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Two-dimensional (2D) electronic spectra of Mg-porphyrin dimers with circularly polarized laser
pulses are simulated for two molecular geometries. The Zeeman shift of the non-chiral 2D spec-
tra induced by a magnetic field highlights spectral regions that are dominated by exciton states
with large total angular momentum, and are particularly sensitive to the geometry. These 2D shifts
show much higher sensitivity to the molecular array than the absorption spectrum shifts. For dif-
ferent molecular geometries, only the intensity of the 2D spectrum peaks changes while the form
of the Zeeman shifts in the 2D frequency space is modified. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4767066]

I. INTRODUCTION

Two-dimensional (2D) optical spectroscopy probes cor-
relations between coupled vibrational and electronic transi-
tion dipoles,"?> and provides high resolution information on
molecular structure. The polarization of four optical pulses
can be controlled to reveal detailed molecular properties.
Combinations of linear polarization configurations have been
used to increase the resolution of cross-peaks in infrared 2D
spectra of organic compounds,’ and to measure the angles be-
tween chromophores in the CP29 light harvesting complex.*
Simulations based on genetic algorithms have also been used
to construct optimal pulse polarizations and analyze selected
features of two-dimensional spectra of porphyrin dimers.?

Here, we study two-dimensional spectra of Mg-
porphyrin dimers obtained with circularly polarized beams.
A circularly polarized laser pulse can selectively excite
degenerate states that carry angular momentum. Upon the
absorption of light, the photon angular momentum can be
transferred to the electrons and induce a ring current.®’
Metal-substituted porphyrins are heterocycles with a large
number of m-electrons and a divalent metal at the center.
They are of particular interest in biology and material science.
The degenerate states that carry an orbital angular momentum
are split by an external magnetic field due to the so-called
Zeeman effect.®'% We study how circularly polarized pulses
and Zeeman splitting can be combined to increase the
sensitivity of the technique to molecular geometry.

Two-dimensional spectroscopy with circularly polarized
beams may be used to probe correlations between transitions
with orbital angular momentum. Correlations between Mg-
porphyrin dimers embedded in a phospholipid bilayer mem-
brane have been simulated recently using two-dimensional
spectroscopy with linearly polarized pulses.!!' In this article,
we first present in Sec. II sum over state expressions for sig-
nals with circular polarization. We then obtain a set of inde-
pendent polarization configurations for the two-dimensional
signal in Sec. III. In Sec. IV, we describe the Hamiltonian of
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a Mg-porphyrin dimer in terms of angular momentum states
and the Zeeman effect. 2D spectra are simulated and analyzed
in Sec. V. Finally, in Sec. VI, conclusions are given.

Il. TWO-DIMENSIONAL SPECTROSCOPY

We focus on coherent third order spectra induced by four
short pulses. The output field is detected in the rephasing,
ki = —k; + k; + k3 direction. ki, ky, and k3 are the wave
vectors of the first, second, and third pulses (in chronological
order). In this article, we use the sum over states approach! to
calculate the 2D spectra with circularly polarized beams. The
photon-echo signal has three contributions
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The transition frequencies, w,;(B), depend on a constant
external magnetic field B which causes the Zeeman splitting.
M;’; are the transition dipole moments. e(p "’ is the polariza-
tion of the pulse in the frequency domain. p, = r, [ denotes

right- or left-circular polarizations. e and ¢’ are single exciton
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states and f doubly excited states. The total signal is
Sk, (B;t3,12,11) X Ry, i(B;t3,t2,11) + Rg, ii(B; 13, 12, 11)
+ Rg,.iii(B; 13, 12, 1), (2
the pulses are of the form
EP(1) = 3, 8" At — 1) cos(@(t = 1,) + ), (3)

w, are the corresponding carrier frequencies. A(t — 1) is
the pulse envelop, with A, being the maximum intensity of
the pulse. Multidimensional signals are displayed in the fre-
quency domain by a Fourier transform with respect to the time
intervals between the pulses

SO (B Q3.1 1)
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Q2 and 23 are the transform variables conjugate to #; and 3.
For the absorption spectra, we use Lorentzian line shapes
WYeg “’LOL"Z

(B;Cl)) = (a) — weg(B))2 + ngg. (5)

s
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lll. INDEPENDENT CIRCULAR
POLARIZATION CONFIGURATIONS

The response function contains a tensor product of four
transition dipoles'

