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NLO Properties of Metallabenzene-Based Chromophores: A Time-Dependent Density
Functional Study
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The static and dynamic first hyperpolarizabilities for a series of substituted metallabenzene-based nonlinear
optical (NLO) chromophores were determined by time-dependent density functional theory (TDDFT). The
electronic excitation contributions to the first hyperpolarizability are rationalized in terms of the two-level
model. The effects on the hyperpolarizabilities of (a) the metal center (Os, Ir, Pt); (b) the ligand environment
(PHs, CO, CIj; (c) various donor and acceptor substituents ANbH, Me, H, CI, Br, I, COOMe, COOH,

CN, NO,); and (d) the length ofr-conjugation were studied. Our calculations predict that metallabenzenes
have significant second-order NLO susceptibilities, ranging fig= 1.0 x 1029 to 5.6 x 1028 esu and

from B9, = 3.0 x 1047 to 1.1 x 104 esu, that can be tuned by changing the metal center and/or ligand
environment.

Introduction SCHEME 1: Resonance Forms of Metallabenzenes
Ever since Marder and co-workers demonstrated in 1987 that <_ ML, ~—— 7 L < : L
\ / n _ n n

ferrocene derivatives have large second harmonic generation
(SHG) efficiencies, numerous experimental and theoretical
studies have been devoted to the understanding of the structure
property relationships and the optimization of second-order
optical properties of metal-based chromophdrésTwo classes
of complexes that were extensively studied are metalloéenés,
where thes-ligand is strongly coupled to the metal, and
pyridine-based complexé&g2-2” where there is relatively weak
coupling to the metal center. Nevertheless, the design o
conceptually new higl#-complexes remains an interesting and
challenging task.

Metallabenzenes form an intriguing class of organometallic
complexes where the metal is part of an aromatisystem
(Scheme 1%8-3° Two of the six zr-electrons are metal d-

charge transfer (CT) excited st&fd(ji) inductive effects of the
electron-rich or electron-poor ring on the donor or the acceptor,
respectively, and (iii) increased electron density ofAHeridge.
Organic NLO materials have potential applications in areas
such as electrooptics and photorfie> NLO materials interact
with electromagnetic fields to produce new electromagnetic
ffields altered in frequency and phase. These effects arise from
nonlinear polarization of the molecule. At the microscopic level,
they are governed by the third-rank tenfpwhich corresponds
to the third-order term of the Taylor expansion of the energy
with respect to an electric field. Assuming that only one excited
state is coupled strongly enough to the ground state by the

electrons delocalized over the-system and, therefore, are applied electric field to contribute {8 and that only one tensor

expected to be far more polarizable than the d-electrons of Othercpmponent foood dom!r}ates the NLO response (i.e., a one-
organometallic complexes. Several metallabenzene complexesdIrrIenSIOnaI CT trz_ansmon), then the second-order nonlinearity
have been isolated?, including osmabenzené%3! iridaben- (6) can be approximated by the two-level mdéér

zene& 34 and platinabenzenésWe recently reported a series - 0 .

of computational studies on the reactivity and stability of these IBI~ Broox = BrooR(@) =

complexes®-3° The reduced aromaticity of metallabenzefié$ 3e2A/,¢gefge a)ge4

relative to benzene and heteroaromatic rings, as indicated, for 2(hwyy) 2 2 2, 2 1)
example, by their absolute hardn¥sgalues (i.e., 2.27, 2.17, 0o (0ge — @)@y — 40)

and 0.60 eV for benzene, thiophene, and (3,%04d3lr)(PE)s,
respectivelyy? is also expected to play an important role in

the nonlinear optical (NLO) properties of these complexes. The h . he | . i th
replacement of phenyl rings in traditional organic donor the transition energy to the lowest CT excited stijels the
corresponding oscillator strengti\uge = ue — ug is the

bridge-acceptor (B-7—A) chromophores with aromatic het- diff in the dinol b h ited and
eroaromatic rings, such as thiophene or thiazole, has been” erence In the dipole moments between the excited an
shown, both experimenta§ 47 and theoretically 50 to ground states, and is the excitation energy. This model has

P il o . been shown to be reliable for many organic systems, such as
significantly enhance hyperpolarizabilities. This increase in . o . > '
hyperpolarizability was rationalized by (i) the lower aromatic par'a-_substltuted be_nzerfés4,4-d|su§%st|tuteq stilbene¥, and
delocalization energy of the heteroaromatics relative to benzene, 4 -disubstituted diphenylacetylenesput fails for many or-

which lowers the energy gap between the ground state and theganometallic systems for which geperally more than _one
transition dominates the NLO properti¥g’ One exception is

