,5-dimethyl-1-(2-propylheptyl)-
pyridin-1-ium-4-y1)-2,2',3",6,6'-pentamethyl[1,1’:4',1"-terphenyl]-4-yl )methanide. Single-crystal X-ray diffraction, DFT-opti-
mized geometries, and B3LYP/INDO-SOS analysis identify three key features underlying the very large NLO response: (1) For
ring catenation of three or greater, sterically enforced z-system twists are only essential near the chromophore donor and
acceptor sites to ensure large NLO responses. (2) For synthetic efficiency, deletion of one ortho-methyl group from 0,0,0",0”-
tetramethylbiaryl junctures, only slightly relaxes the biaryl twist angle from 89.6° to ~80°. (3) Increased arylene catenation from
two to three to four rings (2TTMC— 3TTMC — 4TTMC) greatly enhances NLO response, zwitterionic charge localization,
and thus the ground-state dipole moment, consistent with the contracted antiparallel solid-state 7—7 stacking distances of 8.665
— 7.883 — 7.361 A, respectively. This supports zwitterionic ground states in these chromophores as do significant optical
spectroscopic solvatochromic shifts, with aryl—aryl twisting turning on significant intra-subfragment absorption. Computed
molecular hyperpolarizabilities (1/3) approach an unprecedented 900 000 X 10™* esu, while estimated chromophore figures of
merit, fif3,../M,, approach 1500 X 10~* esu, 1.5 times larger than the highest known values for twisted chromophores and >33
times larger than that of planar donor—acceptor chromophores.
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B INTRODUCTION currently available, as well as high thermal stability and stable

The design and realization of large-response organic electro-
optic (EO) materials has constituted an active worldwide
research area for decades.' > These materials offer the potential
of greatly improved means to generate, process, transmit,
detect, switch, and store optical signals compared to their
inorganic counterparts (e.g., LiNbO,).* Understanding how to
enhance molecular EO material properties offers further insight
into how soft matter interacts with light, as well as the
opportunity to advance technologies such as optical commu-
nications, optical data storage, image reconstruction, and optical
computing. Given that chromophoric molecular building
blocks are the active components of organic EO materials,
EO devices with greater bandwidths and lower driving voltages
will require larger molecular hyperpolarizabilities (f) than
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bulk non-centrosymmetric alignment.'

The majority of known EO chromophores with the
aforementioned properties have traditionally been designed
using similar approaches: planar conjugated z-electron systems
end-capped with electron donor (D) and acceptor (A)
moieties.” This design strategy invariably creates a strong
intramolecular optical charge-transfer (ICT) transition from the
ground state to the first excited state, while producing strong
polarization along the z-conjugation axis. To date, molecular
engineering of such structures has adhered to a classical and
qualitative “two-level model”, which has proven pragmatically
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successful in predicting f as a function of chromophore
geometry and substitution.’ In this model, molecular hyper-
polarizability, 3, is determined by three key factors: (1) the
difference in the dipole moments between the ground state and
first charge-separated excited electronic state (A/lge = Uee —
Hgg); (2) the transition dipole matrix element connecting these
states (4g.); and (3) the energy gap (AE,) between these
states (eq 1). Taking each of these variables into consideration,

B o A (1) / (AE,)* (1)

B should be tunable via appropriate structural modifications. To
date, several design strategies have proven effective in
enhancing molecular hyperpolarizability. One approach by
Marder and co-workers involves tuning “bond length
alternation” (BLA), the difference between the average single
and double bond lengths in the conjugated chromophore core.”
It is argued that 8 can be optimized by controlling the relative
neutral and charge-separated contributions to the electronic
ground state by modifying the (1) D/A substituent strength,
(2) polarity of the solvent, and/or (3) strength of the applied
field. Another “auxiliary donors and acceptors” model correlates
molecular hyperpolarizability with the electron density of the 7-
conjugation, crediting substantial increases in f values to
electron-excessive/deficient heteroaromatic bridges. Here,
hyperpolarizability enhancements are largely attributed to
compressing the energy gap (AEge) in eq 1 (e.g, CLD, Chart
1).>° Nevertheless, it is known that large-response chromo-
phores, based only on extensive planar z-conjugation, tend to
be complex, synthetically challenging, and frequently exhibit
chemical, thermal, and photochemical instabilities.” Further-
more, extended conjugated systems typically introduce bath-
ochromic shifts in the optical absorption, eroding near-IR

transparency at the working wavelengths of most photonic
technologies. Other recently developed S enhancement
strategies to improve near-IR transparency include multidimen-
sional charge-transfer (CT) chromophores (e.g, HPEB and X-
CHR, Chart 1)'* and planar zwitterionic chromophores (e.g.,
PCTCN, Chart 1).>%"!

Another chromophore design strategy receiving significant
attention, both theoretically and experimentally, is the twisted
molecular charge-transfer (TICT) approach (e.g, TMC-3,
Chart 1; TICTOID chromophores, Chart 2)."* Here, TICT p
response correlates with twisting from planarity about the bond
linking the conjugated D—A 7-arene systems, thereby reducing
orbital overlap between these fragments. This approach offers a
mechanism by which nearly complete charge transfer can occur
upon optical excitation, greatly enhancing CT interactions and
affording unprecedented hyperpolarizabilities.'””"> Recent
theoretical and experimental studies established the importance
of sterically induced dihedral twisting in amplifying the
hyperpolarizability of zwitterionic chromophores bearing
various D/A substituent combinations, sterically encumbered
twist-enhancing substituents, conjugation length, and bulky
dendritic additions to minimize aggregation.za’14 It was shown
that such chromophores can have relatively simple, robust
biaryl structures with twist angles tunable via RY, R R? and R*
modification (Chart 2), from 9° to ~90° depending on the
nature and number of ortho substituents. Both computation and
X-ray diffraction confirm these structure—response trends,
leading to remarkable uf3,,. values as high as —488 000 x 10~*
esu, measured by electric-field-induced second harmonic
generation (EFISH)—the highest chromophore response
reported to date (TMC-3, Chart 2).**'>'* In terms of figure
of merit, ufi/M,, (M,, = molecular weight), is as large as 9800 X
107 esu, almost 20 times larger than the highest molecular

Chart 1. Large-Response Electro-optic Chromophores Previously Reported in the Literature
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Chart 2. Ultra-Large-Response, Twisted zz-System Electro-optic Chromophores
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values previously reported. The f enhancement is argued to
result from aromatic stabilization and formal charge-separated
ground states (modified by polar solvation), leading to large
changes in dipole moment (Aﬂge), large transition dipole
matrix elements (4g), and relatively low-energy optical
excitations (AEge). From the two-level model of eq 1, note
that these factors should all enhance .** Beyond twist angle-
sensitivity, TICT molecules also exhibit large § sensitivities to
environmental polarity (e.g., neighboring crystal lattice
molecules, solvation, and/or applied fields).”*™ For all of
these reasons, zwitterionic TICT molecules have proven both
scientifically and technologically intriguing.

To date, all TICT chromophore studies have focused on
twist angle manipulation, with minimal consideration of charge
separation effects.”'>'* Traditionally, planar chromophore 7-
backbones were designed to optimize ICT via extended
conjugation and/or enhanced polarization (e.g, CLD; Chart
1). This includes introducing heterocycles having aromatic
stabilization and extended planarity, but without resonance
destabilizing effects.'> One chromophore series that minimized
aromatic destabilization energy costs, without using hetero-
aromatic rings, are twisted TMC chromophores (Charts 1 and
2).2'31* Nevertheless, despite the exceptional f responses,
“champion” TMC-3 contains a stilbene fragment which is not
optimal for photo-oxidative stability.'® While arene fragments
can resist these effects, aromatic stabilization may depress
transition moments and increase ground-state to first excited-
state excitation energies, reducing f# in the two-level model."
To address reduced aromatic stabilization, the two most
successful approaches to date are (1) replace aromatic groups
with heterocycles' and (2) introduce twisted biaryl fragment-
s.”* The latter approach has the advantage of increasing D/A
zwitterionic charge separation as discussed above. In chromo-
phore TMC-3, the replacement of the styryl unit with a twisted
biaryl subunit should reduce aromatic delocalization while
enhancing charge localization. This would enhance the
transition moment and dipole moment change, while

decreasing the excitation energy in eq 1, thereby greatly
enhancing f.

To systematically probe TICT architecture—electronic
structure—hyperpolarizability correlations, we report here the
new chromophore series, 2TTMC, 3TTMC, and 4TTMC
(Chart 2), that is structurally similar to TMC-2, but with
increased D/A charge separation via progressive phenylene
catenation: 2TTMC — 3TTMC — 4TTMC. The effects of the
number and location of methyl substituents to enforce
conformational twists within the biaryl junctions are assessed
across the series. The derivatives of 2TTMC with variations of
N-alkyl substituents (—R) on pyridinium moiety (2TTMC-a
and 2TTMC-b) are also introduced to compare aggregation
effects. We discuss in full detail new synthetic approaches,
solution and solid-state structures, electronic structures,
aggregation characteristics in solution, and NLO/EO response
properties using an array of techniques, including X-ray
diffraction, cyclic voltammetry, solvent- and concentration-
dependent linear optical spectroscopy, diffusion NMR spec-
troscopy, and solution-phase DC EFISH spectroscopy,
combined with B3LYP/INDO-SOS computational analysis. It
will be seen that molecular hyperpolarizabilities (1) approach
an unprecedented 900 000 X 10™* esu, while chromophore
figures of merit, yf3,../M,, approach 1500 X 107 esu, 1.5
times larger than previous values for twisted chromophores and
>33 times larger than that of planar D—A chromophores.

