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The electronic structures, one-photon absorption (OPA), and two-photon absorption (TPA) properties of a
series of ferrocene-based chromophores with TCF-type acceptors £TZ#icyanomethylene-3-cyano-4-
methyl-2,5-dihydrofuran) have been studied by using the ZINISOS method. The results have revealed

that OPA and TPA of ferrocenyl derivatives are affected by the strength of the acceptor, especialyitige
conjugation length. The TPA cross section increases with increasing acceptor strengthradge conjugation

length. The TCF-type acceptor with a phenyl group can lead to a larger TPA cross section. Quadrupole
molecules have the largest TPA cross sections (28000 GM), which are about 4 times that of the
corresponding dipolar molecules, indicating larger interactions between the top and bottom branches. Finally,
the origins of the two-photon excitations for ferrocenyl derivatives are analyzed. The calculations show that
ferrocenyl derivatives with TCF-type acceptors (especially quadrupole molecules) are promising candidates
for TPA materials.

1. Introduction Organometallic compounds are intriguing candidates for
There is significant interest in the development of two-photon nonlinear optical (NLO) materiaf; 33 because (1) these
absorption (TPA) materials because of their potential applica- compounds can have metal-to-ligand (MLCT) or ligand-to-metal
tions such as upconverted lasihg,optical power limiting?® (LMCT) charge-transfer bands, which are often associated with

photodynamic therapyand three-dimensional (3D) microfabrica-  larger optical nonlinearities, in the UWisible region of the
tion 8710 Extensive studies have been conducted, and greatspectrum; (2) coordinating a ligand containing highly polarizable
progress has been made on the relationship between moleculag-electrons to a metallic center having weakly bound valence
structure and TPA cross secti®n?! Some basic structural  electrons (i.e., which is highly polarizable) could, in principle,
motifs have been revealed to be important regarding TPA yield electronic structures that exhibit enhanced optical non-
molecular construction. Molecular structures containing a |inearities; and (3) organometallic subunits, by virtue of the large
zr-center with electron donors or acceptors on the terminal sites nymper of available coordination sites about a metal center,
of the conjugation system are expected to exhibit good TPA could conceivably be incorporated into macroscopic matrixes
response. Particularly, the conjugation lengttglectron center,  hrough a variety of novel attachment schemes. Sandwich-type
e}nd chemical fu_nctional groups at the end of electron conjuga- compounds, like ferrocene, are examples of organometallic
tion are recognized ?fz'ii:rlee important factors for strueture gy stems of potential interest, because they contain aromatic
property optimizatiort:*21%tMuch work has focused on linear ¢y |onentadienyl rings interacting with a metal atom through
quadrupole molecules as potential TPA d¥e¥. Another their r-electron systerms. Second-order and third-order nonlinear

stratﬁgy tor\]/v arg the tf]nh danceiment cz[f 'fI'PA |?§yo,$@?q£§4ea:jfhro_ optical chromophores based on ferrocene are currently attracting
mo dp 0(;e_? ars] een he é,g\ég oEmen 0" mtl.J lora F TPA ant_ a great deal of attentiot=4? Ferrocene derivatives with3 as
or dendritic chromophor where cofiections o active large as 11200x 1078 esu, comparable with the best

subunits extend into two or three dimensions. Pras.ad. gnd Co'all-organic chromophores, have been achiet?edhosal et al.
workers showed that the multibranched structure significantly . . . - . :
investigated nonlinear properties of various aryl and vinyl

increases the TPA cross section in comparison to the ON€ Jerivatives of ferrocene by using the degenerate four-wave
branched counterparté Minhaeng Cho et al. investigated the S s s g he deg
mixing techniqué®* Kanis et al. studied the second-order

TPA properties of a series of octupolar molecules and pointed i tical aBns1-f o th
out that for this kind of molecule the TPA cross section increases "onlinear optical responses @fans-1-ferrocenyl-2-N-meth-
Ipyridinium-4-yl)ethylene iodide andtis-1-ferrocenyl-2-(4-

as the strength of the donor or acceptor increases and the TPA hemvethvi ina ZIND bined with
cross section is linearly proportional to the first hyperpolariz- Mtrophenylethylene using O combined with sum-over-

ability.?° Sahraoui and co-workers measured the third-order States and gave resuilts in accord with experimental vafues.
susceptibilities and TPAs in branched oligothienylenvinylene 1heY pointed out that the molecular second hyperpolarizability
derivatives using a degenerate four-wave mixing technfgue. increases strongly with the length of the conjugateelectron

They demonstrated that the values of third-order susceptibilities SyStéms and intense MLCT transitions dominate the optical

and TPA coefficients$ increase as the number of branches nonlinearity, while the lower-frequency ligand-field-based ex-
increases. citations contribute little. Wright et al. studied second harmonic
. generation of main-chain, side-chain, and guésist polymers

* Corresponding author. Tel+864318499856. Fax:-864318945942. of ferrocenyl chromophored. A second harmonic intensity 4
E-mail: jikangf@yahoo.com. .