* Corresponding authors. E-mail: milko.vanderboom@weizmann.ac.il; the Ru(ll)-4,4-bipyridinium class of complexes that has a metal-
comartin@wicc.weizmann.ac.il. to-ligand charge transfer (MLCT) excitation in the visible region
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whereﬁf(’XX is the static hyperpolarizability component along
the CT axis,R(w) is the resonance enhancement factqys is
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SCHEME 2: Metallabenzene Derivative$
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al4, Lo = PHs, CO, HbP(CHy).PH;; L3 = PHs, CO; R= NH,, OH, Me, H, CI, Br, I, COOMe, COOH, CN, NOQC(CN}=C(CN),, NHz*. The
bond numbering scheme for compourids3 used throughout the paper is shown.

that accounts for a large portion of the hyperpolarizab#it§ regular approximation (ZORA) formalisf8* For the response
The two-level model gives a simple interpretation to the sign calculations, the statistical average of orbital potential (SAOP)
of the static hyperpolarizabilitys{,), that is, it has the same  exchange-correlation functional was used. This functional
sign asAuge The two-level model predicts th#t becomes corrects the asymptotic region of the Keh8ham potential and
exceptionally high aty ~ wge andw ~ wqd2. Therefore, when has been shown to yield more accurate excitation energies and
comparing the molecular second-order NLO responses of frequency-dependent hyperpolarizabilities than LDA or other
different chromophoreg#° should be considered in order to GGA functionals®s-86
eliminate resonance enhancements and to afford qualitative It is well-known that electronic response properties, such as
insights. P, require a description of the regions of space far from the
Computational chemistry can afford insights into structure  nuclei; that is, the asymptotic behavior of the basis functions is
property relationships of molecules and has been demonstratedf key importance when calculating high-order electronic
to be of particular value in the rational design of NLO response properties (see, for example, refs@). We used a
chromophoreg21.6¥66 Computational methods have been used double-augmented doubfetdADZ) Slater-type basis set, which
to calculate the responses of otherwise inaccessible structurals still computationally affordable for the organometallic
variations, such as the effect of biphenyl dihedral angle complexes studied. The two sets of added diffuse functions were

rotation®! Several series of orga§fc%® and organometallie1-66 obtained according to the basis set completeness profile
NLO chromophores with remarkable NLO responses have beenprocedure of Chong Both sets of diffuse functions are given
identified by computational chemistry. in Table S1 of the Supporting Information.

We report here on a systematic computational investigation
of the NLO properties of several analogues of experimentally Results and Discussion
prepared metallabenzenes using time-dependent density func-
tional theory (TDDFT). TDDFT is becoming an increasingly fr

powerful tool in recent years for the investigation of high-order . N o
electronic response properties of organometallic compl&xés, dipole moment dwecﬂon@@ec andﬁvef), and the total intrinsic

- - 0 106
especially because of the rapid increase in available Computerhyperpo:‘arlzatlb;ll|t|§s Aot ;;g ﬁ%";’ Werg calculat(id tfor a
power and the recent development of linear scaling tech- series ol metallabenzen (Scheme 2), concentrating on

niques’>72 The main goal here is to evaluate the use of the stﬂbeng-hke metallapenzenas4, 5 ands.
metallabenzene moieties for the design of molecular NLO _ 'N€ conjugated organic fragments of metallabenzénds
chromophores and to obtain insight into the structdumction 5 and6 are .essentlally pllanar. In compourﬁiandB, there is
relationships of these systems. It was found that metallabenzene@ Small twist of ~6—8" around single bonds 3 and 5,

have significant second-order NLO susceptibilities that can be respectivel_y. Compounds 2, 3, and6 belong to theC, point
tuned widely by changing the metal center and/or ligand 9r0UP. While compoundgl and 5 have Cs symmetry. The
environment. equatorial ligands of compounds-3 are bent slightly out of

