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Abstract:

Enhanced terahertz (THz) wave generation was demonstrated in nonlinear organic crystals
through refractive index engineering, which improved phase matching characteristics
substantially. Unlike conventional low-bandgap nonlinear organic crystals, the newly
designed benzimidazolium-based HMI (2-(4-hydroxy-3-methoxystyryl)-1,3-dimethyl-1H-
benzoimidazol-3-ium) chromophore possesses a relatively wide bandgap. This reduces the
optical group index in the near-infrared, allowing better phase matching with the generated
THz waves, and leads to high optical-to-THz conversion. A unique feature of the HMI-based
crystals, compared to conventional wide-bandgap aniline-based crystals, is their remarkably
larger macroscopic optical nonlinearity, a one order of magnitude higher diagonal component
in macroscopic nonlinear susceptibility than NPP ((1-(4-nitrophenyl)pyrrolidin-2-yl)methanol)
crystals. The HMI-based crystals also exhibited much higher thermal stability, with a melting
temperature 7}, above 250 °C, versus aniline-based crystals (116 °C for NPP). With pumping
at the technologically important wavelength of 800 nm, the proposed HMI-based crystals
boosted high optical-to-THz conversion efficiency, comparable to benchmark low-bandgap
quinolinium crystals with state-of-the-art macroscopic nonlinearity. This performance is due
to the excellent phase matching enabled by decreasing optical group indices in the near-
infrared through wide-bandgap chromophores. The proposed wide-bandgap design is a
promising way to control the refractive index of various nonlinear organic materials for

enhanced frequency conversion processes.



WILEY-VCH

1. Introduction

Research interest in broadband coherent sources in the terahertz (THz) frequency range is
growing rapidly due to advanced applications in THz spectroscopy and imaging, as well as
fundamental studies of the ultrafast dynamics of diverse materials, and nonlinear THz
photonics."™ To date, designing and developing highly efficient THz wave generators
remains challenging."**'” Nonlinear optical organic crystals which exploit either optical
rectification (OR) or difference frequency generation (DFG) processes have been reported to

provide excellent optical-to-THz conversion.”! ¥

For example, benchmark nonlinear
organic crystals with state-of-the-art macroscopic optical nonlinearity have demonstrated high
THz wave generation efficiencies of up to a few percent when pumped by infrared (IR) pulses
in the wavelength range of 1200-1600 nm."*""! An alternative to employing pump sources in
this range is to pump at a near-IR wavelength near 800 nm. This is a very important practical
wavelength and is available with widespread femtosecond Ti:sapphire laser technologies.
However, the approach has resulted in relatively low THz wave generation efficiency with
limited spectral bandwidth. The poor performance is basically due to poor phase matching
between the optical pump and the generated THz waves in most nonlinear organic crystals at
this wavelength.

The THz wave generation efficiency of nonlinear organic crystals is mainly affected by
two material-specific parameters, namely the macroscopic second order nonlinear optical

susceptibility and the phase matching condition.!'*!>¥!

To improve optical-to-THz
conversion efficiency, most recent studies have focused on enhancing the macroscopic
second-order optical nonlinearity of the organic crystals. Following this concept, the so-called
‘low-bandgap approach’ — introducing highly nonlinear optical low-bandgap chromophores
into crystals — has been widely investigated.!*">!7-202!

In general, decreasing the bandgap between the highest occupied molecular orbital

(HOMO) and the lowest unoccupied molecular orbital (LUMO) in a chromophore increases
3
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24°A lower bandgap means a longer wavelength of

its molecular optical nonlinearity.
absorption maximum Apay (€.2., Amax of low-bandgap chromophores > 430 nm in solution). In
nonlinear optics this is commonly known as the nonlinearity/transparency tradeoff.**! In
addition, since the causality fundamentally links the refractive index dispersion n(A) of the
optical materials to the absorption coefficient a(4) through the Kramers-Kronig relation, >’
having a lower bandgap in the organic crystals results in increasing the refractive index for
optical wavelengths in the near-IR.

For efficient THz wave generation, the difference An = ng oy - nn, between the optical
group index ng oy and the THz (phase) index nry, should be as small as possible, ensuring
good phase matching."*">"" In most benchmark nonlinear organic crystals, the phase
matching condition for THz wave generation is only well satisfied when the optical pump is
in the IR range of 1200-1600 nm, but particularly not below 1000 nm, where the refractive
index already increases due to small HOMO-LUMO gaps.!">'** Therefore, reducing the
refractive index of organic crystals at near-IR optical pump wavelengths, which approaches
the refractive index in the THz region, is beneficial to achieving high THz wave generation
efficiency, even near the technologically important wavelength of 800 nm, due to better phase
matching.

In this work, instead of following the low-bandgap approach employed for the majority
of benchmark nonlinear organic crystals, we demonstrate the potential of refractive-index
engineering employing the so-called ‘wide-bandgap approach’, introducing wide-bandgap
chromophores into crystals instead of low-bandgap chromophores (see Figure 1a). By
introducing chromophores with a wider HOMO-LUMO bandgap, the wavelength of
absorption maximum An,x decreases (see the horizontal arrow in Figure 1a)). A blue-shifted
absorption is accompanied by decreased phase and group refractive indices (nop and 7 op

respectively) in the near-IR region, as illustrated by the vertical arrow in Figure 1a), which is
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required to improve the phase matching condition for efficient THz wave generation. The
newly designed stilbene-type benzimidazolium-based chromophores exhibit a large bandgap
(e.g., 364 nm of the wavelength of absorption maximum A,y in methanol, which is close to
the shortest absorption wavelength achievable in organic push-pull aromatic compounds),
while still maintaining a remarkably large nonlinear optical response (first hyperpolarizability
B ). The benzimidazolium-based crystals are found to provide a large optical-to-THz
conversion efficiency for the near-IR pump wavelength of 800 nm due to better phase
matching with a lower refractive index, comparable to benchmark low-bandgap organic

crystals with state-of-the-art macroscopic optical nonlinearity.

