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Abstract 

The third-order nonlinear optical properties of a series of novel pyrrole-containing compounds 

were explored. A custom nonlinear optical microscope was used to measure the third harmonic 

generation (THG) intensity ratio from two interfaces of an ultrasmall cuvette: a glass-solution 

interface incorporating the pyrrole-containing compound, and an air-glass interface. The THG 

intensity ratio, along with refractive index measurements of the solution at the laser wavelength 

(1030 nm) and the third harmonic wavelength (343 nm), were used to calculate χ(3) values of 

each pyrrole-containing solution. The second hyperpolarisability γ was then extracted from 

concentration-dependent measurements of χ(3). Several trends in the magnitude of γ for the 

studied pyrrole-containing compounds became apparent, including that several formyl-

substituted dipyrrole derivatives showed elevated γ values. Further, an enhancement in γ was 
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observed with increasing conjugation length when formyl-substituted dipyrroles with differing 

internal linkers were studied. Lastly, the complexation of ruthenium by a formyl-substituted 

dipyrrole enhanced the magnitude of the γ value by ~3 to ~300 times, depending on the dipyrrole 

derivative. These trends can be used to understand the chemical features needed for the emergent 

development of dyes for THG microscopy. 

Introduction 

Although principles for designing chemical frameworks exhibiting enhanced second-order 

nonlinear optical properties are well established, strategies for designing systems with enhanced 

third-order nonlinear optical properties are less evident1. It has been observed that systems with 

extended π conjugation show enhanced third-order nonlinear optical properties2–4. However, 

systematic experimental studies investigating related systems for enhancing third-order nonlinear 

optical properties are scant in comparison to reports discussing second-order nonlinear optical 

properties. 

Recently, polyenes and porphyrins, including naturally-occurring carotenoids and 

chlorophylls, have been reported to have large third-order nonlinear optical properties, a property 

known as the second hyperpolarisability or γ. The second hyperpolarisability has been shown to 

be exponentially related to the conjugation length of the molecule, as well as the nature of 

substituents5. The second hyperpolarisability has also been shown to be enhanced by charge 

transfer interactions between electron acceptor and electron donor groups5. 

The second hyperpolarisability has been measured using several techniques, including the third 

harmonic generation (THG) ratio technique, z-scan, Maker fringe, degenerate four wave mixing 

(DFWM) and the optical Kerr effect. For the work presented herein, the THG ratio technique 
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was chosen for its sensitivity and its utility with small sample volumes of solutions with 

absorption characteristics. 

Carotenoids and chlorophylls were initially proposed as harmonophores, i.e., dyes for THG 

microscopy6–8, due to their high THG emission. and biocompatibility. β-Carotene has been used 

as a standard for γ measurements, exhibiting a |γ| value of 7.1 ± 0.4 × 10-41 m2V-2 at 773 nm, 7 ± 

1 × 10-41 m2V-2 at 830 nm and 4.9 ± 0.8 × 10-41 m2V-2 at 1028 nm7. To develop new 

harmonophores capable of intense THG, systematic investigations of γ values across a range of 

similar organic frameworks are needed. Determination of the sign of 𝛾 is also important, given 

the cancellation effect on THG8. With a more thorough fundamental understanding, the effect of 

conjugation length/type and electron-withdrawing/donating ability will be useful for the design 

of THG dyes with desired optical properties. Such insight will further enable optimisation of 

substituents to enable targeting, desired solubility, etc. 

Pyrrole-containing molecules have been extensively explored for their second-order nonlinear 

optical properties9–32. When used as an electron donor in a donor-acceptor system, the pyrrole unit 

can provide a high first hyperpolarisability (β) value while also offering thermal stability28. 

However, reports focused on the third-order nonlinear optical properties of simple pyrrole-

containing frameworks are limited. To the best of our knowledge, only theoretical studies of the 

third-order nonlinear optical properties of simple pyrrole-containing frameworks have been 

reported,33–43 with some focusing on complex pyrrole-containing systems such as BODIPY dyes, 

porphyrins and phthalocyanines. Toward the goal of better understanding third-order nonlinear 

optical properties for the development of THG dyes, herein we report use of the THG ratio 

technique to determine γ values of a series of pyrrole-containing frameworks with varying 

conjugated linking units. 
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Materials and Methods 

Synthesis 

With a focus on materials suited to the incremental incorporation of conjugating moieties, the 

synthesis of a series of pyrrole-containing materials was targeted as shown in Figure 1. 2-Vinyl 

pyrrole served as a convenient building block to which aryl groups were appended via Heck 

coupling. Complementing the incorporation of vinyl-aryl substituents and linkers, Suzuki 

coupling using 1-Boc-pyrrole-2-boronic acid enabled preparation of (di)pyrroles directly linked 

to aryl moieties. A series of monopyrrolic and dipyrrolic frameworks was thus generated. 

