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Two-photon absorption properties of a series of donor-acceptor chromophores of tetraalkylammonium halide/
carbon tetrabromide ([NR4h‚CBr4], h ) Cl, Br, I; R ) Me, Et, Pr) complexes are investigated in terms of the
calculated results by the time-dependent density functional theory (TDDFT) technique combined with the
sum-over-states (SOS) method. The modeling two-photon absorption spectra show that these charge-transfer
complexes have large two-photon absorption (TPA) cross sections and the [NEt4I‚CBr4] has the largest TPA
cross sectionδ with the value of 5.0× 10-45 cm4 s photon-1. The maximum values ofδ increase with
increasing separations between the donor/acceptor in the order Cl‚‚‚Br < Br‚‚‚Br < I‚‚‚Br for [NEt4h‚CBr4]
complexes; however, the TPA cross sectionsδ vary slightly as the size of the alkyl group increases from
methyl to propyl for the bromide as a donor, and the maximum wavelength of the TPA peakλmax indicates
a bathochromic shift. The charge transfers from the halide anion to the carbon tetrabromide make a significant
contribution to the excited states, and the donor-acceptor charge transfer plays an important role in the TPA
activity, whereas changes in size of alkyl group do not make a substantial contribution to TPA.

1. Introduction

Over the past few years, the two-photon absorption (TPA)
process has gained the subject1-6 of fast-growing interest in
fields such as chemistry, photonics, and biological imaging, due
to a number of potential applications including optical power
limitation,7,8 two-photon laser scanning microscopy,9-11 deep
tissue-penetrating photodynamic therapy,12 three-dimensional
micro- and nanofabrication,13-15 and high-density optical data
storage.16,17These applications are primarily based on accessing
higher energy excited states using relatively low-energy laser
sources. The potential applications have inspired a broad quest
searching for functional chromophores with large TPA cross
sections18-21 and has stimulated research on the design, syn-
thesis, and characterization of new molecules with large two-
photon absorptivities.22,23

TPA is defined as the electronic excitation of a molecule or
material induced by a simultaneous absorption of two photons
of the same or different energies, which is one of the first
nonlinear processes to be observed experimentally, shortly after
the advent of lasers.24 When a material instantaneously absorbs
two lower energy photons than needed for one-photon (a linear)
absorption, the two photons of longer wavelength are simulta-
neously absorbed by a chromophore, and the latter would nor-
mally be excited by a single photon with a shorter wavelength.
TPA materials provide an advantage by excitation in the lower
energy near-IR region resulting in the inherent higher energy
photophysical properties of the chromophore. TPA prevents the
damage of material as a result of a higher energy photon.25

A variety of two-photon chromophores including quasi-linear
quadrupolar molecules symmetrically substituted with donor (D)
and/or acceptor (A) groups (of the type D-π-D, A-π-A,
D-A-D, and A-D-A) incorporating a variety of conjugated
bridges,18,22,23,26,27bifluorene and polyfluorene systems,28 various

dipolar conjugated D-A molecules,18 multibranched com-
pounds,29,30dendrimers,31 and organometallic complexes32 have
been synthesized and their structure-property relationships
established. These studies reveal that the molecular structure
has a significant influence on the TPA cross section of the
molecules and the charge transfer effectively enhances the two-
photon absorptivity.23 Consequently, there is a great requirement
to further understand the structure-property relationships
regarding excited-state dynamics (transition moments, electronic
coupling between levels, molecule interactions). The develop-
ment can benefit the design of materials increasing the TPA
cross section of molecules and tuning the position of the TPA
peak. Carbon tetrabromide (CBr4) as a prototypical electron
acceptor forms intermolecular complexes with one-dimensional
donors,33,34 for which the charge-transfer nature has been
revealed in a series of physical-chemical studies.35,36 Kochi
and co-workers34 studied the electronic coupling and charge-
transfer nature of a series of electronically coupled donor/
acceptor diamondoid networks formed by carbon tetrabromide
and electron-rich halide anions (chloride, bromide, and iodide).
They indicated that these diamondoid charge-transfer associates
possess unusual nonlinear optical properties. To understand the
influence of charge transfers upon TPA, we will aim to theo-
retically investigate the excitation-state properties of halide salts
and carbon tetrabromide electron-donor/acceptor dyads and
discuss the TPA properties of these complexes.

