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A New Class of Organic Crystals with Extremely Large
Hyperpolarizability: Efficient THz Wave Generation with

Wide Flat-Spectral-Band

Seung-Jun Kim, In Cheol Yu, Dong-Joo Kim, Mojca Jazbinsek, Woojin Yoon, Hoseop Yun,

Dongwook Kim, Fabian Rotermund,* and O-Pil Kwon*

In organic #-conjugated crystals, enhancing molecular optical nonlinearity

of chromophores (e.g., first hyperpolarizability > 300 x 10-3° esu) in most
cases unfortunately results in zero macroscopic optical nonlinearity, which is
a bottleneck in organic nonlinear optics. In this study, a new class of nonlinear
optical organic crystals introducing a chromophore possessing an extremely
large first hyperpolarizability is reported. With newly designed 4-(4-(4-(hydrox-
ymethyl)piperidin-1-yl)styryl)-1-(pyrimidin-2-yl) pyridin-1-ium (PMPR) chromo-
phore, incorporating a head-to-tail cation-anion O—H-:-O hydrogen-bonding
synthon and an optimal selection of molecular anion into crystals results in
extremely large macroscopic optical nonlinearity with effective first hyperpo-
larizability BT of 335 x 1030 esu. This is in sharp contrast to zero B3 value
for previously reported analogous crystals. An ultrathin PMPR crystal with a
thickness of =10 um exhibits excellent terahertz (THz) wave generation perfor-
mance. Both i) broadband THz wave generation with a wide flat-spectral-band
in the range of 0.7-3.4 THz defined at —3 dB and high upper cut-off generation
frequency of > 7 THz as well as ii) high-generation efficiency (5 times higher
THz amplitude than ZnTe crystal with a mm-scale thickness) are simultane-
ously achieved. Therefore, new PMPR crystals are highly promising materials
for diverse applications in nonlinear optics and THz photonics.

nonlinearity in materials is the key para-
meter to achieve efficient performance in
these applications. In integrated photonic
devices, large macroscopic second-order
optical nonlinearity allows a low operation
voltage (e.g., half-wave voltage in Mach-
Zehnder interferometer that is recipro-
cally proportional to the electro-optic
coefficient).’# Also for THz photonic
devices, the macroscopic optical nonlin-
earity is a crucial material parameter. For
THz wave generators based on difference
frequency generation (DFG) or optical
rectification (OR), THz generation effi-
ciency is proportional to the square of the
second-order nonlinear optical suscepti-
bility @19 while the detection sensi-
tivity is proportional to the electro-optic
coefficient for THz detection based on
optical phase detection with electro-optic
sampling (EOS) or THz-induced lensing
methods.[*1112]

To obtain a large macroscopic optical
nonlinearity in organic crystals, highly
dipolar 7-conjugated chromophores have
to be self-assembled with a high-order

1. Introduction

Nonlinear optical materials are highly attractive for diverse
applications in telecommunications, integrated optics, THz
wave photonics, frequency conversion, and electro-optic
modulation.'™ A large macroscopic second-order optical

parameter, optimally perfectly parallel, without inversion
symmetry.'34  Unfortunately, introducing chromophores
having an extremely large, top-level molecular optical nonlin-
earity (e.g., first hyperpolarizability 8 > 300 x 1073 esu) into
crystals mostly results in centrosymmetric self-assembly of
chromophores, i.e., with inversion symmetry, which leads
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Scheme 1. a) Previously reported N-pyrimidinyl stilbazolium chromophores (OPR, HPR, and DAPR) with various electron donating groups (EDGs)
and b) their molecular optical nonlinearity (maximum first hyperpolarizability .. in gas phase) and macroscopic optical nonlinearity (effective first

eff

hyperpolarizability S,

in crystals)."l For comparison, newly designed PMPR chromophore in this work is also presented. Schematic of c) ideal

spectroscopy source with wide flat-spectral-band and d) most common source with absorption dimples for broadband THz spectroscopy.