B EXPERIMENTAL SECTION

Materials and Methods. All reagents were purchased from
Sigma-Aldrich Co. and used as received unless otherwise indicated.
Tetrahydrofuran (THF) was distilled from Na/benzophenone, and
CH,Cl, from CaCl,. CHCl; was dried and distilled from anhydrous
K,CO;. Toluene and pentane were each dried by passing through
packed columns of activated alumina and QS under N,, following
testing with benzophenone ketyl in ether solution. The reagent 2-
propyl-1-heptanol was purchased from Narchem Co. The reagents 4-
bromo-3,5-dimethylpyridine 1-oxide (1)," 4,4'-dibromo-2,2",6,6'-
tetramethyl-1,1"-biphenyl (20),'® and the ligand dicyclohexyl(2-
phenanthren-9-yl-phenyl)phosphane (DCPPP), for catalytic Suzuki

DOI: 10.1021/jacs.5b04636
J. Am. Chem. Soc. 2015, 137, 12521-12538


http://dx.doi.org/10.1021/jacs.5b04636

Journal of the American Chemical Society

Scheme 1. Synthesis of Twisted Chromophore 3TTMC*
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“Reagents and conditions: (i) Pd,(dba);/DCPPP, Ba(OH),, toluene; (ii) FeCly, Br,, CHCLy; (iii) Pd,(dba);/Sphos, Ba(OH),, toluene; (iv)
NaH,PO,, Pd/C, AcOH; (v) pyridineH*Cl; (vi) Tf,O, pyridine; (vii)) NH=CPh,, Pd(OAc),/BINAP, Cs,COs, THF; (viii) NH,OHHCI, NaOAc,
MeOH; (ix) NO*BE,~, CH,CN, Nal; (x) NaCH(CN),, Pd(PPhs),, DME; (xi) C,oH,,OTf, CH,Cl,, MeONa, MeOH.

coupling, were synthesized according to literature procedures (Scheme
1)."”* NMR spectra were recorded on Varian Mercury-400 MHz or
INOVA-500 MHz spectrometers. Mass spectra were recorded on a
Micromass Quattro II Triple Quadrupole HPLC/MS/MS mass
spectrometer. Elemental analyses were performed by Midwest
Microlab. Optical spectra were recorded on a Cary 5000
spectrophotometer under N,. Cyclic voltammetry was performed
with a BAS 100 electrochemical analyzer, using a three-electrode cell
(carbon working electrode, Ag wire pseudo-reference electrode, Pt
wire counter electrode) with 0.1 M Bu,NPF; in anhydrous MeCN as
the electrolyte. All electrochemical potentials are quoted versus the
ferrocene/ferrocenium (Fc/Fc*) couple internal standard. Moisture
sensitivity studies were performed in NMR tubes using dry 0.5 mM
DMSO-dg solutions. NMR samples were initially made under N,, and
later exposed to moisture in air and measured after: 6 h, 1 day, and §
days. A drop of 2% HCI solution was then added to complete the
reaction. All measurements were performed in the dark.

Single-Crystal X-ray Diffraction. Single crystals of the TTMC
chromophores were obtained via slow vapor diffusion under N,. A
small vial containing a solution of a few mg of each chromophore in
1.0 mL CH,Cl, and a few drops of MeOH was placed in a closed
chamber, into which diethyl ether was added. The small vial was sealed
with a plastic cap having a small hole to allow slow diffusion of ether
vapor from the chamber into the vial for single crystal growth. All
diffraction measurements were carried out on a Bruker SMART CCD
diffractometer with graphite-monochromated Mo Ka (0.71073 A)
radiation. Data were collected using the Bruker SMART detector,
processed using the Bruker SAINT-NT package, and corrected for
Lorentz and polarization effects. The structures were solved by direct
methods (SHELXTL-90) and expanded using Fourier techniques
(SHELXTL-97). The non-H atoms were refined anisotropically. H
atoms on dichloromethane molecules of solvation were refined with
group isotropic displacement parameters. The remaining H atoms
were included in idealized positions but not refined. All calculations
were performed using the Bruker SHELXTL9 crystallographic
software packages.

Diffusion NMR Spectroscopy. 'H PGSE diffusion NMR
measurements were performed at 295.7 K without spinning using
the standard stimulated echo pulse sequence®® on a Bruker AVANCE
DRX 400 spectrometer equipped with a GREAT 1/10 gradient unit

and a QNP probe with a Z-gradient coil. Data acquisition and
elaboration were carried out as previously described,*° using an HDO
sample (0.04%) in D,O for gradient calibration®" and the residual
solvent signals as 1nternal standards to account for possible changes in
solutlon viscosity,”* temperature and gradient strength reproduci-
bility.*® The translational self-diffusion coefficient (D,) experimental
error is estimated to be around 5%.

Electric-Field-Induced Second-Harmonic Generation Meas-
urements. Measurements of yfj,.., the product of the chromophore
dipole moment (u) and the vector part of the molecular first-order
hyperpolarizability f3,.. tensor along the y direction, were performed
by the solution-phase DC EFISH method,”* which provides direct
information on the intrinsic molecular nonlinear optical (NLO)
response via eq 2. Here, uf/SkT is the dipolar orientational

Yepsu = WP/SKT) + y(—20; o, w, 0) @)

contribution, and y(—2w;w,®,0), the third-order term at frequency
o of the incident light, is the electronic contribution to ygg;gy, which is
negligible for molecules of the type investigated here.”> EFISH
measurements were carried out in CH,Cl, and dimethylformamide
(DMEF) solutions of different concentrations at a nonresonant
fundamental wavelength of 1907 nm using a Q-switched, mode-
locked Nd**:YAG laser [pulse durations of 15 ns (90 ns) at a 10 Hz
repetition rate]. The 1064 nm initial wavelength was shifted to 1907
nm by a Raman shifter with a high-pressure H, cell. The uf,.. values
reported (see Table S) are the averages of 16 successive measurements
performed on each sample.

Computation. Using the Maestro interface, 2TTMC, 3TTMC,
and 4TTMC (Chart 2) were constructed with initial chromophore
geometrles computed using finite field methods implemented in Jaguar
v5.00.22,”° with the Maestro Molecular Modeling Interface c5.10.
Electromc structure calculations were performed at the B3LYP
level.***” Because of the complexity of the large systems in this
study and the impact of basis set on optical properties,” both diffuse
and polarization functions were included via the Pople 3-21+G(d,p)
basis set. All geometries were optimized with the ring—ring dihedral
angles set initially to 85°. This angle was selected due to its similarity
to the dihedral angles of previous TICT systems characterized by X-
ray diffraction.”"”'* Thereafter, twist angles were not constrained
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during geometry optimizations. All optimizations were performed
without symmetry constraints. B3LYP calculations converged to an
ms error in the density matrix of at most 1077 and energy of at most
1075 hartrees with 4TTMC, only converging to 10~ and 107*
hartrees, respectively. Chromophore electronic properties (static
dipole moments, transition dipole moments, transition energies)
were next evaluated using the computationally efficient semiempirical
INDO/S*’ Hamiltonian developed by Zerner and co-workers using
the CNDO?® program. The INDO/S* calculation was coupled to a
single-configuration interaction (SCI) scheme, which generally
provides a reliable description of the properties of one-photon allowed
excited states, which are those involved in the perturbative description
of the first-order hyperpolarizability.**' The 70 highest occupied and
70 lowest unoccupied MOs were active in the SCI procedure. Results
frequently converged at the 50 X 50 level, which was routinely tested
against larger calculations.

Molecular polarizabilities and hyperpolarizabilities (ff) were
calculated with the sum-over-states (SOS)** formalism, using standard
perturbation equations with excitation energies, transition dipole
moments, and excited-state dipole moments obtained from the
INDO/SCI calculations. The first hyperpolarizability f appears as
the third-rank tensor in the first nonlinear term that arises, dependent
on the induced molecular dipole moment (i) on the applied electric
field (F) experienced by the molecule (eq 3). Here, u{® is the

i
10 + Z aF, + (1/2) ). B, FF,

jik

W=
()

permanent dipole moment of the molecule in direction i, F; is the
component of the electromagnetic field in direction j, and @ and f are
the static (zero frequency, @ = 0.0 eV) first- and second- order
polarizability tensors. To avoid issues of resonance enhancement, only

the limiting zero frequency or “static” case (@ = 0.0 eV) is reported
here. The 8, (Byector) component of the /3 tensor is of interest here. As
discussed elsewhere,'™® simple but pragmatic INDO/S SOS para-
metrization is not completely accurate for computing the exact
response of TICT chromophores, but it is used here to explore and
interpret trends in the nonlinear response.

