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With the aim of preparing new dyes for Q-switching and/or
mode-locking Nd-based lasers, such as Nd:YLF and Nd:YAG
(emission wavelengths 1053 and 1064 nm, respectively), the
syntheses of about 30 new neutral dithiolenemetal com-
plexes belonging to the class [M(R,R'timdt),] have been car-
ried out [M = Ni (4a—c; 4g-j), Pd (5a—j), Pt (6a—j); R,R'timdt =
monoreduced form of disubstituted imidazolidine-2,4,5-tri-
thione]. The examination of the effects induced on the in-
tense NIR absorption by changing M, R, and R’ has allowed
for the recognition of the additive contributions (AL) of the
central metal ion and of the substituents to the AN:RR' posi-
tion of the NIR absorption maximum, which is in the region
of 1000 nm. The high AX values due to aromatic substituents
have been elucidated by means of Hybrid-DFT calculations
performed on the model compound [Ni(H,timdt)(Ph H-

timdt)]. Both the AM:R'R" values and the molar extinction coef-
ficients vary with the solvent. Complex 5f [M = Pd, R = p-F-
CgHy, R’ = m,m,p-(MeO);-CgH,| shows that it has been pos-
sible to exactly match the emission wavelength of the
Nd:YLF and Nd:YAG lasers in chloroform and toluene, re-
spectively (by choosing the appropriate combination of metal
ion and substituents). The highest extinction coefficient ever
observed for a metal-dithiolene (120000 M ':cm™! at
1034 nm in toluene) is also reported for complex 6g [M = Pt,
R = p-F-CgHy, R’ = naphthyl]. Time-resolved absorption dy-
namics measurements on 5f have also been carried out by
means of pump-probe experiments, with a picosecond
Nd:YAG Q-switched and mode-locked laser.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

The tuning of specific molecular properties by means of
chemical modifications is of current interest in material
chemistry and engineering.!! During the past years, the de-
sign of organic chromophores with specific optical proper-
ties has been made possible thanks to the discovery of well-
defined structure-property relationships (SPRs).2~# Never-
theless, the relationships between the structural factors and
the nonlinear optical properties of inorganic materials are
still not well understood.[':3 In particular, this applies to
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the search for materials which can be used in laser appli-
cations, such as Q-switching or mode-locking. In order to
be exploited as saturable absorbers, dyes have to satisfy sev-
eral criteria. In particular, (i) the fundamental absorption
should exhibit a very high cross-section at the laser emis-
sion wavelength, (ii) no excited-state absorption should be
present at the same wavelength, and (iii) the molecules
should be very stable when exposed to light. Moreover, in
order to prevent damage to laser optics, the dyes must be
quite soluble in inert solvents. Most materials used in laser
applications are based on organic substrates, but these are
generally photochemically not as stable as required.

Bis-dithiolene complexes of d® metals have been used for
Q-switching near-infrared (NIR) lasers since the early
1970s,l°=81 and have also been used as materials for molecu-
lar magnets, conductors, and superconductors.[>>!% These
complexes exhibit a high degree of m-electron
delocalization,['! =131 involving the organic framework as
well as the metal center,['¥ which confers peculiar and
unique molecular properties, such as planarity, optical non-
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linearity,['> high thermal and photochemical stabilities,
along with the ability to have a variable charge, which in
some cases can vary reversibly from —2 to +2. The possibil-
ity of applying dithiolenes to laser technology relies on the
unique property that these complexes feature an intense Vis/
NIR absorption in the neutral state, due to a singlet!'" &
— m* transition between the HOMO and LUMO,!'"] at fre-
quencies which depend on the nature of the substituents at
the carbon atoms of the dithiolene moiety.[%) In particular,
donor substituents shift the position of this absorption to
energies lower™!” than those found in the dithiolenes
which are derived from the edt ligand {[M(edt),]; edt =
ethylenedithiolato, M = Ni (1), Apnax = 720nm; M = Pd
(2), Amax = 785nm; M = Pt (3), Amax = 680 nm}.[187201
Obviously, among the various dithiolenes, only a few com-
pounds meet all the requirements. Since 1995, a series
of papers has reported on the synthesis, spectroscopic and
structural characterization,?> 24 reactivity!?>2¢l and photo-
physical properties?’ 2?1 of the new class of dithiolenes
[M(R,R"timdt),] [R,R’timdt = disubstituted monoreduced
imidazolidine-2,4,5-trithione; M = Ni (4), Pd (5), Pt (6)].
The most striking property of these dithiolenes is the un-
usually intense absorption at about 1000 nm, with extinc-
tion coefficients in chloroform as high as 80000 M~ '-cm™!.
This absorption is assigned to a t—n* singlet transition and
has been confirmed by TD-DFT calculations.?”-?81 The ap-
plication of these dithiolenes to Nd-based lasers,?!-?7! such
as Nd:YLF and Nd:YAG (emission wavelengths 1053 and
1064 nm, respectively), was prevented by their very low
solubility. Therefore, it was necessary to look for new sub-
stituents, with the aim of both increasing the solubility, and
of simultaneously shifting the position of the absorption to
values as close as possible to the emission wavelengths of
the Nd lasers.

