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Abstract

:

We develop a quantum theory based on macroscopic quantum electrodynamics to research the resonance energy transfer (RET) between a chiral donor and acceptor. It differs from the previous Green function approach which needs specific boundary conditions to obtain an analytical solution for calculating the RET rate. Our theory can combine the finite-difference time-domain (FDTD) method, which gives a simple and efficient semi-analytical approach, to evaluate the chiral RET rate in an arbitrary plasmonic nanosystem. Applying our theory to the systems of chiral molecules 3-methylcyclopentanone (3MCP) near the achiral/chiral plasmonic nanostructures, the RET process, which is divided into nondiscriminatory and discriminatory parts, is investigated. We find that plasmon will enhance both nondiscriminatory and discriminatory rates compared to the absence of plasmonic nanostructure, but the plasmon supported by chiral nanostructure contributes more to the discriminatory rate. The ratio of discriminatory to nondiscriminatory rates in the system consisting of 3MCP and chiral plasmonic structure is five-fold compared to the system consisting of 3MCP and achiral plasmonic structure. The phenomena can be attributed to the chiral electric-magnetic coupling. Our findings are important in understanding the achiral and chiral electric-magnetic interaction and designing chiral light-harvesting and sensing devices.
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1. Introduction


Resonance energy transfer (RET) is a wide-ranging fundamental process for many natural and artificial phenomena and applications, including light harvesting [1,2], photovoltaics [3,4,5], and biosensing [6,7,8]. To understand the basic mechanism by which energy is transferred in biological, chemical, and physical systems, theoretical work has been carried out over the years. At first, the RET process usually occurs in common environments and can be approximated as homogeneous, nondispersive, and nonabsorptive media. Using the classic Förster theory [9] is enough to predict the rate of RET. During the past decade, artificial structures have developed rapidly. It has been reported that RET rates can be modified through different environments, including metal surfaces [10,11], nanoparticles [12,13,14], cavities [15,16,17] and other dimensionally constrained nanostructures [18,19,20,21,22], which motivate the theoretical studies. Several theories covering cavity-mediated energy transfer [23], polariton-assisted remote energy transfer [24,25,26], and plasmon-coupled resonance energy transfer [27] have been developed to investigate the mechanism of the new phenomena. Most of these methods are available to the particular system and cannot treat arbitrary environments.



In recent years, chirality in optics has attracted much attention due to the novel effects of fabricated nanostructures. For chiral molecules, both fluorescence and FRET exhibit discriminatory behavior with respect to optical and material handedness [28]. It has been demonstrated that resonance energy transfer can be used to discriminate between left- and right-handed molecules if the handedness of an object is known [29]. Many important biological macromolecules and pharmaceuticals are both fluorescent and chiral. It seems to be necessary to investigate the chiral RET process. However, theoretical studies of chiral effects relevant to RET are rarely reported. They are mostly limited to quantum electrodynamical (QED) studies of simple energy transfer between chiral species [30,31] or within a chiral medium [32,33].



In this paper, we present a general computational scheme to investigate the RET process of chiral donor-acceptor pairs near the plasmonic structures. Firstly, the RET rate is described by a fully quantum electrodynamic expression, but its transition matrix elements can be calculated in terms of interactions between transition acceptor dipoles and the corresponding electromagnetic fields generated by the donor transition dipoles. The physical quantities can be obtained using the FDTD method, which gives a simple and useful method to investigate the chiral RET process modified by arbitrary plasmonic structures. Our results show good agreements with analytic solutions from quantum electrodynamics. Secondly, chiral donor-acceptor pairs with fixed dipole orientation are set near the achiral nanorod. Plasmon is found to enhance the pure electric, pure magnetic, and mixed electric-magnetic coupling. The contributions of different dipole terms are comparable when the transition electric and magnetic dipole moments are set uniformly, but magnetic dipole terms are insensitive to the effect of separation distance. Thirdly, choosing 3MCP as an example, the degree of discrimination which describes the ratio of discriminatory and nondiscriminatory parts is obtained as a function of separation distance. It is found that the discriminatory rate can be enhanced by achiral and chiral plasmonic structures. When the donor is near the chiral plasmonic, the degree of discrimination is five-fold compared to the degree without chiral plasmon in the far zone. The phenomena can be attributed to the active contribution of the chiral plasmon to the mixed electric-magnetic coupling. Our findings are important for the design of chiral light-harvesting and sensing devices.




2. Theory and Methods


We use a quantum electrodynamic (QED) theory to describe the interaction between two chiral molecules, chiral donor molecule D and acceptor A, in an arbitrary nanophotonic environment. The schematic illustration is shown in Figure 1. The Hamiltonian contains three components:   H =  H s  +  H F  +  H int   . Three parts are written as follows [34].


