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In the search for enhanced control over the process of resonance energy transfer in multichromophore
molecular systems, all-optical mechanisms offer many significant advantages over other systems. One
recently conceived scheme, based on the optical switching of energy transfer, is achieved by coupling a
normally forbidden decay transition with pulses of off-resonant laser light. Earlier work has suggested
that such systems could offer levels of efficiency that might approach those associated with the usual
Forster mechanism. In this Letter, the ab initio results of specific calculations on stacked and co-planar
polycyclic chromophores are reported. The results show that by judicious choice of electronic state and
laser wavelength, much higher levels of efficiency are achievable. A possible scheme for the
implementation of such a system is discussed with regard to its potential use in energy harvesting and

optical switching applications.
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Quantum electrodynamics (QED) is the analytical tool of choice for the theory of optical processes
involving molecular systems.'> Although the basic mechanisms of photophysics and photochemistry
(e.g. single-photon absorption) are easily described by QED, the main focus in recent years has been the
discovery and characterization of novel nonlinear processes yet to be explored by experimentation.
Over several decades, and before recent advances in computational chemistry, the capacity to apply
QED to specific, optically nonlinear materials has been constrained by the difficulty of evaluating the
necessary properties of higher energy electronic states. With quantitative data on key optical parameters
now being computationally accessible, this Letter represents a report of the very first application of QED
to an optical process in pre-defined molecular systems. In detail, computational calculations are here
used to secure ab initio numerical results quantifying the propensity of a purposely designed system,
comprised of polycyclic chromophores (specifically porphine) arranged in a stacked or co-planar

configuration (Fig. 1), to exhibit optically controlled energy transfer.
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Fig. 1. Tllustration of porphine (C20H14N4) chromophores arranged in (a) stacked and (b) co-planar
configurations, which correspond to a displacement vector, R, directed in the Z and X directions,

respectively.

In any such multi-chromophore system, the absorption of visible or ultraviolet light generally leads to
the acquisition of energy by constituent chromophores. Within the system, this electronic energy will
often transfer from one chromophore to another by a familiar mechanism known as Forster transfer.¢
In a recent report,” a novel aspect of this mechanism has been identified, by means of which off-resonant
laser pulses can facilitate energy transfer that could not otherwise take place; this defines the concept of
optically controlled resonance energy transfer (OCRET), a conceivable basis for all-optical switching.

With the adoption of anticipated, order of magnitude values for salient parameters, anticipated transfer
3
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Fig. 2. Energy-level diagram representing OCRET between a donor porphine, A, and an acceptor, B.
Horizontal solid and dashed lines denote energy levels corresponding to one-photon forbidden and
allowed states, respectively; the symmetry of each energy level is also presented, and the energy scale on
the left-hand side is given in wavenumbers (cm™). Solid vertical arrows signify real (representative)
electronic transitions, the double-headed dashed arrows denote typical virtual transitions due to the
control beam; the upper and lower wavy lines denote the control beam and the energy transfer,
respectively. The OCRET mechanism is shown operating between the lowest dark (one-photon

forbidden) states; calculations are also performed on transitions between other dark states.

efficiencies have already been determined for a variety of systems constructed in the form of nanoscale
arrays, and configured to provide parallel signal-processing capability.®? In all of this earlier work, the

detailed expressions for the efficiency of energy transfer were secured by QED analysis.

The OCRET mechanism involves simultaneous coupling between the off-resonant laser beam, and

energy transfer from an excited donor A4 to an acceptor B (in its ground state); this is illustrated by the
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energy scheme of Fig. 2 and involves four fundamental light-molecule interactions. To specifically
determine the rate of OCRET from A4 to B, a time-dependent perturbation method is required; the
detailed procedure of which, deployed to establish the quantum amplitudes of the system, is described
elsewhere.!? In the near-field, over which the strength of the coupling mechanism is largest and the

sought effect therefore most prominent, the quantum amplitude for OCRET is given by;®

My = s e (ORI (1 (052 152 () o

where [ is the intensity of the input beam, V;, (0,R) represents the near-field E1-E1 coupling tensor!!