B RESULTS

We first report the synthesis and characterization of Generation
2 multi-ring TICT chromophores (Chart 2). As in first-
generation TICT chromophores previously synthesized in this
laboratory,™ each contains a pyridinium acceptor and dicyano-
methanide donor, along with multiple biaryl dihedral twists
introduced by strategically positioned o-methyl substituents.
Single-crystal X-ray diffraction studies are performed on each
chromophore to provide solid-state geometrical information.
The effect of substituting a tri-o-methylbiaryl twisted fragment
for the more difficultly prepared tetra-o-methylbiaryl moiety is
assessed and shown to enforce similar large twist angles across
the chromophore family. Also, the positioning of the sterically
twisted juncture in the molecule is explored, and proximity to
the donor and acceptor termini is found to be essential for
enhanced NLO response. Solution-phase molecular properties
are then studied using cyclic voltammetry and concentration-
dependent optical absorption spectroscopy, as well as diffusion
NMR spectroscopy to understand how aggregation of these
dipolar zwitterions might affect the linear/nonlinear response.
The results are then compared with the solid-state X-ray
diffraction data to provide chromophore metrical parameters
and quantitative information on actual states of aggregation in

Scheme 2. Synthesis of Twisted Chromophores 2TTMC and 4TTMC*
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“Reagents and conditions: (i) Pd,(dba);/Sphos, Ba(OH),, toluene; (ii) NaH,PO,, Pd/C, AcOH; (iii) pyridineH*Cl™; (iv) T£,0, pyridine; (v)
HN=CPh,, Pd(OAc),/BINAP, Cs,CO,, THF; (vi) NH,OHHC], NaOAc, MeOH; (vii) NO*BE,~, CH,CN, Nal; (viil) NaCH(CN),, Pd(PPh,),,
DME; (ix) ROTf, CH,Cl,, MeONa, MeOH; (x) 1.6 M n-BuLi, 1.5 equiv C4C,,BO;; (xi) Pd(PPh,),, Aliquat 336, NaCO;, toluene/water; (xii)
NaCH(CN),, Pd(PPh,),, DME; (xiii) C,gH, OTf, CH,CL, MeONa, MeOH.
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solution. Molecular hyperpolarizabilities are then evaluated by
solution-phase EFISH spectroscopy. Structural and solution/
solid aggregation effects are also investigated in 2TTMC
analogues by varying alkyl chain substitution. Finally, quantum
calculations are performed to understand the hyperpolariz-
ability changes induced by ring catenation, twist steric effects
accompanying methyl deletion, and twisted biaryl location in
the molecules.

Chromophore Synthetic Strategy. Routes to the present
chromophore series are summarized in Schemes 1 and 2. The
highly encumbered tetra-o-methylbiaryl core 2 is first
synthesized via Suzuki cross-coupling of 4-bromopyridine N-
oxide (1) and 2,3,5,6-tetramethylbenzene boronic acid using a
Pd/dicyclohexyl(2-phenanthren-9-ylphenyl)phosphine
(DCPPP) catalyst."” Biaryl N-oxide 2 is then brominated para
to the sterically-encumbered position to afford bromobiaryl N-
oxide 3 using a FeCl; catalyst. To complete the three-member
arene system with an additional sterically encumbered twist
element, a subsequent Suzuki cross-coupling of 3 and 2-methyl-
4-methoxybenzene boronic acid, is accomplished using a
different phosphine ligand system than used for the synthesis
of 2. Note that previous tictoid chromophores were synthesized
here using Buchwald’s Suzuki coupling procedure for
assembling tetra-o-methylbiaryl fragments.”*'” Since this
approach is typically associated with modest yields and high
ligand costs, an alternative was sought to achieve the required
twist angles, hence comparable hyperpolarizabilities (vide
infra), by introducing tri-o-methylbiaryl fragments. This
strategy was guided by computation and is discussed in detail
in the Computational Results section. This approach is first
demonstrated in the synthesis of 4, which is achieved in
significantly higher yield (64.1%) than was 2, in part due to less
encumbered reagents and a more active catalyst, Pd/2-
dicyclohexylphosphino-2’,6'-dimethoxybiphenyl (Sphos)."
Tris-arene pyridine N-oxide 4 was next quantitatively reduced
to pyridine S using Pd-catalyzed hydrogenation with sodium
hypophosphite.” Subsequent cleavage of the intermediate $
methoxy group with pyridineH"Cl™ afforded the pyridylphenol
intermediate 6. Phenol 6 was then converted to triflate 7,
followed by the Pd-catalyzed coupling™ of 7 with benzophe-
none imine, affording diphenyl ketimine 8 in 96.5% yield.
Subsequent quantitative hydrolysis of 8 to primary aniline 9
was achieved using hydroxylamine hydrochloride. Triaryl iodide
10 was then obtained via diazotization of species 9 and
subsequent iodination of the corresponding diazonium salt with
Nal. Pd-catalyzed coupling of species 10 with sodium
dicyanomethanide produced intermediate 11, which was next
regioselectively N-quaternized™ with alkyl triflates, and then
deprotonated to afford three-ring chromophore 3TTMC
(57.7% overall yield, Scheme 1).

Tri-o-methylbiaryl iodo intermediate 18 (Scheme 2) was
synthesized using similar procedures, but with only one Suzuki
cross-coupling reaction, without bromination. Precursor biaryl
pyridine N-oxide 12 was synthesized in 79.7% yield from
compound 1 using the same catalytic system described for 4
above. Significantly higher yields were obtained for the biaryl
system versus the triaryl system in the Pd-catalyzed coupling of
species 18 with sodium dicyanomethanide, affording compound
19 in 88% yield rather than 74.1% yield for 11. The conversion
of species 19 by alkylation, followed by deprotonation,
produced two-ring chromophore 2TTMC in 78% overall
yield, compared to 57.7% for chromophore 3TTMC (Schemes
1 and 2, respectively). To compare aggregation effects on the

hyperpolarizability, chromophores 2TTMC-a and 2TTMC-b,
bearing the same backbone as 2TTMC but with differing N-
alkyl substitution, were prepared under similar alkylation
conditions using the corresponding alkyl triflate as shown in
Scheme 2.

To complete the series and enhance the yield of four-ring
4TTMC, an alternative synthetic approach was taken. Here,
instead of performing successive bromination/Suzuki coupling
sequences, the sterically encumbered 4,4’-dibromo-2,2",6,6'-
tetramethyl-1,1’-biphenyl 20 was synthesized via a three-step
procedure,'® involving Zn-catalyzed reduction, hydrazine
rearrangement, and subsequent bromination starting from 1-
nitro-3,5-dimethylbenzene (see Supporting Information (SI)
for details). Subsequent esterification of 20 by the slow addition
of 1 equiv of n-BuLi, followed by 2-isopropoxy-4,4,5,5-
tetramethyl-1,3,3-dioxaborolane addition, affords intermediate
21 in 64% yield. The central non-sterically encumbered biaryl
junction was prepared via a halogen-selective Suzuki cross-
coupling involving iodo derivative 18 and intermediate 21,
using Pd(PPh;), and Aliquat 336, a phase-transfer catalyst, to
yield intermediate 22. The effects of the “non-sterically”
interacting twist between rings B and C of 22 (Scheme 2
and Chart 2), like the tri-o-methylbiaryl junctions, were verified
computationally for minimal involvement in charge localization
(see Computational Results section), while increasing reaction
yields. Following the Pd-catalyzed coupling procedure with
sodium dicyanomethanide as used in preparing the precursors
to 2TTMC and 3TTMC, intermediate 23 was obtained, which
was further alkylated and then deprotonated to afford
chromophore 4TTMC in 64% yield (Scheme 2). Each new
chromophore was fully characterized via conventional ana-
lytical/spectroscopic techniques, including multi-nuclear NMR
spectroscopy, mass spectrometry, and elemental analysis (see SI
for synthetic details and characterization data).

Chromophore Chemical Stability. The TTMC chromo-
phores exhibit somewhat different chemical stability character-
istics versus the TMC counterparts. The TTMC chromophores
exhibit moisture sensitivity in the decreasing order 4TTMC >
3TTMC > 2TTMC, rendering 3TTMC and 4TTMC difficult
to purify by conventional chromatography, presumably
reflecting the enhanced basicity of the Ar=C(CN), group in
zwitterions of increasing molecular length and charge
concentration. A moisture sensitivity test of 3TTMC in
DMSO-d4 supports the chromatographic observations (Figure
1). The phenylene ring protons adjacent to the dicyano-
methanide functionality (protons a, b, and ¢, Figure 1) are
displaced significantly downfield after exposing the solution to
ambient atmosphere for S days. Moreover, intentional acid-
ification shifts the equilibrium further to the protonated form
(Figure 1A—D). There is a decrease in aromatic proton signals
a, b, and ¢, and a slight upfield shift of the pyridinium peak,
typical of zwitterionic character loss in these twisted chromo-
phores. This marked proton affinity is consistent with a twisted
zwitterion description of separated, non-communicating
dicyanomethanide and pyridinium fragments. Kang et al
observed similar proton affinity for the TM chromophores
containing phenoxide anions during chromatography.” In the
progression 2TTMC — 3TTMC — 4TTMC, the observed
increase in proton affinity is consistent with the chromophore
elongation and enhanced charge localization on the dicyano-
methanide and pyridinium termini,*® seen in the computational
study (see Computational Results, below).
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Figure 1. '"H NMR spectra in DMSO-dg (400 MHz, 25 °C) of

3TTMC with exposure to atmospheric moisture after 6—8 h (A), after

1 day (B), after S days (C), and on addition of 2% HCl solution (D).
Note, these experiments were performed with exclusion of light.

