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Abstract: Cyclometalated cationic IrIII

complexes with substituted 1,10-phe-
nanthrolines (1,10-phen), such as [Ir-ACHTUNGTRENNUNG(ppy)2(5-R-1,10-phen)]Y (ppy=cyclo-
metalated 2-phenylpyridine; R=NO2,
H, Me, NMe2; Y�=PF6

�, C12H25SO3
�,

I�) and [Ir ACHTUNGTRENNUNG(ppy)2(4-R,7-R-1,10-phen)]Y
(R=Me, Ph) are characterized by a
significant second-order optical non
linearity (measured by the electrical
field induced second harmonic genera-
tion (EFISH) technique). This nonli-
nearity is controlled by MLCT process-
es from the cyclometalated IrIII, acting
as a donor push system, to p* orbitals
of the phenanthroline, acting as an ac-
ceptor pull system. Substitution of cy-
clometalated 2-phenylpyridine by the
more p delocalized 2-phenylquinoline
(pq) or benzo[h]quinoline (bzq) or by
the sulfur-containing 4,5-diphenyl-2-

methyl-thiazole (dpmf) does not signif-
icantly affect the mb absolute value,
which instead is affected by the nature
of the R substituents on the phenan-
throline, the higher value being associ-
ated with the electron-withdrawing
NO2 group. By using a combined ex-
perimental (the EFISH technique and
1H and 19F PGSE NMR spectroscopy)
and theoretical (DFT, time-dependent-
DFT (TDDFT), sum over states (SOS)
approach) investigation, evidence is ob-
tained that ion pairing, which is con-
trolled by the nature of the counterion

and by the concentration, may signifi-
cantly affect the mb values of these cat-
ionic NLO chromophores. In CH2Cl2,
concentration-dependent high absolute
values of mb are obtained for [Ir-ACHTUNGTRENNUNG(ppy)2(5-NO2-1,10-phen)]Y if Y is a
weakly interacting anion, such as PF6

�,
whereas with a counterion, such as
C12H25SO3

� or I�, which form tight ion-
pairs, the absolute value of mb is lower
and quite independent of the concen-
tration. This mb trend is partially due
to the perturbation of the counterion
on the LUMO p* levels of the phenan-
throline. The correlation between the
mb value and dilution shows that the
effect of concentration is a factor that
must be taken into careful consider-
ation.
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Introduction

In the last 15 years, organometallic and coordination com-
plexes have emerged as new interesting molecular chromo-
phores with second-order nonlinear optical (NLO) proper-
ties, as they may offer, when compared to traditional organ-
ic second-order NLO chromophores, additional electronic
effects or properties acting on the NLO response. These
properties and effects, such as charge-transfer transitions be-
tween the metal and the ligands (usually at low energy and
of relatively high intensity), are tunable by virtue of the
nature, oxidation state, and coordination sphere of the
metal center.[1]

For instance, coordination of a metal to second-order
push–pull NLO chromophores, such as stilbazoles, bipyri-
dines, phenanthrolines, and terpyridines bearing an NR2

donor group, produces a significant increase of their NLO
response, owing to a red-shift of the intraligand charge-
transfer transition (ILCT) induced by the metal acting as a
Lewis acceptor. Conversely, if the NLO chromophores bear
a strong electron-acceptor group, the NLO response is
mainly controlled by metal-to-ligand charge-transfer transi-
tions (MLCT).[1]

Recently, various cationic cyclometalated IrIII complexes
with a phenanthroline ligand[2] have been shown to have in-
teresting photoemissive properties. Density functional
theory (DFT) investigations have shown that the HOMO of
this class of new luminescent IrIII complexes[2] is mainly an
antibonding combination of Ir (t2g) orbitals and p orbitals of
the cyclometalated ligand, whereas the LUMO is a p* anti-
bonding orbital of the chelated phenanthroline. Therefore
transitions between the HOMO and the LUMO have a sig-
nificant charge-transfer character and, as a consequence,
these IrIII complexes can behave as second-order NLO chro-
mophores, in which the cyclometalated ligands act as donors
towards the acceptor p system of the phenanthroline ligand.
Several preliminary investigations[3–6] have confirmed that
cationic cyclometalated IrIII complexes with a substituted
phenanthroline, and with various cyclometalated ligands,
show a significant second-order NLO response, as deter-
mined in CH2Cl2 (10�3

m) by the electrical field induced
second harmonic generation (EFISH) technique.[7] Signifi-
cantly, this response is reached without any cost in transpar-
ency.[8]

Herein we present a thorough investigation on these new
second-order NLO chromophores based on cyclometalated
IrIII complexes, in which the role of the substituents on the
1,10-phenanthroline and of the nature of the cyclometalated
moiety, will be discussed. For these ionic NLO chromo-
phores, ion pairing in a solvent such as CH2Cl2 could be rel-
evant, consequently, we also report an investigation of the
effect of different counterions (C12H25SO3

�, I�, or PF6
�) and

of the concentration on their second-order NLO response,
by the use of a combination of EFISH and 1H and 19F
pulsed field gradient spin echo (PGSE) NMR[9] techniques.
DFT/time-dependent-DFT (TDDFT) calculations have
been performed on the selected systems to provide insight

into the electronic properties of these systems and to ration-
alize some of the experimentally observed trends. Our re-
sults allow us to make some general conclusions about the
origin of the second-order NLO properties, and provide evi-
dence of the significance effect of ion pairing on the overall
NLO response.

Results and Discussion

Complexes [Ir(ppy or pq or bzq or ttpy or dpmt)2(5-R-1,10-
phen)] ACHTUNGTRENNUNG[PF6] (where ppy, pq, bzq, ttpy and dpmt are cyclome-
talated 2-phenylpyridine,[3] 2-phenylquinoline,[5] benzo[h]qui-
noline,[6] 3’-(2-pyridil)-2,2’:5’,2’’-terthiophene,[5] and 4,5-di-
phenyl-2-methyl-thiazole,[4] respectively; 1,10-phenanthro-
line= 1,10-phen; R= Me, NO2, H, NMe2; Scheme 1) and
[Ir(ppy or bzq)2(4-R,7-R-1,10-phen)]PF6

[3,6] (R= Me, Ph),

Scheme 1. Cyclometalated IrIII complexes investigated.
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were prepared as previously described[3–6] by a two-step pro-
cess: i) preparation of the chloro-bridged dimer [{Ir(cyclo-
metalated ppy or bzq or pq or ttpy or dpmt)2Cl}2]; ii) bridge
cleavage reaction with 5-R-1,10-phenanthroline or 4-R,7-R-
1,10-phenanthroline. The complexes with other counterions
(C12H25SO3

�, I�) were prepared in a similar manner, but
using Na[C12H25SO3] or KI instead of [NH4]ACHTUNGTRENNUNG[PF6] (see the
Experimental Section).The second-order NLO properties
were determined by the EFISH technique[7] working with a
non-resonant 1.907 mm wavelength in CH2Cl2 solution, a low
polarity solvent, which allows the extension of the use of
this technique to ionic compounds by virtue of the signifi-
cant ion pairing.[1h] The EFISH technique can provide infor-
mation on the intrinsic molecular NLO properties through
Equation (1):

gEFISH ¼ ðmbl=5kTÞ þ gð�2w; w, w, 0Þ ð1Þ

in which mbl/5kT is the dipolar orientational contribution
and g(�2w; w, w, 0), a third-order term at a frequency w of
the incident wavelength l (1.907 mm in this case), which is
usually negligible for dipolar complexes, such as those inves-
tigated in this work. Thus, the product of the dipole moment
(m) times b1.907, the projection of the vector component of
the quadratic hyperpolarizability tensor along the dipole-
moment vector, is the information given by the EFISH tech-
nique.