2. Results and Discussions
2.1 Design of Wide-Bandgap Chromophores

Figure 1b shows the chemical structure of the newly designed wide-bandgap stilbene-
type cationic chromophore HMI (2-(4-hydroxy-3-methoxystyryl)-1,3-dimethyl-1H-
benzoimidazol-3-ium). For the refractive-index engineering based on wide-bandgap approach,
we propose modifying a benchmark organic nonlinear crystal (which we call the mother
crystal here) with a perfectly parallel alignment of low-bandgap nonlinear optical
chromophores so that the overall molecular ordering features in the new wide-bandgap crystal
are maintained. In many cases, modifying a part of the chemical structure of the mother
crystals results in a large change in the overall molecular ordering features, leading to a large
change of refractive index in an unpredictable direction. The main goal of the newly designed
wide-bandgap crystals is to maintain the overall molecular ordering features of the mother
crystals, and keep the other desired physical properties (e.g., perfectly parallel alignment of

nonlinear optical chromophores for maximizing the macroscopic optical nonlinearity) while
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only modifying the dispersion characteristics (i.e., changing and optimizing the phase
matching conditions for THz wave generation).

In this work, we chose the benchmark low-bandgap nonlinear organic crystals HMQ-
TMS (2-(4-hydroxy-3-methoxystyryl)-1-methylquinolinium 2,4,6-trimethylbenzenesulfonate,
see Figure 1c) as the mother crystal. HMQ-TMS exhibits high THz wave generation

16,20 .
16201 gor THz wave generation,

efficiency due to a large macroscopic optical nonlinearity.
HMQ-TMS crystals based on the low-bandgap cationic chromophore HMQ (2-(4-hydroxy-3-
methoxystyryl)-1-methylquinolinium) are much better phase-matchable at IR pump
wavelengths between 1100 and 1500 nm) than near 800 nm, as mentioned above. To keep the
overall molecular ordering features of the low-bandgap mother crystal, the newly designed
wide-bandgap crystals need to provide very similar intermolecular interactions (in this work,
including interionic interactions) and similar space filling characteristics (i.e., maintaining the
van der Waals volume of the constituting cations and anions).!'7">%!

In mother HMQ-TMS crystals, the HMQ cationic chromophore consists of a 4-hydroxy-
3-methoxy phenyl electron donor group and a 1-methylquinolinium electron acceptor group
(see Figure 1c). To maintain the overall molecular ordering features of the HMQ-TMS
crystals, but modify the refractive index characteristics through a wider HOMO-LUMO gap,
the newly designed wide-bandgap HMI cationic chromophore consists of identical electron
donor groups, but different electron acceptor groups. We chose the benzimidazolium group
(1,3-dimethyl-1H-benzoimidazol-3-ium) which is a relatively weak electron acceptor
compared to the quinolinium groups used in benchmark low-bandgap nonlinear optical
crystals including HMQ-TMS crystals.m’zgl Since the van der Waals volume and most of the
chemical structure of the HMI chromophore is very similar to the mother HMQ chromophore,
the HMI-based crystals may exhibit similar overall molecular ordering features and

corresponding physical properties, even though the refractive index decreases. As a result,

introducing the HMI cation keeps the overall characteristics of the long-wavelength refractive
6
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index of the benchmark HMQ-TMS crystals unimpaired (including the overall characteristics
for THz wave generation), but the refractive index in the near-IR region is expected to
decrease due to the wide bandgap of the HMI cation, as illustrated in Figure 1a.

The wide-bandgap HMI cationic chromophore possesses a stilbene-type structure with
two aromatic rings in the m-conjugated bridge (benzimidazolium and phenolic rings) like the
benchmark highly nonlinear organic ionic crystals (e.g. the selected mother HMQ-TMS
crystals as mentioned above) which possess high thermal stability.”""”’zo’m] Accordingly, the
HMI cationic chromophore-based crystals are expected to exhibit a high thermal stability, as
was also confirmed experimentally (see section 2.3). Note that previously reported wide-
bandgap crystals are based on aniline-type chromophores having only one aromatic ring in the
m-conjugated bridge, as shown in Figure 1d. The aniline-type wide-bandgap crystals have
been shown to possess a relatively low macroscopic optical nonlinearity and low thermal
stability, which may limit practical applications.***"!

To achieve a (perfectly) parallel alignment of the nonlinear optical HMI cationic
chromophores to maximize macroscopic second-order optical nonlinearity in the crystalline
state, it is necessary to adjust the space filling characteristics of the counter anions. Here we
chose three benzenesulfonate anions, TMS (2,4,6-trimethylbenzenesulfonate), T (4-
methylbenzenesulfonate) and N2S (naphthalene-2-sulfonate) incorporated in the HMI-TMS,
HMI-T and HMI-N2S crystals, respectively. To investigate their physical and (nonlinear)
optical properties, X-ray single crystal structure analyses of all three HMI-based crystals was
performed (see Experimental section and Table 1).

Figure 2a shows the UV-Vis absorption spectra of the HMI-based compounds. The
wavelength of the absorption maximum Ay, of the HMI cation in the HMI-based compounds
is located in a very short region, about 364 nm in methanol, which is much shorter than in the

benchmark nonlinear organic crystals; e.g., 439 nm for HMQ-TMS and 426 nm for OH1 (2-
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(3-(4-hydroxystyryl)-5,5-dimethylcyclohex-2-enylidene)malononitrile) crystals in
methanol.”*" It is even shorter (or similar) than those of aniline-type wide-bandgap crystals
such as MNA (2-methyl-4-nitroaniline), NPP ((1-(4-nitrophenyl)pyrrolidin-2-yl)methanol),
COANP (N-cyclooctyl-5-nitropyridin-2-amine) and BNA (N-benzyl-2-methyl-4-nitroaniline)
as listed in Table 1.12**!

It is worth noting that the wavelength of absorption maximum A, of the HMI-based
compounds (364 nm in methanol) is close to the shortest wavelength of the absorption
maximum Ay, (related to the HOMO-LUMO bandgap) reported for conventional push-pull
aromatic compounds.[24’29’3 ?! Therefore, HMI-TMS crystals consisting of wide-bandgap HMI

cations are expected to possess lower refractive indices at shorter wavelengths (e.g., the near-

IR wavelength of 800 nm) than benchmark low-bandgap nonlinear optical organic crystals.

2.2 High Molecular Optical Nonlinearity

Interestingly, although HMI-based compounds exhibit an absorption band in the very
short-wavelength region in the ultraviolet (UV), the microscopic optical nonlinearity of HMI
cations is still very large, and particularly much larger than that of aniline-type wide-bandgap
chromophores. This has been demonstrated in both experimental and theoretical studies, as
summarized below.