Here we report on the syntheses of almost 30 new dithiol-
enes belonging to the title class. By referring to the NIR
spectral properties of all the dithiolenes synthesized so far,
the present work shows that there is an additive effect of
the metal ion and of the substituents on the maximum NIR
absorption wavelength, and that it is possible to quantify
these contributions to the position of the NIR absorption
band. In particular, the high contribution by the aromatic
groups is elucidated on the basis of DFT calculations. The
absorption saturation temporal dynamics of the dithiolene
5f, which exactly matches the emission wavelength of the
Nd:YLF and Nd:YAG lasers in chloroform and toluene,
respectively, has been investigated using the picosecond
pump-probe technique. The physical processes responsible
for the dynamics have been explained using multi-level rate
equations,?”281 supported by relativistic time-dependent
density functional calculations.

Results and Discussion

In order to apply [M(R,R’timdt),] dithiolenes success-
fully to Q-switch or mode-lock Nd-based lasers, two main
goals were to be achieved: a) to significantly increase their
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solubility in common organic solvents, such as chloroform
or dichloromethane; and b) to ensure that the wavelength
of the maximum in the NIR absorption is as close as pos-
sible to the target laser emission wavelength. The change in
the central metal ion and in the substituents R and R’ at
the nitrogen atoms enables both objectives to be met. In
fact, from the NIR spectra of the first series of synthesized
Ni, Pd, and Pt complexes belonging to this class,?* it could
be seen that both the solubility and the position of the NIR
absorption depend on the metal ion and on the R and R’
substituents; e.g., aromatic substituents shift the position of
the absorption in the desired direction, however, the solu-
bility in low-polar solvents is greatly reduced. With the aim
of obtaining a satisfactory solubility, and in order to match
the positions of the NIR absorption maxima with the laser
emission wavelengths, several new [M(R,R’timdt),] dithiol-
enes have been prepared with alkyl and aryl substituents, in
particular with the introduction of fluorine atoms or fluor-
ine-rich groups into the phenyl ring.

Synthesis

According to the well-established route summarized in
Scheme 1,4 approximately 30 new Ni-, -Pd-, and Pt-dithi-
olenes, containing different types of substituents (4a—c and
4g—j, 5a—j, 6a—j for Ni, Pd, and Pt, respectively), have
been synthesized by the sulfuration of the corresponding
disubstituted 2-thioxoimidazolidine-4,5-diones (7a—j) with
Lawesson’s reagent (8; 1,3,2,4-dithiadiphosphetane 2,4-dis-
ulfide).l3% Unfortunately, with the only exception of 4g, the
syntheses of the Ni complexes that are derived from the 2-
thioxoimidazolidine-4,5-diones with a p-fluorophenyl sub-
stituent (4d—f) have not been successful. All the new com-
pounds have been fully characterized by conventional meth-
ods, confirming the properties already reported for this
class of neutral complexes.[>>?4 In particular, the melting
points are very high, generally over 250 °C, thus confirming
their outstanding thermal stabilities. Among the synthe-
sized dithiolenes, those with phenyl substituents are, in gen-
eral, not very soluble. However, the solubility increases
when naphthyl or p-CF3;0-C4H,4 groups are present.

NIR-Spectroscopy

Effect of M, R, and R’

Considering the new dithiolenes and those previously re-
ported,?¥ the typical NIR absorption maximum in CHCI;
(ANLR-RY spans over 60 nm between 991 (M = Ni; R =
R’ = Me) and 1053 nm (5f). The molar extinction coef-
ficients in the same solvent are in some cases higher than
the previously reported®! maximum value of 80000
M~ l«cm™!. For example, among the new most soluble com-
plexes, 6¢, 6g, and 6h have values of 91000, 105000, and
110000 M~ '-cm ™!, respectively, which are by far the highest
values ever reported for dithiolene complexes.