T Institute of Theoretical Chemistry. times that ofy-cut quartz crystal was measured. Some ferrocenyl

*Jilin University. complexes have been synthesized by Li et al., and the studied
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results show that these complexes possess larger seconthe terms obtained by the six permutations of the paiti&ds),
hyperpolarizability?° Liao et al. systematically studied a series (w-/u,), and @slus); K, L, and M denote excited states and 0
of NLO chromophores incorporating the ferrocenyl group as the ground stat¢KU[is an electronic wave function with energy
an electron donor and dicyanomethylene-3-cyano-4- methyl- hwk relative to the ground electronic state; is theow, (= X,
2,5-dihydrofuran derivatives as electron acceptors and pointedy, z) component of the dipole operataK |« |LC= K]uo|LO—

out that the first hyperpolarizabilities of ferrocenyl derivatives [0|u|0dk.; the primes on the summation over the electronic
increase with the strengths of acceptors and the conjugationstates indicate exclusion of the ground st&eis the damping
chain length and a linear relation exists between the hyper- factor of excited-state K, and in the present work, all damping
polarizability and the bond length alternatithThough TPA factorsI' are set to 0.14 eV. To compare the calculaiedlue
belongs to a third-order nonlinear optical phenomenon, the with the experimental value measured in solution, the orienta-
reports on TPA properties of ferrocene-containing chromophorestionally averaged (isotropic) value ¢fis evaluated, which is
are rare. In this paper, a series of ferrocenyl derivatives are defined as

designed, and their electronic structures and one- and two-photon

absorption properties are studied. 1 -
P prop U= 1_5 Z(Viijj +y Tvg) Li=xyz 3)
2. Computational Methods .
The TPA process corresponds to simultaneous absorption ofSubstituted the imaginary part of thglvalue into eq 19(w)

two photons. The TPA efficiency of an organic molecule, at that can be compared with the experimental value is obtained.

optical frequencyw/2, can be characterized by the TPA cross ~ Generally, the position and relative strength of the two-photon
sectiond(w). It can be directly related to the imaginary part of '€Sponse are to be predicted using the following simplified form

the second hyperpolarizability(—w; o, @, —o) by ref 45 of the SOS expression (three-state formdfa):

NIOklekn2 + NIOnZA/"On2
(Eox — Eol 2)2F (Eodf Z)ZF

3h 2
a(w)=2n2;‘;€ LY Im[y(—0; 0, —o, 0)] 1)

0

(4)

whereMo, Mo, andMy, denote the transition dipole moments
from states 0 tk, O ton, as well ask to n, respectively;Eo
and Eqn denote the excitation energies from states & t@s
well as 0 ton, respectively; the subscripts B, andn refer to
the ground stat&, the intermediate stat&, and the TPA final
stateS,, respectively; andvuon is the dipole moment difference
betweenS and S..

In principle, any kind of self-consistent-field molecular orbital

wherehw is the energy of the incoming photortsthe speed

of light, andeg the vacuum electric permittivityn denotes the
refractive index of the medium, ardcorresponds to the local-
field factor. In the calculations presented here@ndL are set

to 1 (isolated molecule in a vacuum).

The sum-over-states (SOS) expression to evaluate the com
ponents of the second hyperpolarizabilify;,s can be deduced
using perturbation theory and the density matrix method. By - - . S -
considering a Taylor expansion of energy with respect to the procedure combined with configuration interaction (ClI) can be

applied field, theys.s Cartesian components are given by refs used to calculate the physical values in the above expressions.
4gpand a7 & opro P g y In this paper, the DFT/B3LYP/6-31G method was first used to

calculate molecular equilibrium geometries. Then, the properties

of electronic excited states were obtained by single and double
Vapys(— Wy 01, 0 ) = ﬁ73zP1,z, ZZZ x electronic excitation configuration interaction (SDCI) using the
= \5 ZINDO program’*® For all the molecules studied here, the CI-

(0]t KK [gt5] LT |2, MM 12,5 OC3 active spaces were restricted to the 40 highest occupied and 40

lowest unoccupieck-orbitals for singly excited configuration
and to the 3 highest occupied and 3 lowest unoccupiethitals
for doubly excited configuration. Furthermore, one-photon

+
(wg —ITx/2 = w )w, — T2 — w, — wy)(wy — T2 — wy)
(0] 45 K IIK [1¢,,| L (L 12, [ MM |11, O]

(wg + T2+ 0w, —iT U2 = 0, — wg)(wy — T2 — wy) i absorption (OPA) parameters that are needed to predict TPA
(04| K [IK [zt | L (L. |12 [MCIM| 1| OC) properties were provided. Then, according to the formula (egs
- - - + 1-3), the second hyperpolarizabilities and the TPA cross
(@ TIT2+ o), + T2+ 0, + 0p)(oy — T2 = o) sectionsd(w) have been calculated. The calculated TPA cross
(O]t 5| KK gt [LTIL |2t MM 24| OTI sections of every molecule include the contributions from 300
(g + T2+ 0 )@, + T2+ 0, + o)y + Ty2+ v,) - !owest-lyipg excited states. A chosen b'asis set size of 300 states
(0]t | K CTK ¢4/ OCTO} ¢, | LI 1t O] !ncludgql in both configuration interaction and SOS expansion
ZZ . - - + is sufficient for convergence fa¥(w) of all the molecules (see
(wk —iTx/2 — w,)(0g — T2 =~ w)(0, — T2~ 0y Supporting Information).
[0t | KK |44 OO e, | LI |2 OC]
(0 — ITel2 — 0, + T2+ 0,)(w, —IT/2 - v) * 3. Results and Discussions
(0] 5| KK | 4, | OO e, | LI | 25| O3 . 3.1. Molecular Design and Optimization. The chemical

structures of studied molecules are displayed in Figure 1. The

Fil/2+ Fil/2+ +il /2 +
(@ T2t oo + T2 4 o )o, T2+ 0) )) 2-dicyanomethylene-3-cyano-4-methyl-2,5-dihydrofuran (TCF)-
(2

[D)s45/ KK |t OO}, [LTL 14,00

type acceptors are stronger and possess peculiar charactéfistics,
providing a new strategy to develop better NLO materials and
help us to understand the effects of acceptorsrandnjugated

In this formula,a, 3, v, ando refer to the molecular axesi, chains on NLO of materials. In our paper, the methyl groups in
w2, andws are optical frequencies, ang, = w1 + w, + w3 is TCF are substituted with GFCN, and phenyl (Ph) groups,
the polarization response frequengyP; 2 sindicates a sum over  forming acceptors GJPhTCF, CNPhTCF, and CNCNTCF. The