to zero macroscopic second-order optical nonlinearity. The
first hyperpolarizability of push—pull chromophores generally
increases with increasing electron donating strength of electron
donating groups (EDGs).213" For instance, for N-pyrimidinyl
stilbazolium chromophores, the maximum first hyperpo-
larizability B, in gas phase increases with increasing the
strength of EDGs in the order of 4-hydroxyphenyl, 4-hydroxy-
3-methoxyphenyl, and 4-dimethylaminophenyl groups for
OPR  ((4-hydroxystyryl)-1-(pyrimidin-2-yl)pyridinium), ~HPR
(4-(4-hydroxy-3-methoxystyryl)-1-(pyrimidin-2-yl) pyridinium),
and DAPR (4 (4-(dimethylamino)styryl)-1-(pyrimidin-2-yl)pyri-
dinium) chromophores, respectively (see Scheme 1a,b). How-
ever, the macroscopic optical nonlinearity (which scales with
the effective first hyperpolarizability B5) in crystals decreases
with increasing molecular optical nonlinearity SB,,,.>""! Even-
tually, although the DAPR chromophore introducing the
strongest electron donating dialkylamino EDG exhibits the
largest molecular optical nonlinearity f.,, DAPR crystals
exhibit centrosymmetric crystal structure with zero effective
first hyperpolarizability &[5

It is well known since two decades that the DAPR
chromophore, consisting of N-pyrimidinyl stilbazolium and
dialkylamino EDG, exhibits extremely large molecular optical
nonlinearity that is up to several times higher than that of the
benchmark 4-(4-(dimethylamino)styryl)-1-methylpyridinium
4-methylbenzenesulfonate (DAST) crystals.'>®201  However,
DAPR and analogous crystals possessing large macroscopic
optical nonlinearity have never been reported yet. Herein, to the
best of our knowledge, we report the first DAPR analogous crys-
tals that exhibit extremely large macroscopic optical nonlinearity.

In this work, we newly designed the cationic chromo-
phore PMPR  (4-(4-(4-(hydroxymethyl)piperidin-1-yl)styryl)-1-
(pyrimidin-2-yl)pyridin-1-ium, Figure 1la) possessing extremely
large, top-level molecular optical nonlinearity (Scheme 1b). In
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crystals, incorporating a head-to-tail cation-anion O—H---O
hydrogen-bonding synthon and selecting an optimal molecular
anion result in extremely large effective first hyperpolarizability
BEE of 335 x 10730 esu. This is about double the value achieved
in benchmark DAST crystals with B = 161 x 10730 esu.[2021
Based on the large macroscopic optical nonlinearity, as-grown
PMPR-based crystal with an ultrathin thickness of =10 pm
shows excellent THz generation performance; both broadband
generation with a wide flat-spectral-band and high-generation
efficiency. It satisfies the requirements of an ideal THz source
for broadband THz spectroscopy. Therefore, PMPR crystals are
very promising materials for THz photonic and other nonlinear
optical applications.

2. Results and Discussion

2.1. Design for Overcoming the Bottleneck in Nonlinear Optics

Figure 1a shows the chemical structure of the newly designed
PMPR cation and two molecular counter anions, MO
(4-((4-(dimethylamino)phenyl)diazenyl)benzenesulfonate)
and CBS (4-chlorobenzenesulfonate). For designing the new
PMPR cationic chromophore, we considered i) boosting mole-
cular optical nonlinearity and simultaneously ii) introducing a
hydrogen-bond donor group to promote a head-to-tail cation-
anion O—H---O hydrogen-bonding synthon that may induce
non-centrosymmetric ordering of chromophores in the crys-
talline state. To obtain large molecular optical nonlinearity, a
strong EDG, the piperidino group on piperidin-4-ylmethanol
(PM) group and a strong electron withdrawing group (EWG),
the N-pyrimidinyl pyridinium (PR) groups are introduced
at the ends of the PMPR chromophore. Since PMPR and
DAPR chromophores have an analogous EDG, piperidino and
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Figure1. a) Newly designed PMPR-MO and PMPR-CBS. b) Head-to-tail cation-anion assembly based on strong hydrogen bond between —OH---—0;S—
groups in PMPR-MO(I) crystals. c) Crystallographic volume of molecular cations and anions in benchmark organic nonlinear optical crystals, deter-
mined from Hirshfeld surface analysis. d) Schematic of parallel-type assembly in benchmark organic salt crystals. e) Hirshfeld surface of PMPR cation,
presenting X---Y close contacts of H---C (<3.2 A, red dotted lines), in PMPR-MO(l) crystals.

dialkylamino group, respectively, the PMPR chromophore is
expected to possess a large molecular optical nonlinearity like
the DAPR chromophore.