Solid-State Structural Characterization. X-ray diffrac-
tion structural analyses were performed on chromophores
2TTMC, 3TTMC, and 4TTMC, with single crystals obtained
using solvent diffusion techniques. Crystallographic data
pertaining to each determination can be found in Table SI.
ORTEP drawings and selected bond lengths and inter-ring
twist dihedral angles are summarized in Table 1. To achieve
large twist angles and maintain charge separation with
increasing molecular length, two computationally guided and
synthetically expedient tactics were implemented: (1) replace
tetra-o-methyl- with tri-o-methylbiaryl junctions and (2) use

standard biphenyl junctions as appropriate to achieve the
desired charge separation. All of these molecules exhibit
consistently large arene—arene dihedral twist angles (76—89°)
except for the B—C ring juncture in 4TTMC, where there is no
o-arene methylation (see more below).

Using tri-o-methylbiaryl junctions in 2TTMC, 3TTMC, and
4TTMC achieves (ring)C—C(ring) distances of 1.486(7),
1.497(4), and 1.421(6) A, respectively, similar to typical biaryls
(~1.487 A),”” bimesityl (1.505(2) A),>® and TMC-2 (1.488(5)
A), with any deviation in 4TTMC likely due to charge
separation effects (see below). The (ring)C—C(ring) elonga-
tion is directly related to the dihedral torsion imposed by the
tri-o-methylbiaryl junction, giving the bond greater single o-
bond versus quinoidal character (Chart 2) as in the tetra-o-
methylbiaryl version. For synthetic expedience, another
structural feature used in this chromophore series is a biphenyl
group introduced between the pyridinium (A) and
phenylenedicyanomethanide (B) rings of 2TTMC (2-rings)
to yield 4-ring 4TTMC (Chart 2). The structural data indicate
a classical unfunctionalized biphenyl twist angle of 40.30°,
with the peripheral dihedral angles between rings A—B and C—
D of 76.62 and 88.42° respectively (4TTMC; Chart 2 and
Table 1). Computation indicates that the inserted unfunction-
alized phenylene has minimal impact on the hyperpolarizability
compared to the fully methylated derivative (see below).

In addition to sterically induced substituent effects (2TTMC
vs TMC-2), informative structural variations are also observed
in the progression 2TTMC — 3TTMC — 4TTMC, where
catenation of the molecular backbone appears to enforce
deconjugation/charge separation. Here, phenylene insertion
reduces the average chromophore (ring)C—C(ring) bond
length from 1.486 A (two rings: 2TTMC) to 1.447 A (four-
rings: 4TTMC), still markedly greater than typical quinoidal
structures with (ring) C=C(ring) ~ 1.349 A" The contraction
in (ring)C—C(ring) bond length on going from 2TTMC to

Table 1. ORTEP Drawings of the Molecular Structures and Selected Metrical Parameters for Twisted z-Electron
Chromophores 2TTMC, 3TTMC, and 4TTMC and First-Generation Chromophores TM-N, TM-1, and TMC-2

Twisted S a (ring)C-C(ring) ~ (ring)C-C(CN), Dihedral
tructure b c
chromophore (A) (A) angle
TM-N* &\f” 1.4932(18) - 85.7
(V\
TM-1% o 1.489(2) - 86.9
, v .
a e &
TMC-2 et TS 1.488(5) 1.463(5) 89.6
2TTMC ""fb( 1.486(7) 1.454(6) 78.41
) S
¥y =
2TTMC-a f \u\g 1.482(4) 1.452(4) 85.73
3
&
1.483(3), A-B 86.01, A-B
3TTMC 1.471(4)
1.497(4), B-C 84.43, B-C
1.421(6), A-B 76.62, A-B
4TTMC M 1.466(5), B-C 1.448(6) 40.30, B-C
1.453(5), C-D 88.42, C-D

“Drawn with 50% probability ellipsoids. H atoms and solvent molecules are omitted for clarity. Ring labeling scheme (A, B, C, D) given in Chart 2.
bInter—ring bond distances from pyridinium cation (ring A) to dicyanomethanide anion (ring C or D), Chart 2. “Average dihedral angles in the

respective crystal structures between rings A—B, B—C, and C-D.
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4TTMC by 0.039 A is in the 0.059 A contraction range
observed by Kang et al. in the twisted junction of synthetic
intermediate TM-N on conversion to the corresponding
zwitterion. Contraction and reduced twist angle with phenylene
catenation coincides with charge separation increases between
pyridinium N atom and the dicyanomethanide C center in the
progression 2TTMC—4TTMC (Table 1).

As noted for the 2TTMC, 3TTMC, and 4TTMC (ring)C—
C(ring) distances, the phenylene-diacyanomethanide fragments
display a markedly different bond length pattern than in typical
TCNQs (Table 1).*”* The present (aryl)C—C(dicyano-
methanide) distances lack the typical TCNQ (aryl)C=
C(CN), exocyclic character (~1.392 A),*” and bond lengths
are more in line with average TMC distances of 1.45 A (Table
1).>* This indicates substantial negative charge localization on
the — C(CN), group, also evident from the observed C—CN
bond shortening (1.397(3)—1.412(3) A in 2TTMC; 1.390(2)—
1.400(4) A in 3TTMC; and 1.362(4)—1.368(5) A in 4TTMC)
vs 1427 A in typical TCNQs,”* as well as C=N bond
elongation (1.151(3)—1.163(4) A in 2TTMC; 1.152(4)—
1.158(3) A in 3TTMC; and 1.145(3)—1.148(5) in 4TTMC),
versus 1.144 A in typical TCNQs.”” Finally, there is significant
pyridinium aromatic character in the TTMC chromophores
with average pyridinium C—C bond lengths of 1.366, 1.365,
and 1.345 A, respectively, for 2TTMC, 3TTMC, and 4TTMC,
paralleling those of N-methyl-4-phenylpyridinium salts*' rather
than those of cyclopentadienylidene-1,4-dihydropyridines.42
Consistent with the aforementioned (ring)C—C(ring) dis-
tances, the pyridinium average bond lengths exhibit progressive
decreases with chromophore catenation, further arguing for
charge-separated TTMC ground states with slight increases in
quinoidal character (Table 1) due to selective o-methyl
deletion.

Solid-state packing diagrams of chromophores 2TTMC,
3TTMC, and 4TTMC are shown in Figure 2. All of the present
zwitterions crystallize in antiparallel pairs similar to those of
TMC-2,”* presumably a result of intermolecular electrostatic
interactions”” involving the large dipole moments (see Table
4). 2TTMC crystallizes as centrosymmetric dimeric pairs
aligned in the ¢ axis direction with two molecules of CH,Cl,
positioned between them (Figure 2A). Chromophore 2TTMC
has the largest 7—7 cofacial distance between the aromatic
backbones, 8.665 A, which is slightly larger than that in TMC-2
(average 7—7 stacking distance ~ 8.232 A), possibly due to the
presence of the CH,Cl, molecules (Figure 2A).”* This distance
is considerably larger than the sum of van der Waals radii
between planar cofacial 7-electron systems (~3.50 A),** and it
is likely that the bulky pyridinium N-alkyl chains contribute to
the large interplanar spacings. In accordance with the increasing
charge localization and structural changes observed in the
TTMC series crystal structures, antiparallel packing is also
observed in 3TTMC and 4TTMC where dicyanomethanide
groups are proximate to the pyridinium fragment of an adjacent
molecule (Figure 2B,C). As can be seen in Figure 2A—C, with
an increase in backbone length and concurrent increase in
dipole moment from 2TTMC to 4TTMC, there is also a
contraction in interplanar z—n distances, from 8.665 A
(2TTMC), to 7.883 A (3TTMC), to 7.361 A (4TTMC).
Additionally, CH,Cl, molecules are also found to co-crystallize
among the 4TTMC dimer pairs. Thus, both intra-chromophore
metrical parameters and packing distances indicate that the
twisted arene units effectively localize charge and increase the
dipole moments. These observations are seen to be in

Figure 2. Crystal packing diagrams of chromophores 2TTMC (A),
3TTMC (B), and 4TTMC (C). A single dimeric unit is indicated by
the dashed boxes. Solvent molecules (A—C), protons (A—C), and the
N-alkyl chain (B) are removed for clarity.

agreement with spectroscopic and electronic structure
computational data (see Computational Results, below).

Optical Spectroscopy. Compared to the TMC series, the
TTMC chromophores have relatively weak UV—vis region
absorption and no noticeable features in the near-IR.*>'*
Previously it was reported that the twisted styrenic chromo-
phore TMC-3 (Chart 2) exhibits molar absorptivities as high as
38400 M™' cm™!, with maximum extinction coefficients
reaching ~18000 M™' cm™ for phenylene and pyridinium
intra-subfragment excitation and ~3000 M~' cm™' for inter-
subfragment CT excitation.”*'? For the present series,
especially 3TTMC and 4TTMC, the weak CT band absorption
(extinction coefficients as low as 40 M™' cm™) is consistent
with reduced inter-ring 7-conjugation and loss of a styrenic 7-
system versus TMC-3 (Table 2, Figure 3A).

