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Aggregation effect caused by the intermolecular hydrogen-bonding interactions on two-photon absorption prop-

erties of (E)-4-(2-nitrovinyl) benzenamine molecules is studied at a hybrid density functional level. The geometry

optimization studies indicate that there exist two probable conformations for the dimers and three for the trimers. A

strong red-shift of the charge-transfer states is shown. The two-photon absorption cross sections of the molecule for

certain conformations are greatly enhanced by the aggregation effect, from which a ratio of 1.0:2.6:3.6 is found for the

molecule and its dimer and trimer with nearly planar structures. Namely, a 30 or 20 percent increase of the two-photon

absorption cross section is observed.
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1. Introduction

In recent years, organic molecular materi-
als with large two-photon absorption (TPA) cross
sections have attracted increasing attention be-
of their

cal power limiting,['—?

cause potential applications in opti-
two-photon fluorescence
microscopy,* three-dimensional (3D) optical data
storage, (¥ nanofabrication,!”) and so on. TPA-based
techniques have some specific advantages compared
with the conventional one-photon techniques. Thus,
organic molecular materials with strong TPA proper-
ties, designed using theoretical methods or synthesized
in experiment, have become a significant research sub-
ject.

Usually experimental studies on TPA materials
are performed in solutions, while most of the theo-
retical investigations focus on a single molecule in gas
phase. An accurate description of the condensed phase
properties thus needs to consider interactions between
the solute and solvent molecules and interactions
among the solute molecules. A number of theoreti-

cal models, such as Onsager model, local field model,

and polarized continuum model, have been developed
to simulate the solvent effect.3=15] Recently, the ag-
gregation effect related to the interactions among the
solute molecules has been studied.!'6=21 The motiva-
tion is that several solute molecules can be aggregated
by intermolecular hydrogen bonding, especially for
asymmetrical push-pull molecules with strong electron
donors and acceptors. Tu et al.'™ studied the 1, 3,
5—triamino-2, 4, 6-trinitrobenzene (TATB) molecules
using molecular dynamics simulations, and indicated
that TATB molecules dissolved in chloroform are ag-
gregated because of the strong hydrogen bonding be-
tween the molecules. The aggregation effect on the
TPA properties of the molecules was further analysed
by Liu et al. and a significant influence of the hydro-
gen bonds on the TPA properties was found.[!5:19]

In order to further investigate the significant ag-
gregation effect on the TPA activity of molecules,
we take an asymmetrical D-m-A molecule (E)-4-(2-
nitrovinyl) benzenamine (BDA)?? as our basic sys-
tem, and theoretically design several aggregates, i.e.,
two dimers and four trimers. The TPA cross sections
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of these aggregates are calculated using the density
functional response theory.

2. Computational details

The transition probability of the one-photon ab-
sorption (OPA) is given by oscillator strength as fol-
lows:

Sop = 255 3101 1) (1

where ji, is the electric dipole moment operator, wy
denotes the excitation energy of the excited state |f),
|0) represents the ground state, and the summation is
performed over the molecular x, y and z axes.

The TPA transition matrix element of two-photon
resonant absorption excited by linearly polarized
monochromatic beam is expressed as
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where fi4(3) is the electric dipole moment operator, |0)
and |f) are, respectively, the ground and final states,
|i) denotes all the intermediate states including the
ground state |0), and 7w and hw; are the excitation
energies of the states |f) and |i) respectively. The

TPA cross section is then given by[23]

Sip = > _[F % SaaShs + G x SapSis
af
+ H % SapSgal, (3)

where coefficients F', G and H are related to the inci-
dent radiation. For linearly polarized light, F', G and
H are 2, 2 and 2, and for circular polarization, they
are —2, 3, and 3, respectively. The summation goes
over the molecular axes «, 8 = {z,y, z}.

The TPA cross section directly comparable to ex-
perimental measurements is defined as

4r2ada

2
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where ag is the Bohr radius, ¢y is the speed of light,
« is the fine structure constant, hw is the photon en-
ergy of the incident light, g(w) denotes the spectral
line profile, which is assumed to be a ¢ function here,
and [’y is the lifetime broadening of the final state,
which is generally taken to be 0.1 eV corresponding
to a lifetime of few femtoseconds.!?4

The geometry optimizations of all complexes

are completed utilizing GAUSSIANO3 program

package,l?®! and the DALTON quantum chemistry
program?® is used to compute the TPA cross sec-
tions. All calculations are carried out at a hybrid
density functional theory (B3LYP) level with the 6-
31G* basis set.