(wg +iIT/2+ w ), +iT 2+ w)(w, —iT/2— wy)
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Figure 1. Chemical structures of studied molecules.
strengths of these acceptors are in the order of FCEFs- 0 __ _
PhTCF~ CNPhTCF< CNCNTCF. As shown in Figure 1, the ==—_—=__ —
studied molecules can be divided into two groups. One is D 2] TEE . == _

(donor)#t-A (acceptor) type dipolar molecules such Bs7, N
and another is Ae-D-7-A type quadrupole molecules such as 4. —_— T ——=_ LUMO
8—12. The moleculed—4 and8—11 with the ferrocenyl (Fc) ==

group as an electron donor and TCF,sERTCF, CNPhTCF, o HOMO
and CNCNTCF as electron acceptors provide a possibility of
assessing the effects of the strengths of acceptors on the TPA
of a material. To further ascertain the effects of increasing -8+ ——
m-bridge length conjugation on the TPA of a material, the
molecules5—7 and 12 have been built by inserting a vinyl- 123456789 101112

thiophen chain between donor and acceptor groufs-dfand Figure 2. B3LYP/6-31G predicted molecular orbital energy diagram.

8. All the molecular geometries have been calculated with the

hybrid B3LYP functional combined with the 6-31G basis set TCF have the smallest deviations of 622&d 3.89, respec-
using the Gaussian 03program suité® To compare the tively, while molecules4 and 11 with the strongest acceptor
optimized results with the experimental data, the Supporting CNCNTCF have the largest deviations of 17.28d 12.73,
Information collects the selected bond lengths for the ferrocenyl respectively. The other parts in the studied molecules are in
segments in the optimized geometries of the molecll@s5, the same plane except for the substituents appended to the
and 6, as well as the corresponding single-crystal X-ray acceptors.

diffraction data. Our calculated bond lengths are in agreement 3.2. Electronic Structures and One-Photon Absorptions.

with the single-crystal X-ray diffraction data; the maximum error The frontier orbital energies predicted with the B3LYP/6-31G

is smaller than 0.06 A. At the B3LYP/6-31G level, the method are schematically plotted in Figure 2. The energies of
ferrocenyl group in the molecule takes an eclipsed conformation; the highest occupied molecular orbital (HOMO), the lowest
the average FeCing distance is about 2.082 A, the average unoccupied molecular orbital (LUMO), HOMGO- n, and

intra C—C bond length and €C—C angle of cyclopentadienyl LUMO + n(n=1, 2, and 3) are summarized in Table 1. From
(Cp) are 1.437 A and 107.99respectively, which are slightly ~ Figure 2 and Table 1, some characteristics of the electronic
larger than 2.04 A, 1.416 A, and 107.8eported in the structures of ferrocenyl derivatives can be found: (1) As the
literature?® The two Cp rings in the ferrocenyl group are strengths of the acceptors increase (TEFCRPhTCF ~
perfectly planar and nearly parallel. The deviations between the CNPhTCF< CNCNTCF), the HOMO and LUMO energy levels

Cp and the vinyl plane connected to it are in the range-3.89 decrease. (2) With increasing thebridge conjugation length,
12.73; moleculesl and 8 with the relatively weak acceptor the HOMO energies increase and the LUMO energies decrease

E (eV)
L]
(1A
I
1]
LTI
N
i
I 11
I
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TABLE 1: Energies of the Frontier Molecular Orbitals HOMO —

J. Phys. Chem. A, Vol. 110, No. 44, 20062225

nand LUMO +n(n=0,1, 2, and 3}

mol 1 2 3 4 5 6 7 8 9 10 11 12
HOMO-3 —7.149 -7.206 -7.250 -7.445 -6.582 -6.820 —6.814 —6.998 -7.187 -7.673 —7.673 —6.378
HOMO -2 —6.477 -6.630 -6.682 —6.986 —6.035 —6.165 —6.181 —6.955 —7.060 —7.415 -7.415 —6.349
HOMO -1 —6.252 —6.291 -6.338 -6.536 —5.905 —6.038 —6.046 —6.662 —6.767 —7.148 —7.148 —5.993
HOMO —6.085 —6.138 —6.187 —6.378 —-5.645 -5762 -5782 -6.599 —6.725 —7.087 —7.087 —5.894
LUMO —3.244 —-3.474 3518 —3.922 -—-3.424 -3.641 -—-3.650 —3.757 —3.981 —4.489 -—4.489 —3.648
LUMO +1 —-1.184 -1539 -1.818 -—2.408 -—1.903 —2.084 —2.095 —3.526 —3.763 —4.286 —4.286 —3.561
LUMO +2 —0.986 —1.349 -1.428 -1.798 -0.927 -1.231 —1547 -1.731 -1.891 -—-2.799 -—2.799 —2.207
LUMO+3 -0.885 -1.033 -1.105 -1.467 -0.652 —0.978 -1.261 -1.652 —1.820 —2.796 —2.796 —2.017

aUnit: eV.
TABLE 2: OPA Properties for Studied Molecules
lowest energy transition higher energy transition
mol 29 Jnm oscillator strengthf) A9 Jnm oscillator strengthf) Cl coefficient
1 671.7 (6309 0.011 449 5 (424% 0.781 0.88(H—L)
2 678.6 (684 0.011 450.1 (442% 0.831 0.89(H— L)
3 680.4 0.012 448.9 0.831 0.89(H L)
4 695.1 0.020 466.1 0.747 0.87¢(HL)
5 649.0 (664 0.016 524.3 (522% 1.180 —0.94(H—L)
6 653.2 (738%2 0.029 551.4 (562% 1.255 0.93(H—L)
7 654.1 0.028 550.1 1.267 0.93(H L)
8  646.8 0.013 432.2 1.582 —0.39(H-1—L) — 0.55(H-1— L+1) + 0.58(H— L)
9 638.8 0.016 4315 1.652 0.58(H1 — L+1) + 0.61(H—L)
10 640.2 0.014 430.4 1.733 —0.61(H-1—L+1) — 0.62(H—L)
11  661.4 0.016 440.7 1.780 —0.68(H-1— L+1)+ 0.62(H— L)
12 6443 0.031 519.6 2.083 0.36(H —L) — 0.46(H-1— L+1)+ 0.45(H—L)