     H s     =  ∑  i = a , d    ∑  k = e , g   ℏ  ω i k    k i     k i         H F     =  ∑  λ = e , m   ∫  d 3  r  ∫ 0 ∞  d ω ℏ ω   f ^  λ †   ( r , ω )    f ^  λ   ( r , ω )        H int     =  ∑  i = a , d   −   d ^  i  ·  e ^    r i   −   m ^  i  ·  B ^    r i       



(1)




where   H s  ,   H F  ,   H int   donate molecule, field, and molecule-field interaction Hamiltonians, respectively. The molecule is described as a two-level fermion with ground state    g i    and excited state    e i   .   H s   is written in terms of unperturbed molecular eigenenergies   ℏ  ω i k    and eigenstates    k i   .   H F   is the energy of the electromagnetic field in the medium.    f ^  λ †      ( r , ω )  /   f ^  λ   ( r , ω )    represent the creation/annihilation operators of elementary electric   ( λ = e )   or magnetic   ( λ = m )   excitations of matter. The dynamical variable     f ^  λ †   ( r , ω )    describes the creation of a photon/polariton in medium, and     f ^  λ   ( r , ω )    describes the absorption of the dissipative system (or the reservoir). These bosonic operators obey the following commutation relations:      f ^  λ   ( r , ω )  ,   f ^    λ ′   †    r ′  ,  ω ′    =  δ  λ  λ ′    δ  r −  r ′   δ  ω −  ω ′     and      f ^  λ   ( r , ω )  ,   f ^   λ ′     r ′  ,  ω ′    =    f ^  λ †   ( r , ω )  ,   f ^    λ ′   †    r ′  ,  ω ′    =   0. For interaction term   H int  , we assume each species to be optically active and ignore multipolar contributions under dipole approximation.    e ^    r i   /  B ^    r i     is the electric field/magnetic field at the donor’s or the acceptor’s position   r i  .    d ^  i  /  m ^   is the electric-magnetic dipole moment operator of the donor or acceptor. In dissipative quantum electrodynamics, the electric field can be defined with the Green tensor and bosonic operators as follows:


   e ^   ( r , ω )  =  ∑  λ = e , m   ∫  d 3   r ′   ∫ 0 ∞  d ω  G λ   r ,  r ′  , ω  ·   f ^  λ    r ′  , ω   



(2)




where   G e   and   G m   are the mode tensors introduced in terms of the Green tensor   G  r ,  r ′  , ω    with relation. Written in terms of the inhomogeneous and frequency dependent permittivity  ε  and permeability  μ , the forms are as follows [29]:


      G e   r ,  r ′  , ω  = i   ω 2   c 2      ℏ  π  ε 0    Im ε   r ′  , ω    G  r ,  r ′  , ω         G m   r ,  r ′  , ω  = − i  ω c     ℏ  π  ε 0      Im μ   r ′  , ω     μ   r ′  , ω   2     G  r ,  r ′  , ω  ×  ∇ ←      



(3)




where c is the vacuum speed of light, and   ∇ ←   denotes differentiation from the left. The dyadic tensor   G  r ,  r ′  , ω    is the full electromagnetic Green’s tensor characterizing the environment and fulfills the Helmholtz equation:   ∇ ×  μ  − 1   · ∇ × G = δ  r −  r ′    . Magnetic fields are connected to the corresponding electric field through    B ^   ( r , ω )  = −  i ω  ∇ ×  e ^   ( r , ω )   .



The perturbative energy transfer rate  Γ  for incoherent Förster-type resonance energy transfer can be expressed in terms of the transition matrix element   M fi   using Fermi’s golden [35] as   Γ =   2 π   ℏ 2   ρ    M fi   2   , where  ρ  is the density of final states associated with energy. The electric or magnetic transitions in the molecules depend linearly on the electric and magnetic fields.   M fi   describes perturbation, leading to the interaction between a chiral molecule and a second chiral species via two virtual photon exchanges. It is evaluated from the second-order perturbation theory formula


   M fi  =    ∑ j     f   H int   j   j   H int   i     E i  −  E j       E i  =  E f     



(4)




with the initial state    | i 〉  =   e d  ,  g a  ,  { 0 }     and final state    | f 〉  =   g d  ,  e a  ,  { 0 }    . And E is the energy of the respective state. Each matrix element corresponds to an event in which one of the molecules undergoes a transition accompanied by the emission or absorption of a virtual photon. Taking into account a complete set of intermediate states in the calculation, all possible intermediate states   | j 〉   can written as follows:


    j 1   =   g d  ,  g a  ,  1 λ   ( ω , r )   ,    j 2   =   e d  ,  e a  ,  1 λ   ( ω , r )    








corresponding to a single excitation in the electric field (  λ = e  ) or magnetic field (  λ = m  ) with both molecules in the ground state, and a single field excitation with both molecules in the excited state, where     1 λ   ( ω , r )   =   f ^  λ †   ( r , ω )   |  { 0 }  〉    is the single-quantum Fock state of collective, polaritonlike bosonic excitations of electric and magnetic types. According to interaction Hamiltonian, the probability amplitude can therefore be divided into four terms:    M fi  =  M ee  +  M em  +  M me  +  M mm   . The desired transition matrix elements are as follows:


     M ee     = −  μ 0   ω 2   d a  · G   r A  ,  r D  , ω  ·  d d        M em     = i  μ 0  ω  d a  · G   r A  ,  r D  , ω  ×   ∇ ←  D  ·  m d        M me     = i  μ 0  ω  m a  ·   ∇ →  A  × G   r A  ,  r D  , ω  ·  d d        M mm     =  μ 0   m a  ·   ∇ →  A  × G   r A  ,  r D  , ω  ×   ∇ ←  D  ·  m d      



(5)




where   d d   is the downward dipolar transition in the donor and   d a   is the upward one in the acceptor, with    d d  =   g d   |  d ^  |   e d     and    d a  =   e a   |  d ^  |   g a    .   m d   and   m a   having analogous definitions. The four terms can easily be verified, as they lead to the same results known from free-space QED [36]. The general Green’s tensor determines the value of the transmission matrix. However, the electromagnetic response of a complex photonic system is usually not known analytically, so we can adopt semianalytical models when guided by the full numerical solutions.



