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Abstract

Organic electro-optic (EO) materials incorporated into silicon-organic hybrid and plasmonic-organic hybrid devices have enabled new
records in EO modulation performance. We report a new series of nonlinear optical chromophores engineered by theory-guided design,
utilizing bis(4-dialkylaminophenyl)heteroarylamino donor moieties to greatly enhance molecular hyperpolarizabilities. Hyperpolarizabilities
predicted using density functional theory were validated by hyper-Rayleigh scattering measurements, showing strong prediction/experiment
agreement and > 2-fold advancement in static hyperpolarizability over the best prior chromophores. Electric field poled thin films of these
chromophores showed significantly enhanced EO coefficients (r33) and poling efficiencies (r33/Ep) at low chromophore concentrations
compared with state-of-the-art chromophores such as JRD1. The highest performing blend, containing just 10 wt% of the novel chromophore
BTP7, showed a 12-fold enhancement in poling efficiency per unit concentration vs JRD1. The results suggest that further improvement in

chromophore hyperpolarizability is feasible without unacceptable tradeoffs with optical loss or stability.

¥ Electronic supplementary information (ESI) available: Synthetic procedures and analytical, UV/visible spectra in a variety of solvents,
variable angle spectroscopic ellipsometry (VASE) data for films of chromophores and chromophore-polymer blends, poling data (plots of
r3 vs. poling field), glass transition temperatures (Tg) as determined by differential scanning calorimetry (DSC), decomposition temperatures
(Tq) as determined by thermogravimetric analysis (TGA), HRS data analysis, computational methodology, cyclic voltammetry methods and
data, and FTIR methods and data. See DOI:

a University of Washington Department of Chemistry, Seattle WA 98195, USA.

b Nonlinear Materials Corporation, Seattle WA 98109, USA.
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Introduction
Renewed interest in organic electro-optic (OEO) materials has recently been witnessed due to record-setting demonstrations in silicon-

1-16

organic hybrid (SOH) and plasmonic-organic hybrid (POH) devices,'"'® which combine the high intrinsic electro-optic activity of organic

chromophores! "1

with the tight confinement and improved overlap of electrical and optical fields achievable in nanophotonic devices,
enabling chip-scale integration with CMOS electronics.> 2 State-of-the-art hybrid inorganic/organic modulator systems have already
demonstrated ultra-high electro-optical bandwidths greater than 500 GHz,’ energy efficiencies < 70 aJ/bit,'% 2! small device footprints < 10
um?, and voltage-length parameters (VL) of < 50 V-um with existing high-performance OEO materials.'> 1° To achieve V,L values < 10
V-um (critical for low insertion loss, best energy efficiency, and the highest bandwidth operation), hybrid inorganic/organic modulators
require novel device designs and engineering as well as improved EO activity.> ?> 23 OEO material performance ultimately depends on a
combination of chromophore hyperpolarizability (B), electric field poling-induced acentric order of the chromophores (<cos*0>),
chromophore number density (pn), and the refractive index of the material () at the operational wavelength. EO activity of organic materials
is proportional to the molecular B, which can be tuned by the donor—mt bridge—acceptor structure of the molecule. While bulk and in-device
EO activity has been improving> ?* due to improving ordering via side-chain engineering, chromophore blending, and increasing
chromophore number density,  has not increased significantly in about a decade. This is partly because the absorbance in the near-IR
generally increases as § increases, thus increasing optical loss of higher 8 materials; which has often resulted in too large of a tradeoff versus
EO activity. However, hybrid device designs with sub-mm path lengths are less sensitive to propagation loss, and theory-aided design can
be utilized to mitigate loss/EO activity tradeoffs.> 2> We have used a theory-guided design process including quantum mechanical and
statistical mechanical techniques to design a new generation of OEO materials relevant to hybrid devices.? 2% 20 The combination of

experimental and theoretical studies affords better understanding of structure-property relationships, as well as the prospects for

implementation in nanoscale photonic devices.?