TTMC optical properties were studied in a range of solvents
of varying polarity, similar to those used for the TMC series.
Substantial solubilities in CH,Cl, allow concentration-depend-
ent studies of 2TTMC, 3TTMC, and 4TTMC (Figure 3B—D).
The normalized optical absorption spectra of the TTMC family
in CH,Cl, are shown in Figure 3A. Note that, with the
exception of 2TTMC, most of the chromophore absorption is
at relatively high energies, reflecting the twisted z-systems.
2TTMC has two high-energy peaks tentatively assigned to
phenyl and pyridinium subfragment intra-ring excitations at
Anae = 276 nm (& = 1852 M~ em™) and A, = 313 nm (& =
3580 M™' cm™'), respectively, and a lower-energy inter-
subfragment CT excitation at A, = 560 nm with a smaller
oscillator strength (¢ = 1040 M~ em™)." Introduction of a
durene subfragment into the 2TTMC backbone yields
3TTMC, with two major spectral changes (Figure 3A,C).
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Table 2. Optical Absorption Data, Optical Gap E,, and Redox Potentials versus SCE (V) for TMC and TTMC Chromophore

Series
c d
Chromophore Amax (2) Egap E*
MeOH CH2C12 CH3CN on Erea’
TMC-2 297 314(27200)*
IO,Q%Q{: 451" 569(1840)b 1.95 0.39 -1.56
TMC-3 . 433(38400)°"
J{{w@ 397 540(2000)° 1.7 020  -1.50
2TTMC 2951 276(1852)"
, ah 313(3580)° 1.86 036  -1.50
SO 560(1040
PRazees (1040)
2TTMC-a 206" 276(9710)*
, b 313(27386)" - - -
N OaY. 561(5147
ISezqen? (5147)
2TTMC-b 506 276(9544)"
o a8 313(23431)° - - -
pragass 561(4164)°
7 ey
3TTMC 280(9880)"
324° 310(13648)* 175 032  -143
s o 468(317)°
274(17466)
4TTMC 297(145331))a
Sy 254° 430(284) 1.67 024 -143
D Godpt 525(219)°
695(49)°

“Assigned to intra-subfragment excitation. bAssigned to low-energy inter-subfragment charge-transfer excitation. “Optical absorption (nm) and
extinction coefficient (M™' cm™). “Estimated HOMO—LUMO gap from oxidation/reduction data (eV). “Redox potentials referenced to the

ferrocene internal reference E,,, = 0.43 V versus SCE in CH;CN.

First, in the high-energy region, there is a change in oscillator
strength of the assigned phenyl and pyridinium subfragment
excitations. Addition of another phenylene subfragment in the
structure, increases the absorption in the phenylene region
(Amax = 280 nm, & = 9880 M™! cm™ vs that of 2TTMC (4, =
276 nm, £ = 1852 M~ cm™). There is also increased oscillator
strength in the pyridinium region (A, = 310 nm, ¢ = 13648
M~ em™; Figure 2A)."° Furthermore, due to the effective
deconjugation from the phenylene ring in 3TTMC, Figure 3A
reveals a large intensity fall and a 92 nm blue-shift in the
3TTMC inter-fragment CT excitation (4,,,, = 468 nm, & = 317
M™ em™ vs 2TTMC (4., = 560 nm, £ = 1040 M™' cm™};
Figure 3A and Table 2).

Incorporating yet another phenylene ring in the molecular
backbone, 4TTMC induces a further increase in the phenylene
and pyridinium subfragment excitation energies, with subtle
changes in the lower-energy absorption region versus 3TTMC
(Figure 2C,D and Table 2). The molar absorptivity of 4TTMC
nearly doubles, with extinction coefficients of & = 17466
M'em'atd,, =274nm,ande=14533M 'ecm ™ at A =
297 nm for the phenylene and pyridinium subfragment
excitations, respectively. Compared to analogous excitations
in 3TTMC, there is also a reversal in the molar absorptivity of
the phenylene- and pyridinium-centered absorptions, with the
phenylene subfragment now exhibiting the greatest oscillator
strength. At lower energies, there are three primary absorptions
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at wavelengths >400 nm, assignable to inter-subfragment CT
excitations in addition to high-energy absorptions (Figure 3D).
One feature, at A,,,, = 430 nm (& = 284 M~' cm™"), is assigned
to a non-twisted biaryl fragment excitation (rings B and C;
Chart 2). At even lower energy, the overlapping peak at A, =
525 nm (¢ = 219 M™' cm™") may be an inter-subfragment
excitation between phenyldicyanomethanide and another
phenylene ring. As for the 695 nm (¢ = 49 M~ cm™) feature,
it can be attributed to inter-subfragment CT excitation (Figure
3AD). This CT excitation exhibits the lowest oscillator
strength of the series, paralleling the other molar absorptivity
decreases with increased molecular length.

In addition to these observations, a concentration-dependent
optical analysis of chromophore 2TTMC indicates solution-
phase aggregation in moderately polar CHC; (¢, = 4.81; Figure
3B), as previously reported for TMC-2.** However, unlike the
TMC-2 optical study, which was carried out over a broader
range of concentrations, 2TTMC concentrations below 107> M
are uninformative due to the low molar absorptivities.
Nevertheless, the 2TTMC spectra at highest dilution can be
ascribed to an essentially monomeric chromophore with a CT
band centered at 603 nm (in TMC-2 this feature is at 621 nm).
Upon increasing the concentration, the spectra show
diminution of this band and concomitant appearance/growth
of a new transition at shorter wavelengths, suggesting the onset
of aggregation.”*’ The well-defined isosbestic point in Figure
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Figure 3. (A) Optical absorption spectra of TTMC chromophores in CH,Cl,. (B) Concentration-dependent 2TTMC optical spectra in CHC,
solutions. Arrows indicate changes in CT bands upon the dilution from 1.0 X 10™* to 2.5 X 10~ M ascribed to a monomer—dimer/ aggregate
equilibrium. (C) 3TTMC concentration-dependent changes in optical absorption in CH,Cl,. (D) 4TTMC concentration-dependent changes in

optical absorption in CH,Cl,.

3B is consistent with equilibrium between monomer and what
is presumably a dimer. Similar concentration-dependent spectra
in CHCl, are observed for 2TTMC-a and 2TTMC-b (for
details, see SI, Figures S1 and S2). The aggregation states of the
three two-ring twisted chromophores were investigated using
the simple dimerization model (2M = D) of eq 4,”* where K is

J1+8Key — 1
—O(eM - eD) + €

eleo) = 4Kc, )

the dimerization constant, &y and &p are the corresponding
extinction coeflicient for monomeric and dimeric chromo-
phores, respectively. Fitting each wavelength in the ranges of
445—530 and 585—690 nm yields an average K = 28 300 + 300
M for 2TTMC-b, 6700 = 400 M™" for 2TTMC, and 12 200
+ 300 M™' for 2TTMC-a. The tendency to aggregate with
longer alkyl substitution in less polar chloroform (e, = 4.81)
was also reported for tetraalkylated (alkyl = hexadecyl and
octadecyl) calix[4]arene ethers.** The present aggregation
mode is undoubtedly due to 7—x stacking facilitated by the
long lipophilic alkyl chain substituents.

In addition to the concentration-dependent 2TTMC optical
spectroscopic study, the spectrum of each chromophore was
examined as a function of solvent polarity (Figure 4). Note that
the 2TTMC CT bands exhibit a strong negative solvatochromic
response—large blue shifts with increasing solvent polarity (in
the concentration range where aggregation is insignificant). The
2TTMC solvatochromic shift from CHCl; to MeOH is ~156
nm to higher energy (Figure 4A), comparable to the largest
solvatochromic effects reported for betaine, ™ merocyani-
ne, ' *"*%47 and TMC-2 large 3 chromophores (~153 nm).”*
From the conventional interpretation,*” negative solvatochrom-
ism indicates that the magnitude of the dipole moment in the
excited electronic state is significantly smaller than that in the
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Figure 4. (A) Optical absorption spectra of 2TTMC in solvents of
different polarity. Only inter-fragment CT bands are shown here. (B)
Optical absorption spectra of 3TTMC interfragment optical
excitations in solvents of varying polarity.

ground state, as also concluded for TMC-2 and TMC-3.*
Although other factors can affect the sign of solvatochromism
(e.g., aggregation, different solvent polarizz:tbilities),48_51 in the
present case, negative solvatochromism argues that the
2TTMC ground state is best approximated by the zwitterionic
limit.”* Note that CHCI; was not used here due to 3TTMC
solubility limitation. Because of the breadth of the phenylene
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and pyridium subfragment high-energy excitations, resolution
of the MeOH and DMSO shifts, which qualitatively evidence
similar negative solvatochromic shifts, is not possible (Figure
4B). Regarding 4TTMC, the weak, low-energy excitations
(Figure 3A,D) and strong overlapping absorptions of the
aromatic subfragments largely obscure the negative solvato-
chromic shifts, which are only apparent in the disappearance of
these weak excitations on going from MeOH to CH,CL,.
Limited chromophore solubility precluded a more diverse
solvent study.