The molecular first hyperpolarizability (effective f,,,), determined experimentally using
Hyper-Rayleigh scattering (HRS) measurements on HMI-TMS in methanol at a wavelength
of 1360 nm, is f,.,1360 = 68x107° esu (see Figure 2b and Section A in the Supporting
Information (SI)).”* Using accurate £ dispersion models, as described in Section A in the SI,
this value is extrapolated to yield the static first hyperpolarizability £,,,0 = 47x10™° esu. The
estimated value of f,,,0 for HMI-TMS is much larger than that of p-nitroaniline with a

comparable bandgap (Amax = 347 nm in chloroform) and £,,, = 17x107° esu in chloroform, as
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determined using the same setup, and is in excellent agreement with the experimental results
reported in the literature.**!

To gain better understanding of the correlation between the static hyperpolarizability and
absorption characteristics of the benzimidazolium-based HMI-TMS chromophore, we also
analyzed its lower-bandgap analogue, DAI-TMS ((2-(4-(dimethylamino)styryl)-1,3-dimethyl-
1H-benzoimidazol-3-ium 2,4,6-trimethylbenzenesulfonate, see Figure S1 in SI) consisting of
the DAI (2-(4-(dimethylamino)styryl)-1,3-dimethyl-1H-benzoimidazol-3-ium) cation and
TMS anion. The static hyperpolarizability f,,,0 is proportional to the third power of the
absorption wavelength (13,,,), the oscillator strength f. and the difference in dipole moment
between the ground and excited state Aw.”>! By comparing the contributions of of HMI-TMS
and DAI-TMS to f,..0 (see details in Section A.2 in SI), Au practically does not vary with
different electron donor groups in the HMI and DAI cations, and the hyperpolarizability of
HMI-TMS can therefore be considered close to optimum, compared to existing benchmarks,
given its short Apax.

The microscopic nonlinearity of wide-bandgap HMI chromophores was also studied
using quantum chemical calculations based on the finite-field (FF) approach, as described in
Section B in the SI. The non-resonant hyperpolarizability S.x along the main charge-transfer
axis of the HMI cation was calculated by considering either the optimized geometry in the gas
phase (OPT) or the experimentally determined conformation in the HMI-TMS crystals (EXP).
This was then compared with the conventional aniline-type wide-bandgap chromophores (see
Table 1)."°! For the stilbene-type wide-bandgap HMI-TMS, we obtained Bn.x = 76x107° esu
(OPT) and 77x10% esu (EXP), which are very comparable to the obtained experimental value
Boz0- These values were also much larger than those of the aniline-type wide-bandgap

chromophores: 16.2, 28.8, 24.1 and 21.9x107° esu for MNA, NPP, COANP and BNA,

respectively (see Table 1).
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The large microscopic optical nonlinearity of the HMI cation is related to the electron
withdrawing strength of the benzimidazolium group. To evaluate the electron withdrawing
strength of the 1,3-dimethyl-1H-benzoimidazol-3-ium electron acceptor in the HMI cation,
we additionally calculated the maximal first hyperpolarizability Sp.. of the optimized
structure (OPT) of the DAI cation, consisting of a 1,3-dimethyl-1H-benzoimidazol-3-ium
electron acceptor and dimethylamino electron donor. The maximal first hyperpolarizability
Pinax of the DAI (OPT) cation (Bax = 122x107% esu) was slightly lower than that of the cation
of the benchmark low-bandgap nonlinear optical crystals with very strong electron-
withdrawing groups; e.g., it was Spnax = 159x107° esu for the pyridinium-based DAS (4-(4-
(dimethylamino)styryl)-1-methylpyridinium) (OPT) cation consisting of the N-methyl
pyridinium electron acceptor and dimethylamino electron donor in the benchmark DAST
crystals.””) Therefore, introducing the benzimidazolium electron withdrawing group in the
stilbene-type HMI cation simultaneously provides wide-bandgap and large molecular optical
nonlinearity, which would not be achievable in the previously reported aniline-type wide-

bandgap and benchmark low-bandgap chromophores.

2.3 High Thermal Stability

For conventional wide-bandgap aniline-type chromophores, besides having low
molecular optical nonlinearity, the relatively low thermal stability of the crystalline state can
be a serious drawback in practical applications. As listed in Table 1, the melting temperature
Ty, of aniline-type wide-bandgap crystals is relatively low: 133, 116, 73, and 105 °C for MNA,
NPP, COANP and BNA, respectively.***" Figures 2c and 2d show differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) thermodiagrams of the HMI-based
crystals, respectively. The HMI-based crystals possess a high melting point above 250 °C,

which is interestingly similar to that of the benchmark stilbene-type low-bandgap nonlinear

10
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optical organic crystals and much higher than that of aniline-type wide-bandgap crystals.m’zg]

As a consequence, stilbene-type wide-bandgap HMI chromophores can overcome two of the
crucial drawbacks (low molecular optical nonlinearity and low thermal stability) of the

aniline-type wide-bandgap chromophores in photonics applications.

2.4 Optimal Chromophore Ordering for Maximal Macroscopic Nonlinearity

To investigate the orientation of the HMI cations in the crystalline state using different
counter anions TMS, T and N2S, X-ray single crystal structure analyses were performed on
the HMI-TMS, HMI-T and HMI-N2S crystals. Among the three investigated HMI-based
crystals, the HMI-TMS and HMI-N2S crystals exhibited non-centrosymmetric molecular
ordering with monoclinic Pn and P2; space groups, respectively, while the HMI-T crystals
exhibit centrosymmetric molecular ordering with a monoclinic P2;/c space group. The
molecular packing diagrams of the HMI-TMS, HMI-N2S and HMI-T crystals are illustrated
in Figure 3.