We report a series of chromophores with enhanced 3 and # that are derived from powerful bis(4-dialkylaminophenyl)heteroarylamino
electron donating groups. OEO molecules with bis(4-alkoxyphenyl)arylamino or bis(4-alkoxyphenyl)heteroarylamino donors have
previously been demonstrated by Cheng et al. and Davies et al.;?» 28 chromophores based on these donors showed increased
hyperpolarizability, but bulk electro-optic activity of these materials lagged behind other contemporary approaches such as dendrimers?*-32

and binary chromophore organic glasses.?*3’

Our new designs leverage recent advances in theory-driven chromophore development to
utilize even more powerful donor moieties in stable structures. Key to increasing B is balancing the aromaticity of the m bridge with the
strength of the electron donor. Too much bridge aromaticity suppresses 3, while too little aromaticity leads to an excessive redshift and
formation of highly polar and difficult to process materials with zwitterionic ground states (ZGS), analogous to the two-state model behavior
of donor-acceptor polyenes.’® Instead of the phenyl ring in the common aminophenyltetraene bridge (see YLD124 and JRD1 in Figure 1),
we chose the thieno[3,2-b]thiophene moiety to build the donor side of the chromophores in order to deliver increased stabilization of neutral

ground state (NGS) character instead of monoheterocycles (e.g. thiophene or alkylpyrrole), which have shown a shift to ZGS character in

more polar solvents.?’” The generic structure for these novel chromophores is shown in Scheme 1.
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Scheme 1. Generic structure of a “BTP” (bisarylamine-thienothiophene-polyene) chromophore, showing the donor, bridge, and acceptor
(top). The thienothiophene linkage in the donor, which provides enhanced stabilization of the neutral ground state is highlighted in light blue.
Additional electron-donating moieties on the donor are labeled as D and the exposed conjugated site on the isophorone group within the

bridge is labeled as R.

Results and discussion

Chromophores were modeled using density functional theory (DFT) at the M062X/6-31+G(d) level of theory, which provides accurate
prediction of relative hyperpolarizabilities, as part of a large-scale computation and theory-driven search?> 3738 for novel designs that would
enhance hyperpolarizability while keeping dipole moment and band gap within acceptable constraints. We synthesized three different
variants of the “BTP” structure shown in Scheme 1 that had different degrees of substitution with bulky fert-butyldiphenylsilyl (TBDPS)
groups. BTP3 lacks any TBDPS groups, BTPS5 is substituted with one pendant TBDPS off the electron donor, and BTP7 additionally
includes a pendant group off the bridge. These bulky groups improve solubility and processibility and can improve EO performance in many
cases by discouraging chromophore aggregation (site isolation) and enabling more efficient poling.'” >3 We also synthesized BTP
variants for exploring relative substitution effects on the donor linkage (STP1), bridge (BTF1), and secondary electron-donating groups

(BTH1). These structures, along with a summary of the computational screening data are shown in Figure 1.
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Figure 1. Novel bis(4-dialkylaminophenyl)heteroarylamino chromophores BTP3, BTP5, BTP7, BTF1, BTH1, and STP1 as well as
reference molecules JRD1, YLD124 and EZ-FTC. (left) TBDPS is tert-butydiphenylsilyl. TBDMS is tert-butyldimethylsilyl. The novel
chromophores are highlighted in gold on a plot of predicted hyperpolarizability vs JRD1 as a function of dipole moment (right); all of the
chromophores show a substantial increase in predicted hyperpolarizability versus existing chromophores with little to no increase in dipole
moment except for the thiophene-linked chromophore STP1. Groupings associated with neutral ground state (NGS) and zwitterionic ground

state (ZGS) chromophores are noted. The dashed lines indicate the computed hyperpolarizability and dipole moment of JRD1.