The relevant bands of the electronic absorption spectra
along with the values of EFISH mb1.907 for the various com-
plexes investigated are reported in Table 1. All complexes

display strong absorption bands between l=250 and
290 nm, attributed to p–p* ligand-centered (LC) transitions
of the p systems of the 1,10-phenanthroline and of the cyclo-
metalated ligands. Weaker absorption bands at longer wave-
lengths (in the range l=300–450 nm) have been attributed
to metal-to-ligand charge-transfer transitions (MLCT),
mainly from the IrIII metal center to vacant p* orbitals of
the phenanthroline ligand.[2] If the 1,10-phenanthroline car-
ries a NR2 donor group, an intraligand charge transfer
(ILCT) from the NR2 group to the p*-antibonding orbitals
of the 1,10-phenanthroline also contributes to the absorption
spectrum in the 350–450 nm region.[3]

As reported in our preliminary investigations,[3–6] all com-
plexes show a negative second-order NLO response mea-
sured as mb1.907 (mb1.907 ranging from �1140 to �2230 �
10�30 D cm5 esu�1), but they do not show strong absorption
bands above l= 450 nm, so that a significant second har-
monic generation may be obtained without any significant
cost in transparency towards the strength of the second har-
monic, a crucial aspect in the design of second-order NLO
chromophores.[8]

It must be stressed that EFISH measurements of such
ionic NLO chromophores do not allow the determination of
the b1.907 value, but only that of the product mb1.907, since the
concept, and therefore the experimental determination, of
the dipole moment of ionic species is quite problematic,
even in solvents of relatively low polarity such as CH2Cl2 or
CHCl3; although it is possible for certain ion-pairs of some
compounds.[10] As our EFISH investigation only measures
the projection of the vector component of the quadratic hy-

perpolarizability b tensor along
the dipole moment vector, in
some cases only partial infor-
mation about the total second-
order NLO properties can be
found, since the relative orien-
tation of the vector component
of b with respect to the dipole
vector axis plays a significant
role (as an example, a recipro-
cal orthogonal orientation re-
sults in a zero EFISH response
although b may have a signifi-
cant magnitude). In the case of
the IrIII NLO chromophores in-
vestigated in this work there is
no direct parallel between the
vector component of b and the
main dipole moment vector, as
would occur in a classical 1D
push–pull organic chromo-
phore, therefore, the reciprocal
orientation should always be
taken into consideration when
comparing absolute values of
mb1.907. With this in mind, for
the series of structurally related

Table 1. Absorption spectra and EFISH mb1.907 in CH2Cl2.

IrIII

complex
Y� Absorption maxima[a]

[nm], [e [m�1 cm�1]]
EFISH mb1.907

[b]

[10�30 D cm5 esu�1]

1a PF6
� 255 (sh), 268 [60300], 333 (sh), 377 [8070] �1565

1a C12H25SO3
� 251(sh), 270 [39400], 333(sh), 376 [8270] �1350

1b PF6
� 254 (sh), 264 [86900], 378 [12400] �2230

1b C12H25SO3
� 253(sh), 261 [52700], 378 [7200] �1430

1c PF6
� 252 (sh), 264 [58500], 377 [9130] �1270

1d PF6
� 252 (sh), 264 [81400], 334 (sh) �1330

1e PF6
� 255 (sh), 265 [73000], 375 (sh) �1454

1f PF6
� 269 [51300], 282 (sh) 385 [9020] �1997

2a PF6
� 256 [55000], 325 [17000], 417 [6600] �1680

2a C12H25SO3
� 256 [67000], 321 [20900], 415 [7940] �1219

2b PF6
� 256 [107000], 313 [34800], 408 [12900] �1905

2b C12H25SO3
� 255 [69500], 310 [16000], 408 [7400] �1389

2e PF6
� 255 [77700], 325 [22100], 417 [7250] �1588

2e C12H25SO3
� 255 [70300], 321 [21700], 420 [8980] �1140

2f PF6
� 259 [68300], 283 (sh), 333 [28200], 418 [8580] �1720

2f C12H25SO3
� 259 [117000], 280 [80500], 325 [42200] �1298

3a PF6
� 273 [70400], 329 [20700], 347(sh), 431 [4750] �2090

3b PF6
� 268 [81100], 324 [27600], 430 [6930] �1720

3c PF6
� 269 [95000], 330 [41300], 433 [14700] �1850

4a PF6
� 260 [44500], 319(sh), 396 [17378] �1320

4b PF6
� 257 [62300], 315 [28100], 397(sh) �1640

5a PF6
� 261 [48000], 272(sh), 358 [9400] �1414

5a C12H25SO3
� 265 [59400], 356 [12800] �1220

5b PF6
� 262 [67200], 357 [15200] �1780

[a] All complexes show a band tail above l=400 nm up to about l= 500–550 nm. [b] By working at 10�3
m ; the

error of EFISH measurements is �10 %.
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NLO chromophores, investigated in this work, only the gen-
eral trends of the mb1.907 values have been discussed.

The effect of the nature of the 1,10-phenanthroline substitu-
ents and of the cyclometalated ligands on the mb1.907 values
of cationic cyclometalated IrIII chromophores with PF6

� as
counterion and the electronic origin of this effect : Here we
briefly summarize and discuss the general trends of the
mb1.907 values of the various cationic cyclometalated IrIII

chromophores investigated up to now (Scheme 1) with PF6
�

as the counterion (Table 1). If the cyclometalated ligand is
2-phenylpyridine, a particularly high mb1.907 absolute value is
measured by the EFISH technique for complex 1 b-PF6, with
a 1,10-phenanthroline carrying a nitro group. The mb1.907 ab-
solute values of complexes with other 1,10-phenantrolines,
such as [Ir ACHTUNGTRENNUNG(ppy)2(5-Me-1,10-phen)]ACHTUNGTRENNUNG[PF6] (1 a-PF6) and [Ir-ACHTUNGTRENNUNG(ppy)2(4-Me,7-Me-1,10-phen)] ACHTUNGTRENNUNG[PF6] (1 e-PF6) are quite simi-
lar, suggesting that the effect of the number and position of
methyl substituents is negligible, whereas an increase in the
p delocalization on the 1,10-phenanthroline ligand leads to
an increase of the absolute value of mb1.907, as evidenced by
comparing [Ir ACHTUNGTRENNUNG(ppy)2(4-Ph,7-Ph-1,10-phen)]ACHTUNGTRENNUNG[PF6] (1 f-PF6)
with (1 e-PF6) (Table 1).

