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Abstract: First-principle many-body Green’s function theory (MVBGFT) has been successfully
used to describe electronic excitations in many materials, from bulk crystals to nanoparticles.
Here we assess its performance for the calculations of the excited states of biological
chromophores. MBGFT is based on a set of Green’s function equations, whose key ingredients
are the electron’s self-energy X, which is obtained by Hedin's GW approach, and the
electron—hole interaction, which is described by the Bethe—Salpeter equation (BSE). The GW
approach and the BSE predict orbital energies and excitation energies with high accuracy,
respectively. We have calculated the low-lying excited states of a series of model biological
chromophores, related to the photoactive yellow protein (PYP), rhodopsin, and the green
fluorescent protein (GFP), obtaining a very good agreement with the available experimental
and accurate theoretical data; the order of the excited states is also correctly predicted. MBGFT
bridges the gap between time-dependent density functional theory and high-level quantum
chemistry methods, combining the efficiency of the former with the accuracy of the latter: this
makes MBGFT a promising method for studying excitations in complex biological systems.

257

l. Introduction

The photoactive yellow protein (PYP) and rhodopsin are
photoreceptors that transform light into biological signals.
Their photocycles are initiated by the photoinduced trans/
cis isomerization of their chromophores, which leads to
successive conformational changes of the overall protein
structure and ultimately produces the biological response.’
PYP was first found in the halophilic purple bacterium
Ectothiorhodospira halophila and is linked to the negative
phototaxis to blue light; the chromophore of PYP is a
deprotonated p-coumaric acid (pCA), linked to a cysteine
in the protein via a thioester bond. The chromophore of
rhodopsin is retinal in the protonated Schiff base form; light
absorption induces isomerization of 11-cis-retinal to all-trans-
retinal and initiates the visual cycle. The green fluorescent
protein (GFP) was first isolated in the jellyfish Aequorea
victoria; its chromophore is p-hydroxybenzylideneimida-

* Corresponding author e-mail: yuma@uos.de.
* Universitit Osnabriick.
*King’s College London.

zolinone (p-HBDI)? in its neutral or anionic form. GFP is
widely used as a biological label, since it can be implanted
into host proteins without affecting their normal properties;
the host proteins, however, become fluorescent and can be
detected in living cells and organisms.

Understanding the photochemical processes in photoactive
proteins has attracted much interest in both experiments and
theory. A wealth of work has been accomplished to investigate
optical spectra, the isomerization processes of chromophores,
and the role of solution and protein environment in the electronic
excitations. Recent measurements of the optical absorption of
chromophores in the gas phase provide an experimental
benchmark for theoretical methods.®~'°

Ab initio calculations for biological chromophores have
been performed extensively at various levels of quantum
chemistry theory. The methods used include time-dependent
density functional theory (TDDFT),*®!'"!* second-order
approximate coupled cluster singles and doubles model
(CC2),'>'¢ equation of motion coupled cluster theory
(EOM-CCSD),*> 13151718 complete active space with second-
order perturbation theory (CASPT2),'87%2 and the augmented
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version of the multiconfigurational quasi-degenerate pertur-
bation theory (aug-MCQDPT2):'®* both accuracy and
computational cost progressively increase from TDDFT,
through CC2, EOM-CCSD, CASPT2 up to aug-MCQDPT?2.
Recently quantum Monte Carlo has also been used for
evaluating excited states.”**

Semiempirical methods, like ZINDO, also can give good
approximations for the excited states of biological chro-
mophores at a reduced computational cost,'* but they might
be less transferable to a wide range of systems than ab initio
methods.

In spite of many efforts, the accurate calculation of the
excited states in relative large molecules remains a challenge.
In fact, highly reliable methods such as EOM-CCSD,
CASPT2, and aug-MCQDPT?2 can only be applied to small
systems because of their large computational cost. In the last
2 decades, CASPT?2 has been regarded as the standard ab
initio method for calculating accurate excited-state properties
of organic molecules;*® however, the quality of CASPT2
excitation energies decreases if the complete active space
self-consistent field (CASSCF) function is not a good
reference and/or the basis set is not sufficiently large.?” The
average accuracy of EOM-CCSD is generally considered to
be of 0.2—0.4 eV.?®?° As an approximation to CCSD, the
typical error in CC2 is within the range of 0.3—0.5 eV.*%?°
EOM-CCSD and CC2 can get good results for singlet excited
states that are dominated by single-electron transitions.*
Recent aug-MCQDPT?2 calculations provided very good
estimations (within 0.1 eV) for the lowest m — m* excited
state of some chromophore models;>>?"3° however, the
general performance of aug-MCQDPT?2 for other excited
states is still unknown, which prevents a systematic com-
parison with other quantum chemistry approaches. TDDFT
is the fastest quantum chemistry method for calculating
excited states of medium- and large-sized molecules of up
to 200 second-row atoms. However, with the commonly used
approximations, TDDFT yields substantial errors for excited
states of molecules with extended s-systems, as well as for
nonlocal electronic transitions such as charge-transfer excita-
tions and excited states with little single-excitation charac-
ter.'!*!2 The order of the states and the oscillation strengths
are also important factors to test the reliability of a method:
at present there is no consensus on these for PYP chro-
mophores, for example.” In summary, the applicability of
quantum chemistry approaches depends strongly on the
system under investigation.

