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ELSEVIER 

Professor B.M. Heron 

Editor, Dyes and Pigments 

University of Huddersfield,  

Huddersfield, UK  

 

 

Subject: Manuscript submission to  Dyes & Pigments 

Dear Prof. Heron,   

 

On behalf of my co-authors and myself, I would like to submit the manuscript entitled “Highly 

efficient unbridged D-A+ (D) chromophores based on quinolizinium cation for nonlinear 

optical (NLO) applications”, for consideration for publication as a regular Research Article in Dyes 

& Pigments.  The present study investigates the role of the quinolizinium as acceptor unit in simple 

charged dipolar chromophores, directly connected to electron donor (D) unit(s) that generates D-A+ 

and D-A+-D unbridged chromophores. The results surprisingly reveal that the absence of a bridge 

between the donor and acceptor fragments enhances and modulates NLO properties by inherent 

polarization between donor and acceptor, and provide an attractive strategy in guiding the design of 

new NLO materials. An absolutely new generation of second-order nonlinear materials with enhanced 

first hyperpolarizability can be based on the quinolizinium systems. The promising performance of the 

proposed quinolizinium cation based D-A+(D) unbridged chromophores has a potential for stimulating 

further research and discussion on D-A- building blocks in organic–based materials. 

Being fundamental in its essence, this work has a high translational potential . The results presented 

in the manuscript are expected to impact the design of new materials and appeal to the broad and 

multidisciplinary audience of Dyes & Pigments.   

This work has not been submitted for publication nor has been published in whole or in part 

elsewhere.  

All authors have seen and approved the submission of the manuscript.  

 
Sincerely,  

Prof. Ana M. Cuadro 

(corresponding author) 
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Editor 
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Manuscript Number: DYPI-D-21-02182R1     

TITLE: Highly efficient unbridged D-A+(D) chromophores based on the quinolizinium cation for nonlinear 

optical (NLO) applications 

 

Dear Prof. Jacquemin, 

Thank you very much for your message.  

Thank you for giving us the opportunity to submit a revised draft (R2) of our manuscript. We appreciate 

the time and effort that you and the reviewers have dedicated to providing your valuable feedback on 

my manuscript. Revised manuscript file which addresses the Reviewer 1’ additional comments is 

submitted. Please, find below the Reviewer 1’ comments repeated in italics and point-by-point responses 

inserted after each comment. The changes/additions are in blue. Page numbers refer to the revised (R2) 

manuscript. 

In addition, I would like to include a brief dedication to Prof. Dr. Carolina Burgos, who recently passed 

away. 

 

Reviewer #1 

Reviewer #1: In general, the authors tried to give convincing replies and complements to the point raised 

in my initial report. Regarding my first point, the sentence which mentions that "cationic acceptors were 

introduced only recently" sounded like a little weird and approximative statement to me, although it is true 

that, contrary to what I told, pyridinium derivatives were clearly mentioned in the text. Sorry for that! 

The same goes for the number of carbons of compound 5f, I totally realized that the Cs point group to which 

it belongs should give 25 shifts for the carbon, but I probably looked at the wrong line when counting 

(probably that of 6b) because I remember thinking that only half of the carbon were reported. For 6b, 

however, when I mention "11 C founds while 12 are expected" I am actually taking into account the fact 

that two C are pseudo-isochrones, as only 10 chemical shifts are reported. 

 

Authors’ reply: For the described product 6b, 10 signals are reported in the 13C-NMR spectrum. However, 

11 signals should be seen, since two of the carbons are pseudo-isochrones. This last carbon, which was 

not reported by mistake, has a chemical shift of 117.7 ppm. Although it cannot be observed in the usual 
13C spectrum, it is perfectly observable in the HMBC experiment, where the protons located in positions 1 

and 3 provide an additional correlation with a signal at 117.7 ppm. Additionally, the broad signal 

Response to Reviewers



 

 

corresponding to the hydrogen nuclei of the pyrazole ring shows a single correlation with this same signal 

at 117.7ppm. 

These data, together with the high-resolution mass experiments and elemental analysis, provide 

additional evidence to conclude that compound 6b, is indeed, the molecule described. 

All this evidence can be seen below and has been entered into the ESI. 

1H NMR (500 MHz, DMSO) 

 
 

 

 

 

 

 

 

 



 

 

13C NMR (126 MHz, DMSO)  

 

gCOSY NMR (500 MHz, DMSO) 

 

 



 

 

TOCSY NMR (500 MHz, DMSO)  

 

gHSQC NMR (500 MHz, DMSO) 

 



 

 

gHMBC NMR (500 MHz, DMSO) 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

gHMBC RMR (in detail) (500 MHz, DMSO)  

 

 

 

 

 

Regarding the calculations of kr and knr the authors are right. Yet, from the reported data, it is not clear 

whether significant differences are found between the short and long lifetimes and to what extent each 

participate in the calculated weighed lifetime (if the short one has a negligible contribution, it could perhaps 

be neglected). Globally, one can question the interest in providing these weighed lifetime values in the 

manuscript if almost nothing is concluded from those. 

Authors’ reply: Based on the analysis of the fluorescence intensity decay profiles, it is clear to us that two 

lifetime components were observed and that the short one cannot be disregarded without considerably 

increasing the chi-square. The short component cannot be attributed to the scattering of the sample 

solutions either. Furthermore, the contributions of the fast components to the weighted average lifetimes 

for most of the compounds are similar or even larger than the slow ones. 

 

We agree that not much information can be gained from the collected weighted average lifetimes, but we 

believe that a photophysical study should always include lifetimes or weighted average lifetimes, even if 

we cannot rationalize the results. 



 

 

 

"Disubstituted cationic quinolizinium systems (D-A+-D) are expected to have lower βHRS values than for 

theirmonosubstituted counterparts (D-A+): second order optical nonlinearity in organic compounds derives 

from a highly polarizable charge asymmetry of a π-conjugated system capped with groups of different 

electron affinities (D and A). " 

I perfectly agree with that 

 

"This is true for the 2c/5c, 2f/5f, 6d/7d couples, but not for other compounds" .The theoretically predicted 

β values for these couples follow the trend"  

The problem, precisely, is that theoretical calculations nicely match theoretical predictions, but that 

measurements appear in 2 out of the 5 cases where comparison is possible in stark contraction : when 

comparing compound 7b and 6b (and not only the betaHRS but also the betazero) and also 5b and 2b.  

 

This is not necessarily a problem that can be easily addressed, but the claim that theory and experimental 

values are in good agreement and that "Both theoretical approaches (HF and MP2) used to compute the 

first hyperpolarizabilities in this study reproduce the trends in the experimental βHRS data presented in 

Table 5 reasonably well, except for compounds 2a and 2d, the values of which are more strongly 

underestimate" is in my opinion wrong because if it was the case, it should be possible, based on these 

calculations to provide a reasonable explanation to the "exception to the rules" which is not the case here. 

Where it becomes more problematic is that the conclusions use these calculated values to claim the 

superiority of the reported systems to existing ones "Indeed, the βHRS values predicted at the MP2 level 

for a model pyrrole-substituted cationic quinolizinium system (2c, Table 7, Figure S3) are higher (βHRS,800 

=100×10−30 esu) than those calculated for a model 2-methylpyridinium (B), 3-methylpyridinium(C) and 4-

methylpyridinium cationic system (D) (βHRS,800 values of 32×10−30, 29×10−30 and66×10−30 esu, 

respectively)" which, given the observed experimental discrepancies measured here seems very optimistic 

and not fully supported  

This does not, however, precludes publication in D&P but conclusions should be more balanced and 

exceptions/surprising trends clearly mentioned in the discussion 

Authors’ reply: We agree with the reviewer that the theory did not fully succeed in predicting the 

experimental βHRS values of the series of differently substituted protected/unprotected compounds and 

some discrepancies remain unexplained. To compare the model pyrrole-substituted cationic quinolizinium 

and 4-methylpyridinium cationic systems is not so problematic because of the structural similarity of the 

systems. As suggested by the Reviewer, the text has been modified (p.27 and pp.32-33) to reflect the 

discrepancies between theory and experiment. We thank the reviewer for pointing this out. 
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Dedicated to the memory of Prof. Dr. Carolina Burgos 24 

Abstract: Novel charged D-A+ chromophores based on quinolizinium cations as acceptor unit 25 

have been prepared by treating haloquinolizinium salts with N-heteroarylstannanes under Stille 26 

reaction conditions. This approach provides an easy access to potential one-dimensional D-A+ 27 

and two-dimensional D-A+-D chromophores in which the acceptor moiety (A+) is the simple 28 

azonia cation and the donors are different π-rich N-heterocycles. The first hyperpolarizabilities 29 

(β) were measured by hyper-Rayleigh scattering experiments and the experimental data 30 

confirmed that the inherent polarization between donor and acceptor fragments modulates the 31 

NLO properties. The electronic structures and properties (including both the linear and 32 

nonlinear optical properties) of the quinolizinium chromophores were examined by theoretical 33 

(DFT, HF and MP2) calculations. A promising strategy for the rational design of D-A building 34 

blocks to create new organic-based NLO materials is proposed. 35 

Keywords: quinolizinium cation, D-A+(D) unbridged chromophores, nonlinear optical 36 

application, first hyperpolarizability 37 
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Research highlights  41 

• Quinolizinium cation is efficient acceptor unit in new D-A+ and D-A+(D) unbridged 42 

chromophores 43 

• Inherent polarization between donor and acceptor fragments modulates NLO properties  44 

• The N-protecting groups in the heterocyclic donors strongly affect the βHRS values 45 

• Quinolizinium systems in comparison with pyridinium ones appear to perform better in 46 

terms of NLO properties 47 

• Valuable hints for the rational design of D-A building blocks with potential application 48 

in NLO devices 49 

1. Introduction 50 

In recent years, the design and synthesis of conjugated donor-acceptor (D-A) organic molecules 51 

with nonlinear optical (NLO) [1] properties has been of considerable interest due to their 52 

applications in areas such as optoelectronics [2], all-optical data processing [3], biological 53 

imaging [4], dye-sensitized solar cells [5] and photodynamic therapy [6], amongst others, as 54 

well as for the understanding [7] of the structural requirements needed to achieve large second-55 

order polarizabilities, related to an electronic intramolecular charge transfer (ICT) effect [8], 56 

excellent thermal and chemical stabilities [9] and easy tuning of the D-A properties for various 57 

applications [10].  58 

Although a wide range of materials has been studied over the past few decades, the cationic 59 

acceptors have only recently been introduced. Amongst the cationic chromophores reported, 60 

charged acceptor units are restricted to benzothiazolium [11] and azinium salts [12]. The latter 61 

have received significant attention as 1D(D-π-A+) and 2D(D-π-A+-π-D) pyridinium-based 62 

chromophores, including DAST(4-(N,N-dimethylamino)-4´-N´-methylstilbazolium tosylate) 63 

/DSTMS(4-N,N´-dimethylamino-4´-N´-methylstilbazolium-2,4,6-trimethyl benzenesulfonate) 64 

[13] and diquats/helquats [14] for the design of stable redox-active organic materials (ROMs), 65 
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switching materials and chiral NLO chromophores [15]. However, azonia aromatic 66 

heterocycles (AZAH) [16] have not been explored to date as an acceptor unit, except by us, as 67 

a marker in nonlinear optical bioimaging, where they were found to exhibit a large two-photon 68 

absorption (2PA), and as push-pull cationic chromophores (D-π-A+-π-D) [17]. Furthermore, 69 

some derivatives of these azonia salts have been found to be useful in important applications, 70 

for example as highly fluorescent lysosomotropic probes and photosensitizer [18] (Figure 1).  71 

 72 

Figure 1. Representative examples of nonlinear optical chromophores based on azolium, 73 

pyridinium and quinolizinium cations as acceptor units. 74 
 75 

As a result of our research on the applications of heteroaromatic cations in the NLO field [19], 76 

we recently showed that chromophores generated by direct coupling of a quinolizinium 77 

fragment to an aryl donor [19a] or a pyridinium cation to a π-rich heterocycle [19b], a kind of 78 

molecule that rarely appears in the NLO literature [20], may exhibit better nonlinear optical 79 

properties than other heteroaromatic cations tested to date, such as azinium [21] and azolium 80 

[22] salts. When connected directly, these chromophores have been shown to be useful for 81 

guiding the design of new NLO materials, thus contributing to the development of new β 82 

enhancement strategies [23] as alternatives to traditional π-conjugated chromophores in 83 

applications for nonlinear optical materials.  84 

Herein we report the synthesis of a series of dipolar D-A+ and quadrupolar D-A+-D charged 85 

chromophores (Figure 2), which are synthesized by way of a Stille cross-coupling reaction 86 
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[24], to give push-pull molecules that combine quinolizinium cations as acceptor units (A+) 87 

with π-rich N-heterocycles as donor units to achieve higher polarizability. 88 

 89 

Figure 2. D–A+(D) chromophores created by coupling a quinolizinium-based π-deficient 90 

charged heteroaromatic cation to a π-rich heteroarenes 91 
 92 

From literature is known that the absence of a conjugated bridge ensures a higher chemical 93 

stability with respect to standard D-π-A systems [20b], and the introduction of multiple D units 94 

gives rise to multi-dimensional (MD) structures that can offer increased β responses by 95 

extending the charge transfer to higher dimensions. The photophysical properties of the 96 

resulting D-A+ and D-A+-D chromophores were studied by means of UV-visible and hyper-97 

Rayleigh scattering (HRS) spectroscopy, as well as by performing quantum-chemical 98 

calculations at different levels of theory, including density functional theory (DFT), Hartree-99 

Fock (HF) and post-HF ab initio methods (MP2). In addition, the redox activity was evaluated 100 

by cyclic voltammetry and the results of the theoretical calculations were compared with those 101 

obtained for known pyridinium-based systems to illustrate the influence of quinolizinium as 102 

acceptor unit and to establish the relevant structure-activity relationships. 103 

2. Results and Discussion 104 

2.1. Synthesis  105 

Chromophores with the general structure D-A+ (Figure 2) were synthesised starting from 2-106 

bromoquinolizinium (1) using previously described conditions for palladium-promoted 107 

coupling reactions with quinolizinium salts [25], adapted and optimized for 1 using two 108 
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different catalytic systems, namely palladium tetrakis(triphenylphosphine)/copper iodide 109 

[Pd(PPh3)4/CuI] (Method A) or tri(ortho-tolyl)phosphine/tris(dibenzylideneacetone) 110 

dipalladium [Pd2 (dba)3/P(o-Tol)3] (Method B), both in DMF as solvent. Initially, starting from 111 

1 and 3-tributylstannanyl-(toluen-4-sulfonyl)-1H-indole, with Pd(PPh3)4 (5% mol) and CuI as 112 

co-catalyst (10% mol) in DMF (Method A), the coupled compound 2a was obtained in 97% 113 

yield after 4 h at 70 °C (Scheme 1). As such, method A was applied to produce a variety of 114 

coupling products (Table 1). The data collected showed that conditions A lead to the 115 

corresponding coupling products (2a-j) in good yields (except for ferrocenylstannanes Fc-116 

SnBu3
  [26]). Compounds 2f and 2i (entries 6 in Table 1, and entry 9 Table S1 in SI) were 117 

therefore synthesised using Method B, in good yields.  118 

 119 

Scheme 1. Stille reaction of 2-bromoquinolizinium with heteroarylstannanes 120 

The coupling with stannane pyrrole and indole derivatives, protected with TIPS (entry 3) and 121 

TBDMS (entry 6), respectively, led to coupling products 2c and 2f, respectively, with loss of 122 

the protecting groups.  123 

Coupling with electron-deficient pyrazine, pyrimidine and pyridine stannanes proved possible 124 

without protecting the NH2 group, obtaining moderate to good yields (see SI, Table S1, 125 

compounds 2g, 2h, 2i).  126 
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In light of the approach outlined in the introduction and considering the results of the couplings 127 

to afford D-A+ chromophores, we examined the coupling of 2,7-dibromo quinolizinium (3) 128 

with similar stannanes under Stille reaction conditions, using Methods A or B, to synthesise 129 

the D-A+-D chromophores. 130 

The study of reactivity of 3 with tributylstannylpyrazole was carried out first using one 131 

equivalent of stannane and Pd(PPh3)4/CuI as catalyst in DMF (Method A). Under these 132 

conditions, after 22 h at 70 °C, mono-coupling at the C-2 position furnished product 4b along 133 

with unreacted starting material. Subsequently, coupling with 2-2.5 equivalents of 134 

tributylstannanyl-1-trityl-1H-pyrazole, under the reaction conditions outlined above, afforded 135 

di-coupling product 5b in 52% yield (Scheme 3), although under these conditions the mono-136 

coupling product 4b was also formed. An evaluation of the process with all stannanes (2-2.5 137 

equiv.), using methods A and B, can be found in Table 2. 138 

  139 

Scheme 2. Stille reaction of 2,7-bromoquinolizinium with heteroarylstannanes. 140 