The electric field generated from the donor and its relative dyadic Green’s function are from classical electrodynamics. Consider that a single donor molecule is located at   r D   in inhomogeneous dispersive and absorbing media. It can be assumed that    p e   ( r , t )  =  p e   ( t )  δ  r −  r D     after making the point-dipole approximation, while the distance between the donor and the acceptor is much larger than the molecular size. The background medium is assumed as a linear time-invariant medium    D  med     ( r , ω )  =  ε r   ( r , ω )   ε 0   e ^   ( r , ω )   . Moreover, the total displacement field   D  ( r , t )  =  D  med     ( r , t )  +  p ex   ( r , t )    and the relative permeability  μ  is assumed to be 1, then Maxwell’s equations are cast into an inhomogeneous partial differential equation by performing the temporal Fourier transform [37]


      ε r   ( r , ω )   ω 2    c 2    e ^   ( r , ω )  − ∇ ×  { ∇ ×  e ^   ( r , ω )  }   = −  μ 0   ω 2   p e   ( ω )  δ  r −  r D    



(6)




where    p e   ( ω )    is the temporal Fourier transform of    p e   ( t )   . The solution of Equation (6) can be expressed in terms of the dyadic Green’s function   G  r ,  r ′  , ω    and consists of two terms:    e ^   ( r , ω )  =   e ^   ( 0 )    ( r , ω )  + G  r ,  r D  , ω   −  μ 0   ω 2    p e   ( ω )   . The first term is the homogeneous solution describing the internal electric field in the media and we assume it to be 0; the second term corresponds to a response caused by the external polarization field (for example, the plasmons). Then, we obtain the response electric field at the position of acceptor molecule   r A  


      e ^  ED    r A  , ω     p e   ( ω )    = −  μ 0   ω 2  G   r A  ,  r D  , ω  ·  e  e d    



(7)




where    p e   ( ω )  =  p e   ( ω )   e  e d     describes the electric diople source of the donor, and   e  e d    is the unit vector of the electric transition dipole. We define that the magnetic response of the donor’s electric dipole, and the electric and magnetic response of the donor’s magnetic dipole at the position of the acceptor are     B ^  ED    r A  , ω   ,     e ^  MD    r A  , ω    and     B ^  MD    r A  , ω   , respectively. The magnetic diople source is described as    p m   ( ω )  =  p m   ( ω )   e  m d    . Thus, Equation (5) can be expressed as the corresponding electric-magnetic response result as follows:


     M ee     =   d a     d d      e  e a   ·   e ^  ED    r A  , ω     p e   ( ω )          M em     =   d a     m d      e  e a   ·   e ^  MD    r A  , ω     p m   ( ω )          M me     =   m a     d d      e  m a   ·   B ^  ED    r A  , ω     p e   ( ω )          M mm     =   m a     m d      e  m a   ·   B ^  MD    r A  , ω     p m   ( ω )        



(8)







Here, all electric and magnetic fields and corresponding    p e   ( ω )    and    p m   ( ω )    can be obtained from computational electromagnetic software based on the FDTD method. Thus, the numerically exact solutions of the Green function are obtained as well. This provides a convenient scheme for studying resonance energy transfer with arbitrarily complex structures. It should be noticed that the form of the transition matrix elements is only applicable in the weak coupling regime.




3. Results and Discussion


First, we investigate the RET between a donor and acceptor pair with a defined transition dipole orientation in the homogeneous medium. In our simulations, the contribution of electric dipole moments of the donor is evaluated by an oscillating electric point dipole source polarized in the z-direction at the origin   ( 0 , 0 , 0 )  , while the contribution of magnetic dipole moments is evaluated by a magnetic dipole at the same place. The acceptor is set with equal magnitude and polarization as the donor located on the y-axis   ( 0 , R , 0 )  . The separation distance between the donor and acceptor is R. All dipole sources used are achiral, and FDTD simulations are only used to evaluate achiral electric-magnetic responses in our method. Combining Equation (5) with the homogeneous Green function [38] (  k =   ε r   ω / c  ), the analytical transfer matrix elements corresponding to purely electric, mixed electric-magnetic, and purely magnetic couplings are written as follows:


         M  ee  zz    r A  ,  r D   =    d a   d d   e  i k R     4 π  ε 0   ε r       k 2  R  +   i k   R 2   −  1  R 3              M  em  zx    r A  ,  r D   =    d a   m d   e  i k R     4 π c  ε 0    ε r        k 2  R  +   i k   R 2              M  me  xz    r A  ,  r D   =    m a   d d   e  i k R     4 π c  ε 0    ε r        k 2  R  +   i k   R 2              M  mm  xx    r A  ,  r D   =    m a   m d   e  i k R     4 π  c 2   ε 0       k 2  R  +   i k   R 2   −  1  R 3        



(9)







To confirm the robustness of our method in different media and under different source wavelengths, several media and wavelengths are chosen to test the method. The transition dipole moments are chosen to be    d d  =  d a  =  m d  / c =  m a  / c = 1 D   for simplicity.