(from 1to 5, 2to 6, and3 to 7). However, there is an exception
in which the LUMO energy o8 is —3.76 eV smaller than that
of 12(—3.65 eV). (3) In comparison with the dipolar molecules,
the energy levels of HOMO and LUMO for the quadrupole
molecules are lower. (4) The HOME&@.UMO energy gaps
change in the order of (2.84 eV)= 8 (2.84 eV)> 9 (2.74
eV) > 3(2.67 eV)> 2 (2.66 eV)> 10 (2.60 eV)= 11 (2.60
eV) > 4 (2.46 eV)> 12 (2.26 eV)> 5 (2.22 eV)> 7 (2.13
eV) > 6(2.12 eV). Comparing the HOMOLUMO energy gaps
of these molecules, we find that the HOMQUMO energy
gaps reduce as thebridge conjugation length increases, and
the effects of ther-bridge conjugation length on the HOMO
LUMO energy gaps are larger than that of the acceptors. A

+0.57(H— L+1)

449.5 nm forl to 466.1 for4, the higher-energy absorption is
red-shifted by 16.6 nm; from 524.3 nm féito 550.1 nm for7

and from 432.2 nm fo8 to 440.7 nm forl1, the higher-energy
absorptions are red-shifted by 25.8 and 8.5 nm, respectively.
Therefore, as the strengths of acceptors increase from TCP to
CNCNTCEF, the higher-energy absorptions show red shifts-(10
30 nm). When increasing the-bridge conjugation length, the
higher-energy absorptions are red-shifted by-Z80 nm from
1-3and8to 5—7 and12 In comparison witll—3, the higher-
energy absorptions of the quadrupole molec8led1 are blue-
shifted by 1726 nm (449.5, 450.1, 448.9, and 466.1 nm for
1-4;432.2,431.5, 430.4, and 440.7 nm &t 11, respectively)

and the oscillator strengths are increased by about two times.

marked feature of the energy diagram is the large energy gapsas shown in Table 2, the single electron excitation from HOMO

between the LUMO and LUMG- 1 for the dipolar molecules
1-7 as well as between the LUM@ 1 and LUMO + 2 for
the quadrupole molecule§—12. The LUMO-LUMO +
lenergy gaps ofl—4 are in the range 1.512.06 eV, the
LUMO—-LUMO + 1 energy gaps o5 and 6 are about 1.56
eV, and in the quadrupolar molecul@-12, the LUMO—
LUMO + 1 energy gaps decrease to about 0.20 eV.

The OPA spectra of studied molecules have been calculated
by the ZINDO method. The maximum OPA wavelengths
(zga,), the corresponding oscillator strength§, (and the
transition natures are tabulated in Table 2. The theoretical and
experimental dafd for these molecules show two optical
transitions. Note that the ZINDO-derived lowest-energy “transi-
tions” for all structures possess very small oscillator strengths
(0.011-0.031) relative to those of the higher-energy transitions
(0.747-2.083). When the computed optical properties are
compared with those from experiment, it can be seen that the
ZINDO method successfully predicts the intense shorter-
wavelength transitions. Though the ZINDO method less ac-
curately predicts the characteristics of the weak longer-
wavelength optical absorptions, it does not influence the accurate
prediction of the TPA properties of ferrocenyl derivatives,
because the longer-wavelength transitions contribute little to the
NLO properties*%5 It can be found from Table 2 that, from

to LUMO dominates the higher-energy transitions for the dipolar
moleculesl—7, while for the quadrupole molecul®&s-12, the
single electron excitations between HOMO© 1, HOMO,
LUMO, and LUMO + 1 have dominant contributions to the
higher-energy transitions. This can be explained in terms of the
structures of the energy level of molecule. There are far smaller
energy gaps between HOMO and HOMO 1 and between
LUMO and LUMO + 1 in the quadrupole molecul&s-12than

in the dipolar moleculed—7 (see Figure 2). The molecular
orbital can be described as the linear combination of atomic
orbitals (LCAO). Takingl as an example, we will analyze the
nature of the higher-energy absorptions of ferrocenyl derivatives.
Within the zero differential overlap (ZDO) approximation, the
wave functions of HOMO and LUMOW},,,c and ¥} ;o) of

1 are described as follows¥},oy,0 = 0.30D£[3d(x2 — y?)] —
0.300¢2p(2)] — 0.270E[2p(2)], Wiy = ~0510¢2p(2)] +
0.4702[2p(2)] + 0.33D:[2p(2)]. Here, ®,[b] denotes the
wave function of the orbitab in atomA(n). In moleculel, atom

Fe (1) locates in the center of the ferrocenyl group, and C(7)
and C(9) are in the-conjugation bridge, while atoms C(4) and
C(5) locate in the acceptor. Apparently, the higher-energy
absorption ofl comes from the metal-to-ligand transition
(MLCT). For other ferrocenyl derivatives, we can obtain the
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Figure 3. TPA spectra for studied compounds.