The qualitative observation that the ANYR-R" values de-
pend on both the central metal ion and the substituents R
and R’ has now been quantified, due to the great number
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Scheme 1. Overall reaction path in the syntheses of dithiolenes 4—6

(about 60) of synthesized dithiolenes, according to the re-
lationship

‘max max

4
MR gNiMeMe | A M ZAZI;
=i

where ANiMeMe represents the absorption wavelength re-

corded for [Ni(Me,timdt),] (AN:MeMe = 991 nm), which
can be considered the simplest member of this class of com-
pounds. A least-squares fit (R = 0.97) of the experimental
values listed in Table 1 has allowed for the evaluation of the
contribution of the metal ion (AAM) and of each substituent
(AXR). The goodness of such a regression (Figure 1) can
be used to predict the absorption wavelength position of a
particular dithiolene with a peculiar metal ion and substitu-
ent. As reported in Table 1, the central metal ion Pd confers
a remarkable contribution (ALY = 20.59 nm) to ANR-R'
compared with Ni and Pt (AXM = 0.00 and 1.62 nm for
M = Ni and Pt, respectively). The bathochromic shift is
influenced by the electron-releasing ability of the substitu-
ents; thus, for alkyl substituents, the shift increases with the
length of the chain (AAR = 1.52, 1.86, 2.93, 3.72 nm for
R = Et, iPr, pentyl and nonyl, respectively) in agreement
with an increasing +1 effect. The bathochromic effect due
to the phenyl ring is more effective, and depends on the
presence of groups bonded to the phenyl ring [ALR = 7.86,
5.36, 8.86 and 12.95 nm for R = phenyl, p-F-CcH,, p-Cl-
C¢Hy, and m,m,p-(MeO);-CgH,, respectively]. Unexpec-
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tedly, the extension of m-aromaticity in the ligand (m-aro-
maticity extends from phenyl to naphthyl substituents) does
not significantly increase the AM:R-R' values (AAR = 7.86,
8.38 nm for R = phenyl, naphthyl, respectively).

Theoretical Calculations

The assignment of the intense low-energy Vis/NIR tran-
sition to a singlet n—n* HOMO—LUMO excitation,!'®
peculiar to bis-dithiolenes, was also confirmed for
[M(R,R’timdt),], based on Hybrid-DFTP** and TD-
DFT® calculations performed on the [M(H,timdt),] com-
plexes [M = Ni (4H), Pd (5"), Pt(6™)], i.e. on the hypotheti-
cal complexes with four hydrogen atoms instead of the four
organic substituents. These calculations accounted for the
trends found on changing the central metal ion, not only in
the [M(R,R’timdt),] complexes, but also in those derived
from the edt ligand.['®2%24 Since it is very interesting to
understand the origin of the remarkable bathochromic shift
observed in the presence of aromatic substituents, Hybrid-
DFT calculations at the same level of theory as those car-
ried out on 4"—6M have now been extended to the mixed-
ligand [Ni(H,timdt)(H,Ph-timdt)] model complex (9, Fig-
ure 2), where a phenyl ring has been introduced as a sub-
stituent at the nitrogen atom of the nickel complex. In
addition, in order to evaluate the influence of the ring
orientation with respect to the molecular plane, the geo-
metry was optimized at different frozen
C(9)—N(13)—C(21)—C(22) dihedral angles (0) correspond-
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Table 1. Experimental NIR absorption maxima AM;R-R’ [nm] for neutral [M(R,R’timdt),] dithiolenes, compared with the AM;R-R" [nm]
estimated on the basis of the additive coefficients AAM and AAR: AAM = 0.00 (Ni), 20.59 (Pd), 1.62 (Pt) nm; AAR = 0.00 (Me), 1.52 (Et),
1.86 (iPr), 2.93 (pentyl), 3.72 (nonyl), 2.72 (CICH,CH,), 7.86 (Ph), 5.36 (p-F-CcHy,), 8.86 (p-Cl-C¢Hy), 8.98 (p-O,N-CgHy), 9.05 (p-MeO-
CeHy), 8.01 (p-F3CO-C¢Hy), 6.65 (m-F3C-C4Hy), 12.95 [m,m,p-(MeQO);-C¢H,], 8.38 (naphthyl) nm