For achieving non-centrosymmetric ordering of PMPR
chromophores in the crystalline state by incorporating a head-
to-tail cation-anion O—H:--O hydrogen-bonding synthon,
hydrogen-bond donor and acceptor groups are introduced into
cation and anion, respectively. The aliphatic hydroxyl —OH (6+)
group on PM EDG at an end of PMPR cations and the negative
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O atoms on aromatic sulfonate group at an end of MO (and
CBS) anions can act as hydrogen-bond donor and acceptor,
respectively, as shown in Figure 1a.?2’l We explore here two
molecular counter anions with a different size; the bigger MO
anion and the smaller CBS anion.

New PMPR-MO and PMPR-CBS were synthesized by the
metathesis reaction of PMPR chloride (PMPR-Cl) and the
corresponding sodium aromatic sulfonate (or silver aromatic
sulfonate). The details of the synthesis, crystallization processes,

© 2022 Wiley-VCH GmbH

95UB017 SUOWIWIOD BA18.D 3 qeot ddke au Aq peusenob ake sajoNe YO 9SO Sa|nJ Joj AReiq 18Ul UO A8]IAN UO (SUOTPUOO-PUR-SLUIB)LIY™AB | 1M Afe.d 1/Bu{UO//:Sdny) SUONIPUOD PUe SWie | 8U) 89S *[£202/£0/20] U ARIqIT8UlUO A8]IA *JO 8INisU| peoueApY 810X A GT6602Z02 WiPe/Z00T OT/I0p/Wod A8 im Afe.d 1jeul|uoy/sdny Wwolj pepeojumod ‘T ‘€202 ‘8Z0E9TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

and crystal structure and symmetry analysis are described in
the Supporting Information. PMPR-MO exhibits polymor-
phism at our experimental conditions; two polymorphs, PMPR-
MO(I) and PMPR-MO(II) were observed as shown in Figure S1
(Supporting Information). In contrast, we did not observe poly-
morphism for PMPR-CBS.

Although PMPR-MO and PMPR-CBS consist of an identical
PMPR chromophore and an identical head-to-tail cation-anion
O—H---O hydrogen-bonding synthon, their crystal symmetry
can be different. It is because the molecular MO and CBS
anions possess a substantially different size that may addition-
ally contribute to interionic interactions. In qualitative powder
second harmonic generation (SHG) measurements?®?/l at
the fundamental wavelength of 1300 nm, PMPR-CBS powder
shows no measurable SHG signal expected at 650 nm, but a
clear third harmonic generation (THG) signal at 433 nm as
shown in Figure S3 (Supporting Information). Two polymorphs
of PMPR-MO exhibit different results; PMPR-MO(I) powder
shows a strong SHG signal, while PMPR-MO(II) powder shows
no SHG signal. These results indicate that PMPR-CBS and
PMPR-MO(II) possess a centrosymmetric, while PMPR-MO(I)
a non-centrosymmetric crystal structure with a second-order
nonlinear optical functionality.

www.afm- ]ournal de

To investigate the details of the molecular ordering in
PMPR-MO crystals, we grow single crystals of PMPR-MO(I)
and PMPR-MO(II) phases. PMPR-MO(I) crystals exhibit non-
centrosymmetric monoclinic Pc space group symmetry and
PMPR-MO(II) crystals exhibit centrosymmetric triclinic P1
space group symmetry. The corresponding molecular ordering
of PMPR-MO(I) and PMPR-MO(II) crystals is presented in
Figure 2 and Figure S2 (Supporting Information), respectively.
Importantly, PMPR-MO(I) crystals have an optimal molecular
ordering of PMPR chromophores for second-order nonlinear
optics; a (close-to) perfect parallel alignment of PMPR chromo-
phores (Figure 2). PMPR-MO(I) crystals exhibit head-to-tail self-
assembly between PMPR cations and MO anions (Figure 1b).
A pair of PMPR cationic chromophore and MO anion forms
a strong hydrogen bond between the —OH---~O3;S— groups
with a very short distance of 2.23 A. As a consequence, among
three crystalline phases of PMPR-based crystals, PMPR-MO(I)
crystals are highly attractive for macroscopic second-order non-
linear optical applications.

