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Abstract

:

The optical properties of hybrid systems composed of silver nanoparticles (NPs) and azobenzene molecules were systematically investigated by combining the real-time time-dependent density functional theory (RT-TDDFT) approach with the classical electrodynamics finite difference time domain (FDTD) technique for the solution of Maxwell’s equations. In order to reflect the chemical interaction between azobenzene and metal more exactly, except for adsorbed molecules, a Ag cluster separated from NP was also dealt, using RT-TDDFT. We studied the different factors affecting the surface-enhanced absorption spectra. It was found that the electric field amplified by plasmon resonance of Ag NPs can have an overall enhancement to the molecular light absorption throughout the whole energy range. The resonance between the electron and the plasmon excitation results in a larger percentage of enhancement in the absorption spectrum the closer the resonance peak is. The enhancement ratio of the resonance peak is the largest. The plasmon–exciton coupling and the optical properties of different isolate isomers influence the line shape of the absorption spectra. The dipole interaction and electronic transfer between azobenzene molecules and Ag NPs also change the shape of spectroscopy from the absorption enhancement ratio and the location of the peak. Physical and chemical factors lead to photoswitching in these hybrid systems together.
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1. Introduction


Azobenzene and its derivatives are one of the most frequently studied class of switchable compounds. Azobenzene can exist in two different configurations (trans and cis) in the ground state. The trans-azobenzene can be converted to cis-azobenzene upon UV light (365 nm) irradiation. The cis to trans isomerization readily occurs at room temperature and can be stimulated by visible light irradiation [1,2]. Plasmonic metal nanostructures have attracted much attention because of their broad range of applications. It is known that light can be guided and localized by metallic nanoparticles (NPs). As the light frequency is resonant with collective electron charge oscillation of NPs, the surface plasmon resonance (SPR) is formed, which provides NPs with a brilliant optical property [3,4]. When azobenzene is adsorbed on the noble metal surface, because of the electronic coupling, the photoisomerization reaction in these adlayers are often considerably affected, and photoswiching can be demonstrated in other way. Self-assembled monolayers (SAMs) of azobenzene-containing compounds on Au or Ag surfaces have been intensively studied recent years [5,6,7,8,9,10,11,12]. The photoisomerization reaction can be demonstrated in the study about the electronic coupling between the adsorbed molecules and the metal substrate. Joshi et al. described an unprecedentedly large and photoreversible localized surface plasmon resonance (LSPR) wavelength shift caused by the photoisomerization of azobenzenes attached to gold nanoprisms that act as nanoantennas in the solid state [13]. The LSPR, such as frequency, total optical cross section and line width also sensitively depend on the properties of the plasmonic nanostructures, i.e., their size, shape and material. The resonant excitation of LSPRs by an electromagnetic field results in strong light absorption and scattering an enhancement of the local electromagenetic fields [5,14].In addition to resonance and electronic coupling, charge transfer between the azobenzene molecule and metal nanoparticles can also affect the optical properties of the molecule [15,16]. When different isomers of azobenzene are adsorbed on the surface of metal nanoparticles, the photoswitching effect may also be manifested in the surface-enhanced absorption spectra. So the simulation of the optical properties of azobenzene molecule adsorbed on a noble metal theoretically and study about enhancement for different isomers is very necessary because of its different application, such as sensors, photovoltaic and photonic devices, and optical metamaterials.