3. Results and discussion

3.1. Molecular structures

The optimized calculation shows that only two
conformations exist for the dimers. The energy differ-
ence between the two conformations is about 0.05 eV.
There exist four conformations for the trimers, and
the energy differences among them are in a range
of 0.04 eV. The optimized structures of the BDA
molecule (denoted as monomer: M) and the theoreti-
cally designed BDA dimers (D1, D2) and BDA trimers
(T1-T4) are shown in Fig. 1.
metrical molecule with strong electron donor amino
(NH2) and acceptor nitro (NOg), the optimized re-

As a typical asym-

sults show that the monomer M has a planar structure
with a large permanent dipole moment of 8.89D. Two
hydrogen—oxygen bonds and one hydrogen—nitrogen
bond are formed for the dimer D1, in which a good
planarity with a relatively large permanent dipole mo-
ment of 21.41D is displayed. However, there is only
one hydrogen—oxygen bond for the dimer D2, where
one monomer bends to the opposite dipolar orienta-
tion of the other monomer. As a result, its permanent
dipole moment is reduced to 6.29D, which is smaller
than that of one monomer.

It is found that the trimers, T1 and T2, have tri-
angular types of configurations. The three molecules
in T1 are approximately coplanar, while one of the
molecules in T2 deviates from the plane of the other
two molecules by a dihedral angle of about 45°. The
permanent dipole moments of T1 and T2 are 27.47D
and 22.63D, respectively. T3 and T4 have a chain-
type feature each; moreover, the structure of T3 is
bended while the structure of T4 is extended planar.
T4 has a largest permanent dipole moment of 35.8D,
while T3 has a smallest value of 19.13D. One can an-
ticipate that T4 would have a good TPA performance.

The calculated binding energies for conformations
D1, D2, T1, T2, T3, and T4 are 0.406, 0.305, 0.680,
0.721, 0.757, and 0.882 eV, respectively.
seen that the conformation D1 is more stable than D2

It can be

for the dimmers, and T4 is the most stable among
the trimeric ones. As a whole, the trimers are more
stable than the dimmers. The large binding energies
are mainly caused by the hydrogen bond and dipole—
dipole interaction between the monomers.
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T4

Fig. 1. Optimized structures of the BDA molecule (M), the BDA dimmers (D1, D2), and the BDA trimers
(T1-T4).

3.2. One-photon absorption

The calculated linear absorption properties of the BDA molecule and its aggregates for the ten lowest
excited states are listed in Table 1. It is observed that only one charge-transfer (CT) state is obvious for the
monomer M and the dimmers D1 and D2 in the lower energy regime. However, two CT states for the trimers T1
and T2, three CT states for T3 and four CT states for T4, are obviously recognized. The maximum intensities
of OPA for the compounds are 0.6 for M, 1.4 for D1, 1.0 for D2, 1.4 for T1, 1.0 for T2, 1.1 for T3, and 2.0 for
T4, and located at 344 nm, 372 nm, 352 nm, 378 nm, 383 nm, 365 nm, and 390 nm, respectively. A red-shift
and large one-photon absorption ability for the aggregates compared with those for the monomer are clearly
shown.

Table 1. Values of oscillator strength dop (a.u.) and corresponding wavelength A\op (nm) of the ten lowest
excited states for the BDA molecule and its aggregates.