The reason of obtaining different crystal symmetry in non-
centrosymmetric PMPR-MO(I) and centrosymmetric PMPR-
CBS crystals may be attributed to the size of molecular anions.
To explore this hypothesis, we analyze the crystallographic

: g&_{*}‘}{\) PMPR layer

7‘\\1;‘ ¢ MO layer

;.{}.Q PMPR layer

k )“T“e-__\ ¢ MO layer

,%3\ B !

Figure 2. Molecular ordering of PMPR-MO (l) crystals with monoclinic Pc space group. The solid arrows present the direction of the first hyperpolariz-

ability fB,.c of PMPR cations.
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volume of cationic chromophores and anions in bench-
mark organic nonlinear optical salt crystals with high-order
parameter,[102022-2428-51 by yiging the Hirshfeld surface anal-
ysis.’2%4 The results are plotted in Figure lc. Note that the
previously reported benchmark organic nonlinear optical salt
crystals having a high-order parameter close to the maximum
value (=1.0) can be classified into two groups; parallel- and
series-type assemblies.”) In this work, Group 1 and 2 crystals
correspond to parallel- and series-type assemblies, respectively
(see Figure 1c).

In parallel-type assembly in benchmark crystals, cati-
onic chromophore layers are surrounded by anionic layers
as shown in Figure 1d. Group 1 crystals are based on many
cationic chromophores; DAS (4-(4-(dimethylamino)styryl)-
1-methylpyridinium), OHP (4-(4-hydroxystyryl)-1-methylpyri-
dinium), DHP (4-(3,4-dihydroxystyryl)-1-methylpyridinium),
MOS  (4-(4-methoxystyryl)-1-methylpyridinium), OPR, DEP
(4-((4-(dimethylamino)phenyl)ethynyl)-1-methylpyridin-1-ium),
6MNEP  (4-(2-(6-methoxynaphthalen-2-yl)vinyl)-1-methylpyri-
dinium), HMQ (2-(4-hydroxy-3-methoxystyryl)-1-methylquino-
linium), HMnXQ (halogenated 2-(4-hydroxy-3-methoxystyryl)-
1-methylquinolinium), = OHQ  (2-(4-hydroxystyryl)-1-meth-
ylquinolinium), HMB (2-(4-hydroxy-3-methoxystyryl)-3-meth-
ylbenzothiazol-3-ium), OHB (2-(4-hydroxy-3-methoxystyryl)-
3-methylbenzothiazol-3-ium), HMI (2-(4-hydroxy-
3-methoxystyryl)-1,3-dimethyl-1H-benzoimidazol-3-ium),  and
OHI (2-(4-hydroxystyryl)-1,3,3-trimethyl-3H-indolium).[:20.28-50]
Interestingly, for Group 1 crystals, the crystallographic
volume of both cationic chromophores and counter anions
is within a very narrow range; =270-380 and =180—230 A’
respectively.

For cationic chromophores of a larger size (e.g., PMB
(2-(4-(4-(hydroxymethyl)piperidin-1-yl)styryl)-3-methylbenzo-
thiazol-3-ium), PMQ (2-(4-(4-(hydroxymethyl)piperidin-1-yl)
styryl)-1-methyl-quinolinium), and PMnXQ (halogenated
2-(4-(4-(hydroxymethyl)piperidin-1-yl)styryl)-1-methyl-quino-
linium)), the assembling changed; from parallel-type assembly
to series-type assembly (i.e., Group 2 in Figure 1c).??451 This
shows that a proper balance between the volume of cation and
anion may be needed for obtaining a high-order parameter (i.e.,
large macroscopic optical nonlinearity).

