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ABSTRACT: Organic materials capable of exhibiting high-order nonlinear optical responses are
central to the advancement of photonic technologies. However, the molecular-level mechanisms
that govern selective control over nonlinear optical response-order remain limited. Here, we
employ a quadrupole—-monopole design strategy based on intramolecular through-space cation—n
interaction to uncover a new principle for tuning nonlinear optical behavior in purely organic
systems. A series of m*—m conjugates were synthesized and systematically analyzed using Z-scan
measurements. We demonstrate that intramolecular quadrupole—-monopole coupling selectively
suppresses the third-order Kerr effect while enabling a pure fifth-order nonlinear optical response.
The magnitude of the fifth-order response correlates with the electrostatic interaction strength
between  and ©t* centers, following a 1/R* dependence characteristic of monopole-induced dipole
polarization. These findings establish electrostatic through-space coupling as a general design

principle for inverting the optical nonlinearity hierarchy in organic materials.
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Introduction

Materials with strong nonlinear optical (NLO) responses are essential for a wide range of
applications, including optical data processing,! bioimaging,> and photonic devices,? enabling
advanced functionalities in high-speed data transfer,* optical frequency conversion,’ deep tissue

imaging,’ dynamic holography,’ laser technologies,® telecommunications,” and photonic quantum

systems.!” Purely organic NLO materials (PONLOMSs) incorporating extended Tr-systems are

particularly advantageous compared to their inorganic counterparts due to their superior NLO
susceptibilities,!! greater structural flexibility, lower production costs, and ability to exhibit NLO
effects as isolated molecules in diverse media such as solvents and polymers.!? The NLO properties
of PONLOMs typically arise from intramolecular through-bond charge transfer mechanism in a

quadrupolar (QP) system.!?

The QP (17-(hetero)aromatic) nature of PONLOMs is a key aspect enabling nonlinear interaction

with light. The donor-acceptor design of PONLOMs can be categorized in non-centrosymmetric
QP (I), centrosymmetric QP (IT), and through-space QP—QP (III) systems (Figure 1). While type I
PONLOMs show strong second and third order NLO responses,'* upon crystallization the
centrosymmetric nature of many crystal lattices generates type II systems that eliminate even-order
(second, fourth, etc.) NLO contributions,' maintaining only odd-order NLO responses. Type III
systems, where QP units interact through space,'® show potential for materials with highly

polarizable excited states, improved transparency and stability,!”!® and support both
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centrosymmetric and non-centrosymmetric architectures. However, since the 1990s PONLOMs

with type III designs have generally exhibited modest NLO responses!®!>* and have yet to deliver

major breakthroughs in performance. Critically, these type I-III molecular designs rely solely on

neutral QP electronic distributions, which fundamentally govern NLO light-matter interactions.?°
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Figure 1. Previously utilized I-III, and the developed IV QP-MP PONLOM designs.

We hypothesized that introducing a monopole (MP) component in a PONLOM design, through

the incorporation of heteroaromatic cation (TT*) system, could disrupt the established NLO

response hierarchy. Cationic Tr* exhibit strong MP character and facilitate efficient through-space

charge transfer (CT).?'-> Specifically, the strong electrostatic and induction forces of a TT*-system

(MP)* in a proper architecture could interact with a neutral TT-system (QP) to create a novel type
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IV QP-MP design (Figure 1). Unlike the neutral TT—TT interactions of type IIl designs, the

intramolecular QP—MP design introduces a permanent electric field component that fundamentally

alters the molecular polarization and breaks symmetry.

In this work, we demonstrate that intramolecular QP—MP interactions (type IV design) enable
selective suppression of the third-order refractive nonlinearity (Kerr effect) while directly
accessing fifth-order NLO refraction. The resulting fifth-order response is approximately three
orders of magnitude stronger than that of standard benchmark materials such as CS,* and is
observed in the 800-900 nm range with negligible NLO losses, a spectral window particularly
well-suited for telecommunication applications. Hence, the developed QP-MP design represents
a paradigm shift from conventional donor-acceptor architectures, establishing multipole tailoring

as an effective tool for engineering high-order optical nonlinearities.

Results and discussion

To investigate the role of QP-MP interactions have on NLO properties, a series of organic

compounds 1-6 (Figure 2) were designed and synthesized. Salts la—c, incorporating T+ (/N-

methylpyridinium) and 1T (carbazole or functionalized carbazole) units at the 1- and 2-positions of

a benzene ring, were synthesized starting from commercially available 1-bromo-2-fluorobenzene
7. A Pd-catalyzed Suzuki coupling with pyridine boronic acid afforded fluoride 8, which
subsequently underwent SyAr substitution with carbazoles 9a—c to yield compounds Sa—c.