the molecular plane by approximately°ldhd the apical ligand
points up by about 80 Table 1 lists the B97-1/SDD optimized
bond lengths of compountiwith various R-groups along with
Geometry optimizations were carried out usfagussian 98 their Hammett constantsof).®* Bonds 1, 3, 4, and 6 are
revision A.1¥2 and Gaussian 03evision C.017* The B97-1° lengthened, while bonds 2 and 5 are shortened, as the donating
DFT hybrid exchange correlation functional was used in or accepting strength of the R-group increases (see Scheme 2
conjunction with the SDD basis set-relativistic effective core for definition of bond numbering). These changes in the bond
potential (RECP) combination. B97-1, which was locally lengths indicate a larger contribution of the zwitterionic (non-
implemented into a modified revision &Gfaussian 98has been aromatic) quinonoid resonance structure to the ground state of
shown to be more accurate for equilibrium properties than other these derivatives as the accepting or donating strength of the
DFT functionals’® SDD includes the HuzinageDunning R-group increases (Scheme 3).
double€ basis set on the lighter elements with the Stuttgart Table 2 lists the B97-1/SDD optimized bond lengths of bonds
Dresden basis seRECP combinatioff on the transition metals.  1—6 for compound with three phosphine ligands and various
Equilibrium geometries were verified to have all real harmonic R-groups (Scheme 2). Single bonds 1 and 3 are shortened, while
frequencies. double bond 2 is lengthened, as the donating or accepting
The linear and nonlinear optical property calculations were strength of the R-group is increased (e.g., when going from H
performed using the response mod8&f@ of the Amsterdam  to NH, and C(CN¥=C(CN), the single bond 1 is shortened by
Density Functional (ADF) version 2003.G£%81program suite. 0.004 A and 0.016 A, respectively, and the double bond 2 is
Scalar relativistic effects were included using the zero-order lengthened by 0.001 A and 0.008 A, respectively). It is,

The ground-state dipole moments,(the quadratic static and

equency dependent molecular hyperpolarizabilities along the
106

Computational Details
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TABLE 1: B97-1/SDD Optimized Bond Lengths (A) of Compound 1 with Various R-Group$

bond
R o 1 2 3 4 5 6 7 8 9
NH. —0.57 1.427 1.399 1.990 1.990 1.399 1.427 2.434 2.434 2.384
OH —-0.38 1.415 1.401 1.993 1.982 1.407 1.414 2.442 2.441 2.374
H 0.00 1.414 1.409 1.987 1.987 1.409 1.414 2.447 2.447 2.356
Cl 0.24 1.406 1.409 1.985 1.985 1.409 1.406 2.448 2.448 2.361
COOH 0.44 1.419 1.404 1.987 1.989 1.402 1.421 2.454 2.454 2.341
CN 0.70 1.422 1.404 1.986 1.986 1.404 1.422 2.453 2.454 2.348
NO, 0.81 1.415 1.402 1.989 1.989 1.402 1.415 2.458 2.458 2.338
2See Scheme 2 for definition of bond numberihgrom ref 91.
SCHEME 3: Limiting Resonance Forms of Compounds 16.04 NOy*
1 and 2, Where R Represents an Acceptér CNe
PHs @, PHs
7 o._/~\7 12.01
R‘@Ir\—P;PHg - R:QIr\—P;PHa _ 0
3 3
1 ‘3 8.04

OH, =
PH3 o 1 7 _ PHg e
R N / R =3/~ NH -
@x©lr<—PH3 -~ ;<:>¥Q|r<-PH3 K 4.0
2 PH3 8 PH3

aLeft: aromatic structure. Right: zwitterionic, non-aromatic quinon- 06 -04 -02 0 02 04 06 08

oid structure. For donors, the zwitterionic form has the opposite charge Cp
separation. Figure 1. Dipole moment £) versuse, Hammett constantssf) for
. - the iridastilbenes2 (L;, L, Ls = PHg) in Table 3 (except for
;';ABLE 2: d|3297'.t1r<SLDDLOpt'rg'ZLed_BgE'd Le(rjlg\t/hs' (A) of tricyanovinyl for which nao,, value is available and N that induces
R?Cg]rgaurs]a with La, Lo, and Ls = FHz and various a very large dipole moment of 24 D not reflected by dtsvalue of
P 0.6). The line has a linear correlation coefficientRsf= 0.75.
bond
b R-groups. The dipole moment component along the CT axis
R op 1 2 3 4 5 6 . )
(uy) is the only component that substantially changes from one
g:z :g'gg i'ﬂg iggg i'gg g'ﬁg g'ﬁ? gggé R-group to another. For all the metallabenzenes in Table 3, the
Me _014 1474 1368 1470 2446 2447 2358 Mmetal center behaves as a donor in the groungl state, as
H 0.00 1.474 1.368 1.470 2.447 2.448 2.357 demonstrated by the negatiug for all the neutral derivatives
Cl 0.24 1.473 1.368 1.470 2.448 2.449 2.356 and by the general increasewgfwith the accepting strength of
Br 0.26 1.473 1.368 1.470 2.448 2.449 2.356 the R-group (Figure 1). This is not surprising, since tkel£
[ 0.28 1.473 1368 1469 2.448 2.449 2.356 |1(PH,), moiety is electron-rich?
COOMe 0.44 1.470 1.370 1.468 2.449 2.450 2.354 . : 0 N
CN 0.70 1.469 1.370 1.467 2.450 2.451 2.353 The negative sign g8, for the denvgtlves R= NHa, B.r, I,
NO, 0.81 1.465 1.372 1.465 2.452 2.453 2350 OH, and Me (Table 3) can be explained on the basis of the
C(CN=C(CN), N/Ac 1.458 1.376 1.460 2.455 2.455 2.345 Ir(PHs);fragment acting as an electron donor in the ground state
NHz* 0.6 1.455 1.380 1.454 2.462 2.463 2.338 and an electron acceptor in thedetermining excited state
aSee Scheme 2 for definition of bond numberihgrom ref 91.  because of a ligand-to-metal charge transfer (LMCT) excitation
¢ Not available. in the opposite direction to the dipole moment. The net result