In response to the limitations of traditional quantum
chemistry methods, here we propose and test the use of
many-body Green’s function theory (MBGFT)**™* for the
study of biological chromophores. We demonstrate that
MBGFT can compute accurate excitation energies for
chromophores that are in excellent agreement with experi-
ments with a reasonable computational cost. MBGFT is well-
known in the physics and materials science community to
predict orbital and excitation energies with high accuracy.
It has been widely and successfully used for describing
optical excitations in many systems, including bulk crystals,* >
clusters,* polymers,***! inorganic molecules (e.g., SiH,,*
CO0,** NH;*?) and organic molecules*** (e.g., benzene and
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Figure 1. PYP chromophore models studied in this work: (a)
pVP, (b) pCA, (c) pCA™, (d) pCA™", (e) pCA?~, (f) TMpCA™,
and (g) pCT~. Carbon, hydrogen, oxygen, and sulfur atoms
are represented in cyan, gray, red, and yellow, respectively.

Figure 2. Retinal chromophore models studied in this work:
(a) all-trans protonated Shiff base of retinal (PSBT); (b) 11-
cis protonated Schiff base of retinal (PSB11).

naphthalene). The typical error for the excitation energies is
within 0.1—0.2 eV.

Here, we present the calculations of the excitation energies
of several chromophore models related to PYP, rhodopsin,
and GFP, for which experimental data are available, to test
the applicability of MBGFT method for biological chro-
mophores. To the best of our knowledge, this work is the
first that applies MBGFT method to biological chromophores.

Il. Chromophore Models

The 12 chromophore models studied in this work are shown
in Figure 1 (PYP chromophore models), Figure 2 (rhodopsin
chromophore models), and Figure 3 (GFP chromophore
models).

Optical absorption spectra have been measured for the
chromophore models related to PYP: p-coumaric acid
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Figure 3. GFP chromophore models studied in this work: (a)
p-HBDI~, (b) p-HBDI, and (c) p-HBDI*. Nitrogen atoms are
represented in blue.

(pCA),* the methyloxy ester of pCA (OMpCA),” deproto-
nated p-coumaric acid (pCA™),%!%** the double-anionic form
of p-coumaric acid (pCA?"),*** deprotonated thiomethyl
p-coumaric acid (TMpCA™)?° and deprotonated thiophenyl
p-coumarate (pCT7);® the chromophore modes of rhodopsin:
all-trans protonated Schiff base of retinal (PSBT)* and 11-
cis protonated Schiff base of retinal (PSB11);° and the GFP
chromophore p-HBDI in different charged states (anionic
p-HBDI™,” neutral p-HBDI*) plus a cationic form of the
GFP chromophore,® which we simply denote here as
p-HBDI*, shown in Figure 3c.

For pCA™ the deprotonation can occur either at the phenol
site or at the carboxyl site as shown in Figure lc and d,
respectively; we denote the two cases as pCA™" and pCA™",
respectively. The absorption spectrum of p-vinylphenol
(pVP), formed from pCA by thermal decarboxylation during
the experiment, is also available.**°

lll. Methods and Computational Details

The ground-state geometries of the chromophore models are
optimized within density functional theory (DFT) using the
SIESTA code,*” employing the PBE generalized gradient
approximation (GGA)*® for the exchange and correlation
energy and norm-conserving Troullier—Martins pseudopo-
tentials*” to describe the interaction between the ion cores
and the valence electrons. A double-¢ plus polarization (DZP)
basis set made of atomic orbitals is used for the geometry
optimization and gives converged structures. In fact, bond
length differences between DZP basis set and a larger triple-C
plus polarization basis set are smaller than 0.004 A. The PBE
exchange and correlation functional is widely used for
materials and chemical systems. In comparison with results
obtained with other popular functionals, e.g., BLYP? and
the hybrid B3LYP,'”°°7>2 the bond lengths calculated with
PBE are on average longer by about 0.01—0.02 A. Such
differences in geometry influence the MBGFT excitation
energy by less than 0.1 eV, which makes PBE geometries a
reasonable starting point for excitation energy calculation
within MBGFT. However, the influence of the DFT exchange-
correlation functional on the MBGFT excitation energies
deserves further studies.