Comparison of various structurally related cyclometalated
ligands with the same 1,10-phenanthroline ligand (Table 1),
but with p systems of different size, indicates that there is
not a significant effect on either the sign or absolute value
of mb1.907. The mb1.907 value only slightly increases if the li-
gands cyclometalated 2-phenylquinoline (3 a-PF6 and 3 c-
PF6) or cyclometalated benzo[h]quinoline (2 a-PF6) are con-
sidered rather than the cyclometalated 2-phenylpyridine
(1 a-PF6 and 1 c-PF6). When the cyclometalated ligands are
not structurally related, as in the case of 4 and 5, the abso-
lute mb1.907 value becomes lower (Table 1).[5]

Insight into the electronic origin of the above trends, has
been obtained by DFT, TDDFT, and sum over states (SOS)
calculations, performed on the 1 a–1 f, 3 a–3 c, 4 a–4 b, and
5 a–5 c cations.[11] The investigated IrIII NLO cationic chro-
mophores have a common electronic characteristic, they
have a similar pattern of frontier molecular orbitals in rela-
tion to the phenanthroline substituents.[3–5] In particular, the
HOMO of all the cations is composed of an antibonding
combination of Ir (t2g) orbitals and p orbitals of the cyclo-
metalated ligand, whereas the LUMO and LUMO+ 1 are
p* antibonding orbitals of the 1,10-phenanthroline. In 1 b
with a 1,10-phenanthroline carrying a NO2 group, these two
phenanthroline p* LUMOs strongly mix with the NO2 anti-
bonding orbital, producing a stabilization of all the phenan-
throline p* orbitals, which leads to a reduction by more
than 1 eV of the HOMO–LUMO gap compared to 1 d with
the phenanthroline carrying a NMe2 group. For 1 b, the
EFISH quadratic hyperpolarizability is exclusively the sum
of negative contributions,[3] resulting in an overall negative
value, as found experimentally. The largest contributions
arise from MLCT excitations involving the p* phenanthro-
line orbitals, as acceptors, with a large increase of the excit-
ed state dipole moment compared to the ground state. The

negative sign of the EFISH quadratic hyperpolarizability
arises from the scalar product of the vector component bvec

and the ground state dipole moment, which have opposite
directions. Indeed, while the ground state dipole moment
goes from the Ir-cyclometalated system to the phenanthro-
line, upon MLCT excitation a negative charge accumulates
on the phenanthroline, which leads to a reversal of the sign
of the excited state dipole moment, controlling bvec, when
compared to the direction of the ground state dipole mo-
ment.[1a]

For 1 d, counteracting positive (ILCT) and negative
(MLCT) contributions to the EFISH quadratic hyperpolar-
izability are calculated, with the latter controlling the nega-
tive sign of the converged final value, in agreement with the
negative value of mb1.907 found experimentally (Table 1).
Such opposite contributions are the origin of the much
smaller mb1.907 absolute value of 1 d compared to that of 1 b
(Table 1). Since 1 b and 1 d are structurally similar, although
the dipole moment of 1 b and 1 d is likely significantly differ-
ent.[3] Additionally, the value of b1.907 must be significantly
different for the two compounds, as inferred from the rather
different absolute values of mb1.907 (Table 1).

The decrease of the absolute mb1.907 values observed
(Table 1) on going from 1 a and 1 b, with a cyclometalated 2-
phenylpyridine (ppy), to 4 a and 4 b, with a cyclometalated
3’-(2-pyridil)-2,2’:5’,2’’-terthiophene (ttpy), can be attributed
to the significant stabilization of the HOMO, which is still a
combination of the Ir (t2g) and cyclometalated ligand, but
with a reduced metal character, owing to the extended p

conjugation of ttpy.[5] The LUMO and LUMO +1, in con-
trast to the HOMO, are not affected too much by the nature
of the cyclometalated ligand.

In conclusion, in these new cationic IrIII second-order
NLO chromophores, the substituted 1,10 phenanthroline
and the cyclometalated ligands can be separately modified
without any relevant mutual effect, thus allowing a predicta-
ble tuning of the HOMO–LUMO gap, which controls the
second-order NLO response.

The role of ion pairing in tuning the second-order NLO re-
sponse of cationic cyclometalated IrIII complexes in CH2Cl2,
and the effect of counterions and the concentration : Al-
though it is known that ion-pairing plays an important role
in tuning the structural properties and reactivity of transi-
tion-metal complexes,[12] the information on its influence on
the second-order NLO properties of ionic complexes acting
as second-order NLO chromophores is still limited. For in-
stance, it has been reported that the second-order NLO re-
sponse, measured by the hyper-Rayleigh scattering (HRS)
technique in CHCl3, of bimetallic cationic complexes (E)-
[CpFe ACHTUNGTRENNUNG(h5-C5H4)ACHTUNGTRENNUNG(CH=CH) ACHTUNGTRENNUNG(C6H4)CNRuCp ACHTUNGTRENNUNG(PPh3)2]Y (Y=

PF6, BF4) is dependent on the nature of the counterion.
However, the extent of this ion pairing was unknown and
considered quite negligible in CHCl3.

[13]

It was also reported that the quadratic hyperpolarizability,
measured by the HRS technique in CH2Cl2, of the cationic
complex with the ligand aryldiazovinylidene [Ru(C=CPhN=
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NAr) ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(h-C5H5)]Y (Y�= BF4
�, Cl�, Br�, I�, 4-

MeC6H4SO3
�, NO3

�) is dependent on the nature of the
counterion, its value increasing in the order Cl�, Br�, I� <4-
MeC6H4SO3

�<NO3
�<BF4

�. Again the extent of ion pairing
was unknown, but it was considered to be low or negligible;
therefore the contributions of the cation and anion to the
nonlinearity were considered largely independent.[14]

EFISH investigation : In the literature, there are only a few
investigations on the use of the EFISH technique to deter-
mine the second-order NLO response of ionic species. This
is because the migration of the dissociated ions under the
applied external electric field could decrease the local field,
thus impairing the solution second-order NLO response,
unless a relatively low polar solvent, such as CHCl3 or
CH2Cl2, is used to stabilize ion-pairing.[15] In addition to our
preliminary investigations on this new class of cyclometalat-
ed IrIII complexes,[3–6] the mb1.907 value of stilbazolium-like
salts with I� as counterion was determined in CHCl3,

[16]

whereas that involving various salts of cationic complexes,
such as [h5-C5Me5)Fe(h6-C6MeH5)NHR] ACHTUNGTRENNUNG[PF6] (R= pyranyli-
deneacetaldehyde hydrazone complexes)[17] and [h5-
C5Me5)Fe ACHTUNGTRENNUNG(h6-C6H5)NHN=CHR] ACHTUNGTRENNUNG[PF6] (R=2,4,6-Me3C6H2;
[(h5-C5H5)Fe ACHTUNGTRENNUNG(h5-C5H4)]) was recently determined in
CH2Cl2.

[18]

We now report that the nature of the counterion can con-
trol the absolute value of mb1.907 in CH2Cl2 even if working
at constant and similar concentration. For instance, for the
cations 1 a, 1 b, 2 a, 2 b, 2 e, 2 f, and 5 a, the absolute value of
mb1.907 is lowered, when working in CH2Cl2 at a concentra-
tion of 10�3

m, by a factor of 0.6–0.8 upon substitution of
PF6

� with C12H25SO3
� (Table 1).

This evidence prompted us to investigate in detail the
effect of concentration, which can act on the extent of ion
pairing and on the mb1.907 value of the very efficient NLO
chromophore 1 b-PF6 (Table 2 and Figure 1). The absolute

value of mb1.907 in CH2Cl2 strongly increases on decreasing
the concentration from 10�3

m down to about 10�4
m, reach-

ing a value of about �5000 �10�30 Dcm5 esu�1. In contrast,
the absolute value of mb1.907 is not only lower, but also
poorly sensitive to a decrease of the concentration if
C12H25SO3

� or I� is substituted as the counterion (Figure 1).
In fact, by decreasing the concentration from 10�3

m to
10�4

m, the mb1.907 value for 1 b-C12H25SO3 only increases
from �1430 to �1770 �10�30 Dcm5 esu�1; and if I� is the

counterion, the absolute value of mb1.907 in CH2Cl2 is only
slightly affected by the concentration (see 1 b-I in Table 2).