M R R’ Ref. AMRR AR 4 i AL AR R
i=1 '
Ni Et p-CF,0-C¢H, [ (4c) 1010 19.04 1010
Ni Et CICH,CH, [ (4) 1001 8.46 999
Ni Et Et [b] 996 6.06 997
Ni Et naphthyl (2] (4h) 1007 19.78 1011
Ni Et pentyl [b] 998 8.89 1000
Ni Et Ph [b] 1010 18.75 1010
Ni p-F-CoH, naphthyl 4 (4g) 1019 27.48 1018
Ni Me m-FsC-C¢H,CH, 4] (4a) 992 272 994
Ni Me p-MeO-C¢Hy [b] 1009 18.00 1009
Ni Me p-Cl-C¢Hy [b] 1008 17.72 1009
Ni Me Me [b] 991 0.00 991
Ni Me nonyl [b] 996 7.43 998
Ni Me pentyl [l 997 5.86 997
Ni Me Ph [l 1010 15.72 1007
Ni Me iPr [b] 996 3.73 995
Ni Ph Ph [al (4i) 1023 31.44 1022
Ni iPr m-F;C-CgHy [l (4b) 1008 17.03 1008
Pd Et p-CF;0-C4Hy [al (5¢) 1032 39.43 1030
Pd Et CICH,CH, [al (5j) 1027 42.57 1034
Pd Et Et (b} 1017 26.45 1017
Pd Et naphthyl [s] (5h) 1033 40.17 1031
Pd Et pentyl (0] 1019 29.28 1020
Pd Et Ph (0] 1030 39.14 1030
Pd p-F-CgH, m,m,p-(Me0);-CoH, [ (5f) 1052 56.88 1048
Pd p-F-C¢H, p-F-CgH, [l (Se) 1027 41.84 1033
Pd p-F-C¢H, naphthyl [l (5g) 1047 47.87 1039
Pd p-F-C¢H, »-0,N-CH, [l (5d) 1040 49.11 1040
Pd Me m-F5C-CH,CH, [s] (5a) 1017 23.11 1014
Pd Me p-MeO-CgHy (0] 1030 38.39 1029
Pd Me p-Cl-CgHy [b] 1030 38.11 1029
Pd Me Me [e] 1010 20.39 1011
Pd Me »-0,N-CH, [b] 1030 38.39 1029
Pd Me nonyl [e] 1020 27.82 1019
Pd Me pentyl [l 1017 26.25 1017
Pd Me iPr [b] 1013 24.11 1015
Pd Ph Ph [al (5i) 1042 51.83 1043
Pd iPr m-F5C-C¢H, (<] (h) 1028 37.42 1028
Pt Et P-F5CO-CeH, [ (6c) 1010 20.51 1012
Pt Et CICH,CH, [l (6j) 1006 9.94 1001
Pt Et Et 1] 998 7.54 999
Pt Et naphthyl [a] (6h) 1011 21.26 1012
Pt Et pentyl (o 1004 10.37 1001
Pt Et Ph [b] 1012 20.22 1011
Pt P-F-CeH, mm,p-(MeO)5-CoH, [« (6) 1025 37.96 1029
Pt P-F-CcH, p-F-CoH, [ (6e) 1015 22.93 1014
Pt P-F-CoH, naphthyl W (6g) 1021 28.95 1020
Pt P-F-CcH, p-0,N-C¢H, [b] 1021 30.20 1021
Pt Me m-F;C-CcH4CH, @l (6a) 994 4.19 995
Pt Me p-MeO-C¢Hy [®] 1010 19.47 1010
Pt Me p-Cl-C¢Hy [6] 1010 19.20 1010
Pt Me Me 1] 993 1.47 992
Pt Me p-O,N-C¢H, 1] 1010 19.47 1010
Pt Me nonyl (6] 1001 8.91 1000
Pt Me pentyl [l 999 7.33 998
Pt Me iPr [b] 997 5.20 996
Pt Ph Ph (2] (6i) 1022 3291 1024
Pt iPr m-F;C-CgHy [b] 1010 18.50 1010

