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Two-photon absorption properties of multipolar triarylamino/ tosylamido 1,1,4,4-
tetracyanobutadienes
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The synthesis and characterization of four new tetracyanobutadiene (TCBD) derivatives (1, 3¢ and 4b-c) incorporating
tosylamido and 4-triphenylamino moieties are reported. Along with those of five closely related or differently branched TCBDs
derivatives (2, 3a-b, 4c and 5), their linear and (third-order) nonlinear optical properties were investigated by electronic
absorption spectroscopy and Z-scan measurements. Among these compounds, the tri-branched compounds 3c and 5 are the
most active two-photon absorbers, with effective cross-sections of 275 and 350 GM at 900 nm, respectively. These properties
are briefly discussed with the help of DFT calculations, focussing on structural and electronic factors, and contextualized with
results obtained previously for related compounds.

Introduction

Tetracyanobutadienes (TCBDs) are powerful electron-accepting groups’-12 that give rise to electrochromic dipolar or multipolar
structures,13 14 often possessing remarkable cubic nonlinear optical (NLO) properties and high thermal stability.1>-20 Their synthesis
usually involves tetracyanoethylene (TCNE) and an electron-rich alkyne, thus leading to a [2+2] cycloaddition-
retroelectrocyclization (CA-RE) sequence.'# 21 The yield of the reaction depends on the nature of the moiety that enriches the C=C
bond of the precursor. This enriching moiety not only impacts the yield but also affects the optical properties of the TCBDs, both
in absorption and in emission. For example, while TCBDs are generally described as non-emissive,?? 23 recent papers reported
fluorescent TCBDs effective in different wavelength range.?42° In linear absorption, the lowest energy band is usually dominated
by an intramolecular charge transfer from the initially enriching moiety and the TCBD core, except in the case of TCBD derived
from ynamides where the situation differs significantly.? 3% 31 This situation motivated us to investigate nonlinear absorption
properties of a variety of TCBDs synthesized from differently-enriched alkynes (anilines, ferrocenes and ynamides). We anticipated
different properties given the nature of the enriching moiety and the number of TCBD groups in each molecule.

Because TCBD derivatives such as Ax (Chart 1) possess sizeable two-photon absorption (2PA) cross-sections in the near-IR region
(800-1050 nm),2* a wavelength range of interest for various innovative applications (optical limiting, data storage, nanofabrication,
etc),3234 we were interested in measuring the 2PA properties of linear analogues such as 1-3a and of branched derivatives such as
3b-c. While assessing the 2PA cross-sections (o) of these simple multipolar TCBD derivatives, we also wanted to investigate the
effect of branching at the triarylamino core.3°> The 4a-c series was therefore targeted as model compounds to better delineate the
role of symmetry (dipolar/linear vs. octupolar/branched) on their 2PA properties. Finally, given that functionalization by transition
metal complexes is a well-known way to boost the third-order NLO properties,3637-3° we were interested in comparing the 2PA
properties of the triphenylamino-based derivatives 3c and 4c with those of their known metallated analogue 5.13

We report, herein, the synthesis of four new derivatives required for this study, their 1PA and 2PA properties, assignment of the former from
time-dependent density functional theory (TD-DFT) calculations, and comparison with relevant literature data for related derivatives.



Chart 1. Molecules targeted in this work and (inset) previously isolated TCBD derivatives Ax2* and Ba,.3°
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Scheme 1. Synthesis of 1, 3a-c, 4a-c and 5.



Most of the compounds having already been reported in the literature (2,3 3a,! 3b,3°, 4a’ and 513), we will thus only (briefly) address the
synthesis and characterization of the new derivatives 1, 3c, 4b and 4c in the following, additional data being provided as supporting
information. The synthesis of the various TCBD derivatives was carried out by reacting the corresponding ynamides or alkynes with
tetracyanoethene (TCNE) in CH,Cl; at room temperature, as depicted in Scheme 1. The precursor ynamides 6 and 7c were obtained via
copper-catalyzed procedures (ESI).%% 41 Compound 1, a new dipolar tosylamido analogue of Ay, was then obtained in one step from ynamide
6 in 88 % yield, a reaction similar to that used previously to synthesize the dipolar N-benzyltosylamides 230 and 3a.! The solid state structure
of this compound was determined by X-ray diffraction measurements (Figure 1a). Under conditions similar to those used for the synthesis of
3b,3° compound 3c was isolated in 82% yield by reacting three equivalents of TCNE with the tris-ynamide 7¢, while 4b-c were obtained
likewise from the known terminal diyne 8b and triyne 8c.*2

Figure 1. ORTEP representation of 1 (a), 3¢ (b) and 4b (c) at the 50 % probability level. For clarity, hydrogen atoms have been omitted and
only selected (hetero)atoms of the molecules have been labelled.

The new compounds 4b and 4c were isolated in 67% and 58% yield, respectively. In our hands, the known TCBD derivative 4a’ proved to be
unstable at 20 °C in THF, slowly forming unidentified compounds (see ESI, Figures S5-6). In contrast, 3a was sufficiently stable in CH,Cl; to
undertake the proposed physical studies. Compounds 3c and 4b were also structurally characterized by single-crystal X-ray studies (Figures
1b-c). Finally, the organometallic derivative 5 was isolated from the known triyne 9.3 Its electrochemical properties (ESI, Figure S7) in
dichloromethane were very similar to those reported by Shoji and coworkers.13 We were also able to crystallize 5 and its precursor (9). The
refinement of the former structure remained poor despite repeated efforts, presumably due to the small size of the crystal (ESI, Figure S8).

On the other hand, the structure of 9 was acceptable (ESI, Figure S9) and is similar to that reported by Misra et al. in 2015.%
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Figure 2. UV-Vis spectra of mono-TCBD compounds 1-4a in CH,Cl; at 25 °C.

Linear Optical Properties

Table 1. Selected 1PA and Electrochemical Data in CH,Cl,[@ for 1-5 and Au.