The excited states of the ground-state geometries obtained
as described above are then calculated within MBGFT. At
variance from the geometry optimization where basis sets
constructed by atomic orbitals were used, the basis set for
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all steps of the MBGFT calculations is made by atom-
centered Gaussian orbitals which have the form

$u(r) = Ay xyde (1)

The same exchange and correlation functional and pseudo-
potentials are used. Four decay constants (o) are used for
C, N, O, and S atoms (0.2, 0.5, 1.25, and 3.2 in atomic units
(ao~?)), whereas three decay constants are used for H atoms
(0.1, 0.4, and 1.5 in atomic units). Gaussian orbitals with s,
p, d, and s* symmetry are included for each atom. The
number of Gaussian orbitals for each atom is 40 for C, N,
O, S and 30 for H, respectively. The decay constants have
been tested to give converged orbital and excitation energies.
They are adjusted so that orbital energies calculated by the
Gaussian orbital basis set reproduce (within 0.1 eV) those
obtained by a well-converged plane-wave basis set. A larger
basis set, which, besides the atom-centered Gaussian orbitals
discussed above, contains additional Gaussian orbitals cen-
tered above and below the plane of the molecule to give a
better description of the 7 and &* orbitals, modifies the
lowest excitation energy of pCA™ by only 0.03 eV. This
shows that the basis set with only atom-centered Gaussian
orbitals is able to give converged excitation energies and is
suitable to study the selected chromophore models.
In DFT, one needs to solve the Kohn—Sham equation

2
{ L vE V() + Vy(r) + ch(r)}l/)nDFT(r) =

“2m

EXyP (e (2)

where V,; and Vy are the pseudopotentials describing the
electron—ion interaction and the Hartree potential, respec-
tively, and V,. is the exchange-correlation potential. Ap-
proximation to the exchange-correlation potential in DFT
makes it fail to predict correctly the orbital energies. In
MBGFT, accurate orbital energies can be obtained within
the GW approximation (GWA), proposed by Hedin and
Lundqvist.>* An accurate prediction of the orbital energies
is an essential prerequisite for the further excited-state
calculation in MBGFT. GWA has been successfully applied
to compute band structures of a large number of solids>
and orbital energies of many molecules**** including organic
molecules.*® Within GWA, V,. in DFT is replaced by a
nonlocal, energy-dependent self-energy operator 2(r, r’, E),
which fulfills the GW equation®*

2
{—zh—mvz + V() + VH(r)}zpf’WA(r) +

fZ(r, r, EE}WA)wnGWA(r/) dr’ = ESWAwSWA(r) 3)

The self-energy operator 2(r, r’, E) can be evaluated by

’ _ L —iw0™ ’ _ ’
2(r, v, E) = 2ﬂfe G, v, E — o)W, v, w)dw
“)
where G and W are the one-body Green function and the

dynamically screened Coulomb interaction, respectively. G
and W are in the forms
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Y, (OYh’)
G(r,Y'E) = 5
r.x. B ;E—En+io+sgn(En—/4) ©)
and
W=c¢lv (6)

respectively, where ¢ and v are the dielectric function and
the bare Coulomb interaction, respectively. u is the chemical
potential. G and W are evaluated based on the ground-state
wave functions and energies obtained from eq 2. € is
calculated within the random-phase approximation.>* Usu-
ally, the GWA orbital energies are evaluated perturbatively
to first order by

ESVA = EPFT 4 7 () PFT| 5y EDFT) —

DFT
n n chlwn > (7)
based on the assumption that the DFT wave function in eq
2 agrees well with the GWA wave function in eq 3 in most
cases.’® Z, is the renormalization constant to take into account
the energy dependence of the self-energy>®

-1
, 9%, (E)
n oF

®)

E=EGWA

where Z,(E) = (YPFTIZ(E)lyDrT).

By applying GWA, the original occupied orbitals within
DFT are shifted down while the unoccupied orbitals are
raised up, as shown in Figure 4 and discussed in the
following section for pCA and pCA™. In some cases the
order of energy levels may change from DFT to GWA; for
example, in pCA HOMO — 1 in DFT becomes HOMO — 2
in GWA, while HOMO — 2 in DFT turns out to be HOMO
— 1 in GWA.

If an electron is excited into a higher state it leaves a hole
in its old state. The excited electron and the hole cannot be
treated separately, since the electron feels the presence of
the hole. Due to the Coulomb interaction between the excited
electrons and holes, optical electron—hole excitations cannot
be described by an effective one-particle picture. Instead, it
is necessary to consider two-particle (electron and hole) states
which can be described as

occ virt

20T = D D Ay IYEE,) + Bygto(r)yi(ry)]
a B
©)

where Aqg and Byg are resonant (occupied — virtual) and
antiresonant (virtual — occupied) electron—hole amplitudes,
respectively, and o and 8 denote the one-particle occupied
and virtual orbitals, respectively. The motion of the
electron—hole pair, well-represented by the two-particle
Green’s function, can be rigorously described by the
Bethe—Salpeter equation (BSE).***> For singlet-to-singlet
excitations, the generalized BSE takes the form™*