The above chromophores were synthesized and were characterized in solution by femtosecond hyper-Rayleigh scattering (HRS) to determine
their hyperpolarizabilities.**-*> We also characterized the linear optical properties, thermodynamic properties, optical constants, and bulk EO
performance of the chromophores as a function of concentration in a poly(methylmethacrylate) (PMMA) host by the Teng-Man simple

reflection method.*> 44

We measured dramatically enhanced static molecular hyperpolarizabilities by HRS in chloroform (solution) for the new bis(4-
dialkylaminophenyl)heteroarylamino chromophores compared with reference chromophores JRD1, which has the highest EO activity
reported in the EO literature,*!” and EZ-FTC, which is a well-known EO reference compound (Table 1).** Hyperpolarizabilities are reported
as Pz,0, Which refers to the component of the hyperpolarizability along the dipole axis (z-axis) in the zero-frequency limit. All of the novel
chromophores outperform reference chromophore JRD1, with the strongest performance observed for chromophores with a ring-locked
polyene bridge and a thienothiophene-containing bis(4-dialkylaminophenyl)amine donor. Performance was only slightly reduced when using
a thiophene-containing (FTC-like) bridge (BTF1) or replacing one dialkylamino group in the donor with a methoxy group (BTH1). The
highest hyperpolarizability was obtained with BTP7, having a more than 3-fold improvement in molecular hyperpolarizability compared
with JRD1, and exceeding the highest static hyperpolarizability previously reported in the literature by more than a factor of two (Compound
1 in Cheng et al. 2008)* when adjusting for wavelength and reference standard (See Table S6, ESIt). The performance of all chromophores

also exceeded that of several chromophores with strong julolidine donor moieties, labeled as ZH-1 and molecule 3 in Table 1.47-*8 Cyclic
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voltammetry in dichloromethane was used to estimate the HOMO energy levels of the new compounds (Figure 2b). Higher HOMO energy
levels are expected for stronger electron donor compounds, and the bis(4-dialkylaminophenyl)amine compounds have a significantly higher
(by 0.4 - 0.32 eV) HOMO levels than dialkylamine donor compound JRD1 and 0.16 eV higher HOMO than julolidine donor compounds on
average (Table S5, ESIT). LUMO values experienced much smaller shifts due to the novel chromophores and reference molecules sharing
the same acceptor moieties. Absorbance spectroscopy was used to estimate chromophore band gaps, and band gap was found to correlate
very well with both measured and calculated hyperpolarizability (Figures S24-S28, ESIt). Band gaps for the bis(4-
dialkylaminophenyl)amino thienothiophene chromophores (0.81-0.86 eV) were slightly smaller than the bis(4-dialkylaminophenyl)amino
thiophene chromophore and the mono(4-dialkylaminophenyl)amino thienothiophene chromophore (0.91-0.95 eV), and significantly smaller

than JRD1 (1.09 eV).
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Figure 2. a) Comparison of DFT (M062X/6-31+G(d)) and experimental (femtosecond HRS) hyperpolarizabilities in chloroform solution.
HRS data was extrapolated to zero frequency using the damped two-level model; data analysis is discussed in ESIt. STP1 is excluded from
the fit as an outlier. The dashed line indicates the linear fit and the dotted lines indicate the 95% confidence interval of the fit. b) HOMO
(cyclic voltammetry) and LUMO energy levels and thin film optical energy gaps, in eV; LUMO = HOMO (CV) + Band gap (optical). STP1
optical energy gap estimated as described in ESIt. ¢) Solvatochromism in computational ﬁm,O and Amax for STP1. The dotted or dashed lines
are a guide to the eye. d) Amax Vs. solvent polarity on the Reichardt scale ((e-1)/(e+2)) spanning a range of dielectric constants from 1,4-
dioxane (e=2.2) to acetonitrile (€=37.5). The dashed lines are a guide to the eye. ) Poling efficiency and refractive index curves for BTP7
in PMMA. The blue, dotted line represents a least-squares linear regression, the red, dashed line is a cubic spline interpolation. f) Poling