The real parts and imaginary parts of electric dipole-electric dipole coupling terms   M  ee  zz   as the function of the separation distance R between the donor and acceptor are shown in Figure 2a,b. Setting the source to be   λ = 405   nm and defining the host environment to be vacuum, water, and dimethyl sulfoxide (DMSO) with refractive indexes    n r  =  1, 1.33 and 1.48 (   ε r  =    n r   2   ), the real parts of the numerical results from FDTD (solid lines) are found to match the corresponding analytical results (dash lines) and so are the imaginary parts. The distance-dependent oscillations of the real and imaginary parts of   M  ee  zz   can be observed varying with different relative permittivities of media. Larger permittivity leads to a larger wave vector k, which determines the power of the exponential term   e  i k R   , resulting in a smaller spatial oscillation period of   M  ee  zz  . The amplitudes of   M  ee  zz   with typical laser wavelengths in the visible light band (  λ = 405   nm, 532 nm, 633 nm, and 785 nm) are shown in Figure 2c.    |   M  ee  zz   |    decreases obviously with the increase in  λ . It follows   R  − 3    in the near zone and   R  − 1    in the far zone. Note that the dipole and monitors must be placed at the correct locations within the Yee cell when numerically calculating the transfer matrix elements by FDTD because the x, y, and z components of the electric and magnetic fields are obtained at different locations within the Yee cell. The real part of   M  ee  zz   analytically diverges, while FDTD gives a volume-averaged result over the mesh which is finite as   R → 0  . There will be an error between the FDTD results and analytical results for small separations, and reducing the mesh size can decrease the relative error. Thus, we only show a portion of the distance-dependent real parts and amplitudes of   M  ee  zz  .



After the validation of   M ee  , we move on to the other coupling terms. With    n r  = 1.33   and   λ = 615   nm, the calculation results are shown in Figure 3. It is obvious that the real parts, imaginary parts, and transition amplitudes from the two methods match each other, respectively. When uniformly setting magnitudes of the electric and magnetic transition dipole moments of the donor and acceptor, the electric dipole-magnetic dipole coupling (  M ee  ) and magnetic dipole-electric dipole coupling (  M me  ) contribute equally to the total energy transfer rate, and the amplitudes of   M ee  ,   M em  ,   M me   and   M mm   are comparable. The magnetic transition dipole moment   m / c   is usually smaller than the electric transition dipole moment d by 2–3 orders for chiral molecules smaller than a few nm [39], and it is why electric-electric dipole coupling is dominant in the RET process and other interactions related to magnetic dipole transitions are neglected. RET rates calculated by the FDTD method are reliable in the separate distance of   R >   20 nm for our mesh set to 1 nm. We will apply it to more complex environments and discuss it later.



We chose a single cuboid Au (core)-Ag (shell) nanorod (Au@Ag NR) which supported the achiral plasmon mode to investigate the plasmon-coupled RET process between a chiral donor-acceptor pair. The geometry setup of Au@Ag NR and the relative positions of NR and the dipoles are shown in Figure 4a. The NR consists of a gold rod core (50 nm long, 16 nm wide, and radius 8 nm of the semi-spherical caps) encased in a silver shell (3 nm thick on the sides and 1 nm thick on the ends). The dielectric constants of gold and silver are adopted from Johnson and Christy [40]. The NR shows a peak of   λ = 615   nm in the normalized scattering spectra, and this wavelength of the scattering maximum is used for every later RET calculation involving Au@Ag NR. The donor and the acceptor, together with the NR, are taken to be in the water (   n r  = 1.33  ). All donor and acceptor molecules are approximated by point dipoles. Six sets of the distance of the donor from the surfaces of the NR are chosen for this study, with the distance d marked from d1 to d6 (d = 5, 15, 25, 50, 75, and 100 nm). Under the condition of whether NR is present or not, the electric and magnetic fields generated from the donor dipole source are calculated for each d.



Polarizing the donor electric dipole in the z-direction and the donor magnetic dipole in the x-direction, while the acceptor has equal polarization, the results of the transition amplitudes are shown in Figure 5a. For a donor at the origin and the acceptor located on the y-axis, the largest enhancement theoretically occurs when the polarization of the donor is parallel to that of the acceptor and the longitudinal modes of localized surface plasmon resonance (LSPR). It is obvious that transition amplitudes have local minima at certain distances near the NR and local maxima on the surface of the NR. The former can be attributed to interference between the dipole electric and magnetic field from the donor and the induced multipole electric and magnetic field from the NR [39], while the latter can be attributed to the localized enhancement effect of the surface plasmon. The response electromagnetic fields of transition electric and magnetic dipoles can be expressed as a superposition of three directional components. We continue to calculate the components in the two remaining directions, and the rotational averaging results, which show the interaction among molecules with arbitrary transition dipole orientations, are shown in Figure 5b.The positions of local maxima and local minima do not change, but the dips in the transition amplitudes are compensated for and smooth by taking the directional average. As shown in Figure 5c, enhancement factors (EFs) are calculated by taking the ratio of transition amplitudes from the case with and without the NR. Immobilizing the distance between the acceptor and surface of the NR to 5 nm, the EF of    |   M em   |    (green),    |   M me   |    (yellow) show a smooth decay, while that of    |   M ee   |    (red) shows a local maximum at a certain distance. In Figure 5d, the distance between the donor and acceptor is immobilized to R = 127 nm. The EF of    |   M ee   |    is the least sensitive to the position of NR due to the nonmagnetoelectric environment. When the NR is in an intermediate position between the donor-acceptor pair, the EF of    |   M ee   |   ,    |   M em   |   , and    |   M me   |    can drop below 1. It is reasonable to use our method to find the optimal location of molecules and plasmonic nanostructure to best enhance or suppress the RET process.