(R being the displacement vector between 4 and B), and the implied summation convention for repeated
Cartesian tensor indices is employed. Furthermore, e and %ck denote the polarization vector (an

overbar denoting complex conjugation) and energy of a photon from the input laser, respectively;

Sif (ik) is the generalized transition polarizability, written explicitly as;

frri fr ri
S; (k)= — 2
i (£6) Z{Erf + hek Erifrhck} @
where the transition dipole moments are designated by the shorthand notation p” = <X|],l| y), energy

differences E, =E, —E,, and tildes denote the inclusion of a damping term iy, where 2y is the FWHM

linewidth. Further, f signifies the final electronic state of molecule & (either A4 or B), i the initial state

and r, s are intermediates. An expression to determine the rate, I', of OCRET is delivered from Fermi’s

Golden Rule,'? namely I" = 27p, ‘M , ‘2 / h where p; is the density of states.



Calculations on specific molecular systems have been performed using the Gaussian 03 computational
package.!> In all calculations on the porphine molecules a point symmetry group of D, has been
employed. The ground state geometry of porphine was optimized (Fig. 1) using the three parameter
exchange functional of Becke'* (B3) and the correlation functional of Lee, Yang, and Parr’> (LYP),
B3LYP with the triple-zeta split valence basis set, 6-311+G(d,p).!*!®!7 The chromophores were
constrained to D»; symmetry and confirmed as minima through frequency analysis, and in each case
these structures were used throughout the excited state calculations. The electronic excited states were
investigated using the symmetry-adapted-cluster'® (SAC)/configuration interaction'*-! (CI) method with
the double-zeta split valence basis set, 6-31+G(d,p).!*'®!7 For each irreducible symmetry representation
all singlet — singlet multi-electron excited states with energies up to 11 eV (total of 98, including the
ground state) were calculated using an active space comprising the 7 highest occupied and 7 lowest
virtual orbitals. The associated transition dipole moments and excitation energies were calculated
directly from SAC/CI results. The values of the energies and oscillator strengths for the symmetry-
allowed electronic transitions of the porphine macrocycle calculated by SAC-CI approach correspond

well to those calculated by other ab initio methods?>23

and are in good agreement with the experimental
observations.?>?* To the best of our knowledge, this calculation of transition dipole matrix elements

among excited states of porphine molecule by the SAC-CI method has been carried out for the first time.

A computer simulation program has been developed to enable calculation of the OCRET rates from
ab initio results in accordance with equations (1) and (2). These rates can then be determined for
variable frequencies and polarizations of the input laser beam, here assuming an irradiance of 5 x 10!
W cm2, for both the stacked and co-planar configurations. For the purposes of this work, electronic
transitions within the polycyclic (porphine) chromophores are chosen so that one-photon transitions are
forbidden by symmetry selection rules, i.e. dark states are selected. Therefore, Forster (or transition-

dipole mediated) transfer involving these states is excluded, but the two-photon transitions of OCRET



are allowed. The resonance damping factor is arbitrarily fixed at 200 cm’!

, sufficient to generate a
realistic line-shape without producing overlapped electronic states. The values for each excited state
will in fact differ, but those values are unknown and they are not amenable to calculation. In fact, the
reported effects and the conclusions to be drawn are not especially sensitive to the precise values of the
damping constant. Employing equation (1) and Fermi’s Golden Rule, it is convenient to determine
ratios of the OCRET rate with respect to the rate of Forster transfer between the lowest one-photon
allowed states of the chromophore. These ratios have been determined over the frequency range (1 x
10* — 4 x 10*) cm!, and for the input laser polarized in the X, Y or Z direction. In detail, the employed
dark states of porphine are those at the lowest energies above the ground state: 33945 cm! (state 1,

symmetry Ag), 35192 cm! (2, Bsg), 38195 cm™! (3, Ag), 40132 cm™! (4, Bsg), 43129 cm™! (5, B3g), and

43866 cm™! (6, Ag). The lowest accessible Forster allowed energy level is found at 35456 cm! (B1u).