Formylation and subsequent complexation to Ru(II) provided a series of compounds with the 

incremental incorporation of conjugating moieties to enable a systematic investigation of γ 

values. 

 

 

Figure 1: synthetic strategy to phenyl- and naphthyl-appended and linked pyrroles 
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THG Ratio Technique and Measurements 

The third-order nonlinear optical properties of each of the 26 conjugated pyrroles, dissolved in 

THF, were measured. At least four dilutions were assessed for each pyrrole. In each case, two 

measurements were made: THG ratio, which denotes THG emitted by each system c.f. a 

standard (borosilicate glass); and refractive indexes, at 1030 nm and 343 nm. The spectroscopic 

setup enabling the THG ratio measurement is unique. A focused laser spot does not generate 

THG from a homogenous solution, due to the Gouy phase shift. In this case, a relative 𝜋 phase 

shift on half of the laser focal volume occurs, rendering full THG cancellation. As a result, THG 

is not emitted when focused in any homogenous material. However, homogenous solutions 

containing a harmonophore can be analysed by focusing the laser at the interface between the 

glass cuvette and the liquid, where the Gouy symmetry is broken. Indeed, THG is emitted when 

the focal spot is applied to at least two different materials with different refractive index or third-

order nonlinear optical susceptibility values. In practice, the laser spot is focused at least 15 µm 

away from an interface, and the sample is moved in steps of 1	𝜇m across two interfaces, i.e. an 

air-glass interface and the glass-solution interface, with 100 ms integration time. In this way, two 

THG intensity profiles are created (four are shown in the graph of Fig. 2a), and then a Gaussian 

fit is performed to obtain the THG intensity maxima (𝐼 in Eq. 1) and widths (𝑏 in Eq. 2). 

For the THG ratio measurement, a nonlinear optical microscope44 was modified (Figure 2a). A 

commercial femtosecond pulsed laser (FemtoLux 3, EKSPLA) provided 290 fs pulses at a 

wavelength of 1030 nm with a pulse repetition rate of 5 MHz. The laser was focused using a 0.25 

numerical aperture (NA) air immersion microscope objective (Carl Zeiss Canada Ltd.) to 

minimise optical aberrations from higher NA objectives45. The THG intensity profiles of the air-
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glass and glass-solution interfaces were collected in transmission geometry in 1 µm steps using 

100 ms integration time, and a custom 0.85 NA collection objective (Omex Technologies, Inc.). 

Measurements were made using a photomultiplier tube in photon counting mode (H10682-210, 

Hamamatsu Photonics K.K.), with a data acquisition card (PCIe-6363, NI) and custom software 

(LabVIEW, NI). The THG signal was filtered with a 10 nm bandwidth filter (65-129, Edmund 

Optics Inc.) to ensure removal of the laser light and to ensure that only THG signal was 

collected. However, some conjugated pyrroles are known to fluoresce. Unlike two photon 

absorption fluorescence at ~515 nm or higher, which would be easily filtered, any three photon 

absorption fluorescence, at ~343 nm, may pass through the 338-348 nm filter window if Stokes 

shift for the solution is small. However, in this experiment the THG intensity profiles of the 

glass-solution interface are measured typically >20 µm	past the second interface into the 

solution, while the THG intensity from a glass-solution interface is diminished after ~15 µ𝑚. 

Therefore, signal collected when the laser focus is >15	µ𝑚 inside the contents of the cuvette 

would indicate that three photon fluorescence is being transmitted through the filter. As such, the 

presence of any fluorescence is easily confirmed. 

For THG ratio measurements, a new capillary tube (5012, VitroCom) was used for each 

dilution. To minimise evaporation, individual capillary tubes, with 100 μm path lengths and 100 

μm thick walls, were sealed with nail polish after introduction of the dilute sample. The capillary 

tubes were oriented orthogonal to the direction of laser propagation (Figure 2a), and were 

translated axially along the laser focal spot using an automated translation stage (ASI) and a 

LabVIEW microscope control interface programmed in-house. The THG signals generated from 

two of the air-glass and glass-solution interfaces of the capillary tube closest to the collection 

objective were recorded at least ten times per dilution, with the air-glass interface acting as a 
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standard. Any possibility of molecular photodegradation was avoided by ensuring that the THG 

intensity ratio of the air-glass and glass-solution interfaces remained constant throughout. As 

noted above, the THG intensities of capillary scans at least 20 µm into each dilution were 

verified to ensure that no fluorescence was contaminating the THG signal. 

In addition to recording the THG intensity from the air-glass and glass-solution interface for 

each dilution, additional measurements were made using a capillary tube containing neat THF. 

THG intensity measurements of the air-glass and glass-solvent interfaces were obtained before 

the solutions of each compound of interest was studied. Measurements were also made after the 

analysis of the final dilution for each compound. Additionally, THG intensity measurements of 

the air-glass and glass-solvent interfaces were sparingly made between dilutions. 