Based on the results, it should be noted that, generally, when protected 141 

tributylstannylpyrrol (R = TMS or TIPS) was used in a temperature range of 70-75 °C 142 

for 8 or 24 h, a mixture of mono-coupling product 4c (not isolated) and di-coupling  143 

product 5c (61%), with removal of the protecting group, was observed by 1H NMR 144 

spectroscopy. 145 

 146 
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TMS: Trimethylsilyl; TIPS: Triisopropylsilyl; TBS: tert-Butyldimethylsilyl; Tr: Trityl; Boc: tert-Butoxycarbonyl; 147 
Ts: Tosyl. 148 
Table 1. Method A: Pd(PPh3)4/CuI/rt or 70 °C/DMF; Method B: Pd2(dba)3/P(o-Tol)3/70-75 °C/DMF. 149 
Table 2. Method A: Pd(PPh3)4/CuI/rt or 70-75 °C/DMF; Method B: Pd2(dba)3/P(o-Tol)3/75 °C/DMF. 150 

 151 

The coupling reaction between 3 and stannylindazole at room temperature for 7 h afforded 5d 152 

and 4d (30% and 25%, respectively). This result is in agreement with the conditions applied 153 

for the coupling between 1 and tributylstannylindazole, for which the best results were obtained 154 

at room temperature (see Table 1, entry 5). Under standard conditions, the coupling of 3 with 155 

Table 1. Stille reaction of 2-Bromoquinolizinium 
salt    

Table 2. Stille reaction of 2,7-Bromo 
quinolizinium salt 

  

Entry Het-SnBu3 Mono-coupling 
Product 2 

Reac. Conds. 
Meth/T(°C)/

t(h) 

Yield 
(%) 

 Di-coupling product 
                   5 

Reac. Conds. 
T(°C)/t(h)/Meth/ 
equiv. Het-SnBu3 

Yield % 

5          4 
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(R=H)) 
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70 
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15           13 
30           25 
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93 

 

 
70 /22/A/2.8 

 
36 
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the tributylstannylthiazole derivative (entry 4, Table 2) leads to the di-coupling compound 5e 156 

in 36% yield as the only product. 157 

The coupling of 3 with tributylstannylindole (entry 5, Table 2), protected as the TBDMS 158 

derivative, using the catalytic system [Pd2(dba)3/P(o-Tol)3] in DMF at 70 °C for 24 h, gave 5f 159 

(deprotected) in 60% yield (Table 2, entry 5). Under these reaction conditions, indole 160 

deprotection is observed as in the case for pyrrole.  161 

In light of these results for the coupling reactions of 2-bromoquinolizinium 1 and 2,7-162 

dibromoquinolizinium 3 with different stannanes (Table 1 and 2), we were unable to 163 

establish a relationship between the nature of the stannane and the reaction yields 164 

(medium or high) because of the low solubility of the coupling compounds in common 165 

organic solvents. Another obstacle was the difficulties encountered during the 166 

purification process as the mono- and di-coupled systems have similar Rf (retention 167 

factor) values, with both being lower than for the starting compound 3.  168 

Finally, having obtained unprotected quinolizinium derivatives D-A+ (2c, 2f) and D-A+-169 

D (5c, 5f) directly upon loss of the protecting group during Stille coupling with pyrrole 170 

and indole, we then investigated the reaction conditions for deprotection of 171 

chromophores 2b(Tr), 2d(Boc), 5b(Tr) and 5d(Boc) (Scheme 3 and SI), with the aim of 172 

analyzing the effect of the presence/absence of a protecting group on the linear and 173 

nonlinear optical properties of 1D and 2D chromophores (see Figure 5 and/or Figure 8). 174 
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 175 

Scheme 3. Reaction conditions for unprotected chromophores 176 

The isolation of functionalized unprotected quinolizinium systems will allow us to direct 177 

our research towards generating structures with high charge delocalization between the 178 

two rings upon abstraction of a proton from the donor group, thus generating a 179 

heterobetainic system as a new organic material. As mentioned above, most of the 180 

hyperpolarizability studies reported in the literature have involved traditional π-electron 181 

conjugated systems, with only a few unbridged D-A systems being reported as good 182 

alternatives [19a,b] for applications as nonlinear optical materials. A deeper 183 

understanding of their fundamental structure-property relationships must therefore be 184 

acquired by evaluating their linear and NLO properties. 185 

2.2 Linear optical properties 186 

The UV/Vis spectra (see Figure 3) for all 2-mono- and 2,7-disubstituted selected quinolizinium 187 

derivatives (see Figure 5) exhibit an absorption below 500 nm. The band with a maximum at 188 

the longest wavelength was assigned to the transition to a π–π* excited state prior to the 189 

formation of a stable intramolecular charge transfer (ICT) excited state from which emission 190 

occurs. Band position (abs,max) is usually quite sensitive to the ring conjugation and the 191 

electron-donating character of the heterocycle substituted at the acceptor, in this case the 192 
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quinolizinium moiety. The ICT bands for all the derivatives studied exhibit a sharp cut-off, 193 

with no broadening of this absorption band to the red. A weak broadening, attributed to the n–194 

π* transition due to the presence of N heteroatoms, was observed previously for some other 195 

cationic acceptors, such as pyridinium cations, containing the same substituents [19b,c]. A 196 

comparison of abs,max for the C-2 substituted quinolizinium acceptor derivatives with those 197 

containing pyridinium moieties with the same electron-donating substituents linked in the 198 

activated positions (C2/C4) [19b] revealed bathochromic shifts in the 10-45 nm range, which 199 

were attributed to an increase in the degree of conjugation for the quinolizinium derivatives. 200 

Similarly, a comparison of abs,max for the unprotected 2-mono substituted derivatives 201 

containing indole, pyrazole, indazole and pyrrole groups (2f, 6b, 6d and 2c respectively) 202 

indicated that the compound containing the weakest donor pyrazole substituent (6b) absorbed 203 

at the shortest wavelength (354 nm). The abs,max for indole- and indazole-substituted 204 

compounds (good donors), as well as their pyrrole counterpart, appeared at 396, 366 and 370 205 

nm, respectively. Similar findings were obtained when comparing the protected 206 

monosubstituted 2a (364 nm) with 2b (357 nm), the unprotected 2f (396 nm) with 6b (400 nm), 207 

as well as the disubstituted 5c (395 nm) with 7b (377 nm) derivatives. Those containing weak 208 

pyrazole donors (2b, 6b and 7b) exhibited shorter λabs,max  than their counterparts (2a, 2f and 209 

5c). The greater electron-withdrawing character of the tosyl group, compared to the trityl one, 210 

probably reduces the difference between abs,max for 2a and 2b. As expected, moving from 211 

mono- to disubstituted protected (2b to 5b) or non-protected (6b to 7b) compounds resulted in 212 

a shift of the absorption maxima to the red (357 to 378 nm and 354 to 377 nm). The addition 213 

of a second heterocyclic of even the weakest pyrazole donor to the quinolizinium acceptor 214 

moiety at C(7) contributes to extending the -delocalization, thus inducing a bathochromic 215 

displacement in the -* transitions. Something similar could be inferred for mono- and 216 
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disubstituted 2c and 5c pyrrole derivatives, which showed abs,max at 370 and 395 nm, 217 

respectively. 218 

The λabs,max  for derivative 2a (364 nm) was shifted to the blue by 32 nm compared to the non-219 

protected 2f (396 nm). Adding an electron-withdrawing tosyl group to the indole donor 220 

decreases its electron donating ability resulting in a diminishing of the charge transfer 221 

efficiency and hence a higher energy is associated to the transition. However, no apparent 222 

correlation was found between abs,max for 2b substituted at C-2 with a pyrazole ring protected 223 

with a trityl group, which exerts a slight electron-withdrawing effect, and unprotected 6b, the  224 

maxima for which appear at 357 and 354 nm respectively. A similar situation was found for 225 

pyrazole-disubstituted compounds 5b and 7b, whose maxima appear at 378 and 377 nm. In 226 

general, molar absorptivities at abs,max (max) for quinolizinium acceptor derivatives (Table 3) 227 

are larger than for their pyridinium-containing counterparts [19b], with values ranging from 228 

approximately 1.1104 to 3.7104 M-1cm-1. However, no correlation was found between the 229 

max values and the number of substituents on the different derivatives, their electron-donating 230 

character, or whether they were protected or not.  231 

The emission spectra for all compounds were structureless (see Figure 4), showing maxima 232 

whose locations can be explained in a very similar manner to those of the absorption spectra. 233 

Thus, the unprotected mono-substituted derivatives 2f, 6b, 6d and 2c exhibit λem,max at 496, 234 

400, 451 and 485 nm, respectively. The pyrazole-containing compound (6b, weakest donor) 235 

emits at 400 nm, with the indole (2f), indazole (6d) and pyrrole (2c) counterparts being 236 

significantly shifted to the red by 96, 51 and 85 nm, respectively.  237 

The changes in λem,max upon moving from the protected 2-monosubstituted 2a (448 nm) to 2b 238 

(398 nm) and from the unprotected 2f (496 nm) to  6b (354 nm) and from  the disustituted 239 

unprotected 5c (463 nm) to 7b (412 nm) can also be explained in a similar manner. The 240 

pyrazole-containing derivatives exhibited the smallest em,max. As was also the case for the 241 
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absorption maxima, a comparison of em,max for mono- and disubstituted pyrazole-containing 242 

derivatives protected 2b (398 nm) and 5b (409 nm) or unprotected 6b (400 nm) and 7b (412 243 

nm) revealed a displacement to the red, in this case by about 12 nm. However, the opposite 244 

behavior was observed when comparing mono- and disubstituted 2c (485 nm) and 5c (463 nm) 245 

compounds with pyrrole donor groups. The high degree of electronic asymmetry of a good 246 

donor substituent and central accepting moiety in the monosubstituted derivatives compared to 247 

the disubstituted ones should increase the extent of ICT. As a result, the emission of 2c is 248 

displaced to higher wavelengths relative to the disubstituted derivatives 5c.  249 

 250 

 251 

The λem,max for the electron-withdrawing tosyl protecting group at the indole ring of 2a (448 252 

nm) was, as expected, displaced to the blue compared to its unprotected counterpart 2f (496 253 

nm). This effect was smaller for pyrazole protected with a trityl group 5b (409 nm) and its 254 

unprotected counterpart 7b (412 nm) in the case of 2,7-quinolizinium derivatives. A similar 255 

situation was found for the C2-monosubstituted compounds 2b (398 nm) and 6b (400 nm), 256 

protected with a trityl group and unprotected, respectively.  257 

Figure 3. Electronic UV-Vis absorption spectra for 2- 

substituted quinolizinium derivatives 2a, 2b, 2c, 2f, 6b  

and 6d (left) and 2,7-disubstituted derivatives 5b, 5c and  

7b in methanol at 25 °C (right). Values at the absorption  

maxima (depicted) are proportional to the molar 

absorptivities. 

Figure 4. Emission spectra for 2-monosubstituted 

quinolizinium derivatives 2a, 2b, 2c, 2f, 6b and 6d (left) 

and 2,7-disubstituted derivatives 5b, 5c and 7b in methanol 

at 25 °C (right). Values at the emission maxima (depicted) 

are proportional to their fluorescence quantum yields. 
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An interesting observation was that the Stokes shifts (̅) for most derivatives were in the 5300-258 

6575 cm-1 range. However, the series of mono- and disubstituted pyrazole derivatives 2b, 6b, 259 

5b and 7b showed significantly smaller ̅ values (2125-3435 nm) than the other compounds 260 

studied. Upon photoexcitation, the excited state reached quickly transfers its energy to the 261 

excited ICT state, from which emission occurs. As stated previously, the stability of ICT excited 262 

states depends strongly on the donating character of the substituent at the quinolizinium 263 

acceptor. Obviously, the small Stokes shifts observed for 2b, 6b, 5b and 7b are due to the low 264 

stabilization of the ICT complexes when the substituent was the weak donor pyrazole. In 265 

contrast, C-2 monosubstituted derivatives 2c, 2f and 6d, which contain unprotected pyrrole, 266 

indole and indazole moieties, seemed to exhibit larger Stokes shifts as a consequence of a better 267 

ICT stabilization [27]. When comparing monosubstituted 2b, 2c and 6b derivatives with their 268 

disubstituted 5b, 5c and 7b partners, smaller Stokes shift were observed for the latter ones. As 269 

stated, pseudo-quadripolar structures (disubstituted derivatives), which hardly exhibit change 270 

in dipole moments upon electronic transition in polar solvents, usually exhibit smaller Stokes 271 

shifts than monosubstituted ones. 272 

Table 3. Photophysical properties of selected quinolizinium derivatives (Fig. 5) 273 

 274 

Maximum absorption wavelength (λmax), excitation wavelength (λexc) used for fluorescence  275 
quantum yield () measurements, maximum emission wavelength (λem,max), Stokes Shift (̅ ),  276 
molar absorptivity at λabs,max (εmax) and weighted average lifetimes upon excitation at 335 and  277 
370 nm (in parentheses) by fixing the emission at λem,max. For fluorescence quantum yields:  278 
(a) using quinine sulfate in H2SO4 0.1M (=0.546) or (b) perylene in ethanol (=0.93) as standard [28]. 279 

 280 

Comp 
abs,max 

nm 
exc 
nm 

λem,max 

nm 
̅ 

cm-1 
 

max10-3 

M-1 cm-1
 

<> 
(ns) 

2a 364 366 448 5300 0.590.10a 26.71.7 3.6(3.0) 

2b 357 354 398 2885 0.880.03a 23.60.5 2.6(2.5) 

2c 370 373 485 6575 0.010.01a 17.41.3 1.0(0.8) 

2f 396 395 496 5450 0.040.0 b 26.10.5 3.6(3.5) 

5b 378 373 409 2125 0.850.03b 21.50.1 2.0(1.9) 

5c 395 373 463 3855 0.090.01b 17.60.1 1.7(1.7) 

6b 354 354 400 3435 0.420.04a  2.10.50.04 3.4(3.4) 

6d 366 366 451 5345 0.600.08a 19.02.1 3.0(3.4) 

7b 377 373 412 2370 0.570.06b 37.01.7 2.8(2.9) 
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Fluorescence quantum yields () are shown in Table 3. In general, most of the quinolizinium-281 

containing derivatives exhibit high quantum yields that are larger than for their counterparts 282 

containing pyridinium acceptors[19a,b]. Compounds 2b, 6b, 5b and 7b, which contain the 283 

weak donor pyrazole substituent with low ICT and exhibit the smallest Stokes shifts, present 284 

large  values. The opposite was found for 2f, 2c and 5c (with pyrrole or indazole donors), 285 

which exhibited the lowest  values, λem,max clearly displaced to the red, and relatively high 286 

Stokes shifts. In general, fluorescence quantum yields tend to decrease with the electron-287 

donating ability of the substituent [19a]. 288 

 289 

Figure 5. Selected chromophores for the study of linear optical properties and cyclic 290 
voltammetry (Tables 3 and 4). Tr: Trityl group 291 
 292 

Fluorescence decay profiles were obtained upon excitation with monochromatic nanoleds 293 

emitting at 335 and 370 nm by fixing the fluorescence emission at λem,max. Irrespective of the 294 

excitation wavelength, all profiles could be reasonably fitted to double exponential decay 295 

functions. Weighted average lifetimes (<>), which depended slightly on the donor nature, 296 

exhibited similar values upon excitation at 335 or 370 nm, ranging from approximately 1.0 to 297 

3.6 ns (Table 3 and Table S1). Rather low <> values were obtained for derivatives 2c and 5c, 298 

which contain pyrrole substituents; they also exhibited low fluorescence quantum yields. We  299 
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were unable to find any plausible correlation between the quantitative values for <> or lifetime 300 

component contributions and substituent donor features of the different derivatives. 301 

2.3. Electrochemical properties 302 

The electrochemical behaviour of selected quinolizinium salts (Figure 5) was studied by cyclic 303 

voltammetry (CV) (see Figure S1 in SI and Figure 6 in text) in dry acetonitrile/LiClO4 (5c and 304 

7b in DMF-acetonitrile (1:1)/LiClO4) as SSE (solvent-supporting electrolyte) system. The 305 

cathodic and anodic peak potentials, measured at a scan rate of 100 mV/s, and summarized in 306 

Table 4, are quoted relative to the Ag/Ag+ (AgClsat) reference electrode. 307 

The redox abilities of the above-mentioned quinolizinium salts were investigated, focusing on 308 

the first oxidation-reduction potentials, since these values correspond (tentatively) to the 309 

HOMO and LUMO energies, respectively. These cationic chromophores are electroactive at 310 

the cathode, to give the corresponding stabilized radicals, in the same potential range (Epc = -311 