Cmpd Main Absorption(s) E°b E°b JSte
A(nm)@ 1% red. 1%t oxid. [AGcs] (eV)
[£(10* ML.cmY)] (TCBD) (donor)
1 272 [19.7], 321 [25.8], 445 [13.1] / / /
2 285[18.2],337[12.0], 468 [17.8] -0.52¢ / /
-0.91¢
3a 279 [32.0], 373[22.7], 531 [17.4] -0.60¢ 0.72¢/ 2.33[0.98]
-1.01¢
3b 272 [28.6], 369 [21.3], 533 [16.3] -0.52 / /
-0.63!
-1.044
3c 268 [53.2], 361 [45.3], 508 [29.0] / / /
4a 286 [17.7], 354 [15.7], 545 [sh, 5.8], 602 [6.5] -0.62¢9 0.85/¢ 2.06 [1.20]
-1.279
4b 306 [26.2], 354 [19.6], 505 [sh, 4.9], 604 [8.4] / / /
4c 305 [36.1], 338 [30.4], 495 [sh, 5.5], 581 [10.0] / / /
5 257 [42.2],311[35.5],353 [38.2], 481 [47.6], 624 -0.95" 0.41h 1.98 [0.91]
[6.6] -1.07
-1.33"
Au  274[24.9], 340 [15.9], 414 [33.9], 489 [25.3] -0.41¢ 1.31¢ 2.54 [1.46]
-0.77¢

9 Unless otherwise stated. ? Oxidation potential vs. FcH*/FcH in V (£ 5 mV). € Energy (eV) of the first allowed absorption [Energy (eV) of the lowest-lying charge
separated (CS) state derived from Rehm-Weller eqns (ESI)].2* 9 In CH,Cl,/["BusN][PFg] (0.1M).39 ¢ In CH3CN/["BugN][PF¢] (0.1 M).1f Chemically not reversible. 9 In
CH,Cl,/["BusgN][PFg] (0.1 M).7 " This work: in CH,Cl,/[NBu4][PFe] (0.1 M).

The derivatives 1-5 exhibit a strong absorption band in the visible range extending, in the case of 3-5, beyond 700 nm (Figure 2 and Table 1).
Except for 4a, this band corresponds to several (overlapping) charge-transfer (CT) transitions (see DFT section). Its strong 7=7* character is
supported by its weak solvatochromism (see ESI for selected spectra in CH,Cl, and THF; Figure $10).% 24 More precisely, for compounds 1 and
2, which lack a strongly electron-releasing group on the TCBD unit, the absorption band at lowest energy (Figure 2) originates from
overlapping charge-transfer (CT) transitions from the aromatic fragments (2-fluorenyl or 2-thienyl) and from the tosylamido group (and also



from the substituent appended to its nitrogen atom) toward the dicyanovinyl groups of the TCBD unit.! Upon proceeding to compounds with
more electron-rich aromatic groups (i.e. 4-N,N-diphenylanilino), the “Ar->=C(CN),” transition shifts to lower energy and eventually
deconvolutes from the other band. This results in an overall bathochromic shift and splitting of this first absorption band upon increasing the
electron-richness of the aromatic group from 1 to 2, and further to 3a and 4a. For the tosylamido derivatives in 1-3a, another intense band
incorporating a second “N(R)Tos=>=C(CN),” CT transition (R= Me, Bz) is expected at higher energy (around 320-350 nm),* while for the two
diphenylanilino derivatives 3-4a, the absorption bands around 280-320 nm likely contain contributions of characteristic triarylamino-
centered 7> 7* transitions.*> For these two derivatives, it is thus predominantly the presence of the 4-diphenylanilino group which
determines the energy and intensity of the first absorption band. The presence of a weakly electron-donating tosylamido group in 3a limits
somewhat the electron-accepting capability of the TCBD moiety compared to 4a. As a result, this first CT transition is less red-shifted in 3a
(Figure 2).
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Figure 3. UV-Vis spectra of triarylamino derivatives 3a-c (a), 4a-c (b) and the tri-branched derivatives 3a, 4a and 5 (c) in CH,Cl, at
25 °C.

The effect of branching at the triphenylamino core can then be assessed by considering the families 3a-c and 4a-c (Figures 3a-b). Proceeding
from 3a/4a to the corresponding tri-branched derivatives 3c¢/4c results in a slight blue shift and an increase in intensity of the first absorption
band in both cases. Although such blue-shifts upon branching are uncommon for related triphenylamine families,*® 47 they were predicted
in the present case based on DFT computations. In the case of the tris-ferrocenyl compound 5 (Figure 3c), a moderate-to-weak transition is
observed near 650 nm and a second more intense band around 480 nm. The former corresponds to a CT transition, from the ferrocenyl
fragment toward the TCBD moiety (see DFT section),132 while the latter corresponds to the amino-to-TCBD CT observed at lowest energy for
the organic derivatives 3c and 4c (Figure 3c). When progressing from 3c to 4c and 5, the first band experiences a red shift which reflects the
substitution of the TCNE moiety by more and more electron-releasing substituents (Fc > N(Bz)Ts > H). The third band of 5 is likely similar to
the third one in 3c and corresponds to a 7> 7+ transition characteristic of the triphenylamine core,** while that near 260 nm possibly
corresponds to another ferrocene-based MLCT transition.*8

Z-scan Studies

In line with previous findings for A derivatives (X = H, NPh,),2* all TCBD derivatives 1-5 were essentially non-emissive in solution at 25 °C and
poorly emissive in solvent glasses at low temperature. To measure their 2PA properties, we therefore had to resort to the Z-scan technique
to determine their effective 2PA cross-sections (0eff).*° Under the conditions used, positive oes values should correspond to o, values provided
that no excited-state absorption (ESA) occurs.5%? For all compounds, the Z-scan spectra were recorded in THF to minimize any unwanted
photoinduced electron-transfer to the solvent, except for 4a which slowly reacted in that solvent (even in the dark). Thus, CH,Cl; was
eventually used for performing the Z-scan measurements with this particular compound (Table 2). Considering the weak 1PA
solvatochromism observed between THF and CHCl; for 3a-c, the spectra in either of these solvents should be suitable for comparison
between the 1PA and 2PA spectra of the tosylamido derivatives (1-3c).

Closed-aperture Z-scan measurements. The molecular third-order NLO coefficients of these compounds are dominated by their
real parts (j&e), in line with previous results obtained with Ax derivatives (ESI, Figures $21-5S22).24 Except for 5, these are usually

2 The fact that the energy of the lowest-energy CT bands is always greater than the enthalpy of formation of the donor*/TCBD" charge separated
state (AGcr in Table 1), as evaluated from CV data gathered in the same solvent, reveals the existence of a sizeable reorganization energy in this
first singlet excited state (of ca. 1.0-1.2 eV).?®

b Reverse saturable absorption (RSA) can be excluded because the 2PA bands do not overlap with the one-photon absorption (1PA) bands.



negative with large peaks being observed in the near-IR domain (800-1700 nm). However, the large experimental uncertainties

preclude the accurate evaluation of ke values for many of these compounds.

Open-aperture Z-scan measurements. In contrast, the determination of the maximal values of their nonlinear absorption
parameters was always more precise. For each compound, many of the detected 2PA peaks overlap with peaks on the 1PA
spectrum plotted against twice the wavelength (Figures 4, 8, 9, S23 and S24). This allows identification of the 1PA excited states
populated by two-photon absorption. In the case of 3a-c and 5, two 2PA maxima instead of one were detected, suggesting that
different excited states composing the 1PA band are populated by two-photon excitation. We will return to these observations in
the Discussion section.

Table 2. 2PA Data for 1-5 and Ay and Anphz determined by Z-scan in THF.