We turn our attention to the discriminatory RET process. In this work, we follow the definition of discrimination and partition scheme of different contributions to the chiral RET rate in Ref. [29]. Discriminatory and nondiscriminatory rate contributions are written as follows:


     Γ disc     =   2 π  ρ f   ℏ     M em  +  M me   2        Γ nd     =   2 π  ρ f   ℏ     M ee  +  M mm   2      



(10)




where   ρ f   is the density of the final states. The degree of discrimination is defined as   S =  Γ disc  /  Γ nd  =    M em  +  M me   2  /    M ee  +  M mm   2   .



Our nanosystems are embedded in the water, and the local field effects of the medium on the donor and the acceptor transition dipoles lead to an enhancement factor with    c e  = 3  ε r  /  1 + 2  ε r     [29]. Adding the local field correction (LFC) factor   c  e  2  ,   c e  , and   c e   to the relative terms   M ee  ,   M em  , and   M me  , we obtain the final expression for degree of discrimination S


  S =   Γ disc   Γ nd   =     M em  +  M me   2     c e   M ee  +  c  e   − 1    M mm   2    



(11)







In Figure 6a, the degree of discrimination S in the water and near the achiral NR as a function of separation distance R between the donor and the acceptor is plotted. The typical chiral molecule 3-methylcyclopentanone (3MCP) has a comparable electric transition dipole moment and electric transition dipole moment, which leads to a relatively large rotatory strength. Thus, it is chosen as an example of this study. The wavelengths used are   λ = 297   nm for the 3MCP in the water with/without LFC (black solid line/black dash line), and   λ = 615   nm for the cases with/without Au@Ag NR (red/blue solid line). The electric and transition dipole magnetic transition dipoles are   d     = 2.44 ×  10  − 31    cm   and   m    / c = 3.31 ×  10  − 32    cm   [41]. We obtain similar results to Ref. [29], including the effect of LFC in media and the evaluated S in retarded limits (   S  r → ∞   = 0.08   with LFC and   λ = 297   nm). But the evaluated S values in nonretarded limits (  S  r → 0   ) are all close to zero due to the endogenous calculation errors for small separations (10 nm). It is one of the problems that need to be optimized and addressed in our future work. We find that plasmon can further enhance the degree of discrimination when the system has been already in a dielectric environment. By placing the donor near (d = 5 nm) the NR, the degree of discrimination between two chiral 3MCP molecules can already enhance by roughly 27.5% (from 0.08 to 0.102) in the retarded limits. Though   λ = 615   nm is the maximum scattering of NR but not the transition wavelength for 3MCP, the results are still relevant for the chiral RET process with general chiral molecules.



Figure 6b shows the separation-dependent degree of discrimination S with three different distances as d = 5 nm (red solid line), 50 nm (blue solid line), and 100 nm (green solid line) from the donor to the surface of NR. The enhancement effect of plasmon on the degree of discrimination decreases as the donor gets further away from the NR, and the degree appears as a local minimum at the same position as the local minimum in Figure 5a,b. But in the far-zone limit of large distances, the degree of discrimination is still enhanced under the plasmonic effect, and the enhancement effect will eventually disappear with the increasing distance from the donor to the plasmonic nanostructure. Only the donor near the NR (d = 5 nm, red dash line) and the total EF (dash lines), which is calculated by taking the ratio of total amplitudes   | M |   from the cases with NR and without NR, can be enhanced no matter the near-zone limit of small separations or in the retarded or far-zone limit of large distances.It means that utilizing the plasmonic effect to enhance the donor is the better choice rather than the acceptor in the weak coupling regime.



At last, the system of 3MCP coupled with assembled chiral plasmonic chains is investigated to discuss the effect of the chiral plasmonic nanostructure on the chiral RET process. We adopt an experimental configuration for the nanorod-nanosphere-nanorod (NR-NS-NR) from Ref. [42]. As shown in Figure 4b, NR-NS-NR consists of two gold NRs (each 54 nm long and 22 nm wide) and a gold NS (38 nm diameter). The surface-to-surface distance of two perpendicular rods is 62 nm, and the space between each rod and sphere is 12 nm. To obtain the circular dichroism (CD) spectrum of the structure, we use the FDTD method to obtain absorption and scattering corresponding to left-handed circular polarization (LCP) and right-handed circular polarization (RCP). The circularly polarized sources are generated by two plane waves with perpendicular polarizations and a phase difference of 90 degrees. Then, the CD is given by the difference between extinction (the sum of absorption and scattering) for LCP and RCP. The normalized CD spectrum, which agrees with the experimental measurement, shows a maximum dip at 659 nm and a peak at 682 nm. The wavelength of maximum CD (  λ = 682   nm) is used to set the donor dipole source. The donor is placed at d = 5 nm from the surface of the rod. The degree of discrimination S with (red solid line) and without (blue solid line) are shown in Figure 6c. It is obvious that with NR-NS-NR, the degree of discrimination is enhanced to more than 0.4 in the retarded limit, about five-fold compared to that in water and about four-fold compared with achiral Au@Ag NR. The EF of the discriminatory rate (yellow dash line) rapidly decays and tends to change slowly in the retarded limit, while the EF of the nondiscriminatory rate (green dash line) maintains a larger decay rate in the retarded limit and domain in the nonretarded limit. Though the donor is near the NR-NS-NR, the overall RET rate is not enhanced by the plasmonic effect, which may be due to the full 102 nm length structure with a large intrinsic metal loss and the complex interactions of multipolar electromagnetic fields around the particle. The large enhancement of the degree of discrimination can be attributed to the contribution of the chiral plasmonic nanostructure to the electric-magnetic coupling. With our results, we can obtain the conclusion that achiral/chiral plasmon can enhance the RET rate and the degree of discrimination compared to having no plasmon, while chiral plasmon has more potential in the chiral RET control.