In PMPR-MO(I) crystals, PMPR cation layers are sur-
rounded by MO anionic layers (Figure 1e). This is a typical fea-
ture of parallel-type assembly. In PMPR-MO(I) crystals, PMPR
cationic chromophore possesses a much bigger crystallographic
volume (482 A%) compared to the cationic chromophores in
Group 1 (=270—380 A%). For surrounding PMPR cations by
anions, longer MO anions compared to CBS anions may be
advantageous for formation of parallel-type assembly. If PMPR
cations were surrounded by small CBS counter anions in the
formation of parallel-type assembly, CBS anion layers could
not fully surround PMPR cationic layers, which would result in
many empty spaces in crystals, i.e., an unfavorable molecular
ordering in the crystalline state. Therefore, PMPR-MO(I) crys-
tals having parallel-type assembly present a new class of organic
crystals having top-level macroscopic optical nonlinearity; dif-
ferent to previously reported benchmark crystals (Group 1 and
2 in Figure 1c).
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2.2. Extremely Large Macroscopic Hyperpolarizability

As mentioned above, the PMPR chromophore is an analog to
the DAPR chromophore. The DAPR cationic chromophore
exhibits a very large molecular optical nonlinearity; e.g., the
first hyperpolarizability Bygs of 1015 x 1073 esu obtained from
hyper-Rayleigh scattering (HRS) in acetonitrile solution at
1300 nm fundamental wavelength®® and the maximum (non-
resonant) first hyperpolarizability By, of 281 x 1070 esu as
evaluated in this work (Scheme 1). Therefore, the PMPR cati-
onic chromophore is also expected to possess a large mole-
cular optical nonlinearity. In addition, since PMPR-MO(I)
crystals exhibit a (close-to) perfectly parallel ordering of PMPR
chromophores, they must possess a large macroscopic optical
nonlinearity. In this work, to evaluate the macroscopic optical
nonlinearity of PMPR-MO(I) crystals, we calculated the max-
imum first hyperpolarizability [, of PMPR chromophore
having an optimized conformation (OPT) using density func-
tional theory calculations and then consider the orientation of
PMPR chromophores in the crystalline state.?’¥] The details
are described in the Supporting Information. In previous
reports, this method has shown a good agreement with experi-
mental macroscopic nonlinear optical response.3%33

Figure 3a shows the frontier molecular orbitals (FMOs) for
PMPR chromophore optimized at the B3LYP/6-311+G(d,p)
level. For PMPR chromophore, the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) are effectively delocalized and look quite similar in
particular for the central styryl group. This indicates that they
arise from significant electronic couplings between the frag-
ment molecular orbitals of the central styryl group and neigh-
boring substituents. We also note, however, that the HOMO and
LUMO have more significant weights in the electron-donating
piperidino and strong electron-withdrawing N-pyrimidinyl pyri-
dinium groups, respectively, and thus are effectively separated.
Such an orbital separation in PMPR chromophore is discerned
clearer when the HOMO-1 and LUMO+1 states are compared.
All these add up to a conclusion that the PMPR chromophore
is a push-pull type m-conjugated chromophore and exhibits an
efficient delocalization of 7-electrons, which may result in large
molecular optical nonlinearity.

PMPR cationic chromophore exhibits an extremely large
maximum first hyperpolarizability .., (OPT); 342 x 1073° esu.
The measured wavelength of maximum absorption A, for
PMPR chromophore is also very high, 553 nm in methanol
(Figure 3b), which confirms the high-molecular nonlinearity
according to the general nonlinearity-transparency trade-
off. 3l These values (Bna (OPT) and A,,) are remarkably
higher than the corresponding values for the chromophore
DAS used in benchmark 4-(4-(dimethylamino)styryl)-1-meth-
ylpyridinium  4-methylbenzenesulfonate (DAST) crystals
(Bmax (OPT) = 159 x 1073° esu and Ay, = 475 nm).2) More-
over, they are also significantly higher than those of previ-
ously reported N-pyrimidinyl stilbazolium OPR chromophore
having relatively weak electron-donating phenolic group (Bnmax
(OPT) =183 x 107%° esu and A, = 443 nm).["]

The molecular ordering angle 6, i.e., the angle between the
direction of f,,, and the symmetry ac crystallographic plane for
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Figure 3. a) Frontier molecular orbital pairs at B3LYP/6-311+g(d,p) for

PMPR chromophore. b) Absorption spectra of PMPR-MO, PMPR-Cl,
MO-Na, and CBS-Na in methanol (107> m).