The red solid arrow in Figure 3 indicates the direction of the maximum microscopic first
hyperpolarizability Sn.x of the HMI (EXP) cation in the HMI-TMS crystals. In the HMI-TMS
crystals, the HMI cations are almost perfectly aligned, maximizing the diagonal component of
the second-order nonlinear optical susceptibility. The molecular ordering angle §, between the
direction of the first hyperpolarizability Sn.x of the HMI cation and the polar axis of the HMI-
TMS crystalm’%] was 6, = 3.0° (Figure S4 in SI), and the corresponding order parameter of
cos3t9,7 = 0.996 was near the maximum possible practical value (= 1.0). In contrast, the
molecular ordering angle 6, of the HMI cation in the HMI-N2S crystals was very large (6, =
83°), as shown in Figure 3b, and consequently, the order parameter was very small (cos’ 6, =
0.002). For HMI-T crystals, cos’ 6, = 0 due to the centrosymmetric chromophore packing.

Therefore, among the three investigated HMI-based crystals, the HMI-TMS crystal, which

11
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has the highest order parameter, was determined to be the most suitable for second-order
nonlinear optical applications.

HMI-TMS crystals possess a relatively large macroscopic optical nonlinearity. The
largest diagonal component of the effective hyperpolarizability tensor of the HMI-TMS
crystals, evaluated in the oriented-gas model®® with the first hyperpolarizability of the HMI
(EXP) cation (Buax= 77x107" esu), is B5i,= 77x107 esu, while all other tensor components
are practically zero (< 2x10™° esu). The obtained value for Bt in the HMI-TMS crystals is

reasonable compared to other crystals. The ratio of the calculated effective hyperpolarizability
tensor of the HMI-TMS crystals relative to the benchmark DAST (4-(4-

B showed

(dimethylamino)styryl)-1-methylpyridinium 4-methylbenzenesulfonate) crystals
good agreement with the results of the powder second harmonic generation (SHG) test.

As shown in Figure 4a, the square root of the SHG intensity — which scales with the
macroscopic nonlinear optical susceptibility — generated in the HMI-TMS crystals, relative to
the DAST crystals, was in the range of 0.25-0.35 at the fundamental wavelengths from 1300
nm to 1800 nm. The ratio obtained from the SHG experiment is roughly proportional to the

effective hyperpolarizability tensor. More precisely, the square root of SHG efficiency,

neglecting eventual phase-matching enhancements and intermolecular interactions, was
proportional to the factor N+/((B¢f)2), where N is the number density of chromophores, and

((Beff)z) denotes the spatial average over all effective hyperpolarizability tensor components,

d [12,39]

when the off-diagonal components are also considere The calculated (non-resonant)

ratio between the factors N+/((8¢)2) for HMI-TMS and DAST!'?! equaled 0.38, which is in
excellent agreement with the SHG measurement presented in Figure 4a.

The macroscopic nonlinear optical susceptibility x(z) is proportional to the product of the

effective hyperpolarizability tensor ﬁfjf}i and the number density N of chromophores in the

crystalline state. The largest diagonal component N S, of the HMI-TMS crystals was

12
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remarkably larger than that of the aniline-type wide-bandgap nonlinear optical crystals (see
Table 1). For example, the diagonal component N BT, of the HMI-TMS crystals (124x10™
esu/m’) was one order of magnitude larger than that of NPP (NBsi,=11.2 esu/m’). Note that in
many wide-bandgap nonlinear organic crystals, the calculated maximal diagonal component
of the effective hyperpolarizability tensor is smaller than the maximal off-diagonal component
(see Table 1). This is due to the larger molecular ordering angle 6, in most of these crystals.
This is in agreement with the reported experimental values; for example, dy;;=16.8 pm/V and
dr11 =51 pm/V for NPP crystals and ds33=13.7 pm/V and d3z; = 32 pm/V for COANP crystals
at 1064 nm.”*** As a result, compared to aniline-type wide-bandgap crystals, the stilbene-
based wide-bandgap HMI-TMS crystals with their large macroscopic optical nonlinearity and

high thermal stability can be considered beneficial for practical applications.

2.5 Excellent Crystal Characteristics for Optical Applications

HMI-TMS exhibits relatively high solubility in methanol, as shown in Figure 4b. Bulk
HMI-TMS single crystals were grown using solution growth methods. Figure 4c shows
photographs of the as-grown and cleaved HMI-TMS crystals. The HMI-TMS crystals
prepared by the simple cleaving method™” exhibited uniform transmission, as confirmed by
inspection through crossed polarizers. The polar axis of the HMI-TMS crystal was along the
largest cleaved surface (see the blue dotted arrow in Figure 4c), which is optimal for free-
space THz wave generation.

As expected from the solution data for the wide-bandgap HMI cations, the HMI-TMS
crystals showed a relatively low cut-off absorption wavelength; the 0.24-mm-thick HMI-TMS
crystal showed a wide transparency from 480 to 1550 nm (Figure 4d). Consequently, the
HMI-TMS single crystals, with excellent crystal morphology and a large transparency range,

large macroscopic nonlinear optical susceptibility and high thermal stability, are very

13
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promising candidates for efficient optical-to-THz conversion with near-IR pumping, as will

be discussed in the following section.

2.6 Efficient Optical-to-THz Conversion with Improved Phase Matching

To investigate the THz wave generation characteristics of wide-bandgap HMI-TMS
crystals, THz experiments were performed, employing 1-kHz femtosecond pump pulses both
at 800 nm and 1300 nm with pulse durations of 100 fs and 150 fs, respectively.”® Both pump
pulses were loosely focused on the crystal. The spot diameter was 1.5 mm. THz waves were
generated by optical rectification in a 0.70-mm-thick HMI-TMS crystal and subsequently
detected by the electro-optic sampling (EOS) method in a 0.30-mm-thick GaP crystal. For
comparison, a benchmark organic crystal, 0.79-mm-thick HMQ-TMS, and a benchmark
inorganic crystal, 1.0-mm-thick ZnTe, were also examined under the same experimental
conditions. The details of our THz wave generation setup are described in Section C in SI.

Figure 5a-5c and Figure S5 in the SI show the results of the THz wave generation
experiments. The 0.70-mm-thick HMI-TMS crystal provided high optical-to-THz conversion
efficiency. We obtained up to 1.6 times higher peak-to-peak THz electric field than with the
1.0-mm-thick ZnTe crystal (Figure 5a), which was perfectly phase-matchable at 800 nm.”**
Under the phase matching condition, the generated THz electric field is proportional to crystal
thickness."*'”! The optical-to-THz conversion efficiency of the 0.7-mm thick HMI-TMS was
up to 2.3 times higher than that of ZnTe normalized to the same crystal thickness.