is a reduction of the dipole moment in the excited state, and
Shence, a negativ,ésec value according to the two-level model
(see eq 1). For the derivatives in which=-RCI, H, COOMe,
CN, NO,, and C(CN)y=C(CN), (Table 3), thef-determining
MLCT excitation enhances the dipole moment resulting in

therefore, evident that only the strongest acceptors, such a
C(CN)y=C(CN), NHz*, and to a lesser extent NOnduce some
double-bond character in single bonds 1 and 3 and single-bond
character in double bond 2. Although t;]\e maximum variation
in bond length does not exceed 0.02 A, it indicates a larger - . .
contribution of the zwitterionic resonance structure to the ground posmveﬂse_c values. Th_e negatwﬂsec for NHs" is a resu_lt O.f
state of these acceptor derivatives (Scheme 3), resulting in athe reduction of the dlpo_le momen_t upon MLCT excitation.
lower degree of bond-length alternatféf and hence a more  1nuS, neutral R-groups with a n.e.gatv@&gc can be regarded as
polarizedr-system. The ring bond lengths (Supporting Informa- donors, and those with a positivé).. as acceptors, in the
tion, Table S2) also support this observation. The same trendsf-determining excited state. Note, however, that according to
tion, Table S3). acceptors according to their positive Hammett constanp)s’t

The Ir—PH; bond lengths of compoun? listed in Table 2 For the iridastilbeneg listed in Tables 3 and 4, the static
also follow a general trend. The bond lengths of the two hyperpolarizability component along the ground-state dipole
equatorial phosphines (bonds 4 and 5) increase, while the bondmoment 0.) is very close, in absolute value, to the static
length of the apical phosphine (bond 6) decreases, with highertotal intrinsic first hyperpolarizabilitiesff,). Thus, the CT
accepting strengthof)®! of the R-group. These general trends  excitation is essentially unidirectional and parallel to the ground-
are also observed for compountiéTable 1) ancB (Supporting state dipole moment. The COOMe, CN, J@(CN)=C(CN),
Information, Table S3). and NH;*™ derivatives in Table 3 and the additional complexes

Table 3 collates linear and nonlinear optical properties for listed in Table 4 are also characterized by one dominant
chromophore2 with three phosphine ligands and various hyperpolarizability componenl;ﬁfXX) that lies along the CT
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TABLE 3: Linear and Nonlinear Optical Properties of Compound 2 (L, L,, L3 = PH3; Scheme 2) with Various R-Group$

R o u i Blec Bt e o Mo A fi
NH —0.57 3.29 —2.07 —51.5 76.3 —570.7 875.1 251.0 576 0.327
Br 0.26 6.96 —6.50 —35.8 37.0 —609.2 645.1 257.5 588 0.320
I 0.28 7.42 —6.99 —28.4 29.0 —825.6 867.5 215.2 588 0.361
OH —0.38 5.92 —5.40 —28.0 29.5 —470.9 511.8 174.6 587 0.282
Me —0.14 5.86 —5.26 —9.6 9.6 —411.9 449.5 56.3 590 0.275
Cl 0.24 10.76 —10.44 7.6 9.2 —407.9 415.5 99.0 596 0.284
H 0.00 7.76 —7.34 30.2 32.9 —314.1 325.2 255.3 590 0.286
COOMe 0.44 7.41 —6.48 86.2 98.9 —596.5 647.0 732.8 628 0.373
CN 0.70 14.26 —14.01 116.3 118.8 —572.9 579.7 1694.1 641 0.392
NO, 0.81 16.13 —15.90 307.2 312.1 —1070.2 1084.3 5034.2 817 0.316
C(CN)=C(CN), N/A® 18.84 —18.60 522.9 530.4 —11098.8 11179.1 9992.7 895 0.428
NH3* 0.6 24.32 2420 —133.9 134.5 146.8 147.4 3271.0 704 0.366

2 in units of 103 esu,uf in units of 104 esu,u in D (=108 esu), andl; in nm.® g, from ref 91.¢ Not available.