Subsequent N-alkylation with Mel, followed by counterion metathesis, afforded the corresponding
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pyridinium (Py*) perchlorates 1la—c. To broaden the structural scope, a naphthalene-linked salt 2
was synthesized from dibromide 10 utilizing sequential Suzuki couplings. Initial coupling with
pyridine boronic acid produced bromide 11, which upon further coupling with phenyl boronic acid
yielded pyridine 12. Conversion of free base 12 to Py* salt 2 was achieved under conditions
analogous to those used for la—c. The anthracene-linked compound 3 was prepared from
dibromide 13 through a one-pot Suzuki reaction with pyridine and phenyl boronic acids to afford
pyridine 14, which was subsequently MN-alkylated and subjected to anion exchange to give Py*
perchlorate 3. To control for the presence of intramolecular QP—MP interactions in compounds 1—
3, a linear isomer of 1, compound 4, was synthesized according to a previously reported
protocol.?%¥ In addition, evaluation of 5a, along with its protonated derivative 6, provided further

insight into the role of the intramolecular QP-MP interaction design. Complete characterization

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

of all novel compounds was achieved using 'H, 3C NMR, IR spectroscopy, HRMS, elemental

analysis, and melting point measurements, as appropriate (see SI, pages S3—-S9).
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Figure 2. Synthesis of compounds with Type IV (1-3, 6), Type I (4) and Type I (5a) designs.
Reagents and conditions: (a) Pyridine-4-boronic acid hydrate, Pd(dppf)Cl,xDCM (5 mol%),
K,CO;, 1:6 water-MeCN, 90 °C, 4h, 97% (8). (b) KOH, DMSO, 100 °C, 72h, 48% (5a), 40% (5b)
36% (5¢). (c) First Mel, MeCN, 40 °C, 72h, then AgCl0,, MeCN, rt, 1h, 72% (1a), 62% (1b), 67%
(1c). (d) First pyridine-4-boronic acid hydrate, Pd(dppf)Cl,xDCM (5 mol%), K,CO;, 1:3 water-
MeCN, 90 °C, 2h, then oxalic acid, rt, 65% (11). (e) Phenyl boronic acid, Pd(dppf)Cl,xDCM (5
mol%), K,CO;, 1:4 water-MeCN, 90 °C, 2h, 62% (12). (f) First Mel, MeCN, 70 °C, 2h, then
AgClO,, MeCN, rt, 1h, 81% (2), 76% (3). (g) Pyridine-4-boronic acid hydrate, phenyl boronic
acid, Pd(dppf)Cl,xDCM (10 mol%), K,COs;, 1:10 water-PhMe, 90 °C, 36h, 41% (14). (h) HCI,
MeCN, rt (6).

The absorption of compounds 1-6 was examined in MeCN at ca 10> M concentration under
ambient conditions (see SI, Figures S1-S5). The Py* salts 1a—c exhibited three absorption peaks

in the 238-245 nm, 276-298 nm, and 317-349 nm regions, alongside a broad, low-intensity CT
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band spanning 365—435 nm. The naphthalene-derivative 2 displayed absorption bands at 235 nm,
259 nm, and 287 nm, accompanied by a broad CT band from 327-425 nm. In contrast, salt 3
showed two distinct absorption bands, one at 250 nm and a moderately intense, broad CT peak
extending from 325-460 nm. Compound 4 (isomer of 1a) absorption peaks were observed at 237
nm, 258 nm, and 281 nm, including a significant CT band in the 320-440 nm region. The free base
pyridine 5a showed absorption at 247 nm, 292 nm, 324 nm, and 338 nm. The protonated
counterpart 6 displayed absorption bands at 239 nm, 287 nm, 320 nm, and 333 nm, but also a weak
CT absorption band in the 350—437 nm region. Thus, all synthesized Py* salts exhibited broad CT

absorption bands, which in type IV designs (1-3 and 6) are attributed to the intramolecular through

space CT between the red 1T and Py* system (Figure 2).