4. Conclusions


We develop a quantum theory based on macroscopic quantum electrodynamics to research RET between a chiral donor and acceptor. Combining the FDTD method, all physical quantities can be obtained to calculate the transition matrix elements, which makes us investigate the RET process of chiral molecules near complex achiral and chiral plasmonic structures. The response electromagnetic fields of transition electric and magnetic dipoles are expressed as a superposition of three directional components, which makes it possible to adopt rotational averaging methods to research the interaction among molecules with arbitrary transition dipole orientations. In order to demonstrate our theory approach, the RET process between chiral molecules 3MCP near the plasmonic achiral/chiral nanostructures is investigated. The results show that plasmon will enhance both nondiscriminatory and discriminatory parts of the chiral RET rate. The ratio of discriminatory to nondiscriminatory rates in the system consisting of 3MCP and chiral plasmonic structure is five-fold compared to the system consisting of a 3MCP and achiral plasmonic structure. We find that the chiral plasmon plays an important role in the chiral RET process and can obviously modulate the electric-magnetic coupling. Our findings are important to understand the achiral/chiral electric-magnetic interaction, and design chiral light-harvesting and sensing devices.







Author Contributions


Conceptualization, L.J., X.L. and C.H.; methodology, L.J. and C.H.; software, L.J. and T.W.; validation, L.J.; formal analysis, L.J. and X.L.; investigation, L.J. and K.L.; writing—original draft preparation, L.J.; writing—review and editing, T.W., L.Y., K.L. and L.J.; supervision, L.Y. and K.L.; project administration, L.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China (12204061, 12174037) and State Key Laboratory of Information Photonics and Optical Communications (No. IPOC 2021ZZ02).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Scholes, G.D.; Fleming, G.R.; Olaya-Castro, A.; Van Grondelle, R. Lessons from nature about solar light harvesting. Nat. Chem. 2011, 3, 763–774. [Google Scholar] [CrossRef] [PubMed]

	



Nabiev, I.; Rakovich, A.; Sukhanova, A.; Lukashev, E.; Zagidullin, V.; Pachenko, V.; Rakovich, Y.P.; Donegan, J.F.; Rubin, A.B.; Govorov, A.O. Fluorescent quantum dots as artificial antennas for enhanced light harvesting and energy transfer to photosynthetic reaction centers. Angew. Chem. Int. Ed. 2010, 49, 7217–7221. [Google Scholar] [CrossRef] [PubMed]

	



Brédas, J.L.; Sargent, E.H.; Scholes, G.D. Photovoltaic concepts inspired by coherence effects in photosynthetic systems. Nat. Mater. 2017, 16, 35–44. [Google Scholar] [CrossRef] [PubMed]

	



Steiner, A.M.; Lissel, F.; Fery, A.; Lauth, J.; Scheele, M. Prospects of coupled organic–inorganic nanostructures for charge and energy transfer applications. Angew. Chem. Int. Ed. 2021, 60, 1152–1175. [Google Scholar] [CrossRef]

	



Li, J.; Cushing, S.K.; Meng, F.; Senty, T.R.; Bristow, A.D.; Wu, N. Plasmon-induced resonance energy transfer for solar energy conversion. Nat. Photonics 2015, 9, 601–607. [Google Scholar] [CrossRef]

	



Wu, L.; Huang, C.; Emery, B.P.; Sedgwick, A.C.; Bull, S.D.; He, X.P.; Tian, H.; Yoon, J.; Sessler, J.L.; James, T.D. Förster resonance energy transfer (FRET)-based small-molecule sensors and imaging agents. Chem. Soc. Rev. 2020, 49, 5110–5139. [Google Scholar] [CrossRef]

	



Kamińska, I.; Bohlen, J.; Yaadav, R.; Schüler, P.; Raab, M.; Schröder, T.; Zähringer, J.; Zielonka, K.; Krause, S.; Tinnefeld, P. Graphene energy transfer for single-molecule biophysics, biosensing, and super-resolution microscopy. Adv. Mater. 2021, 33, 2101099. [Google Scholar] [CrossRef] [PubMed]

	



Hildebrandt, N.; Spillmann, C.M.; Algar, W.R.; Pons, T.; Stewart, M.H.; Oh, E.; Susumu, K.; Diaz, S.A.; Delehanty, J.B.; Medintz, I.L. Energy transfer with semiconductor quantum dot bioconjugates: A versatile platform for biosensing, energy harvesting, and other developing applications. Chem. Rev. 2017, 117, 536–711. [Google Scholar] [CrossRef]

	



Förster, T. Zwischenmolekulare energiewanderung und fluoreszenz. Ann. Phys. 1948, 437, 55–75. [Google Scholar] [CrossRef]

	



Martín-Cano, D.; Martín-Moreno, L.; García-Vidal, F.J.; Moreno, E. Resonance energy transfer and superradiance mediated by plasmonic nanowaveguides. Nano Lett. 2010, 10, 3129–3134. [Google Scholar] [CrossRef]