Cmpd A1pa? Aapa® O2max © Oomax/ Net? @ Oamax/ MW €
(nm) (nm) (G™M) (GM) (GM/g)
1 445 f 875 55+10 0.13 0.09
2 468/ 900/ 120+ 10 0.35 0.15
3a 518 1100 55+7 0.15 0.08
900 50+4 0.16 0.08
3b 524 1150 9015 0.15 0.08
1050 175+ 15 0.30 0.16
950 170+ 20 0.29 0.16
3c 509 1150 8030 0.10 0.19
900 275+ 20 0.34 0.05
4a 602 f 1300 f 302/ 0.11/ 0.08f
4b 552 1150 75+5 0.14 0.14
4c 528 1150 100+5 0.17 0.14
5 475 1300 25+5 0.02 0.02
608 1150 90+5 0.09 0.07
980 225+ 90 0.22 0.18
900 >350 + 90 0.34 0.28
Ax 489/ 925 115+ 10 0.21 0.17
Anph2 512f 1050 390 +50 0.62 0.46

9 Wavelength of the lowest energy 1PA maximum. ® Wavelength of the maximal 2PA value detected. ¢ Cross-section at maximum. ¢ Neg is the
effective number of relectrons in a conjugated system (see ESI).5! € Figure of merit relevant for applications in optical limiting or nanofabrication.3*
In this expression, MW represents the molecular weight. f Measured in CH,Cl,.
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Figure 4. Overlay of one and two-photon absorption spectra for 2 (a) and 5 (b) in THF at 25 °C. The 2PA cross-sections are derived
from open-aperture Z-scan measurements and the 1PA spectra are plotted against twice the wavelength (2 1).



Finally, to consistently compare the NLO responses obtained for different compounds, some normalization procedure should be
used to identify the “best” two-photon absorbers suited to a given application. One possibility is to correct for the molecular weight
MW (also correlated to the “size” of the molecule),3* while another is to correct for the so-called “effective” number of relectrons
(Nefr), following a concept developed by Kuzyk (ESI, Table S2).5% 52 According to both criteria, all the new organic derivatives are
less active than the Anpn2 derivative previously investigated.?* Based on these figures of merit, the organometallic derivative 5 has
larger figures of merit, demonstrating the positive impact of the organometallic substituents on the third-order NLO properties
within this class of compounds.

DFT Calculations

Density functional theory (DFT) calculations were carried out on these different compounds to better understand their electronic
structures and linear absorptions. Real structures 2-5 were used for calculations, except for 1 for which a simplified model (1’) in
which the butyl chains were replaced by methyl groups was used to expedite the calculations. In addition, 6 (see Chart 2),
representing a single branch of 5, was also computed for comparison purpose. To facilitate assighment of the UV-Vis absorption
spectra for 1-5, time-dependent (TD)-DFT calculations were then performed on 1’-6, but the modelling of long-range charge
transfer transitions proved problematic.>3 The energies of the various transitions were highly sensitive to the functional used, but
less so to the surrounding dielectric medium, a slight red-shift of the first absorption (compared to experiment) always being
computed when the solvent (THF or CH,Cl;) was taken into consideration (PCM model). As a result, all optimizations and
calculations were carried out in vacuum using the mPW1PW91 functional, a combination which gave the best match with
experimental data for the organic derivatives.>* 55 In addition, for purpose of comparison, Ay2* was also recomputed using the
same functional. Only for the two organometallic models (5 and 6), which have more polarizable d orbitals, was the THF solvent
considered in the calculations (via PCM).
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A glance at the nodal properties of the frontier molecular orbitals (MOs) of the different TCBD organic derivatives indicates that
the highest occupied molecular orbital (HOMO) is mostly localized on the aromatic fragment (fluorenyl or thienyl) for the organic
derivatives 1’ and 2, or on the triphenylamino fragment for 3a-c and 4a-c (Figure S12, ESI). The lowest unoccupied molecular
orbitals (LUMO) and LUMO+1 are always strongly localized on the TCBD fragment(s) for all compounds. In line with the available
CV data (Table 1 and ESI, Figure S7), this confirms that oxidation will mostly affect the donor group (aromatic rings in 1’ and 2,
triphenylamine in 3a-c, 4a-c), whereas reduction will lead to injection of an electron into the 7 manifold of the TCBD units.

Table 3. Calculated dipole moments and HOMO-LUMO gaps for 1’-5 and Ax.

Cmpd u[D]e HOMO-LUMO gap [eV]
1 7.89 2.88
2 12.08 2.93
3a 10.28 2.63
3b 17.27 2.57
3¢ 24.96 2.66
4a 12.41 2.59
ab 11.05 2.66
4c 6.50 2.86
5 9.84 3.03
6 12.29 3.35
Au 9.41 2.77

9 For compounds 3c, 4c and 5, the main component of the dipole moment is
perpendicular to the mean molecular plane of the octupolar triarylamine core (ESI).

A closer look at the dipole moments computed for these compounds (Table 3 and Figures S13-S14) reveals that among the mono-
TCBD derivatives, only 4a can be considered as a dipolar compound with its dipole moment roughly oriented along the Ph;N-
TCBD axis. For compounds 1’-2, 3a and even 6, due to the nonplanar conformation adopted by the TCBD moiety (Chart 2), the
main component of the dipole moment remains roughly in the mean plane defined by the TCBD axis and the two connecting
atoms of R; and R,, but usually bisects the Ri-A-R; angle, both R; and R; acting as potential electron-releasing groups. This
geometrical conformation has to be kept in mind when considering the TD-DFT computations. Thus, among the tri-branched
derivatives 3c, 4c and 5, only 4c might be considered as an octupolar compound, the two others having higher multipolarity.
These calculations indicate also that replacing the hydrogen substituent(s) at R, in 4a-c by more electron-releasing substituents
contributes to an increase in the HOMO-LUMO gap, and therefore contributes to stabilizing the compounds electronically (in
addition to reinforcing the steric shielding of the TCBD unit).

For the organic derivatives, gas-phase TD-DFT calculations reproduced the experimentally observed spectra within a maximum
error of ca. 3500 cm™/0.43 eV (Table 4). The first allowed (singlet-singlet) excitation involves in all cases the HOMO->LUMO
transition with a strong CT character in 1’-4c, followed by other CT transitions at higher energies, as previously found for Ax
derivatives.2* Among the mono-TCBD derivatives 1’-2, 3a and 4a (Chart 2), the latter (with R, = H) constitutes the simplest case;
its first absorption band corresponds to a single donor-acceptor (Ph,N - TCBD) transition. For the other derivatives, which
possess another electron-releasing substituent at R, two CT excited states can be accessed upon excitation. In line with previous
findings,! when an aromatic group is appended at R; (2-thienyl, 2-fluorenyl) and a toslylamido group at R,, these two CT
transitions partially merge, giving rise to two distinct excitations that overlap to give single absorption bands at lowest energy.
The band at next-higher energy similarly corresponds to more than one underlying CT transition. Only in the case of the most
electron-rich aromatic group (4-diphenylanilino), i.e. 3a, does a single CT transition dominate the first band (CT1; see Chart 2),
the CT transition originating from the tosylamido group (CT2) contributing to the band at next-higher energy. However, even in
this case, calculations indicate that two distinct and overlapping transitions still contribute to the first absorption band. Finally,
for all compounds, the absorption bands at wavelengths below 350 nm involve 7> 7 transitions largely localized on the
aromatic fragment.