(& )=o) o
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Figure 4. Energy levels (four occupied and two unoccupied)
of pCA and pCA™’ calculated within DFT and GWA. H and L
denote the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO), respectively.
The energy levels in DFT and the corresponding ones in GWA
are connected by dotted arrow lines. In both chromophore
models, the energies of the highest occupied orbitals (H)
within DFT are set to zero.

with R = D + 2KR* + KR4 C = 2K + K% and D =
ESWA — EGWA3S R and —R* are the Hamiltonians corre-
sponding to the resonant and antiresonant parts of the
transitions, respectively, whereas C and —C* are the coupling
terms between resonant and antiresonant transitions. D is the
free interlevel transition energy between occupied and virtual
orbitals. Q is the excitation energy, i.e., the energy difference
between the excited state and the ground state within the
Franck—Condon approximation. K®* (K®9) is the bare
exchange term (screened direct term) of the electron—hole
interaction kernel for the resonant transition, whereas K*
(K9) are corresponding terms for the coupling terms.

The procedure to compute the optical spectrum with
MBGEFT is that first, conventional DFT (here within PBE-
GGA) is performed to calculate the ground-state orbital
energies and wave functions; then, accurate orbital energies
are computed within GWA with the ground-state orbital
energies and wave functions as input parameters; finally, BSE
is solved with the GWA orbital energies and ground-state
wave functions (used to construct the excited state in eq 9)
as input parameters. Indicatively, a GW + BSE calculation
for one of the chromophore models studied in this work can
usually be completed within half a day with a single CPU.

MBGEFT calculations of the excitation energies for crystals,
clusters, nanotubes, and polymers are usually done within
Tamm—Dancoff approximation (TDA),** i.e., the coupling
term C in eq 10 is omitted. The coupling term C is in fact
nearly zero for these systems, and TDA only influences the
excitation energy by about 0.1 eV. However, for the
chromophores studied here, we find that the magnitude of
the coupling term C is comparable to that of the resonant
transition R in eq 10 so that the coupling term cannot be
neglected, and we have to solve the full BSE. TDA only
influences the excitation energy related to the m — m*
transitions. For example, for the lowest 7t — 7* transitions
in all the chromophore models, TDA overestimates the
excitation energy by at least 0.4 eV. In contrast, TDA has
very weak influence on the energy for the n — 7 excitations.
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Table 1. Selected Excitation Energies (in eV) of PYP, GFP, and Retinal Chromophore Models Calculated by Many-Body
Green’s Function Theory and Their Comparison with Reference Experimental Data and a Selection of Theoretical Values?®

model experiment MBGFT other theory
pVP 4.12 (ref 4) S; 417 4.19 (ref 4)°, 4.57 (ref 11)°, 4.66 (ref 4)¢
4.75 (ref 4) S, 4.60 4.52 (ref 4)°, 5.43 (ref 4)¢
pCA 4.06 (ref 5)°, 4.00 (ref 44)" S; 3.94 3.78 (ref 12)9, 4.15 (ref 5)", 4.20 (ref 11)°, 4.69 (ref 5)9, 4.92
(ref 17)’
4.37 (ref 5)° S, 4.20 4.58 (ref 5)", 4.95 (ref 5)7, 5.14 (ref 17)", 5.22 (ref 12)9
pCA~ 2.88 (refs 8, 10) S; 2.95 2.79 (ref 10), 2.82 (ref 10)%, 3.10 (ref 10)/, 3.24 (ref 12)9, 3.40
(ref 10)”
pCA~" 4.36 (ref 8)", 4.39 (ref 44)" Sy 4.37 2.85 (ref 30)%, 4.70 (ref 10)™, 4.79 (ref 10)’, 5.17 (ref 27)
pCA2~ 3.69 (ref 8)", 3.72 (ref 44)" S, 3.73
TMpCA~ 2.78 (ref 20)" Sy 2.80 2.58 (ref 20)°, 2.89 (ref 15)7, 3.18 (ref 15)9, 3.32 (ref 11)°
pCT- 2.70 (ref 8) Sy 275 2.71 (ref 30), 3.01 (ref 12)9, 3.05 (ref 11)°
p-HBDI~ 2.59 (ref 7) Sy 2.67 2.52 (ref 30)", 2.66 (ref 18)57, 2.92 (ref 25)¥, 3.12 (ref 18)%Y, 2.93
(ref 25)%, 3.04 (ref 25)¢
p-HBDI 3.12 (ref 45)" Sy 3.17 3.46 (ref 6)Y, 3.85 (ref 18)%!, 3.58 (ref 25), 4.21 (ref 18)%", 3.20
(ref 25)"
p-HBDI* 2.99 (ref 6) S 2.93 3.34 (ref 6)”, 3.21 (ref 25)4, 3.21 (ref 25)*, 3.36 (ref 25)*
PSBT 2.00 (ref 9), 2.03 (ref 3) Si 2.09 2.03 (ref 30)%, 2.07 (ref 22)33, 2.28 (ref 51)3°, 2.32 (ref 19)3°
3.22 (ref 9) S, 3.10 2.85 (ref 22)7, 3.12 (ref 51)3, 3.51 (ref 19)3°
PSB11 2.03 (ref 9) Sy 2.04 2.07 (ref 23)7, 2.05 (ref 22)33, 2.27 (ref 51)3, 2.32 (ref 19)3°, 2.14
(ref 16)3
3.18 (ref 9) Sz 3.01 2.84 (ref 22)33, 3.10 (ref 51)3, 3.49 (ref 19), 3.21 (ref 16)3*