The hybrid superstructures composed of noble metal NPs and the absorbed molecules represent a challenge for theoretical and computational methods because elementary excitation in molecules or semiconductors and metal NPs, an exciton and a plasmon, have very different properties. The properties of molecules or semiconductors require a quantum mechanics (QM) description. However, QM methods are unable to describe the medium- to large-size metal NPs due to the limitation of computational bottleneck. So the absorbed molecules and metal NPs cannot be treated in the same footing by the state-of-the-art methods. The plasmon interacts with the exciton to endow the hybrid superstructures a novel property, and this interaction is required to be suitably tackled. Three kinds of simplified treatments are usually adopted. The most commonly used methods are the multiscale approaches [17,18,19,20,21,22,23] wherein the plasmonic nanostructures are treated by the classical [24,25,26,27,28] or cavity quantum electromagnetic methods (EM) [20,29,30,31,32], and the molecules are described by the quantum mechanics (QM) approaches, such as the time-dependent density functional theory (TDDFT) or TD Hartree–Fock (TDHF). The second method is based on the effective model Hamiltonian [33,34,35,36,37,38,39,40,41], where the molecule or semiconductor is identified by a two-level model and the resonant plasmonic system is identified by the plasmonic resonance modes. The third one is based on a pure classical electrodynamic framework, such as the dipole–dipole coupling approximation model [42], and the coupled harmonic oscillators [43,44]. The detailed atomic distribution information of hybrid system is missed by the latter two categories of treatments.



In our previous work [45,46,47], we studied theoretically the optical properties of hybrid complexes assembled by the molecules and Ag NPs by using the hybrid quantum–classical approach, which combines the RT-TDDFT approach [48,49,50,51,52,53,54], with the numerical solution of Maxwell’s equations. The surface localized field produced by the plasmon resonance of noble metal NPs is obtained by solving classical Maxwell’s equations, and the molecular electron evolution is described by the TDDFT. The molecular dynamic responses to two driving fields, the strong surface scattered field due to LSPR and the weak incident electric field can be simultaneously well described. The main advantage of this quantum–classical treatment on the plasmon–exciton interaction in hybrid complexes is that no empirical parameters are required. In this paper, we calculate the surface-enhanced absorption spectra of different isomers of azobenzene in hybrid systems with Ag NPs. We focus on describing the coupling of the enhanced field amplified by LSPR on the different isomer’s optical signals. We aim to make a quantitative description on the changes of spectral characters arisen by the interaction between the azobenzene molecule and metal NPs. The effect of the dipole coupling and charge transfer between molecules and NPs on the absorption spectra, the formation condition of the hybrid excited state, will be demonstrated. This work is useful for understanding the nature of photoswiching in the SAMs of azobenzene-containing compounds on noble metal surfaces. It is also useful for the development of plasmonic devices, for which a key aspect is the interaction of the surface plasmon with optically active materials.



The rest of paper is arranged as follows. In Section 2, we briefly describe the hybrid scheme for molecular optical absorption spectroscopy. RT-TDDFT is coupled with the FDTD method [55] through a SRF as Chen et al. did [25]. In Section 3, the hybrid method is applied to calculate the surface-enhanced absorption of hybrid systems composed of Ag NPs and azobenzene molecules of different configurations, cis and trans, which have quite different absorption line shapes. Two computational models are used to discuss the different effects of the interaction between isomers and metal nanoparticles on the surface-enhanced spectra. Finally, a concluding remark is given in Section 4.




2. Theoretical Methods


We consider a hybrid system constructed by the NPs and azebenzene molecule. An incident field interacts with the NPs to induce the oscillating multipoles, which create an enhanced surface near field. The surface near field interacts with the molecule to induce the molecular polarization. With this treatment, the influence of the induced molecular multipoles to the NPs’ surface charges and the carrier movement between the molecule and NPs are omitted. Therefore, in this article, we calculate two computational models. In model 1, AgNP and molecule are calculated by the FDTD and TDDFT methods respectively. In model 2, part of the Ag NP is also included in the TDDFT calculation to ensure the consideration of the possible charge transfer between azobenzene and Ag NP.



It is known that the molecular absorption cross section is proportional to the polarizability  α  as


  σ  ( ω )  ∝  1 3   ∑  i = x , y , z   ω I m  (  α  i i    ( ω )  )  .  