The influence of branching is exemplified by the series of compounds 4a-c. Upon progressing from 4a to 4c, the arm-centered CT
transitions become degenerate and combine on symmetry grounds,> giving rise to two (one-photon) allowed transitions in the
case of 4b (of B and A symmetry) and also to two transitions in the case of 4c (of A and E symmetry), for which only the E < A



transition is fully (one-photon) allowed in the latter case. These sets of transitions can be easily identified (Table 1), even when
no symmetry is imposed. The corresponding excited states have been labelled in Figure 6. Their energetic splitting*® depends on
the electronic (excitonic) coupling V between the arm-centered transitions (2V = 0.11 eV and 3V = 0.11 eV for 4b and 4c,
respectively), and this is weak; as a result, the electronic spectra of 4b and 4c are qualitatively very similar to that of 4a, except
for their intensity.<4” The same situation exists for the series 3a-c (Figure 6), except that several arm-centered transitions are
involved in the first absorption band, each of which is split by roughly the same energy upon branching in 3b-c (e.g. 3V
corresponding to ca. 0.15-0.20 eV in 3c). As a result, the first absorption band is also broadened.
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Figure 6. First singlet excited states computed for 3a-c, 4a-c, 5 and 6. Dotted lines represent “forbbiden” 1PA states (f < 0.02).

Table 4. Experimental (CH,Cl,) vs. computed ¢ (mPW1PW91/LANL2DZ) values in vacuum. Wavelength (nm) and composition
of the first relevant singlet excited states (wavelength [oscillator strength], transition percentage, assignment).

Cmpd Experimental Calculated ¢ Composition Major Assignment ¢
Amax [€] © Amax [f 7]
g 445 [13.1] 527[0.18] 1335134 (98%) (m*)rcep < (T)Fio
373[0.13] 130->134 (52%) (™)1cepims <—(T)TsiFIv0
133->135 (23%)
321[25.8] 364 [0.24] 133->135 (67%) (T*)rceorms <—(TFivo
329[0.08] 129->134 (82%) (*)rcep «—(TFio
272 [19.7] 309 [0.10] 131->135 (44%) (T*)rceorms <—(TFivo
130->135 (35%)
297 [0.26] 133->136 (74%) (m*)rsreep <—(T)rivo
2 468 [17.8] 534[0.18] 187->188 (90%) (T*)rcBD < T)Thio
405 [0.09] 185 188 (72%) (m*)rceD < M)Bz1
337 [12.0] 401 [0.26] 186->188 (50%) (m)rceoims <—(T)Thio/Bz1-2
185->188 (20%)
185->188 (20%)
344 [0.6] 185->189 (70%) (m*)rcorrs <—(Mez1
285[18.2] 326 [0.14] 187->191 (66%) (m*)arsreprice <—(T)Thio
3a 531 [17.4] 582 [0.15] 166->167 (98%) (T*)rceD <—(T)PhNPh2
459 [0.23] 166->168 (98%) (m*)rceors <—(T)phnph2
373[22.7] 367 [0.09] 165->167 (81%) (m*)rcep<— () phnphaBz
360 [0.15] 166->169 (75%) (m*)rceors <—(T)phnph2
279 [32.0] 288 [0.15] 166->173 (78%) (T*)nphs <—(T)phNPh2

¢ If the high-energy shoulder on the first absorption band of 4b and 4c corresponds to the additional band resulting from this coupling,
a larger coupling than presently computed would be effective in the real molecules.
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3b 533 [16.3] 598 [0.24] 267->268 (98%) A (m*)1cep <—(T)Phnph2
544[0.14] 267->269 (98%) B: (m*)rcap <—(T)phnph2
456 [022] 267->270 (98%) A: (TE*)TCBD/TS (*(TE)thphz
422 [012] 267> 271 (98%) B: (T[*)TCBD/TS <« TE)thphz
369 [213] 375 [009] 264->268 (56%) (TE*)TCBD% (TE)thphz/Bz
351[0.15] 267-> 272 (38%) (*)rcepimsé— (T)PhnPha/Bz
265-> 268 (16%)
261-> 268 (14%)
3c 508 [29.0] 574[0.27] 368->369 (98%) E: (TC*)TCBD (*(TE)Nph3
368->370 (98%)
537 [0.004] 368->371 (98%) A: (¥)resp <(T)nphs
437 [0.22] 368->372 (98%) E:(m*)rceorrs <—(T)npha
368->373 (98%)
408 [00004] 368->374 (95%) A:(Tf*)TCBD/Ts F(R)Nphg
361[45.3] 384 [0.07] 365->369 (31%) (m*)rcep «—(T)e:
366->369 (17%)
367->370 (17%)
4a 602 [6.5] 592 [0.18] 103->104 (98%) (m*)rcep «—(T0)PhnPh2
354 [157] 387 [049] 103->105 (90%) (T[*)TCBD/PhN F(ﬂ)thphz
354[0.14] 102->104 (86%) () rcspPh¢—(T)PhNPh2TCED
286 [17.7] 2881[0.22] 103->107 (86%) (T*)nPha <—(T0)phnph2
4ab 604 [8.4] 573[0.33] 141->142 (98%) A (m*)rcep <—(T)phnph2
=505 [sh, 4.9] 545 [0.05] 141->143 (98%) B: (m*)rcep «—(T)phnph2
354 [166] 379 [060] 1415144 (95%) (T[*)TCBD/NPhZ (*(TE)thphz
345 [0.10] 140->143 (86%) (m*)rcBpmPh2¢—(T)NPhTCBD
306 [262] 332 [019] 141->145 (41%) (T[*)TCBD/PhZN (*(TE)thphz
4c 581 [10.0] 531[0.23] 179->180 (98%) E: ()rcep <—(T)neh
179->181 (98%)
= 495 [sh, 5.5] 507 [0.02] 179->182 (99%) A: ((m)1cep «(T)npha
338[30.4] 369 [0.45] 179->183 (95%) E: (*)rcaoiph <—(nphs
179->184 (95%)
345 [022] 177-180 (41%) (ﬂ:*)TCBD <_(7r)NPh/TCBD
178->181 (41%)
342 [0.09] 177->182 (26%) E:(n*)rcep <—(m)nphrcep
178->181 (25%)
304 [003] 179->186 (62%) A: (ﬂ:*)TCBD/Ph (—(H)Nphgf
179->185 (20%)
305 [36.1] 300[0.11] 174->181 (38%) (T*Yreap < (Tnpha
175->182 (39%)
293 [009] 176->182 (72%) (T[*)TCBD (—(TE)Nph3

9 The calculated (vertical) excited states are !A.? Experimental absorption (nm) found for the corresponding complex in DCM (or THF for 4a-c) and extinction
coefficients (&) in 103 M-L.cm™. ¢ Vertical energy in nm. ¢ Computed oscillator strength. ¢ See ESI for the plot of the corresponding MOs. f Tentative assignment.