PMPR-MO(I) crystals is very small; =7°. This means that the
molecular ordering of PMPR chromophores is close-to optimal
for maximizing the macroscopic optical nonlinearity of PMPR-
MO(I) crystals. The corresponding macroscopic optical nonline-
arity is therefore extremely large for PMPR-MO(I) crystals. The
diagonal component of the effective first hyperpolarizability

5 = Bunax(OPT) - cos®6), is 335 x 107 esu. This is about twice as
large as in benchmark DAST crystals (161 x 107 esu).?Y There-
fore, PMPR-MO(I) crystals with extremely large diagonal effec-
tive first hyperpolarizability S5 are very interesting materials
for various nonlinear optical applications. In addition, PMPR-
MO(I) crystals exhibit a high thermal stability up to =260 °C as
shown in Figure S4 (Supporting Information).

2.3. Efficient THz Wave Generation with Wide Flat-Spectral-Band

Large macroscopic second-order optical nonlinearity of organic
crystals is highly beneficial to enhance the performance of
diverse nonlinear optical devices. In THz wave generation, the
optical-to-THz frequency conversion efficiency is proportional
to the square of the macroscopic nonlinear optical coefficient
of source materials.’!% Since PMPR-MO(I) crystals possess a
very large nonlinear optical coefficient (Bg = 335 x 107 esu),
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Figure 4. a) Ultrathin PMPR-MO(I) crystal with a thickness of =10 um
(see Figure S5, Supporting Information, for the side view). THz genera-
tion in 10 um thick PMPR-MO(1) and 1.0 mm thick ZnTe crystals, pumped
at 1300 nm: b) time traces and c) the corresponding generated spectra,
for which full spectra up to 8 THz are shown in Figure S6 (Supporting
Information). The THz amplitude is normalized to 1.0 for the highest
THz amplitude of PMPR-MO(l). The flat-spectral-band is here defined
between the highest and lowest THz frequencies at —3 dB of the highest
THz amplitude.

PMPR-MO(I) may act as an efficient THz wave generator with
high-conversion efficiency.

Figure 4a shows a photograph of an as-grown PMPR-MO(I)
single crystal with an area of a few mm? This shows that
PMPR-MO(I) has bulk crystal growth ability. Among organic
crystals having large nonlinear optical coefficient, many crys-
tals unfortunately exhibit poor growing ability for bulk crys-
tals with a lateral size over mm-scale. Possessing bulk crystal
growth ability for PMPR-MO(I) crystals is highly beneficial for
real-world optical applications. The thickness of the as-grown
PMPR-MO(I) single crystal is ultrathin; =10 pm and exhibit a
strong optical anisotropy (Figure S5, Supporting Information).
The high anisotropy of PMPR-MO(I) single crystal originates
from the parallel alignment of PMPR cations and MO anions
(Figure 2a). Organic crystals both possessing an ultrathin thick-
ness and a large nonlinear optical coefficient show advantages
for THz wave generation (i.e., dimple-free broad spectral band-
width with high generation efficiency) as discussed below.