Electrochemistry. Cyclic voltammetry (CV) was carried
out under N, in 0.1 M Bu,NPF, anhydrous MeCN solutions
with scanning rates of 60—150 mV/s. Voltammograms of
~107 M CH,;CN solutions evidence the charge-richness
engendered by twisted biaryls. Although precise Eg,, determi-
nation requires knowledge of the standard potentials, HOMO—
LUMO gaps can be estimated from the present oxidative/
reductive data to be ~1.86, ~1.75, and ~1.67 eV for 2TTMC,
3TTMC, and 4TTMC, respectively, and are in good agreement
with the optical bandgaps derived from optical absorption
spectroscopy (Table 2). In comparison to chromophores
TMC-2 and TMC-3, the present series exhibits similar
HOMO-LUMO gaps (Table 2). Note that there is a
systematic contraction in these gaps with increasing phenylene
catenation in the 2TTMC — 3TTMC — 4TTMC series. This
is consistent with 7-system extension, and presages, according
to the two-level model, a concurrent increase in hyperpolariz-
ability () from 2TTMC — 3TTMC — 4TTMC.

4TTMC Aggregation by Diffusion NMR Spectroscopy.
Diffusion NMR is a powerful tool to obtain quantitative
information on molecular dimensions and intermolecular
aggregation”” in solution. Translational self-diffusion coeffi-
cients of 4TTMC as a function of concentration were measured
at 295.7 K in CD,Cl, and DMSO. From D, values, the
hydrodynamic dimensions of 4TTMC, assumed to have
ellipsoidal shapes, were derived by applying the modified
Stokes—Einstein equation (eq 5),”* where k is the Boltzmann

kT

D= ———
ferm3/abd ()

constant, T is the absolute temperature, # is the fluid viscosity, ¢
is the size factor, which depends on the ratio between the
solvent radius and that of the diffusing particle, and f is the
shape factor, which depends on the values of the ellipsoid semi-
axes (a, b, and d, with a > b > d).>* Structure parameter P
(= kT/mnD, = fc(abd)"?) is derived from the known values of
and T and the measured D, values (Table 3).

The aggregation numbers N (the average number of
monomer units in an aggregate), calculated via eq 8 (see
below) significantly diverge from unity (Table 3), indicating
that 4TTMC undergoes self-aggregation in CD,Cl,. Assuming
that (1) self-aggregation is limited to a monomer—dimer
equilibrium and (2) monomer and dimer possess ellipsoidal
shapes, the dimerization equilibrium constant (Kp) can be
estimated by fitting the experimental trends of P versus C with
eq 6, where x) and xp, are the mole fractions of the monomer
and dimer, respectively.

P = xyPy + xpPp (6)

xy and xp, can then be expressed as functions of K, and C (eq
7):53
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Table 3. Diffusion Coefficients (10'°D,, m* s™*), P Values
(A), and Aggregation Numbers (N)? for the Chromophore
4TTMC as a Function of Concentration (C, mM) and
Solvent

entry solvent C D, P N

1 CD,Cl, 0.027 6.89 45.63 1.28 + 0.05
2 CD,Cl, 0.16 6.30 49.95 1.55 + 0.06
3 CD,Cl, 0.18 6.06 51.90 1.57 + 0.06
4 CD,Cl, 0.56 593 53.01 171 + 0.04
S CD,Cl, 0.76 5.54 5671 1.74 + 0.04
6 CD,Cl, 0.98 5.77 54.47 1.77 + 0.04
7 CD,Cl, 2.00 5.52 56.93 1.83 + 0.03
8 CD,Cl, 6.15 5.35 58.76 1.90 + 0.02
9 DMSO 0.057 1.66 38.09

10 DMSO 0.57 1.60 39.54

11 DMSO 1.48 1.56 40.46

“Calculated according to eq 8. The error intervals on N are reported at
95% confidence.

2C
Xy =2— — and
C 4 JIFSRC -1
4Ky
1+ 2€
Xy = — _—_—
D C+ JT+8K,C — 1

)

Parameters Py, and P, depend on the ellipsoid semi-axes (ay,,
ap, by, bp, dyy, dp) and the hydrodynamic radius of the solvent
(or)- The latter can be considered approximately equal to the
van der Waals radius of CD,Cl, (r., = 2.49 A). Monomeric
4TTMC is treated as a prolate ellipsoid (a > b = d) having the
major semi-axis (ay) equal to 152 A (ca. half the distance
between the terminal CH; group and the N of the CN moiety
in the conformer having a fully elongated alkyl chain, Figure ).

IR

—_—

16.2

4K,

Figure 5. Monomer van der Waals surface of the 4TTMC
chromophore. The ellipsoid used as geometrical models for diffusion
NMR data analysis is depicted in black.

The minor semi-axis (by, = dy; = 3.8 A) is derived from the
experimentally determined Py value in DMSO (38.09 A), using
eq 5, assuming that only monomers are present in such a polar
solvent at the lowest investigated concentration (0.057 mM).
Having estimated ay; and by, we can derive the theoretical
value of Py in CD,Cl, (39.04 A). Experimental P data in
CD,Cl, as a function of concentration are then fitted using eq 6
(Figure 6), in which Ky, and Py, are the unknowns. The best fit
gives Kp, = 26 000 + 8300 M~" and Pp, = 60.54 + 1.12 A. The
dimerization equilibrium constant of 4TTMC in CH,CL, is
approximately 100 times larger than that of TMC-2 (203 =+ 330
M™! from diffusion NMR'* and 243 + 30 M™' from
concentration-dependent optical absorption studies™). From
the Ky, value, aggregation numbers (N) can be computed at
each concentration according to eq 8 (Table 3). Assuming that
4TTMC stacks along the major semi-axis, the two minor semi-
axes (bp and dp) of the dimer can be easily derived: by = 2by; =
7.6 A and dp = by, = 3.8 A. In contrast, the major semi-axis (ap,)
depends on the extent of the linear overlap (L) between the
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Figure 6. Experimental P values as a function of concentration for
4TTMC in CD,Cl,. The solid line is the best fit to the data using eq 6.

2C
JT+8K,C — 1
4Ky,

N =

C+ (8)

two monomers. The estimated Pp, value (60.54 + 1.12 A)
corresponds to an ellipsoidal dimer having ap, = 21.9 A, and,
consequently, L & 17 A.

B COMPUTATIONAL RESULTS

Calculations were aimed at determining molecular structure
parameters and hyperpolarizabilities for the 2TTMC, 3TTMC,
4TTMC series as a function of (1) placement of o-methyl
groups at selected skeletal positions to guide synthetic design
and (2) increasing the chromophore z-expanse via incorpo-
ration of additional phenylene units. As a test case, a tri-o-
methyl version of TMC-2, 2TTMC, was designed, computa-
tionally analyzed, and ultimately found to exhibit promising
structural and response features (Table 4). The computed
ground-state arene—arene twist angles for TMC-2 and 2TTMC

differ by ~1° in the gas phase, with a minimal change in
computed (ring)C—C(ring) and (ring)C—C(CN), bond
lengths. This result is in good agreement with the crystal
structure metrical parameters (Tables 1 and 4). Moreover, in
keeping with similar dihedral angles, the ground-state dipole
moments (ﬂg) of both chromophores are computed to be
within 3 D. Interestingly, the hyperpolarizability is found to
decrease slightly upon the removal of the fourth o-methyl group
(TMC-2—2TTMC). As expected from the two-level model, a
slight reduction in twist angle should effect only a minimal
increase in energy separating the zwitterionic ground state and
the first excited state (AEge), a decrease in the dipole moment
change (Ap,), and a 10% fall in computed f3,. (Table 4). This
presents only a minor compromise in response vs the 20—30%
increase in overall synthetic yield obtained using the tri-o-
methylbiaryl coupling vs tetra-o-methyl synthetic methodology
(see Chromophore Synthetic Strategy above).

To build on the response enhancement obtained with
sterically enforced biaryl twists, as found in TMC-2, while
providing decreased absorption at longer wavelengths and
photo-oxidative stability,'® the present objective was to
investigate the consequences of lengthening the chromophore
m-system while isolating D/A fragments and ensuring aromatic
stabilization as described above."” In conventional planar D—A
chromophores, this is an effective strategy for increasing the
magnitude of Poee-” Similar trends are evident in considering
the computed HOMO and LUMO spatial distributions for the
present TTMC chromophores (Figure 7). The HOMO is seen
to be increasingly localized on the dicyanomethylene
substituent on progressing from 2TTMC to 4TTMC. The
LUMO exhibits an opposite trend with increasing localization
on the pyridinium cation. In this progression, phenylene ring
addition effects pronounced changes in dipole moment (Auge),
transition dipole matrix elements (,uge), and optical excitations
(AE,,)—all important within the two-level model, as discussed
earlier.