S (’L5144),Lg¢13)u542)u(141))’ (©6)
where g, denotes the rotational symmetry of the transition,
g, = r clockwise (right) or g, = [ anti-clockwise (left).
This handedness is defined with respect to the wave vec-
tor of the laser that induces the excitation. After excitation
with circularly polarized beams, electrons may acquire angu-
lar momentum. Rotational averaging is over molecular ori-
entation performed using Eq. (A3). The three-independent
polarization configurations are given by Eq. (A4). Indepen-
dent sets can be built from linear combination of the in-
dependent vectors F\" = (1,0, 0), F}” = (0, 1, 0), and F}’
= (0, 0, 1). When the Zeeman effect is accounted for, the ori-
entation of the molecules also affects the energy in the denom-
inators and the orientational averaging must be carried out
numerically. The independent polarization configurations in
Table I only apply in the absence of a magnetic field.

Table I shows the independent polarization configura-
tions of circularly polarized beams. [ or r denote a left or a
right circularly polarized beam propagating along the z axis.
Unlike for linearly polarized pulses,' the configurations in
Table I depend on the propagation direction. The reason is that

TABLE 1. Independent polarization configurations for the non-chiral KI,
KII, and KIII signals.

Polarization configurations F®

Irll 0,1, 1)
irl (1,0, 1)
ilr (1,1,0)
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a right-circularly polarized beam propagating along Z and a
left-circularly polarized beam propagating along —Z produce
the same polarization, as long as the light-matter interaction
occurs within a spatial region that is small compared with the
wavelength of the optical field. The polarization of the elec-
tric field of two circularly polarized beams cannot be identical
if they propagate in different directions.

When the delay between the second and third pulses
is zero, the first and second polarization configurations in
Table I are identical. The /Irl — Illlr configuration cancels
single exciton contributions and is especially sensitive to the
geometry.

IV. MODEL HAMILTONIAN FOR AN OPTICALLY
DRIVEN Mg-PORPHYRIN DIMER
IN A MAGNETIC FIELD

We use the model previously reported in Ref. 11 but ex-
tended to include ring currents following Manz et al.%" The
total Hamiltonian of the system is

Htotal = HO + Hinta (7)

where Hj represents the Mg-porphyrin dimer and Hjy is the
coupling with the optical field. Every Mg-porphyrin molecule
is modeled as a three-level system comprised of a ground
state, with state vector |g), and two degenerate excited states
with state vectors |e;) and |e;) that correspond to the in-plane
QOx and Qy electronic transitions, Figure 2(a).!> We further
define excited states with E-symmetry |e”) and |e()7

oy _ L - g
le*”) ﬁ(|61)+l|€2)), (8a)
Oy = (e —i 8b
le””) ﬁ(leﬁ ilea)). (8b)

In the presence of an external magnetic field the degener-
acy of these states is lifted as illustrated in Figure 1(a). Since

4

oq

(a) (b)

FIG. 1. (a) Level scheme for a Mg-porphyrin molecule with a shift AE, il-
lustrating the Zeeman effect. (b) Level scheme for a Mg-porphyrin dimer.
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the monomers are non-chiral, the definitions of / and r are
arbitrary.'® If a molecule plane is perpendicular to the prop-
agation direction of the laser, then a left- (right-) circularly
polarized laser excites the molecule to the state e’ (|e®)).
Figure 1(b) gives the level scheme for the Mg-prophyrin
dimer. It has four single exciton states and four double exci-
ton states. The Mg-porphyrin molecules are denoted a and b,
with &, and ¢, the transition energies. We can then write the
following complete basis of nine dimer states, {|i)}, as given
products of the ground states and E-symmetry excited states

0
g+ €71 0 Vis Via
0 &q+ 672 Vo3 Vo4
Vi Vi &+ €73 0
Hy= Vi Vir 0 e+ €ez4

The electronic couplings are given by
2
_ |l 2
AgeR3 ™

where |u| is the transition dipole of the Mg-porphyrin
molecule. The orientational factor is

(1)

nm

k2, =@ m)-(m| @ |n)=3[(n| 2 m)-RI[R - (m| P |n)],
(12)

where 2 is the unit dipole operator for the molecule £. R is
a unit vector from the center of one molecule to another.