TABLE 4: Linear and Nonlinear Optical Properties for Compound 2 (Scheme 2) with Various Ligands (L, L,, L3 = PHs, CO,

H,P(CH,),PH,) and R-Groups (R = NO, and NH,)2

1064

R Ly L2 Ls U Ux ﬁSec ﬂt%t vec tlch ﬂ?ar A1 f

NO2 HoP(CH): PH, PHs 18.23 -18.11 328.5 329.9 —1316.8 1320.4 6014.1 867 0.289
NO, PHs PHs PH; 16.13 —15.90 307.2 312.1 —1070.2 1084.3 5034.2 817 0.316
NO2 CoO PH PHs 13.33  —11.98 268.2 300.7 —879.6 995.6 4008.3 832 0.284
NO, CO CO PH 10.28 —8.14 221.3 282.5 —747.0 911.6 2904.1 786 0.303
NO2 CoO CoO CcoO 3.20 —-3.19 112.7 113.3 —1485.1 1492.8 362.6 611 0.374
NH> PHs PHs PH; 3.29 —2.07 —51.5 76.3 —570.7 875.1 251.0 576 0.327
NH2 PHs PHs CcO 2.98 —1.24 —42.4 92.9 —381.6 903.2 276.8 491 0.941
NH2 Co PH PHs 6.26 3.24 52.9 114.3 276.9 461.8 715.5 562 0.560
NH2 CO CO PH 9.32 7.00 69.5 97.1 453.1 582.2 905.0 540 0.552
NH2 Cco Co CO 10.75 10.74 116.9 117.0 —14300 14326 1277.2 534 0.995
3 in units of 10% esu,uf in units of 10% esu,u in D (=107 esu), andly in nm.

29 -+

2.5 4

2.3 4

2.1 4

log p "ot [10°° esu]

1.9 A

1.7 T T T J
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Figure 2. Logarithmic plot of the static first hyperpolarizabilitﬁ&‘)
versus the wavelength of the lowest transition eneryy for the
iridabenzene? in Tables 3 and 4 (excluding the trisphosphine, NH
Br, I, OH, Me, CI, and H derivatives; see text). The solid line has a
linear correlation coefficient oR? = 0.85.

important role in determining and that theAuge fge product
(see eq 1) remains relatively constant for this class of complexes
and does not significantly dictate trendsﬂ&t. Note that the
oscillator strengths remain relatively constant for all the
complexes considered except for the last four=RNH;
derivatives in Table 4. In fact, if we exclude these four donor
derivatives from the logarithmic plot (the four points on the
left in Figure 2), then the correlation coefficier®d becomes
0.94.

The first electronic transition is primarily composed of the
HOMO — LUMO transition (0.82-0.87 for complex2 with
Lj, Ly, L3 = PHg, Table 3). The HOMO and LUMO of complex
2 (L1, Ly, L3 = PHg, Table 3) with R= NH,, H, and NQ are
shown in Figure 3 (those for the rest of the R groups are shown
in the Supporting Information, Figure S1). The HOMO for all
the complexes in Table 3 is largely localized on the metal center
and is very similar to the typical aromatic metallabenzene
HOMO.3% The LUMO for all but the very strong acceptors
(NH3™, NO,, and C(CN3=C(CN),), apart from having metal
contributions, is largely localized on double bonds 1, 3, 7, and
8 (Scheme 3, right structure); that is, it corresponds to the
nonaromatic zwitterionic resonance structure. As the accepting
strength of the R-group increases, the LUMO, which hag 3d
metal contributions, gradually moves from the metallabenzene
ring (when R= H) to the R-substituted ring. Moreover, the

direction and is at least one order of magnitude larger than the LUMO is mainly acceptor-based for the strongest acceptors

other components ¢8. The two-level modéf->7 establishes a
connection between the first hyperpolarizability and a low-lying
one-dimensional CT transition (eq 1). The validity of this
approximation for the iridastilbene? in Tables 3 and 4 is
illustrated by the logarithmic correlation betwegf, and the
wavelength of the lowest-energy transitibn(Figure 2). Only
the complexes that have only one dominant hyperpolarizability
component £,.,) are considered (vide supra). The correlation
coefficientR? = 0.85 suggests that the first transition plays an

(NOz and C(CNy=C(CNY),). These HOMO and LUMO orbitals
indicate an increase in the degree of MLCT upon HOMO
LUMO transition with an increase in the accepting ability of
the R-group. As a consequenq(éfec also increases with an
increase in the accepting strength of the R-group. For thg NH
Br, I, OH, and Me derivatives, the negative sign f{,.
indicates, as discussedfadetermining LMCT excitation. For
these derivatives, the LUMO composition is not sensitive to
the nature of the R-group. Furthermore, there is a reduction in
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Figure 3. HOMO and LUMO of the iridastilbene (L4, Lo, Ls = PHs; R = NHy, H, NO;), calculated at the B97-1/SDD level of theory. Atomic

color scheme: H, white; C, gray; N, blue; O, red; P, orange; Ir, indigo.

the electron density on the metal center upon HOMQUMO
excitation. Therefore, it is not likely that the HOMS LUMO
transition has a large contribution to the second-order responses
of these derivatives.