It seems, therefore, that the mb1.907 absolute value is, in
general, controlled by ion-pairing phenomena. Therefore, as
the extent of a weak ion-pairing usually decreases with con-
centration, with a weakly interacting counterion of low po-
larizability such as PF6

�, the value of mb1.907 is concentration
dependent and can reach high values. To confirm our quali-
tative preliminary observations by a more quantitative ap-
proach, we used pulsed field gradient spin-echo (PGSE)
NMR spectroscopy to investigate the behavior of 1 b-PF6,
1 a-PF6, 3 a-PF6, and 3 b-PF6, in CH2Cl2 in the range of con-
centrations used for EFISH measurements.

NMR spectroscopic investigation : The relative orientation
of the anion–cation and the fraction of dissociated ion pairs
(a) as a function of the concentration were investigated for
1 a-PF6, 1 b-PF6, 3 a-PF6, and 3 b-PF6 working in CD2Cl2 by
means of the nuclear Overhauser effect (NOE)[19] and
PGSE[9] NMR experiments. The assignment of 1H and 13C
resonances, propedeutic to NOE and PGSE studies, was per-
formed by using multinuclear and multidimensional NMR
spectroscopies (see Experimental Section).

All proton and carbon resonances belonging to 1,10-phen-
anthroline and to cyclometalated phenylpyridine (or phenyl-
quinoline) ligands were easily grouped by their scalar and
dipolar connectivity exhibited in 1H, 13C(J-modulated), 1H-
COSY, 1H-NOESY, 1H,13C HMQC NMR, and 1H,13C
HMBC NMR spectra (actually the two cyclometalated li-
gands are magnetically inequivalent, but their resonances
are too close to be separated or, in some cases, they are co-
incident). The distinction between resonances of the two
sides of the asymmetric phenanthroline ligand and of the
two rings of the cyclometalated ligands was achieved by the
observation of intra- and interligand key NOEs. For exam-
ple, the evidence of an intra-ligand NOE between protons 7
(easily assigned being the only singlet) and 10 of the phe-
nanthroline ligand leads to a complete assignment of the

Table 2. EFISH mb1.907 values (� 10�30 D cm5 esu�1) of [Ir ACHTUNGTRENNUNG(ppy)2(5-NO2-
1,10-phen)]Y measured in CH2Cl2 solution at various concentrations (C).

Y� C=1 � 10�3
m C =5�10�4

m C= 1�10�4
m

PF6
�[a] �2230 �2390 �4990

C12H25SO3
� �1430 �1520 �1770

I� �1160 �1370 �1370

[a] Values of �3670 � 10�30 and �5012 � 10�30 D cm5 esu�1 were obtained
by working with a concentration of 3� 10�4

m and 5 � 10�5
m , respectively.

Figure 1. The effect of concentration in CH2Cl2 on the absolute value of
mb1.907 of 1b-PF6 ^, 1b-I ~, and 1 b-C12H25SO3 &.
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phenanthroline resonances of 1 b-PF6 (Figure 2). The interli-
gand NOEs between protons 1 and 12 of the phenanthroline
and two resonances at d=7.38 ppm and 6.44 ppm, together

with the known low-frequency shielding of the proton close
to the s-bonded carbon atom of a cyclometalated system,[20]

allowed us to assign the latter signals to protons 13 and 22,
respectively, of the cyclometalated ligand.

Interionic NOE measurements : The relative orientation of
the anion–cation in the case of 1 a-PF6, 1 b-PF6, 3 a-PF6, and
3 b-PF6 was investigated in CD2Cl2 by detecting dipolar in-
terionic interactions in the 19F,1H-HOESY NMR spectrum.
Strong NOE contacts were observed for 1 b-PF6 between the
F nuclei of the counterion PF6

� and protons 7, 10, and 11 of
5-NO2-1,10-phenanthroline and 13 and 14 protons of the
pyridine ring of the cyclometalated ligand (Figure 3a). Very
weak contacts were also found with proton 12 of the phen-
anthroline ligand, whereas no interaction of PF6

� with
other protons of the cyclometalated ligand and protons 1, 2
and 3 of the phenanthroline ligand was detected. The ab-
sence of NOEs with protons 1 of the phenanthroline and 15
of the cyclometalated ligand suggests that the interionic con-
tacts evidenced between the counterion PF6

� and the signals
of the multiplet at d=8.00 ppm (this latter accounting for
protons 2, 11, and 16) is due only to proton 11. This pattern
of NOE contacts indicates that the PF6

� counterion is
mainly located above and below the plane of the 5-NO2-
1,10-phenanthroline ligand on the other side with respect to
the NO2 substituent (Figure 3a, for the sake of simplicity
only the position of PF6

� below the phenanthroline plane is
shown). Analysis of the 19F,1H-HOESY NMR spectrum of
1 a-PF6 (Figure 3a) reveals strong contacts between the F

Figure 2. A section of the 1H-NOESY NMR spectrum (400.13 MHz,
296 K, CD2Cl2) of 1 b-PF6. Key NOEs are indicated with arrows.

Figure 3. 19F,1H-HOESY NMR spectrum (376.65 MHz, 296 K, CD2Cl2) of a) 1b-PF6, b) 1a-PF6, c) 3b-PF6, and d) 3a-PF6.
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nuclei of PF6
� and all protons of the Me-substituted phenan-

throline (protons 1, 2, 3, 7, 10, 11, 12 of phenanthroline and
protons of the Me group; this latter group is not shown in
Figure 3b) and only with protons 13 and 14 of the pyridine
ring of the cyclometalated ligand. No interaction of PF6

�

could be detected with other protons of the cyclometalated
ligand. Consequently, the counterion PF6

� is still located
above and below the plane of the phenanthroline system,
but it approaches the asymmetric 5-Me-1,10-phenanthroline
ligand from both sides (Figure 3b, for the sake of simplicity
only the positions of the anion below the phenanthroline
plane far from Me and above the phenanthroline plane
close to the Me are shown). Strong contacts were observed
between the F nuclei of PF6

� and protons 10 and 11 of the
5-NO2-1,10-phenanthroline in the 19F,1H-HOESY NMR
spectrum of 3 b-PF6 (Figure 3c). Medium-intensity NOE
contacts were observed with proton 7 of the phenanthroline
and protons 15, 16, and 19 of the cyclometalated ligand.
Very weak contacts were detected with proton 12 of the
phenanthroline and 14m of the cyclometalated ligand. No
interaction was detected with protons 22 of the cyclometa-
lated ring and protons 1, 2, and 3 of the 5-NO2-1,10-phenan-
throline. This pattern of NOE contacts indicates that, as in
1 b-PF6, the PF6

� counterion is mainly located above and
below the plane of the 5-NO2-1,10-phenanthroline ligand,
shifted on the other side with respect to the NO2 substituent
(the A position in Figure 3), but another orientation with
the counterion on the side of the phenylquinoline system
(the C position in Figure 3) is present as suggested by NOEs
of the F nuclei of PF6

� and protons 15,16,19 of the cyclome-
talated ligand (for the sake of simplicity only the positions
of PF6

� below the phenanthroline plane and close one phe-
nylquinoline ligand are shown in Figure 3c). Although sever-
al resonances in the 1H spectra of 3 a-PF6 overlap, the inter-
pretation of the 19F,1H-HOESY, NMR data clearly indicate
that orientations A, B, and C are present (Figure 3d, for the
sake of simplicity only one of
the two possible orientations of
PF6

� are shown for positions A,
B, and C). In conclusion the
highest degree of selective
anion–cation interaction takes
place in the case of 1 b-PF6,
caused by the electron with-
drawing properties of the NO2

substituent that leads to an
asymmetric accumulation of
negative charge on the side of
the phenanthroline ligand car-
rying the NO2 group. As a con-
sequence, PF6

� prefers to ap-
proach the cation from the op-
posite side. Such selective dif-
ferentiation of the two sides of
the asymmetric phenanthroline
ligand is lost when -NO2 is sub-
stituted by -Me (1 b-PF6!1 a-

PF6). In this latter case the PF6
� anion interacts mainly with

the phenanthroline ligand, but it can equivalently locate in
both sides with respect to the Me substituent. Finally, when
phenylquinoline substitutes phenylpyridine, as the cyclome-
talated ligand (1 a-PF6!3 a-PF6; 1 b-PF6!3 b-PF6), a place-
ment of the PF6

� counterion close to the phenylquinoline
ligand (orientation C) occurs as well and becomes competi-
tive, although at less extent, with the interaction with the
phenanthroline system (orientations A and B).