(1)




In the linear approximation, the dynamic polarizability tensor is defined as    α  i j    ( ω )  =    P i 1   ( ω )     E j   ( ω )     , and    P i 1   ( ω )    denotes the Fourier transform of the induced dipole    P i 1   ( t )    under a time-dependent external electric field.    P i 1   ( t )  =  P i   ( t )  −  P  j 0    , where   P  j 0    is the permanent dipole moment. Within the TDDFT,    P i   ( t )    can be obtained from the perturbed electron density when the system is subjected to an applied field    E →   ( t )    by solving the time-dependent Schrödinger equation


  i  ∂  ∂ t   φ  ( r , t )  =  [ −  1 2   ∇ 2  + ∫ d  r ′    ρ (  r ′  , t )    | r −   r ′   |    +   δ  E  x c    [ ρ  ( r , t )  ]    δ ρ ( r , t )   −   E →   t o t a l   ·  r →  ]  φ  ( r , t )   



(2)




   E →   t o t a l    denotes the surface near field, which interacts with the molecule,     E →   t o t a l    ( r , ω )  =   E →  0   ( r , ω )  +   E →   s c a    ( r , ω )   .     E →  0   ( r , ω )    and      E →   s c a    ( r    , ω )    denote the incident field and the scattered field produced by Ag NPs’ plasmon, respectively. The surface near field generated by NPs can be obtained by solving the Maxwell’s equations by the finite-difference time-domain (FDTD) method [55] subject to appropriate boundary conditions. By doing so, the plasmonic enhancement effect is considered on one hand, and the optical properties of the molecule close to Ag NPs is embodied on the other. Time-dependent Equation (2) can be propagated step by step in the real time and space domain by numerical integration schemes.



In order to quantitatively study the localized field near the surface of Ag NPs and connect the FDTD simulation to the TDDFT calculations to the optical properties of nearby molecules, we introduce a complex tensor SRF,   λ ( r , ω )  , by following Chen et al. [25].


      λ  i , j    ( r , ω )     =       E  i , t o t a l    ( r , ω )     E  j 0    ( r , ω )    −  δ  i , j         =      ∫ d t  e  i ω t    E  i , t o t a l    ( r , t )    ∫ d t  e  i ω t    E  j 0    ( r , t )    −  δ  i , j   .     



(3)




The SRF is a complex tensor and depends on both the propagation and polarization directions of the incident light. A time-shifted Gaussian wave is typically chosen as the incident field in the FDTD simulation in order to study a broad spectral range.



Using the definition of   λ ( r , ω )  ,     E →   s c a    ( t )    can be expressed as a two-dimensional Fourier transform of     E →  0   ( t )    and   λ ( ω )  


      E  i , s c a    ( t )     =     1  2 π   ∫ d ω  e  − i ω t    E  i , s c a    ( ω )        =     1  2 π   ∫ d ω  e  − i ω t    ∑ j   λ  i , j    ( ω )   E  j 0    ( ω )        =     1  2 π   ∫ d ω  e  − i ω t    ∑ j   λ  i , j    ( ω )  ∫ d  t 1   e  i ω  t 1     E  j 0    (  t 1  )        =     1  2 π    ∑ j  ∫ ∫ d ω d  t 1   e  i ω ( − t +  t 1  )    λ  i , j    ( ω )   E  j 0    (  t 1  )  .     



(4)








3. Results and Discussion


In this part, the linear optical response in the electric scattered field is calculated using the RT-TDDFT scheme in the development version of the OCTOPUS software package [56]. In order to obtain the absorption spectra, a weak Gaussian envelope external electric field,   E  ( t )  =  (  E 0  /  π  )   e  −   ( t −  t ¯  )  2  /  τ 2     , with the amplitude    E 0  = 1.0 ×  10  − 4     a.u.,    t ¯  = 10.0   fs, and   τ = 0.1   fs is applied. The duration of this pulse is very small, which is like a  δ  function. For the isolated cis and trans molecules, the structures are first optimized by a DFT calculation using B3LYP/6-31G. When cis-azobenzene is converted to the trans-azobenzene, its main part rotates from a non-planar structure to one plane (Figure 1a,b).



