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a b s t r a c t

We present density functional theory based calculations on six diradicals in which imino nitroxide (IN)
and IN or oxo- or phospha-verdazyl radical centres are linked by fragments of structures called cyan,
blue and green fluorescent protein, respectively. In the latter two variants the indolyl fragment of cyan
fluorescent protein (CFP) is replaced by phenyl and phenol moiety to obtain blue fluorescent protein
Y66F GFP (BFPF) and green fluorescent protein (GFP). The photoinduced cis–trans isomerization of these
diradical substituted chromophores is accompanied by changes from antiferro- to ferro-magnetic spin
coupling on the radical centres. The calculations in this work provide predictions of the change of mag-
netic response to photo excitation. The estimated magnetic exchange coupling constants associated with
cis–trans isomerization of the chromophores can be useful parameters in designing radical substituted
ime dependent density functional theory
TDDFT)
ensity of states (DOS)

isomeric fluorescent chromophores. Upon irradiation with light of appropriate wavelength, the dark
trans diradicals turn into their fluorescent cis isomers. Therefore, photoinduced magnetic crossover from
antiferromagnetic to ferromagnetic regime associated with the change in color would be noticed in all
three cases. This is a novel observation in case of the systems with GFP chromophore and its variants.
These diradicals are potentially very useful in different applications and biocompatibility of such sys-
tems makes them prospective in different in vivo treatments. Moreover, change in color associated with

ese d
magnetic crossover for th

. Introduction

Photoresponsive green fluorescent protein (GFP) and its various
utants have been extensively used in biotechnology as well as in

lemental and applied science research. GFP is stable and fluoresce
t least up to 65 ◦C temperature, which was first isolated in 1962
y Shimomura and co-workers from Aequorea Victoria jellyfish [1].

t is known to be responsible for the green bioluminescence of the
ellyfish [1,2]. Aequorea GFP was the first such fluorescent protein
or which the gene was cloned [3]. GFP is widely used to study the
rotein dynamics in living cells, in fluorescence microscopy, as a
eporter gene, as a tagger in cellular biology and biotechnology, in
ransgenic plants, to study fungal biology, for protein localization
n bacteria, to study embryos, as a vital marker in mammalian cell,
n gene therapy, imaging biochemistry in vivo, visualizing chromo-

ome dynamics, lighting up the cell surface, and so on, as have been
icely discussed in the comprehensive review of Zimmer [4]. Differ-
nt transgenic living fluorescent species have also been developed
sing GFP [5]. Recently, it has been discovered that the GFP can

∗ Corresponding author. Tel.: +91 9434228745; fax: +91 03532581212.
E-mail address: anirbanmisra@yahoo.com (A. Misra).
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iradicals increases their suitability as biological taggers.
© 2010 Elsevier B.V. All rights reserved.

act as light induced electron donors in photo biochemical reactions
with various electron acceptors [6]. There are many other uses of
GFP out side the laboratory [7]. Moreover, National Aeronautics and
Space Administration (NASA) have developed a GFP Imaging Sys-
tem (GIS), a controlled nondestructive analytical tool to judge the
status of a target organism in stellar objects. This device is likely to
revolutionize space biological research by eventually eliminating
the resource intensive requirement to return biological materials
to earth for post flight analysis. This advanced technique can be
applied to a host of model organisms engineered with the GFP gene
construct including plants, microbes, and nematodes [8].

The chromophore of GFP is a p-hydroxybenzylidene imida-
zolinone derivative (p-HBI) formed by self-catalyzed covalent
modification of Ser65-Tyr66-Gly67 residues [4]. Spontaneous rear-
rangement and oxidation of Ser-Tyr-Gly residue is the source of
fluorescence in GFP. The crystal structure study of GFP shows that
it contains a unique 11-strand �-barrel fold structure with a central
helix containing the fluorophore which plays a significant role in

its fluorescence properties. With relatively small molecular mass
(27 kDa), the thermostable GFP composed with 238 amino acids
can tolerate both N- and C-terminal protein fusion [2]. When the
fluorophore is irradiated with ultra violet (UV) or blue light it emits
green light [2,4]. Aequorin, which is a luciferase, contains coelen-

dx.doi.org/10.1016/j.jphotochem.2010.11.013
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:anirbanmisra@yahoo.com
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erazine the luciferin, and GFP are the two proteins which are
nvolved in bioluminescence in wild Aequorea jellyfish. Aequorin
inds with three calcium ions to oxidize coelenterazine to form Ca3-
po-aequorin-coelenteramide complex which in vitro emits blue
ight. Instead of giving blue bioluminescence the aequorin complex
n vivo undergoes radiationless energy transfer to GFP which then
ives off green fluorescence [4]. Once excited by light of 488-nm
avelength, it undergoes repeated cycle of fluorescent emission