The match with experiment is poorer for the organometallic derivatives 5 and 6. The presence of several d-type MOs in the HOMO
region (see Figure 6 and Figure S12, ESI) multiplies the number of possible transitions of low energy. Indeed, the four HOMOs of
5 are heavily weighted on the ferrocene groups with some amino lone pair admixture (Figure 6). For 6, the HOMO is localized on
the triphenylamino fragment while the HOMO-1 is strongly localized on the Fc fragment. As a result, contrary to what was
computed for the organic derivatives (vide supra), the fragment R, (Chart 2) is now as electron-releasing as R;. Thus, the first
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absorption band in 5 and 6 corresponds to a weakly-allowed Fc - TCBD MLCT transition, with a moderate oscillator strength,

whereas the next-lowest-energy band for 6 corresponds to the fully allowed and much more intense NPh3->TCBD CT transition
(Table 5). In a similar way to what was observed for the 3a-c family, moving from the mono-TCBD derivative 6 to the tri-branched

derivative 5 results in additional CT transitions stemming from the threefold symmetry of the latter compound (Figure 6). Overall,

the shape of their absorption spectra remains the same, except for some broadening of the first band and a slight red shift of the
two first absorption bands in the latter reflecting the decrease in HOMO-LUMO gap between these compounds due to the

increasing number of Fc moieties. According to the computations, the electronic coupling between the excitations composing

the first MLCT band appears much weaker (< 0.01 eV) in 5. Due to some intimate mixing of the amino lone pair and ferrocenyl d
orbitals in the HOMO (5) to HOMO-1 (5-6), both the first and second absorption bands have a strong MLCT character, with the
first band formally corresponding to a pure MLCT band, as evidenced by the difference density plots for these compounds (ESI,
Figures S18-S19). Furthermore, consistent with experiment, we confirmed computationally that changing the surrounding

medium for 5 (THF vs. CH,Cl,) hardly affects its electronic spectrum (ESI, Figure S20).

Table 5. Experimental vs. computed @ (mPW1PW91/LANL2DZ/PCM) values in THF. Wavelength (nm) and composition of the
first relevant singlet excited states (wavelength [oscillator strength], transition percentage, assignment).

Cmpd Experimental Calculated® Composition Major
Amax® Amax [f 9] Assignment®
5 608 664 [~0.02] 303->306 (20%) (m*)npha<— N+(d)rc
303327 (19%)
303->308 (15%)
303->310 (12%)
661 [<0.02] 302->309 (22%) (M)resp —(d)ec
302->326 (19%)
302->306 (14%)
302->308 (13%)
660 [=0.02] 304->328 (20%) (m*)rcep «—(d)ec
304->307 (18%)
304->308 (18%)
304->310 (18%)
475 529 [0.36] 305->306 (67%) (*)rcep «(d)re
528[0.11] 305->307 (34%) (*)1cep «—(d)rc
525[0.14] 305->306 (18%) (*)1cep «—(d)rc
5241[0.32] 305->307 (52%) (*)rcep «—(d)re
350 416 [0.25] 305->309 (87%) (*)rcep «—(d)re
411[0.31] 305->310 (87%) (*)rcep «—(d)re
6 649 [=0.02] 144->146 (30%) (7*)rcep «—(d)xx
144->147 (26%)
144-5155 (23%)
/ 539 [0.30] 145->146 (96%) (m*)rcep <~ NPhs
/ 449 [0.51] 145->147 (96%) (7*)rcep < NPhg
/ 367 [0.10] 1425146 (80%) (m*)rcep «—(d)xx
/ 308 [0.16] 135->146 (51%) (m*)rcep <~ NPh;
/ 285 [0.16] 145->149 (58%) NPh3; <—NPh;

9 The calculated (vertical) excited states are A.? Experimental wavelength (nm). € Vertical energy in nm. ¢ Computed oscillator strength. € See ESI for the plot

of the corresponding MOs.
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Discussion

The nine new TCBD derivatives (1-5) that were isolated and studied in this work are two-photon absorbers in the near-IR range
(875-1300 nm). DFT calculations on these systems, while confirming previous results independently obtained for some of them,
13 provide a qualitative energy ordering of their excited states. This permits in depth analysis of their nonlinear absorption
properties and comparison with literature reports on related compounds such as Ax (X = H, NPh;)?* and 10a-c (Chart 3).4” DFT
computations also indicate that for all the new compounds investigated, except 4a-c, a manifold of closely-lying excited states is
present at low energy, invalidating the use of essential state models to fully rationalize their 2PA properties. We will thus start
the discussion with 4a-c.
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(X = H, CN, CHO,NO,)
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Chart 3. Selected two-photon absorbers related to 3a-c and 4a-c.
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Figure 7. Change in allowed (plain arrows)/forbidden (dashed arrows) 1PA and 2PA transitions in the essential state models upon
increasing branching in triphenylamine-based derivatives (EA = electron-attracting group).
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2PA properties of 4a-c

In this series, compound 4a is dipolar while 4c is the corresponding octupolar homologue. From the essential state(s) (excitonic)
models for such compounds (Figure 7),3% 56 moving from 4a to 4c should result in at least a threefold increase in the 2PA band
intensity, but a further improvement in the 2PA response could also ensue from (positive) excitonic coupling between the various
branches through the central core, as observed with 10a-c.*’ The existence of a significant coupling between branches is usually
revealed by the splitting of the first 1PA and 2PA bands and by a red shift of the main 2PA vs. the 1PA band when the latter is
plotted against twice its wavelength.

It is noteworthy that, contrary to observations with the 1PA spectra of 10a-c, a progressive blue shift of the first allowed 1PA
band is observed when going from 4a to 4c. This hypsochromic shift, which is predicted by the calculations, most likely reflects
the decrease (saturation) of the electron-donating strength of the central amino atom with the increasing number of electron-
accepting branches. As a consequence, the A state at higher-energy, resulting from the splitting of the first CT state in 4a when
the number of branches increases, is more blue-shifted than for a compound with a comparable electronic/excitonic coupling in
which such a “saturation” of the electron-releasing group does not take place. This saturation effect might also explain the weaker
coupling found for 4c compared to 10c. Another explanation for the decreased coupling could be the more pronounced
conformational flexibility of the TCBD end groups in 4a-c, leading to more severe disruption of the 7 manifold in solution at
ambient temperatures than for 10a-c.