2 Details of the theoretical methodologies and basis sets used for the calculation of the excited-state energies//ground-state geometries
for the theoretical results are given. ® TDDFT(BP86)/def-TZVP//DFT(BP86)/def-TZVP. ° TDDFT(B3LYP)/cc-PVTZ/DFT(B3LYP)/cc-PVTZ.
9 EOM-CCSD/6-31+G*//CCSD/cc-pVDZ. ¢ OMpCA. In solution. 9 TDDFT(BP86)/TZP//DFT(BP86)/PW. " TDDFT(B3LYP)/def-TZVP//
DFT(B3LYP)/def-TZVP. EOM-CCSD/6-31G*//DFT(B3LYP)/6-31G**. /MRMP2/CASSCF(14,12)/(p-type  d-aug)-cc-pVDZ//DFT(PBEO)/
cc-pVDZ. ¥ aug-MCQDPT2/CASSCF(14,12)/(p-type d-aug)-cc-pVDZ//DFT(PBEO)/cc-pVDZ. ' RI-CC2/aug-cc-pVTZ//DFT(PBEO)/aug-cc-pVDZ.
T TDDFT(CAM-B3LYP)/aug-cc-pVTZ//DFT(PBEO)/aug-cc-pVDZ. "In the protein. °MS-CASPT2/CASSCF(12,10)/ANO//CASSCF(12,10)/
ANO. P CC2/SV(P)//HF/6-31G*. 9 EOM-CCSD/6-31G*//HF/6-31G*. "aug-MCQDPT2/CASSCF(16,14)/(p-type d-aug)-cc-pVDZ//DFT(PBEO)/
cc-pVDZ. °A 2,3-dimethyl model. ‘SA-2-CAS(2,2)PT2/6-31G//SA-2-CAS(2,2)/6-31G. Y CASPT2/CASSCF(14,14)/cc-pVDZ//DFT(BLYP)/
cc-pVTZ. VEOM-CCSD/6-31G//SA-2-CAS(2,2)/6-31G. " TDDFT(SAOP)/ET-pVQZ//DFT(BLYP)/cc-pVTZ. *Diffusion Quantum Monte
Carlo/cc-pVDZ//DFT(BLYP)/cc-pVTZ. ¥ TDDFT(B3LYP)/6-311++G*//MP3.  “aug-MCQDPT2/CASSCF(12,12)/(p-type  d-aug)-cc-pVDZ//
DFT(PBEO)/cc-pVDZ. 3 CASPT2/CASSCF(12,12)/ANO//MP2/6-31G**. @ TDDFT(B3LYP)/6-311++G(d)//DFT(B3LYP)/6-31G(d). 2° CASPT2/

CASSCF(12,12)/6-31G*//CASSCF(12,12)/6-31G*. ° CC2/def2-TZVPP//MP2/TZVP.

Chromophores are quasi-zero-dimensional systems. The
distribution of the excited electron and the hole is highly
localized. It is the huge exchange interaction between the
excited electron and the hole that makes the resonant—anti-
resonant coupling not negligible. When the dimension of the
system increases, such as in polymers, nanotubes, and bulk
solids, the excited electron and hole becomes delocalized
and the influence of TDA decreases gradually.

We also include dynamical screening effects in the
electron—hole interaction. In comparison to the results from
calculations with only static screening, we find that the
influence of dynamical screening on the excitation energies
is about 0.1 eV for the lowest w — sx* transitions, but for
the lowest n — sr* transitions the influence is larger, up to
0.25 eV.

IV. Results and Discussion

IV.A. Neutral PYP Chromophores. Ryan et al.*® tried
to measure the gas-phase optical absorption spectrum of pCA.
However, de Groot and Buma®” pointed out that the spectrum
obtained should be attributed to pVP due to the decarboxy-
lation of pCA in the experiment, which is proved by the
excitation spectrum measurement on pVP itself.*>> The
excitation spectrum of the methyloxy ester of pCA
(OMpCA), with the hydrogen atom at the carboxyl group
replaced by a methyl group, was recently obtained by de
Groot et al.” EOM-CCSD calculations indicate that the
influence of the methyl substituent on the excitation energies

is very small,5 which is also confirmed by our MBGFT
calculations. So the excitation energies from the OMpCA
spectrum could be regarded as a good reference for those in
pCA. The absorption spectrum of pCA was also measured
by Putschogl et al.** in pH 1 aqueous solution, which gave
the first absorption peak in energy close to that of the gas-
phase OMpCA.