	



Poudel, A.; Chen, X.; Ratner, M.A. Enhancement of resonant energy transfer due to an evanescent wave from the metal. J. Phys. Chem. Lett. 2016, 7, 955–960. [Google Scholar] [CrossRef] [PubMed]

	



Choi, Y.; Park, Y.; Kang, T.; Lee, L.P. Selective and sensitive detection of metal ions by plasmonic resonance energy transfer-based nanospectroscopy. Nat. Nanotechnol. 2009, 4, 742–746. [Google Scholar] [CrossRef] [PubMed]

	



Lunz, M.; Gerard, V.A.; Gun’ko, Y.K.; Lesnyak, V.; Gaponik, N.; Susha, A.S.; Rogach, A.L.; Bradley, A.L. Surface plasmon enhanced energy transfer between donor and acceptor CdTe nanocrystal quantum dot monolayers. Nano Lett. 2011, 11, 3341–3345. [Google Scholar] [CrossRef] [PubMed]

	



Garfield, D.J.; Borys, N.J.; Hamed, S.M.; Torquato, N.A.; Tajon, C.A.; Tian, B.; Shevitski, B.; Barnard, E.S.; Suh, Y.D.; Aloni, S.; et al. Enrichment of molecular antenna triplets amplifies upconverting nanoparticle emission. Nat. Photonics 2018, 12, 402–407. [Google Scholar] [CrossRef]

	



Dunkelberger, A.; Spann, B.; Fears, K.; Simpkins, B.; Owrutsky, J. Modified relaxation dynamics and coherent energy exchange in coupled vibration-cavity polaritons. Nat. Commun. 2016, 7, 13504. [Google Scholar] [CrossRef] [PubMed]

	



Rustomji, K.; Dubois, M.; Jomin, P.; Enoch, S.; Wenger, J.; De Sterke, C.M.; Abdeddaim, R. Complete electromagnetic dyadic green function characterization in a complex environment—Resonant dipole-dipole interaction and cooperative effects. Phys. Rev. X 2021, 11, 021004. [Google Scholar] [CrossRef]

	



Rustomji, K.; Dubois, M.; Kuhlmey, B.; De Sterke, C.M.; Enoch, S.; Abdeddaim, R.; Wenger, J. Direct imaging of the energy-transfer enhancement between two dipoles in a photonic cavity. Phys. Rev. X 2019, 9, 011041. [Google Scholar] [CrossRef]

	



Yang, X.; Li, Y.; Lou, Z.; Chen, Q.; Li, B. Optical energy transfer from photonic nanowire to plasmonic nanowire. ACS Appl. Energy Mater. 2018, 1, 278–283. [Google Scholar] [CrossRef]

	



Yu, J.; Sharma, M.; Delikanli, S.; Birowosuto, M.D.; Demir, H.V.; Dang, C. Mutual energy transfer in a binary colloidal quantum well complex. J. Phys. Chem. Lett. 2019, 10, 5193–5199. [Google Scholar] [CrossRef]

	



Hernández-Martínez, P.L.; Govorov, A.O. Exciton energy transfer between nanoparticles and nanowires. Phys. Rev. B 2008, 78, 035314. [Google Scholar] [CrossRef]

	



Peters, C.; Guichard, A.; Hryciw, A.; Brongersma, M.; McGehee, M. Energy transfer in nanowire solar cells with photon-harvesting shells. J. Appl. Phys. 2009, 105, 124509. [Google Scholar] [CrossRef]

	



Roth, D.J.; Nasir, M.E.; Ginzburg, P.; Wang, P.; Le Marois, A.; Suhling, K.; Richards, D.; Zayats, A.V. Forster resonance energy transfer inside hyperbolic metamaterials. ACS Photonics 2018, 5, 4594–4603. [Google Scholar] [CrossRef]

	



Schäfer, C.; Ruggenthaler, M.; Appel, H.; Rubio, A. Modification of excitation and charge transfer in cavity quantum-electrodynamical chemistry. Proc. Natl. Acad. Sci. USA 2019, 116, 4883–4892. [Google Scholar] [CrossRef] [PubMed]

	



Du, M.; Martínez-Martínez, L.A.; Ribeiro, R.F.; Hu, Z.; Menon, V.M.; Yuen-Zhou, J. Theory for polariton-assisted remote energy transfer. Chem. Sci. 2018, 9, 6659–6669. [Google Scholar] [CrossRef] [PubMed]

	



Du, M.; Ribeiro, R.F.; Yuen-Zhou, J. Remote control of chemistry in optical cavities. Chem 2019, 5, 1167–1181. [Google Scholar] [CrossRef]

	



Green, D.; Jones, G.A.; Salam, A. Polariton mediated resonance energy transfer in a fluid. J. Chem. Phys. 2020, 153, 034111. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, L.Y.; Ding, W.; Schatz, G.C. Plasmon-coupled resonance energy transfer. J. Phys. Chem. Lett. 2017, 8, 2357–2367. [Google Scholar] [CrossRef] [PubMed]

	



Forbes, K.A.; Bradshaw, D.S.; Andrews, D.L. Influence of chirality on fluorescence and resonance energy transfer. J. Chem. Phys. 2019, 151, 034305. [Google Scholar] [CrossRef] [PubMed]

	



Franz, J.C.; Buhmann, S.Y.; Salam, A. Macroscopic quantum electrodynamics theory of resonance energy transfer involving chiral molecules. Phys. Rev. A 2023, 107, 032809. [Google Scholar] [CrossRef]