A refractometer built in-house, based on a previous model46, was used for measuring the 

refractive indices of the dilutions (Figure 2b). The refractometer contained two LED light 

sources (M340L4 and M1050L2, Thorlabs Inc.) centered at 340 nm and 1050 nm, respectively. 

The 1050 nm LED had a bandwidth of 60 nm, and therefore light at 1030 nm was obtained using 

a 10 nm bandwidth optical filter centred at 1030 nm (FLH1030-10, Thorlabs Inc.). The LED 

light was directed through each dilution of the sample of interest, which was held within a spacer 

and squeezed between two yttrium aluminum garnet (YAG) prisms (Red Optronics). A custom 

holder on a motorised rotation stage (CR1-Z7, Thorlabs Inc.) held the prisms and each sample. 

The light transmitted through the prisms and the sample was focused by a lens and detected by a 

standard CMOS camera (HD Webcam C270, Logitech). Meanwhile the custom holder was 

rotated, by the motorised rotation stage, until the intensity of the transmitted light diminished to 

half – due to total internal reflection at the prism-dilution interface. 
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Before each measurement, the refractive index of neat THF was determined in order to ensure 

reliability of the technique. This involved measuring the critical angle for THF, as well as the 

critical angle of a standard (distilled water). Then, the critical angle of each diluted sample, along 

with the critical angle of THF, was measured (at least three replicates). The refractive indices 

were subsequently calculated using the critical angles measured for THF and each diluted 

sample, and averaged across the replicates. The concentration used to determine the THG 

intensity ratio, for each sample, was also used for refractive index measurements. 

An equation expressing the THG intensity ratio of the glass-solution and air-glass interfaces 

was then applied to determine the χ(3) of each dilution47: 

𝐼!"#$%&'(%)
𝐼!"#*+,&$%

=
1

𝑛%*'-,$%. 𝑛!"#$%𝑛!"#'(%)

%𝑛!"#'(%)𝜒$%
(.)𝐽$% + 𝑛!"#$%𝜒'(%)

(.) 𝐽'(%)%
1

%𝜒$%
(.)%

1
)𝐽$%)

1
	(1) 

 

where: 𝑛!" and 𝑛#$"%are the refractive indices of glass and solution at the laser or THG 

wavelengths; 𝐽𝑔𝑙 and 𝐽𝑠𝑜𝑙𝑛 are the phase matching integrals for glass and solution; and 𝐼+,-!".#$"% 

and 𝐼+,-/01.!" are the THG intensities at the glass-solution and air-glass interfaces, respectively. 

The phase matching integral is defined as: 

𝐽 = - 𝑒&+234 /1 +
𝑖2𝑧
𝑏 4

&14

4!
𝑑𝑧	(2) 

Where: 𝑧$ and 𝑧 are the entrance and the outlet of a nonlinear medium, respectively; 𝑏 is the 

confocal parameter of the focused laser beam; and 𝛥𝑘 is the wave-vector mismatch between the 

laser and the emitted THG. The value for 𝑏 is calculated using the expression 𝑏 = √3𝑏+,-  

where: 𝑏+,-  is the measured full-width half-maximum of the THG intensity peak generated from 
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a glass-solution or air-glass interface. The 𝛥𝑘 value is calculated using the expression 𝛥𝑘 = 234%
5

 

where 𝛥𝑛 = 𝑛+,- − 𝑛"/#61 and λ is 1030 nm. 

Previously published values for the χ(3) and refractive indices of Duran borosilicate glass were 

used where indicated6,7. The γ value for each compound was subsequently extracted from a plot 

of χ(3) versus concentration using the following equation5,48: 

𝜒(.)(𝐶) = 7
𝑛%*'-,1 + 2

3
9
.

7
𝑛!"#1 + 2

3
9𝑁5𝜌 /𝐶

𝛾'(%67-
𝑀'(%67-

+
𝛾'(%8-)7
𝑀'(%8-)7

4	(3) 

where 𝐶 is the concentration of each diluted sample expressed as the ratio of the mass of the 

solute molecules to the mass of the solvent molecules; 𝜌 is the density of the solution 

approximated as the density of the solvent; 𝛾#$"786 and 𝛾#$"96%8 are the second 

hyperpolarisabilities of the solute and solvent, respectively; and 𝑀#$"786 and 𝑀#$"96%8 are the 

molecular masses of the solute and solvent, respectively. 
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Figure 2: a schematic of the THG microscope used to collect THG signals at the air-glass 

and glass-solution interfaces (a) and a schematic of the refractometer (b). The following 

abbreviations are used in (a): SM – scanning mirrors, EO – excitation objective, CO – 

collection objective, F – filter, D – detector and DAQ – data acquisition. The following 

abbreviations are used in (b): F – filter, FM – flipping mirror, L – lens and D – detector.  