[a] This work. [ Taken from ref.?* [l Unpublished results.
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Figure 1. Linear correlation (R = 0.97) between experimental (Acy;)
and calculated (A.ye.) NIR absorption maxima wavelengths; Acac
values have been evaluated by fitting with respect to the AAM and
AR parameters

S(17)

s S(14)

Figure 2. Drawing and atom numbering scheme of the model
dithiolene 9

ing to the rotation of the phenyl ring around the
C(21)—N(13) bond. On passing from 6 = 0° to 6 = 180°,
two local minima in the total electronic energy are found at
60 and 120°, respectively, while the maxima are found when
the ring lies in the molecular plane (Table 2, Figure 3), the

Table 2. Relative total electronic DFT energy variation AE,
Kohn—Shan energies for the HOMO and the LUMO (EHOMO and
ELUMO | respectively), HOMO—LUMO energy gap AE, calculated
for 9 at different torsional angles 6 (0° = 6 = 90°)

0[°] AE [kcal/mol]®l ~ EHOMO [ey]  ELUMO [eV]  AE [eV]
0 7.752 —5.287 —4.199 1.088
10 5.638 —5.271 —4.188 1.083
20 3.544 —5.249 —4.169 1.079
30 1.880 —5.225 —4.150 1.077
40 0.763 —5.206 —4.131 1.075
50 0.169 —5.187 —4.112 1.075
60 0.000 —5.170 —4.095 1.076
70 0.108 —5.157 —4.082 1.077
80 0.224 —5.148 —4.071 1.078
90 0.325 —5.146 —4.065 1.079

2l AE = 1.078 eV for 44,

Eur. J. Inorg. Chem. 2003, 1939—1947 www.eurjic.org
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Figure 3. Relative total electronic energy variation AE (circles) and
Kohn—Shan HOMO—-LUMO energy gap AE (triangles) compared
with the AE value calculated for 4™ at the same level of theory
(gotted line), calculated for 9 as a function of the phenyl rotation
)

difference between the two extremes being about 8 kcal/mol.
The rotation around the C(21)—N(13) bond does not affect
the nature of the main frontier orbitals. The calculated
Kohn—Shan HOMO and LUMO are depicted in Figure 4.
The former is a w-orbital extended over the whole molecule,
with the contribution of the p. atomic orbitals of all the
atoms, with the exception of the metal center and the car-
bon atoms of the terminal thioxo groups. All the atoms
contribute to the n*-LUMO; the metal ion is directly in-
volved through its nd . atomic orbitals. In Figure 3, the dif-
ferences between the HOMO and LUMO energies, AE, cal-
culated by varying the dihedral angle 0 (Table 2), are also
reported and compared with the energy calculated®¥ for 41
at the same level of theory. The minima in the
HOMO-LUMO energy gap are found when the phenyl
ring is twisted by about 45° with respect to the dithiolene
molecular plane, a value which is close to those calculated
for the total electronic energy minima. Therefore, at 0 val-
ues corresponding to a total electronic energy lower than 1
kcal/mol (40° = 0 = 140°), the HOMO—-LUMO energy
gap in 9 is lower than the gap calculated for 4. This is in
agreement with the NIR bathochromic shift measured in
the presence of phenyl rings, and in general, of aromatic
substituents. Contrary to our expectations, it should be

L) {hi

Figure 4. Sketches of Kohn—Shan HOMO (a) and LUMO (b)
calculated for 9 at 6 = 60° (contour value 0.05)
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noted that such a shift is not directly due to the conjugation
between the molecular electronic m-system and that of the
phenyl ring, since the minima in the total electronic energy
and those in the HOMO—-LUMO energy gap, AE, are
found at 45 and 60°, respectively. This also accounts for the
AAR value of the naphthyl group (8.58 nm), which does not
differ significantly from that estimated for the phenyl ring
(7.86 nm).