Following calculation of the OCRET rates from the simulation program, plots of the ratios against
laser frequency are constructed; the most significant of which are shown in Fig. 3. Since the
phenomenon of interest designedly deploys an off-resonant laser beam, any results for conditions ‘on’ or
approaching resonance are omitted. Although larger ratios can be secured by resonance enhancement,
the chromophore system must remain transparent with respect to the input beam for experimentally
meaningful results. The calculations are determined in accordance with the selection rules imposed by

Do, symmetry, and only transitions involving dark states are OCRET active.

From the constructed graphs, the most interesting aspects are that the ratios are: (i) widely varying
with input frequency, because of the dependence on the fourth power of the transition polarizability; (ii)

crucially dependent on dispersion behavior; (iii) negligible for an X polarized input laser. Analysis of



=== Y-polarized
25 —7-polarized

vvvvvv Co-planar (Z-polarized)

1.5 A

Ratio

”,

0.5

‘ ,)\
’f
0 - AT T

e ———
-

10000 12000 14000 16000 18000 20000 22000 24000 26000

Laser frequency (cm)

Fig. 3. Graph of the OCRET versus Forster rate, i.e. the ratio described in the text, against input laser
frequency for the stacked configuration (unless stated). Here, the lowest dark state (state 1, symmetry
Ac) is employed in the OCRET calculations and results very close to resonance are omitted, as seen

between 24000 and 26000 cm™'; except omitted results, none of the ratios are exactly zero.

the results from ab initio calculations has shown that multi-electron excited states B3, have relatively
high excitation energies (> 7eV) and, therefore, are well separated from both the ground state and
excited states 4G (1, 3, 6) and B3 (2, 4, 5). This ensures that the contributions from the intermediate
states B3, (via the symmetry allowed non-zero X-components of the transition dipole moment with
ground and/or excited states) into the relevant generalized transition polarizability tensor components
Sve Sy, Sxz, Syx, Sox are weak. The relative position of all intermediate excited states have a profound
effect on the calculated properties because of the dependence on the fourth power of the transition

polarizability; (iv) often dissimilar for Y polarized light compared to Z polarized input with matching
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laser frequencies; (v) identical for Ag dark states and Y polarized light whether the stacked and co-
planar configurations is applied. This is again a consequence of the selection rules imposed by the

symmetry on the generalized transition polarizability tensor via transition dipole matrix elements. For

excited states A only V,,(0,R)e,S,,S;e, term has non-zero contribution into M. Since V,,(0,R)

does not change upon changing the configuration from stack to co-planar the ratios are identical; (vi)

also identical for B3c dark states and Z polarized light. In this case the non-zero contributing term is

v,, (O, R)eZSZ‘;SZE;eZ and, therefore, an analogous conclusion about the ratios can be drawn; (vii) enhanced

for Ac states and Z polarized light comparing the stacked configuration against the co-planar. This is

because the only non-zero terms allowed by symmetry, namely V,(0,R)e,S/ S2e, depend on the

227172

V,,(0,R) component of the near-field E1-E1 coupling tensor. The absolute value of this component is
decreased from stacked to co-planar configuration; (viii) also enhanced for Bsc states and Y polarized

light. Here the non-zero contributions come from V,,(0, R)eySQS;BZey terms and therefore similar

arguments apply. It is noteworthy that, in terms of the absolute rate, the stacked configuration will likely
be favored over the co-planar case, since the former allows closer spacing of the ring structures. For
example, since the absolute rate is dependent on R, a factor of ~3 difference in the separation translates

into an approximately three orders of magnitude difference in the rates.