 

Results and Discussion 

The refractive indices of the diluted samples at the THG (343 nm) and laser (1030 nm) 

wavelengths (𝑛+,- 	𝑎𝑛𝑑	𝑛:/#61) were measured to obtain dispersion values (𝛥𝑛 = 𝑛+,- −

𝑛:/#61) for each of the core linking units and for the monopyrrolic frameworks. Dispersion 
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values for bromobenzene (1), 2-bromonaphthalene (3) and pyrrole-2-carboxaldehyde (6) are 

shown in Figure 3a while the dispersion values for 1,4-dibromobenzene (2), naphthalene (4), and 

2,6-dibromonaphthalene (5) are shown in Figure 3b. The dispersion values for phenyl-appended 

pyrroles (7-8) and 1,4-phenyl-linked pyrroles (9-10) are shown in Figure 3c, and those for the 

naphthyl-appended (11-12) and 2,6-naphthyl-linked pyrroles (13-14) are shown in Figure 3d. 

Dispersion values for analogues of 2,1,3-benzothiadiazole (15-18), pyrene (19-21), diphenyl-

2,1,3-benzothiadiazole (22-25), diphenyl (26-28) and fluorene (29-31) were similarly evaluated 

(Figure 3e, f, g, h, i). Changes in dispersion with increased concentration are due to absorbance 

at the THG or laser wavelength. In general, the dispersion of the compounds decreased with 

increasing concentration, except for 5, 6, 19, 20, 22 and 30. 
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Figure 3: dispersion values of (𝜟𝒏 = 𝒏𝑻𝑯𝑮 − 𝒏𝒍𝒂𝒔𝒆𝒓) of bromo-substituted benzene and 

naphthalene derivatives (a and b), phenyl-appended pyrroles (c), naphthyl-appended 

pyrroles (d), as well as analogues of 2,1,3-benzothiadiazole (e), pyrene (f), diphenyl-2,1,3-

benzothiadiazole (g), diphenyl (h) and fluorene (i). 

 

The THG intensity ratio for these solutions were measured at the same concentrations as 𝛥𝑛 

(Figure 4). Interestingly, the THG intensity ratios of the compounds decreased with increasing 

concentration, except for 1,4-dibromobenzene (2), 2,6-dibromonapthalene (5) and the 2-vinyl 

pyrrole (7). 
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Figure 4: THG intensity ratios of the glass-solution to glass-air interfaces of bromo-

substituted benzene and naphthalene derivatives (a and b), phenyl-appended pyrroles (c), 

naphthyl-appended pyrroles (d), as well as analogues of 2,1,3-benzothiadiazole (e), pyrene 

(f), diphenyl-2,1,3-benzothiadiazole (g), diphenyl (h) and fluorene (i). 

 

Refractive index and the THG intensity ratio play a role in determining the value of χ(3). 

Previous studies have shown that the relationship between χ(3) and increasing concentration 

mimics the trend in 𝛥𝑛 with increasing concentration, when 𝛥𝑛 changes drastically with 

concentration6,8. The χ(3) values for the compounds in this study decreased with increasing 
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concentration (Figure 5), except for 5, 6, 19 and 30, where an increase in 𝛥𝑛 with increasing 

concentration was observed. An increase in 𝛥𝑛 with increasing concentration was also observed 

for 20 and 22, which were determined to have χ(3) values that decreased with increasing 

concentration, following the relationship between their THG intensity ratios and increasing 

concentration. This may be because the slope of their plots of THG intensity ratios versus 

concentration (Figure 4f, g) are much larger (~22 times larger for 20, and ~17 times larger for 

22) than the slope of their plots of 𝛥𝑛 versus concentration (Figure 3f, g). 

 

Figure 5: the third-order nonlinear optical susceptibility (χ(3)) values of bromo-substituted 

benzene and naphthalene derivatives (a and b), phenyl-appended pyrroles (c), naphthyl-
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appended pyrroles (d), as well as analogues of 2,1,3-benzothiadiazole (e), pyrene (f), 

diphenyl-2,1,3-benzothiadiazole (g), diphenyl (h) and fluorene (i). The χ(3) values are 

calculated from refractive index and THG intensity ratio values. 

The trend in χ(3) values with increasing concentration determines the sign of the extracted γ 

value. An increase in the value of χ(3) with increasing concentration indicates that the THG 

emitted by the solution has the same phase with respect to the THG emitted by the solvent, THF: 

this results in a positive γ value. Consequently, a decrease in the value of χ(3) with increasing 

concentration indicates that the THG emitted by the solution has the opposite phase with respect 

to the THG emitted from the solvent, THF: this results in negative γ values. 