same conclusion. Contour surfaces of the frontier orbitals (Imy), and the transition natures are collected in Table 3. We
relevant to OPA are plotted in Figure 2 in the Supporting chose (E)}-CpFef-CsHs)CH=CHGCsHs (A in Table 3) and Fe-
Information. We can clearly find that the HOMOs1r-12 and {n-CsHs—(E)—CH=CH—-4-CsH4,C=CH}, (B in Table 3) as
(HOMO — 1)s in8—12are mainly distributed on the ferrocenyl examples to examine our calculation method. As shown in Table
moiety with some contribution from the-bridge, while the 3, our calculated results are in good agreement with the
LUMOs in 1-12 and (LUMO + 1)s in 8—12 are largely experimental values. The maximum TPA positions i6f4,
localized on the acceptors with some contribution from the 5—7, and8—11are in the ranges 740760, 866-890, and 656
m-bridge. Therefore, the higher-energy absorptions of the 695 nm, respectively. The maximum TPAI# occurs at 792.6
ferrocenyl derivativesl(—12) originate from charge transitions nm. It can be found that the effects of the acceptors on the
from the ferrocenyl moiety to the acceptor moiety (MLCT). maximum TPA wavelengths of ferrocenyl derivatives are
3.2. Two-Photon Absorptions According to the expressions  smaller, while increasing the-bridge conjugation length leads
(egs 2 and 3), the third-order nonlinear susceptibiliffgSof to large red shifts of the maximum TPA wavelengths (220
the studied molecules have been calculated, and then TPA cros440 nm). In comparison with the dipolar molecules, the
sections)(w) have been obtained by using eq 1. The calculated maximum TPA wavelengths of the quadrupole molecules are
results are summarized in Figure 3. The maximum TPA blue-shifted by 6794 nm.
wavelengths A7.,), the maximum TPA cross sectiond(,), The maximum TPA cross sections increase as the strengths
the imaginary parts of third-order nonlinear susceptibilities of the acceptors increase. The maximum TPA cross section of
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TABLE 3: TPA Properties for Studied Molecules

J. Phys. Chem. A, Vol. 110, No. 44, 20062227

mol ArJnm Imy/10-3¢esu Oma/GM ClI coefficient
1 748.6 4114.15 505.87 -0.32(H2—L+12)— 0.56(H-1—L) + 0.34(H-1—L+13)
2 742.6 4819.35 605.55 —0.33(H-3—L) — 0.50(H-2— L) — 0.34(H-1—L)
900.2 2643.98 225.65 0.89(H L)
3 743.4 5084.19 634.25 0.33¢8—L) + 0.50(H-2— L) — 0.34(H-1—L)
897.8 2618.77 225.45 0.89(H L)
4 760.6 4507.35 538.25 0.33¢8—L) — 0.53(H-2— L) + 0.35(H-2— L +18)
932.2 4280.81 340.32 0.87(H L)
5 868.4 7010.88 640.77 0.55¢H — L) + 0.38(H— L+1) — 0.49(H,H—L,L)
6 885.2 7960.59 703.28 —0.36(H-3—L) — 0.49(H-1—L) — 0.40(H— L+1) — 0.51(H,H—L,L)
7 878.2 8589.70 771.91 —0.36(H-3—L) + 0.50(H-1— L) + 0.39(H— L+1) — 0.50(H,H— L,L)
8 654.8 15021.47 2421.93 —0.55(H-3—L+1)
9 665 15516.52 2423.11 0.34(t5 — L+1) + 0.53(H-3 — L+1)
10 671.6 16660.67 2551.78 0.454,H—L,L+1) — 0.39(H,H—L,L) + 0.34(H,H— L+1,L+1)
11 693.0 14334.86 2055.16 0.56(13 — L+1)
12 792.6 27000.75 2968.51 —0.47(H-3—L) —0.34(H-1—L+2)
A 615.4 (6023 109.34 (105.3f 19.93 —0.72(H-2— L)+ 0.44(H— L)
B 801.6 (800 126.27 (1603 13.56 (50§  —0.41(H-2— L+13)+ 0.36(H-2— L+14)

TABLE 4: Linear Optical Parameters for the Maximum TPAs for Studied Molecules

Mox(X) Min(X) Mon(x) Aun(X) Eox Eon [Mok(})Min(X)1%/(Eox — Eon/2)T
mol (Debye) (Debye) (Debye) (Debye) (eV) (eV) + [Mon(X) Azton(X)] % (Eon/2)7T
1 8.33 5.62 1.73 5.29 2.76 3.31 13137.98 (505.87)
2 8.46 6.58 1.18 5.73 2.75 3.34 18946.70 (605.55)
3 8.60 6.75 1.22 5.62 2.76 3.33 20234.12 (634.25)
4 8.43 5.74 0.04 4.69 2.66 3.26 15826.44 (538.25)
5 10.96 4.77 1.22 0.93 2.36 2.85 22248.38 (640.77)
6 12.05 4.23 1.48 1.69 2.25 2.80 25864.24 (703.28)
7 12.13 4.40 1.53 1.74 2.25 2.82 28828.06 (771.91)
8 11.33 7.62 0.04 3.32 2.87 3.79 56087.56 (2421.93)
9 11.18 7.39 1.20 3.30 2.87 3.73 47956.72 (2423.11)
10 11.79 1.68 0.21 2.15 2.88 3.69 2622.08 (2551.78)
11 12.41 5.48 0.50 5.59 2.81 3.58 31504.30 (2055.16)
12 14.37 1.28 0.01 1.56 2.38 3.13 3584.76 (2968.51)

ax denotes the molecular long axfsThe values in parentheses are the maximum TPA cross sections.