1.35 ± 0.15 V) due to the positive charge at the nitrogen atom in the quinolizinium ring. A 312 

similar electron-acceptor ability was recently described for aza-quinolizinium perchlorates 313 

[29]. 314 

The relationship between the energy of the highest occupied molecular orbital (HOMO) and 315 

the voltammetric oxidation potential values of a molecular organic semiconductor was 316 

described by Forrest et al. [30]. Table 4 includes the estimation of this energy (-IP, eV) and the 317 

energy gap (eV) for each compound.  318 

Compound 2c, which is substituted at the C2-position with a 3-pyrrolyl ring, has an Epa value 319 

of + 0.480 V, which correlates with the expected higher ability of this compound to be oxidized 320 

in comparision with the homologous 3-indolyl 2f (Epa = +0.551 V). The loss of stability for 321 

2c, when oxidized to its cation radical, is energetically favoured compared with 2f (Scheme 4). 322 

The same occurs for 6d in comparison with 6b (see Scheme S1 in SI).  323 

 324 
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Table 4. Experimental values of the peak potentials E (V, vs Ag/Ag+) (± 0.03V) of selected 325 

D-A+ chromophores (Figure 5). Epa is the anodic peak potential, Epc is the cathodic peak 326 
potential. Scan rate: 100 mV/s. Ionization potentials (IP) and electron affinities (EA) and 327 
fundamental gap (Efund=IP – EA) (eV). 328 

 329 

 330 

 331 

 332 

 333 

 334 

 335 

 336 

When comparing structures 6b and 2c, the latter is expected to be easier to oxidize (lower 337 

Epa) than 6b as the pyrazole ring is less π-rich than the pyrrole ring. This argument can 338 

also be applied to the experimental Epa values for 2f and 6d. Thus, larger energy gaps 339 

are found for 2f and 6d, respectively, than for 2c and 6b, and the Epa values are also 340 

less positive compared with 2f and 6d (Figure S6 see SI). 341 

342 

Scheme 4. Comparative Epa values for D-A+ chromophores 2c and 2f. 343 

For compounds 2a and 2f, a less negative Epc value can be expected for 2a because the 344 

electron-withdrawing tosyl group increases the charge deficiency of the quinolizinium ring, 345 

which is therefore more easily reduced. However, when anodic potentials are compared for 346 

Comp. Epa1 Epa2   Epc  -IP1 
(eV)a 

 -IP2 
(eV) 

-EA 
(eV) 

Energy band gap 
 (eV) 

2a +0.643 +0.834 --1.231 -5.50 -5.77 -2.88 2.62 

2b +0.737 +0.982 --1.351 -5.63 -5.97 -2.71 2.92 

2c     +0.480       +0.798 --1.478 -5.27 -5.72 -2.53 2.74 

2f      +0.551       +0.822 --1.440 -5.37 -5.75 -2.58 2.79 

5b +0.574 +0.99 --1.238 -5.40 -5.99 -2.87 2.53 

5c +0.610 +0.89 --1.407 -5.45 -5.85 -2.63 2.82 

6b +0.607 +0.836 --1.36 -5.45 -5.77 -2.70 2.75 

6d +0.726 +1.00 --1.292 -5.62 -6.0 -2.80 2.82 

7b + 0.530 +0.96 --1.282 -5.34 -5.94 -2.79    2.55 

IP and EA: Estimated from CV data (Epa1 or Epa2 values) by applying the relationship proposed 

by Forrest [30]. 
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2a and 2f, the first Epa value for 2a is more positive than that for 2f, as expected due to the 347 

above-mentioned influence of the tosyl group. 348 

Compound 2b, which is substituted at C-2 with an N-triphenylmethyl (trityl) pyrazole ring, 349 

should be compared with its homologue 6b. The trityl group (weak electron-withdrawing 350 

character) makes 2b slightly more difficult to be oxidized than 6b, as confirmed by the 351 

cyclic voltammetry data. The Epa value for 2b is +0.737 V, compared with +0.607 V for 352 

6b, which correlates with the expected results. 353 

When the Epc values of disubstituted compounds 5b, 5c and 7b at the cathode are 354 

compared, it can be seen that the effect of two pyrazole rings in 7b, instead of two pyrrole 355 

rings in 5c, results in an easier reduction, similar to that already mentioned for 6b compared 356 

to 2c. However, for 5b (N-substituted with a trityl group), the reduction potential is even 357 

less negative compared with unsubstituted 7b, thus meaning that 5b is easier to reduce. 358 

With regard to the voltammetric oxidation scan of these two molecules, it is surprising that 359 

the Epa values for the first and second peaks are quite similar for 5b, 5c and 7b, probably 360 

due to the compensation of electronic effects. 361 

A final comparison of the pairs 2b/5b, 2c/5c and 6b/7b was performed (Figure 7). For 2,7-362 

disubstituted quinolizinium bromides, the Epc values appear only to be affected by 363 

electronic effects. Thus, at the C2-position, both inductive and conjugative effects are 364 

important, whereas at the C7-position, only inductive effects are seen. As such, the cathodic 365 

discharge potentials (Epc values) are less negative when a second heterocyclic ring is 366 

introduced at the C7-position. i.e. the disubstituted compounds are reduced more easily 367 

than the monosubstituted ones.  368 

The oxidation tendencies for C2- and C7-disubstituted quinolizinium salts, in comparison 369 

with their monosubstituted counterparts (Figure 7 SI), depend on the stability of cationic 370 

intermediates and oxidation products. Thus, the pyrazole ring at the C7-position in 5b and 371 
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7b is easier to oxidize than that at the C2-position (Scheme 5) because the positive charge 372 

on quinolizinium cannot be delocalized by the C7-position, thus meaning that the C7-373 

pyrazole ring has a higher electronic density. In 7b, after losing 2e- and 2H+ (or 2e- and 374 

2Tr+ in 5b), a stable, highly conjugated and symmetric new quinolizinium bromide is 375 

formed. For this reason, compounds 5b/7b are more easily oxidized than their 376 

monosubstituted counterparts 2b/6b, respectively. The oxidation proceeds as follows: 377 

 378 

Scheme 5. Oxidation process for D-A+-D chromophore 7b 379 

However, in contrast to the former disubstituted salts, compound 5c (Epa = +0.610 V) is 380 

slightly more difficult to oxidize than monosubstituted 2c (Epa = +0.48 V). A plausible 381 

explanation is as follows.  382 

 383 

 Scheme 6. Oxidation process for D-A+-D chromophore 5c 384 

Compound 5c delocalizes the positive charge on the quinolizinium over the pyrrole ring at C2 385 

but not that at C7 position. The latter heterocycle (at C7) is therefore more easily oxidized as 386 

it is more electron-rich. However, an internal acid-base equilibrium prior to the oxidative step 387 

can be proposed, as indicated in Scheme 6. When this occurs, the oxidation potential Epa of 388 

cation 5c´ increases as the heterocycle at C7 is protonated, which means that oxidation of the 389 

C2 ring is more difficult. 390 
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These electrochemical results show that double substitution at both the C2 and C7 positions in 391 

quinolizinium salts by weakly electron-donating heterocycles clearly decreases the HOMO-392 

LUMO gap (in comparison to C2 monosubstitution). 393 

 394 

Figure 6. Cyclic voltammograms of 2b/5b, 2c/5c and 6b/7b in dry acetonitrile/LiClO4 395 

(0.1M) (2b, 2c and 6b) or DMF/LiClO4 (0.1M) (5b, 5c and 7b) as SSE, at Pt working and 396 
auxiliary electrodes. Ag/Ag+ (sat) as reference electrode. Scan rate: 100 mV/s. 397 

Another interesting conclusion is that, in contrast to electronic effects, steric hindrance does 398 

not seem to affect the electrochemical response (7b→5b or 6b→2b). 399 

Thus, the presence of a highly electrodonating ring at C7, where conjugation is blocked (5c), 400 

seems to cause destabilization in the D-A+ system, which behaves as an amphoteric molecule 401 

before being oxidized. 402 

2.4. Nonlinear optical properties: Hyper-Rayleigh Scattering (HRS) measurements 403 

Femtosecond hyper-Rayleigh scattering (HRS) measurements were performed at a wavelength 404 

of 800 nm to study the potential of these relatively small ionic compounds for second-order 405 

nonlinear optical applications. The results of these HRS experiments are given in Table 5 both 406 
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in terms of dynamic hyperpolarizability (measured at 800 nm) and of static values, derived 407 

from the two-level model (TLM). The second-order nonlinear optical properties reflect the 408 

observations already made for linear optical properties as regards the nature of the conjugation 409 

at C-2 in relation to disubstitution at the C2 and C7 positions of the chromophores, thus 410 

confirming that the best conjugation and charge transfer from the donor to the acceptor is 411 

achieved at position C2.  412 

The largest first hyperpolarizability values were found for protected indole-substituted 413 

compound 2a (βHRS= 674×10–30 esu), and 5b (393x10-30 esu), followed by indazole derivatives 414 

6d (βHRS=356×10–30 esu) and 2d (βHRS= 250×10–30 esu). In agreement with the greater 415 

influence of the donor substituent at the C2-position of the quinolizinium acceptor, the relative 416 

electron-donating strength characteristics, and better conjugation and stabilization, the largest 417 

β values correspond to indole and indazole derivatives (relatively good donors), which can be 418 

explained by a more efficient charge transfer between frontier orbitals in these non-bridged 419 

systems. 420 

Table 5. Experimental nonlinear optical properties of D–A+ and D-A+-D 421 

Comp. λmax βHRS βzzz βzzz, 0 β0 τ 

2a 364 674±34 1629±83 222±11 33±1.6 4.21±0.73 

2b 357 68±5 165±13 27±2 4±0.3 2.94±0.36 

2c 370 91±6 220±15 25±2 3±0.2 0.92±0.18 

2d 360 250±10 606±25 91±4 13.7±0.55 3.48±0.44 

2f 399 129±52 312±127 1.1±0.5 0.16±0.06 ---- 

5b 365 393±13 951±32 126±4 18.7±0.61 1.93±0.19 

5c 392 49±17 120±42 25±2 0.49±0.17 1.91±0.70 

5f 423 87±5 210±14 18±1.2 2.35±0.13 6.14±3.09 

6b 350 45±2 109±6 21±1.1 3.16±0.14 3.41±0.51 

6d 371 356±16 860±40 94±4 13.8±0.62 3.55±0.44 

6e 416 95±11 231±28 14±1.7 1.82±0.21 ---- 

7b 364 203±9 492±22 67±3 9.95±0.44 3.19±0.45 

7d 397 171±17 415±43 5±05 0.64±0.06 2.18±0.37 

Wavelength of maximum absorbance λmax (nm), resonance-enhanced HRS experimental first 422 
hyperpolarizability βHRS (10-30 esu), resonance-enhanced diagonal component of the molecular first 423 
hyperpolarizability βzzz (10-30 esu), off-resonance diagonal component of  the molecular first 424 
hyperpolarizability βzzz,0 (10 -30 esu), dispersion-free hyperpolarizability β0  (10-30 esu)  . 425 
 The values of the fluorescence lifetime, τ (ns) are also included for molecules exhibiting demodulation. 426 

 427 
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The effects of the N-protecting groups were also evaluated. Thus, compound 2a, which bears 428 

a strongly electron-withdrawing substituent that is expected to increase intramolecular charge 429 

transfer and, thus, the first hyperpolarizability, shows a higher βHRS value. N-substitution 430 

stabilizes the ground and excited state upon N-p-toluensulfonyl substitution at indole [ 32]. The 431 

HOMO and LUMO energies are stabilized for the electron-withdrawing group due to the 432 

delocalization of π electrons from indole to the sustituent [32]. Compound 2a, which bears a 433 

strongly electron-attracting substituent, exhibits higher charge transfer compared to 2f.  434 

N-Boc substitution in indazole 2d (βHRS=250×10–30 esu) was also studied and measured in the 435 

absence of the protecting group (6d, βHRS=356×10–30 esu), exhibiting a large increase in βHRS. 436 

In contrast, the N-Tr group is a slightly sigma-withdrawing (inductive -I effect) and therefore 437 

has less effect on delocalization onto the pyrazole ring, which is a less π-rich system. 438 

Interestingly, chromophores bearing an N-Tr protecting group give β values that are twice those 439 

for the corresponding unprotected C2 and C2/C7 quinolizinium derivatives.  440 

Similar absorption maxima and first hyperpolarizabilities approximately 50% lower are 441 

observed for compounds with double substitution at the C2/C7 positions, (2f/5f and 6d/7d). 442 

However, the absorption maxima for compounds 7b and 5b are similar (364/365 nm), whereas 443 

the chromophore substituted with a trityl protecting group (5b) exhibits a large β value (393 × 444 

10−30 esu) that is nearly twice that measured for 7b. A similar trend is observed for 6d/7d.  445 
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 446 

Figure 8. Selected chromophores for the study of nonlinear optical properties  447 

A comparison of monosubstituted chromophores 2f and 6d and disubstituted compounds 5f 448 

and 7d, which contain indole and indazole moieties, respectively, lacking a protecting group, 449 

allows us to conclude that the disubstituted compounds exhibit a beta value half that of the C2-450 

functionalized chromophore. 451 

For the series of charged dipolar (D-A+) and quadrupolar (D-A+-D) chromophores, large first 452 

hyperpolarizabilities were obtained for compounds 2a, 2d and 6d, as determined by HRS. The 453 

low transition energy and high degree of CT are the decisive factors resulting in a large first 454 

hyperpolarizability in compounds substituted at the C2 position of the quinolizinium system. 455 

In comparison to previously reported (D–π-A+) molecules [19c], the lack of a conjugated 456 

bridge in pyridinium-containing (D–A+) chromophores [19b] results in higher β values. 457 

Consequently, the common assumption that β can be maximized by using a conjugated bridge 458 

to link D and A units does not hold in general [19b]. 459 

The experimental results reported here for quinolizinium chromophores (D-A+) or (D-A+´-D) 460 

reveal the highest hyperpolarizability for the unbridged geometry. Furthemore, the β value 461 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



24 
 

obtained for D-A+ chromophores with a quinolizinium acceptor are larger than for their 462 

pyridinium counterparts. These results for non-bridged azonia systems allow a remarkable 463 

degree of control by supression of the linker and N-substitution at the donor heterocycle unit. 464 

2.5 Computational studies  465 

To understand the electronic reorganizations that occur upon excitation and the microscopic 466 

NLO properties of the synthesized quinolizinium chromophores, theoretical (DFT and HF) 467 

calculations were performed using the Gaussian 09 program package [33].  As a first step, a 468 

geometry optimization of the molecular structures was performed at the B3LYP/6-31+G(d,p) 469 

level of theory for all cations studied, in the gas phase and in methanol, except the bulky 470 

compound 5b, the geometry of which was optimized at the B3LYP/6-31G(d,p) level of theory. 471 

The gas phase optimized low-energy isomers for protected and deprotected 1D (compounds 2 472 

and 6) and 2D chromophores (compounds 5 and 7) are shown in Figure S1 in the Supporting 473 

Information. Time-dependent density functional theory (TDDFT) calculations were used to 474 

probe the electronic reorganizations of the cationic systems studied upon excitation in 475 

methanol. The data reported in Table 6 show that the TDDFT method with a hybrid Perdew–476 

Burke–Ernzerhof exchange-correlation functional (PBE0) is able to fully reproduce the linear 477 

optical properties, with the theoretically predicted wavelength values differing from the 478 

experimental ones by up to 7%. The TDDFT/PBE0/6-311+G(2d,p) absorption maxima, 479 

oscillator strengths and frontier orbital energies for the compounds studied (with/without 480 

protecting group) in methanol are reported in Table 6. 481 

The band positions and intensities predicted by TDDFT are consistent with the experimentally 482 

observed values. For all compounds, the first excited states are determined by HOMO → 483 

LUMO transitions. The HOMO-LUMO gaps range from 3.44 (5e) to 4.46 eV (6b) for the 484 

compounds in methanol.  485 
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In all compounds shown in Figure 9, the HOMO orbitals were found to be populated over the 486 

entire molecular system, except for the protecting groups. Similarly, the LUMOs were found 487 

to be delocalized over the quinolizinium and, to a lesser extent, over the substituents (indole, 488 

pyrazole and indazole fragments). It is known that the gap, defined as the difference between 489 

the ionization potential (IP) and electron affinity (EA) (Efund = IP - EA), is only approximately 490 

given by the difference between the calculated HOMO and LUMO energy levels [34]. The 491 

computational methodology we have adopted, more specifically the hybrid functional (PBE0) 492 

with 25% exact Hartree–Fock exchange, reproduces the experimental cyclic voltammetry-493 

based ionization potentials relatively well (with errors of about 1 eV) and the electron affinities 494 

very well. 495 

 496 

Table 6. Calculated TDDFT/PBE0/6-311+G(2d,p) absorption maxima λmax (nm), oscillator 497 

strengths (f), HOMO and LUMO energies, and difference between the calculated FMOs 498 
energies, HLG, (eV). 499 