The choice of solvent is very important for these measurements, and can influence both the 

sign and magnitude of γ. For instance, the experimental γ values of porphyrins changes 

depending on the solvent used. An increase in the γ value of 3-5 times was observed when 

porphyrins were dissolved in an acidic medium rather than a neutral medium49. Furthermore, 

some porphyrins may form oligomers in nonpolar solvents, and thus electronic coupling effects 

between pyrrole rings may lead to increased γ values50. 

The choice of solvent used herein was THF. This solvent was chosen for a number of reasons 

including its ability to dissolve the conjugated pyrroles. Furthermore, since THF is a moderately 

polar aprotic inert solvent, it is not expected that the conjugated pyrroles will oligomerise in this 

solvent. Cognisant of the need to reduce aggregation, dilutions were chosen such that the ratio of 

the THG intensity generated at the air-glass and solution-glass interfaces of the capillary tube 

containing the lowest dilution was aligned with the ratio of the THG intensity generated at the 

air-glass and solution-glass interfaces of a capillary tube with only neat THF. Since THG is 

sensitive to changes in refractive index, it is also sensitive to the presence of aggregates greater 
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than ~20 nm. Therefore, any aggregates larger than ~20 nm that float through a focal volume 

during the measurement would alter the THG intensity profile, although these are easily 

identified and discarded. Since the THG ratio measurement consisted of ten uniform profiles per 

dilution (i.e. for each diluted sample), any non-uniform profiles were discarded, and extra 

profiles were run to satisfy the total. It is noted that reduction in concentration due to the 

presence of the aggregates was unaccounted for. Furthermore, although the refractive index 

measurement is sensitive to aggregates, these effects were not removed given that the spot size in 

such experiments is several mm in size. The naphthyl derivative 13 was not fully soluble in THF, 

and measurements corresponding to this derivative may have benefitted from the use of a 

different solvent, or by developing a film. However, the use of films with this technique would 

require superb control over the uniformity of the molecular distribution within the film or a 

priori knowledge of this distribution. 

The magnitude of the γ values of the benzene and naphthalene derivatives (1-6) are generally 

much smaller than those of the phenyl, naphthyl, 2,1,3-benzothiadiazole, pyrene, diphenyl-

benzothiadiazole, biphenyl and fluorene derivatives with exception of 7, 11, 22 and 26. It was 

observed that much higher concentrations of the benzene and naphthalene derivatives were 

needed in order to induce an adequate THG intensity ratio difference from measurements of neat 

solvent (THF). In Figure 3, the error bars of the Δn values are propagated error values from 

standard deviations of multiple refractive index measurements. It was observed that the errors for 

compounds 1-6 (Figure 3a, b) are higher than those for the Δn values of other compounds 

(Figure 4b-i). However, it is noted that the solutions of 1-6 in THF were much more concentrated 

than were the solutions of other compounds. Therefore, the higher error associated with these 
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compounds in Δn values may be due to the presence of small aggregates (< 20 nm), or the 

presence of an ordered structure in solution due to π-π stacking. 

Effect of bromination 

The magnitude of γ for compounds 1-31 is listed in Table 1. The effect of bromo substitution 

on the third-order nonlinear optical properties of benzene and naphthalene were explored. A 6-

fold increase in the γ value was observed when comparing naphthalene (3) and 2-

bromonaphthalene (4). This observation aligns with previous findings that the addition of 

electron-withdrawing groups results in an increase in the value of γ7. 

Stark differences are observed between the properties of bromo-substituted benzenes and 

bromo-substituted naphthalenes. In particular, the γ value of 1,4-dibromobenzene (2) is 50 times 

smaller than the γ value of bromobenzene (1), while the γ value of 2,6-dibromonaphthalene (5) is 

~8 times greater in magnitude than the γ value of 2-bromonaphthalene (4). This is likely because 

any enhancement in γ obtained from the addition of electron-withdrawing substituents is 

cancelled by their symmetrical opposition, whereas the lack of such symmetry in 2,6-

dibromonaphthalene instead causes an enhancement: indeed, a higher dipole moment appears to 

lead to an improved THG. 
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Table 1. The γ values for 1-31 measured using the THG ratio technique at 1030 nm. The 

wavelength of their absorption maximum as well as the molar absorptivity values are included. 

All compounds were measured in solutions involving THF, except for 18, 21, 28 and 31 

(CH2Cl2), and 10, 20 and 27 (9:1, 8:2 and 8:2, respectively, mixtures of THF:DMSO). 