1is 505.87 GM (1 GM= 10750 ¢ s/photon). As the TCF in 800+ 7
1 is substituted with CEPhTCF or CNPhTCF, the maximum B
TPA cross sections d and 3 increase by 100 and 128 GM — 750
(605.55 GM for2 and 634.25 GM for3), respectively. The g ,/'
maximum TPA cross section &f is reduced to 538.25 GM ° 700+ "8

when the CNCNTCF substitutes for the #RTCF in2 or = ,,/

CNPhTCF in3. The reason for the reduction is the decrease of 2 650+ 3 .

the couplings between electronic states caused by replacemenvm / 5

of phenyl group. Increasing the-bridge conjugation length E 600 >

leads to enhancement in the maximum TPA cross sections. Theg

maximum TPA cross section d increases by 134.9 GM o 550+ /.

relative tol (640.77 GM vs 505.87 GM, respectively). On going = 11 4

from 2 to 6, the maximum TPA cross section increases by 97.7 «@ 5009 _*

GM (605.55 GM vs 703.28 GM, respectively). The maximum 15000 20000 25000 30000

TPA cross section of increases by 134.8 GM relative ®

(771.91 GM vs 634.25 GM, respectively). Among studied

molecules, the quadrupole molecules have the largest TPA cross... . ) ) N

sections (2421.93, 2423.11, 2551.78, 2055.16, and 2968.51 GMSFZ)'Q’#]rT['MF:EL?AIZ?ns(r;;?z/tffémeze)?ﬁaﬁc;”‘i_"\’;‘?k(x)Mk”(x)] (B = Eal

for 8—12, respectively), which are about 4 times the values of

the corresponding dipolar molecules, indicating the stronger the two sides of the straight line. (2) The increase in transition

interactions between the top and bottom branches. dipole moments between the ground states and the intermediate
According to eq 4, the linear optical parameters for the states and the increase in transition dipole moments between

maximum TPAs of the studied molecules are summarized in the intermediate states and the final states are main reason for

Table 4. The relationship betweeémax and Mok(X)Mgn(X)]% enhancement of the maximum TPA cross sections ftam4

[(Eok — Eon/2)T] + [Mon(X)Auon()1X[(Eon/2)T] for 1-7 is to 2to 3 and from6 to 7. The CRPhTCF and CNPhTCF with

plotted in Figure 4. From Table 4 and Figure 4, some important a phenyl group cause larger transition dipole moments than

conclusions can be drawn: (1) For the dipolar molecules, the stronger acceptor CNCNTCF. On going fr&to 6, the increase

charge transfers mainly occur on tkexis (the molecular long  of the maximum TPA cross sections is ascribed to a reduction

axis), and the positions and relative strengths of the maximum of the energy tuning termBp — Eon/2) (0.87 eV vs 0.72 eV,

TPAs can be predicted with the three-state formula. As shown respectively). (3) The increase of thebridge conjugation length

in Figure 4, the calculated points are averagely distributed on leads to enhancement of transition dipole moments between the

M, ()M, (X)1/I(E,,-E,, /2)'TI+[M, (x)Au, (I/I(E, /2)'T]
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Figure 5. Contour surfaces of the frontier orbitals relevant to TPAs7ot0, and12.

ground states and the intermediate states and reduction of thdatter has some contribution from-bridge, while the LUMO
energy tuning termKo — Eoy/2), enhancing the TPA cross s largely located on the acceptor with some contribution from
sections of ferrocenyl derivatives. (4) Analyzing the values of z-bridge. Thus, the TP excitation @fmainly concentrates on
Omax and Mo(X)Min(X)]4[(Eok — Eon/2)?T] + [Mon(X) Apon(X)]?/ the donor (ferrocenyl) moiety to the acceptor (CNPhTCF) part.
[(Eon/2)T], we can find that the TPAs for the quadrupole The maximum TPA ofl0 comes from the double electronic
molecules8—12 do not satisfy the three-state formula, possibly excitations from HOMO- 1 and HOMO to LUMO and LUMO
due to stronger interactions between the top and bottom + 1, HOMO to LUMO and HOMO to LUMO+ 1. In the case
branches. From Table 1 in the Supporting Information, we find of 10, the HOMO — 1 and HOMO are mainly distributed on
that the third-order nonlinear susceptibilities1df and 12 are the ferrocenyl moiety, and the former has many contributions
dominated by three and six chann&lsespectively. In addition,  from the top branch and the latter has some contribution from
these molecules are not perfectly linear, and transition dipole the bottom branch, while the LUMO and LUM® 1 are largely

moments have larger components on yhexis. For example, located on the acceptor moiety with some contribution from
the values oMos(y) for 8—12 are—3.85, 4.63, 3.94, 3.29, and  thex-bridge. Apparently, the TP excitation @ mainly focuses
4.37 D, respectively. on the donor (ferrocenyl) moiety to the acceptor (CNPhTCF)

Because many applications are related to two-photon (TP) moiety. Forl2, the maximum TPA roots in the single electronic
excitation, we take7, 10, and12 as examples to analyze the excitations from HOMO— 3 to LUMO and HOMO— 1 to
origins of TP of ferrocenyl derivatives in this paragraph. The LUMO + 2. In12, the HOMO— 3 and HOMO— 1 are mainly
contours of the frontier molecular orbitals relevant to the distributed on the ferrocenyl moiety, and the latter has some
maximum TPAs of7, 10, and12 are plotted in Figure 5. From  contribution from thez-bridge; the LUMO is largely located
Table 3, we can find that the maximum TPA @fmainly on the acceptor part with some contribution from thbridge,
originates from the single electronic excitation from HOMO and the LUMO+ 2 is mainly distributed on the-bridge. Thus,

1 to LUMO and the double electronic excitation from HOMO the TP excitation ofLl2 mainly concentrates on the ferrocenyl
to LUMO. As shown in Figure 5, ir¥, the HOMO — 1 and moiety to the top and bottom two branches. By the analysis of
HOMO are mainly distributed on the ferrocenyl moiety and the origins of the TP excitations for other ferrocenyl derivatives,
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we can obtain the same conclusion that the TP excitations of  (5) He, G. S.; Bhawalkar, J. D.; Zhao, C.-F.; Prasad, FPAppl. Phys.