Using very thin THz source materials in the range from few
pUm to few tens of um is a very attractive approach for achieving
broadband THz wave generation. This is because an ultrathin
thickness can overcome the bandwidth limitations due to
self-absorption and phase-mismatch between the used optical
pump and the generated THz waves.>>l However, although
very thin THz source materials can generate spectra with an
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ultra-broad bandwidth of THz waves, the resulting THz gene-
ration efficiency is in most cases very low compared to thicker
crystals. This is because the generated THz amplitude is pro-
portional to the thickness of THz source materials within the
coherence length.l”! For example, widely used inorganic semi-
conducting THz source materials including GaAs, ZnTe, and
GaP crystals were shown to generate broadband THz waves by
using a very thin thickness, but with a very low THz conver-
sion efficiency.l”! The conversion efficiency in this case is also
limited by the macroscopic optical nonlinearity of inorganic
semiconductors (e.g., =4 pm/V for ZnTe), which is one order of
magnitude smaller than that of benchmark organic crystals. For
thicker ZnTe crystals in the mm-scale (e.g., 1.0 mm), the band-
width of the generated THz waves is limited with an upper cut-
off generation frequency of <3 THz.®¥l Consequently, as-grown
PMPR-MO(I) single crystals having both an ultrathin thickness
and a large nonlinear optical coefficient are promising mate-
rials to generate THz waves with a broad, dimple-free spec-
trum, and a high-conversion efficiency.

To show the potential of PMPR-MO(I) crystals, THz wave
generation experiments were performed with an ultrathin
PMPR-MO(I) single crystal having a thickness of 10 um and the
result was compared with that achieved in a 1.0 mm thick ZnTe
crystal. Near-infrared optical pulses at 1300 nm with a pulse
duration of 140 fs at 1-kHz repetition rate were used as pump
to generate THz waves in crystals by optical rectification. The
pump beam diameter was =0.5 mm at the average pump power
of 10 mW. The generated THz waves were detected via EOS in
a 0.3 mm thick GaP, where 800 nm pulses with 100 fs pulse
duration were used to measure the THz electric field.

Figure 4b,c shows the time traces and the corresponding
spectra of the generated THz waves in PMPR-MO(I) and in
reference ZnTe crystal. Although PMPR-MO(I) crystal has
an ultrathin thickness of =10 um, the generated THz ampli-
tude is very high. Compared to the much thicker ZnTe crystal
(1.0 mm), the peak-to-peak THz field generated in the 10 um
thick PMPR-MO(I) crystal is 4.6 times higher. The results con-
firm that a very high optical-to-THz conversion efficiency could
be achieved with PMPR-MO(I) crystal, which originates from
its exceptionally large macroscopic optical nonlinearity. This
high optical-to-THz conversion efficiency of only a 10 um thick
PMPR-MO(I) crystal is outstanding; many organic benchmark
THz-generation crystals with the thickness of few hundred
micrometers generate about one order of magnitude higher
THz electric-field than ZnTe (1.0 mm) at very similar experi-
mental conditions with this work.)

Furthermore, the THz waves generated in PMPR-MO(I)
crystal show a very flat, dimple-free broadband spectrum.
As shown in Figure 4c, the generated THz waves exhibit
an extremely broad flat spectral band in the frequency range
of 0.7-3.4 THz. The flat-spectral-band in the present work
is defined as the frequency range, for which the difference
between the highest and the lowest THz amplitude is below
3 dB. Note that this is comparable or even better than the pre-
ferred spectral bandwidth, shape, and extinction ratio of con-
ventional band-pass filters. As illustrated in Scheme 1Ic, an
ideal spectroscopic source should provide as broad and as flat
spectral band as possible for application in broadband (THz)
spectroscopy.
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In addition, the entire THz spectrum from PMPR-MO(I)
crystal does not show strong dimples. In most organic THz
generators, many dimples usually appeared as illustrated in
Scheme 1d. Moreover, the total useful bandwidth of the gen-
erated THz spectrum from PMPR-MO(I) crystal is extremely
broad at the pump pulse duration of 140 fs. The upper cut-off
generation frequency is =7 THz as shown in Figure S6 (Sup-
porting Information). Figure S7 (Supporting Information)
shows the measured absorbance of a PMPR-MO(I) single
crystal along the polar axis in THz frequency range. The
absorbance of as-grown ultrathin 10 pm thick PMPR-MO(I)
crystal is very small; only very broad and small peaks at 2.0
and 4.5 THz were observed. In many benchmark organic THz
generators with the thickness over hundred micrometers, the
self-absorption in the THz frequency range due to phonon/
vibrational modes was shown to limit the generated THz spec-
tral bandwidth and cause undesired spectral dimples.>>® How-
ever, with ultrathin organic crystals (10 pm as in this work),
the influence of self-absorption on THz-wave generation char-
acteristics may be negligible because of a relatively very small
absorption (Figure S7, Supporting Information). Note that even
in much thicker benchmark organic THz-generation crystals
with a thickness of 100 um, the reduction of the generated THz
spectrum by self-absorption was already reported to be very
small.”® Ultrathin thickness of PMPR-MO(I) single crystals is
therefore highly beneficial to obtain a very flat and broadband
THz generation spectrum without strong dimples. Conse-
quently, PMPR-MO(I) single crystal with an ultrathin thickness
of 10 um and the extremely large diagonal component of the
effective first hyperpolarizability 85 enabled us to simultane-
ously achieve i) a well-defined dimple-free flat THz spectrum
and ii) a high optical-to-THz frequency conversion efficiency.