Compound |γ| (10-41 m2V-2) λabsmax  
(nm) 

ε  
(M-1 
cm-1) 

Benzene and naphthalene derivatives   
Bromobenzene (1) 0.015 ± 0.006   

1,4-Dibromobenzene (2) 0.00030 ± 0.00003   
Naphthalene (3) 0.007±0.001   

2-Bromonaphthalene (4) 0.043±0.004   
2,6-Dibromonaphthalene (5) 0.36±0.08   

 

0.00011±0.00001   

Phenyl derivatives   

 

0.42±0.07   

 

5±3 352 36,000 

 

4.7+/-0.6 386 48,000 

 

14±1 404 18,000 

Naphthyl derivatives   

 

0.008±0.002   
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0.5±0.2 360 38,000 

 

insufficiently 
soluble in THF 

384 59,000 

 

7±1 400 69,000 

2,1,3-Benzothiadiazole derivatives   

 

0.9 ± 0.2   

 

21 ± 9 520, 
360, 
266 

18,000, 
27,000, 
14,000 

 

48 ± 40 370 20,000 

 

140 ± 30 525, 
358, 
295 

42,000, 
40,000, 
114,000 

Pyrene derivatives   

 

1.0 ± 0.1   
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1.9 ± 0.2 396 37,000 

 

90 ± 13 511, 
401, 
294 

64,000, 
40,000, 
132,000 

Diphenyl-benzothiadiazole derivatives   

 

0.0076 ± 0.0009   

 

3.0 ± 0.4   

 

16 ± 2 447, 
354 

31,000, 
52,000 

 

111 ± 20 366 46,000 

Biphenyl derivatives   

 

0.11±0.03 380 74,000 
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34 ± 5 392 66,000 

 
 

230±90 472, 
430, 
374, 
294 

36,000, 
42,000, 
66,000, 
106,000 

Fluorene derivatives   

 

4.5 ± 0.6 390 55,000 

 

0.39 ± 0.04 404 78,000 

 

120 ± 20 477, 
435, 
381, 
294 

49,000, 
54,000, 
72,000, 
124,000 

 

Phenyl and naphthyl derivatives 

The 1,4-phenyl-linked and 2,6-napthyl-linked pyrroles and dipyrroles were next evaluated. 

Comparing monopyrroles 7 and 11 with their 2-formyl derivatives 8 and 12, respectively, 

revealed that the magnitude of γ for the formyl-substituted pyrroles is higher (Table 1), 

presumably as a consequence of the electron-withdrawing effect of the carbonyl. This difference 

is much more drastic for 12 than for 8, i.e. an increase in γ of ~63 times rather than ~12 times. 

The dipyrrole 9 features a 1,4-disubstituted phenyl linker flanked by two vinylpyrrole units. 

This extension in the chain length of the conjugated linker results in an 11-fold increase in γ c.f. 

the monopyrrole 8. Previous DFWM investigations51 at 532 nm involving a disubstituted phenyl 

linking unit flanked by two vinylpyrrole units appended at ortho and meta positions via imino 
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functionality revealed similar χ(3) values . However, it is unclear how the γ value for the para-

substituted phenyl linker (9) compares to that for the ortho- and meta- analogues. Future 

investigations are needed to explore the influence of 2-, 3-, 4-substitution at the linking phenyl 

unit upon THG response, and the effect of imino versus alkenyl linking functionality. Certainly 9 

and its ortho- and meta- analogues are anticipated to have differing charge transfer donor-

acceptor effects. 

The effect of formylation upon γ is again seen when comparing the a-free (H atom in the a-

position, i.e. 2-position) dipyrrole 9 versus its 2-formylated derivative 10 (3-fold increase c.f. 9) 

which again may be due to the more electron-withdrawing effect of the carbonyl group. 

However, the increase in γ is more significant (14-fold) for the 2,6-naphthyl-linked dipyrrole 14 

c.f. the corresponding monopyrrole 12. These trends between the 1,4-diphenyl- and 2,6-

dinaphthyl-linked systems can be rationalised as for the bromo-substituted benzenes and 

naphthalenes discussed above, where lack of symmetry in the 1,4-diphenyl- and 2,6-dinaphthyl-

linked systems seemingly results in an enhancement in γ. 

2,1,3-Benzothiadiazole, pyrene, diphenyl-2,1,3-benzothiadiazole, biphenyl and fluorene 

derivatives 

After observing an increase in γ value for dipyrroles linked via 1,4-diphenyl and 2,6-

dinaphthyl units, presumably as a consequence of increased conjugation across the framework, 

analogues featuring 2,1,3-benzothiadiazole, pyrene, diphenyl-2,1,3-benzothiadiazole, biphenyl 

and fluorene units were evaluated (16, 19, 24, 26, 29), as were their diformylated derivatives (17, 

20, 25, 27, 20). The effects of these linking units on γ values are previously unreported. 

However, DFWM studies at 602 nm are reported for benzothiazole, benzimidazole and 

benzoxazole units. The γ value of benzothiazole was found to be higher than that for 
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benzimidazole and benzoxazole52. Therefore, it is anticipated that the 2,1,3-benzothiadiazole may 

exhibit an enhanced γ value due to its enhanced electronic effects c.f. the parent compounds. 