ot ) _ Lett. 1995 67, 2433.
ferrocenyl derivatives mainly concentrate on the donor (ferro (6) Ehrlich, J. B Wu, X-L: Lee, I-Y. S.: Hu, Z.-Y. Rakel, H.:
cenyl) moiety to the acceptor part. In other words, the TP Marder, S. R.; Perry, J. WOpt. Lett. 1997, 22, 1843.

excitations of ferrocenyl derivatives originate from the metal- (7) Bhawalkar, J. D.; Kumar, N. D.; Zhao, C.-F.; Prasad, PJ.\Clin.
to-ligand transitions (MLCT). Laser Med. Surg1997 15, 201. _

(8) Denk, M.; Strickler, J. H.; Webb, W. WSciencel99Q 248, 73.
4. Conclusion (9) Xu, C. M.; Webb, W. WOpt. Lett.1995 20, 2532.

(10) Wu, E. S.; Stricker, J. H.; Harrell, W. R.; Webb, W. BPIE Proc.
In this paper, the electronic structures and one- and two- 193121)1(5;4 776. R He G S- van L X- Xu E M- P .
: : : : ; annan, R.; Re, .o, Yan, L. X XU, F. ., Prasas, P. N.;
phOton absorption properties of a series of ferrocenyl der!vatlve_s Dombroskie, A. G.; Reinhardt, B. A.; Baur, J. W.; Vaia, R. A,; Tan, L. S.
with TCF-type acceptors have been studied. First, their equi- chem. Mater2001, 13, 1896.
librium geometries are optimized at the B3LYP/6-31G level.  (12) Reinhardt, B. A.; Brott, L. L.; Clarson, S.J.Chem. Mater199§
; : i~10, 1863.
Then, on thedbﬁs%ggthe Correitid ?eomem?s& the ?leCtaomc (13) Rumi, M.; Ehrlich, J. E.; Heikal, A. A.; Perry, J. W.; Barlow, S.;
structures a_m the spectra of the ferrocenyl derivatives aveyy, zv.; McCord-Maughon, D.; Parker, T. C.; Rockel, H.; Thayumanavan,
been obtained. Though the ZINDO method less accurately s.; Marder, S. R.; Beljonne, D.; Breads, JJLAmM. Chem. So€00Q 122,
predicts the characteristics of the weak longer-wavelength 95((3&) Kim. O, K- Lee. K. S Woo. H. Y. Kim. K. S He. G. S
H H ; ; H m, . K. Lee, K. o5, 00, A. Y., KIm, K. S.; Rhe, .o,
opt|c:_;1I_ absorptions, it reproduces the intense hlgher-energySwiatkiewicz, 3 Prasad. P. Kthem. Mater200Q 12, 284.
transitions (MLCT). The results show that the higher-energy  (15) Albota, M.; Beljonne, D.; Bredas, J. L.; Ehrlich, J. E.; Fu, J. Y.;
absorptions are red-shifted as the strengths of acceptors and theleikal, A. A.; Perry, J. W.; Rockel, H.; Rumi, M.; Subramaniam, C.; Webb,
_bri ; ; ; ; _ _W. W.; Wu, I. L.,; Xu, C.Sciencel998 281, 1653.
? brldgfet(lf]onJUQaélon Ielngth Ilncrelase' Thilhlghehr_ftenderg)ll {:tl_bSO{p (16) Kannan, R.; He, G. S; Lin, T. C.; Prasad, P. N.; Vaia, R. A.; Tan,
ions of the quadrupole molecules are blue-shifted relative t0 | 5 Chem. Mater2004 16, 185.
the dipolar molecules, and the absorption intensities are (17) Chung, S. J.; Kim, K. S.; Lin, T. C.; He, G. S.; Swiatkiewicz, J.;
increased by about one time. The TPA properties of the Prasad, P. NJ. Phys. Chem. B999 103 10741. _ _
ferrocenyl derivatives have been calculated by using ZINDO (18) Yan, Y. X Tao, X. T.; Sun, Y. H.; Wang, C. K.; Xu, G. B.; Yang,
. ’ J. X.; Ren, Y.; Zhao, X.; Wu, Y. Z.; Yu, X. O.; Jang, M. H. Mater.
SOS method. The maximum TPA cross sections of the ferro- chem.2004 14, 2995.
cenyl derivatives increase with increasing strengths of the (19) Varnavski, O.; Samuel, I. D. W.; Palsson, L. O.; Beavington, R.;
acceptors and the-bridge conjugation length. Particularly, the Bung)P-K E’ééfo?qsé)&jofafhgmmicgiogz- ét?r fs\]%\)v- Varder. S. R
TCF-type acceptor with a phenyl group can lead to the larger gregas, 3.1 Chem. Phys. Let998 298 1. B T
TPA cross section. The maximum TPA cross sections of the  (21) Bartkowiak, W.; Zaleceny, R.; LeszczynskiGhem. Phys2003
guadrupole molecules are about 4 times those of the dipolar287 103. _
molecules, indicating the stronger interactions between the top ,,(22) Barzoukas, M.; Blachard-Desce, M.Chem. Phys. 2000 113
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molecules8—12 do not satisfy the three-state formula, and the  (24) Zyss, J.; Ledoux, IChem. Re. 1994 94, 77.
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At ; _ 2001, 26, 1081.
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type acceptors have large TPA cross sections (28000 GM) 97, 5607.
and have good transparency (intense absorptions at 320 (29) Lee, W.-H.; Lee, H.; Kim, J.-A.; Choi, J.-H.; Cho, M.; Jeon, S.-J.;

nm); thus, they are promising candidates for TPA materials. Cho, B. R.J. Am. Chem. So@001, 123 10658. , _
(30) Fuks-Janczarek, I.; Nunzi, J. M.; Sahraoui, B.; Kityk, I. V;

. i . Berdowski, J.; Caminade, A. M.; Majoral, J. P.; Martineau, A. C.; Frere,
Acknowledgment. This work is supported by the National  p.; Roncali, JOpt. Commun2002 209, 461.