PGSE measurements : 1H and 19F PGSE NMR experiments
were carried out for 1 a-PF6, 1 b-PF6, 1 b-C12H25SO3 3 a-PF6,
and 3 b-PF6 in CD2Cl2 by using tetrakis(trimethylsilyl)silane
(TMSS), as internal standard (see the Experimental Section
for details). PGSE measurements allow the translational
self-diffusion coefficients (Dt) for both cationic (Dt

+) and
anionic (Dt) components of the ion pair to be determined
(Table 3). From the measured self-diffusion coefficients
(Dt), the average hydrodynamic radius (rH) of the diffusing
species were derived by the Stokes–Einstein Equation (2):

Dt ¼
kT

cphrH
ð2Þ

in which k is the Boltzman constant, T is the temperature, c
is a numerical factor and h is the solution viscosity
(Table 3). Dt experimental data were treated taking all the
methodological precautions recently described.[21,22] From
the average hydrodynamic radii of the diffusing ionic spe-
cies, determined experimentally and assumed to be spheri-
cal, their volumes (VH

+ and VH
�) were obtained (Table 3).

To evaluate the average level of aggregation in solution,
the values of VH

+ and VH
� were compared with the hydro-

dynamic volume of the ion pair VH
ip, calculated as the addi-

tion of the calculated hydrodynamic volume of the cation
(VH

0+) and that of the anion (VH
0�). As VVdW (Van der

Table 3. Diffusion coefficients (1010 Dt m
2 s�1), hydrodynamic radius (rH, �), hydrodynamic volume (VH, �3)

and fraction of dissociated ion-pairs (a) in CD2Cl2 for 1 a-PF6, 1b-PF6, 1b-C12H25SO3 3 a-PF6, and 3b-PF6, as a
function of concentration (C, mm).

Dt
+ Dt

� rH
+ rH

� VH
+ VH

� a C

1 1 a-PF6 9.1 12.1 6.1 4.9 946 487 0.55 4.0
2 1 a-PF6 8.9 11.7 6.2 5.0 1017 539 0.53 12.0
3 1 a-PF6 8.7 11.4 6.4 5.2 1092 596 0.51 25.0
4 1 b-PF6 9.2 16.4 6.04 3.90 922 248 0.80 0.03
5 1 b-PF6 9.1 15.1 6.08 4.13 941 295 0.75 0.08
6 1 b-PF6 8.9 12.1 6.17 4.79 983 460 0.59 0.60
7 1 b-PF6 8.9 11.4 6.10 5.01 950 526 0.50 1.20
8 1 b-PF6 8.5 10.2 6.35 5.45 1072 678 0.42 9.50
9 1 b-PF6 8.0 9.5 6.49 5.60 1145 735 0.41 16.0[a]

10 1 b-C12H25SO3 8.2 8.2 6.60 6.59 1204 1198 �0.05 0.99
11 1 b-C12H25SO3 8.0 8.0 6.71 6.69 1265 1254 �0.05 1.89
12 3 a-PF6 8.5 12.0 6.4 4.8 1129 478 0.64 3.0
13 3 a-PF6 8.4 12.0 6.5 4.9 1160 483 0.63 10.0
14 3 a-PF6 8.1 11.2 6.6 5.0 1177 526 0.61 25.0
15 3 b-PF6 8.3 12.3 6.6 4.8 1193 458 0.67 2.0
16 3 b-PF6 8.1 10.7 6.6 5.2 1204 610 0.54 12.0
17 3 b-PF6 7.6 9.6 6.9 5.7 1412 759 0.51 25.0

[a] Saturated solution.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 4814 – 48254820

F. De Angelis, D. Roberto, A. Macchioni et al.

www.chemeurj.org


Walls volume) well-describes the hydrodynamic volume VH

for molecules approaching a spherical shape that do not pos-
sess inlets, VVdW (70 �3) was taken as VH

0� for the counter-
ion PF6

�, whereas VH
0+ (908 �3 for 1 a and 1 b, 1103 �3 for

3 a and 3 b) and VH
0� for C12H25SO3

� (346 �3) were calculat-
ed starting from the molecular structures by the approach
recently described.[23]

From Table 3 it can be noted that the value of VH
+ oscil-

lates between VH
0+ and VH

IP (in some cases it even exceeds
VH

IP), whereas the value of VH
� is always included between

VH
0� and VH

IP. The fractions (a in Table 3) of ions, ion pairs,
and ion quadruples (necessary to account for the slightly
higher value of VH

+ with respect to VH
IP) were calculated

with the assumption that only dissociated ion pairs, ion
pairs, and ion quadruples were present in CH2Cl2 solution.[24]

The value of a ranges from 0.80 (3 �10�5
m) to 0.40 (satu-

rated solution, 16 � 10�3
m) for 1 b-PF6, whereas 1 b-

C12H25SO3 shows only marginal dissociation (a�0.05) in all
the range of the concentrations investigated, confirming the
stronger tendency to form ion pairing of the C12H25SO3

�

counterion when compared to PF6
�. Some other trends can

be deduced from Table 3. The dissociation of the ion pair in-
creases slightly by i) substituting the NO2 group with the Me
group on the phenanthroline ligand (compare in Table 3 en-
tries 2 and 3 with entries 8 and 9, respectively, and entries
13 and 14 with entries 16 and 17, respectively). ii) Changing
the phenylpyridine ligands with the phenylquinoline ones
(compare in Table 3 entries 2 and 3 with 13 and 14, respec-
tively and entries 8 and 9 with 16 and 17, respectively). Both
trends are expected since i) a minor charge polarization is
expected when the NO2 group is replaced by the Me group,
which renders the cation least attracting for the counterion
and, consequently, reduces the strength of ion pairing and
ii) the size of the cation is higher for 3 a, 3 b when compared
to 1 a, 1 b so that the tendency to form ion pairs is expected
to be reduced.