efficiencies per number density of chromophores in PMMA and neat JRD1.
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A comparison of experimental and computed hyperpolarizabilities is shown in Figure 2a. A strong correlation is observed, with only
the thiophene-containing chromophore STP1 showing a significant deviation. The discrepancy was consistent with a significantly larger
hypsochromic shift of its principal intramolecular charge transport band (Amax) in polar solvents (Figure S15a, ESIt), indicating that it is
likely close to a low-f cyanine-like state in chloroform solution.?” * These results were confirmed by computational studies from low
dielectric (toluene €=2.4) to high dielectric (acetone €=20.7) environments, in which STP1 undergoes a dramatic increase in dipole moment,
hyperpolarizability sign reversal, and directional reversal of solvatochromism (Figures 2c-2d); these are characteristic properties of a
transition from a neutral ground state (NGS) to a cyanine state to a zwitterionic ground state (ZGS). The deviation from the otherwise high
correlation between DFT and experiment is likely due to the rapid change in § with reaction field strength near the cyanine limit, where {3 is
strongly dependent on degree of ground-state polarization and systematic errors in the solvent reaction field model would lead to large errors
in B. In contrast to STP1 in high dielectric environments, the hyperpolarizability for BTP chromophores does not become negative, but
remains relatively flat (experimentally decreases slightly, computationally increases slightly (Figures 2c, S22, S23 and Tables S5-S11, ESIT).
Absorbance solvatochromism measurements show that all of the novel chromophores had stronger solvatochromism than JRD1, but only
STP1 and BTF1 had a strong negative solvatochromism in high dielectric environments (Figure 2d), suggesting that in high dielectric solvents,
the BTP and BTH chromophores become cyanine-like, but not zwitterionic like STP1 and BTF1. While we cannot completely eliminate the
possibility that the solvent-dependent behavior is not a function of specific solvent-chromophore interactions, we believe that the small
degree of solvatochromism for JRD1 compared to the other novel chromophores indicates that solvent-chromophore interactions aren’t
dominating the observed effects. Calculations and experimental measurements of the CN stretch frequencies by FTIR as a function of solvent

dielectric also support cyanine-like or ZGS behavior of BTP and STP1 chromophores compared to JRD1 (Figures S40, S41, S66, ESIt).

Table 1. Linear and nonlinear optical properties of chromophores.

Name B,..(1300 B0 B,.o/P..00m01 Comp®. Amax (M) Amax (NM)  Ni310 Nisso
nm)>* BO/BO’JRDI CHCIs Film
JRD1 3330+ 50 1060 + 20 1+0.02 1 790 800 191 1.85
EZFTC 3600+ 900 360 + 90 0.34 +0.09 0.59 676 678 1.95 191
BTP3 4880 + 170 3030+ 100 2.85+0.10 2.16 1055 1105 2.78 239
BTP5 4410+ 70 2740 + 40 2.60+0.04 2.19 1070 1103 2.61 232
BTF1 4750 + 20 2650+ 10 2.52+0.01 1.85 950 951 220 2.06
BTP7 5720+ 130 3550+ 80 3.37£0.08 2.32 1081 1114 229 207
STP1 2000 +210 1250 + 130 1.18+0.12 1.97 1030 - - -
BTH1 4900 + 300 3000 =200 2.83+0.17 1.76 1020 1097 2.09 1.89
ZH-1¥ 1.24 763
34 1.03 980 1250

®HRS - femtosecond HRS at 1300 nm in CHCl3, extrapolation to zero frequency using damped TLM (0.1 eV linewidth). Hyperpolarizabilities

in 1073° esu. Reference against solvent (CHCls, using Campo et al 2009 value of B0~ 044 x 10 esu).*? "Computational predictions —
MO062X/6-31+G(d) in PCM CHCl; at zero frequency, analytic differentiation, 2-carbon truncation on inactive side chains.