In summary, we report the first quantitative prediction of OCRET rates from ab initio calculations.
The energy transfer rates have been calculated and compared for two configurations of chromophores,
namely, stacked and co-planar. It is shown that, for porphine molecules, OCRET (a two-photon allowed
mechanism) may be comparable in efficiency to the conventional Foster transfer mechanism, and
therefore should be experimentally detectable. The predicted OCRET rates show strong dependence on
the polarization of the laser beam; this and other observations are predetermined by the symmetry of the
chromophore. The OCRET mechanism occurs via dark (one-photon forbidden by symmetry) states in

contrast with the Foster transfer which is transition dipole mediated. The former mechanism promises
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the benefit of direct optical control over the energy transfer. The ability to predict transfer efficiencies
from the state-of-the-art ab initio calculations of real molecular structures promises to facilitate the

design of experimental schemes utilizing OCRET.
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Supporting Information Available

Excitation energies, components of the transition dipole moments and oscillator strengths between the
singlet excited states and the ground state as calculated by symmetry-adapted-cluster (SAC) /
configuration interaction (CI) method:

(D2h symmetry)

Symmetry state Excitation Transition dipole moment (au) Osc.
energy (eV) X Y Z strength

AG 0 Ground State

AG 1 4.2090 0.0000 0.0000 0.0000 0.0000
AG 2 4.7359 0.0000 0.0000 0.0000 0.0000
AG 3 5.4391 0.0000 0.0000 0.0000 0.0000
AG 4 5.7417 0.0000 0.0000 0.0000 0.0000
AG 5 6.6405 0.0000 0.0000 0.0000 0.0000
AG 6 7.3659 0.0000 0.0000 0.0000 0.0000
AG 7 7.8140 0.0000 0.0000 0.0000 0.0000
AG 8 8.1822 0.0000 0.0000 0.0000 0.0000
AG 9 8.4167 0.0000 0.0000 0.0000 0.0000
AG 10 8.5694 0.0000 0.0000 0.0000 0.0000
AG 11 8.8438 0.0000 0.0000 0.0000 0.0000
AG 12 9.1458 0.0000 0.0000 0.0000 0.0000
AG 13 9.2277 0.0000 0.0000 0.0000 0.0000
AG 14 9.3497 0.0000 0.0000 0.0000 0.0000
AG 15 9.7075 0.0000 0.0000 0.0000 0.0000
B1G 1 6.1132 0.0000 0.0000 0.0000 0.0000
B1G 2 7.1427 0.0000 0.0000 0.0000 0.0000
B1G 3 7.4996 0.0000 0.0000 0.0000 0.0000
B1G 4 8.1465 0.0000 0.0000 0.0000 0.0000
B1G 5 8.4853 0.0000 0.0000 0.0000 0.0000
B1G 6 8.5265 0.0000 0.0000 0.0000 0.0000
B1G 7 8.8633 0.0000 0.0000 0.0000 0.0000
B1G 8 9.1429 0.0000 0.0000 0.0000 0.0000
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B3U 7 8.8206 0.0279 0.0000 0.0000 0.0002

B3U 8 8.8624 -0.0450 0.0000 0.0000 0.0004
B3U 9 9.0311 0.0097 0.0000 0.0000 0.0000
B3U 10 9.0918 -0.0094 0.0000 0.0000 0.0000

Representative table showing the transition dipole moments, oscillator strengths and relative energies
between the lowest dark state (state 1, symmetry 4, excitation energy = 4.2090 eV (33945 cm™)) and
the rest of the excited states used in the calculations. These data have been used for the calculation of
OCRET rates and their comparison with the Forster rate as presented in Figure 3.