Comp. λmax f HOMO LUMO HLG 

2a 373 0.61 -6.73 -2.76 3.98 
2b 337 0.81 -7.00 -2.66 4.34 
2c 357 0.32 -6.69 -2.55 4.14 
2d 360 0.56 -7.08 -2.99 4.09 
2e 384 0.87 -6.67 -2.87 3.80 
2f  385 0.42 -6.42 -2.57 3.85 
2g 372 0.97 -6.66 -2.80 3.86 
2h 352 0.82 -6.88 -2.75 4.14 
2i 376 0.75 -6.54 -2.68 3.86 
5b 371 1.32 -6.49 -2.74 3.75 
5c 388 0.46 -6.35 -2.50 3.85 
5d 387 1.00 -6.97 -3.14 3.83 
5e 432 1.38 -6.40 -2.96 3.44 
5f  418 0.63 -6.14 -2.54 3.60 
5g 412 1.49 -6.40 -2.86 3.54 
5h 379 1.20 -6.68 -2.79 3.89 
5i 404 1.14 -6.33 -2.69 3.65 
6b  329 0.57 -7.13 -2.67 4.46 
6d  367 0.60 -6.80 -2.81 3.98 
7b 357 0.76 -6.83 -2.70 4.13 
7d 397 0.94 -6.60 -2.88 3.72 

 500 
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The largest experimental βHRS values were found for compounds 2a (674 × 10−30 esu), 2d (250 501 

× 10−30 esu), 5b (393 × 10−30 esu) and 6d (356 × 10−30 esu). Both theoretical approaches (HF 502 

and MP2) predict higher βHRS values for deprotected mono- and disubstituted quinolizinium 503 

cationic systems in comparison with the values calculated for the Ts- and Boc-protected ones. 504 

The calculated βHRS values for Tr-protected systems (2b and 5b) are higher than those 505 

calculated for the corresponding deprotected ones (6b and 7b, respectively). 506 

 507 

Figure 9. Graphical representation of the frontier orbitals (isodensity plot, isovalue = 0.02 a.u.) 508 
for the cationic fragments of the triads protected monosubstituted/deprotected 509 

monosubstituted/disubstituted cationic quinolizinium systems 2a/2f/5f; 2b/6b/7b; 2d/6d/7d. 510 
 511 

Disubstituted cationic quinolizinium systems are characterized by lower βHRS values than their 512 

monosubstituted counterparts (2f/5f; 6b/7b; 6d/7d). Similar trends are observed for the static 513 
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(βHRS,0) and dynamic (evaluated at 800 nm, βHRS,800) molecular first hyperpolarizabilities. It 514 

should be noted that the theory (both theoretical approaches - HF and MP2) did not fully 515 

succeed in predicting the experimental βHRS values of the series of differently substituted 516 

protected/unprotected compounds (Table 7). Further investigations based on both 517 

representative and reliable experimental data and computational approaches are needed to 518 

address this issue. 519 

Table 7. HF-calculated βHRS values (βHRS,0 and βHRS,800) for selected compounds 2, 5-7. MP2-520 

calculated βHRS values are given in parentheses. 521 
Comp. βHRS,0 (×10−30 esu) βHRS,800 (×10−30 esu) 

2a 35 (70) 61 (122) 

2b 38 (65) 59 (101) 

2c 44 (71) 62(100) 

2d 16 (35) 26 (57) 

2f 48 (100) 93 (194) 

5b* 11 (98) 10 (125) 

5c 18 (35) 25 (47) 

5f 28 (38) 58 (79) 

6b 29 (44) 37 (56) 

6d 37 (68) 58 (107) 

7b 13 (24) 20 (35) 

7d 19 (27) 34 (48) 

In comparison with the previously investigated pyridinium systems [19b], the newly proposed 522 

cationic quinolizinium systems appear to perform better in terms of applications related to 523 

nonlinear optics. Indeed, the βHRS values predicted at the MP2 level for a model pyrrole-524 

substituted cationic quinolizinium system (2c, Table 7, Figure S3) are higher (βHRS,800 = 525 

100×10−30 esu) than those calculated for a model 2-methylpyridinium (B), 3-methylpyridinium 526 

(C) and 4-methylpyridinium cationic system (D) (βHRS,800 values of 32×10−30, 29×10−30 and 527 

66×10−30 esu, respectively). The representatives with the smallest substituents in the 528 

methylpyridinium/quinolizinium cationic systems were compared and the electron densities 529 

for both substituted cations (quinolizinium and methylpyridinium) found to be quite similar 530 

(Figure S3).   531 
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3. Experimental section 532 

3.1 Materials and Methods (See SI) 533 

3.2. Synthesis of D–A+ and D-A+-D Quinolizinium chromophores.  534 

The structures of all new chromophores were unambiguously confirmed by their analytical and 535 

spectral data. Details are provided in the supplementary information (ESI). Only General 536 

Procedures and selected chromophores are given here.  537 

Synthesis of D–A+ quinolizinium salts (2). General procedure. Stille Reaction. A flame-dried 538 

flask was charged under argon with 1 equiv. of bromoquinolizinium bromide or 539 

hexafluorophosphate (1 mmol), 5 mol % Pd(PPh3)4 (Method A) or 5 mol % Pd2(dba)3 and 5 540 

mol % P(o-Tol)3 (Method B) in dry DMF (5 mL). The corresponding stannyl heterocycle (1.3-541 

1.4 mmol or 1.1 mmol) was then added. After stirring at room temperature or heating at 65-75 542 

°C for 15-20 h, the solution was filtered through a small pad of celite and washed with 543 

methanol. The solution was then concentrated and the solid purified by flash chromatography 544 

on silica gel using CH2Cl2/MeOH (9:1) as eluent. 545 

2-(N-Tosylindol-3’-yl)quinolizinium bromide (2a). General procedure A, from 2-546 

bromoquinolizinium bromide 1 (0.10 g, 0.35 mmol) and 3-tributylstannyl-N-(toluen-4-547 

sulfonyl)-1-H-indole (0.21 g, 0.38 mmol). Heating the reaction mixture for 4 h at 70 °C 548 

afforded 2a (0.16 g, 97%) as a pale-brown solid: M.p. 265–266 °C (CH3CN); IR (KBr) νmáx 549 

(cm-1): 1647, 1173, 1146, 1552; 1H NMR (500 MHz, DMSO-d6) δ (ppm): 9.41 (d, J = 7.2 Hz, 550 

1H), 9.31 (d, J = 6.8 Hz, 1H), 8.99 (s, 1H), 8.92 (s, 1H), 8.67 (dd, J = 7.2, 2.2 Hz, 1H), 8.64 551 

(d, J = 8.7 Hz, 1H), 8.37 (t, J = 8.0 Hz, 1H), 8.33 (d, J = 7.8 Hz, 1H), 8.08 (d, J = 8.1 Hz, 1H), 552 

8.07 – 8.01 (m, 3H), 7.53 (t, J = 7.7 Hz, 1H), 7.49 (t, J = 7.5 Hz, 1H), 7.44 (d, J = 8.0 Hz, 2H), 553 

2.33 (s, 3H); 13C NMR (126 MHz, DMSO-d6) δ (ppm): 146.3, 142.9, 140.4, 136.9, 136.6, 554 

136.4, 134.8, 133.5, 130.5, 129.5, 127.1, 127.0, 126.6, 126.0, 124.7, 123.0, 122.1, 121.8, 121.0, 555 

117.4, 113.6, 21.1.; MS (ESI+, m/z): 399 (M+). Anal. Calcd for C24H19N2SO2Br (479 g/mol) C, 556 
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60.12; H, 3.97; N, 5.84 S, 6.68. Found: C, 60.52; H, 4.35; N, 6.16, S, 7.06. HRMS (ESI-TOF) 557 

m/z calcd for C24H19N2O2S [M + H]+ 399.11618, found: 399.11597. 558 

2-(N-Trityl-1H-pyrazol-4-yl)quinolizinium bromide (2b). General procedure A, from 2-559 

bromoquinolizinium bromide 1 (0.10 g, 0.35 mmol) and 4-tributylstannyl-1-tritylpyrazole 560 

(0.27 g, 0.45 mmol). Heating the reaction mixture for 8 h at 65 °C afforded 2b (0.17 g, 94%) 561 

as a pale-brown solid: M.p. 256–258 °C (CH3CN); IR (KBr) νmáx (cm-1): 1647, 1458, 1072, 562 

1028. 1H NMR (500 MHz, CD3OD) δ 9.09 (d, J = 7.3 Hz, 1H), 9.06 (d, J = 6.5 Hz, 1H), 8.62 563 

(d, J = 2.1 Hz, 1H), 8.43 (d, J = 0.8 Hz, 1H), 8.40 (d, J = 0.8 Hz, 1H), 8.31 (d, J = 8.5 Hz, 1H), 564 

8.23 (dd, J = 7.2, 2.1 Hz, 1H), 8.19 (ddd, J = 8.6, 7.1, 1.2 Hz, 1H), 7.84 (td, J = 7.0, 1.5 Hz, 565 

1H), 7.42 – 7.33 (m, 9H), 7.25 – 7.17 (m, 6H). 13C NMR (75 MHz, CD3OD) δ (ppm): 146.3, 566 

145.0, 144.1, 141.2, 139.1, 138.8, 138.5, 135.3, 132.5, 130.5, 130.3, 129.1, 124.7, 123.6, 122.5, 567 

120.0, 82.5. MS (ESI+, m/z): 438 (M+). Anal. Calcd for C31H24N3Br (518 g/mol) C, 71.82; H, 568 

4.67; N, 8.10. Found: C, 71.67; H, 4.71; N, 8.32. HRMS (ESI-TOF) m/z calcd for C31H24N3 569 

[M + H]+ 438.19647, found: 438.19668. 570 

Synthesis of D-A+-D Quinolizinium Salts 5. General Procedure. Stille Reaction. A flame-571 

dried flask (two necks, 25 ml) was charged under argon with 1 equiv. of 2,7-572 

dibromoquinolizinium bromide 3 (1 mol), 14 mol% of CuI in DMF (2ml), the corresponding 573 

stannyl heterocycle (2.3-2.5 mmol), then 7 mol% of Pd(PPh3)4 (Method A) or 5 mol % 574 

Pd2(dba)3 and 10 mol % P(o-Tol)3 (Method B) in dry DMF (3-5 mL). The corresponding 575 

stannyl heterocycle (2.3-2.5 mmol) in DMF (3 ml) 1.1 mmol) was then added. After stirring at 576 

room temperature or heating at 70-75 °C for 18-24 h, the solution was filtered through a small 577 

pad of celite and washed with methanol. The solution was concentrated and the solid purified 578 

by flash chromatography on silica gel using CH2Cl2/MeOH (9:1) as eluent. 579 

2,7-bis-(N-Tritylpyrazol-4’-yl)quinolizinium bromide (5b). From 2,7-580 

dibromoquinolizinium bromide 3 (0.1 g, 0.27 mmol) and 4-tributylstannyl-1-trityl-1H-581 
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pyrazole (0.38 g, 0.63 mmol) following the general procedure A , heating the mixture at 70 °C 582 

for 22 h. The solution was concentrated and treated with CH2Cl2, then the precipitate was 583 

isolated by filtration and washed with CH2Cl2 and MeOH to afford 5b (0.116 g, 52%) as a pale-584 

brown solid. M.p. 331–335 °C (d) (CH3CN/EtOH). IR (KBr) νmáx (cm-1): 1641, 1555, 1489, 585 

1442, 746. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 9.50 (s, 1H), 8.97 (d, J = 7.3 Hz, 1H), 586 

8.69 (s, 1H), 8.55 (dd, J = 8.9, 1.7 Hz, 1H), 8.48 (s, 1H), 8.46 (s, 1H), 8.41 – 8.32 (m, 2H), 587 

8.28 (s, 1H), 8.23 (d, J = 9.1 Hz, 1H), 7.48 – 7.34 (m, 18H), 7.22 – 7.06 (m, 12H). 13C NMR 588 

(75 MHz, DMSO) δ 142.1 (3C), 142.0 (3C), 140.6, 138.8, 138.4, 137.4, 135.8, 134.1, 132.4, 589 

130.8, 130.7, 129.3, 127.7, 127.7, 126.5, 126.0, 120.9, 119.5, 117.2, 115.3. EM (ESI)+ (m/z) 590 

746 (M)+. Anal. Calcd for C53H40N5Br (826 g/mol) C, 77.0; H, 4.84; N, 8.47. Found: C, 77.38; 591 

H, 5.25; N, 8.17. HRMS (ESI-TOF) m/z calcd for C53H40N5 [M + H]+ 746.32782, found: 592 

746.32753. 593 

2,7-bis-(1’H-Indol-3’-yl)-quinolizinium bromide (5f.Br-). From 2,7-dibromoquinolizinium 594 

bromide 3 (0.05 g, 0.14 mmol) and 3-tributylstannyl indole (0.13 g, 0.34 mmol), following 595 

general procedure B, and heating the mixture at 70 °C for 24 h. The resulting solid was treated 596 

with AcOEt to afford 5f.Br- (0.036 g, 60%) as a brown solid: mp 249-251 °C (CH3CN) .IR 597 

(KBr) ν max 3102, 1636, 1524, 1430, 1256 cm-1.1H-NMR (DMSO, 300 MHz) δ (ppm) 12.25 (s, 598 

1H, NH), 11.94 (s, 1H, NH), 9.38-9.34 (m, 2H), 8.72-8.24 (m, 8H), 7.59-7.46 (m, 2H), 7.4-599 

7.12 (m, 4H).13C-NMR (DMSO, 75 MHz) δ (ppm) 141.7, 140.1, 137.0, 136.5, 135.1, 134.1, 600 

129.8, 128.9, 128.3, 126.8, 125.5, 123.5, 123.1, 122.3, 121.9, 120.9, 120.4, 120.1, 119.4, 119.0, 601 

116.9, 112.2, 111.8, 110.6, 108.6. MS (ESI)+ m/z(relative intensity) 360 (M)+. Anal. Calcd for 602 

C25H18BrN3 (440 g/mol) C, 68.18; H, 4.12; N, 9.54. Found: C, 68.59; H, 4.43; N, 9.36. 603 

Deprotection reaction. General procedure. HCl 1M (2-7 mmol) was added to a suspension of 604 

starting salt (1 mol equiv.) in EtOH (5-8 ml) in several portions at different times. The reaction 605 
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mixture was then stirred at room temperature or heated at 75 °C for 18-30 h. It was then 606 

concentrated to dryness and the residue obtained was purified as indicated for each compound. 607 

2-(1’H-Pyrazol-4’-yl)quinolizinium (6b). Following the general procedure, from 2b (0.17 g, 608 

0.33 mmol) and HCl 1M (0.5 ml, 0.5 mmol). After stirring at room temperature for 8 h, the 609 

solution was concentrated and the residue treated with Et2O. The solid was filtered off to afford 610 

6b (0.11 g, 94%) as a pale solid: mp 230–231 °C (EtOH). IR (KBr) νmáx (cm-1): 3416, 1650, 611 

1456, 1151, 839. 1H NMR (500 MHz, CD3OD) δ (ppm): 9.17 (d, J = 7.1 Hz, 1H), 9.11 (dd, J 612 

= 6.8, 1.1 Hz, 1H), 8.77 (bs, 2H), 8.72 (d, J = 2.0 Hz, 1H), 8.38 (dd, J = 9.0, 1.4 Hz, 1H), 8.34 613 

(dd, J = 7.2, 2.0 Hz, 1H), 8.24 (ddd, J = 8.6, 7.1, 1.2 Hz, 1H), 7.88 (td, J = 7.0, 1.4 Hz, 1H). 614 

13C NMR (125 MHz, DMSO-d6) δ (ppm): 143.0, 141.2, 136.9, 136.3, 136.1, 134.4 (2C), 126.2, 615 

121.9, 120.7, 119.3, 117.7. MS (ESI+, m/z): 196 (M)+. Anal. Calcd for C12H10BrN3 (276 g/mol) 616 

C, 52.20; H, 3.65; N, 15.22. Found: C, 52.63, H, 3.12, N, 15.90. HRMS (ESI-TOF) m/z calcd 617 

for C12H10N3 [M + H]+ 196.08692, found: 196.08707. 618 

2,7-bis(1’H-Pyrazol-4’-yl)quinolizinium bromide (7b). . Following the general procedure, 619 

from 5b (0.038 g, 0.046 mmol) and HCl 1M (0.17 ml, 0.17 mmol). Heating the mixture for 24 620 

h afforded a crude residue, which was treated with a mixture of CH2Cl2:AcOEt (95:5). The 621 

solid was then filtered off and washed twice with EtOH:AcOEt to give 8b (0.013 g, 83%) as a 622 

pale-brown solid. M.p. 312–313 °C (MeOH:EtOH). IR (KBr) νmáx (cm-1): 3089, 1641, 1561, 623 