The interaction with the optical field within the rotating
wave approximation is

Hiy = V(1) - EP*(1) + V*(t) - EP(1), (13)

where the transition dipole operator in the laboratory frame is

V=3 3 > (891 s) g9 g®) )

f=5,6,7,8 £=a,b s=1,2,3,4

+(sIRE 1) (fI. (14)

The electric field in the circularly polarized pulse laser is
EP(t) = 2P At — to) cos(w(t — ty) + ), (15)

with parameters already defined in Sec. II. The polarization
of the field is

2P —

Sl -

1
+i|. (16)
0

&atép+Eézs
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of the monomers

1g) = 18“N1g®), ler) = @) 1gP), lea) = 1e"V)|g™),

les) = 1g)[e"?), lea) = 1891, les) = [e)[e"?),

; 1,b _ 1, 1,b _ ; b
leg) = 1e7D) D)), |eg) = |eD) D)), |es) = |e5 @) [ed").

(€))

The dimer Hamiltonian is

&atép+Eze
atEptEz7

&q + &y + 23

(10)

The signs “+” and “—" are associated with the superscripts p
=l and p = 5, respectively. The energy shifts,¢, z, in Eq. (10)
are caused by the Zeeman effect. In the presence of a constant
magnetic field B, in the propagation direction of the laser, the
energy of a single or double exciton state |n) of the dimer is
shifted by

enz = —B. ((n|m |n) + (n|m? |n)). (17

V. SIMULATION OF THE SPECTRA

2D spectra, Sg;(0; Q3, 0, ), for £, = 0 were calcu-
lated for two molecular geometries. The planes of the two
Mg-porphyrin molecules are either parallel or perpendicular
in these geometries (see Figure 2). The separation between
the Mg atoms is 8 A, and we used the Irli~lllr polarization
configuration. We assume that when we use a magnetic field
of 100 kG perpendicular to the porphyrin plane, it causes
a Zeeman splitting of 44 cm™!. This is consistent with pre-
vious observations.'? The optical linewidth was taken from
Ref. 15. The same dephasing rate is assumed for all
transitions of 200 cm~'. The electronic transition fre-
quencies of the isolated chromophores, &, = ¢, is
16500.7 cm~!. Rotational averaging was carried out
numerically; taking into account that the Zeeman shift
(Eq. (17)) depends on the orientation. For this average, we
first defined the molecular coordinates in consistency with
Fig. 2, and rotated these coordinates along the axis of the
Mg atoms and two other perpendicular axes 20 times by
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FIG. 2. Geometry of a Mg-prophyrin dimer, illustrated by means of their ring
currents. The red arrows represent the angular momentum of the electrons. (a)
The angular momentum of both electrons point in the same direction. In (b)

they point in perpendicular directions. The separation between the molecule
centers is 8 A.

18° creating a spherical grid with 20 x 20 x 20 sets of
coordinates. The signals were calculated for every coordinate
set, and subsequently averaged over all the sets. The four
laser pulses have a frequency of 15500 cm™!, and Gaussian
profiles with full width at half maximum of 300 cm™!. The
pulses have been introduced in the frequency domain.'*
As in a previous work'!' optical dephasing, inhomogeneous
broadening, and dissipative processes are included by mul-
tiplying the signal in the time domain by exp(—t? / %), and
exp(—t32 /k%). We have not considered these broadening
mechanisms in the calculation of the absorption spectra.
These parameters have been chosen to be o = 108.1 fs and
k = 98.1fs.!! The two-dimensional (223, ;) signal reveals
correlations between the Mg-porphyrin molecules. The spec-
tral shift induced by the external magnetic field is defined a

AS$) (B3 Q3,1, Q1)
= SO (B; 23,12, 1) — ) (0;Q3, 12, Q1) Aap, (18)
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where

S (B116500 cm™!, 1, —16 500 cm™!)
§9(0;16500 cm=!, 1, —16 500 cm—1)

dap = 19)

Since a displacement of the signal peaks also implies a change
in its magnitude due to the variation of the pulse intensity in
the frequency domain, the factor A,p has been introduced so
that none of the signals in Eq. (20) is much larger than the
other. The frequencies at which A;p is calculated can be mod-
ified to maximize the sensitivity to the molecular geometry.
In analogy, the Zeeman shift for the absorption spectra is

AS$) (B;w) = S') (B;w) — 84 (05 ) haps, (20)
where
(3) -1
B; 16500
e = B e
§ (016500 cm~1)

Figures 3(a) and 3(b) show the absorption spectra that are
obtained with circularly polarized beams for the two geome-
tries. The two spectra show no appreciable difference and they
cannot distinguish between the geometries. Figures 3(c) and
3(d) show the Zeeman shift associated with absorption. It can
clearly distinguish between the two geometries. The imple-
mentation of this technique in 2D spectroscopy offers higher
sensitivity to molecular geometry.