Table 4. Computed Chromophore Structural and Electronic Structural Properties (at the B3LYP and INDO/SCI Levels)
Associated with Increasing Chromophore Length and Charge Separation in the TICT Chromophore Series 2TTMC, 3TTMC,

4TTMC versus Previous Generation TMC-2

AE,, U Aptge twist angle (ring)C— (ring)C—
Chromophore (7 (Depye)  (Debye) P (deg)* C(ring) (A) C(CN), (A)
TMC-2
e 245 298 214 518 68 1.468 1.426
A
2TTMC 248 265 -19.2 465 1.464 1.423
3TTMC 68 (A-B)  1.458 (A-B)
e 168 513 443 6380 1.418
SRR 67(B-C) 1461 (B-C)
e 67(AB) _L4BAB)
Godpe 142 740 632 1L078 358BC) | 467 B0 1.413
68(C-D) "6 (CD)
T O7T(AB)  1453(A-B)
e 14 s 4 s 8O s e 1414
(D) 1447(CD)

“Arene—arene torsional angles between indicated chromophore arene rings (Chart 2). bCorresponding arene—arene juncture bond distances
between indicated chromophore arene rings (Chart 2). “Completely methylated derivative of 4TTMC.

12532

DOI: 10.1021/jacs.5b04636
J. Am. Chem. Soc. 2015, 137, 12521-12538


http://dx.doi.org/10.1021/jacs.5b04636

Journal of the American Chemical Society

Charge Localization

>

LUMO w ’ ¢ w : \ 4"'5" o "C{'!.'
HOMO {}q(' M W

2TTMC

3TTMC

4TTMC

Figure 7. Isodensity surface plots of the HOMOs and LUMOs of the TTMC chromophores computed at the B3LYP level. Note the increasing
charge localization with enforced twist angle 7-system extension. In this particular case the twist angles are imposed rather than using o-methyl

substituents.

On progressing from 2TTMC — 3TTMC — 4TTMC, there
is a 40% fall in computed excitation energy from the
zwitterionic ground state to the first excited state (AE,,),
along with a concomitant threefold increase in dipole moment
change (A,uge). These structural modifications result in a very
large overall f3,.. enhancement of ~23 times in the 2-ring — 4-
ring structure change (Table 4, Figure 8). From Figure 8, note

12000
R = 5306.5x - 9945.2
10000 y N = 0.99564
8000 -
)
o 6000 -
2
© 4000
-
X
~ 2000 -
¥
>
Q 0 - . T
1 2 3 E 5
# of Rings

Figure 8. Computed (at INDO/SCI level) gas-phase molecular
hyperpolarizability for twisted chromophores 2TTMC, 3TTMC, and
4TTMC, as a function of phenylene ring extension.

that the response is approximately linear with ring catenation.
Structurally, the present twist angles are comparable to those
previously computed for the TMC systems at this computa-
tionally efficient level of theory.”**"'*'**" The only exception
is 4TTMC, where the non-methylated biphenylene fragment

between rings B and C has a computed dihedral angle of 35.8°.
Importantly, these calculations show that the completely
methylated derivative of 4TTMC, 4TTMC’, exhibits no great
advantage in terms of hyperpolarizability response (Table 4).

EFISH Measurements. EFISH measurements for chromo-
phores 2TTMC, 3TTMC, and 4TTMC performed in CH,Cl,
and DMF at different concentrations, always give negative pf3,..
values in agreement with the solvatochromic results. For the
three 2-ring TICT chromophores with varying alkyl sub-
stitutions, 2TTMC, 2TTMC-a, and 2TTMC-b, an interesting
HP e trend is observed. In less polar CH,Cl, solutions, the yf3,..
data exhibit a pronounced concentration dependence (see
Table 5), due to the aforementioned aggregation effects typical
of other zwitterionic chromophores.””'*'* Thus, the uf,.. of
2TTMC-a rapidly increases as the concentration falls from 8.5
X 107° to 2 X 10™° M, suggesting centrosymmetric aggregates
that are progressively dissociated by lowering the concentration
as in the case of TMC-2 and TMC-3 (Chart 2)."* In contrast,
for 2TTMC-b, the pf,.. values are essentially concentration-
independent (the small variations observed in yf3,,. are within
experimental error), in agreement with the concentration
independent absorption spectra of 2TTMC-b in CH,CIl,
(Figure SS) and with the presence of the sterically more
encumbered alkyl substituents which are likely to more
effectively suppress aggregation. The EFISH uf values of
3TTMC and 4TTMC exhibited a large standard deviation in
EFISH parameters even for relatively high concentration
solutions (S X 10~* M), which may reflect the reactivity issues
discussed in the Chromophore Chemical Stability section.
Further NLO property characterization of 3TTMC and
4TTMC is under investigation.

Table S. EFISH Data for Three 2TTMC Molecules with Varied Alkyl Substitution in CH,Cl, Solution

Chromophore Alkyl substitution ¢ (mol/L) UBvec in CHLClLy (x 107 esu)
2TTMC CsHyy

R CaHy 8.5x 107 -6000
(Cy7H35N3)
2TTMC g 8.5x 107 5600

-a R= §—/PCZH5 S -

(C5sH31N3) 2% 10° -10500
2TTMC-b CeHyr 8.5x 107 -11500

R= CeHya
(C33H47N3) 2x10° -10600
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B DISCUSSION

Chromophore Synthetic Strategies with Tri-o-Methyl-
biarylene Fragments. Compared to the synthesis of TMC-2
and other tetra-o-methylbiaryls, a major modification in
synthesizing the present generation of tictoid chromophores
was implemented to increase efficiency (Schemes 1 and 2). For
the synthesis of 2TTMC, 3TTMC, and 4TTMC, biaryl and tri-
o-methylbiaryl twisted junctions were used to simplify chromo-
phore preparation (Schemes 1 and 2). Suzuki C—C coupling
methodology was employed with the highly active Pd(0)/
Buchwald ligand catalyst'” in two different synthetic modal-
ities.” The first involved Suzuki coupling of 4-bromopyridine
N-oxide (1) with 4-methoxy-2-methylphenylboronic acid to
produce intermediate 12 in 79.7% yield (Scheme 1). This
provides a 27% increase in overall yield vs the tetra-o-methyl
analogue synthesis.”* Intermediate 12 was then used in the
synthesis of 2TTMC and 4TTMC (Scheme 2) with enhanced
product vyields. Using the previously reported hydrazine
rearrangement'® for the synthesis of the tetra-o-methylbiaryl
fragment on the dicyanomethanide end of 4TTMC, only one
sterically sensitive Suzuki coupling is required. For the synthesis
of 3TTMC, unlike 2TTMC and 4TTMC, two successive
sterically hindered Suzuki couplings must be performed in good
yield. Initial synthetic attempts for 3TTMC using two
successive tetra-o-methylbiaryl Suzuki couplings proceeded in
yields of 48% and 2%. The 2% yield was increased to 64% using
4-methoxy-2-methylphenylboronic acid instead of 4-methoxy-
2,6-methyl-phenylboronic acid to afford tri-o-methylbiaryl
intermediate 4 (Scheme 1).

TTMC Molecular Structure Characteristics. Crystallo-
graphic analyses of the target chromophores reveal consistently
large and relatively uniform arene—arene dihedral twist angles
(76—89° Table 1) with the exception of the intentionally
placed B—C junction (~40°) in 4TTMC. These suggest that
the o-methyl substitution patterns (e.g, biaryl, tri-o-methyl-
biaryl, and tetra-o-methylbiaryl) provide similarly sufficient
nonbonded repulsions to achieve the tictoid conformation
required for substantially enhanced molecular hyperpolariz-
ability.">'* Specifically, 2TTMC and 2TTMC-a exhibit
dihedral angles of ~78° and ~86, only a few degrees smaller
than that of TMC-2, plausibly sufficient for achieving a large /.
In general, the location and the number of inter-ring methyl
substituents in this series leads to reductions in inter—ring -
conjugation, which in turn, promotes aromatic stabilization S of
pyridinium, phenylene, and phenylene—dicyanomethanide
constituents, ultimately resulting in dominant charge-separated
zwitterionic ground states. Zwitterionic structural assignments
for 2TTMC through 4TTMC are further supported by the
diffraction-derived metrical parameters, such as (ring)C—
C(ring) and (dicyanomethanide)C—C(aryl) distances, along
with the pyridinium and phenylene—dicyanomethanide frag-
ments. In additional to increased charge separation, chromo-
phore (ring)C—C(ring) bond length contractions are also
observed in the progression 2TTMC — 3TTMC — 4TTMC.
These (ring)C—C(ring) contractions appear to reflect, among
other factors, the deletion of methyl groups in various parts of
the chromophore structures. Furthermore, the computed
structures at the B3LYP level are in good agreement with the
X-ray metrical parameters, identifying charge-separated zwit-
terionic structures as the ground states. This conclusion is
further supported by the increase in the computed ground-state
dipole moment (y,) from 26.5 to 74 D on proceeding from

2TTMC to 4TTMC (Tables 1 and 4). Previous NMR studies
showed that the TMC-2 twist angle is essentially unchanged in
solution.'*

Further support for the zwitterionic ground state/increased
charge localization comes from solution optical spectroscopy.
The chromophore spectra exhibit both inter-ring HOMO—
LUMO CT excitations, as well as intra-subfragment transitions
within the pyridinium and phenylene fragments, implying a
tictoid ground state for 2TTMC through 4TTMC. From
Figure 3A, in the progression from 2-rings to 3-rings to 4-rings
(2TTMC — 3TTMC — 4TTMC), there is an observed
reduction in the CT band oscillator strength, reflecting
reductions in inter-ring 7-conjugation. Diminution in the CT
band is also accompanied by oscillator strength growth in the
phenylene intra-subfragment absorption, indicative of isolated
twisted rings (Figure 3A, Table 2)," and the strong negative
solvatochromism observed for TTMCs indicates that the
ground-state dipole moment is far greater than that in the
excited state, consistent with a dominant zwitterionic ground
state.”!'71¥15% Additionally, unlike typical planar high-
response D—A chromophores, the reduced absorption cross
sections at wavelengths greater than 400 nm for 3TTMC and
4TTMC meet EO device application criteria with negligible
near-IR absorption (Figure 3A,C,D).