1438. 1H NMR (500 MHz, DMSO-d6, 80 °C) δ (ppm):9.49 (s, 1H), 9.42 – 8.73 (m, 5H), 8.64 624 

(s, 1H), 8.51 (d, J = 8.6 Hz, 1H), 8.36 – 8.25 (m, 2H). MS (ESI+, m/z) 262 (M)+. Anal. Calcd. 625 

for C15H12N5Br (342 g/mol) C, 52.65; H, 3.53; N, 20.47. Found: C, 52.95, H, 3.88, N, 20.19.  626 

HRMS (ESI-TOF) m/z calcd for C15H12N5 [M + H]+ 262.10872, found: 262.10858. 627 
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4. Conclusions 631 

A series of azonia cation derivatives has been synthesized and investigated for the first time as 632 

D-A+ and D-A+-D chromophores. The structure–property relationship of the studied 633 

chromophores may contribute to the recent interest in β enhancement strategies and to be used 634 

as an alternative to traditional azinium π-conjugated chromophores in nonlinear optics. We 635 

attribute this cooperative enhancement to the cationic strong acceptor, along with the increasing 636 

electron-donating ability of the donor, thus revealing the crucial role played by inherent 637 

polarization between both fragments to modulate NLO properties. 638 

The photophysical and electrochemical properties of dipolar D-A+ chromophores were 639 

investigated and compared with the corresponding D-A+-D chromophores on the basis of UV–640 

vis absorption/fluorescence spectroscopy and cyclic voltammetry to evaluate the 641 

intramolecular electronic interactions between the donor and acceptor and N-substitution at the 642 

donor unit. 643 

The first hyperpolarizabilities of charged chromophores (D-A+) and (D-A+-D) were determined 644 

by HRS. Candidates with high β values were identified and the key factors governing the 645 

enhancement of the NLO responses determined. The low transition energy and high degree of 646 

CT are the decisive factors that confer a large first hyperpolarizability on compounds 647 

substituted at C2 of the quinolizinium system. The NLO response depends on the nature of the 648 

protecting group: βHRS increases when removing the Ts and Boc protecting groups, whereas 649 

Tr-protected systems have higher values than their unprotected counterparts. It can therefore 650 

be concluded that Tr group deprotection does not result in quinolizinium systems with 651 

improved NLO properties. 652 

The experimental linear/nonlinear optical and electrochemical measurements are compared 653 

with values calculated by the electronic structure methods (DFT and/or ab initio). The 654 

comparison sheds light on the structure-property relationship for these new D-A+(D) 655 
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chromophores, although the theory did not fully succeed in predicting the experimental NLO 656 

properties. The structure-property relationships obtained will be used in ongoing studies 657 

focused on heterobetaines based on quinolizinium as cation for D-A- building blocks in 658 

organic–based materials. Overall, this study provides an insight into the promising D-A+ and 659 

D-A+-D architectures based on quinolizinium cation as an acceptor fragment. Our results 660 

suggest that materials based on this quinolizinium system have a great potential for application 661 

in integrated NLO devices. These findings also provide an intriguing area for future research 662 

into quinolizinuim building blocks and structure-directing constituents that may help to tune 663 

the NLO properties of these systems. It is expected that the present study that demonstrates the 664 

synthesis and properties of quinolizinium based D-A+ and D-A+-D architectures paves the way 665 

for the development of new organic NLO materials. 666 
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Dedicated to the memory of Prof. Dr. Carolina Burgos 24 

Abstract: Novel charged D-A+ chromophores based on quinolizinium cations as acceptor unit 25 

have been prepared by treating haloquinolizinium salts with N-heteroarylstannanes under Stille 26 

reaction conditions. This approach provides an easy access to potential one-dimensional D-A+ 27 

and two-dimensional D-A+-D chromophores in which the acceptor moiety (A+) is the simple 28 

azonia cation and the donors are different π-rich N-heterocycles. The first hyperpolarizabilities 29 

(β) were measured by hyper-Rayleigh scattering experiments and the experimental data 30 

confirmed that the inherent polarization between donor and acceptor fragments modulates the 31 

NLO properties. The electronic structures and properties (including both the linear and 32 

nonlinear optical properties) of the quinolizinium chromophores were examined by theoretical 33 

(DFT, HF and MP2) calculations. A promising strategy for the rational design of D-A building 34 

blocks to create new organic-based NLO materials is proposed. 35 

Keywords: quinolizinium cation, D-A+(D) unbridged chromophores, nonlinear optical 36 

application, first hyperpolarizability 37 

Graphical abstract:  38 

 39 

 40 
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Research highlights  41 

 Quinolizinium cation is efficient acceptor unit in new D-A+ and D-A+(D) unbridged 42 

chromophores 43 

 Inherent polarization between donor and acceptor fragments modulates NLO properties  44 

 The N-protecting groups in the heterocyclic donors strongly affect the βHRS values 45 

 Quinolizinium systems in comparison with pyridinium ones appear to perform better in 46 

terms of NLO properties 47 

 Valuable hints for the rational design of D-A building blocks with potential application 48 

in NLO devices 49 

1. Introduction 50 

In recent years, the design and synthesis of conjugated donor-acceptor (D-A) organic molecules 51 

with nonlinear optical (NLO) [1] properties has been of considerable interest due to their 52 

applications in areas such as optoelectronics [2], all-optical data processing [3], biological 53 

imaging [4], dye-sensitized solar cells [5] and photodynamic therapy [6], amongst others, as 54 

well as for the understanding [7] of the structural requirements needed to achieve large second-55 

order polarizabilities, related to an electronic intramolecular charge transfer (ICT) effect [8], 56 

excellent thermal and chemical stabilities [9] and easy tuning of the D-A properties for various 57 

applications [10].  58 

Although a wide range of materials has been studied over the past few decades, the cationic 59 

acceptors have only recently been introduced. Amongst the cationic chromophores reported, 60 

charged acceptor units are restricted to benzothiazolium [11] and azinium salts [12]. The latter 61 

have received significant attention as 1D(D-π-A+) and 2D(D-π-A+-π-D) pyridinium-based 62 

chromophores, including DAST(4-(N,N-dimethylamino)-4´-N´-methylstilbazolium tosylate) 63 

/DSTMS(4-N,N´-dimethylamino-4´-N´-methylstilbazolium-2,4,6-trimethyl benzenesulfonate) 64 

[13] and diquats/helquats [14] for the design of stable redox-active organic materials (ROMs), 65 
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switching materials and chiral NLO chromophores [15]. However, azonia aromatic 66 

heterocycles (AZAH) [16] have not been explored to date as an acceptor unit, except by us, as 67 

a marker in nonlinear optical bioimaging, where they were found to exhibit a large two-photon 68 

absorption (2PA), and as push-pull cationic chromophores (D-π-A+-π-D) [17]. Furthermore, 69 

some derivatives of these azonia salts have been found to be useful in important applications, 70 

for example as highly fluorescent lysosomotropic probes and photosensitizer [18] (Figure 1).  71 

 72 

Figure 1. Representative examples of nonlinear optical chromophores based on azolium, 73 

pyridinium and quinolizinium cations as acceptor units. 74 
 75 

As a result of our research on the applications of heteroaromatic cations in the NLO field [19], 76 

we recently showed that chromophores generated by direct coupling of a quinolizinium 77 

fragment to an aryl donor [19a] or a pyridinium cation to a π-rich heterocycle [19b], a kind of 78 

molecule that rarely appears in the NLO literature [20], may exhibit better nonlinear optical 79 

properties than other heteroaromatic cations tested to date, such as azinium [21] and azolium 80 

[22] salts. When connected directly, these chromophores have been shown to be useful for 81 

guiding the design of new NLO materials, thus contributing to the development of new β 82 

enhancement strategies [23] as alternatives to traditional π-conjugated chromophores in 83 

applications for nonlinear optical materials.  84 

Herein we report the synthesis of a series of dipolar D-A+ and quadrupolar D-A+-D charged 85 

chromophores (Figure 2), which are synthesized by way of a Stille cross-coupling reaction 86 
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[24], to give push-pull molecules that combine quinolizinium cations as acceptor units (A+) 87 

with π-rich N-heterocycles as donor units to achieve higher polarizability. 88 

 89 

Figure 2. D–A+(D) chromophores created by coupling a quinolizinium-based π-deficient 90 

charged heteroaromatic cation to a π-rich heteroarenes 91 

 92 

From literature is known that the absence of a conjugated bridge ensures a higher chemical 93 

stability with respect to standard D-π-A systems [20b], and the introduction of multiple D units 94 

gives rise to multi-dimensional (MD) structures that can offer increased β responses by 95 

extending the charge transfer to higher dimensions. The photophysical properties of the 96 

resulting D-A+ and D-A+-D chromophores were studied by means of UV-visible and hyper-97 

Rayleigh scattering (HRS) spectroscopy, as well as by performing quantum-chemical 98 

calculations at different levels of theory, including density functional theory (DFT), Hartree-99 

Fock (HF) and post-HF ab initio methods (MP2). In addition, the redox activity was evaluated 100 

by cyclic voltammetry and the results of the theoretical calculations were compared with those 101 

obtained for known pyridinium-based systems to illustrate the influence of quinolizinium as 102 

acceptor unit and to establish the relevant structure-activity relationships. 103 

2. Results and Discussion 104 

2.1. Synthesis  105 

Chromophores with the general structure D-A+ (Figure 2) were synthesised starting from 2-106 

bromoquinolizinium (1) using previously described conditions for palladium-promoted 107 

coupling reactions with quinolizinium salts [25], adapted and optimized for 1 using two 108 
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different catalytic systems, namely palladium tetrakis(triphenylphosphine)/copper iodide 109 

[Pd(PPh3)4/CuI] (Method A) or tri(ortho-tolyl)phosphine/tris(dibenzylideneacetone) 110 

dipalladium [Pd2 (dba)3/P(o-Tol)3] (Method B), both in DMF as solvent. Initially, starting from 111 

1 and 3-tributylstannanyl-(toluen-4-sulfonyl)-1H-indole, with Pd(PPh3)4 (5% mol) and CuI as 112 

co-catalyst (10% mol) in DMF (Method A), the coupled compound 2a was obtained in 97% 113 

yield after 4 h at 70 °C (Scheme 1). As such, method A was applied to produce a variety of 114 

coupling products (Table 1). The data collected showed that conditions A lead to the 115 

corresponding coupling products (2a-j) in good yields (except for ferrocenylstannanes Fc-116 

SnBu3
  [26]). Compounds 2f and 2i (entries 6 in Table 1, and entry 9 Table S1 in SI) were 117 

therefore synthesised using Method B, in good yields.  118 

 119 

Scheme 1. Stille reaction of 2-bromoquinolizinium with heteroarylstannanes 120 

The coupling with stannane pyrrole and indole derivatives, protected with TIPS (entry 3) and 121 

TBDMS (entry 6), respectively, led to coupling products 2c and 2f, respectively, with loss of 122 

the protecting groups.  123 

Coupling with electron-deficient pyrazine, pyrimidine and pyridine stannanes proved possible 124 

without protecting the NH2 group, obtaining moderate to good yields (see SI, Table S1, 125 

compounds 2g, 2h, 2i).  126 
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In light of the approach outlined in the introduction and considering the results of the couplings 127 

to afford D-A+ chromophores, we examined the coupling of 2,7-dibromo quinolizinium (3) 128 

with similar stannanes under Stille reaction conditions, using Methods A or B, to synthesise 129 

the D-A+-D chromophores. 130 

The study of reactivity of 3 with tributylstannylpyrazole was carried out first using one 131 

equivalent of stannane and Pd(PPh3)4/CuI as catalyst in DMF (Method A). Under these 132 

conditions, after 22 h at 70 °C, mono-coupling at the C-2 position furnished product 4b along 133 

with unreacted starting material. Subsequently, coupling with 2-2.5 equivalents of 134 

tributylstannanyl-1-trityl-1H-pyrazole, under the reaction conditions outlined above, afforded 135 

di-coupling product 5b in 52% yield (Scheme 3), although under these conditions the mono-136 

coupling product 4b was also formed. An evaluation of the process with all stannanes (2-2.5 137 

equiv.), using methods A and B, can be found in Table 2. 138 

  139 

Scheme 2. Stille reaction of 2,7-bromoquinolizinium with heteroarylstannanes. 140 

Based on the results, it should be noted that, generally, when protected 141 

tributylstannylpyrrol (R = TMS or TIPS) was used in a temperature range of 70-75 °C 142 

for 8 or 24 h, a mixture of mono-coupling product 4c (not isolated) and di-coupling  143 

product 5c (61%), with removal of the protecting group, was observed by 1H NMR 144 

spectroscopy. 145 

 146 
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TMS: Trimethylsilyl; TIPS: Triisopropylsilyl; TBS: tert-Butyldimethylsilyl; Tr: Trityl; Boc: tert-Butoxycarbonyl; 147 
Ts: Tosyl. 148 
Table 1. Method A: Pd(PPh3)4/CuI/rt or 70 °C/DMF; Method B: Pd2(dba)3/P(o-Tol)3/70-75 °C/DMF. 149 
Table 2. Method A: Pd(PPh3)4/CuI/rt or 70-75 °C/DMF; Method B: Pd2(dba)3/P(o-Tol)3/75 °C/DMF. 150 

 151 

The coupling reaction between 3 and stannylindazole at room temperature for 7 h afforded 5d 152 

and 4d (30% and 25%, respectively). This result is in agreement with the conditions applied 153 

for the coupling between 1 and tributylstannylindazole, for which the best results were obtained 154 

at room temperature (see Table 1, entry 5). Under standard conditions, the coupling of 3 with 155 

Table 1. Stille reaction of 2-Bromoquinolizinium 
salt    

Table 2. Stille reaction of 2,7-Bromo 
quinolizinium salt 

 
 

Entry Het-SnBu3 Mono-coupling 
Product 2 

Reac. Conds. 
Meth/T(°C)/

t(h) 

Yield 
(%) 

 Di-coupling product 
                   5 

Reac. Conds. 
T(°C)/t(h)/Meth/ 
equiv. Het-SnBu3 

Yield % 

5          4 
 

1 

 

 

 
A/70 /4 

 
97 

 

   

2 

 

 

 
A/65 /8 

 
941 

 
 

 
70 /22/ A/1 
70 /22/ A/2 

 
          52 

    69 
 

 
3 

 

 
 

 
 

 

 
A/70 /24 

 
741 

 

 
70-75/8 or  
24/A/2.3 

 

 
  61 
(R=H)) 

 
4 

 

 

 
 

A/r.t/24 

 
 

70 

 

 
 

70 /24/A/2.3   
rt /7/A/2.3 

 

 
 

15           13 
30           25 

5 

 

 

 

 
A/r.t/24 

 
93 

 

 
70 /22/A/2.8 

 
36 

6 

 

 

 
 

B/75 /20 

 
 

(X-= 
Br)         
94 

 
 

 
 

70 /24/B/2.5 

 
 

(X-= Br-)  
   60 
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the tributylstannylthiazole derivative (entry 4, Table 2) leads to the di-coupling compound 5e 156 

in 36% yield as the only product. 157 

The coupling of 3 with tributylstannylindole (entry 5, Table 2), protected as the TBDMS 158 

derivative, using the catalytic system [Pd2(dba)3/P(o-Tol)3] in DMF at 70 °C for 24 h, gave 5f 159 

(deprotected) in 60% yield (Table 2, entry 5). Under these reaction conditions, indole 160 

deprotection is observed as in the case for pyrrole.  161 

In light of these results for the coupling reactions of 2-bromoquinolizinium 1 and 2,7-162 

dibromoquinolizinium 3 with different stannanes (Table 1 and 2), we were unable to 163 

establish a relationship between the nature of the stannane and the reaction yields 164 

(medium or high) because of the low solubility of the coupling compounds in common 165 

organic solvents. Another obstacle was the difficulties encountered during the 166 

purification process as the mono- and di-coupled systems have similar Rf (retention 167 

factor) values, with both being lower than for the starting compound 3.  168 

Finally, having obtained unprotected quinolizinium derivatives D-A+ (2c, 2f) and D-A+-169 

D (5c, 5f) directly upon loss of the protecting group during Stille coupling with pyrrole 170 

and indole, we then investigated the reaction conditions for deprotection of 171 

chromophores 2b(Tr), 2d(Boc), 5b(Tr) and 5d(Boc) (Scheme 3 and SI), with the aim of 172 

analyzing the effect of the presence/absence of a protecting group on the linear and 173 

nonlinear optical properties of 1D and 2D chromophores (see Figure 5 and/or Figure 8). 174 
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 175 