2. Computational Procedures

The frequency-dependent third-order polarizabilities and two-
photon absorption cross sectionδ(ω) were calculated by em-
ployingthetime-dependentdensityfunctionaltheory(TDDFT),37-39

using the Gaussian 03 package and the B3LYP functional
combined with the sum-over-states (SOS) method.40,41Standard
basis sets 6-31+G** were chosen to describe C, H, and N atoms.
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The 3-21G** basis set was used for the halogen atoms. The
treatment of electron-electron interactions (EEI) is included
in a natural way in the TDDFT calculations.42 The validity that
the TDDFT/B3LYP method is employed to compute excitation
energy and frequency-dependent response functions ofγ was
described in refs 43 and 44.

The two-photon absorption coefficient (â) can be shown to
be proportional to the imaginary part of the third-order
susceptibility tensor. Thus, the molecular two-photon absorption
cross sectionδ(ω) can be characterized by the imaginary part
of the molecular third-order nonlinear polarizability, defined at
the absorption frequency ofω, Im γ(-ω;ω,ω,-ω),45 through
the following equation:

where p is Planck’s constant divided by 2π, n denotes the
refractive index of the medium (vacuum assumed for the cal-
culations),L corresponds to the local-field factor (equal to 1
for vacuum), andc is the speed of light. By the relation ofω )
2πc/λ, eq 1a is simply described by

Here,λ is wavelength. The unit ofδ(ω) will be cm4 s photon-1,
if cgs units are used forp and λ, and esu is the unit for
γ(-ω;ω,ω,-ω). Noted hereγ (esu)) γ (cm6 erg-1). We calcu-
late Imγ(-ω;ω,ω,-ω) using the sum-over-states (refs 40 and
41) expression. The SOS formula can be divided into two terms
of summations, as shown in ref 46; the first summation involves
the two-photon allowed states, and the second summation
involves one-photon allowed states. Because the calculations
of δ(ω) only involve the two-photon states, the third-order
polarizability of two-photon resonance enhancement in degener-
ate four-wave mixings leaves behind only the first term and
can be written as

Then, we take out the imaginary part of this formula, and the
orientational average, which is

In eq 2, the state|j〉 is a two-photon resonance state and the
transition energy of this state satisfied the conditionωjo - 2ω
) 0. Γjo is a damping factor (line half-width broadening) directly
related to the total dephasing rate of the various excited states,
and which is assumed a constant parameter ofpΓ ) 0.01 eV in
our work. Here, in the calculations of third-order nonlinear
optical properties, we are only concerned about contributions
from electric dipole transitions because they are the most intense
as compared with vibrational and rotational transitions.47 In the
following discussions, we will only give systematic comparisons
of third-order nonlinear optical properties among the studied
species and omit vibration and rotation contributions to polar-
izabilities or hyperpolarizabilities. The self-consistent field
convergence criterions are set by the default values of the
GAUSSIAN 03 program in the excited-state calculations. The
core orbitals are frozen in the correlation calculations. The

iterations of excited states are continued until the changes on
energies of states are no more than 10-7 au between the itera-
tions, and the convergence has been reached in all the calcula-
tions of excited states. In the calculation ofγ, we use only about
50 excited states in the summations of SOS expansion and the
convergence ofγ has been reached well.

3. Results and Discussion

Donor-acceptor molecules constitute an important class of
NLO chromophores. Key properties include large nonresonant
hyperpolarizabilities arising from intermolecular donor to ac-
ceptor charge-transfer excitation. Figure 1 shows the structures
of the molecules considered in this work. These complexes with
carbon tetrabromide serve as electron acceptors and tetraalkyl-
ammonium halides serve as electron donors with the halide
being chloride, bromide, and iodide, and the organic building
element of progressively different sizes (alkyl) Me, Et, and
Pr) form two series of donor/acceptor dyads with the structure
character of an intermolecular [Br3CBr‚‚‚halide] association
interaction.

Our calculation results of frequency-dependent TPA cross
sectionsδ(ω) of investigated compounds are plotted in Fig-
ure 2. The TPA cross sectionsδ(ω) are calculated at wave-
lengths ranging from 400 to 1000 nm, and there is only one
strong absorption peak that appears around 600 nm for all the
considered species. Consequently, Figure 2 only gives wave-
lengths ranging from 450 to 750 nm in the absorption region,
which represents a highlight of photophysical behavior. We list
the values of the imaginary part of the second hyperpolarizability
Im γ at the maximum absorption peak positionλmax for five
complexes in Table 1. As shown, the charge-transfer complexes
[NR4h‚CBr4] (h ) Cl, Br, I; R ) Me, Et, Pr) of halide as the
electron donor and carbon tetrabromide as the acceptor have
large TPA cross sections and [NEt4I‚CBr4] has the largestδ
among them, the value of which reaches about 5.0× 10-45

cm4 s photon-1. In the following, we will consider two series
of charge-transfer complexes to monitor the structure-property
relationship arising from (a) the nature of the halide donor and
(b) the size of the tetraalkylammonium and discuss the behavior
of two-photon resonant absorption.