Before adding the effect of NP, we calculate the average absorption across section of isolated azobeneze molecules using the PBE fuction when the propagation direction of incident field is fixed along the   + z   axis. As Figure 2a shows, in the range of 0–6 eV, the main excitation of the cis configuration displaces at   2.33  ,   3.72  ,   4.19  ,   4.56  ,   4.82   and   5.3   eV; the peak at   3.72   eV has the maximum intensity. For the isolated trans azobenzene molecule, the optical absorption is stronger than the cis configuration. The first absorption peak at   3.3   eV calculated theoretically is the strongest peak with a shoulder at about   3.41   eV. If the damping rate  γ  decreases in the calculation, we can find that the shoulder also corresponds to an absorption band. When the azobenzene molecule converts from cis to trans, the optical properties are very different.



Combining with SRFs, the electric scattered field in any case can be obtained. Then, the effect of Ag NP should be introduced. In the azobenzene-NP system, except for the coupling between the molecule and NP, the process of optical excitation is often accompanied by a charge transfer. So, there are two hybrid nanostructure models that are investigated in this paper. In model 1, the adsorbed molecule and Ag sphere are studied, detached, using the QM/EM method. We mainly hope to investigate the effect of different coupling between molecules and nanoparticles and the influence of different isolated isomeric spectral line shapes on the surface-enhanced absorption spectra of bound azobenzene in the proximity of the Ag NP. In model 2, in order to describe the possible process of charge transfer between the NP and molecule, part of Ag NP is included in the calculation using QM. Thus, the effect of charge transfer on the optical properties is reflected.



3.1. Surface-Enhanced Absorption of Model 1


Maxwell’s equations are solved by using the FDTD method within the JFDTD3D package [57]. In our calculations, the light propagation direction is fixed along the   + z   axis in all FDTD simulations. A cubic simulation box with a side length of 40 nm and a very small grid size of   0.12   nm is adopted in order to ensure the convergence of the calculation. Each grid cell is characterized by the  ε  value based on its distance to the center of the cubic box that is also the origin of the Cartesian coordination,   ϵ  ( ω )  =  ϵ ∞  +  ϵ D   ( ω )  +  ∑ n   ϵ  L , n    ( ω )    inside the Ag NP according to the Drude–Lorentz model and   ϵ = 1   in the surrounding medium. Here,   ϵ ∞   is the relative permittivity,    ϵ D   ( ω )  = −   ω p 2   ω ( ω + i γ )     is the relative permittivity resulted from the Drude pole,   ω p   is the bulk plasmon frequency, and  γ  is a width factor which includes electron–phonon and other intrinsic electron relaxation mechanisms. The last term    ϵ  L , n    ( ω )  =   Δ  ϵ p   ω  p  2     ω  p  2  − ω  ( ω − i 2 δ )      describes the relative permittivity arising from each Lorentz oscillator pole.   Δ  ϵ p    is the shift in relative permittivity at the electron transition at   ω p  , and  δ  is the electron dephasing rate. All the parameters are determined from the experiment [58]. The incident light pulse with the functional form    E 0   ( t )  =  e  −   ( t −  t 0  )  2  /  σ 2    s i n  (  ω 0  t )   , is injected from the plane at   z = − 16  , where    t 0  = 10.0   fs,   σ = 0.7   fs, and    ω 0  = 600.0   nm. These parameters of incident pulse can make the incident laser pulse cover the visible spectrum from 300 to 800 nm fully. The total simulation time is 100 fs, and the time step is   2.2 ×  10  − 4     fs. Figure 3 shows the contours of the surface near field of a Ag sphere with R = 5 nm observed in a   x y   plane when the incident laser pulse is assumed to have a polarization direction along +x, denoted by the arrow. The properties of SRFs are calculated at the point near the surface of Ag NP and labeled in Figure 3 as the ‘O’ point.