M D1 D2 T1 T2 T3 T4

Xop  Oop Aop Sop Xop  Oop Xop Gop | Aep  Gop Xop Gop | Aep  Gop
346 0.0 702 0.0 496 0.0 891 0.0 846 0.0 657 0.0 764 0.0
344 0.6 372 1.4 370 0.1 875 0.0 602 0.0 626 0.0 624 0.0
300 0.0 366 0.0 352 1.0 395 0.0 444 00 | 479 0.0 594 0.0
281 0.0 355 0.1 349 0.0 394 0.0 395 0.0 389 0.0 390 2.0
251 0.1 345 0.0 345 0.0 389 0.0 383 1.0 387 0.7 381 0.0
237 0.1 342 0.0 342 0.0 379 0.0 375 0.0 365 1.1 369 0.0
230 0.1 337 0.0 304 0.0 378 14 | 364 0.8 356 0.3 366 0.0
224 0.0 320 000 | 299 0.0 364 0.6 355 0.0 356 0.0 360 0.4
208 0.0 314 0.0 292 0.0 363 0.0 346 0.0 346 0.0 344 05
196 0.0 303 0.0 292 0.0 362 0.1 345 0.0 344 0.0 341 0.9

It is interesting to note that the conformation D1 has a large maximum oscillator strength compared with
the other conformation D2, and the conformation T4 has the largest maximum oscillator strength among the
trimers, which demonstrates that the geometrical structure plays an important role.
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3.3. Two-photon absorption

Table 2 lists the calculated TPA cross sections and two-photon wavelengths of the ten lowest excited
states, and figure 2 shows the TPA spectra of all complexes with Lorentz broadening. The results indicate
that the monomer M has two active TPA states located at 687 nm and 473 nm with the TPA cross sections
of 60.4 GM (1 GM=10"°" cm*:s-photon—!) and 53.9 GM, respectively. It is worth while mentioning that
the intermolecular charge transfer through the hydrogen-bonding interaction greatly decreases the excitation
energies of the aggregates, therefore, the TPA behaviours of dimers and trimers are found at lower energies.
Considering the practical applications of TPA techniques, we pay attention to the TPA behaviour with the

two-photon wavelength ranging from 600 nm to 1100 nm.

Table 2. Values of TPA cross section otpa (10720 cm*-s-photon~!) and two-photon wavelength A¢pa (nm)

of the ten lowest excited states for the BDA molecule and its aggregates.

M D1 D2 T1 T2 T3 T4
Atpa Otpa Atpa Otpa Atpa Otpa Atpa Otpa Atpa Otpa Atpa Otpa Atpa Otpa
693 0.1 1397 9.2 989 4.2 1779 19.0 1682 38.6 1309 8.2 1527 0.1
687 60.4 741 159.4 738 61.5 1742 11.4 1201 15.3 1249 0.0 1243 16.5
602 0.0 730 15.0 703 15.5 788 0.4 886 10.0 955 0.6 1183 10.1
560 0.3 709 19.9 697 0.6 788 0.1 788 0.7 775 0.3 778 215.7
501 7.1 689 0.0 691 0.2 775 0.0 763 68.3 770 106.5 761 6.1
473 53.9 685 0.0 685 0.1 756 0.4 752 0.1 727 43.2 740 0.0
459 17.0 674 4.4 608 0.2 754 115.1 725 49.7 711 32.6 729 9.8
446 0.7 639 27.4 597 0.0 725 0.0 707 0.2 709 3.5 719 53.8
416 0.0 628 14.7 583 0.2 725 41.2 693 0.1 691 0.1 681 7.3
391 0.0 606 4.2 582 0.0 723 0.1 689 0.0 676 0.0 674 0.1
\
200k A T4 1 for such a small value is that the structure of D2 is dis-
’ , . torted, which blocks the charge transfer through the
100k A T3 ] hydrogen-bonding network. The results demonstrate
: : . that the TPA properties are sensitive to the confor-
= 100 I T2 1 mations of the dimers.
% 100k A 71 ] For the trimers, T4 has the largest TPA cross
& . ) L section maximum of 215.7 GM at 778 nm, nearly 3.6
100 | D2 times that of the monomer M, while T2 displays the
— : smallest TPA cross section maximum of 68.3 GM at
100¢ A . D11 763 nm. Furthermore, the dominating TPA states for
100k M ] T1 and T3, with TPA cross sections of 115.1 GM and
o e~ - 106.5 GM, are respectively at 754 nm and 770 nm.
400 600 800 1000 It is further proven that a coplanar structure in the
Atpa/nm

Fig. 2. Calculated TPA spectra of the BDA molecule and
its aggregates.