In the case of 1 b-PF6, a clear correlation between the de-
pendence on concentration of the absolute values of mb1.907

and a can be sketched from data reported in Tables 2 and 3
(Figure 4). Dilution causes a relevant increase of the dissoci-

ated ion pair causing in parallel a strong increase of the ab-
solute value of mb1.907. Such a direct correlation between the
increase of the concentration of dissociated species and the
increase of the second-order NLO response was already re-
ported by some of us in the case of solvolysis in CHCl3 of
some stilbazolic ZnII complexes with sulfonated ancillary li-
gands.[1h]

Theoretical investigation of the ion pairing and its effects on
the electronic structure : To provide insight into the effect of
ion pairing on the structural, electronic, and second order
NLO properties of the cationic IrIII NLO chromophores in-
vestigated in this work, we performed DFT and TDDFT
comparative calculations[11] (see the Experimental Section)
on both the 1 b cation, [Ir ACHTUNGTRENNUNG(ppy)2(5-NO2-1,10-phen)]+ , and its
ion-pair with PF6

� taking into account also solvation effects
in CH2Cl2 solution. Several different mutual arrangements
of the cation and anion in the ion-pair structure were inves-
tigated, followed by full-geometry optimization. A minimum
energy for the structure of the ion pair was found with the
PF6

� anion localized above the plane of the phenanthroline
ligand, with a shortest contact distance of 2.74 � between
PF6

� and the plane. Such localization of the PF6
� anion with

respect to the asymmetric structure of the phenanthroline is
perfectly consistent with that found by means of
19F,1H HOESY NMR spectroscopy (Figure 3). This ion-pair
configuration was retained for the subsequent TDDFT cal-
culations.

The optimized molecular structure of the IrIII complex is
only slightly affected by the formation of the ion-pair, the
most noticeable effect being a slight distortion from the
planar geometry of the 5-NO2-1,10-phenanthroline ligand.
The comparison between the frontier molecular orbitals of
the cation and its ion-pair with PF6

� are reported in
Figure 5, together with isodensity plots of selected molecular
orbitals for the latter. The basic electronic structure of the
cation is maintained also for the ion-pair, since the PF6

�

counterion does not affect the overall character of the fron-
tier molecular orbitals, whereas some significant differences
are found on the energy levels. In particular, aligning the
HOMO energies to the same value, ion pairing produces a
destabilization of the LUMOs set relative to the HOMOs,
due to the perturbation exerted by PF6

� on the p* orbitals
of the phenanthroline ligand. Overall, the HOMO–LUMO
gap increases, passing from 2.07 eV for the cation to 2.20 eV
for the ion-pair with PF6

� (Figure 5). Besides, calculations
show that that although in the cation the dipole moment is
roughly aligned along the metal–phenanthroline axis, the
presence of the PF6

� counterion introduces a significant
component along the direction connecting the PF6

� anion
and the IrIII center.

The absorption spectrum of the cation [IrACHTUNGTRENNUNG(ppy)2(5-NO2-
1,10-phen)]+ and of its ion-pair with PF6

� was computed by
determining the lowest 90 excited states, up to 220 nm, by
TDDFT. The computed absorption spectra for the cation
and the ion-pair are as expected similar, but show apprecia-
ble variations in the position and intensity of the low energy

Figure 4. a (&) and absolute value of mb1.907 (� 10�30 Dcm5 esu�1, &) for
1bPF6 in CH2Cl2 at different concentrations.
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bands related to HOMO–LUMO transitions at about 330–
400 nm (Figure 6), in line with the perturbation exerted by
the PF6

� anion on the LUMO levels. The SOS investigation
of the second order NLO response performed for the ion-

pair revealed that, also in the
ion-pair the charge transfer
transitions from the IrACHTUNGTRENNUNG(t2g)-
ppy(p) HOMO to the p*
LUMO and LUMO + 1 levels
of the phenanthroline ligand,
which dominate the low energy
portion of the absorption spec-
trum (Figure 6), are still those
mainly affecting the value of
the EFISH hyperpolarizability.
Most notably, a decrease of the
absolute value of the EFISH
molecular hyperpolarizability
was calculated by shifting from
the cation to its ion-pair, al-
though maintaining the same
sign. Such a decrease, is clearly
related to the opening of the
HOMO–LUMO gap , which
produces MLCT excitations of
higher energy, which in turn
should lead to a reduced
second order NLO response, as
expected on the basis of the
two-level model.[7b]

However, since the EFISH
measurements give only the
mb1.907 value, where b1.907 is the

projection of the vector component bvec along the dipole
moment vector, a comparative analysis of the origin of the
difference between the absolute values of mb1.907 of the
cation and its ion pair can not be done, since both the abso-
lute value and the orientation of the dipole moment are af-
fected by ion pairing and not only the value of the quadratic
hyperpolarizability. Therefore from our theoretical investiga-
tion we can only suggest that ion pairing should produce a
lowering of b1.907. The effect on the value of the dipole
moment is not so clear since it is difficult to define a precise
dipole moment for cationic species.

Conclusion

We have presented in this work a full investigation on the
second order NLO response, measured by the EFISH tech-
nique as mb1.907 (see the Experimental Section) of a new
class of cationic organometallic cyclometalated IrIII NLO
chromophores. By analysis of the role of the substituents on
the 1,10-phenanthroline ligand, of the nature of the cyclo-
metalated ligands and of the concentration and nature of
the counterion, we evidenced the many different features
controlling the EFISH second order NLO response of these
NLO chromophores.

Based on DFT and TDDFT calculations, it appears that
the EFISH quadratic hyperpolarizability is controlled by
HOMO–LUMO MLCT transitions involving the metal-cy-

Figure 5. Energy and character of the frontier molecular orbitals of [IrACHTUNGTRENNUNG(ppy)2(5-NO2-1,10-phen)]+ and of [Ir-ACHTUNGTRENNUNG(ppy)2(5-NO2-1,10-phen)]PF6. The energy scales have been aligned so that the energy of the HOMO may coin-
cide (notice the different scale on the left and right panels).

Figure 6. Comparison between the experimental (10�5
m in CH2Cl2, blue

line) and calculated absorption spectra in CH2Cl2 solution for [Ir-ACHTUNGTRENNUNG(ppy)2(5-NO2-1,10-phen)]+ (green line) and for its ion-pair [Ir ACHTUNGTRENNUNG(ppy)2(5-
NO2-1,10-phen)] ACHTUNGTRENNUNG[PF6] (red line). Also shown is a charge density differ-
ence between selected MLCT excited states and the ground state for two
low-lying charge transfer transitions: a blue (red) color indicates a de-
crease (increase) of the electron density upon excitation.
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clometalated ligand as the donor and the 1,10-phenanthro-
line p* system as the acceptor. Therefore, the second order
NLO response can be modulated and tuned in a reasonable
way by controlling independently the nature of the substitu-
ents on the 1,10-phenanthroline ligand and the choice of the
cyclometalated ligands. Moreover we have shown that ion
pairing can affect the absolute value of mb1.907, obtained by
EFISH measurements, and can produce, when the ion pair
is not too tight, a significant increase of such absolute value
by dilution in CH2Cl2 solution with parallel decrease of the
extent of ion pairing as supported by the PGSE NMR meas-
urements. Since in the EFISH technique a dc electric field
of about 30 000 V cm�1 is used, such correlation could not be
real if due to an enhancement of ion pair dissociation in-
duced by the electric field.[25] However, calculations com-
pleted by using a mathematical expression developed by
Onsager[26] have shown that the effect of such a strong dc
electric field on the dissociation of an ion pair (like that of
1 b-PF6) is quite irrelevant,[27] so that the correlation be-
tween PGSE and EFISH experiments is quite reliable. We
cannot however exclude the presence of a loosely bound
long-ranged ion-pair, stabilized by the electric field.

Besides a thorough investigation of the effect of different
counterions (C12H25SO3

�, I�, or PF6
�) and of the concentra-

tion on the absolute value of mb1.907 of some of these cationic
NLO chomophores, by a combination of EFISH and 1H and
19F pulsed field gradient spin-echo (PGSE) NMR techniques
together with DFT/TDDFT calculations, have provided
some insight into the electronic modifications introduced by
ion pairing and their effects on the absolute values of mb1.907,
taken as a measure of the second order NLO response.