For model 1, the azobenzene molecule is set near the surface of the Ag sphere with   R = 5   nm. Generally, there is a layer of silver oxidation wrapped around the outside of the Ag nanospheres. However, unlike the Ag core, the intermediate Ag2O layer is a semiconducting material that does not exhibit any plasmonic features. Its presence and thickness influences the magnitude of the surface electric fields, which in turn determine the enhanced ratio of spectra. In this part, we are mainly interested in the effect of the coupling between plasmon resonance and molecular excitation on the spectra. So the silver oxidation is not considered. The observed point ‘O’ is also the mass center of the azobenzene molecule, which is at the x-axis, and the distance between the point and the surface of Ag NP is about   0.5   nm. As Figure 4 shows, there is a featured peak centered at about   3.5   eV in the   I m ( λ )  , which is ascribed to the plasmon mode.



Within the RT-TDDFT theory, the absorption spectra of bound molecule in the proximity of the AgNP can be studied. FDTD simulation about SRFs reflects plasmon enhancement, which is a physical factor for surface-enhanced spectroscopies; the calculation process of RT-TDDFT ensures the consideration of some chemical factor. With an external laser pulse incident, whose propagation direction is fixed along the   + z   axis, the field will be strengthened, and the molecule’s light absorption will be changed and improved through plasmonic enhancement. In order to make our theory investigation more common, for a silver-bound cis or trans azobenzene system, two separate RT-TDDFT simulations are carried out with an electric field pulse applied along the x and y axes, respectively, and the average absorption spectra are obtained eventually. By using the SRFs tensor, the    E  s c a    ( t )    with other incident laser pulse is calculated by using Equation (4). For the off-diagonal terms in   λ ( r , ω )  , nearly negligible compared to the diagonal terms, only   λ  x x    and   λ  y y    are considered in Equation (4).



The average absorption across   (  σ  x x   +  σ  y y   ) / 2   of the bound cis or trans azobenzene molecule near Ag NP is calculated and displayed in Figure 2b. Obviously, the enhanced surface electric field amplifies the molecular absorption in the whole energy range of 0–6 eV and strongly alters the absorption profiles of NP-azobenzene systems, in contrast to the isolated molecules. However, the enhancement for spectra is not uniform. The smaller the energy difference of    |   ω m  −  ω p   |   , the larger the absorption enhancement ratio becomes. As a result, the absorption peaks near the plasmon excitation at    ω p  = 3.5   eV become more significant. In addition, the different optical properties of the isolated isomers lead to different line shapes near the resonance peaks in the absorption spectra of the bound azobenzene molecule. Due to the complex interplay between the metal NP’s LSPR and the molecule’s excitation (exciton), a set of particular characteristics in the absorption spectra, such as excitonic splitting, asymmetric line shapes, plasmon-induced absorption enhancement and transparencies, are observed in those nanosystems. In the strong plasmon–exciton coupling regime, where the plasmon–exciton coupling is much larger than the damping rates of plasmon resonance and excitons [59], two coupled oscillators are split when the bare oscillator frequencies are tuned to each other, and the interaction of plasmons and excitons results in two new mixed states of light and matter separated energetically by Rabi splitting [60,61,62]. For the isolate trans-azobenzene molecule, the narrow absorption band at   3.41   eV is coupled with plasmon excitation strongly. So, there are separate absorption bands at   3.27   and   3.49   eV, respectively, for surface-enhanced spectra. In the weak coupling regime, where the plasmon–exciton coupling strength is much less than one of the dampings [59], the absorption spectra characterize an asymmetric Fano line shape [63,64,65,66,67,68]. The case of the cis isomer satisfies this condition. Near   3.5   eV, there is only a weak excitation at   3.72   eV for the isolated cis azobenzene molecule. Large energy difference and weak absorption intensity make the coupling between the plasmon and electron’s excitation not very strong. The Fano resonance occurs when a discrete quantum state interferes with a continuum band of state in this case. As a result, the Fano asymmetric line shape appears in the absorption band at   3.43   eV. Hybrid systems composed by two isomers exhibit completely different surface-enhanced absorption spectra because of different optical properties of molecule and plasmon–exciton coupling.