2.4. Crystal Characteristics

For practical applications including THz-wave generation, other
crystal characteristics beyond the large macroscopic optical
nonlinearity are important. Figure S8 (Supporting Information)
shows the result of a hygroscopy test of PMPR-MO(I) crystal on
a water droplet. PMPR-MO(I) crystals show high-water resist-
ance; i.e., a high environmental stability against humidity. Note
that many organic nonlinear optical salt crystals are highly
soluble in water and may even exhibit a phase transition to a
hydrated phase (DAST for example).

In addition, obtaining ultrathin thickness (e.g., 10 um as
shown in Figure S5, Supporting Information) of as-grown
PMPR-MO(I) single crystals is highly beneficial. Note that
the growth of ultrathin organic nonlinear optical single crys-
tals with few micrometers to few tens of micrometers is very
difficult and usually required special crystal growth tech-
niques.;3>%758 Moreover, simultaneous achievement of a rela-
tive large area over few mm? scale is also very interesting for
various (nonlinear optical) photonic applications.3%3%5%60] The
thin plate morphology of as-grown PMPR-MO(I) single crystals
is suitable for diverse optical experiments without additional
polishing and cutting processes, as used in our THz genera-
tion experiments. Consequently, PMPR-MO(I) single crystals
having extremely large diagonal optical nonlinearity exhibit
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high-environmental stability and good crystal growing ability
resulting in ultrathin single crystals with the area of over few

mmz.

3. Conclusion

In summary, we have newly developed highly efficient second-
order nonlinear optical organic crystals based on N-pyrimidinyl
stilbazolium PMPR chromophores possessing extremely large
maximum first hyperpolarizability B, of 342 x 1073 esu.
Incorporating a highly nonlinear PMPR cationic chromophore,
a head-to-tail cation-anion O—H---O hydrogen-bonding syn-
thon, and an optimal selection of the counter anion with an
appropriate size result in extremely large macroscopic optical
nonlinearity with the effective first hyperpolarizability g of
335 x 1073° esu. To the best of our knowledge, this is the first
report of organic crystals having such an extremely large effec-
tive first hyperpolarizability B > 300 x 1072° esu and a bulk
crystal growth ability. Based on this extremely large macro-
scopic optical nonlinearity and an ultrathin thickness, PMPR-
MO single crystal allows us to generate dimple-free broadband
THz waves with a wide flat-spectral-band in the range of 0.7
3.4 THz at -3 dB, a large upper cut-off frequency of > 7 THz
and a high-generation efficiency. Therefore, new class of
organic nonlinear optical PMPR-MO crystals are very inter-
esting materials for practical nonlinear optical applications. In
addition, the design approach we applied for PMPR-MO crys-
tals (incorporating cation-anion O—H---O hydrogen-bonding
synthon and anion selection with an optimal size) may be very
beneficial for designing further highly efficient organic crystals
based on chromophores possessing extremely large molecular
optical nonlinearity.

4. Experimental Section

The details of synthesis, crystallization process, X-ray crystal structure
analysis, powder SHG measurements, optical nonlinearity, thermal
stability, crystal morphology, and THz wave generation are described in
the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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