Furthermore, previous studies of biphenyl include its incorporation into tetrabiphenyl ethylene 

systems featuring four biphenyl groups. Z-scan studies of these systems at 532 nm have revealed 

increased third-order nonlinear optical properties due to enhanced π-conjugation53. Lastly, 

fluorene-based polymers were determined to exhibit large γ values, as measured using the 

optical Kerr effect technique at 830 nm54 and the Maker-Fringe technique at 1200 nm55. 

As seen for the 1,4-diphenyl and 2,6-naphthyl linked analogues studied herein, the formylated 

dipyrroles exhibited enhanced γ c.f. the corresponding a-free species: ~2.3 times higher for the 

formylated 4,7-disubstituted-2,1,3-benzothiadiazole-linked dipyrrole 17 c.f. the a-free analogue 

16; ~1.9 times higher for the formylated 1,6-disubstituted-pyrene-linked dipyrrole 20 c.f. the a-

free analogue 19; ~6.9 times higher for the formylated 4,7-diphenyl-2,1,3-benzothiadiazole-

linked dipyrrole 25 c.f. the a-free analogue 24; and ~227 times higher for the formylated 4,4’-

biphenyl-linked dipyrrole 27 c.f. the a-free analogue 26. This enhancement in γ may be due to 

the lack of symmetry in many of these systems, whereas greater enhancement is observed with 

derivatives that contain a more flexible core (e.g. 27 versus 20). Dipyrroles linked via a 2,7-

fluorenyl unit (29-31) are an exception to this trend, with formylation engendering an 11-fold 

decrease in γ. The slope of 𝛥𝑛 versus concentration is larger for all the formylated analogues 

except 30, where the slope of the a-free 29 is slightly higher and thus results in a higher value of 

γ. Interestingly, the absorption maximum of 29 is closer to the third harmonic wavelength (343 

nm) than the absorption maximum of 30 (Table 1). As a result, the molar extinction coefficient 

of 29 is slightly higher at the third harmonic wavelength than for the formylated analogue 30,56 

providing a tentative rationale for the decrease in 𝛥𝑛. However, the absorption maxima of 
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compounds 9, 16, 24 and 26 are closer to the third harmonic wavelength than their formylated 

analogues (10, 17, 25 and 27): the γ values of the formylated analogues are higher, suggesting 

that, in these compounds, formylation enhances the γ values. A higher molar extinction 

coefficient at the third harmonic wavelength was also observed for the formylated pyrene-linked 

system 20 compared to the corresponding a-free dipyrrole 19. Additionally, 20 has a slightly 

higher molar extinction coefficient than 19 at the second harmonic wavelength, which may 

contribute to resonance enhancement. The 2,1,3-benzothiadiazole-linked dipyrrole 16 exhibited a 

similar molar extinction coefficient at the third harmonic wavelength to its formylated analogue 

17, and a higher molar extinction coefficient at the second harmonic wavelength56. In contrast, 

the related diphenyl-2,1,3-benzothiadiazole-linked dipyrrole 24 exhibits a higher molar 

extinction coefficient than the corresponding formylated dipyrrole 25 at the third harmonic 

wavelength, and a slightly higher molar extinction coefficient than 25 at the second harmonic 

wavelength56. It should be noted that, due to anomalous dispersion, the refractive index 

difference may increase or decrease at absorption peaks.  

Table 2. A summary of γ enhancement factors. 

Specific Enhancement Example Compounds 
Lack of symmetry enhances γ 5 vs. 4, 10 vs. 9 
Increased conjugation length enhances γ 9 vs. 7, 16 vs. 15, 24 vs. 23 
Formylation enhances γ 7 vs. 8, 9 vs. 10, 11 vs. 12, 16 vs. 17, 19 vs. 

20, 24 vs. 25, 26 vs. 27 
Complexation with Ru enhances γ 17 vs. 18, 20 vs. 21, 27 vs. 28, 30 vs. 31 

 

Most formylated analogues (10, 14, 17, 25, 27) were determined to exhibit γ values of 

magnitudes that were higher than the benchmark standard β-carotene, with exception of the 

formylated pyrenes (20) and fluorenes (30). Comparing pairs of formylated dipyrroles with 

differing conjugation lengths, the magnitude of γ evidently increases with an increased extent of 
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conjugation: compare the 1,4-phenyl-linked dipyrrole 10 with the 1,4-biphenyl-linked dipyrrole 

(27), or the 2,1,3-benzothiadiazole-linked 17 with 25, which bears two additional phenyl groups 

within the linker unit. Similar observations have been reported for related systems. For example, 

γ at a wavelength of 1.91 µm was found to increase with increasing bridge length (i.e. the 

number of double bonds) in donor-bridge-acceptor and acceptor-bridge-acceptor molecular 

systems consisting of dimethylaniline as the donor, with a variation of double bonds as the 

bridge, and formyl as the acceptor57,58. 