Scheme 3. Reaction conditions for unprotected chromophores 176 

The isolation of functionalized unprotected quinolizinium systems will allow us to direct 177 

our research towards generating structures with high charge delocalization between the 178 

two rings upon abstraction of a proton from the donor group, thus generating a 179 

heterobetainic system as a new organic material. As mentioned above, most of the 180 

hyperpolarizability studies reported in the literature have involved traditional π-electron 181 

conjugated systems, with only a few unbridged D-A systems being reported as good 182 

alternatives [19a,b] for applications as nonlinear optical materials. A deeper 183 

understanding of their fundamental structure-property relationships must therefore be 184 

acquired by evaluating their linear and NLO properties. 185 

2.2 Linear optical properties 186 

The UV/Vis spectra (see Figure 3) for all 2-mono- and 2,7-disubstituted selected quinolizinium 187 

derivatives (see Figure 5) exhibit an absorption below 500 nm. The band with a maximum at 188 

the longest wavelength was assigned to the transition to a π–π* excited state prior to the 189 

formation of a stable intramolecular charge transfer (ICT) excited state from which emission 190 

occurs. Band position (abs,max) is usually quite sensitive to the ring conjugation and the 191 

electron-donating character of the heterocycle substituted at the acceptor, in this case the 192 
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quinolizinium moiety. The ICT bands for all the derivatives studied exhibit a sharp cut-off, 193 

with no broadening of this absorption band to the red. A weak broadening, attributed to the n–194 

π* transition due to the presence of N heteroatoms, was observed previously for some other 195 

cationic acceptors, such as pyridinium cations, containing the same substituents [19b,c]. A 196 

comparison of abs,max for the C-2 substituted quinolizinium acceptor derivatives with those 197 

containing pyridinium moieties with the same electron-donating substituents linked in the 198 

activated positions (C2/C4) [19b] revealed bathochromic shifts in the 10-45 nm range, which 199 

were attributed to an increase in the degree of conjugation for the quinolizinium derivatives. 200 

Similarly, a comparison of abs,max for the unprotected 2-mono substituted derivatives 201 

containing indole, pyrazole, indazole and pyrrole groups (2f, 6b, 6d and 2c respectively) 202 

indicated that the compound containing the weakest donor pyrazole substituent (6b) absorbed 203 

at the shortest wavelength (354 nm). The abs,max for indole- and indazole-substituted 204 

compounds (good donors), as well as their pyrrole counterpart, appeared at 396, 366 and 370 205 

nm, respectively. Similar findings were obtained when comparing the protected 206 

monosubstituted 2a (364 nm) with 2b (357 nm), the unprotected 2f (396 nm) with 6b (400 nm), 207 

as well as the disubstituted 5c (395 nm) with 7b (377 nm) derivatives. Those containing weak 208 

pyrazole donors (2b, 6b and 7b) exhibited shorter λabs,max  than their counterparts (2a, 2f and 209 

5c). The greater electron-withdrawing character of the tosyl group, compared to the trityl one, 210 

probably reduces the difference between abs,max for 2a and 2b. As expected, moving from 211 

mono- to disubstituted protected (2b to 5b) or non-protected (6b to 7b) compounds resulted in 212 

a shift of the absorption maxima to the red (357 to 378 nm and 354 to 377 nm). The addition 213 

of a second heterocyclic of even the weakest pyrazole donor to the quinolizinium acceptor 214 

moiety at C(7) contributes to extending the -delocalization, thus inducing a bathochromic 215 

displacement in the -* transitions. Something similar could be inferred for mono- and 216 
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disubstituted 2c and 5c pyrrole derivatives, which showed abs,max at 370 and 395 nm, 217 

respectively. 218 

The λabs,max  for derivative 2a (364 nm) was shifted to the blue by 32 nm compared to the non-219 

protected 2f (396 nm). Adding an electron-withdrawing tosyl group to the indole donor 220 

decreases its electron donating ability resulting in a diminishing of the charge transfer 221 

efficiency and hence a higher energy is associated to the transition. However, no apparent 222 

correlation was found between abs,max for 2b substituted at C-2 with a pyrazole ring protected 223 

with a trityl group, which exerts a slight electron-withdrawing effect, and unprotected 6b, the  224 

maxima for which appear at 357 and 354 nm respectively. A similar situation was found for 225 

pyrazole-disubstituted compounds 5b and 7b, whose maxima appear at 378 and 377 nm. In 226 

general, molar absorptivities at abs,max (max) for quinolizinium acceptor derivatives (Table 3) 227 

are larger than for their pyridinium-containing counterparts [19b], with values ranging from 228 

approximately 1.1104 to 3.7104 M-1cm-1. However, no correlation was found between the 229 

max values and the number of substituents on the different derivatives, their electron-donating 230 

character, or whether they were protected or not.  231 

The emission spectra for all compounds were structureless (see Figure 4), showing maxima 232 

whose locations can be explained in a very similar manner to those of the absorption spectra. 233 

Thus, the unprotected mono-substituted derivatives 2f, 6b, 6d and 2c exhibit λem,max at 496, 234 

400, 451 and 485 nm, respectively. The pyrazole-containing compound (6b, weakest donor) 235 

emits at 400 nm, with the indole (2f), indazole (6d) and pyrrole (2c) counterparts being 236 

significantly shifted to the red by 96, 51 and 85 nm, respectively.  237 

The changes in λem,max upon moving from the protected 2-monosubstituted 2a (448 nm) to 2b 238 

(398 nm) and from the unprotected 2f (496 nm) to  6b (354 nm) and from  the disustituted 239 

unprotected 5c (463 nm) to 7b (412 nm) can also be explained in a similar manner. The 240 

pyrazole-containing derivatives exhibited the smallest em,max. As was also the case for the 241 
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absorption maxima, a comparison of em,max for mono- and disubstituted pyrazole-containing 242 

derivatives protected 2b (398 nm) and 5b (409 nm) or unprotected 6b (400 nm) and 7b (412 243 

nm) revealed a displacement to the red, in this case by about 12 nm. However, the opposite 244 

behavior was observed when comparing mono- and disubstituted 2c (485 nm) and 5c (463 nm) 245 

compounds with pyrrole donor groups. The high degree of electronic asymmetry of a good 246 

donor substituent and central accepting moiety in the monosubstituted derivatives compared to 247 

the disubstituted ones should increase the extent of ICT. As a result, the emission of 2c is 248 

displaced to higher wavelengths relative to the disubstituted derivatives 5c.  249 

 250 

 251 

The λem,max for the electron-withdrawing tosyl protecting group at the indole ring of 2a (448 252 

nm) was, as expected, displaced to the blue compared to its unprotected counterpart 2f (496 253 

nm). This effect was smaller for pyrazole protected with a trityl group 5b (409 nm) and its 254 

unprotected counterpart 7b (412 nm) in the case of 2,7-quinolizinium derivatives. A similar 255 

situation was found for the C2-monosubstituted compounds 2b (398 nm) and 6b (400 nm), 256 

protected with a trityl group and unprotected, respectively.  257 

Figure 3. Electronic UV-Vis absorption spectra for 2- 

substituted quinolizinium derivatives 2a, 2b, 2c, 2f, 6b  

and 6d (left) and 2,7-disubstituted derivatives 5b, 5c and  

7b in methanol at 25 °C (right). Values at the absorption  

maxima (depicted) are proportional to the molar 

absorptivities. 

Figure 4. Emission spectra for 2-monosubstituted 

quinolizinium derivatives 2a, 2b, 2c, 2f, 6b and 6d (left) 

and 2,7-disubstituted derivatives 5b, 5c and 7b in methanol 

at 25 °C (right). Values at the emission maxima (depicted) 

are proportional to their fluorescence quantum yields. 
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An interesting observation was that the Stokes shifts (̅) for most derivatives were in the 5300-258 

6575 cm-1 range. However, the series of mono- and disubstituted pyrazole derivatives 2b, 6b, 259 

5b and 7b showed significantly smaller ̅ values (2125-3435 nm) than the other compounds 260 

studied. Upon photoexcitation, the excited state reached quickly transfers its energy to the 261 

excited ICT state, from which emission occurs. As stated previously, the stability of ICT excited 262 

states depends strongly on the donating character of the substituent at the quinolizinium 263 

acceptor. Obviously, the small Stokes shifts observed for 2b, 6b, 5b and 7b are due to the low 264 

stabilization of the ICT complexes when the substituent was the weak donor pyrazole. In 265 

contrast, C-2 monosubstituted derivatives 2c, 2f and 6d, which contain unprotected pyrrole, 266 

indole and indazole moieties, seemed to exhibit larger Stokes shifts as a consequence of a better 267 

ICT stabilization [27]. When comparing monosubstituted 2b, 2c and 6b derivatives with their 268 

disubstituted 5b, 5c and 7b partners, smaller Stokes shift were observed for the latter ones. As 269 

stated, pseudo-quadripolar structures (disubstituted derivatives), which hardly exhibit change 270 

in dipole moments upon electronic transition in polar solvents, usually exhibit smaller Stokes 271 

shifts than monosubstituted ones. 272 

Table 3. Photophysical properties of selected quinolizinium derivatives (Fig. 5) 273 

 274 

Maximum absorption wavelength (λmax), excitation wavelength (λexc) used for fluorescence  275 
quantum yield () measurements, maximum emission wavelength (λem,max), Stokes Shift (̅ ),  276 
molar absorptivity at λabs,max (εmax) and weighted average lifetimes upon excitation at 335 and  277 
370 nm (in parentheses) by fixing the emission at λem,max. For fluorescence quantum yields:  278 
(a) using quinine sulfate in H2SO4 0.1M (=0.546) or (b) perylene in ethanol (=0.93) as standard [28]. 279 

 280 

Comp 
abs,max 

nm 
exc 
nm 

λem,max 

nm 
̅ 

cm-1 
 

max10-3 

M-1 cm-1
 

<> 
(ns) 

2a 364 366 448 5300 0.590.10a 26.71.7 3.6(3.0) 

2b 357 354 398 2885 0.880.03a 23.60.5 2.6(2.5) 

2c 370 373 485 6575 0.010.01a 17.41.3 1.0(0.8) 

2f 396 395 496 5450 0.040.0 b 26.10.5 3.6(3.5) 

5b 378 373 409 2125 0.850.03b 21.50.1 2.0(1.9) 

5c 395 373 463 3855 0.090.01b 17.60.1 1.7(1.7) 

6b 354 354 400 3435 0.420.04a  2.10.50.04 3.4(3.4) 

6d 366 366 451 5345 0.600.08a 19.02.1 3.0(3.4) 

7b 377 373 412 2370 0.570.06b 37.01.7 2.8(2.9) 
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Fluorescence quantum yields () are shown in Table 3. In general, most of the quinolizinium-281 

containing derivatives exhibit high quantum yields that are larger than for their counterparts 282 

containing pyridinium acceptors[19a,b]. Compounds 2b, 6b, 5b and 7b, which contain the 283 

weak donor pyrazole substituent with low ICT and exhibit the smallest Stokes shifts, present 284 

large  values. The opposite was found for 2f, 2c and 5c (with pyrrole or indazole donors), 285 

which exhibited the lowest  values, λem,max clearly displaced to the red, and relatively high 286 

Stokes shifts. In general, fluorescence quantum yields tend to decrease with the electron-287 

donating ability of the substituent [19a]. 288 

 289 

Figure 5. Selected chromophores for the study of linear optical properties and cyclic 290 
voltammetry (Tables 3 and 4). Tr: Trityl group 291 
 292 
Fluorescence decay profiles were obtained upon excitation with monochromatic nanoleds 293 

emitting at 335 and 370 nm by fixing the fluorescence emission at λem,max. Irrespective of the 294 

excitation wavelength, all profiles could be reasonably fitted to double exponential decay 295 

functions. Weighted average lifetimes (<>), which depended slightly on the donor nature, 296 

exhibited similar values upon excitation at 335 or 370 nm, ranging from approximately 1.0 to 297 

3.6 ns (Table 3 and Table S1). Rather low <> values were obtained for derivatives 2c and 5c, 298 

which contain pyrrole substituents; they also exhibited low fluorescence quantum yields. We  299 
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were unable to find any plausible correlation between the quantitative values for <> or lifetime 300 

component contributions and substituent donor features of the different derivatives. 301 

2.3. Electrochemical properties 302 

The electrochemical behaviour of selected quinolizinium salts (Figure 5) was studied by cyclic 303 

voltammetry (CV) (see Figure S1 in SI and Figure 6 in text) in dry acetonitrile/LiClO4 (5c and 304 

7b in DMF-acetonitrile (1:1)/LiClO4) as SSE (solvent-supporting electrolyte) system. The 305 

cathodic and anodic peak potentials, measured at a scan rate of 100 mV/s, and summarized in 306 

Table 4, are quoted relative to the Ag/Ag+ (AgClsat) reference electrode. 307 

The redox abilities of the above-mentioned quinolizinium salts were investigated, focusing on 308 

the first oxidation-reduction potentials, since these values correspond (tentatively) to the 309 

HOMO and LUMO energies, respectively. These cationic chromophores are electroactive at 310 

the cathode, to give the corresponding stabilized radicals, in the same potential range (Epc = -311 

1.35 ± 0.15 V) due to the positive charge at the nitrogen atom in the quinolizinium ring. A 312 

similar electron-acceptor ability was recently described for aza-quinolizinium perchlorates 313 

[29]. 314 

The relationship between the energy of the highest occupied molecular orbital (HOMO) and 315 

the voltammetric oxidation potential values of a molecular organic semiconductor was 316 

described by Forrest et al. [30]. Table 4 includes the estimation of this energy (-IP, eV) and the 317 

energy gap (eV) for each compound.  318 

Compound 2c, which is substituted at the C2-position with a 3-pyrrolyl ring, has an Epa value 319 

of + 0.480 V, which correlates with the expected higher ability of this compound to be oxidized 320 

in comparision with the homologous 3-indolyl 2f (Epa = +0.551 V). The loss of stability for 321 

2c, when oxidized to its cation radical, is energetically favoured compared with 2f (Scheme 4). 322 

The same occurs for 6d in comparison with 6b (see Scheme S1 in SI).  323 

 324 
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Table 4. Experimental values of the peak potentials E (V, vs Ag/Ag+) (± 0.03V) of selected 325 

D-A+ chromophores (Figure 5). Epa is the anodic peak potential, Epc is the cathodic peak 326 
potential. Scan rate: 100 mV/s. Ionization potentials (IP) and electron affinities (EA) and 327 
fundamental gap (Efund=IP – EA) (eV). 328 

 329 

 330 

 331 

 332 

 333 

 334 

 335 

 336 

When comparing structures 6b and 2c, the latter is expected to be easier to oxidize (lower 337 

Epa) than 6b as the pyrazole ring is less π-rich than the pyrrole ring. This argument can 338 

also be applied to the experimental Epa values for 2f and 6d. Thus, larger energy gaps 339 

are found for 2f and 6d, respectively, than for 2c and 6b, and the Epa values are also 340 

less positive compared with 2f and 6d (Figure S6 see SI). 341 

342 

Scheme 4. Comparative Epa values for D-A+ chromophores 2c and 2f. 343 

For compounds 2a and 2f, a less negative Epc value can be expected for 2a because the 344 

electron-withdrawing tosyl group increases the charge deficiency of the quinolizinium ring, 345 

which is therefore more easily reduced. However, when anodic potentials are compared for 346 

Comp. Epa1 Epa2   Epc  -IP1 
(eV)a 

 -IP2 
(eV) 

-EA 
(eV) 

Energy band gap 
 (eV) 

2a +0.643 +0.834 --1.231 -5.50 -5.77 -2.88 2.62 

2b +0.737 +0.982 --1.351 -5.63 -5.97 -2.71 2.92 

2c     +0.480       +0.798 --1.478 -5.27 -5.72 -2.53 2.74 

2f      +0.551       +0.822 --1.440 -5.37 -5.75 -2.58 2.79 

5b +0.574 +0.99 --1.238 -5.40 -5.99 -2.87 2.53 

5c +0.610 +0.89 --1.407 -5.45 -5.85 -2.63 2.82 

6b +0.607 +0.836 --1.36 -5.45 -5.77 -2.70 2.75 

6d +0.726 +1.00 --1.292 -5.62 -6.0 -2.80 2.82 

7b + 0.530 +0.96 --1.282 -5.34 -5.94 -2.79    2.55 

IP and EA: Estimated from CV data (Epa1 or Epa2 values) by applying the relationship proposed 

by Forrest [30]. 
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2a and 2f, the first Epa value for 2a is more positive than that for 2f, as expected due to the 347 

above-mentioned influence of the tosyl group. 348 

Compound 2b, which is substituted at C-2 with an N-triphenylmethyl (trityl) pyrazole ring, 349 

should be compared with its homologue 6b. The trityl group (weak electron-withdrawing 350 

character) makes 2b slightly more difficult to be oxidized than 6b, as confirmed by the 351 

cyclic voltammetry data. The Epa value for 2b is +0.737 V, compared with +0.607 V for 352 