Figures 4(a) and 4(b) show the 2D spectra in the /rli-Illr
polarization configuration for the molecular geometries in
Figures 2(a) and 2(b). The difference in intensity between
these spectra is only dependent on the geometry of the
molecules, and it is able to distinguish the geometries.
Figures 4(d) and 4(e) show the Zeeman shift of the 2D
spectra in Figures 4(a) and 4(b) that is experienced in the
presence of a magnetic field. These shifts are calculated using
Eq. (18). They are different to their corresponding spectra

T T T
7y
‘g
=]
%
-3
<
=
£
B
£
(=
2
=}
<
.
1.55 16 1.65 1.70 175
) /(10°em™)
z
‘g
=
%
©
<
=
2
=
=%
1~
=}
2
=
<
155 16 1.65 1.70 1.75
@ »/(10°em™)

FIG. 3. Absorption spectra for the first and second geometries are shown in (a) and (b) and their corresponding Zeeman shifts are shown in (c¢) and (d) calculated
using Eq. (20). The two spectra are in the same scale, and the Zeeman shift scale is a thousand times smaller.
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FIG. 4. Two-dimensional spectra, SKD(0; Q3, 0, ©21), for the first and second geometries are shown in (a) and (b) for the Iril-lilr polarization configuration.
The Zeeman shifts, ASKD(B; Q3, 0, 1), of these spectra in (c) and (d) has been calculated using Eq. (18). The two spectra are in the same scale, and the scale

for their corresponding shifts is a thousand times smaller.

and highlight spectral regions that are dominated by exciton
states with large total angular momentum. The form of the
2D shifts for the two geometries is similar, but there is an
inversion in the sign of the spectral peaks. The shifts are
more sensitive to the geometry than the spectra, as the sign
of the peaks can be associated with one of the geometries. It
is worth noting that both the double and single exciton states
are shifted by the Zeeman effect and this is possibly a reason
for the additional sensitivity to the molecular geometry of the
Zeeman shift of the 2D spectra respect to the absorption.

VI. CONCLUSIONS

The independent polarization configurations for circu-
larly polarized optical pulses have been derived. The /rll—
1Ir2D spectra were simulated for two geometries of a Mg-
porphyrin dimer and found to be sensitive to the geometry.
The shift of the signal when a static external magnetic field is
switched on has been calculated. The Zeeman shift of the 2D
spectra is more sensitive to molecular geometry than the 2D
spectra and the corresponding shift of the absorption spectra.

This shift may also allow for the elimination form the signal
of any contribution that implies transitions without angular
momentum.
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APPENDIX: ROTATIONAL AVERAGE

The theory used to determine the independent polariza-
tion configurations is now summarized. Let the components
of the nth rank tensor T with respect to a space fixed frame be

T iy = ligy o diya, Tong.ons (A1)

where [;;, is the cosine of the angle between the space-
fixed axis i; and the molecule-fixed axis A;. Thus, Tj,;,. 1,
is the corresponding tensor in the molecule fixed frame.
The rotational average requires the average of the product
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of cosines
1 = (i, dis,),s (A2)

since I is rotationally invariant it can be expressed as a
linear combination of rotationally invariant tensors, known
as isotropic tensors. In three dimensions, there are two
fundamental isotropic tensors, the Kronecker delta §; and the
Levi-Cevita epsilon g;;. All higher rank isotropic tensors can
be expressed as products of fundamental isotropic tensors.
The possible products of these tensors, called isomers, are
obtained by permuting the indexes iy, i, ..., i, in a chosen
product. The averaged product of cosines for the tensors used
in this work is'"

4 -1 -1
@ = LF(4) —1 4 -1 |g® (A3)
30 ’
1 -1 4

where
81,0
F® = | 8,100, | (A4)
8;.1.6
831220334

Fninsbaons | . (A5)

8312300025

GW =

Further details on this rotational average formalism can
be found in Ref. 15. The elements of F¥ and G represent
the independent polarization configurations.
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