MBGEFT gives excitation energies in good agreement with
experiments for pVP and pCA, with discrepancy within 0.1
eV (10 nm) and 0.2 eV (20 nm) for the first (S;) and second
(S,) excited states, respectively, as shown in Table 1.

The characters of the excitations are still an open question
for pCA. For example, most of the TDDFT, EOM-CCSD,
and CASPT?2 calculations®'%!7° showed that S; and S, are
m — m* states and S; is an n — mo* state, whereas the
CASPT2 calculation by Li and Fang’’ predicted that S, is
an n — m* state and S, is a .t — v* state. On the basis of
EOM-CCSD,>° S, originates from the HOMO — LUMO
=+ 1 transition, whereas S, has a dominant contribution from
the HOMO — LUMO transition.

According to the MBGFT calculations, S; and S, are &
— g% states and Sz is an n — z* state with the excitation
energy of 3.94, 4.20. and 4.30 eV, respectively. The oscillator
strength of S; is larger than that of S,. In DFT within PBE-
GGA, HOMO — 2, HOMO, LUMO, and LUMO + 1 are =
states, whereas HOMO — 1 is an n state. In GWA, which
gives more accurate orbital energies, the order between
HOMO — 1 and HOMO — 2 is interchanged as shown in
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Figure 4, with HOMO — 2 the n state and HOMO — 1 the
7 state. S3 originates from HOMO — 2 — LUMO transition
(in this context, when discussing results obtained within
MBGFT, orbitals are in the order computed within GWA).
Both S; and S, contain contributions from HOMO — LUMO,
HOMO — LUMO + 1, and HOMO — 1 — LUMO tran-
sitions, with HOMO — LUMO and HOMO — LUMO + 1
dominating S; and S,, respectively.

For pVP, both MBGFT and EOM-CCSD* predict a much
smaller oscillator strength for S; than S,, which is in
agreement with experiment.4 S| and S, are dominated by
HOMO — LUMO + 1 and HOMO — LUMO transitions,
respectively, according to both methods.

IV.B. Anionic PYP Chromophores. [V.B.I. pCA~
and pCA?~. Electrospray ionization (ESI) is routinely used
to produce gas-phase compounds, including PYP chro-
mophores,® retinal chromophores,®® and tyrosine.’®>° Most
of these species, such as pCA and tyrosine, have more than
one acidic site, so the structure produced in electrospray
technique is unclear. For pCA the carboxylic acid site is more
acidic than the phenolic one in solution, so the gas-phase
absorption spectrum of pCA™ was originally attributed to
the model pCA =" *3° as illustrated in Figure 1d in which
the carboxylic group is deprotonated, similarly to the case
in solution. Recent experiments on tyrosine®®>° find that
deprotonation in the gas phase occurs preferentially at the
phenolic site if the compound was sprayed from a methanol
solution through ESI. The gas-phase pCA™ used in the
experiment was also produced from a methanol solution,®
which makes the assignment of the absorption peak at 430
nm (2.88 eV) to pCA™" questionable. In neutral aqueous
solution, pCA™ preferentially exists in the form of pCA™"
as discussed above, so the absorption peak of pCA™ in
aqueous solution can be determined to be around 4.36 eV,
according to the experiments performed by Nielsen et al.®
and Putschogl et al.** In alkaline aqueous solution, pCA ™"
transforms to pCA2?~, which was observed to have an
absorption maximum around 3.70 eV.*** Very recently
pCA™ was also experimentally studied in vacuo, together
with two methyl derivatives of it, which allowed for the study
of the phenoxide and carboxylate forms.'” The absorption
maximum for all three chromophores was again 430 nm (2.88
eV), suggesting that both the phenoxide and carboxylate
forms might have the same absorption properties. However,
the analysis of the photodissociation pathways of pCA™
suggested that only the phenoxide isomer was present in a
substantial amount, and the presence of pCA™" could not
be verified.'” DFT and RI-CC2 calculations also showed that
pCA~ is more stable than pCA™" in vacuo.'’

According to the MBGFT calculations, the absorption
maxima of pCA™, pCA™”, and pCA?" are predicted at 2.95,
4.37, and 3.73 eV, respectively. If the gas-phase absorption
peak measured by Nielsen et al.® and Rocha-Rinza et al.'®
is attributed to pCA™ rather than pCA™", our result is in
very good agreement with the experiment as shown in Table
1. The absorption maximum in vacuo we obtained for pCA™"
is very close to those measured in solution.®**