It can be seen from the TPA spectra shown in
Fig. 2 that there is only one intensive broad TPA peak
for each aggregate in the wavelength region of interest.
The maximum TPA cross section, 159.4 GM, of D1 at
742 nm is about 2.6 times that of the monomer M.
Compared with D1, D2 has a small TPA cross section
maximum, 61.5 GM, located at 738 nm. The reason

system is helpful for enhancing the TPA intensities.
As shown above, the structures of monomer M,
dimer D1, and trimer T4 each have a planar fea-
ture, and the ratio of the maximal TPA cross sections
among them is 1.0:2.6:3.6. It should be noted that
the TPA cross sections of the aggregated systems are
not the sum of individual molecule cross sections. The
TPA cross sections of D1 and T4 are enhanced by the
hydrogen-bond interaction, namely, the aggregation
effect plays a role in enhancing the TPA intensity.
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3.4. Charge transfer process

We analyse the charge distribution of the molecular orbits that are involved in the two-photon excitation for

the dominating TPA state of the trimer T4 (Fig. 3). It is noted that three different processes make contributions

to the two-photon excitation. The electron transition from HOMO-2 (highest occupied molecular orbital) to

LUMO (lowest unoccupied molecular orbital) corresponds to the charge transfer within the left molecule, the

transition from HOMO-1 to LUMO+1 is generated from the charge transfer of the central molecule, and

the transition from HOMO to LUMO+42 concentrates on the charge transfer inside the right molecule. It is

interesting to observe that for each charge-transfer process, the charge is obviously moving from the electron

donor amino group to the acceptor nitro group. To sum up, the presence of hydrogen bonds changes the

molecular charge distribution, and therefore affects the TPA property of aggregates.
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Fig. 3. Molecular orbits involved in the strongest TPA excitations of the trimer T4.

Table 3. Values of wavelength Aop (nm) of the six lowest ex-
cited states for the BDA molecule and the bimer D1 and the
trimer T4 with other basis set and hybrid exchange-correlation

functions.
B3LYP B3LYP B3PW91  B3PS6
Mol | 6-31G*  6-31G** 6-31G* 6-31G*
Xop Xop Xop Xop

346.0 346.1 341.6 340.8

344.2 344.7 340.8 340.6

300.8 300.9 297.5 296.4

M 281.2 281.2 278.4 278.1
251.0 251.5 249.2 249.1

236.9 236.9 234.5 234.4

702.3 705.9 706.8 702.7

371.6 372.3 367.9 368.0

366.1 365.7 358.9 361.7

D1 355.5 356.0 352.2 351.7
344.6 344.7 342.8 341.7

342.0 342.3 339.2 338.5

764.0 770.2 7343 770.2

624.1 621.3 606.2 621.3

594.4 593.4 578.6 593.4

T4 390.0 386.2 385.0 386.2
381.4 378.0 370.3 378.0

369.5 360.7 363.6 369.7

The calculations presented above have been
performed with exchange-correlated hybrid function
B3LYP and 6-31G* basis set. In order to check the
validity of the results, we also choose larger basis sets
and other hybrid exchange-correlation functions for
calculations (see Table 3). From Table 3, one can see
that the excitation wavelengths are changed a little for
larger basis set and other hybrid exchange-correlation
functions. Taken the CT state of the trimer T4 as an
example, when the basis set is enlarged, the excitation
wavelength has a shift of 3.8 nm for 6-31G**. When a
hybrid function BSPWO1 is used, the excitation wave-
length has a shift of 5 nm, while for B3P86, the shift
is 3.8 nm. The additional calculations thus prove the
reliability of the results obtained at B3LYP/6-31G*

level.
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4. Conclusion

The aggregation effect on the TPA properties of
(E)-4-(2-nitrovinyl)benzenamine molecules is studied
using the quadratic response theory at a BSLYP level.
Concerning the small aggregates, we predict that two
conformations of the dimers and four conformations

of the trimers exist in view of energy. It is found that

the formation of the hydrogen bond has a strong in-
fluence on the electronic structure and the TPA prop-
erties of the molecule. The TPA spectrum is pushed
to the longer wavelength by the hydrogen bond, and
the TPA cross section is sensitive to the conformation
of the aggregation. For certain conformations, a large
enhancement of the TPA cross section of the molecule
is observed.
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