Solvatochromic Effect

The UV/Vis/NIR spectra of the [M(R,R"timdt),] dithiol-
enes were recorded in solvents of varying polarity, ranging
from CCl, (dielectric constant €4 = 2.2) to dimethyl sulfox-
ide (g4 = 47.2). As previously observed for different neutral
nickel-dithiolenes,®'l  both the AMRR"  and the
molar extinction coefficient values depend on the nature of
the solvents. Thus, the solvent is another factor that can be
used to modulate the position of the NIR maximum. For
solvents having dielectric constants of up to about 35, a
continuous decrease in AX:R-R" is observed on increasing €g;
for solvents with high &4 values (nitrobenzene, dimethylfor-
mamide, dimethyl sulfoxide: ¢4 = 35.7, 38.3, 47.2) the trend
is roughly reversed. This does not depend on the nature
substituents R and R’, since it has been observed for all
dithiolenes, and the change in the solvent does not affect
the trend in AAR: consequently, the A, values recorded in
different solvents are linearly correlated (see Figure 5 for
chloroform and toluene). The values recorded for [Pt(naph-
thyl,p-F-CgHy-timdt),] (6g) and [Pt(pentyl,Et-timdt),] are
reported as an example in ref.[*?], and in Figure 6 the NIR
spectra of 6g recorded in MeCN, CHCls, and toluene are
superimposed (A3, = 1002, 1019 and 1034 in MeCN,
CHCI; and toluene, respectively). As can be seen, the ba-
thochromic shift is accompanied by an increase in the ab-
sorption extinction coefficients (90000, 105000 and 120000
M~ cm~! in MeCN, CHCl;, and toluene, respectively). It
is worth noting that one of the proposed goals has been

1070

1060
1050 A
1040 -
1030 A

1020

A max (Toluene, nm)

1010 7

1000

990 T :

980 1000 1020 1040
A ax (CHCl3, nm)

1060

Figure 5. Linear relationship between the A, values found in
chloroform and in toluene for Ni-, Pd-, and Pt-dithiolenes (R =
0.94)
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Figure 6. Vis/NIR spectra of 6g (¢ = 1.51 X 1073 M) recorded in
acetonitrile, chloroform, and toluene

reached, since the NIR absorption maxima of 5f in chloro-
form and toluene exactly match the emission wavelengths
of the Nd:YLF and Nd:YAG lasers.

Photophysical Measurements

The thermal and photochemical stabilities of [Ni(iPr,-
timdt),] had been previously tested in CH,Cl, solution un-
der the action of the FT-Raman spectrometer (0.5 W; 24
h).[??I Since an actual application implies much higher ener-
gies, the three dithiolenes 4¢c—6¢ were dispersed in poly-
thene pellets and exposed to the action of an Nd:YAG Q-
switched mode-locked laser delivering 30-ps (FWHM) pul-
ses at a 10 Hz repetition rate (Ao, = 1064 nm) for 9 h
(324000 shots, power density 110 MW/cm?). A comparison
of the transmittance before and after the exposure reveals
no change. The same test was performed on a commercially
available Q-switching dye,[*3! which showed a 30% decrease

Normalized Transmittance

v d T T v T
-200 0 200 400 600

Time delay (ps)

Figure 7. Experimental AT/T (dots) measured as a function of the
pump-probe time delay in a chloroform solution of 5f (A =
1064 nm); the solid line is the least-squares fit of the experimental
data
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in transmittance after exposure for 1 h. The intense absorp-
tion of complex 5f in toluene at the exact emission wave-
length of the Nd:YAG laser suggested the investigation of
its absorption saturation properties in this spectral region.
Unfortunately, the low solubility in this solvent prevented
pump-probe measurements, which were therefore per-
formed in chloroform solution. The experimental results are
reported in Figure 7. A fast increase in the transient nor-
malized transmittance AT/T is observed, followed by a de-
cay similar to those found?”! in other dithiolenes belonging
to the same series. It has been shown that the decay depends
on both the central metal ion and the substituents R and
R’.P7 Based on TD-DFT calculations performed on the
model complexes 47—6H, the six-level model reported in
Figure 8 was proposed to account for the absorption dy-
namics.?”-?8] According to this model, excitation from the
ground state S, to the first dipole-allowed state S, occurs,
which can decay to S;. Since the transition to S, is dipole-
forbidden, decay from S; to T, occurs through intersystem
crossing. In addition, absorption from S; and T; to higher
excited states S, and T, resonant with the S, — S, exci-
tation, may be allowed. The numerical solution of the first-
order differential equations reported in Figure 8 allows a
least-squares fit of the experimental data (solid lines in Fig-
ure 7). The measured signal recovery that corresponds to
the recovery of the absorption saturation, exhibits two com-
ponents with different temporal dynamics. The fast decay
is almost time-resolution-limited, and has essentially been
assigned to the S, — S; transition (13, = 4 ps). On the
contrary, the slower component decreases with a time con-
stant (T,5 = 122 ps) that is roughly inversely proportional
to the spin-orbit coupling constant for the metal ion, indi-
cating a large contribution of the intersystem crossing pro-
cess S; — Ty, to dynamics at long time delays. It should be
mentioned that the absorption cross-sections for the S; —
S, and T — T, transitions are proportional to those relat-
ing to Sy — S,, through v; and v, (see Figure §), which have
been considered as fitting parameters.