The energies of the first transitionl,j for the acceptor
derivatives listed in Table 3 are strongly affected by the
accepting strength of the R-group (e.@;,is 590, 628, 641,
and 817 nm for H, COOMe, CN, and N(Qrespectively). This
red-shift parallels the increase in static first hyperpolarizabilities
(i.e., Boy is 30.2x 10730, 86.2 x 10730, 116.3 x 10°%, and
307.2 x 10720 esu, respectively). For the donor derivatives,
however A; is only slightly affected by the R-group (e.d4,is

p%ot [1073° esu]

300.04
200.04
100.04
NH2
0.H Me He
*

NOz o

NH3*
. «CN
COOMee

BI"
CI’ |

-0.6 -0.4 -0.2 0

0.2 04 0.6 0.8

Op

576, 588, 587, and 590 nm for NHBr, OH, and Me, Figure 4. Plot of static hyperpolarizability &) versus thea,

respectively). Moreover, these shifts are not consistent with the
B2 values, which decrease (not increase!!y.as red-shifted

Hammett constants (from ref 91) for the iridabenzefen Table 3
(except tricyanovinyl for which n@, value is available).

(i.e.,ﬂ%,é is 73.6 x 10?’0, 37.0x _1@30, 29.5x _1(r3°, and 9.6 ~ H < COOMe=< CN < NO, < C(CN)=C(CN), in accordance
x 107 esu, respectively). This suggests either that the first it the electron-accepting strength of the R-group. On the other

transition is not thgg-determining transition or that more than

hand, with donor R-groupa}‘jsec is negative and decreases in

one transition governs the NLO responses of these derivatives..,. grder Me> OH > | > Br > NH,. Coupled with the
The lowest transition that is, in general, blue-shifted when going e tions of thes-determining charge transfer transitions (i.e.,
from strong to weak donors is the third electronic transition \ T for R = acceptor and LMCT for R= donor), this

(i.e.,A3 = 474 nm for NH, 468 nm for |, 457 nm for Br, 447

suggests that the iridium center can behave as either a donor or

nm for OH, and 439 nm for Me with oscillator strengths of acceptor in th@-determining excited state depending on

0.395, 0.340, 0.360, 0.284, and 0.288, respectively)is

the R-substituent. As a result, both strong donors and acceptors

primarily composed of the HOMO-%ILUMOtransition,Which have high hyperpolarizabilities (Figure 4). This amphoteric
is also the second largest c%ntnbutor 9. However, a  gonoracceptor role of the metal center has been previously
logarithmic plot betweeris andjy, for the donor derivatives  gpserved for other organometallic complexes, including pen-

gives a low correlation coefficienRg = 0.71).

tacarbonyltungsten(0) stilbazole derivati¢éshromium(0) car-

For compound with three phosphine ligands and acceptor bonyl arene complexé$, and rhodium(l), iridium(l), and
R-groups (Table 3)ﬁ8ec is positive and increases in the order osmium(ll) pyridine carbonyl complexés.
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TABLE 5: NLO Properties of Trisphosphine Complexes 1, 2, and 3 (Scheme 2) for Various R-Groups (N4I1Br, OH, H, CN,

and NO,)?2
R compound u fx Buec B el o 1By

NH, 1 219 122 9.9 13.0 232 23.6 285
2 3.29 —2.07 ~515 76.3 ~570.7 875.1 251.0

Br 1 6.4 —5.94 ~165 171 ~33.29 335 109.4
2 6.96 ~6.50 -3538 295 ~609.2 645.1 205.3

OH 1 5.34 —4.64 ~10.9 117 175 193 62.5
2 5.02 —5.40 -28.0 295 —4709 511.8 174.6
3 5.87 —458 ~339 405 17777 2206.8 237.7

H 1 5.26 —4.65 77 78 ~10.7 145 41.0
2 7.76 —7.34 30.2 32.9 ~314.1 325.2 255.3

CN 1 11.94 ~11.69 —5.0 5.1 ~105.0 113.1 60.9
2 14.26 ~14.01 1163 118.8 ~572.9 579.7 1694.1

NO, 1 13.58 ~1335 5.1 56 —458 465 76.0
2 16.13 ~15.90 307.2 312.1 ~1070.2 1084.3 5034.2
3 18.69 —18.43 555.1 563.5 —4587.7 4618.6 10531.8

2 in units of 10°%° esu,uf in units of 108 esu, anck in D (=108 e

The dynamic hyperpolarizabilitigg>* of 2 also show this

amphoteric doncracceptor behavior, and both the stronger

su).