The lowest-energy 2PA bands detected for 4a-c (ESI, Figure S24) are broader than those for 10a-c. For each compound, we
nevertheless noticed a fair spectral match with the main 1PA band when it is plotted at half wavelength, suggesting that 2PA
takes place into the 1PA-allowed E-state (Figure 8).4 This state is in principle 2PA-forbidden and a larger 2PA cross-section should
be observed for 2PA into the corresponding 1PA-forbidden A state in 4c, at higher energy. This state is predicted to lie 0.11 eV
higher in energy by DFT calculations (corresponding to a coupling V of ca. 300 cm). However, no other maxima for a second 2PA
peak can be detected in this frequency range, suggesting that these two 2PA transitions overlap to give a single broad 2PA band.
In line with such a hypothesis, the cross-section of this first 2PA band increases from 30 GM in 4a to 100 GM in 4c, as expected
for three weakly coupled dipoles (V < 0.05 eV = 400 cm-?) for which the octupolar system behaves approximately as the sum of
the individual arms.e47
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Figure 8. Overlay of the 1PA and 2PA spectra for 4a in CH,Cl, (a) and 4c (b) in THF at 25 °C. The 1PA spectra are plotted vs. twice
the wavelength (21).

4 Partial relaxation of the selection rules relative to an ideal D; (octupolar) structure will populate the forbidden E state by 2PA in the
trisubstituted derivatives. This phenomenon might be attributed to the flexible nature of these molecules, which can adopt
conformations with no strictly octupolar geometries in solution.

€ We also envisioned the possibility that the second 2PA peak is outside our observation window, in a spectral region with 1PA
absorption, and that only the partly forbidden 2PA transition was observed. However, this requires a splitting of ca. 0.5 eV between
the first two A and E excited states, which is one order of magnitude larger than the computational estimates and not consistent with
the enhancement observed in the first 2PA band, when computed from the equations derived from the essential states model.
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2PA properties of 3a-c

A similar situation should exist for the 3a-c series, except that two 2PA bands are detected for 3a (Figure 9). In line with DFT
computations (Table 5), the latter correspond to population of the two different excited states (CT1 and CT1’) which give rise to
the first 1PA band. In the branched compounds 3b and 3¢, each of these states are split into two new states. According to DFT
calculations, their splitting is larger in 3a-c than in 4a-c but remains below their mean energetic separation (Figure 6). Thus, if the
2PA transitions to these sub-states are not spectrally resolved in 3b and 3c, the first 2PA band should correspond to the
population of the CT1 states and the second band to that of the CT2 states, and this should result in a roughly threefold
improvement in the cross-section of each 2PA band in 3c compared to those in 3a, as seen with 4a-c. However, this is not what
is observed; across the series 3a-c, the first 2PA band does not even double in intensity (it increases from 50 to 80 GM), and a ca.
five-fold increase is seen with the second 2PA band (from 55 to 275 GM). This departure from predictions of the essential states
(excitonic) model in the case of 3a-c is perhaps the result of its poor applicability given the number of closely-lying excited states
at low energy.47 We note that the cross-sections found for 3b and 4b in the present studies are of comparable magnitudes to
those found from Z-scan studies for the first 2PA transitions (also 1PA-allowed) of non-symmetric triarylamines such as 11a-d
(Chart 3).57
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Figure 9. Overlay of 1PA and 2PA spectra for 3a (a) and 3c (b) in CH,Cl; at 25 °C. The 1PA spectra are plotted vs. twice the
wavelength (21).

2PA propertiesof 1,2 and 5

For the “linear” organic derivatives 1 and 2, a fair match is observed between the 2PA band and the rescaled lowest energy 1PA
band that results from two overlapping transitions (CT1 and CT2), so unambiguous identification of the excited state populated
by the first 2PA transition is not possible for these compounds. With the organometallic derivative 5, the most intense 2PA peak
detected for this tri-branched compound overlaps with the second lowest-energy peak of the rescaled 1PA spectrum (Figure 4b).
According to the DFT calculations, this second band corresponds to PhsN > TCBD CT transitions, most likely to the E subset of
states. Likewise, the next two lower-energy 2PA peaks are tentatively attributed to a set of three arm-centered MLCT states,
which are only weakly coupled according to DFT. Whether these two peaks correspond to population of the A and E subsets of
these three MLCT states or to the unresolved population of this set and of another set of three 1PA-forbidden MLCT states
calculated at slightly lower energies cannot be ascertained as yet.

f Another explanation could be that the actual coupling between branches is larger than that given by the computations in 3c (in 3b).
As a result, the lowest-energy 2PA band would correspond to population of the E-CT1 state only (A-CT1 state in 3b), while the next-
lowest energy 2PA peak would correspond to two overlapping 2PA transitions to the A-CT1 and E-CT1’ states (B-CT1 and A-CT1’
states in 3b), while the 2PA transition to the A-CT1’ state (B-CT1’ state in 3b) would not be detected because it is shifted outside the
Z-scan observation window. Such a hypothesis would correspond better with the predictions based on the excitonic model of the
change in 2PA intensities along the 3a-c series and would rationalize the detection of three 2PA peaks for 3b.
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Substituent effects (R1, R2) and branching

Now that most of the 2PA peaks detected at lower energies have been (tentatively) assigned, we can discuss the data obtained.
We showed that the largest 2PA in the near-IR range usually corresponds to PhsN - TCBD CT transitions (i.e. CT1 in Chart 2).
Among the mono-TCBD compounds, those affording the largest 2PA cross-sections at lowest energy are the disubstituted TCBD
derivatives (R1 and Rz # H) with the 2PA cross-sections scaling with electron-releasing power of the substituents R; and R; in the
ordering: 4a < 3a = 1 < 2 = Ay < Anphz, emphasizing the importance of multipolar structures over those purely dipolar in nature,3>
4 such as 4a.s”8

We also found that a modest but positive synergy can result from branching around the nitrogen atom in diphenylanilino-
substituted TCBD derivatives, with cross-sections values in the range of those reported for other push-pull triphenylamino
derivatives such as 11a-d. Furthermore, for branched derivatives, especially when the excitonic/electronic coupling is positive
and strong, the most active 2PA A state is usually shifted to higher energies, closer to the edge of the 1PA-transparency window
of the compound, a shift increased by the so-called “saturation” effect observed for TCBD substituents. In this respect, di-
substituting the TCBD moiety by another electron-releasing substituent does reduce the electron-accepting strength of this unit
and therefore contributes to limiting the blue shift of the A state induced by branching. As a result, 3c constitutes a significantly
more active two-photon absorber than 4c, at a slightly lower wavelength (900 vs. 1150 nm), but still in the near-IR range. Finally,
substituting the TCBD unit with organometallic electron-releasing substituents instead of purely organic ones, as in 5, confers
some MLCT character to the CT1 states which also favors their 2PA cross-section.37-3° This structural change also made the CT2
states (Fc - TCBD) more stable than the CT1 ones (PhsN - TCBD) and contributed to a shift in the latter to higher energies.
Nevertheless, the cross-sections are improved in 5 relatively to those of the corresponding 2PA bands in 3c or 4c. Remarkably,
the 2PA transitions detected at lower energy (into the CT2 states) for 5 have significantly lower cross-sections, although they
have in principle a much more pronounced metallic character. This might result from weaker electronic coupling between the
peripheral CT excitons of these MLCT states or from their comparatively low transition dipole moments.