Interestingly, although the wide-bandgap HMI-TMS crystals (calculated S5, = 77x107°

esu; experimental static first hyperpolarizability £,,,0 = 47x10™° esu) exhibited only about
42% of the macroscopic (or 56% of the experimental microscopic) optical nonlinearity of the
benchmark low-bandgap HMQ-TMS crystals (calculated BST, = 185x107°  esul?”;

experimental static first hyperpolarizability of HMQ cation f,,,0 = 84x10™° esu in

14
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acetonitrile™*") the peak-to-peak THz electric field obtained with the 0.70-mm-thick HMI-
TMS crystal pumped at 800 nm was comparable to the one generated from the benchmark
0.79-mm-thick HMQ-TMS crystal, as shown in Figure 5a and the left side of Figure 5c.

In contrast, at a pump wavelength of 1300 nm, the generated peak-to-peak THz electric
field of the 0.70-mm-thick HMI-TMS crystal was about 50 % of the one obtained with the
0.79-mm-thick HMQ-TMS crystal. This is well matched to the ratio of the macroscopic and
microscopic optical nonlinearities (42% and 56%) (see Figure 5c). This clearly indicates that
the wide-bandgap HMI-TMS crystals probably provide better phase matching compared to
the benchmark low-bandgap HMQ-TMS crystals when pumped at 800 nm.

In order to clarify the interesting behavior of the HMI-TMS crystals during THz wave
generation at 800 nm, the refractive indices of the HMI-TMS crystals in both optical and THz
frequency ranges were measured, as described in Section C in the SI. Figure 6a and 6b show
the measured optical group index and the THz phase index of the HMI-TMS crystals.
Compared to the HMQ-TMS crystals,*?! the optical group index of the HMI-TMS crystals
was substantially smaller, as shown in Figure 6a: the optical group indices were 2.14 and
2.41 for the HMI-TMS and HMQ-TMS crystals, respectively, at 800 nm. When the
wavelength increased, the difference in the optical group indices of the HMI-TMS and HMQ-
TMS crystals became smaller. At the longer IR wavelength of 1500 nm, the optical group
indices were 1.95 and 2.0 for the HMI-TMS and HMQ-TMS crystals, respectively. In the
THz frequency region, the refractive index of the HMI-TMS crystals was still smaller than
that of the HMQ-TMS crystals,”ﬁ’m by about the same amount as near 1500 nm (more details
are presented in Figure S6 in the SI).

In particular, as shown in Figure 6b, the relevant refractive index difference An = ng op -
nty, of the HMI-TMS crystals below 1000 nm was very small, as well as around 1200-1600
nm; i.e., the phase matching condition was well satisfied across the wide pump wavelengths

in the near-IR region, except for an oscillation region in the optical group index around 1000
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nm. These phase matching characteristics of the HMI-TMS crystals are interesting, because
most benchmark organic crystals show poor phase matching at near-IR wavelengths below
1000 nm. The improved phase matching characteristics of the HMI-TMS crystals results in a
high optical-to-THz conversion efficiency at 800-nm pumping.

To illustrate the phase matching condition at various pump wavelengths A and generated
THz frequencies v, the coherence length [.(4,v) = c/(2vAn) of the HMI-TMS crystals was
calculated, as shown in Figure 6¢c. Compared to the equivalent coherence-length plot of the
HMQ-TMS crystals reported in Ref. [16], the HMI-TMS crystals indeed showed better phase
matching (i.e., much longer coherence length), particularly at near-IR pump wavelengths
around 800 nm. Consequently, this work successfully demonstrates the proof-of-principle of
refractive index engineering using the wide-bandgap approach, in which wide-bandgap HMI
chromophores were introduced to reduce the optical group index. This led to substantially
improved phase matching conditions and efficient THz wave generation by pumping at the
technologically important wavelength.

Note that HMI-TMS crystal pumped at the longer IR wavelength of 1300 nm exhibited a
generated THz wave with a broad spectral bandwidth and an upper cut-off frequency of ~8
THz, as shown in Figure S5d in SI. Although the HMI-TMS crystals provided a better phase
matching condition around 800 nm compared to the HMQ-TMS crystals, the spectral
bandwidth of the generated THz wave of the HMI-TMS crystals at near-IR wavelengths is
still limited as shown in Figure S5b in SI. This is because HMI-TMS crystals pumped at this
wavelength are better phase matchable in the lower THz frequency region (< 2 THz, see
Figure 6¢), while at IR wavelengths near 1300 nm thet are better phase matched in the higher
THz frequency region. Consequently, the generated THz spectral bandwidth of HMI-TMS
crystals pumped at 1300 nm is much broader than at 800 nm, similar to benchmark organic

THz generators (Figure S5b and S5d in SI).
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As shown in Figure S5e and S5f in the SI, the generated THz field amplitude in the HMI-
TMS crystal linearly increases when the input power of the fundamental pump beam is
increased (see yellow highlighted region), as expected for optical rectification processes in the

15191 However, the linearity between the generated

undepleted pump approximation regime.
THz electric field and the pump power is lost at a certain fluence level; e.g., 45.27 pJ/cm® at
800 nm and 565.9 pJ/cm? at 1300 nm in the 0.70-mm-thick HMI-TMS crystal. The transition
point from the linear to nonlinear relationship varies depending on different experimental
conditions (e.g., crystal thickness). Note that this deviation from the linear dependence may
result from (reversible) photoswitching of the molecules at high pump powers, which was
also observed for HMI-TMS in solution (see Figure S8 in SI). Our on-going work will involve
chemical modification of the large-bandgap benzimidazolium-based cation to prevent
undesired competing photo-induced processes, which limit the THz conversion efficiency at

higher pump fluences.'*’

2.7 Discussion on Wide-Bandgap Approach

In this work, we propose introducing wide-bandgap chromophores into crystals as an
efficient design concept to reduce the refractive index in the near-IR region, especially below
1000 nm, which leads to better phase matching for THz wave generation in a wide spectral
range. The present work is mainly focused on refractive index engineering, based on a unique
method of chemically modifying chromophores. This approach was realized with the newly
designed stilbene-type wide-bandgap HMI-TMS crystal, which was modified from
benchmark stilbene-type low-bandgap HMQ-TMS crystals. Compared to the mother HMQ-
TMS crystal, the HMI-TMS crystal exhibited much lower refractive indices while
maintaining other desired physical properties: e.g., overall molecular ordering features (i.e.,
perfectly parallel alignment of nonlinear optical cationic chromophores to maximize

macroscopic optical nonlinearity) and high thermal stability. Up to now, methods of
17
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predicting and screening the refractive index of organic crystals have only been addressed by
quantum chemical calculations, even with known crystal structures.**!