TABLE 6: NLO Properties of Compounds 4, 5, and 6
(Scheme 2) for Various R-Groups (NH, OH, H, COOH, and

donors and acceptors have larger dynamic hyperpolarizabilitiesNOZ)a

than the weaker ones (e.gh’! = 1084.3 x 1073 esu for

NO,, 325.2x 10-3%esu for H, and 875.% 103Cesu for NH).

The frequency-dependent hyperpolarizabilitigg-* are all

negative. A physical explanation based on the two-level model

is that the resonance enhancement faRfar) (eq 1) is positive

for the donor derivatives (i.elge < 532 nm ordge > 1064 nm)

and negative for the acceptor derivatives (i.e., 1064ntiye

> 532 nm). These requirements are fulfilled By for the

acceptor derivatives and bl for the donor derivatives.
Exchanging the phosphine ligands on the iridium cente& of

with carbonyls (Table 4) reduces the electron density on the

metal throughr-back-bonding and is expected to reduce the

push-pull character when R is an acceptor group gNChis

is demonstrated by the reduced dipole moments and static NHz"
hyperpolarizability values as more phosphine ligands are OH

replaced (Table 4). As expected, replacement of the equatorial
phosphines (Land L) by the more electron-rich #?(CH,).-

PH, fragment enhances the dipole moment and hyperpolariz-
ability values. The first electronic transition is blue-shifted as
the metal center becomes more electron-poor, consistent with
the decrease in thg%,. values. When the R-substituent is a
strong donor (NH) and the ligand environment is composed
of three phosphine Iigands@ffeC is negative. Again, this
indicates a reduction of the dipole moment in fhdetermining
excited state caused by an LMCT excitation. Replacing the
apical phosphine with a carbonyl group reduces the absolute
values of the dipole moment along the CT directiar) (and

/38ec Replacing the phosphine in the; Iposition, however,
inverts the dipole moment direction and also the sigr,zi%f}gg

The positive sign off’,. indicates an enhancement of the
dipole in thef-determining excited state caused by an LMCT
excitation. Further replacement of phosphines with carbonyls
increases botf, and 8%, These results demonstrate that the
first hyperpolarizability can be significantly tuned by changing
the ligands (L, Ly, Ls) on the iridium center, a common feature
of many organometallic chromophoré%Again for the R=

NH, derivatives (Table 4), there is no correlation betwﬁ{%p
and44, indicating that the first electronic transition might not
be f-determining or that more than one transition governs the
NLO responses of these derivatives. It is interesting to note,
however, that for the tris-carbonyl complex, for which the
wavelength of the first transitiorl{ = 534 nm) is nearly equal

to one-half the wavelength at which the hyperpolarizabilities

R i Prc  Bu B Bor b
Compound4
NH 16.82 16.77 102.8 102.9 2198.7 2199.9 1730.8
OH 12.02 12.01 741 743 641.9 644.8 893.6
H 10.21 10.01 313 314 280.6 280.7 320.5
COOH 9.19 918 19.0 19.0 310.8 311.3 174.2
NO, 3.63 3.63 —465 470 -874 98.1 170.7
Compound
NH> 1296 12.84 115.1 116.9 2677.6 2708.4 1515.0
o 955 950 722 781 555.5 598.2 7459
H 6.70 5.66 17.4 195 —-0.1 65.8 130.7
COOH 542 541 6.1 6.6 191.7 198.6 35.8
NO 3.32 —241 142.0 196.0 —2373.7 4013.9 650.7
Compounds
8.02 8.01 127.5 127.7-2083.0 2086.7 1024.2
488 448 851 922 3771.0 4082.7 4499
327 325 394 396 432.2 4343 1295
COOH 372 341 442 49.0 1269.9 1400.0 182.3
NO, 3.66 —3.54 60.8 62.2 —5554.2 5711.6 227.4

a B in units of 103 esu,up in units of 10 esu, ange in D (=108
esu).” These values should be taken with caution due to a suspiciously
large extra DFT term related @y.”®

were determined (1064 nm), the dynamic hyperpolarizabilities
are anomalously high, indicating a dramatic resonance enhance-
ment.