When the various cross-sections are normalized against the molecular weight or against the number of effective electrons,>® the
resulting figures of merit indicate that the best 2PA absorbers among the new derivatives are 5 followed by 3c, with 2PA
performance below that of the known Anpn2.2* These results reveal that the increase stated for 5 compared to 3c stems largely
from the number of effective electrons introduced by the peripheral ferrocenyl substituents and not only from its more electron
releasing-character or from the presence of polarizable d MOs. More generally, contrary to what had been found for
fluorescence,?? these results indicate that electron-rich substituents, which give rise to CT states at low energy, are clearly more
desirable than none in enhancing the 2PA properties of TCBD derivatives.2* Given their very weak fluorescence in solution at
ambient temperatures, their third-order activity make them better suited for applications such as optical-limiting in the near-IR
range,** 0. 61 and beam re-shaping in the far IR range, as well as applications not related to their transparency, such as 2PA
sensitization for nanolithography or photodynamic therapy.3? Furthermore, as previously underlined by Shoji and coworkers,3
organometallic derivatives such as 5 might give rise to innovative electro-switchable NLO-active substances.3®

Conclusions

Four new compounds (1, 3c and 4b-c) featuring TCBD units functionalized by tosylamido and/or 4-N,N-diphenylanilino
side-groups have been synthesized and characterized. We have shown that when a single 4-diphenylanilino substituent
is appended at the 2-position (R;, Chart 2) of the TCBD moiety (4a), a fairly reactive dipolar compound is formed.
However, we also show that this dipolar compound can be stabilized either by using a less electron-rich aromatic R1
group or by appending another 7-conjugated substituent at the 3-position (Rz) such as a tosylamido (1, 2, 3a-c) or
ferrocenyl (5) group.

The 1PA and 2PA properties of compounds 1-5 were subsequently investigated, revealing that all of them are two-photon
absorbers in the near-IR range (875-1300 nm). Thus, while derivative 1 is a poorer are two-photon absorber than its known 4-
N,N-diphenylanilino analogue (Aux), we have shown herein that among the tosylamido derivatives, the 2PA activity can notably
be improved by appending more electron-rich aromatic groups to the remaining position of the TCBD group, a change which also
induces a red-shift in the 2PA maxima. When the aromatic group was replaced by a 4-N,N-diarylanilino substituent, the possibility
of branching at the central nitrogen opens options for further increasing the 2PA activity. Accordingly, the di- and tri-branched
derivatives 3b and 3c surpass Ay in terms of 2PA cross-section, the latter (3¢c) showing the best o»™® value among the new organic
derivatives tested. With the aid of DFT calculations, which provided a qualitative understanding of the nature of the first singlet
excited states of 1-5, a comparison with the analogous family without the tosylamido group(s) 4a-c was made. This revealed the

¢ The tosylamido group is a far less effective electron-releasing group than the 4-N,N-diphenylanilino group.5®
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positive role exerted by the toslylamido substituent(s) on the 2PA activity in spite of the fact that these substituents reduce the
electron-accepting character of the TCBD units in 3a-c compared to those in 4a-c. In this respect, the present investigation points
to the importance of the multipolar character of each branch in these compounds. Finally, a further enhancement of the 2PA
cross-section was achieved by proceeding to the organometallic derivative 5, in other words, by replacing the tosylamido
endgroups by an even more electron-releasing substituent. In line with the good 2PA performance previously stated for Anpha2,
this further underlines the positive effect of having electron-releasing substituents at both positions on the TCBD unit for boosting
the 2PA cross-sections of such compounds while illustrating further the positive impact of organometallic substituents on the
third-order NLO properties of these multipolar molecules.

Experimental Section

General. All reactions and work-up procedures of air-sensitive compounds were carried out under dry, high-purity argon or
nitrogen, using standard Schlenk techniques.52 Solvents/reagents were dried and distilled as follows: Et,0, hexane and reagent
grade THF (sodium-benzophenone), CH,Cl, (CaH,), diisopropylamine and triethylamine (KOH), and DMF (activated 3 A molecular
sieves). Flash column chromatography was performed using silica (Acros 60 A, 40-60 mesh). Melting points were taken in air using
a melting point apparatus. NMR spectra were acquired at 298 K on 400 and/or 500 MHz FT NMR spectrometers. UV-Vis-NIR
spectra were recorded using a 1 cm quartz cell on a Cary 5 spectrometer, and are reported as Amax (nm) [& (103 M-1.cm™1)]. High-
resolution mass spectra (El and ESI) were obtained at the Centre Regional de Mesures Physiques de I'Ouest (CRMPO, Rennes) or
at Wroclaw University of Science and Technology (WUST). The synthesis of the alkyne precursors 6 and 7c and of 513 are described
in the ESI. The alkynes 8b-c*2 63 and 943 are known compounds. Other chemicals were purchased from a commercial source and
used as received.

Synthesis of 1, 3c and 4b-c

Typical experimental procedure for the formation of the TCBD compounds 1, 3c, 4b-c. A solution of ynamide (1.0 equiv) and
tetracyanoethene (1.0, 2.0 or 3.0 equiv) in CH,Cl; (0.1 M) was stirred at room temperature for 12 h. For 1 and 3c, the solvent was
evaporated and the residue was subjected to chromatography on silica gel to afford the TCBD moieties. Products 4b-c were
recrystallized from crude reaction mixtures.