The intramolecular through space CT in compounds 1-3 and 6 was corroborated by quantum

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

chemical calculations. Accordingly, the optimized ground-state geometries of compounds 1-6

Open Access Article. Published on 30 April 2026. Downloaded on 4/30/2026 8:39:27 PM.

were calculated using Gaussian 09 at the B3LYP/6-31+G(d) level of theory (Figure 3).

(cc)

Compounds la—c and 6 adopt conformations that support intramolecular cation—TT interactions

between the Py* unit and the nearest TT-system. In these molecules, the interaction geometry is

angled, with centroid—centroid distances (R..) of 4.61, 4.59, 4.62, and 4.58 A for 1a, 1b, 1c, and 6,

respectively. In contrast, the naphthalene-linked salt 2 exhibits a pronounced face-to-face

intramolecular cation—Tr interaction, reflected by a significantly shorter R.. value of 3.83 A,

indicative of a stronger interaction. A similar face-to-face arrangement is observed for the
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anthracene-linked compound 3, however, in this case the centroid—centroid distance is
considerably longer (R, = 5.59 A). This arrangement arises from steric repulsion between the Py*
and phenyl moieties and the hydrogen atom at the position 9 of the anthracene scaffold. As

expected, the linear compound 4 does not permit intramolecular through-space interactions.

Compound 5a, on the other hand, displays an angled intramolecular TT—TT interaction between the

pyridine and carbazole TT-systems, with an R, value of 4.80 A. Given that cation—TT interactions

contribute significant stabilization energies at distances of up to approximately 7 A the

calculated geometries of compounds la—c, 2, 3, and 6 are consistent with the presence of

intramolecular cation—TT interactions. Among these, compounds 2 and 6 exhibit the most favorable

geometrical parameters and are therefore expected to display the strongest cation—TT interactions.

In contrast, interactions between neutral TT-systems are generally considered effective only within

a cut-off distance of ~5 A.? thus, the TT—TT interaction observed in 5a can be classified as weak.

Page 8 of 22
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Figure 3. Calculated geometries of 1-6 and intramolecular interaction distances.

The NLO properties of 1-6 solutions (0.2—1.1 wt% in MeCN) were evaluated using the Z-scan

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

technique (see SI, pages S12—-13). The Z-scan measurements were carried out with 150 fs laser

Open Access Article. Published on 30 April 2026. Downloaded on 4/30/2026 8:39:27 PM.

pulse to limit the thermal contribution to nonlinear refractive index. Open-aperture (OA)

(cc)

measurements were used to determine NLO absorption, while closed-aperture (CA) measurements
were employed to assess third- and fifth-order NLO refractive index. For fifth-order NLO
measurements, third-order contributions were accounted for using a published model. 2 The
reference Z-scan CA measurement (800 nm, pure MeCN) gave Kerr coefficient of
n,=(5.58+0.89)x102° m*/W (Figure 4A), which is typically several orders of magnitude lower than
those of PONLOMs, and no significant NLO absorption in the OA regime. The CA measurements

for compounds with type IV designs (1-3 and 6) exhibited unusual NLO response, corresponding
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to fifth-order rather than third-order effects. For example, the Z-scan measurement of 2 (0.2 wt%
in MeCN, Figure 4B), exhibited pure negative fifth-order refraction (Figure 4C), after solvent
(MeCN) contribution was accounted for. Further evidence for the fifth-order effect was provided
by Z-scan form theory, showing a narrower peak-valley distance than that of third-order effects.?

In addition, power-dependent measurements (at 800 nm; 500 kHz pulse repetition rate) were

performed to analyze the NLO response (SI, Figure S6), using the phase change parameter (P)

versus laser power for pure MeCN and 2. While ® varied linearly with power for MeCN, a

quadratic dependence was observed for 2, providing strong evidence for a fifth-order effect. The
pure fifth-order refraction response for 1b, 1c, 2, 3, and 6 persists up to 900 nm (SI, Figure S7).%

The Z-scan measurement examples for 1b, 1c, 3, and 6 are available in the SI (see Table S2).
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Figure 4. Z-scan measurements at 800 nm, 500 kHz pulse repetition rate and 40.6 mW laser
power. A — MeCN, B — MeCN solution of 2, C — separated signal of 2.