For [NEt4h,CBr4] (h ) Cl, Br, and I), the maximum values
of the two-photon resonant absorption cross sectionδ increase
with the increasing radii of the halide anions in the order of

Figure 1. Chemical structure of electron donating-election accepting
[NR4h‚CBr4], (h ) Cl, Br, I; R ) Me, Et, Pr).

δ(ω) ) 8π2pω2/(n2c2)L4 Im γ(-ω;ω,ω,-ω) (1a)

δ(ω) ) 32π4p/(n2λ2)L4 Im γ(-ω;ω,ω,-ω) (1b)

γabcd(-ω;ω,ω,-ω) ) 3/4(2π/h)3e4∑ j′(ωjo - 2ω - iΓjo)-1

[∑k′ (〈o|ra|k〉〈k|r/b| j 〉 + 〈o|rb|k〉〈k|r/a| j 〉)/(ωko - ω)

∑ i′(〈 j |r/c|i〉〈i|rd|o〉 + 〈 j |r/d|i〉〈i|rc|o〉)/(ωio - ω)] (2)

〈Im γ〉 ) 1/5(Im γxxxx+ Im γyyyy+ Im γzzzz+ Im γxxyy+
Im γxxzz+ Im γyyxx+ Im γyyzz+ Im γzzxx+ Im γzzyy) (3)
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Cl- < Br- < I-. In fact, this finding also indicates that the
two-photon absorptionsδ increase with the increasing separate
RDA between the donor and acceptor. Table 1 lists the distances
RDA between the donor (h) and acceptor (Br in CBr4). It is found
that when the halogen donor varies from Cl to Br to I, the
distance of the h‚‚‚Br is 3.09, 3.15 and 3.30 Å, and the
corresponding maximum TPA cross sectionδ is 2.376× 10-46,
8.059 × 10-46, and 50.408× 10-46 cm4 s photon-1 for the
NEt4h‚CBr4 complexes, respectively. Meanwhile, theδ values
do not vary substantially for different sizes of alkyl groups
(NMe4Br‚CBr4 and NPr4Br‚CBr4) despite different values of
RDA resulting from alkyl group space arrangements. Theδ of

[NEt4I‚CBr4] is 1 order of magnitude larger than the two others,
and it is about 20 timesδ for the h) Cl complex, as shown in
Table 1. The largestδ value is localized at 520-550 nm, and
the maximum TPA peakλmax shows a bathochromic shift with
increasing atomic order number of the halogen. For [NR4Br,-
CBr4] (R ) Me, Et, and Pr), when the size of the alkyl group
increases, theδ values are 11× 104, 8 × 104, and 14× 104

GM (1 GM ) 10-50 cm4 s photon-1) at wavelengths of 690,
538, and 597 nm, respectively. The TPA cross sections vary
slightly as compared with those for [NEt4h,CBr4] (h ) Cl, Br,
and I). Overall, for the investigated complexes [NR4h‚CBr4] (h
) Cl, Br, I; R ) Me, Et, Pr), the halide as the electron donor
plays an important role for TPA activity (it has a strong influence
on the TPA cross sections and the largest TPA cross sections
increase with the donor strength), whereas changes in the size
of the alkyl group make a small contribution. In Lindeman’s
work, they pointed out that the charge-transfer nature of (CBr4,
halide) complexes represents a factor potentially favorable for
high second-order hyperpolarizability and the tetraalkylammo-
nium counterions lead to optimal support of the diamondoid
network of CBr4 and halide by stabilizing the cavity void.34

Our results are clearly consistent with their reports.
Furthermore, we will search the originations of large TPA

cross sectionsδ(ω) in the considered complexes. From eq 1a, we
can see that theδ(ω) value only depends on the imaginary part

Figure 2. Calculated two-photon absorption cross section of [NR4h,CBr4] (h ) Cl, Br, and I; R) Me, Et, and Pr) based on TDDFT at the
B3LYP/6-31+G** level combined with SOS method.