dn,
— ==, + Wt
7 hy zanz
S, g T
Wk, . k
War = 11Wi3 —nﬁ-—k n+W.n
W= ¥2Ws dt o s
dn,
—t =k on, + W, H
) 2 137 n, W | %65
S; dn
ks, n, a —Wsgns + kst + keshs
8, ~25 ns
T,
dn,
W, D Wty — kot + kphy + ko,
dn, W
T e IR PR RS PR P S|
n
S L
Singlet Triplet

Figure 8. Scheme of the six-level model for the investigated com-
plexes; the equations used as a model for the fitting of the pump-
probe experiments are also reported; for 5f, the main fit parameters
are: T3, = 4 ps, o5 = 122 ps; v = 1.9; v, = 1.9
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Conclusions

The very high thermal and photochemical stabilities ac-
companied by the unprecedented intensities in the NIR ab-
sorption around 1000 nm show that the [M(R,R’timdt),]
class of neutral dithiolenes is among the most promising
classes of molecular materials for NIR laser applications. In
addition, this class of complexes shows another interesting
advantage compared with other dithiolenes, such as those
derived from the dmit ligand, since a never-ending number
of compounds can be synthesized by structurally modifying
the substituents R and R’. Thus, the change in the central
metal ion and the introduction of suitable polar groups in
the substituents R and R’, along with the choice of a suit-
able solvent, allowed us to overcome solubility problems,
as well as to modify the position of the NIR absorption
maximum. In fact, the additivity of the contributions AAM
and AAR in determining the AY;R-R’ position, accompanied
by the solvatochromic effect depending on the dielectric
constant of the solvent, allows for the tuning of the value
of ANLR-R"in a fairly wide range of wavelengths. Among the
dithiolenes reported in this paper, compound 5f [M = Pd,
R = p-F-C¢Hy, and R’ = m,m,p-(MeO);-C4H,] matches the
emission wavelengths of the Nd:YLF and Nd:YAG lasers
exactly in chloroform and toluene, respectively. Moreover,
the influence of the solvent on the molar extinction coef-
ficient has allowed for the measurement of a value of
120000 M~ !scm ™! for compound 6g in toluene, the highest
value ever encountered for a dithiolene complex. Through
DFT calculations, it had been demonstrated that the metal
ion contributes to the Kohn—Shan LUMO through its nd,,
atomic orbital (n = 3, 4, 5 for Ni, Pd, Pt), which depends
on n. In this study, the DFT calculations have shown that
the effect of the substituents arises mainly as a result of the
inductive and/or steric factors, and not as a result of the
extension of the m-aromaticity of the dithiolene system to
the substituents, thus justifying the similar AAR contri-
butions estimated for the phenyl and naphthyl groups. Fi-
nally, the behavior of these complexes as saturable absor-
bers has been proven, and the picosecond saturation dy-
namics for compound 5f has been studied by a pump-probe
technique, supporting future applications in the field of Nd-
based lasers.

Experimental Section

Procedures and Methods: All solvents and reagents were Aldrich
products used as purchased. All operations were carried out under
dry nitrogen. The purity of each compound has been checked by
CHNS and TLC analyses. Elemental analyses were performed with
a FISONS EA-1108 CHNS-O instrument. FT-IR and FT-Raman
spectra were collected as previously reported.?324 UV/Vis/NIR
spectra were recorded using a 1-cm path-length cell, with a Varian
Cary 5 spectrophotometer at 20 °C in a thermostatted compart-
ment.

Disubstituted 2-Thioxoimidazolidine-4,5-diones 7a—j: These prod-
ucts were prepared according to literature methods by treating an
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appropriate N,N’-dialkylthiourea or N-alkyl-N’-arylthiourea with
oxalyl chloride in a CH,Cl, solution,*’! and were recrystallized
from CH,Cl, or diethyl ether.