The fifth-order NLO efficiencies of compounds 1-6 were evaluated at 800 nm to assess their
potential for photonic applications within the first telecommunication window (800-900 nm). In
case of Sa two measurement sets were carried out, for the free base and protonated version 6 (by
adding a drop of 5% aqueous HCI to MeCN). Compounds of type IV design (1b, 1c, 2, 3, and 6)
exhibited a pure fifth-order NLO response with varying magnitudes. The fifth-order refractive

nonlinear coefficient (ny) ranged from —877.1x10-?7 for salt 2 to —21.7x10?’ for 1¢ (Table 1). In

10
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contrast, 1a displayed an extremely weak NLO response, with no detectable fifth-order
component, attributable to a weak Kerr effect (n,=—0.32x10-'#). The control compounds 4 and
Sa, which lacked the intramolecular QP—-MP interaction, exhibited moderate Kerr responses (n, =
—2.37x107'* and 1.78x107'%, respectively) without measurable fifth-order NLO contribution.
These findings demonstrate that the type IV molecular design selectively suppresses the third-
order Kerr effect, enabling direct access to fifth-order NLO refraction with enhanced response

intensity compared to standards and other known PONLOMs.*"'> This effect is particularly

pronounced in compounds exhibiting the strongest intramolecular cation—1T (QP-MP)

interactions, such as 2 and 6.

Table 1. Third- and fifth-order NLO coefficients, R, and € of 1-6.

11(1)%14 o, 107 n dist;c;e e
cm/W 4, P M-'xcm™
Compound cm*W 10-2° cm*/W? A
la -0.32 -2 <0.1* 4.61 700
1b -4 -° -3.7 4.60 720
Ic - -2 2.2 4.62 750
2 - 7.6 -88.7 3.83 6670
3 -2 0.8 -11.0 5.59 6490
4 -2.37 -2 <0.1* n/a -
Sa 1.78 -? <0.1? 4.80 -
6 - 1.0 -25.9 4.58 -

a — value below the instrument’s noise threshold.

The origin of the fifth-order nonlinear refraction was further examined using low repetition rate (5
kHz) and polarization-resolved Z-scan measurements. At 5 kHz, n, values decreased to near zero

for all compounds (SI, Table S1) except compound 2 (n,= —2.25%10726 cm*/W? at 800 nm),

11
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indicating thermal contributions, likely associated with two-photon absorption, at higher repetition
rates. However, polarization-resolved Z-scan measurements (SI, pages S15-S16 and Figure S8) at
500 kHz gave results that does not correspond to thermal response. Measurements revealed a
reduced phase change under circular polarization for acetonitrile (r = 2.03) and compound 1b (r =
1.49). Nonlinear response dependence on polarization contradicts pure thermal origin’? that is
independent from polarization and supports a dominant Kerr-type contribution for fifth-order
nonlinear refraction in type IV molecular designs. Nevertheless, the lack of a comprehensive
theoretical framework for fifth-order polarization-resolved Z-scan measurements prevents a

quantitative distinction between higher-order electronic and molecular reorientation contributions.

To enable molecular-level comparison of the NLO responses, the corresponding dielectric
susceptibilities and hyperpolarizabilities were calculated for all studied compounds (Table 2); the
conversion equations are provided in the SI. Across the series, the calculated parameters reveal
distinct dominant nonlinear mechanisms that correlate strongly with molecular design.

Compounds 1a, 4, and 5a are primarily governed by third-order refractive nonlinearity, as reflected

by n, and X®%., with negative values for 1a and 4 indicating self-defocusing behavior, and a

positive response for 5a consistent with enhanced through-space electronic delocalization. The

negligible a, and n, values for 1a, 4 and Sa indicate weak higher-order contributions. In contrast,

compounds 2, 3, and 6 exhibit substantial nonlinear absorption (Q, and X®y,,) together with large

negative fifth-order terms (ny, X®&., and €). Compounds 1b and 1c show suppressed third-order

12
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refractive response but retain modest negative fifth-order parameters. Overall, these results
demonstrate a clear progression from dominant third-order refraction in PONLOMs with type I

and IIT architectures (4 and 5a) to a regime of attenuated third-order and enhanced fifth-order

refraction response in type IV systems. Within the type IV design, strong intramolecular cation—1r

(quadrupole-monopole) interactions in compounds 2, 3, and 6 give rise to pronounced fifth-order
nonlinearity with negligible third-order refraction contributions, whereas weaker interactions in

1b and 1c yield only modest fifth-order effects. Notably, despite a longer interaction distance, the

face-to-face geometry of compound 3 supports relatively strong cation—TT coupling, while the

angled geometry and lack of electron-donating substituents at the carbazole moiety in 1a result in

weaker interaction. Collectively, this systematic deconstruction of intramolecular interactions,

from strong cation—TT to weak or absent through-space coupling, establishes that the type IV

molecular design selectively suppresses third-order refraction while promoting dominant fifth-

order nonlinear optical behavior. Notably, the type IV design does not indiscriminately suppress

the third-order nonlinear responses, as exemplified by the presence of d, in compounds 2, 3, and

6 (Tables 1 and 2).