6b, which correlates with the expected results. 353 

When the Epc values of disubstituted compounds 5b, 5c and 7b at the cathode are 354 

compared, it can be seen that the effect of two pyrazole rings in 7b, instead of two pyrrole 355 

rings in 5c, results in an easier reduction, similar to that already mentioned for 6b compared 356 

to 2c. However, for 5b (N-substituted with a trityl group), the reduction potential is even 357 

less negative compared with unsubstituted 7b, thus meaning that 5b is easier to reduce. 358 

With regard to the voltammetric oxidation scan of these two molecules, it is surprising that 359 

the Epa values for the first and second peaks are quite similar for 5b, 5c and 7b, probably 360 

due to the compensation of electronic effects. 361 

A final comparison of the pairs 2b/5b, 2c/5c and 6b/7b was performed (Figure 7). For 2,7-362 

disubstituted quinolizinium bromides, the Epc values appear only to be affected by 363 

electronic effects. Thus, at the C2-position, both inductive and conjugative effects are 364 

important, whereas at the C7-position, only inductive effects are seen. As such, the cathodic 365 

discharge potentials (Epc values) are less negative when a second heterocyclic ring is 366 

introduced at the C7-position. i.e. the disubstituted compounds are reduced more easily 367 

than the monosubstituted ones.  368 

The oxidation tendencies for C2- and C7-disubstituted quinolizinium salts, in comparison 369 

with their monosubstituted counterparts (Figure 7 SI), depend on the stability of cationic 370 

intermediates and oxidation products. Thus, the pyrazole ring at the C7-position in 5b and 371 
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7b is easier to oxidize than that at the C2-position (Scheme 5) because the positive charge 372 

on quinolizinium cannot be delocalized by the C7-position, thus meaning that the C7-373 

pyrazole ring has a higher electronic density. In 7b, after losing 2e- and 2H+ (or 2e- and 374 

2Tr+ in 5b), a stable, highly conjugated and symmetric new quinolizinium bromide is 375 

formed. For this reason, compounds 5b/7b are more easily oxidized than their 376 

monosubstituted counterparts 2b/6b, respectively. The oxidation proceeds as follows: 377 

 378 

Scheme 5. Oxidation process for D-A+-D chromophore 7b 379 

However, in contrast to the former disubstituted salts, compound 5c (Epa = +0.610 V) is 380 

slightly more difficult to oxidize than monosubstituted 2c (Epa = +0.48 V). A plausible 381 

explanation is as follows.  382 

 383 

 Scheme 6. Oxidation process for D-A+-D chromophore 5c 384 

Compound 5c delocalizes the positive charge on the quinolizinium over the pyrrole ring at C2 385 

but not that at C7 position. The latter heterocycle (at C7) is therefore more easily oxidized as 386 

it is more electron-rich. However, an internal acid-base equilibrium prior to the oxidative step 387 

can be proposed, as indicated in Scheme 6. When this occurs, the oxidation potential Epa of 388 

cation 5c´ increases as the heterocycle at C7 is protonated, which means that oxidation of the 389 

C2 ring is more difficult. 390 
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These electrochemical results show that double substitution at both the C2 and C7 positions in 391 

quinolizinium salts by weakly electron-donating heterocycles clearly decreases the HOMO-392 

LUMO gap (in comparison to C2 monosubstitution). 393 

 394 

Figure 6. Cyclic voltammograms of 2b/5b, 2c/5c and 6b/7b in dry acetonitrile/LiClO4 395 
(0.1M) (2b, 2c and 6b) or DMF/LiClO4 (0.1M) (5b, 5c and 7b) as SSE, at Pt working and 396 

auxiliary electrodes. Ag/Ag+ (sat) as reference electrode. Scan rate: 100 mV/s. 397 

Another interesting conclusion is that, in contrast to electronic effects, steric hindrance does 398 

not seem to affect the electrochemical response (7b→5b or 6b→2b). 399 

Thus, the presence of a highly electrodonating ring at C7, where conjugation is blocked (5c), 400 

seems to cause destabilization in the D-A+ system, which behaves as an amphoteric molecule 401 

before being oxidized. 402 

2.4. Nonlinear optical properties: Hyper-Rayleigh Scattering (HRS) measurements 403 

Femtosecond hyper-Rayleigh scattering (HRS) measurements were performed at a wavelength 404 

of 800 nm to study the potential of these relatively small ionic compounds for second-order 405 

nonlinear optical applications. The results of these HRS experiments are given in Table 5 both 406 
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in terms of dynamic hyperpolarizability (measured at 800 nm) and of static values, derived 407 

from the two-level model (TLM). The second-order nonlinear optical properties reflect the 408 

observations already made for linear optical properties as regards the nature of the conjugation 409 

at C-2 in relation to disubstitution at the C2 and C7 positions of the chromophores, thus 410 

confirming that the best conjugation and charge transfer from the donor to the acceptor is 411 

achieved at position C2.  412 

The largest first hyperpolarizability values were found for protected indole-substituted 413 

compound 2a (βHRS= 674×10–30 esu), and 5b (393x10-30 esu), followed by indazole derivatives 414 

6d (βHRS=356×10–30 esu) and 2d (βHRS= 250×10–30 esu). In agreement with the greater 415 

influence of the donor substituent at the C2-position of the quinolizinium acceptor, the relative 416 

electron-donating strength characteristics, and better conjugation and stabilization, the largest 417 

β values correspond to indole and indazole derivatives (relatively good donors), which can be 418 

explained by a more efficient charge transfer between frontier orbitals in these non-bridged 419 

systems. 420 

Table 5. Experimental nonlinear optical properties of D–A+ and D-A+-D 421 

Comp. λmax βHRS βzzz βzzz, 0 β0 τ 

2a 364 674±34 1629±83 222±11 33±1.6 4.21±0.73 

2b 357 68±5 165±13 27±2 4±0.3 2.94±0.36 

2c 370 91±6 220±15 25±2 3±0.2 0.92±0.18 

2d 360 250±10 606±25 91±4 13.7±0.55 3.48±0.44 

2f 399 129±52 312±127 1.1±0.5 0.16±0.06 ---- 

5b 365 393±13 951±32 126±4 18.7±0.61 1.93±0.19 

5c 392 49±17 120±42 25±2 0.49±0.17 1.91±0.70 

5f 423 87±5 210±14 18±1.2 2.35±0.13 6.14±3.09 

6b 350 45±2 109±6 21±1.1 3.16±0.14 3.41±0.51 

6d 371 356±16 860±40 94±4 13.8±0.62 3.55±0.44 

6e 416 95±11 231±28 14±1.7 1.82±0.21 ---- 

7b 364 203±9 492±22 67±3 9.95±0.44 3.19±0.45 

7d 397 171±17 415±43 5±05 0.64±0.06 2.18±0.37 

Wavelength of maximum absorbance λmax (nm), resonance-enhanced HRS experimental first 422 
hyperpolarizability βHRS (10-30 esu), resonance-enhanced diagonal component of the molecular first 423 
hyperpolarizability βzzz (10-30 esu), off-resonance diagonal component of the molecular first 424 
hyperpolarizability βzzz,0 (10 -30 esu), dispersion-free hyperpolarizability β0  (10-30 esu)  . 425 
 The values of the fluorescence lifetime, τ (ns) are also included for molecules exhibiting demodulation. 426 

 427 
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The effects of the N-protecting groups were also evaluated. Thus, compound 2a, which bears 428 

a strongly electron-withdrawing substituent that is expected to increase intramolecular charge 429 

transfer and, thus, the first hyperpolarizability, shows a higher βHRS value. N-substitution 430 

stabilizes the ground and excited state upon N-p-toluensulfonyl substitution at indole [ 32]. The 431 

HOMO and LUMO energies are stabilized for the electron-withdrawing group due to the 432 

delocalization of π electrons from indole to the sustituent [32]. Compound 2a, which bears a 433 

strongly electron-attracting substituent, exhibits higher charge transfer compared to 2f.  434 

N-Boc substitution in indazole 2d (βHRS=250×10–30 esu) was also studied and measured in the 435 

absence of the protecting group (6d, βHRS=356×10–30 esu), exhibiting a large increase in βHRS. 436 

In contrast, the N-Tr group is a slightly sigma-withdrawing (inductive -I effect) and therefore 437 

has less effect on delocalization onto the pyrazole ring, which is a less π-rich system. 438 

Interestingly, chromophores bearing an N-Tr protecting group give β values that are twice those 439 

for the corresponding unprotected C2 and C2/C7 quinolizinium derivatives.  440 

Similar absorption maxima and first hyperpolarizabilities approximately 50% lower are 441 

observed for compounds with double substitution at the C2/C7 positions, (2f/5f and 6d/7d). 442 

However, the absorption maxima for compounds 7b and 5b are similar (364/365 nm), whereas 443 

the chromophore substituted with a trityl protecting group (5b) exhibits a large β value (393 × 444 

10−30 esu) that is nearly twice that measured for 7b. A similar trend is observed for 6d/7d.  445 
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 446 

Figure 8. Selected chromophores for the study of nonlinear optical properties  447 

A comparison of monosubstituted chromophores 2f and 6d and disubstituted compounds 5f 448 

and 7d, which contain indole and indazole moieties, respectively, lacking a protecting group, 449 

allows us to conclude that the disubstituted compounds exhibit a beta value half that of the C2-450 

functionalized chromophore. 451 

For the series of charged dipolar (D-A+) and quadrupolar (D-A+-D) chromophores, large first 452 

hyperpolarizabilities were obtained for compounds 2a, 2d and 6d, as determined by HRS. The 453 

low transition energy and high degree of CT are the decisive factors resulting in a large first 454 

hyperpolarizability in compounds substituted at the C2 position of the quinolizinium system. 455 

In comparison to previously reported (D–π-A+) molecules [19c], the lack of a conjugated 456 

bridge in pyridinium-containing (D–A+) chromophores [19b] results in higher β values. 457 

Consequently, the common assumption that β can be maximized by using a conjugated bridge 458 

to link D and A units does not hold in general [19b]. 459 

The experimental results reported here for quinolizinium chromophores (D-A+) or (D-A+´-D) 460 

reveal the highest hyperpolarizability for the unbridged geometry. Furthemore, the β value 461 
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obtained for D-A+ chromophores with a quinolizinium acceptor are larger than for their 462 

pyridinium counterparts. These results for non-bridged azonia systems allow a remarkable 463 

degree of control by supression of the linker and N-substitution at the donor heterocycle unit. 464 

2.5 Computational studies  465 

To understand the electronic reorganizations that occur upon excitation and the microscopic 466 

NLO properties of the synthesized quinolizinium chromophores, theoretical (DFT and HF) 467 

calculations were performed using the Gaussian 09 program package [33].  As a first step, a 468 

geometry optimization of the molecular structures was performed at the B3LYP/6-31+G(d,p) 469 

level of theory for all cations studied, in the gas phase and in methanol, except the bulky 470 

compound 5b, the geometry of which was optimized at the B3LYP/6-31G(d,p) level of theory. 471 

The gas phase optimized low-energy isomers for protected and deprotected 1D (compounds 2 472 

and 6) and 2D chromophores (compounds 5 and 7) are shown in Figure S1 in the Supporting 473 

Information. Time-dependent density functional theory (TDDFT) calculations were used to 474 

probe the electronic reorganizations of the cationic systems studied upon excitation in 475 

methanol. The data reported in Table 6 show that the TDDFT method with a hybrid Perdew–476 

Burke–Ernzerhof exchange-correlation functional (PBE0) is able to fully reproduce the linear 477 

optical properties, with the theoretically predicted wavelength values differing from the 478 

experimental ones by up to 7%. The TDDFT/PBE0/6-311+G(2d,p) absorption maxima, 479 

oscillator strengths and frontier orbital energies for the compounds studied (with/without 480 

protecting group) in methanol are reported in Table 6. 481 

The band positions and intensities predicted by TDDFT are consistent with the experimentally 482 

observed values. For all compounds, the first excited states are determined by HOMO → 483 

LUMO transitions. The HOMO-LUMO gaps range from 3.44 (5e) to 4.46 eV (6b) for the 484 

compounds in methanol.  485 
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In all compounds shown in Figure 9, the HOMO orbitals were found to be populated over the 486 

entire molecular system, except for the protecting groups. Similarly, the LUMOs were found 487 

to be delocalized over the quinolizinium and, to a lesser extent, over the substituents (indole, 488 

pyrazole and indazole fragments). It is known that the gap, defined as the difference between 489 

the ionization potential (IP) and electron affinity (EA) (Efund = IP - EA), is only approximately 490 

given by the difference between the calculated HOMO and LUMO energy levels [34]. The 491 

computational methodology we have adopted, more specifically the hybrid functional (PBE0) 492 

with 25% exact Hartree–Fock exchange, reproduces the experimental cyclic voltammetry-493 

based ionization potentials relatively well (with errors of about 1 eV) and the electron affinities 494 

very well. 495 

 496 

Table 6. Calculated TDDFT/PBE0/6-311+G(2d,p) absorption maxima λmax (nm), oscillator 497 
strengths (f), HOMO and LUMO energies, and difference between the calculated FMOs 498 

energies, HLG, (eV). 499 

Comp. λmax f HOMO LUMO HLG 

2a 373 0.61 -6.73 -2.76 3.98 
2b 337 0.81 -7.00 -2.66 4.34 
2c 357 0.32 -6.69 -2.55 4.14 
2d 360 0.56 -7.08 -2.99 4.09 
2e 384 0.87 -6.67 -2.87 3.80 
2f  385 0.42 -6.42 -2.57 3.85 
2g 372 0.97 -6.66 -2.80 3.86 
2h 352 0.82 -6.88 -2.75 4.14 
2i 376 0.75 -6.54 -2.68 3.86 
5b 371 1.32 -6.49 -2.74 3.75 
5c 388 0.46 -6.35 -2.50 3.85 
5d 387 1.00 -6.97 -3.14 3.83 
5e 432 1.38 -6.40 -2.96 3.44 
5f  418 0.63 -6.14 -2.54 3.60 
5g 412 1.49 -6.40 -2.86 3.54 
5h 379 1.20 -6.68 -2.79 3.89 
5i 404 1.14 -6.33 -2.69 3.65 
6b  329 0.57 -7.13 -2.67 4.46 
6d  367 0.60 -6.80 -2.81 3.98 
7b 357 0.76 -6.83 -2.70 4.13 
7d 397 0.94 -6.60 -2.88 3.72 

 500 
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The largest experimental βHRS values were found for compounds 2a (674 × 10−30 esu), 2d (250 501 

× 10−30 esu), 5b (393 × 10−30 esu) and 6d (356 × 10−30 esu). Both theoretical approaches (HF 502 

and MP2) predict higher βHRS values for deprotected mono- and disubstituted quinolizinium 503 

cationic systems in comparison with the values calculated for the Ts- and Boc-protected ones. 504 

The calculated βHRS values for Tr-protected systems (2b and 5b) are higher than those 505 

calculated for the corresponding deprotected ones (6b and 7b, respectively). 506 

 507 

Figure 9. Graphical representation of the frontier orbitals (isodensity plot, isovalue = 0.02 a.u.) 508 

for the cationic fragments of the triads protected monosubstituted/deprotected 509 
monosubstituted/disubstituted cationic quinolizinium systems 2a/2f/5f; 2b/6b/7b; 2d/6d/7d. 510 
 511 

Disubstituted cationic quinolizinium systems are characterized by lower βHRS values than their 512 

monosubstituted counterparts (2f/5f; 6b/7b; 6d/7d). Similar trends are observed for the static 513 
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(βHRS,0) and dynamic (evaluated at 800 nm, βHRS,800) molecular first hyperpolarizabilities. It 514 

should be noted that the theory (both theoretical approaches - HF and MP2) did not fully 515 

succeed in predicting the experimental βHRS values of the series of differently substituted 516 

protected/unprotected compounds (Table 7). Further investigations based on both 517 

representative and reliable experimental data and computational approaches are needed to 518 

address this issue. 519 

Table 7. HF-calculated βHRS values (βHRS,0 and βHRS,800) for selected compounds 2, 5-7. MP2-520 
calculated βHRS values are given in parentheses. 521 

Comp. βHRS,0 (×10−30 esu) βHRS,800 (×10−30 esu) 

2a 35 (70) 61 (122) 

2b 38 (65) 59 (101) 

2c 44 (71) 62(100) 

2d 16 (35) 26 (57) 

2f 48 (100) 93 (194) 

5b* 11 (98) 10 (125) 

5c 18 (35) 25 (47) 