3.2. Surface Enhanced Absorption of Model 2


In fact, for hybrid systems, chemical enhancement effects include much more than the resonance of excitation, such as charge transfer between adsorbed molecules and metals. In order to investigate the actual interaction between azobenzene and NP, the model of calculation is improved in this part. Before introducing the effect of NP, a cluster including 20 Ag atoms is cut apart from Ag NP to form a complex with the cis or trans azobenzene molecule. At first, the optical properties of the complexes are investigated by TDDFT. Then, the effect of the rest of Ag NP is considered by adding an enhanced scattering field as we do in the previous section. We expect that our investigation combines the chemical influence, including both the coupling and the charge transfer between the metal and azobenzene molecule. The cluster, including 20 Ag atoms, forms a regular tetrahedron, and the azobenzene molecule is placed near an Ag atom, which is the center of one face of the centrum. In order to ensure that there is a chemical effect between the azobenzene molecule and silver cluster, an S atom is set between the C and Ag atoms. The structure of the complexes is optimized at the B3LYP/6-31G level, and Ag atoms are dealt using the LANL2DZ pseudopotential. We call this structure model 2 as Figure 1c,d shows.



We study the optical properties of the whole complexes using TDDFT with the PBE function that can deal with the interaction between the molecule and metal more exactly. SIC correction is added in order to make the calculation more accurate. The spectra of complexes change considerably, which is not just a superposition of the absorption spectra of azobenzene molecules and Ag clusters. As Figure 5a,b shows, the participation of the Ag cluster makes the shape of the absorption spectra change very dramatically not only from the intensity, but also from the location of the absorption band. Comparing with the absorption spectra of the Ag cluster or azobenzene molecule, they are broad in general and thus represent charge transfer character. Both for Ag20-cis and Ag20-trans complexes, in the high energy region greater than   4.0   eV, the excitation of azobenzene molecules and Ag clusters are mixed together to form a wide absorption band. In the range of   2.0  –  4.0   eV, the shift of absorption band can also be seen very clearly. For example, for the Ag20-cis complex, the absorption peak of the molecule at   3.72   eV is incorporated with that of the Ag cluster, forming a broad absorption band, which also contains a number of other new excitations for the complex. The peak at   2.33   eV for the cis molecule red shifts to   2.1   eV. In addition, some small absorption peaks appear in the low-energy range, and there is a new high absorption peak at   2.95   eV, which belongs to the excitation of the Ag cluster. The spectral intensity of the complex is much stronger than that of the isolated cis isomer, and the chemical enhancement of metal can be embodied from here. In Figure 5b, the shift and mixture for spectra of the Ag20-trans complex is also obvious. There is an absorption peak belonging to the Ag cluster at   3.0   eV. The peaks at   4.1  ,   4.3   and   4.6   eV are close to each other and form a broad absorption band. There are also some differences compared to the Ag20-cis complex. A new absorption peak appears at   2.5   eV, which is not found in the spectra of the Ag20-cis complex. The absorption peak at   3.3   eV for isolated trans azobenzene is replaced by a stronger absorption peak at   3.4   eV. Figure 5c shows the energy levels of HOMO and LUMO of the Ag20 cluster and azobenzene molecules. We find that for two isomers of azobenzene, their HOMO lie between the HOMO and LUMO of the Ag20 cluster, while the energy of LUMO is higher than that of Ag20, which provides the conditions for the charge transfer during the electron transition.