Symmetry State relative Transition dipole moment (au) Osc.
energy (eV) X Y Z strength

AG 1 0.0 Excited State 1.
AG 2 0.5269 0.0000 0.0000 0.0000 0.0000
AG 3 1.2301 0.0000 0.0000 0.0000 0.0000
AG 4 1.5327 0.0000 0.0000 0.0000 0.0000
AG 5 2.4314 0.0000 0.0000 0.0000 0.0000
AG 6 3.1568 0.0000 0.0000 0.0000 0.0000
AG 7 3.6050 0.0000 0.0000 0.0000 0.0000
AG 8 3.9731 0.0000 0.0000 0.0000 0.0000
AG 9 4.2076 0.0000 0.0000 0.0000 0.0000
AG 10 4.3604 0.0000 0.0000 0.0000 0.0000
AG 11 4.6348 0.0000 0.0000 0.0000 0.0000
AG 12 4.9367 0.0000 0.0000 0.0000 0.0000
AG 13 5.0187 0.0000 0.0000 0.0000 0.0000
AG 14 5.1406 0.0000 0.0000 0.0000 0.0000
AG 15 5.4985 0.0000 0.0000 0.0000 0.0000
B1G 1 1.9041 0.0000 0.0000 0.0000 0.0000
B1G 2 2.9336 0.0000 0.0000 0.0000 0.0000
B1G 3 3.2906 0.0000 0.0000 0.0000 0.0000
B1G 4 3.9374 0.0000 0.0000 0.0000 0.0000
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B1G

B1G

B1G

B1G

B1G

B1G

B2G

B2G

B2G

B2G

B2G

B2G

B2G

B2G

B2G

B2G

B3G

B3G

B3G

B3G

B3G

B3G

B3G

B3G

B3G

B3G

B3G

B3G

B3G

B3G

B3G

AU

AU

AU

AU

10

11

12

13

14

15

.2763

.3174

.6542

.9338

.2382

.6417

.0493

L7215

.6474

.1159

.3820

.5866

L9377

.0536

.1335

.0603

.1546

L7670

.1387

.4084

.2452

.5068

.6100

. 7455

.1592

.2789

.4817

.5773

.7964

.0932

.6802

.6178

.2638

.0470

L6637

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000
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AU

AU

AU

AU

B1U

B1U

B1U

B1U

B1U

B1U

B1U

B1U

B1U

B1U

B1U

B1U

B1U

B1U

B1U

B2U

B2U

B2U

B2U

B2U

B2U

B2U

B2U

B2U

B2U

B2U

B2U

B2U

B2U

B3U

B3U

10

11

12

13

14

15

10

11

12

13

14

.8919

.9552

.0980

.1026

.0626

.1870

.4526

.9515

.6173

.5911

.0109

.5103

.6547

.9752

.0982

.1520

.2333

.6411

.8280

.7983

.4883

.9333

.8534

.5602

. 6877

L1799

.3565

.6324

.0162

L1224

.5306

.6765

.8154

.2691

.6288

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0536

.0027

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.6302

.0681

L4747

.7014

.0649

.1676

.0704

.3293

.1025

.2287

.3864

.1450

.5260

.0125

.0000

.0000

.0000

.0000

.0000

.0000

.0486

L4301

.0072

.7034

.0082

L4027

.0357

L3227

.1062

.1904

.2021

.3857

.3952

.3891

.3100

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0001

.0008

.0361

.0237

.0000

.0143

.0001

.0115

.0013

.0044

.0051

.0188

.2496

.0209

.0137

.0078

.0001

.0052

.0223

.0989

.0025

.0005

.0116

.0012

.0064

.0187

.0028

.0385

.0000

.0002

.0000
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B3U

B3U

B3U

B3U

B3U

B3U

B3U

B3U

.0333

.2897

L4376

.5776

.6115

.6534

.8221

.8827

-0.

-0.

-0.

-0.

0487

.0178

0121

0341

1555

.0711

.0306

.0026

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0002

.0000

.0000

.0001

.0027

.0006

.0001

.0000
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