Nature Science Foundation of China and the Key Laboratory (31) Liu, X.-J.; Feng, J.-K.; Ren, A. M.; Cheng, H.; Zhou, X.Chem.

for Supramolecular Structure and Materials of Jilin University. Ph{;éioggé%%l&%gﬁgury 0. Boze, H. L. Ledoux, L Zyss,Z.Am

. . . _ . Chem. So0c2002 124, 4560.
Supporting Information Available: Cartesian coordinates (33) Das, S.; Nag, A.; Goswami, D.; Bharadwaj, P. KX Am. Chem.

for all the optimized geometries fdr—12, A, andB; selected 50C3-200§ 128 _40G2-_ ‘s ' b Phvs. Ch

bond lengths for the ferrocenyl group in the optimized geom- 195904%)4 S G- Marek, S.; Paras, N. P.; Joseph, J. Phys. Chem.
etries forl, 2, 5, and6, as well as available single-crystal X-ray (35) Kanis, D. R.: Ratner, M. A.: Marks, T. J. Am. Chem. S0d.992
diffraction data; choice of the number of state basis included 114 10338.

in both the configuration interaction and the SOS expansion; w(is)Argagﬁgen?eé% a(s:;'s;a f?f§9%2L27T-? Green, J. C.; Marder, S. R.; Tam,
contour surfaces of the frontier orbitals relevant to OPA and (37 Bajavoine, G. G. A.; Daran, J.-C.; lftime, G.; Lacroix, P. G.;
TPA; transition dipole moments between main electronic states Manoury, E.; Delaire, J. A.; Maltey-Fanton, |.; Nakatani, K.; Di Bella, S.
at ZINDO/SDCI level; and main channels for the third-order Organometallics1999 18, 21.

molecular polarizabilites fol—12. This material is available 93518) Matsuzawa, N.; Seto, J.; Dixon, D. A.Phys. Chem. A997 101

free of charge via the Internet at http:/pubs.acs.org. (39) Kondo, T.; Horiuchi, S.; Yagi, I.; Ye, S.; Uosaki, . Am. Chem.
Soc.1999 121, 391.

References and Notes (40) Li, G.; Song, Y.; Hou, H.; Li, L.; Fan, Y.; Zhu, Y.; Meng, X.; Mi,

L. Inorg. Chem.2003 42, 913.

(1) Bhawalkar, J. D.; He, G. S.; Prasad, P.Rép. Prog. Phys1996 (41) Barlow, S.; Bunting, H. E.; Ringham, C.; Green, J. C.; Bublitz, G.

59, 1041. U.; Boxer, S. G.; Perry, J. W.; Marder, S. R.Am. Chem. S0d.999 121,
(2) He, G. S.; Zhao, C.-F.; Bhawalkar, J. D.; Prasad, PAppl. Phys. 3715.
Lett. 1995 67, 3703. (42) Liao, Y.; Eichinger, B. E.; Firestone, K. A.; Haller, M.; Luo, J.;
(3) Zhao, C.-F.; He, G. S.; Bhawalkar, J. D.; Park, C. K.; Prasad, P. Kaminsky, W.; Benedict, J. B.; Reid, P. J.; Jen, A. K.-Y.; Dalton, L. R;;
N. Chem. Mater1995 7, 1979. Robinson, B. HJ. Am. Chem. So005 127, 2758.

(4) Fleitz, P. A,; Sutherland, R. A.; Stroghendl, F. P.; Larson, F. P; (43) Alain, V.; Blanchard-Desce, M.; Chen, C.; Marder, S. R.; Fort,
Dalton, L. R.SPIE Proc.1998 3472 91. A.; Barzoukas, MSynth. Met1996 81, 133.



12230 J. Phys. Chem. A, Vol. 110, No. 44, 2006

(44) Wright, M. E.; Toplikar, E. G.; Lackritz, H. S.; Kerney, J. T.
Macromoleculesl994 27, 3016.

(45) Caylor, C. L.; Dobrianow, |.; Kimmr, C.; Thome, R. E.; Zipfel,
W.; Webb, W. W.Phys. Re. E 1999 59, 3831.

(46) Orr, B. J.; Ward, J. AMol. Phys.1971, 20, 513.

(47) Dick, B.; Hochstrasser, R. M.; Trommsdorff, H. P.Nwonlinear
Optical Properties of Organic Molecules and Crystahemla, D. S., Zyss,

J., Eds.; Academic: Orlando, 1987.

(48) Beljonne, D.; Wenseleers, W.; Zojer, E.; Shuai, Z.; Vogel, H.; Pond,
S. J. K,; Perry, J. W.; Marder, S. R.; Ri@s, J.-LAdv. Funct. Mater.2002
12, 631.

(49) Anderson, W. P.; Edwards, W. D.; Zerner, M. l@org. Chem.
1986 25, 2728.

(50) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V,;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;

Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;

Zhang et al.

Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J,;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A,;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian

03, revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

(51) Stephanie, K. H.; Mark, G. H.; Joseph, P. M.; Marie, P. C.; Marek,
S.; Barry, L.-D.; Graham, A. H.; Anthony, C. W.. Organomet. Chem.
2003 670, 56.

(52) Beljonne, D.; Cornil, J.; Shuai, Z.; Btes, J. L.; Rohlfing, F.;
Bradley, D. D. C.; Torruellas, W. E.; Ricci, V.; Stegeman, GJ.IChem.
Phys.1997, 55, 1505.