In addition, in the THz region, stilbene-type HMI-TMS crystals exhibited similar
absorption characteristics as mother HMQ-TMS crystals. As shown in Figure S7 in SI, the
HMI-TMS crystals exhibit a relatively low absorption coefficient in the THz region below 5
THz. Moreover, the THz absorption spectrum of the HMI-TMS crystal was very similar to the
benchmark HMQ-TMS crystals“ﬁ’“] because both the HMI and HMQ chromophores consist
of a similar stilbene-type T-conjugated structure. As a result, we were able to demonstrate a
wide-bandgap approach to efficient THz wave generation, by simultaneously maintaining the
low amplitude molecular vibrational modes in the THz region, which is important to prevent
self-absorption of the generated THz waves.

In addition to successfully demonstratiing refractive index engineering of organic
nonlinear crystals, we found the newly designed wide-bandgap stilbene-type HMI-TMS
crystals were very interesting for THz wave generation. Although the HMI-TMS crystals
pumped at IR wavelength delivered half the THz generation efficiency of benchmark mother
HMQ-TMS crystals, this efficiency from HMI-TMS crystal is still very high. The peak-to-
peak THz electric field was one order of magnitude higher than that generated from an
inorganic ZnTe crystal when pumped at 1300 nm with the same pump fluence of 565.9
p,LJ/cm2 (Figure 5b). Furthermore, the HMI-TMS crystals showed generated THz waves with
broad spectral bandwidths and an upper cut-off frequency of ~ 8 THz (Figure S5d in SI).

In particular, at the technologically important pump wavelength of 800 nm, the HMI-
TMS crystals exhibited excellent THz wave generation efficiency. The wide-bandgap
stilbene-type HMI-TMS crystals pumped at 800 nm exhibited the same order of magnitude
THz wave generation efficiency as the benchmark low-bandgap stilbene-type HMQ-TMS

crystals pumped at 800 nm shown in this work and benchmark wide-bandgap aniline-type
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[46,47

BNA and COANP crystals pumped at 815 and 776 nm, respectively. I Note that the ideal

pump wavelength for phase matching in ZnTe is located near 800 nm. 9

Despite their THz generation characteristics, the phusical properties of the HMI-TMS
crystals still need improvements. The thermal stability of the stilbene-type HMI-TMS crystals
is higher than aniline-type crystals, as discussed above in Section 2.3. However, due to ionic
characteristics of the HMI-TMS crystals, environmental instability caused by high humidity
(or water-rich environment) may occur over long-term periods, which may not be the case in
non-ionic crystals. On the other hand, the ionic HMI-TMS crystals might possess higher
sublimation temperatures compared to some non-ionic crystals with low melting temperatures.
Furthermore, undesired photo-induced processes in the HMI-TMS crystals, which are more

often observed in two aromatic ring systems than one aromatic ring systems, should be

improved.

3. Conclusions

We have successfully demonstrated refractive index engineering using a wide-bandgap
approach, based on benzimidazolium-based HMI-TMS crystals. We achieved efficient THz
wave generation, due to improved phase matching, with pumping at near-IR wavelengths of
around 800 nm. The stilbene-type HMI cations exhibited a very low wavelength of maximum
absorption of only 364 nm in methanol solution. The HMI-TMS crystals provided high
optical-to-THz conversion efficiency at 800 nm with better phase matching due to the much
lower near-IR refractive index, compared to benchmark HMQ-TMS crystals. The refractive
index engineering of optical materials based on the wide-bandgap approach is a very
promising strategy for diverse applications, including efficient optical-to-THz frequency
conversion, and controlling the refractive index of m-conjugated organic materials. To extend
the proposed wide-bandgap approach, further chemical modification will be required to

optimize the bandgap (and refractive index) and enhance macroscopic optical nonlinearity.
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4. Experimental Section

Synthesis: The HMI-based compounds HMI-TMS, HMI-T and HMI-N2S were
synthesized by a condensation reaction of vanillin, including electron-donor groups and a
corresponding intermediate (1,2,3-trimethyl-1H-benzoimidazol-3-ium with corresponding
aromatic sulfonate) including benzimidazolium-based electron acceptor groups, according to
the literature.'?**%! Since the benzimidazolium-based intermediates, such as 2,3-dimethyl-1H-
benzoimidazol-3-ium and 2-methyl-1H-benzoimidazol-3-ium, could not be purely separated
from the byproducts by precipitation and/or recrystallization methods, the mixture of
benzimidazolium-based intermediates and byproducts was used for the condensation reaction
of vanillin.

2-(4-Hydroxy-3-methoxystyryl)-1,3-dimethyl-benzimidazolium 2,4,6-
trimethylbenzenesulfonate (HMI-TMS): 'H NMR (600 MHz, DMSO-dg, 9) : 9.90 (s, 1H, -OH),
8.01 (m, 2H, C¢Hy), 7.72 (d, J = 16.8 Hz, 1H, CH), 7.66 (m, 2H, CsHa), 7.54 (s, 1H, CsH3),
7.36 (m, 1H, C¢H3), 7.35 (d, J = 16.2 Hz, 1H, CH), 6.91 (d, J = 7.8 Hz, 1H, C¢Hs), 6.73 (s, 2H,
CeH2SO3), 4.12 (s, 6H, N,C,Hp), 3.89 (s, 3H, OCH3), 2.48 (s, 6H, C,Hp), 2.16 (s, 3H, CHa).
C NMR (600 MHz, DMSO-ds, 8) : 150.90, 149.39, 148.68, 147.65, 143.51, 136.58, 136.38,
132.49, 130.29, 126.72, 126.50, 124.49, 116.25, 113.30, 112.08, 104.46, 56.49, 33.36, 23.26,
20.80. Elemental analysis for C,7H30N20sS: Caled. C 65.57, H 6.11, N 5.66, S 6.48; Found: C
65.53, H 6.14, N 5.66, S 6.46.