Table 2. NLO molecular coefficients of 1-6.

_ 3)
n2, I}O 02, Il4, 1 0726 X(3)Re 10716, X m X(S)Re 1 0730’ Y 1 07367 48
Compound 109 | omi/w2 2 1019, v € 1048, esu
cm?/W | cy/W cm cm?/V? cm est
la -0.32 - <0.1 ~0.20 - , 5242 -
1b - - -3.7 - - -0.50 j -2.6

13
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1c - - 2.2 - - -0.30 ) -1.8
2 - 7.6 | -88.7 - 30.6 -12.0 i -53.0
3 - 0.8 —11 - 3.2 -1.48 i 7.4
4 -2.37 - <0.1 ~1.50 - - -388.21 -
S5a 1.78 - <0.1 1.13 - - 214.81 -
6 - 1.0 -25.9 - 4.0 -3.49 - -13.9

To further elucidate the origin of the observed fifth-order NLO response, the R.. distances of

compounds 1-3, which share a consistent M-methylated pyridinium MP, were analyzed in

conjunction with the molar absorption coefficients (€) of their corresponding intramolecular TT-TT+

CT bands (Table 1). Compounds 4 and 5a were excluded from this analysis due to the absence of

intramolecular cation—TT interactions, while compound 6 was omitted because of the unattenuated

nature of its MP. The through space CT absorption in 1a—c was relatively weak, with € values in

the range of 700-750 M~! cm™!, whereas compounds 2 and 3 displayed significantly stronger TT—

" interaction promoted absorptions, with € values of 6670 and 6490 M~' cm™, respectively.

Notably, an empirical correlation (R*> = 0.99) was observed between the fifth-order nonlinear

refractive index (n,) and the ratio €/R.* (n, « €/R.*; Figure 5). Such a correlation indicates that the

magnitude of the fifth-order NLO response is governed by the strength of the intramolecular

electrostatic interaction between the neutral TT-system and the cationic T+ moiety. The observed

inverse fourth-power dependence on R.. is consistent with an MP-induced dipole interaction
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mechanism, in which the localized positive charge of the MP polarizes the adjacent -system. This

MP-induced dipole mechanism was further corroborated by DFT calculations, which show that n,
increases exponentially with the product of the MP-induced and transition dipole moments in
compounds 1la, 1b, 1c, 2, and 3 (see SI, pages S18-S25). Collectively, these results indicate an

electrostatic origin for the fifth-order NLO response in type IV systems.
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Figure 5. Relationship between n, and €/R..* in compounds 1-3.

(cc)

Conclusion

In conclusion, we show that incorporating intramolecular cation—1T quadrupole—monopole (QP—

MP) interactions into purely organic molecules provides a general design methodology for

inverting the conventional hierarchy of nonlinear optical (NLO) responses. Structurally simple TT*—

T through-space conjugates within this series exhibited the ability to selectively suppress third-

order Kerr effect while producing a pure fifth-order refractive response at 800 nm. The mechanism
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of the fifth-order refractive response is not straightforward. Frequency-dependent measurements
suggest a thermal origin, and polarization-resolved Z-scan data indicate a Kerr-type electronic

contribution, pointing to a more complex origin. Notably, the naphthalene-linked derivative 2,

possessing the strongest intramolecular cation—1T (QP-MP) interaction, displayed a fifth-order

response nearly three orders of magnitude greater than that of benchmark materials such as CS,.

In contrast, control molecules lacking the cation—1r (QP-MP) interaction (4, 5a) showed only

conventional Kerr nonlinearities, underscoring the critical role of through-space electrostatic

coupling. Experimental correlations indicated that the fifth-order response scales with €/R,

consistent with an underlying monopole-induced dipole polarization mechanism. Hence,
electrostatic through-space interactions offer a promising route to create novel multipole

architectures and enable precise control of NLO properties in organic materials.
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The data supporting the findings of this study are available in the Supplementary Information (SI). The SI
includes detailed synthetic procedures, characterization data (including UV—Vis and NMR spectra),
nonlinear optical measurement methodologies, associated calculations, and the phase-change plot.
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