5f 28 (38) 58 (79) 

6b 29 (44) 37 (56) 

6d 37 (68) 58 (107) 

7b 13 (24) 20 (35) 

7d 19 (27) 34 (48) 

In comparison with the previously investigated pyridinium systems [19b], the newly proposed 522 

cationic quinolizinium systems appear to perform better in terms of applications related to 523 

nonlinear optics. Indeed, the βHRS values predicted at the MP2 level for a model pyrrole-524 

substituted cationic quinolizinium system (2c, Table 7, Figure S3) are higher (βHRS,800 = 525 

100×10−30 esu) than those calculated for a model 2-methylpyridinium (B), 3-methylpyridinium 526 

(C) and 4-methylpyridinium cationic system (D) (βHRS,800 values of 32×10−30, 29×10−30 and 527 

66×10−30 esu, respectively). The representatives with the smallest substituents in the 528 

methylpyridinium/quinolizinium cationic systems were compared and the electron densities 529 

for both substituted cations (quinolizinium and methylpyridinium) found to be quite similar 530 

(Figure S3).   531 
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3. Experimental section 532 

3.1 Materials and Methods (See SI) 533 

3.2. Synthesis of D–A+ and D-A+-D Quinolizinium chromophores.  534 

The structures of all new chromophores were unambiguously confirmed by their analytical and 535 

spectral data. Details are provided in the supplementary information (ESI). Only General 536 

Procedures and selected chromophores are given here.  537 

Synthesis of D–A+ quinolizinium salts (2). General procedure. Stille Reaction. A flame-dried 538 

flask was charged under argon with 1 equiv. of bromoquinolizinium bromide or 539 

hexafluorophosphate (1 mmol), 5 mol % Pd(PPh3)4 (Method A) or 5 mol % Pd2(dba)3 and 5 540 

mol % P(o-Tol)3 (Method B) in dry DMF (5 mL). The corresponding stannyl heterocycle (1.3-541 

1.4 mmol or 1.1 mmol) was then added. After stirring at room temperature or heating at 65-75 542 

°C for 15-20 h, the solution was filtered through a small pad of celite and washed with 543 

methanol. The solution was then concentrated and the solid purified by flash chromatography 544 

on silica gel using CH2Cl2/MeOH (9:1) as eluent. 545 

2-(N-Tosylindol-3’-yl)quinolizinium bromide (2a). General procedure A, from 2-546 

bromoquinolizinium bromide 1 (0.10 g, 0.35 mmol) and 3-tributylstannyl-N-(toluen-4-547 

sulfonyl)-1-H-indole (0.21 g, 0.38 mmol). Heating the reaction mixture for 4 h at 70 °C 548 

afforded 2a (0.16 g, 97%) as a pale-brown solid: M.p. 265–266 °C (CH3CN); IR (KBr) νmáx 549 

(cm-1): 1647, 1173, 1146, 1552; 1H NMR (500 MHz, DMSO-d6) δ (ppm): 9.41 (d, J = 7.2 Hz, 550 

1H), 9.31 (d, J = 6.8 Hz, 1H), 8.99 (s, 1H), 8.92 (s, 1H), 8.67 (dd, J = 7.2, 2.2 Hz, 1H), 8.64 551 

(d, J = 8.7 Hz, 1H), 8.37 (t, J = 8.0 Hz, 1H), 8.33 (d, J = 7.8 Hz, 1H), 8.08 (d, J = 8.1 Hz, 1H), 552 

8.07 – 8.01 (m, 3H), 7.53 (t, J = 7.7 Hz, 1H), 7.49 (t, J = 7.5 Hz, 1H), 7.44 (d, J = 8.0 Hz, 2H), 553 

2.33 (s, 3H); 13C NMR (126 MHz, DMSO-d6) δ (ppm): 146.3, 142.9, 140.4, 136.9, 136.6, 554 

136.4, 134.8, 133.5, 130.5, 129.5, 127.1, 127.0, 126.6, 126.0, 124.7, 123.0, 122.1, 121.8, 121.0, 555 

117.4, 113.6, 21.1.; MS (ESI+, m/z): 399 (M+). Anal. Calcd for C24H19N2SO2Br (479 g/mol) C, 556 
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60.12; H, 3.97; N, 5.84 S, 6.68. Found: C, 60.52; H, 4.35; N, 6.16, S, 7.06. HRMS (ESI-TOF) 557 

m/z calcd for C24H19N2O2S [M + H]+ 399.11618, found: 399.11597. 558 

2-(N-Trityl-1H-pyrazol-4-yl)quinolizinium bromide (2b). General procedure A, from 2-559 

bromoquinolizinium bromide 1 (0.10 g, 0.35 mmol) and 4-tributylstannyl-1-tritylpyrazole 560 

(0.27 g, 0.45 mmol). Heating the reaction mixture for 8 h at 65 °C afforded 2b (0.17 g, 94%) 561 

as a pale-brown solid: M.p. 256–258 °C (CH3CN); IR (KBr) νmáx (cm-1): 1647, 1458, 1072, 562 

1028. 1H NMR (500 MHz, CD3OD) δ 9.09 (d, J = 7.3 Hz, 1H), 9.06 (d, J = 6.5 Hz, 1H), 8.62 563 

(d, J = 2.1 Hz, 1H), 8.43 (d, J = 0.8 Hz, 1H), 8.40 (d, J = 0.8 Hz, 1H), 8.31 (d, J = 8.5 Hz, 1H), 564 

8.23 (dd, J = 7.2, 2.1 Hz, 1H), 8.19 (ddd, J = 8.6, 7.1, 1.2 Hz, 1H), 7.84 (td, J = 7.0, 1.5 Hz, 565 

1H), 7.42 – 7.33 (m, 9H), 7.25 – 7.17 (m, 6H). 13C NMR (75 MHz, CD3OD) δ (ppm): 146.3, 566 

145.0, 144.1, 141.2, 139.1, 138.8, 138.5, 135.3, 132.5, 130.5, 130.3, 129.1, 124.7, 123.6, 122.5, 567 

120.0, 82.5. MS (ESI+, m/z): 438 (M+). Anal. Calcd for C31H24N3Br (518 g/mol) C, 71.82; H, 568 

4.67; N, 8.10. Found: C, 71.67; H, 4.71; N, 8.32. HRMS (ESI-TOF) m/z calcd for C31H24N3 569 

[M + H]+ 438.19647, found: 438.19668. 570 

Synthesis of D-A+-D Quinolizinium Salts 5. General Procedure. Stille Reaction. A flame-571 

dried flask (two necks, 25 ml) was charged under argon with 1 equiv. of 2,7-572 

dibromoquinolizinium bromide 3 (1 mol), 14 mol% of CuI in DMF (2ml), the corresponding 573 

stannyl heterocycle (2.3-2.5 mmol), then 7 mol% of Pd(PPh3)4 (Method A) or 5 mol % 574 

Pd2(dba)3 and 10 mol % P(o-Tol)3 (Method B) in dry DMF (3-5 mL). The corresponding 575 

stannyl heterocycle (2.3-2.5 mmol) in DMF (3 ml) 1.1 mmol) was then added. After stirring at 576 

room temperature or heating at 70-75 °C for 18-24 h, the solution was filtered through a small 577 

pad of celite and washed with methanol. The solution was concentrated and the solid purified 578 

by flash chromatography on silica gel using CH2Cl2/MeOH (9:1) as eluent. 579 

2,7-bis-(N-Tritylpyrazol-4’-yl)quinolizinium bromide (5b). From 2,7-580 

dibromoquinolizinium bromide 3 (0.1 g, 0.27 mmol) and 4-tributylstannyl-1-trityl-1H-581 
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pyrazole (0.38 g, 0.63 mmol) following the general procedure A , heating the mixture at 70 °C 582 

for 22 h. The solution was concentrated and treated with CH2Cl2, then the precipitate was 583 

isolated by filtration and washed with CH2Cl2 and MeOH to afford 5b (0.116 g, 52%) as a pale-584 

brown solid. M.p. 331–335 °C (d) (CH3CN/EtOH). IR (KBr) νmáx (cm-1): 1641, 1555, 1489, 585 

1442, 746. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 9.50 (s, 1H), 8.97 (d, J = 7.3 Hz, 1H), 586 

8.69 (s, 1H), 8.55 (dd, J = 8.9, 1.7 Hz, 1H), 8.48 (s, 1H), 8.46 (s, 1H), 8.41 – 8.32 (m, 2H), 587 

8.28 (s, 1H), 8.23 (d, J = 9.1 Hz, 1H), 7.48 – 7.34 (m, 18H), 7.22 – 7.06 (m, 12H). 13C NMR 588 

(75 MHz, DMSO) δ 142.1 (3C), 142.0 (3C), 140.6, 138.8, 138.4, 137.4, 135.8, 134.1, 132.4, 589 

130.8, 130.7, 129.3, 127.7, 127.7, 126.5, 126.0, 120.9, 119.5, 117.2, 115.3. EM (ESI)+ (m/z) 590 

746 (M)+. Anal. Calcd for C53H40N5Br (826 g/mol) C, 77.0; H, 4.84; N, 8.47. Found: C, 77.38; 591 

H, 5.25; N, 8.17. HRMS (ESI-TOF) m/z calcd for C53H40N5 [M + H]+ 746.32782, found: 592 

746.32753. 593 

2,7-bis-(1’H-Indol-3’-yl)-quinolizinium bromide (5f.Br-). From 2,7-dibromoquinolizinium 594 

bromide 3 (0.05 g, 0.14 mmol) and 3-tributylstannyl indole (0.13 g, 0.34 mmol), following 595 

general procedure B, and heating the mixture at 70 °C for 24 h. The resulting solid was treated 596 

with AcOEt to afford 5f.Br- (0.036 g, 60%) as a brown solid: mp 249-251 °C (CH3CN) .IR 597 

(KBr) ν max 3102, 1636, 1524, 1430, 1256 cm-1.1H-NMR (DMSO, 300 MHz) δ (ppm) 12.25 (s, 598 

1H, NH), 11.94 (s, 1H, NH), 9.38-9.34 (m, 2H), 8.72-8.24 (m, 8H), 7.59-7.46 (m, 2H), 7.4-599 

7.12 (m, 4H).13C-NMR (DMSO, 75 MHz) δ (ppm) 141.7, 140.1, 137.0, 136.5, 135.1, 134.1, 600 

129.8, 128.9, 128.3, 126.8, 125.5, 123.5, 123.1, 122.3, 121.9, 120.9, 120.4, 120.1, 119.4, 119.0, 601 

116.9, 112.2, 111.8, 110.6, 108.6. MS (ESI)+ m/z(relative intensity) 360 (M)+. Anal. Calcd for 602 

C25H18BrN3 (440 g/mol) C, 68.18; H, 4.12; N, 9.54. Found: C, 68.59; H, 4.43; N, 9.36. 603 

Deprotection reaction. General procedure. HCl 1M (2-7 mmol) was added to a suspension of 604 

starting salt (1 mol equiv.) in EtOH (5-8 ml) in several portions at different times. The reaction 605 
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mixture was then stirred at room temperature or heated at 75 °C for 18-30 h. It was then 606 

concentrated to dryness and the residue obtained was purified as indicated for each compound. 607 

2-(1’H-Pyrazol-4’-yl)quinolizinium (6b). Following the general procedure, from 2b (0.17 g, 608 

0.33 mmol) and HCl 1M (0.5 ml, 0.5 mmol). After stirring at room temperature for 8 h, the 609 

solution was concentrated and the residue treated with Et2O. The solid was filtered off to afford 610 

6b (0.11 g, 94%) as a pale solid: mp 230–231 °C (EtOH). IR (KBr) νmáx (cm-1): 3416, 1650, 611 

1456, 1151, 839. 1H NMR (500 MHz, CD3OD) δ (ppm): 9.17 (d, J = 7.1 Hz, 1H), 9.11 (dd, J 612 

= 6.8, 1.1 Hz, 1H), 8.77 (bs, 2H), 8.72 (d, J = 2.0 Hz, 1H), 8.38 (dd, J = 9.0, 1.4 Hz, 1H), 8.34 613 

(dd, J = 7.2, 2.0 Hz, 1H), 8.24 (ddd, J = 8.6, 7.1, 1.2 Hz, 1H), 7.88 (td, J = 7.0, 1.4 Hz, 1H). 614 

13C NMR (125 MHz, DMSO-d6) δ (ppm): 143.0, 141.2, 136.9, 136.3, 136.1, 134.4 (2C), 126.2, 615 

121.9, 120.7, 119.3, 117.7. MS (ESI+, m/z): 196 (M)+. Anal. Calcd for C12H10BrN3 (276 g/mol) 616 

C, 52.20; H, 3.65; N, 15.22. Found: C, 52.63, H, 3.12, N, 15.90. HRMS (ESI-TOF) m/z calcd 617 

for C12H10N3 [M + H]+ 196.08692, found: 196.08707. 618 

2,7-bis(1’H-Pyrazol-4’-yl)quinolizinium bromide (7b). . Following the general procedure, 619 

from 5b (0.038 g, 0.046 mmol) and HCl 1M (0.17 ml, 0.17 mmol). Heating the mixture for 24 620 

h afforded a crude residue, which was treated with a mixture of CH2Cl2:AcOEt (95:5). The 621 

solid was then filtered off and washed twice with EtOH:AcOEt to give 8b (0.013 g, 83%) as a 622 

pale-brown solid. M.p. 312–313 °C (MeOH:EtOH). IR (KBr) νmáx (cm-1): 3089, 1641, 1561, 623 

1438. 1H NMR (500 MHz, DMSO-d6, 80 °C) δ (ppm):9.49 (s, 1H), 9.42 – 8.73 (m, 5H), 8.64 624 

(s, 1H), 8.51 (d, J = 8.6 Hz, 1H), 8.36 – 8.25 (m, 2H). MS (ESI+, m/z) 262 (M)+. Anal. Calcd. 625 

for C15H12N5Br (342 g/mol) C, 52.65; H, 3.53; N, 20.47. Found: C, 52.95, H, 3.88, N, 20.19.  626 

HRMS (ESI-TOF) m/z calcd for C15H12N5 [M + H]+ 262.10872, found: 262.10858. 627 

 628 

 629 

 630 
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4. Conclusions 631 

A series of azonia cation derivatives has been synthesized and investigated for the first time as 632 

D-A+ and D-A+-D chromophores. The structure–property relationship of the studied 633 

chromophores may contribute to the recent interest in β enhancement strategies and to be used 634 

as an alternative to traditional azinium π-conjugated chromophores in nonlinear optics. We 635 

attribute this cooperative enhancement to the cationic strong acceptor, along with the increasing 636 

electron-donating ability of the donor, thus revealing the crucial role played by inherent 637 

polarization between both fragments to modulate NLO properties. 638 

The photophysical and electrochemical properties of dipolar D-A+ chromophores were 639 

investigated and compared with the corresponding D-A+-D chromophores on the basis of UV–640 

vis absorption/fluorescence spectroscopy and cyclic voltammetry to evaluate the 641 

intramolecular electronic interactions between the donor and acceptor and N-substitution at the 642 

donor unit. 643 

The first hyperpolarizabilities of charged chromophores (D-A+) and (D-A+-D) were determined 644 

by HRS. Candidates with high β values were identified and the key factors governing the 645 

enhancement of the NLO responses determined. The low transition energy and high degree of 646 

CT are the decisive factors that confer a large first hyperpolarizability on compounds 647 

substituted at C2 of the quinolizinium system. The NLO response depends on the nature of the 648 

protecting group: βHRS increases when removing the Ts and Boc protecting groups, whereas 649 

Tr-protected systems have higher values than their unprotected counterparts. It can therefore 650 

be concluded that Tr group deprotection does not result in quinolizinium systems with 651 

improved NLO properties. 652 

The experimental linear/nonlinear optical and electrochemical measurements are compared 653 

with values calculated by the electronic structure methods (DFT and/or ab initio). The 654 

comparison sheds light on the structure-property relationship for these new D-A+(D) 655 
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chromophores, although the theory did not fully succeed in predicting the experimental NLO 656 

properties. The structure-property relationships obtained will be used in ongoing studies 657 

focused on heterobetaines based on quinolizinium as cation for D-A- building blocks in 658 

organic–based materials. Overall, this study provides an insight into the promising D-A+ and 659 

D-A+-D architectures based on quinolizinium cation as an acceptor fragment. Our results 660 

suggest that materials based on this quinolizinium system have a great potential for application 661 

in integrated NLO devices. These findings also provide an intriguing area for future research 662 

into quinolizinuim building blocks and structure-directing constituents that may help to tune 663 

the NLO properties of these systems. It is expected that the present study that demonstrates the 664 

synthesis and properties of quinolizinium based D-A+ and D-A+-D architectures paves the way 665 

for the development of new organic NLO materials. 666 
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