	



Salam, A. A general formula for the rate of resonant transfer of energy between two electric multipole moments of arbitrary order using molecular quantum electrodynamics. J. Chem. Phys. 2005, 122, 044112. [Google Scholar] [CrossRef]

	



Salam, A. The unified theory of resonance energy transfer according to molecular quantum electrodynamics. Atoms 2018, 6, 56. [Google Scholar] [CrossRef]

	



Rodriguez, J.J.; Salam, A. Influence of medium chirality on electric dipole–dipole resonance energy transfer. Chem. Phys. Lett. 2010, 498, 67–70. [Google Scholar] [CrossRef]

	



Rodriguez, J.J.; Salam, A. Effect of medium chirality on the rate of resonance energy transfer. J. Phys. Chem. B 2011, 115, 5183–5190. [Google Scholar] [CrossRef] [PubMed]

	



Safari, H.; Barcellona, P.; Buhmann, S.Y.; Salam, A. Medium-assisted van der Waals dispersion interactions involving chiral molecules. New J. Phys. 2020, 22, 053049. [Google Scholar] [CrossRef]

	



Dirac, P.A.M. The quantum theory of the emission and absorption of radiation. In Proceedings of the Royal Society of London. Series A, Containing Papers of a Mathematical and Physical Character; Royal Society: London, UK, 1927; Volume 114, pp. 243–265. [Google Scholar]

	



Craig, D.; Thirunamachandran, T. Chiral discrimination in molecular excitation transfer. J. Chem. Phys. 1998, 109, 1259–1263. [Google Scholar] [CrossRef]

	



Ding, W.; Hsu, L.Y.; Schatz, G.C. Plasmon-coupled resonance energy transfer: A real-time electrodynamics approach. J. Chem. Phys. 2017, 146, 064109. [Google Scholar] [CrossRef]

	



Cortes, C.L.; Sun, W.; Jacob, Z. Fundamental efficiency bound for quantum coherent energy transfer in nanophotonics. Opt. Express 2022, 30, 34725–34739. [Google Scholar] [CrossRef] [PubMed]

	



Nasiri Avanaki, K.; Ding, W.; Schatz, G.C. Resonance energy transfer in arbitrary media: Beyond the point dipole approximation. J. Phys. Chem. C 2018, 122, 29445–29456. [Google Scholar] [CrossRef]

	



Johnson, P.B.; Christy, R.W. Optical constants of the noble metals. Phys. Rev. B 1972, 6, 4370. [Google Scholar] [CrossRef]

	



Suzuki, F.; Momose, T.; Buhmann, S.Y. Stern-Gerlach separator of chiral enantiomers based on the Casimir-Polder potential. Phys. Rev. A 2019, 99, 012513. [Google Scholar] [CrossRef]

	



Martens, K.; Binkowski, F.; Nguyen, L.; Hu, L.; Govorov, A.O.; Burger, S.; Liedl, T. Long-and short-ranged chiral interactions in DNA-assembled plasmonic chains. Nat. Commun. 2021, 12, 2025. [Google Scholar] [CrossRef] [PubMed]








[image: Electronics 13 01566 g001] 





Figure 1. Schematic illustration of plasmon-assisted resonance energy transfer involving chiral molecules. 
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Figure 2. Comparison electric dipole-electric dipole coupling term   M  ee  zz   between FDTD results (solid lines) and analytic solution (dash lines) for the dielectric medium cases with different refractive index   n r   and wavelengths  λ . (a) The real and (b) imaginary parts of   M  ee  zz   with   λ = 405   nm,    n r  = 1   (red), 1.33 (blue) and 1.48 (green). (c)    |   M  ee  zz   |    with    ε r  = 1  ,   λ = 405   nm (red), 532 nm (blue), 633 nm (green), and 785 nm (purple). 
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Figure 3. Comparison transfer matrix elements between FDTD results (solid lines) and analytic solution (dash lines) for the dielectric medium cases with    n r  = 1.33   and   λ = 615   nm. (a) The real parts, (b) the imaginary parts, and (c) the amplitudes of   M ee   (red),   M em   (blue),   M me   (dot), and   M mm   (green). 
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Figure 4. Schematic diagram of donor (blue) and acceptor (red) near achiral/chiral plasmonic nanostructures. (a) Geometry setup of achiral Au (core)-Ag (shell) nanorod (Au@Ag NR) and its normalized scattering spectrum. (b) Geometry setup of chiral nanorod-nanosphere-nanorod (NR-NS-NR) and its normalized CD spectrum. 
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Figure 5. Transition amplitudes with the donor distance d1 = 5 nm (dash limes) and d6 = 100 nm (solid lines) while the polarization directions of the dipoles are (a) determined and (b) arbitrary. The enhancement factor (EF) of the transition amplitudes is calculated by taking the ratio of    |   M ee   |    (red),    |   M em   |    (green),    |   M me   |    (yellow), and    |   M mm   |    (blue) from the simulations with NR and without NR. (c) The acceptor is placed 5 nm from the surfaces of the NR. (d) The acceptor is placed at R = 127 nm. 
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Figure 6. (a) Degree of discrimination S for 3MCP as a function of separation distance R in waters without the local field correction (LFC) (black dashed line) and with LFC (black solid lines). For the case with Au@Ag NR (red solid lines) and without NR (blue solid lines). (b) Degree of discrimination S (