The origin of the increased absolute values of mb1.907 by di-
lution in CH2Cl2 can be partly attributed to the decrease of
the electronic perturbation induced by the counterion on
the LUMO levels of the cyclometalated IrIII NLO chromo-
phore. This point is confirmed by the strong dependence of
the absolute values of mb1.907 on the nature of the counter-
ion, being lower for the strong ion-pairing. Notably, the pre-
liminary investigations show that the bHLS value, measured
by the hyper-Rayleigh scattering technique in CH2Cl2 of 1 b
is also dependent on the nature of the counterion.[28] Re-
markably, upon substitution of the PF6

� ion by C12H25SO3
�,

the value of bHLS decreases by a factor of about 0.65 similar
to the decrease observed for the value of EFISH mb1.907. A
contribution to the increased EFISH mb1.907 observed here,
might also arise from the increased dipole moment of the
above-mentioned loose-ion pair.

In conclusion, ion pairing exerts, in CH2Cl2 solution, a sig-
nificant influence on the value of EFISH mb1.907 of this new
class of cationic IrIII NLO chromophores, a factor that
should be definitely taken into careful account.

Experimental Section

General comments : All reagents and solvents were purchased from
Sigma–Aldrich, except IrCl3 hydrate, which was purchased from Engel-

hard. Complexes as PF6
� salts were prepared as previously reported,[2–6]

whereas those with C12H25SO3
� or I� as counterion were prepared in a

similar manner, but using Na[C12H25SO3] and KI, respectively, instead of
[NH4] ACHTUNGTRENNUNG[PF6], as described below in the case of 1 b-I and 1b-C12H25SO3. All
reactions were carried out under nitrogen. Products were characterized
by using 1H NMR (Bruker Avance DRX-400 instrument), UV/visible
(Jasco V-570 spectrometer),and elemental analyses.

Synthesis of cyclometalated IrIII complexes

[Ir ACHTUNGTRENNUNG(ppy)2(5-NO2-1,10-phen)]I (1b-I): A solution of [IrACHTUNGTRENNUNG(ppy)2Cl]2 and 5-
NO2-1,10-phen in CH2Cl2/MeOH (15 mL, 2:1 v/v) was heated under
reflux. After 5–6 h, the orange solution was cooled to room temperature,
and then a 10-fold excess of potassium iodide was added. The suspension
was stirred for 15 min and then filtered to remove insoluble inorganic
salts. The solution was evaporated to dryness under reduced pressure to
obtain a crude orange solid. The solid was dissolved in CH2Cl2 and fil-
tered to remove the residual traces of inorganic salts. Diethyl ether was
layered onto the orange filtrate, and the mixture was cooled to about
0 8C. Orange plates of the desired product formed overnight. Yield:
0.0916 g (72 %, starting from 0.0800 g, 0.0746 mmol of [{IrACHTUNGTRENNUNG(ppy)2Cl}2]). El-
emental analysis calcd (%) for IrC34H23N5IO2: C 47.89, H 2.72 N, 8.21;
found: C 47.22, H 2.65, N 8.34 %.

[Ir ACHTUNGTRENNUNG(ppy)2(5-NO2-1,10-phen)][C12H25SO3] (1b-C12H25SO3): A solution of
[{Ir ACHTUNGTRENNUNG(ppy)2Cl}2] and 5-NO2-1,10-phen in CH2Cl2/MeOH (15 mL, 2/1 v/v)
was heated under reflux. After 5–6 h, the orange solution was cooled to
room temperature, and then a 10-fold excess of sodium dodecansulfonate
was added. The suspension was stirred for 15 min and then filtered to
remove insoluble inorganic salts. The solution was evaporated to dryness
under reduced pressure to obtain a crude orange solid. The solid was dis-
solved in CH2Cl2 and filtered to remove the residual traces of inorganic
salts. Diethyl ether was layered onto the orange filtrate, and the mixture
was cooled to about 0 8C. Orange plates of the desired product formed
overnight. Yield: 0.1113 g (68 %, starting from 0.0900 g, 0.0839 mmol of
[{Ir ACHTUNGTRENNUNG(ppy)2Cl}2]). Elemental analysis calcd (%) for IrC46H48N5SO5: C 56.66,
H 4.96, N 7.18; found: C 57.01, H 4.88, N 7.05.

[Ir ACHTUNGTRENNUNG(ppy)2(5-Me-1,10-phen)][C12H25SO3] (1a-C12H25SO3): The complex was
obtained in 67% yield, starting from [{Ir ACHTUNGTRENNUNG(ppy)2Cl}2] and 5-Me-1,10-phen,
following a procedure similar to that of 1 b-C12H25SO3. Elemental analysis
calcd (%) for IrC47H51N4SO3: C 59.79, H 5.44, N 5.93; found: C 58.60, H
5.55, N 5.23.

[Ir ACHTUNGTRENNUNG(dpmt)2(5-Me-1,10-phen)][C12H25SO3]. (5a-C12H25SO3): The complex
was obtained in 74% yield, starting from [{IrACHTUNGTRENNUNG(dpmt)2Cl}2] and 5-Me-1,10-
phen, following a procedure similar to that of 1 b-C12H25SO3. Elemental
analysis calcd (%) for IrC56H59N4S3O3: C 59.04, H 5.23, N 4.93; found: C
58.71, H 5.14, N 4.62.

EFISH measurements : All EFISH measurements[7] were carried out at
the Dipartimento di Chimica Inorganica Metallorganica e Analitica
“Lamberto Malatesta” of the Universit� di Milano, in CH2Cl2 solutions
of different concentrations (10�3

m, 5� 10�4
m, 3 � 10�4

m, 10�4
m, and 5�

10�5
m) working with a non resonant incident wavelength of 1.907 mm, ob-

tained by Raman-shifting the fundamental 1.064 mm wavelength pro-
duced by a Q-switched, mode-locked Nd3+ :YAG laser manufactured by
Atalaser. The apparatus for the EFISH measurements was made by
SOPRA (France).

NOE and PGSE experiments : One- and two-dimensional 1H, 13C, 19F,
and 31P NMR spectra of 1 a-PF6, 1 b-PF6, 3a-PF6, and 3b-PF6 were mea-
sured by using Bruker DRX 400 spectrometers. Referencing is relative to
TMS (1H and 13C), CCl3F ACHTUNGTRENNUNG(19F), and 85% H3PO4 (31P). NMR samples
were prepared dissolving the suitable amount of compound in CD2Cl2

(0.5 mL). The 1H-NOESY[29] NMR experiments were acquired by the
standard three-pulse sequence or by the PFG version.[30] Two-dimension-
al 19F.1H-HOESY NMR experiments were acquired using the standard
four-pulse sequence or the modified version.[31] The number of transients
and the number of data points were chosen according to the sample con-
centration and to the desired final digital resolution. Semi-quantitative
spectra were acquired using a 2 s relaxation delay and 800 ms mixing
times. The numbering of carbon and proton resonances is illustrated in
Scheme 2.
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NMR data for 1b-PF6
1H NMR (CD2Cl2, 298 K, 400.13 MHz): d =6.44

(dd, 3J22–21 =7.3, 4J22–20 =1.0 Hz, 22), 6.93 (m, 14), 7.04 (dd, 3J20–21 = 3J20–19 =

7.5, 20 Hz), 7.17 (dd, 3J21–20 = 3J21–22 = 7.5, 21 Hz), 7.38 (m, 13), 7.82 (m, 15
and 19), 8.00 (m, 2, 11 and 16), 8.51 (dd, 3J1–2 =5.0 Hz, 4J1–3 =1.4 Hz, 1),
8.55 (dd, 3J12–11 =5.2 Hz, 4J12–10 =1.4 Hz, 12), 8.87 (dd, 3J10–11 = 8.3, 4J10–12 =