The refractive index (z2) of unpoled films of neat chromophores and chromophore/PMMA blends was measured using variable angle

spectroscopic ellipsometry (VASE) and is summarized in Table 1 and Table S2 (ESIt). Solubility of STP1 was insufficient to form a
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measurable film. Greatly enhanced refractive index values were observed for neat films of bis(4-dialkylaminophenyl)amino thienophene-
type chromophores at two of the important telecom wavelengths (1310 nm and 1550 nm), which present a potential route for improving the
device performance, as the voltage-length product VL is inversely proportional to 7333 . BTP3 films have a larger number of chromophores
per unit volume (6.96 x 10 molecules/cm?, assuming a density of 1 g/cm®) and exhibit a refractive index of nizio = 2.78 (nisso = 2.39), which
is one of the highest reported for organic EO materials to date, and is higher than that of lithium niobate (nisi0 = 2.22). However, BTP3 is a
poor film former, likely due to its large dipole moment (see ESIt) combined with its lack of bulky and conformationally flexible pendant
groups. The introduction of bulky groups such as TBDPS can increase solubility and film-forming ability and improve the acentric order
parameter, <cos’0>, in electric field poled films by inhibiting dipole-dipole interactions.!” Neat BTPS and BTP7 have good solubility and
film formation properties, and an acceptable reduction in number density (pn) and z proportional to the amount of added steric bulk. The
neat chromophore films exhibited strong absorption at 1310 nm (Table S2, ESIt), potentially leading to unacceptable optical loss in
nanophotonic devices. However, BTP-type chromophores are well suited to blending with polymer hosts, showing large EO activity at low
concentration (~10 wt%). Optical loss is greatly reduced at these low concentrations, enabling use in nanophotonic EO devices. In present

nanophotonic devices, insertion loss is typically dominated by coupling loss,’ 3

and the propagation component of the insertion loss is
dominated by the narrow slot waveguides. State-of-the-art POH devices using neat JRD1 as the OEO material have propagation losses in the
0.2-0.4 dB/um range,*® and state-of-the art SOH devices have propagation losses of approximately 2.5 dB/mm.’ To be acceptable, a material
should have a propagation loss that does not exceed present waveguide losses. State of the art waveguide loss values imply a threshold for &

at 1550 nm of 0.0055 for POH and 0.00007 for SOH. All of the new compounds are within the POH threshold for at least one concentration

tested, and most compare favorably to conventional guest-host system 25% YLD124 in PMMA (Table S2, ESIt).
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Table 2. Electric Field Poling Data for EO Chromophores in Bulk Devices

wt % pn*? 133/E, 133/(Eppn)° max. 133
Chromophore (nm?/V?)° (pm/V)
in PMMA

10% BTP3 0.696 1.8+£0.2 2.6+0.3 150+20
10% BTPS 0.525 2.8+0.2 5.3£0.4 280420
25% BTPS 1.31 1.9+0.2 1.5+0.2 120+10
5% BTP7 0.206 1.5+0.1 7.3£0.5 100£10
10% BTP7 0.412 2.9+0.2 7.0£0.5 270+40
15% BTP7 0.618 2.7+0.4 4.4+0.6 240+40
25% BTP7 1.03 2.1+£0.2 2.1+£0.2 180+20
25% BTF1 1.36 2.8+0.2 2.1+0.1 240+20
10% BTH1 0.416 0.9+0.1 2.2+0.2 88+6
35%AJLZS55 2.18 0.97 218

48 2.24

25% 146 2.12 1.82 0.86 219
47% 107! 2.94 33 1.1 262
30% 6+24°2 3.05 5.6 1.84 387
25% JRD1 1.33 0.6 0.45 72.5
100% JRD1 5.33 3.1+0.1 0.58+0.02 343+60

“Number density (assumes mass density of 1 g/cm®). ®Results from multiple poling experiments (Figure S19, ESIt). All reported results are

in the absence of charge-blocking layers. “Poling efficiency per number density (nm?V?%(10% molecules cm)).