2-(4-Hydroxy-3-methoxystyryl)-1,3-dimethyl-benzimidazolium 4-methylbenzenesulfonate
(HMI-T): "H NMR (600 MHz, DMSO-ds, 8) : 9.87 (s, 1H, -OH), 8.01 (m, 2H, C¢H,), 7.72 (d,
J = 16.8 Hz, 1H, CH), 7.66 (m, 2H, C¢Hy), 7.55 (s, 1H, C¢Hs), 7.46 (d, J = 8.4 Hz, 2H,
C6H4S03-), 7.37 (m, 1H, C¢H3), 7.34 (m, 1H, CH) 7.09 (d, J = 7.2 Hz, 2H, CcH4SO3") 6.91
(d, J = 8.4 Hz, 1H, C¢H3), 4.12 (s, 6H, N,C,Hg), 3.89 (s, 3H, OCH3), 2.28 (s, 3H, CH3) °C

NMR (600 MHz DMSO-ds, 8) : 150.85, 149.39, 148.67, 147.65, 146.46, 138.00, 132.50,
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128.52, 126.73, 126.53, 126.01, 124.48, 116.24, 113.31, 112.07, 104.50, 56.49, 33.37, 21.29.

Elemental analysis for CysH»6N,O5S: Caled. C 64.36, H 5.62, N 6.00, S 6.87; found: C 64.34,
H5.61,N5.99, S 6.78.

2-(4-Hydroxy-3-methoxystyryl)-1,3-dimethyl-benzimidazolium  naphthalene-2-sulfonate
(HMI-N2S): "H NMR (600 MHz, DMSO-ds, 8) : 9.91 (s, 1H, -OH), 8.12 (s, 1H, C;oH7S05),
8.01 (m, 2H, C¢Hy), 7.95 (m, 1H, C,(H7SO53"), 7.88 (m, 1H, C,yH;S05"), 7.84 (d, J = 8.4 Hz,
1H, C,0H;S05), 7.72 (d, J = 16.2 Hz, 1H, CH), 7.70 (m, 1H, C,0H;SO5"), 7.66 (m, 2H, C¢Ha),
7.55 (s, 1H, C¢H3), 7.51 (m, 2H, C;0H7SO53"), 7.36 (m, 1H, C¢Hs), 7.34 (d, J = 16.2 Hz, 1H,
CH) 6.90 (d, J = 7.8 Hz, 1H, C¢Hs), 4.11 (s, 6H, NoC>Hy), 3.89 (s, 3H, OCH3). *C NMR (600
MHz, DMSO-dg, ) : 150.98, 149.39, 148.70, 147.65, 146.33, 133.20, 132.69, 132.50, 128.94,
127.96, 127.75, 126.88, 126.76, 126.72, 126.46, 124.56, 124.51, 116.27, 113.30, 112.07,
104.40, 56.49, 33.36, 31.21. Elemental analysis for C,sH»6N,OsS: Caled. C 66.91, H 5.21, N
5.57, S 6.38; Found: C 66.97, H 5.22, N 5.52, S 6.40.

X-ray Crystal Structure Analysis: The stilbene-type wide-bandgap single crystals (HMI-
TMS, HMI-N2S and HMI-T) were grown by the rapid cooling method in methanol for X-ray
single crystal structure analysis.

HMI-TMS: CyH3N,0sS, M, = 494.59, Monoclinic, space group Pn, a = 11.4249(6) 10\, b
=8.0033(5) A, ¢ = 14.3812(8) A, f=108.709(1)°, V = 1245.49(12) A, Z=2, T = 290(1) K,
wWMoKa)= 0.171 mm™. Of 6523 reflections collected in the 0 range 2.99°-27.415° using ®
scans on a Rigaku R-axis Rapid S diffractometer, 5090 were unique reflections (R, = 0.0575).
The structure was solved and refined against F using SHELXL-2014/7,' 323 variables, wR,
= 0.1515, R, = 0.0617 (Fo2 > 20(F02)), GOF = 0.994, and max/min residual electron density
0.252/-0.194 eA™. CCDC-1848730.

HMI-N2S: Cy3Hy6N,05S, M, = 502.57, Monoclinic, space group P2, a = 7.9260(2) A, b

=20.0022(5) A, ¢ = 15.3143(5) A, B=90.9733(9)°, V = 2427.54(12) A%, Z=4, T = 150(1) K,
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wMoKo)= 0.177 mm™'. Of 21003 reflections collected in the 6 range 3.05°-27.46° using ®
scans on a Rigaku R-axis Rapid S diffractometer, 10316 were unique reflections (Rjy =
0.0250). The structure was solved and refined against F* using SHELXL-2014/7,"! 657
variables, wR, = 0.1431, R; = 0.0529 (Fo2 > 26(F02)), GOF = 1.052, and max/min residual
electron density 1.279/-0.429 eA”. CCDC-1848731.

HMI-T: Cy5sHpN>OsS, M, = 466.54, Monoclinic, space group P2/c, a = 11.9188(6) 10\, b
= 13.6264(10) A, ¢ = 15.1091(7) A, B=113.5960(10)°, V = 2248.7(2) A°, Z = 4, T = 290(1)
K, uMoKa)= 0.185 mm™. Of 17088 reflections collected in the 6 range 3.159°-24.997°
using M scans on a Rigaku R-axis Rapid S diffractometer, 3921 were unique reflections (Rjy=
0.0392). The structure was solved and refined against F using SHELXL-2014/7,"! 304
variables, wR, = 0.1878, R; = 0.0541 (Fo2 > 20(F02)), GOF = 1.149, and max/min residual
electron density 0.583/-0.599 eA”. CCDC-1855375.
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Figure 1. (a) Schematic illustration of the wide-bandgap approach for organic materials for
application as efficient THz generators. Introducing wide-bandgap chromophores with a blue-
shifted absorption band effectively reduces the group index in the near-IR. The curves are
from a single-oscillator Lorentz model (see e.g. Ref. [26a]) with different resonant
wavelengths: 500 nm (red) and 400 nm (blue). The chemical structures of the nonlinear
optical (b) wide-bandgap stilbene-type HMI-based crystals introduced in this work, while the
(c) low-bandgap stilbene-type HMQ-TMS crystals, and (d) wide-bandgap aniline-type

crystals were taken from the literature.