INi(R,R’timdt),] (4a—j): As previously pointed out,** both nickel
powder and nickel chloride can be used in these syntheses, although
higher yields are generally obtained starting from the metal powder.
A general synthesis consists of refluxing the disubstituted 2-
thioxoimidazolidine-4,5-dithione 7a—j (about 5 mmol) with a slight
excess (about 10%) of Lawesson’s reagent (8) in 100 mL of pre-
viously degassed toluene for a time varying between 20 min and 1
h, depending on the substituents. After concentration of the reac-
tion mixture, EtOH was added to lower the solubility of the com-
plex and the dithiolene was filtered off. Starting from imidazolidine
7d—f, the formation of the dithiolene complexes has not been pro-
ven. Yields % (mg, starting from 5 mmol of the corresponding 2-
thioxoimidazolidine-4,5-dione): 4a, 14 (255); 4b, 15 (283); 4c, 11
(209); 4g, 8 (165); 4h, 11 (190); 4i, 5 (86); 4j, 20 (282). Nickel-
dithiolenes were recrystallized from chloroform/ethanol mixtures.

[Pd(R,R'timdt),] (5a—j): Compounds 5a—j were synthesized ac-
cording to the previously described procedure,?>?4 starting from
compounds 7a—g and using PdCl,. Yields % (mg, starting from
5 mmol of the corresponding 2-thioxoimidazolidine-4,5-dione): Sa,
42 (814); 5b, 25 (502); 5c, 18 (363); 5d, 17 (381); Se, 21 (424); 5f,
35 (834); 5g, 22 (480); Sh, 18 (333); 5i, 48 (882); 5j, 20 (306).

[Pt(R,R’timdt),] (6a—g): The syntheses of 6a—g were very similar
to those for the Pd analogues, starting from PtCl, instead of PdCl,.
Yields % (mg, starting from 5mmol of the corresponding 2-
thioxoimidazolidine-4,5-dione): 6a, 32 (691); 6b, 17 (379); 6¢c, 24
(538); 6d, 22 (493); 6e, 21 (470); 6f, 38 (990); 6g, 33 (794); 6h, 4
(83); 6i, 66 (1360); 6§, 65, (1139).

Elemental analyses of all synthesized dithiolenes correspond to the
expected values.

Photophysical Measurements: A saturated solution of complex 5f
in chloroform was filtered and placed in a 1-mm quartz optical
cell. The temporal dynamics of the saturable absorption was inves-
tigated using a picosecond time-resolved pump-probe technique.
The ps Nd:YAG laser beam was divided into two parts using a
beam splitter to create the pump and probe pulses. The pump beam
was focused on a spot ca. 200 um in diameter, in order to obtain
a peak irradiance of about 20 GW/cm?. The probe beam was fo-
cused on a smaller spot (ca. 50 um) to reduce the effect of excitation
spatial inhomogeneity, and its peak irradiance was always kept at
about 0.1% of that of the pump. All the experiments were per-
formed at 7 = 295 K. The experimental data were fitted according
to a previously outlined procedure.?”!

Computations: Quantum chemical calculations were carried out by
using the commercially available suite of programs Gaussian 98
package.l** Density functional calculations (DFT)13>3¢ regarding
the model dithiolene 9 were performed using the hybrid Becke3LYP
functional (which uses a mixturel®”! of Hartree—Fock and DFT
exchange, along with DFT correlation, the Lee— Yang—Parr corre-
lation functional,?®! together with Becke’s gradient correction!*)).
The basis set for all calculations was the Schafer, Horn, and
Ahlrichs pVDZ basisi*! for C, H, N, and S, while for Ni,
Hay—Wadt LANL2DZ basis sets together with ECP sets*!l were
employed. After scanning the potential energy surface by rotating
the phenyl ring in dithiolene 9 by 10° between 0 and 180°, single
optimization calculations were performed at each rotational step
to calculate the orbital compositions and the Kohn—Shan orbital
energies. All the results were elaborated with the Molekel 4.2 pro-

1946 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

gram.[*? The values of AAM and ALR were estimated by an iterative
least-squares fit minimizing the squared sum

2

ﬁ: lxa’fw(i) _ gNiMeMe A M) _ iA/ZR(i,/’)
J

max
i

of the differences between experimental AY;R-R" and estimated val-
ues for each of the N synthesized dithiolenes, where AN:MeMe is the
NIR absorption wavelength recorded for [Ni(Me,timdt),].
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