Synthesis of compound 1. The reaction mixture was purified by column chromatography (petroleum ether/Et,0 [4:1] to [1:1]) to
give the title compound (60 mg, 88%) as an orange solid. Crystals were grown by slow diffusion of cyclohexane into a solution of
this compound in CH,Cl,. MP: decomposition above 80 °C. Ry: 0.55 (petroleum ether/EtOAc [1:1]). *H NMR (400 MHz, CDCl5): 6 =
7.90 (1H, d, J 8.1 Hz), 7.84 — 7.79 (2H, m), 7.77 (2H, d, J 8.4 Hz), 7.63 (1H, dd, J 1.8 and 8.1 Hz), 7.50 — 7.38 (5H, m), 3.46 (3H, s),
2.50 (3H, s), 2.17 — 1.95 (4H, m), 1.16 — 1.08 (4H, m), 0.68 (6H, t, J 7.3 Hz), 0.65 — 0.51 (4H, m). 13C{*H} NMR (100 MHz, CDCl3): &
=165.5,164.5,152.6,152.4,148.3,147.5,139.1, 132.5,131.0, 129.8, 128.4,127.6, 125.7,123.4,121.5,121.0, 112.6, 112.4, 110.9,
110.7, 87.5, 80.4, 55.9, 41.2, 40.1, 26.0, 23.1, 22.0, 13.9. HRMS: calculated for C3;H3sNsO,S [M+H]* 614.259, found 614.258.
Crystal data (CCDC 2081542): C7sH76N1204S;, M = 1273.59 g.mol™%, T = 150 K, triclinic, space group = PT, a=12.2334(10) A, b =
16.0882(15) A, c = 18.7919(16) A, a = 107.984(3)°, 8 = 97.849(3)°, y = 90.566(3)°, V = 3479.5(5) A3, 7= 2.

Synthesis of compound 3c. The reaction mixture was purified by column chromatography (cyclohexane/CH,Cl, [1:1] to [0:1]) to
give the title compound (77 mg, 82%) as a dark purple solid. Crystals were grown by slow diffusion of cyclohexane into a solution
of this compound in CH,Cl,. *H NMR (400 MHz, CD,Cl»): 6 =7.97 (d, J = 8.1 Hz, 6H), 7.52 (d, / = 8.1 Hz, 6H), 7.39 (t, J = 7.3 Hz, 3H),
7.33 (t,J= 7.4 Hz, 6H), 7.28 — 7.13 (m, 18H), 4.86 (s, 6H), 2.52 (s, 9H). 13C{ NMR (100 MHz, CD,Cl,): & = 164.90, 158.7, 149.6, 147.8,
132.9, 131.6, 131.3, 131.0, 129.8, 129.5, 129.3, 128.4, 125.9, 124.9, 111.8, 111.7, 111.6, 111.2, 91.5, 81.6, 52.7, 21.7. HRMS:
calculated for CgaHsaN1606S3 [M]* 1478.357, found 1478.358. Crystal data (CCDC 2080796): CgaHsaN1606S3 M = 1479.61 g.mol, T
=150 K, trigonal, space group = R3, a = 21.023(2) A, b = 21.023(2) A, ¢ =30.595(3) A, = 90°, 6 = 90°, y = 120°, V= 11710(3) A3, Z
=6.

Synthesis of compound 4b. This compound was precipitated from the reaction mixture following addition of pentane to give the
title compound (72 mg, 67%) as a dark blue solid. Crystals were grown by slow diffusion of cyclohexane into a solution of this
compound in CHyCl,. *H NMR (400 MHz, acetone-de): 6§ = 8.57 (2H, s), 7.72 (4H, d, J 8.9 Hz), 7.53 — 7.44 (2H, m), 7.38 — 7.25 (7H,
m). 13C{*H} NMR (100 MHz, acetone-ds): 6 = 162.3, 155.4, 151.8, 145.8, 132.2, 130.7, 127.4, 126.9, 126.1, 123.9, 113.0, 112.9,
112.1, 110.0, 97.3, 89.2. HRMS: calculated for C34HisNg [M]~ 549.1456, found 549.1457. UV-Vis (THF): Amax = 552 [8.4], 490 [sh,
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7.3], 340 [sh, 20.3], 308 [25.7]. Crystal data (CCDC 992932): C34H16Ns, M = 549.55 g.mol1, T = 140 K, monoclinic, space group =
P2/a, a=10.7358(5) A, b =9.7979(4) A, c = 13.1395(4) A, a = 90.00°, 8 = 93.928(3)°, y = 90.00°, V = 1378.87(10) A3, Z= 2.

Synthesis of compound 4c. This compound was precipitated from reaction mixture following addition of pentane to give the title
compound (63 mg, 58%) as a dark blue solid. *H NMR (400 MHz, acetone-de): 6 = 8.57 (3H, s), 7.76 (6H, d, J 8.8 Hz), 7.45 (6H, d, J
8.8 Hz). 13C{*H} NMR (100 MHz, acetone-de): 6§ = 163.3, 155.8, 151.8, 133.4, 128.6, 126.7, 113.9, 113.8, 112.9, 111.0, 98.3, 92.0.
UV-Vis (THF): Amax = 528 [12.6], 308 [34.9]. HRMS: calculated for Cs2H1sN1s [M]~ 701.1579, found 701.1580.

Z-scan studies on 1-5

Measurements of the third-order nonlinear optical properties were carried out using the Z-scan technique over a wide range of
wavelengths and were performed by employing a Quantronix Integra Ti:Sapphire regenerative amplifier (output wavelength 800
nm) pumping a Quantronix-Palitra-FS optical parametric amplifier which delivered wavelength tuneable pulses with a duration
of about 130 fs at a repetition rate of 1 kHz. The output beam was selected with a polarization separator, passed through a
suitable colour glass filter to reject unwanted wavelengths and attenuated using neutral density filters. The peak incident
intensities of the beam were of the order of 100 GW cm~2. Results obtained for samples in THF or CH,Cl; solutions (of ca. 0.5
w/w% concentration) placed in 1 mm stoppered Starna glass cells were calibrated against Z-scan measurements on a fused silica
plate and compared with the measurements on an identical glass cell filled with the pure solvent.*® The obtained data were
analysed with the help of a custom fitting program that used equations derived by Sheik-Bahae et al. %*

DFT calculations

Geometry optimization of all molecules (C1-C7, Ay) were carried out at the density functional theory (DFT) level of theory using
the Gaussian 09 program package.® Real molecules (2-5) were considered for optimization geometry calculations (€2-C5), except
1 in which the butyl chains were replaced by methyl groups to reduce computational efforts (€C1). In addition, C6 representing a
single branch of C5, and Ay were also computed for comparison purpose. Optimization was conducted in the gas phase (no
solvent effect) without any symmetry constraint for all compounds, except for the two organometallic complexes (C5 and C6),
where THF (Polarizable Continuum Model (PCM))®¢ was considered because of their more polarizable d orbitals. The hybrid
functional mMPW1PW91 functional (which consists of a modified version of the PW91 exchange functional with PW91 correlation
functional and a mixing ratio of exact and DFT exchange of 0.25 to 0.75) was employed®” in combination with the LANL2DZ basis
set for all the atoms.%8 Frequency calculations were carried out for all structures to check the nature of the stationary states and
the absence of any imaginary frequency to confirm that the optimized geometries were genuine minima on the potential energy
hypersurface. Time-dependent density functional theory (TD-DFT)® calculations were performed at the same level of theory
using the previously optimized geometries. The UV-Vis spectra were simulated from the computed TD-DFT transition energies
and their oscillator strength by using SWizard.”® GaussView’! was employed to generate molecular orbital and electron density
difference plots.
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