29



O

(b)

Q./I
— HMI-TMS
366 nm — HMI-T
0.34 — HMI-N2S
3 8
S 02 5
g S
0.14
0.0 ; : e r
300 350 400 450 500 550 600
Wavelength (nm)
6 1
4 HMI-TMS 1
= 2 T
o HMI-T W &
E 04 =
% HMI-N2S 3
= 21 v g
T
5
-8 T i T T
50 100 150 200 250 300
Temperature (°C)

500

WILEY-VCH

Fundamental wavelength (nm)

600 800 1000 1200 1400 1600 1800
T T T T T T 35

‘.
- n N w
[5:] o w o

(,wo  jow.01)%

(=]

T T T T T
400 500 600 700 800
Second harmonic wavelength (nm)

T
300

20
00
804
60
404 — HMI-TMS
— HMI-T
o HMI-N2S
0 T T T T
100 200 300 400
Temperature (°C)

Figure 2. (a) UV-Vis absorption spectra of the HMI-based crystals in methanol solution. (b)

Molecular first hyperpolarizability f determined using HRS measurement (square; effective

B..2) and absorption spectrum (dashed line) of the HMI-TMS. (c) Differential scanning

calorimetry (DSC) and (d) thermogravimetric analysis (TGA) thermodiagrams of the HMI-

TMS, HMI-T and HMI-N2S crystals.
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Figure 3. (a) Molecular packing diagrams of acentric (a) HMI-TMS crystals and (b) HMI-
N2S projected along the crystallographic b- and a-axes, respectively, and (c) centrosymmetric
HMI-T crystals projected along the crystallographic b-axis. The directions of the maximal
first hyperpolarizability fmax of the HMI cations and the polar axis of the crystals are

presented by the red solid and blue dotted arrows, respectively.

31



WILEY-VCH

P_—

QO

S

F i)

e
o
o

P~
[
n

||

(|HVII TMS/I Dl-\S'I')‘V2
®
@
L)
Solubility (g/100g methanol

i 1| . ... - S — . .
o ® 35
02
30 o
0.14 /
[ |
00 ; ; , : ‘ : : 25 ‘ ‘ : .
1100 1200 1300 1400 1500 1600 1700 1800 1900 30 35 40 45
Wavelength(nm) Temperature (°C)
(C) polar (d)
‘__axis 100
. A .
s . 80
= Q
J - =
= © 60
as-grown 2mm  cleaved 2mm 2
E 40
o
'_.
204

400 600 800 1000 1200 1400 1600 1800 2000 2200
between crossed polarizers Wavelength (nm)

Figure 4. (a) Square root of the relative SHG intensity (IHMI,TMS/IDAST)O'5 of the HMI-TMS
powder relative to DAST powder at various fundamental wavelengths. (b) Solubility of the
HMI-TMS crystals in methanol. (c) Photographs of the as-grown and cleaved HMI-TMS
crystals grown by the slow evaporation method and slow cooling method, respectively, in
methanol. The three photographs (bottom) show different orientations of a cleaved HMI-TMS
crystal between crossed polarizers. The blue dotted single arrow and the white crossed double
arrows indicate the direction of the polar axis and the transmission axes of the polarizers,

respectively. (d) Transmittance of a 0.24-mm-thick cleaved HMI-TMS crystal, measured

using unpolarized light.
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Figure 5. THz wave generation experiments with 0.70-mm-thick HMI-TMS, 0.79-mm-thick
HMQ-TMS and 1.0-mm-thick ZnTe crystals. Measured time traces when pumped at (a) 800
nm with an average pump power of 0.8 mW (corresponding to a pump fluence of 45.27
uJ/cmz) and at (b) 1300 nm with an average pump power of 10 mW (corresponding to a pump
fluence of 565.9 uJ/cm2). (c) Ratio of peak-to-peak THz electric field of a HMI-TMS crystal
relative to that of a HMQ-TMS crystal as a function of pump power in the linear power

response range (see Figure S5 in SI).
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Figure 6. (a) Optical group indices of the HMI-TMS and low-bandgap HMQ-TMS crystals.
The black solid line is from a single-oscillator Sellmeier model best fit to the experimental
data. The optical group index of the HMQ-TMS crystals (black dashed curve) is according to
the literature."*"! (b) Optical group index (black solid circles) and THz phase index (solid red
curves). (c) Coherence length as a function of the pump wavelength and the generated THz

frequency of HMI-TMS crystals.
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Table 1. Summary of the physical properties and crystal systems of the wide-bandgap

stilbene-type HMI-TMS crystal introduced in this work, compared with previously developed

aniline-type crystals.

HMI-TMS MNA NPP COANP BNA
Ama (nm) in solution 364 methanol 374 methanol %?dlo ethanol 361 gioxane 1 383 ethanol
T (°C) 259 135 116 2 71 Lol 105 2
monoclinic monoclinic monoclinic orthorhombic  orthorhombic
crystal system Pn Ja 25 P2, 25 Pca2, ™" Pna2, ™!
P EXP) (107 esu)  77.4 16.2 28.8 24.1 21.9
6, degree) 3.0 18.3 56.9 57.7 325
order parameter
3 1.0 0.86 0.16 0.15 0.6
cos 0,
number density N
(107/m) 1.61 5.51 3.83 3.06 3.14
largest diagonal X
Th=77.1 off =13.5 <l =2.9 Bl =32 ot =12.3

,Bflflf (107 esu)

largest diagonal
NBST (107 esu/m’)

Npit; =124

NB$T =745

NBSE.=11.2

NpSE.=9.8

Np§E.=38.5

largest off-diagonal
Bifi (107 esu)

pser=1.2

eff _

=123

B523=6.4

eff _

largest off-diagonal
Nﬁf},f( (107 esu/m’)

Nﬁ§£f1:1-9

Np§t=4.5

Np§Y,=46.9

Nﬁ§£f3:120

NBSH=11.1

optical group index at
800 nm

2.14

1.691"!

1.83148
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Newly designed benzimidazolium-based crystals based on the so-called wide-bandgap
approach allow efficient THz wave generation pumped at near-IR wavelengths near 800 nm

due to substantially improved phase matching between optical and THz waves distinct from

other benchmark organic nonlinear optical crystals.
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