In order to demonstrate the interaction between the azobenzene molecule and the Ag cluster during the excitation, we further investigate the excited state properties of the complexes. Since the rest Ag sphere with R = 5 nm will be added to form a hybrid system, the absorption excitation of complexes near   3.5   eV will resonate with the plasmon excitation near the Ag NP surface and thus be greatly enhanced. So we use the charge density difference to analyze the nature of excited states of the Ag20-azobenzene complexes near   3.5   eV. Figure 6 displays the charge density difference between the ground state, and several excited states correspond to the strong excitation at   3.38   and   3.4   eV, and   3.35   and   3.37   eV for Ag20-cis azobenzene and Ag20-trans azobenzene complexes, respectively. To maintain consistency in the calculation method, the charge density difference is obtained at the PBE/6-31G level, using the Gaussian 16 package, and Ag atoms are dealt with the LANL2DZ pseudopotential. The transition of electrons for Ag20-cis azobenzene and Ag20-trans azobenzene is different. As Figure 6 shows, for the trans complex, the different distribution of positive and negative charges on the azobenzene molecule and the Ag cluster indicates that charge transfer does occur during the transition of electrons corresponding to these excited states. However, for the cis complex, the characteristics of charge transfer are not very obvious because positive and negative charges are evenly distributed on molecules and clusters. This shows that different isomers do not interact with Ag clusters in the same way. For trans configuration, the planar molecular structure is more conducive to charge transfer between it and the Ag cluster, and many excitation processes are accompanied by a significant charge transfer. Thus, the absorption spectra of the complexes formed by the two isomers are different near   3.5   eV, and there is a very significant absorption peak appearing at   3.4   eV for the Ag20-trans azobenzene complex.



Then, the rest effect of NP is considered. The complex is also fixed on the surface of the Ag nanoparticle, and the Ag20 cluster can be seen as one part of Ag NP. The SRF of the remaining part of Ag NP, which was cut off a regular tetrahedron is also shown in Figure 4. The observation point is set at the mass center of the Ag cluster–azobenzene complex. For the remaining Ag NP, the plasmon mode red shifts a little compared with the intact Ag sphere. The effect of Ag NP is considered by adding the scattering field produced by the rest Ag NP into the TDDFT calculation. Figure 7 is the surfaced-enhanced absorption spectra in model 2. The surface enhancement effect can be found very clearly, especially for the absorption band at about the   3.0  –  4.0   eV energy range, which is close to the excitation of the plasmon mode at   3.5   eV. The absorption enhancement ratio is also sensitive to the energy gap between the molecular excitation and plasmon modes. For the excitation, which is away from plasmon mode, the physical factor, which lies in the enhanced scattering field, is the main reason for enhancement.However, near   3.5   eV, the energy gap approaches zero, and resonance play a role again. The dual physical and chemical enhancement effects cause the peaks near the plasmon mode to be enhanced much more than the other peaks. So, in Figure 7, for the AgNP-Ag20-cis azobenzene hybrid system, we observe only one strong absorption peak at   3.47   eV with a shoulder at   3.3   eV, and the enhancement ratio is about 80 times, compared with the Ag20-cis complex. Although the absorption spectrum of the Ag20-cis complex just has a wide absorption band near   3.5   eV, the resonance absorption peak becomes strong and sharp. There is a little difference for the trans isomer. Since the charge transfer makes the Ag20-trans complex have an obvious absorption peak at   3.4   eV, the resonance enhancement is more pronounced for the AgNP-Ag20-trans azobenzene hybrid system, with a resonance absorption peak at   3.44   eV, which is enhanced by a factor of 167. For the two different isomers, the enhancement for the resonance absorption peak of the trans configuration is more pronounced, and we even found a negative part in the spectra, which is the nonlinear FANO effect, due to the coupling between the molecule and plasmon. Due to the different interactions between the molecule and plasmon, when the structure of the adsorbed molecule converts from cis to trans, the resonance absorption peak also red shifts from   3.47   to   3.44   eV. Different chemical effects, including coupling and charge transfer between the Ag and molecule, lead to different enhancement and shifts of the absorption spectra. Photoswitching is still well represented from the surface-enhanced absorption spectra.