TABLE 1: Calculated Wavelengths of Maximum
Two-Photon Absorption Positionsλ, Cross Sections
δ (10-46 cm4 s photon-1) and Imaginary Part of the Second
Hyperpolarizabilities Im γ(-ω;ω,ω,-ω) (10-31 esu) of
[NR4h‚CBr4] (h ) Cl, Br, and I; R ) Me, Et, and Pr)
at TDB3LYP/6-31+G** Model

compound λmax (nm) Im γ δ RDA (Å)a

NEt4Cl‚CBr4 523.6 1.981 2.376 3.09
NEt4Br‚CBr4 537.6 7.086 8.059 3.15
NEt4I‚CBr4 549.5 46.29 50.408 3.30
NMe4Br‚CBr4 689.7 17.210 11.895 3.33
NPr4Br‚CBr4 597.4 15.475 14.255 3.19

a RDA is the separation between the donor/acceptor as the distance
of halide‚‚‚Br.
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of the second hyperpolarizability, Imγ(-ω;ω,ω,-ω), whereas
the input frequency is given at the vacuum medium. Accord-
ingly, the two-photon states contributing to Imγ(-ω;ω,ω,-
ω) shown in eq 2, also contribute toδ(ω) value. Figure 3
presents the plots of Imγ(-ω;ω,ω,-ω) values vs two-photon
states at the characteristic wavelength (resonant wavelength).
It is shown that the TPA cross sections are mostly contributed
from one two-photon state.

For instance, state 31 of [NEt4Cl,CBr4], state 33 of [NEt4-
Br,CBr4], state 35 of [NEt4I,CBr4], state 27 of [NMe4Br,CBr4],
and state 41 of [NPr4Br,CBr4], which are the TPA resonant
states, have contributions of 86%, 78%, 99%, 51%, and 87%
to the δ(ω) values at wavelength of 524, 538, 550, 690, and
597 nm, respectively. The TPA state can be constructed by one-
electron promotion from the ground state to the excited statei
(one-photon state) by absorbing one-photon energy, and the
electron promotion from statei to statej (two-photon state) by
absorbing again one-photon energy. Table 2 lists the states
involved in TPA processes. It means that two-photon resonant
transition can be described by three-state model, as shown in
Figure 4.

The peak two-photon resonant value ofδ(ω) is represented
by

where the subscripts g, o, and t refer to the ground state and one-
and two-photon states, respectively, andpω ) (Et - Eg)/2. From

formula 4, we can deduce two factors: (1)δ(ω) value increases
with the moment products (Mgo

2Mot
2), (2) δ(ω) value increases

as the one-photon detuning term (Eo - Eg - pω) decreases.
Table 2 summarizes the transition moments from ground state
to one-photon states and from one-photon states to two-photon
states, together with transition energies and incident photon
energies. Approximately, the moment products of (Mgo

2Mot
2)

increase and the one-photon detuning term (Eo - Eg - pω)
decreases as the size of the halide increases. Here, we note that
the dipole moment of the transition is equivalent to an electron
moving through distance. If the charge transfers between donor
and acceptor have the same properties for [NEt4h‚CBr4], the
moment products of (Mgo

2Mot
2) depend only on the distance

between the donor and acceptor. It is found from Tables 1 and 2
that the moment products are in proportion to the donor-
acceptor distance ofRDA and theδ values increase as the
moment products increase for the [NEt4h‚CBr4] complexes.
Accordingly, the three-state model well explain the distance-
dependent two-photon absorption properties. However, the
[NMe4Br‚CBr4] is exceptable, for which the (Mgo

2Mot
2) is

smaller compared with the values for other complexes, but its
value ofδ(ω) has a substantially large one. This reason can be
ascribed to the small detuning energy (Eo - Eg - pω).

Table 3 lists the configuration components of TPA resonant
states. For example, the TPA resonant state of [NEt4Cl‚CBr4]
has the greatest contribution from the configuration MO118 f
MO129, where the molecular orbital MO118 is occupied and
orbital MO129 is unoccupied. All the related orbitals of [NEt4h‚
CBr4] (h ) Cl, Br, I) listed in Table 3 are plotted in Figure 5.
It is found that the electronic transition between the halide anion
and the carbon tetrabromide, namely, the charge transfer from
the electron donor and acceptor, makes a significant contribution
to the excited states. The occupied orbitals are mostly con-
structed by the p-type atomic orbitals of the halide ions, and
the unoccupied ones are mainly formed by the p-type atomic
orbitals of carbon tetrabromide group mixing with small s-type
and p-type atomic orbitals of the C atoms on the alkyl group.
However, note that with the push strength enhancement of the
donor from Cl- to I- ions, the orbitals contributing to the

Figure 3. State-dependent Imγ(-ω;ω,ω,-ω) at the character wave-
length for complexes [NR4h‚CBr4] (h ) Cl, Br, I; R ) Me, Et, Pr).