Aggregation Trends. NLO chromophore aggregation
tendencies are typically important in understanding EO
response, as well as in ultimate device technologies."””" For
merocyanine dyes, centrosymmetric organization via dipole—
dipole interactions is anticipated” and is detrimental to EO
applications in which microstructurally polar chromophore
arrangement is essential. It is only by suppressing aggregation
that exceptional molecular hyperpolarizabilities and bulk EO
response can be realized. "> As expected, the present new
series of TICT chromophores exhibits aggregation that is
evident in the crystal structures and previously established
TICT chromophore properties.””"*~"* The zwitterion packing
in crystals features centrosymmetric antiparallel dimer for-
mation (Figure 2). The substituent- and solvent-modulated
interplanar distances between central points along the
molecular axis of each dimer are significantly larger than
observed in planar merocyanine zwitterion dimers (~3.50 A)*
and it can be seen in Figure 2, using the same N-alkyl
substituent (for solubility), that the minimum intermolecular
distance falls from 8.665 to 7.361 A on going from
chromophore 2TTMC to 4TTMC. Additionally, crystallo-
graphic packing densities mirror aggregation tendencies. Thus,
solid TMC-2 has a density of 1.110 g/cm’, whereas the
corresponding TTMC chromophores have densities ranging
from 1.172 to 1.261 g/ cm?®, with 4TTMC having the largest.

Further support for TTMC chromophore aggregation comes
from the concentration-dependent optical spectra with
substantial blue-shifts and falling CT excitation intensity on
dilution (Figure 3B). These changes closely parallel those of
TMC-2.* The 2TTMCs also display isosbestic points,
consistent with well-defined aggregation equilibria and
involving H-type antiparallel aggregates as in the diffraction
data (Figures 3B, S1, and S2). Furthermore, diffusion NMR
spectroscopic analysis of 4TTMC aggregation shows good
agreement with the X-ray-derived pyridinium N (where the
positive charge is mainly located)—dicyanomethanide C (where
the negative charge is mainly located) distance of 16.739 A
(Table S2). Thus, as in the solid state, it is reasonable to
hypothesize that the dimerization process in solution is the
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consequence of minimizing the distance between positive and
negative charges of two adjacent chromophores.

EO Response. The present B3LYP/INDO-SOS computa-
tions provide an understanding of TTMC’s EO response.
Previous TICT chromophore calculations helped elucidate
their unique response,' "> ***¢ and the state-average complete
active space self-consistent field (SA-CASSCF) formalism has
provided the most accurate estimate of EO properties to
date."** These computations also provide insight into solvation
effects on @ and p. In the present work, configuration
interaction with intermediate neglect of differential overlap
(CI/INDO) was selected with SOS to characterize TTMC
response trends,'” due to the computational efficiency and
qualitative agreement with experiment noted previously.”'>'*¢
Using metrical parameters from B3LYP energy minimization,
response changes can be correlated with the constituent two-
level model variables in Table 4 and eq 1. In the absence of an
electric field (gas phase, F = 0.0 au), the aromaticity resulting
from sterically enforced twists is retained across the TTMC
series. This pyridinium/phenylene resistance to charge
delocalization effectively increases the ground-state dipole
moment by ~3 times for 2TTMC — 4TTMC, with substantial
charge localization evident in the HOMO—-LUMO contours
(Figure 7). Furthermore, a 30% fall in AE,, accompanies this 7-
system extension. This computational result is in good
agreement with electrochemical data, which yields estimated
HOMO-LUMO gaps of ~1.86, 1.75, and 1.67 eV for 2TTMC,
3TTMC, and 4TTMC, respectively (Tables 2 and 4). Gas-
phase calculations on the TTMC series predict NLO response
changes to scale nearly linearly with phenylene catenation
(Figure 8), and 4TTMC exhibits the largest computed
hyperpolarizability to date, By ~ 11000 X 107 esu, which
translates into an enormous uf ~ 900000 X 107 esu. The
estimated figure of merit, yf/M,, is as high as 1500 x 107
esu, nearly 1.5 times larger than the very high experimental
value for TMC-3 and ~30 times larger than that in high-
response planar D/A systems (Table 4).”°

Another important chromophore design criterion revealed by
this study is the location and density of biaryl o-methyl
substitution. Thus, direct comparison of TMC-2 to 2TTMC in
both solid state and solution using computation, X-ray
diffraction, and optical spectroscopy, supports their overall
structural/electronic similarities (Tables 1, 2 and 4), which
translate into comparable calculated /3 responses of 518 X 107
and 465 X 107 esu for TMC-2 and 2TTMC, respectively.
Considering the superior synthetic efficiency of the tri-ortho
strategy and the minimal loss in 2TTMC response, this
modification is entirely justifiable. In the 4-ring series, complete
o-methylation in 4TTMC’ versus 4TTMC is also computed to
be unnecessary (Table 4). Calculated hyperpolarizabilities for
both systems are within +49%, demonstrating the importance of
twisted biaryl charge isolation via sterically enforced twists
positioned adjacent to electron donors (between rings C and
D) and acceptors (between rings A and B; Chart 2). In
contrast, relaxation between rings B and C (Chart 2) does not
sacrifice the calculated dipole moments or hyperpolarizabilities.
Thus, this structural modification enhances synthetic efficiency
while increasing NLO response attributable to z-system
extension.

In support of the above results, EFISH-derived pf,.. values
for chromophores 2TTMC, 3TTMC, and 4TTMC in CH,Cl,
and DMF exhibit negative signs (Table S), indicating, as
expected from the computation and solvatochromism, that the

ground state is more polar than the excited state. Importantly,
EFISH of the two-ring TICT chromophores with varying alkyl
substituents, 2TTMC, 2TTMC-a, and 2TTMC-b, reveals
molecular hyperpolarizabilities as high as —433 X 107 esu
(UPyec & —11 000 X 10~* esu), in accordance with the B3LYP/
INDO-SOS results. Further tictoid chromophore work will
focus on increasing solubility, the measurement precision, and
further extending the z-systems as well as structural
modification to minimize the aggregation.

B CONCLUSIONS

A series of computationally engineered, twisted z-system multi-
arylene electro-optical chromophores (TTMCs) was prepared
and characterized. Synthetic challenges were overcome using a
combination of computational design and improved method-
ologies. Specifically, a three-o-methyl group twisting strategy
and Buchwald ligands for sterically hindered Suzuki couplings
were introduced. For the 4TTMC synthesis, instead of
performing successive bromination/Suzuki coupling sequences,
the sterically imposed twisted connections were coupled
separately, followed by selective coupling to attach the donor
and acceptor end groups. Crystallographic analysis of this series
reveals large, nearly invariant ring—ring dihedral angles (76—
88°), except for the B—C junction in 4TTMC, enforced via
either tri-ortho- or tetra-ortho-substituted biarylene cores.
Sterically induced twists are only necessary at junctions
proximate to donor and acceptor fragments (charged
pyridinium and dicyanomethanide groups; e.g, rings A—B
and C—D of 4TTMC) to optimize zwitterionic charge
separation. The extent of charge separation in the zwitterionic
ground states is largely governed by twisted phenylene
catenation, hence chromophore molecular length. Optical
spectra reveal increasingly twist-induced reduction of inter-
ring charge transfer and negative solvatochromism from
2TTMC — 3TTMC — 4TTMC, again a result of the weak
interaction between the twisted phenylene units. Increased
phenylene intra-ring absorption and concomitant CT band
reduction with molecular length also provide excellent near-IR
transparency. The solution-phase optical spectroscopy and
solid-state structural characterization support enhanced length-
dependent zwitterionic charge separation in the 2TTMC —
3TTMC — 4TTMC progression, and increased tendencies for
centrosymmetric aggregation—zn-stacking distances fall from
8.665 to 7.361 A in the presence of minor reductions in inter-
ring bond lengths and twist angles at select positions.

Additionally, this systematic study further supports the
qualitative “two-level” model for chromophore descriptions,
and shows that exceptionally large hyperpolarizabilities (/) are
plausible with nonresonant yf,.. values as high as —900 000 X
10™* esu and chromophore figures of merit, 43/M,,, as high as
1500 X 10" esu. This work shows that extended twisted 7-
electron species are promising candidates for EO applications
and provides new insight into EO chromophore design. How
far such twisted 7z-systems can be extended and what
hyperpolarizabilities can be achieved will be the subject of
future studies.
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