The excitations in pCA™" are simple, with S; (2.95 eV)
dominated by the HOMO — LUMO (& — &%) transition
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and S, (3.32 eV) dominated by the HOMO — 1 — LUMO
(n — 7*) transition, with no reordering of the energy levels
within GWA as shown in Figure 4. The situation in pCA™"
is more complex. With DFT within PBE-GGA, HOMO and
HOMO — 1 are n states, HOMO — 2 and HOMO — 3 are
a states, LUMO and LUMO + 2 are m* states, whereas
LUMO + 1 is a Rydberg-type orbital with appreciable
electron density beyond the frame of the molecule. Within
GWA, the highest four occupied orbitals are reordered, with
the original HOMO — 3 in DFT becoming HOMO, while
the order of the other three occupied orbitals remains. The
energies of the lowest four excited states within MBGFT
are calculated to be 3.47, 3.63, 3.87, and 4.37 eV. S, and S,
are n — sr* excitations mainly induced by transitions from
the highest two n orbitals to the lowest two st* orbitals; S;
and S, are m — sr* excitations mainly induced by HOMO
— LUMO and HOMO — LUMO + 2 transitions, with S;
dominated by HOMO — LUMO and S, by HOMO —
LUMO + 2 transitions. The absorption peak observed in
the experiments originates from S,, which has the strongest
oscillator strength.

Within GWA, for pCA?~, HOMO is a 7 state with electron
density mainly localized at the phenolic oxygen, HOMO —
1 and HOMO — 2 are n states with electronic density
localized on the two carboxylic oxygens, LUMO and LUMO
+ 2 are ;t* orbitals, whereas LUMO + 1 is a Rydberg-type
orbital. The lowest two excited states S; and S, are of w7 —
sr* character, with energies of 3.37 and 3.73 eV, respectively.
Both these states have contribution from HOMO — LUMO
and HOMO — LUMO -+ 2 transitions. S; and S, are n —
JT* excitations, and Ss is a r — Rydberg excitation. S,, with
the highest oscillator strength, is responsible for the absorp-
tion maximum (~3.70 eV) observed in experiments.

MRMP2 (multireference second-order Mgller—Plesset
perturbation theory) and aug-MCQDPT2 have been used to
study pCA™” by Nemukhin et al.*® and Andersen and
Bochenkova;?” however, the calculated energies are quite
different, 5.17 eV by the former and 2.85 eV by the latter.
The results from TDDFT and CC2 are close to that from
MRMP2 but deviate from the aug-MCQDPT2 value by
around 2.0 eV;'® MCQDPT2 results support the idea that
pCA~ and pCA~" have very similar absorption properties, '
whereas all the other theoretical methods, including MBGFT,
suggest that pCA™ is the isomer present in vacuo; if present
in vacuo, pCA™" would have an absorption peak similar to
that measured in solution.

1V.B.2. TMpCA™ and pCT . The optical absorption maxi-
mum of pCT™ in vacuo was measured by Nielsen et al. to
be 2.70 eV.® pCT~ should have similar excitation properties
to the chromophore in the protein. Comparison of its
absorption maximum in vacuo with that in the protein at
2.78 eV shows only a small influence (~0.08 eV) of the
protein environment on the absorption spectrum. Until now,
there is no measurement on the absorption spectrum of
TMpCA™ in vacuo besides the absorption spectrum in the
protein which gives two excitation energies at 2.78 and 3.14
eV.,°! respectively. If the protein effects are small as
concluded by Nielsen et al.® these energies could be
reasonable references for excitation energies of TMpCA™
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in vacuo, which should also not differ substantially from
those of pCT™.

The first absorption peaks of pCT~ and TMpCA™ have
been attributed to m — z* excitations. aug-MCQDPT2
obtained this excitation energy in excellent agreement with
experiment for pCT~.** For TMpCA ™, the excitation energies
calculated with CC2,"> EOM-CCSD," and CASPT2 devi-
ate from experimental values by 0.1, 0.4, and 0.2 eV,
respectively. However, the excitation energy at 2.89 eV by
CC2 for TMpCA™ given in Table 1 is the second excited
state, with the lowest excited state being an n — 7 state at
the energy of 2.84 eV.'> The experimental 3.14 eV excitation
is thought to initiate an alternative route for PYP excitation
photocycle and was considered to involve an excited state
different from the lowest 7 — 7r* excitation in TmpCA~.%'
S, computed by CASPT?2 is an n — 7* state at the energy
of 2.95 eV and is regarded as the origin of the excitation at
3.14 eV observed in the experiment.” EOM-CCSD predicts
an n — jr* state as the second excited state with the energy
of 3.82 eV, deviating from the experimental value by 0.68
eV.

With MBGFT, the characters of S; and S, in TMpCA™
and pCT™ are similar to those of S; and S, in pCA™ since
the electronic density involved in these two states does not
exceed the carboxyl group in both compounds. S; is a 7 —
% state dominated by the HOMO — LUMO transition,
whereas S, is an n — * state dominated by the HOMO —
1 — LUMO transition. The energies of S; for TMpCA™ and
pCT™ are calculated to be 2.80 and 2.75 eV, respectively,
deviating from the experimental values by 0.02 and 0.05 eV,
respectively. The energy of S, for TMpCA™ is calculated to
be 3.19 eV, which is very close to the experimental excitation
energy at 3.14 eV. Assuming that the protein effects are
small, the agreement with the experiments is excellent.