Figure 4. Scheme of the calculated energy levels and transition dipole
moments (in eV and au units, respectively) at three state models for
[NR4h‚CBr4] (h ) Cl, Br, I; R ) Me, Et, Pr).

TABLE 2: Transition Moments and Energies between the
One-Photon States

compound f state
moment

(au) (Mgo
2Mot

2)
energy
(eV)

pω
(eV)

detuning
energy (eV)

NEt4Cl‚CBr4 G f 3 1.0996 0.0078 2.3714 2.368 0.003
3 f 31 -0.0804
G f 31 4.7399

NEt4Br‚CBr4 G f 3 1.0354 0.0744 2.3076 2.306 0.0016
3 f 33 -0.2634
G f 33 4.6335

NEt4I‚CBr4 G f 3 -1.2543 0.9971 2.2588 2.256 0.0018
3 f 35 0.7961
G f 35 4.5035

NMe4Br‚CBr4 G f 3 1.0874 0.0022 1.7973 1.798 0.0007
3 f 27 0.0435
G f 27 3.6494

NPr4Br‚CBr4 G f 3 1.4103 0.0275 2.0743 2.076 0.0017
3 f 41 -0.1176
G f 41 4.1478

TABLE 3: Configuration Components of Two-Photon
Resonant States

compound state largest configuration

NEt4Cl‚CBr4 31 0.6318 (118f129)
NEt4Br‚CBr4 33 0.5345 (128f140)
NEt4I‚CBr4 35 0.4950 (135f147)
NMe4Br‚CBr4 27 0.5768 (112f122)
NPr4Br‚CBr4 41 0.6118 (142f156)

δgft ∝ (Mgo
2Mot

2)/(Eo - Eg - pω)2Γ (4)
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resonant state have some changes and the tetraalkylammonium
group also takes part in the charge-transfer processes with a
small amount s- and p-type atomic orbitals of N and C atoms
on the alkyl group. Accordingly, enhancement of the TPA cross
sectionδ(ω) ascribes the strong charge transfer of the donor
and acceptor and the largerπ-electron delocalization in the
considered molecules to the increased donor strengths.

4. Conclusions

In this paper, we employ the quantum chemical calculations
of the time-dependent density functional theory (TDDFT)
technique combined with the SOS method to investigate the
two-photon absorption properties of a series of donor-acceptor
chromophores such as tetraalkylammonium halide/carbon tet-
rabromide ([NR4h‚CBr4], h ) Cl, Br, I; R ) Me, Et, Pr). The
two-photon absorption spectra are theoretically modeled, and
the electronic origins of these spectra are analyzed. The
calculated results show that these charge-transfer complexes
have large TPA cross sections and the [NEt4I‚CBr4] has the
largest TPA cross sectionδ among them with the value of
5.0× 10-45 cm4 s photon-1. The maximum values ofδ increase
as the radii of the halide anions become larger in the order Cl-

< Br- < I- for [NEt4h‚CBr4] complexes, and for those through

space interaction donor/acceptor dyads,δ values also increase
with the increased separation distance between the donor/
acceptor centers. However, when the donor is fixed as bromide,
the TPA cross sections vary slightly as the size of the alkyl
group increase from methyl to propyl. Whatever the atomic
order number of the halogen or the size of the alkyl group
increase, the largestδ value is localized at 520-690 nm and
the maximum wavelength of the TPA peak,λmax, indicates a
bathochromic shift. To better understand the enhancement of
the TPA in those molecules, we analyze the excited-state prop-
erties and the orbital characters and found that the electronic
transition between the halide anion and the carbon tetrabromide
makes a significant contribution to the excited states. It can be
concluded for the investigated complexes that the electronic
donor-acceptor charge transfer plays an important role for TPA
activity, the TPA cross sectionδ(ω) can be significantly
enhanced by donor substituents and largerπ-electron delocali-
zation, whereas changes in the size of the alkyl group do not
make a substantial contribution.
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