1.4 Hz, 10), 9.15 (s, 7), 9.32 ppm (dd, 3J3–2 =8.7, 4J3–1 =1.4 Hz, 3); 13C{1H}-
NMR (CD2Cl2, 298 K): d=120.4 (s, C16), 123.5 (s,C21), 123.9 and 124.0
(s,14), 124.9 (s,6), 125.4 (s,19), 127.7 (s,7), 128.4 and 128.5 (s, 2 and 11),
129.0 (s,9), 131.2 (s,20), 132.1 (s,22), 135.7 (s,3), 138.8 (s,15), 140.8 (s,10),
144.1 and 144.2 (s,23 and 23’), 145.6 (s,4), 147.7 (s,5), 148.6 (s,8 or 18) ,
148.7 (s,8 or 18), 149.0 and 149.1 (s, 13 and 13’), 152.9 (s,1), 154.5 (s,12),
168.0 ppm (s,17); 19F NMR (CD2Cl2, 298 K): d=�74.2 ppm (d, 1JFP =

711 Hz); 31P NMR (CD2Cl2, 298 K): d=�143.2 ppm (sept, 1JPF =711 Hz).

NMR data for 1 a-PF6
1H NMR (CD2Cl2, 298 K, 400.13 MHz): d= 2.95 (s,

Me), 6.45 (dd, 3J22–21 = 7.3, 4J22–20 =1.0 Hz, 22), 6.88 (m, 14), 7.03 (dd,
3J20–21 = 3J20–19 =7.5 Hz, 20), 7.15 (dd, 3J21–20 = 3J21–22 =7.5 Hz, 21), 7.35 (m,
13), 7.77 (m, 15 and 19), 7.81 (m, 11), 7.88 (m, 2), 7.99 (d, 3J16–15 =8.5 Hz,
16), 8.04 (s, 7), 8.30 (d, 3J12–11 =5.0 Hz, 12), 8.37 (d, 3J1–2 =5.2 Hz, 1),
8.55(d, 3J10–11 =8.5 Hz, 10), 8.73 ppm (dd, 3J3–2 =8.5 Hz, 3); 19F NMR
(CD2Cl2, 298 K): d=�74.2 ppm (d, 1JFP =711 Hz); 31P NMR (CD2Cl2,
298 K): d=�143.2 ppm (sept, 1JPF =711 Hz).

NMR data for 3b-PF6
1H NMR (CD2Cl2, 298 K, 400.13 MHz): d =6.70

(m, 22), 6.84 (dd, 3J14m–14o = 3J14m–14m’=7.6, 14 m), 6.93 (dd, 3J21–22 = 3J21–20 =

7.6, 21), 7.14 (d, 3J14o–14m = 8.4, 14o), 7.29 (m, 20 and 14 m’), 7.69 (d,
3J14o’–14m’=8.0, 14o’), 8.03 (m, 2 and 11), 8.19 (d, 3J19–20 =8.4, 19), 8.29 (m,
15 and 16), 8.71 (d, 3J10–11 =8.3, 10), 8.78 and 8.81 ACHTUNGTRENNUNG(d, 3J1(12)–2(11) =5.0, 1 and
12), 8.83 (s, 7), 9.19 ppm (d, 3J3–2 =8.7, 3); 19F NMR (CD2Cl2, 298 K): d=

�74.2 ppm (d, 1JFP =711); 31P NMR (CD2Cl2, 298 K): d =�143.2 ppm
(sept, 1JPF = 711).

NMR data for 3 a-PF6
1H NMR (CD2Cl2, 298 K, 400.13 MHz, J in Hz):

d=2.72 (s, Me), 6.70 (m, 22), 6.80 (dd, 3J14m–14o = 3J14m–14m’=7.6 Hz, 14 m),
6.91 (dd, 3J21–22 = 3J21–20 = 7.6 Hz, 21), 7.24 (m, 20, 14 m’ and 14o), 7.67 (d,
3J14o’–14m’=8.1 Hz, 14o’), 7.71 (s, 7), 7.79 and 7.87 (d, 3J2(11)–1(12) = 5.0 Hz, 2
and 11), 8.16 (d, 3J19–20 =8.4 Hz, 19), 8.26 (m, 15 and 16), 8.37 (d, 3J10–11 =

8.3 Hz, 10), 8.57 ppm (m, 1,3 and 12); 19F NMR (CD2Cl2, 298 K): d=

�74.2 ppm (d, 1JFP =711 Hz); 31P NMR (CD2Cl2, 298 K): d =�143.2 ppm
(sept, 1JPF = 711 Hz).

All the PGSE NMR measurements were performed by means of the
standard stimulated echo pulse sequence[32] available by using a Bruker
AVANCE DRX 400 spectrometer equipped with a GREAT 1/10 gradi-
ent unit and a QNP probe with a Z-gradient coil, at 296 K without spin-
ning.

The dependence of the resonance intensity (I) on a constant waiting time
and on a varied gradient strength (G) is described by Equation (3):

ln
I
I0
¼ �ðgdÞ2Dt D�d

3

� �
G2 ð3Þ

in which I = intensity of the observed spin echo, I0 = intensity of the spin
echo without gradients, Dt =diffusion coefficient, D =delay between the
midpoints of the gradients, d= length of the gradient pulse, and g =mag-

netogyric ratio.

The shape of the gradients was rectangular, their duration (d) was 4–
5 ms, and their strength (G) was varied during the experiments. The
semi-logarithmic plots of lnACHTUNGTRENNUNG(I/I0) versus G2 were fitted using a standard
linear regression algorithm and an R factor better than 0.99 was always
obtained. Different values of D, “nt” (number of transients) and number
of different gradient strengths (G) were used for different samples.

The self-diffusion coefficient Dt, that is directly proportional to the slope
of the regression line obtained by plotting log ACHTUNGTRENNUNG(I/Io) versus G2 [Eq. (3)],
was estimated by measuring the proportionality constant, using a sample
of HDO (5 %) in D2O (known diffusion coefficient in the range 274–
318 K)[33] in the same exact condition as the sample of interest using
TMS as internal standard. Dt data were treated as described in the litera-
ture.[19–24]

The measurement uncertainty was estimated by determining the standard
deviation of m by performing experiments with different D values. Stan-
dard propagation of error analysis yielded a standard deviation of ap-
proximately 3–4 % in the hydrodynamic radius and 10% in the hydrody-
namic volumes and a.

Theoretical calculations : The structures, as in the results discussed below,
were optimized by using the BP86 exchange-correlation function,[34] to-
gether with a TZP (DZP) basis set for Ir (N, C, O, H), including scalar-
relativistic corrections as implemented in the ADF program.[35] On the
optimized geometries, single point calculations were performed with the
Gaussian03 program package[36] at the B3LYP/LANL2DZ level,[37, 38] in-
cluding solvation effects by PCM.[39] The computed optimized molecular
structures maintain the same basic skeleton, retrieving a very good agree-
ment with structural X-ray data.[2c,3–5] The projection of the static quad-
ratic hyperpolarizability tensor along the dipole moment has been com-
puted by the sum over states approach (SOS),[40] based on explicit calcu-
lation of two-level terms for the lowest 80–100 excited states, as prelimi-
nary reported,[3] thus affording the contribution of each excited state to
the static EFISH quadratic hyperpolarizability.
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