EO performance was measured for the novel chromophores dispersed in a PMMA host; leakage current for neat chromophore films
was too high to allow effective poling as neat materials (even when using charge barrier layers such as TiO: or benzocyclobutene polymer!’.
Parallel plate bulk devices for EO measurements were prepared by spin coating thin films of chromophore-polymer composites on ITO
substrates followed by sputter-coating gold top electrodes. Poling was performed at approximately 115°C using a DC poling field (E,) in the
20 to 110 V/um range. Results of EO measurements at 1310 nm are shown in Table 2 and Figure S19 (ESIt). Poling efficiencies r3:/E, were
determined by linear fitting of the electro-optic activity (in pm/V) versus E,. All chromophore composites showed exceptional performance
at low to moderate concentration, with poling efficiencies per number density (r33/(pnEp)) > 3x that of JRD1. BTP7 at 10 wt% concentration
showed the highest performance, with a poling efficiency of 2.9 + 0.2 nm*V?, competitive with neat JRD1, which has a poling efficiency of

3.1 +0.1 nm?%V?in an identical device architecture.”-5

Generally, the maximum r33 is achieved at 15-40 wt% chromophore in polymer. The
optimal concentration depends on the chromophore hyperpolarizability, dipole moment, molecular shape (e.g. ellipsoid), site isolation side
chains, polymer miscibility etc., and thus varies from chromophore to chromophore. A high § chromophore achieving a maximum r3; at 10
wt% and achieving such a high r3; and poling efficiency (r33/E;) at 10 wt% are surprising and exceptional. This is best borne out by
highlighting that the poling efficiency per number density of 10 wt% BTP7 is 12.1 + 0.8 that of neat JRD1, suggesting highly efficient poling
combined with the exceptional hyperpolarizability of BTP7. Applying the damped two-level model (see ESIt) suggests that the BTP7

resonance-corrected Pockels effect hyperpolarizability (-w,0,0) at 1310 nm in the thin film environment is 10.2 + 0.2 times that of JRD1,

such that most of the enhancement in EO performance is due to the large hyperpolarizability, with the balance likely due to improved ordering
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due to the presence of the bulky and flexible side chains, which was previously observed with HLD.! Performance for BTP7 declined as
chromophore concentration increased past 10 wt% (Figure 2e). BTP5 exhibited a similar trend and nearly matched BTP7 in performance.
The similar EO performance between BTP5 and BTP7 but greater performance of BTP7 per unit concentration suggests that it orders more
efficiently than BTP5, consistent with order-number density tradeoffs observed from prior modeling of chromophores with different
configurations of bulky groups.*® BTP3 exhibited lower overall performance and chromophore concentration could not be easily increased
due to poor solubility. BTF1, with lower hyperpolarizability and less resonance enhancement, showed excellent performance at 25 %
concentration. BTH1 showed the lowest performance but still exceeded JRD1 on a poling efficiency per-concentration basis. The large
improvement in EO activity at a given concentration in a polymer host demonstrates the utility of the chromophores in the thienothiophene-
derived donor class, such as BTP5, BTP7 and BTF1 (Figure 2f). r33/(pnEp) is reported for other literature chromophores that have excellent
133 values as guest/host systems in Table 2. However, despite their exceptional 133 values, the 133/(pnE,p) values are ~4-7 times lower than our
best example (BTP7), which further illustrates the novelty of this new class of chromophores. The novel BTx family of chromophores can
deliver high device performance while providing substantial flexibility for blending with polymers for controlling mechanical and thermal

properties and a wide range of refractive index tuning.

Conclusions

In conclusion, a new series of second-order NLO chromophores with record hyperpolarizabilities was synthesized based on
computationally-driven designs and characterized. The highlight of the present work is the highly enhanced molecular hyperpolarizability
of chromophore BTP7, which represents a 3.4-fold increase of P..0 over chromophore JRD1 while keeping the dipole moment within a
range conducive to processing into high-quality films. Meanwhile, the electric field poled films of 10 wt% BTP7 in PMMA displayed a
much higher poling efficiency (2.9 + 0.2 nm?/V?) than 25 wt% JRD1 in PMMA (0.6 nm?/V?) and comparable to neat JRD1, reflecting a 12-
fold improvement in poling efficiency on a per-chromophore basis. These results demonstrate the predictive power of quantum mechanical
calculations for assessing hyperpolarizability of high-performance chromophores and suggest that higher molecular-level nonlinearity can
be obtained in OEO materials without excessively compromising processability or stability, which could lead to even higher performance

organic EO materials for applications in nanophotonic devices.
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