The ruthenium complexes of 17, 20, 27 and 30 exhibited higher γ values compared to the 

corresponding free ligands, with specific enhancements of: ~2.9 times higher for 18 c.f. 17; ~47 

times higher for 21 c.f. 20; ~6.8 times higher for 28 c.f. 27; and ~308 times higher for 31 c.f. 30. 

Impressively, these compounds displayed γ values of magnitudes that were higher than the 

benchmark standard β-carotene.  

Given that some conjugated materials fluoresce, the methodology used to measure THG, as 

described in the THG Ratio Technique and Measurements section above, ensures that only THG 

signal is collected. Furthermore, as THG and fluorescence are not competing processes it is not 

expected that fluorescence will reduce THG signal. Interestingly, many of the characteristics of 

an efficient fluorophore may also be relevant to requirements for a useful harmonophore for 

THG. For instance, many of the conjugated pyrroles have γ values with magnitudes that are 

larger than the benchmark standard β-carotene. Furthermore, the ruthenium complexes 18, 21, 28 

and 31, as well as 25, have γ values on par with chlorophyll a8 (|γ| = 100 ± 20 ×10-41 m2V-2 at 

1028 nm), which is a well-known highly conjugated chemical framework that produces a γ value 

that is ~20× greater than β-carotene; and it is also fluorescent. Many fluorescent frameworks, 

such as chlorophyll a, have absorption bands in the UV and visible regions. This is advantageous 
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for harmonophores for THG: indeed, electronic or vibrational energy levels at the second 

harmonic wavelength (515 nm for a 1030 nm laser) and the third harmonic wavelength (343 nm 

for a 1030 nm for a laser) can significantly increase THG signal through resonance enhancement. 

The use of polymeric materials with extended π-conjugated systems has been demonstrated as 

an efficient strategy towards achieving larger third-order nonlinearities. Similarly, 

organometallic compounds with extended π-conjugated systems are also promising as third-order 

nonlinear materials1. It has been speculated that the interaction of the transition metal d orbitals 

with conjugated π-orbitals may enhance γ, and that THG may be directly influenced by the types 

of ligands attached to the metal centre. Recently, ruthenium(II) polypyridyl complexes have been 

demonstrated to exhibit enhanced third-order nonlinear optical responses, which was proposed to 

be a consequence of the strong σ-donating ability of the ligands constituting a push-pull system 

with the ruthenium (II) ion59. Further, metal-to-charge transfer (MLCT) could play a role in 

enhancing γ values of ruthenium complexes. In this case, MLCT involves the transfer of electron 

density from the ruthenium d orbital to a vacant, ligand-localised π* antibonding orbital. This 

electron transfer increases electron delocalisation over the system, which enhances the third-

order nonlinear optical response of the molecule. The charge transfer characteristics of a 

molecule might therefore be manipulated towards desirable third-order nonlinear optical 

properties, by tuning metal and ligand combinations.  

Table 2 lists the γ enhancement factors, deduced via this study, that amplify the γ values of 

pyrroles and dipyrroles. These factors include complexation with ruthenium (II), increased 

conjugation length, formylation and desymmetrisation. These deductions fuel future work to 

solidify the relevance and generality of these enhancement factors. Future work should further 

involve performing quantum mechanical calculations regarding relationship between dipoles and 
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γ values, to support insights by which to design molecular frameworks with enhanced THG 

signal. 

 

Conclusions 

The THG intensity ratio technique was used to measure the second hyperpolarisability γ of a 

series of pyrrole-containing frameworks, to experimentally determine the molecular third-order 

nonlinear optical properties of this fundamental chemical building block. The THG intensity ratios 

from 1) a glass-solution interface incorporating the pyrrole-containing molecule and 2) an air-glass 

interface were measured, along with the refractive index of each pyrrole-containing solution at the 

laser (1030 nm) and third harmonic (340 nm) wavelengths. These values were used to calculate 

the χ(3) values of pyrrole-containing solutions. The γ value of each pyrrole-containing framework 

was then extracted from concentration-dependent χ(3) values. Trends in the magnitude of γ were 

noted, including that several formyl-substituted dipyrroles showed increased γ compared to the 

corresponding a-free dipyrroles. The formyl-substituted dipyrroles also exhibited enhancements 

in the magnitude of γ with increasing conjugation length. Finally, the complexation of 

ruthenium(II) by formyl-substituted dipyrroles enhanced the corresponding γ values ~3 to ~300-

fold. The trends emergent from this systematic study bolster knowledge of the electronic and 

structural features necessary for enhancement of third-order nonlinear optical properties. 

Correspondingly, these data offer significant insight as regards key molecular features required for 

the strategic design of novel dyes for THG microscopy. 
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