IV.C. GFP Chromophores. GFP chromophores exhibit
two absorption maxima at 3.12 and 2.60 eV in the protein,’
which are attributed to the neutral (p-HBDI) and anionic (p-
HBDI") forms shown in Figure 3, respectively. The absorp-
tion maximum of the neutral form has a weak dependence
on the environment, e.g., protein and solvent.®>% The
excitation energy of the neutral form in vacuo should
therefore be very close to 3.12 eV. The absorption maximum
of the anionic form in vacuo was measured to be at 2.59
eV,” also close to that in the protein, which indicates that
the protein environment has little disturbance on the elec-
tronic structure of the chromophore.®* Lammich et al. also
measured in vacuo the spectrum of a cationic form of the
GFP chromophore shown in Figure 3c, here simply denoted
as p-HBDI*, which exhibits an absorption peak at 2.99 eV.°

Within MBGFT, the absorption maxima for the neutral,
anionic, and cationic forms of GFP chromophore are 3.17,
2.67, and 2.93 eV, deviating from the experimental data by
at most 0.07 eV, respectively. All these excitations have
HOMO — LUMO character.

GFP chromophores models have been theoretically studied
with a range of techniques including TDDFT, CASPT2,
EOM-CCSD, SOS-CIS(D), MRMP2, aug-MCQDPT?2, and
quantum Monte Carlo,%'3'%21-2539 and comparison between
the results obtained with different methods and approxima-
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tions has been recently discussed;'>? a selection of these
results is shown in Table 1.

IV.D. Retinal Chromophores. Successful measurement
of the optical absorption spectra of isolated PSBT and PBS11
molecules in vacuo has stimulated a large number of quantum
chemistry studies.'®'?*%%3-** The computational requirement
of TDDFT is the least; however, excitation energies calcu-
lated through TDDFT depend drastically on the exchange-
correlation functional used' and they are not accurate.’” In
comparison to experimental values, CASPT2 calculations by
Sekharan et al.*? gave a good results for S, but the energies
of S, was underestimated by 0.3—0.4 eV. Other CASPT2
calculations by Cembran et al.'® overestimated the energies
of both S; and S, by 0.3 eV. Recent high-level aug-
MCQDPT?2 calculations predicted good excitation energies
for S;;233° however, its performance on S, is unknown. It is
somehow surprising that the lower-level CC2 method suc-
ceeded in computing energies of both S; and S, for PSB11'°
with high accuracy, and the origin of this success needs to
be further clarified.

With MBGFT, we get excellent S; excitation energies for
both PSBT and PSB11, with accuracy at the same level as
aug-MCQDPT2. The performance of MBGFT on S; is also
good, with deviation from experimental results by 0.17 eV
at most, which is about half the typical error of CASPT2
for S,. In both PSBT and PSB11, S,, which has mainly
HOMO — LUMO character (90%), has an oscillator strength
stronger than that of S,, which has mainly HOMO — 1 —
LUMO (75%) character complemented by HOMO — LUMO
+ 1 (15%) contribution.

V. Conclusions

In this work, we have applied for the first time MBGFT to
the study of the excited states of PYP, rhodopsin, and GFP
chromophores. Its performance has been extensively tested
on several chromophore models, including both neutral and
charged ones. Excellent agreement with the available experi-
ments are obtained for the excitation energies for all the
models, with errors within 0.1 eV (10 nm) for the lowest
absorption maximum with st — zt* character excitations and
n — qr* excitations, whereas the accuracy for the second 7
— % excitations is within 0.2 eV. The order of the states is
also reproduced correctly. More accurate prediction (within
an error of 0.1 eV) of the second = — 7* state may require
consideration of double excitations,*” which is beyond the
ability of the current MBGF method.

With respect to other theoretical methods, whose ap-
plicability depends drastically on the specific chromophore
models, MBGFT has the advantages of high accuracy, good
transferability, and reasonable computational cost, which
become important for relatively large chromophores, like the
protonated Schiff base of retinal. An important feature of
MBGEFT is the possibility to incorporate at minimal cost
polarizability and screening effects outside the object under
consideration, which may affect the excited states because
of nonlocal correlation effects, in terms of the screened
Coulomb interaction. This is particularly relevant for biologi-
cal chromophores, where the protein environment tunes and
catalyzes the photoreaction. Moreover, progress in the
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calculation of forces in the excited state within MBGFT has
recently been made,**® opening the way to the study of
isomerization processes and excited-state dynamics. All these
features make MBGFT a very promising tool for the
investigation of photoactive proteins.

We also find necessary to go beyond the Tamm—Dancoff
approximation for the application of MBGFT in chro-
mophores. The influence of the resonant—antiresonant
transitions coupling on the absorption maximum is larger
than 0.4 eV for chromophores, which is quite different
from that in crystals and clusters. This provides guidelines
for further applications of MBGFT to similar low-
dimensional systems.
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