It is well-known that an increase in theconjugation length
can significantly enhance the quadratic hyperpolarizabilities of
organié6.47.9%-95 and organometallfcchromophores. Increasing
the conjugation length substantially enhances the static and
dynamic second-order NLO responses (Table 5). For instance,
when going from compount to 2, ﬁ?ot is enhanced by factors
of 5.8, 4.2, and 56.1, while the enhancement factorss{t*
are 37.1, 22.4, and 23.3 forRNH>, H, and NQ, respectively.
For comparison, an enhancement by a factor-dfin S %is
measured experimentally when going fr@ara-aminonitroben-
zene to 4,4aminonitrostilbené? When going from compound
2 to compound, 2, is enhanced by factors of 1.4 and 1.8,
while 9% by factors of 3.8 and 4.3, for OH and NO
respectively. Slightly lower enhancements are obtained for
related organic £1.4f% and organometallic ~2)*>97 chro-
mophores.

Similar to most of the derivatives of compougdcompounds
4, 5, and6 (Table 6) are also characterized I, ~ 5, and
by one dominant hyperpolarizability component that lies parallel
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to the CT axis. When the metal center is in a higher oxidation increase as thg-determining CT transition is bathochromically
state (compound4, 5, and6), it is more electron-withdrawing.  shifted; and (iv) hyperpolarizability increases with longer
Thus, the metal centers of compour$, and6 are expected s-conjugation. Thus, the metallastilbenes investigated here can
to induce larger electronic asymmetry along the CT axis with be considered counterparts of classical pyshll stilbene
donor R-groups, and conversely with acceptor R-groups, chromopores. However, metallastilbenes offer a wide range of
compared to compoundad The dipole moment components metals with different oxidation states and ligand environments

along the CT axisuy) of compound? (Lj, L, L3 = PHg) and and, therefore, have more potential for tunable electronic
compound4 are antiparallel. Moreover, for compourg] it properties.
increases, while for compourlit decreases, when going from It was also found that the electron density of the metalla-

donors to acceptors. These trends in dipole moments indicatebenzene ring in the first excited state is highly sensitive to the
that the IrCH(PHs), fragment in4 behaves as an acceptor in  donating/accepting strength of the R-group. We have probed
the ground state. Thg%. values of compound are positive the donor/acceptor nature of Ir, Os, and Pt metallabenzene
for all but the NQ derivative and increase in the order COOH centers by replacing various substituents distant from the metal
< H < OH < NHa suggesting gf-determining LMCT center. It is apparent that the metal centers in compords

transition. For the strong acceptor BMowever, the negative  can act as both a donor or an acceptor inffrgetermining CT

ﬁeec suggests that an MLCT transition dominaf&sAnother excited state, depending on the R-substituent and ligand
interesting observation is that a change in the oxidation state €nvironment. However, it seems that, when the metal is in a
of the iridium center can change the nature offfrgetermining ~ high oxidation state, the metal identity does not have a

transition from an MLCT in compoung (with R = H and Ly, substantial effect on the second-order hyperpolarizability.
L,, L3 = PHg) to an LMCT in compoung} (with R = H). The calculated second-order hyperpolarizabilities of some
Replacing the IrG(PHs), fragment (compound4) with of the metallabenzene derivatives are comparable to those

OsCI(CO)(PH). (compounds) does not change the nature of 0f recently reported organometallic chromophores of compara-
theB-determining CT transitions (i.e., MLCT for R NO, and ble molecular dimensions. For instance, [Ru@N-(4-
LMCT for the rest). Furthermore, both have similar static and acetylphenyl)-4,4bipyridinium)(4-(dimethylamino)pyridine)]-
dynamic hyperpolarizabilities when R NH,, OH, H, and  (PR)sandtrans{Ru(NHs)4(N-(4-acetylphenyl)-4,4bipyridinium)]-
COOH. However, for the strong acceptor jy@ompounds (PFy)s> were measured to hay# = 410 x 107%% and 354x

has a much highg8-value (e.g.8%, = 47.0x 10-30 and 196.0 1_0‘30 esu, respectively. Compour@l with three phosphine

x 10730 esu for compoundé and5, respectively) suggesting  ligands and R= C(CN)=C(CN). is on par with them withp°

that the OsCI(CO)(P), fragment is a weaker acceptor. The = 530 x 107% esu. It should be emphasized that, although
Ux values also support this observation: they are Cons|stent|y metallabenzene derivatives are expected to have lower aromatic

lower for compounds, and when R= NO,, ux is negative, electron delocalization energies than their organic counterparts
indicating that for this substituent the OsCI(CO)@4tenter ~ (and thus to be less thermodynamically and thermally stable),
acts as a donor in the ground state. platinabenzenes, osmabenzenes, and iridabenzenes have been

Theuy values of compoun@ indicate that in the ground state  isolated. Therefore, it is concluded that metallabenzenes may
the PtCp fragment behaves in a similar manner as the OsCI(CO)-Pe suitable building blocks for the design of novel NLO
(PHs), center of compound, that is, as an acceptor for all ~chromophores.

R-groups other than NOHowever, for the Pt chromophofe
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