4. Conclusions


In this paper, we investigate the plasmon-enhanced light absorption of the azobenzene molecule adsorbed on Ag NP, using the hybrid scheme, which combines the RT-TDDFT approach for the dynamic polarizabilities with the FDTD method for solving Maxwell’s equation. Our calculation gives consideration of the physical and chemical influence for the optical properties of the system. Two investigated models are studied in order to investigate the effect of different factors on the surface-enhanced absorption spectra. For model 1, the azobenzene molecules and AgNP are calculated using quantum chemistry and classical physics methods, respectively. The enhancement of the laser field by metal nanoparticles and the resonance of molecules with plasmon excitation make the surface-enhanced absorption spectra of two isomers different. Its absorption enhancement ratio caused by the surface localized field heavily depends on the energy gap between the molecular excitation band and the plasmon mode. For the absorption band far away from localized plasmon resonance, the coupling between the plasmon mode and the molecular transition dipole moment can be neglected, and physical enhancement, which lies in the enhanced scattering field generated by NP, is the main reason for the change of spectra. As the energy gap decreases, the chemical enhancement becomes the other main reason. The molecular excitation is strongly coupled with the plasmon excitation, which possesses a significantly amplified absorption intensity and a shifted peak position. The resonance happens when the energy gap is close to zero, and a hybrid band formed by molecule and plasmon excitation is found. In addition to the strength enhancement, the line shape of the resonance absorption peak is related to the energy gap and the peak width of the molecular and plasmon absorption spectra. We find the Fano line shape and Rabi split for the surface-enhancement absorption spectra of the cis and trans configurations, respectively.



In order to study the chemical factor adequately, the possible charge transfer between the azobenzene molecule and Ag NP is considered in our calculation of model 2. Except for the azobenzene molecule, an Ag cluster, including 20 Ag atoms, is added to the part that is dealt using RT-TDDFT. The chemical interaction between the azobenzene molecule and Ag cluster makes the absorption spectra of complexes mixed, broad and amplified. For the Ag20-trans complex, the charge transfer between the azobenzene and Ag clusters also produces a strong and broad absorption peak at   3.4   eV. When this intense and broad absorption peak is coupled with plasmon excitation, the resonance absorption band is not only enhanced very dramatically, but also shifts obviously. So when the structure of the adsorbed molecule converts from cis to trans, the resonance absorption peak red shifts   0.03   eV. Physical and chemical factors allow photoswiching, which could also be demonstrated in the surface-enhanced absorption spectra when the azobenzene is adsorbed on Ag nanoparticles.
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Figure 1. (a,b) The structures of cis and trans configurations of azobenzene molecule, respectively; (c,d) the structures of the complexes in model 2 formed by cis and trans with Ag cluster, respectively. All structures are optimized at B3LYP/6-31G level. 
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Figure 2. (a) The average absorption cross sections of isolated cis and trans azobenzene molecules in gas phase; (b) the average absorption cross sections of bound azobenzene. 
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Figure 3. The contour of a surface localized field generated by an Ag NP sphere with R = 5 nm. The arrow denotes the field polarization direction. The magnitude of the field intensity E is indicated by the color scale. The observation point ‘O’ is away from the NP surface, at a distance of L. The electric field is normalized to the incident field. 
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Figure 4. The real and imaginary parts of   λ  x x    and   λ  y y    on the surface of Ag NP. For the solid black line, the radius of Ag sphere is 5 nm, and the observed point is set at the center of mass of the azobenzene molecule. The dash red line and dot blue line show the SPR in model 2. The observed point is set at the center of mass of Ag20-cis azobenzene and Ag20-trans azobenzene complexes, respectively. AgNP is the remaining part of a 5 nm radius nanosphere that is gouged out of a tetrahedron in model 2. 
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Figure 5. (a) The average absorption cross sections of the Ag20-cis azobenzene complex, isolated cis isomer and Ag20 cluster; (b) the average absorption cross sections of the Ag20-trans azobenzene complex, isolated trans isomer and Ag20 cluster; (c) the energy levels of HOMO and LUMO of Ag20, cis and trans azobenzene. 
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Figure 6. The charge density difference of excited states correspond to the two strong transitions around the   3.5   eV for Ag20-cis and Ag20-trans complexes, respectively. 
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Figure 7. The surface-enhanced absorption spectra in model 2. 
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