.e., “blinking” for several seconds. This behaviour indicates that it
an act as an optical storage material, molecular photonic switch
r fluorescent marker [9]. To change the photophysical features,
everal mutants of GFP have been designed by genetic engineer-
ng and some of them are already synthesized and characterized.
hree different isomers of dimethyl derivative of GFP chromophore
-HBDI, p-HBDI and m-HBDI have been synthesized and character-
zed [10,11]. Chromophores of GFP (Ser65-Tyr66-Gly67) analogue
re obtained from similar chemical modification with the only
ifference is that they are formed with other tripeptide chains.
eplacing Tyr66 with Trp-, His-, Phe-residues (i.e., triptophan, his-
idine or phenylalanine) one can get different blue shifted variants
f GFP such as, cyan fluorescent protein (analogue of Y66W GFP
.e., CFP), blue fluorescent protein (analogue of Y66H of GFP i.e.,
FP), and BFPF (analogue of Y66F GFP), respectively. Thus, when

ndolyl or imidazolyl or phenyl ring replaces the phenol of GFP
oiety, a blue shifted fluorescence is observed; in spite of low

uantum yield these mutants perform multidimensional biological
pplications. All these above mentioned synthetic chromophores
ndergo photochromic cis/trans isomerization upon irradiation.
owever, it is to be noted here that Matsuda and co-workers [12]
ave also isolated and characterized various photochromic spin
ouplers. Theoretically, Ali and Datta have investigated the pho-
omagnetic behaviour of nitronyl nitroxide, imino nitroxide and
erdazyl derivatives of substituted pyrene and found that magnetic
oupling constants changed their magnitude when exposed to elec-
romagnetic radiation of right frequency [13]. In a recent work, it
as been shown that photochromic antiferromagnetic to ferromag-
etic crossover occurs in organic magnetic entity when exposed to

ight of suitable wavelength [14]. This leads us to focus on the design
nd investigation of magnetic systems with synthetic analogue of
FP and its different photochromic variants, where photorespon-
ive antiferromagnetic to ferromagnetic crossover occurs. These
rospective biocompatible diradicals undergo magnetic crossover
long with change in color, as a result they are likely to be more
seful in different in vivo treatments as already discussed. As sub-
tituted dark nonfluorescing trans GFP chromophore converts into
ts bright fluorescing cis isomer when exposed to light [15], GFP
oupler can be suitably crafted between two radical centres so as
o produce a photochromic and photoactive reversible diradical
hich can undergo magnetic crossover with irradiation of light of

ppropriate wavelength.
In GFP like chromophores, generally the cis isomer possesses

ower energy than the corresponding trans form [16]. The cis and
rans isomers of synthetic analogues of GFP and BFPF are character-
zed by the rotation of symmetrical phenol and phenyl rings around
, but in case of CFP, the presence of asymmetric indolyl ring dis-
upts this symmetry of rotation (Scheme 1). Both the cis CFP and
rans CFP chromophores are characterized by two energy minima
15]. Here, in this study we take more stable trans CFP configura-
ion as well as its cis form. Radicals of imino nitroxide (IN) family
re known to be stable and they are also used to design molecu-
ar magnets [17]. Nearly planar or planar verdazyl molecules are

ttractive alternative to nitroxides as through space interactive
uilding blocks [18]. In this work, we design six diradicals with
FP chromophore and its variants (i) CFP as a coupler with two

N moieties act as radical centres in diradicals 1a and 1b; (ii) BFPF
s a coupler with oxoverdazyl and IN moieties are the two differ-
Photobiology A: Chemistry 217 (2011) 402–410 403

ent radical centres as in diradicals 2a and 2b; and (iii) dimethyl
substituted synthetic GFP chromophore (p-HBDI) as a coupler with
phosphaverdazyl and IN moieties are two different radical centres
as in diradicals 3a and 3b (Scheme 1), and predict the photoinduced
magnetic behaviour therein. Among these molecules 1a, 2a and 3a
are the trans isomers, whereas 1b, 2b and 3b are their correspond-
ing cis forms, respectively.

2. Theoretical background and methodology

The interaction between two magnetic sites 1 and 2, is generally
expressed by the Heisenberg spin Hamiltonian

Ĥ = −2JŜ1Ŝ2 (1)

where Ŝ1 and Ŝ2 are the respective spin angular momentum oper-
ators and J is the exchange coupling constant. The positive sign of
J signifies the ferromagnetic interaction while the negative value
indicates the antiferromagnetic interaction. For a diradical con-
taining one unpaired electron on each site, J can be represented
as

E(S=1) − E(S=0) = −2J (2)

Due to spin contamination, the single determinantal wave func-
tion cannot satisfactorily represent a singlet state of a diradical in
the unrestricted formalism. To overcome this problem one may
prefer multiconfigurational approaches to obtain pure spin states.
However, these methods are resource intensive and not being used
in this work. Broken symmetry (BS) approach given by Noodleman
[19] in DFT framework is an alternative route to evaluate J, which is
more effective due to less computational effort. BS state is an artifi-
cial state of mixed spin symmetry and lower space symmetry. The
BS solution is often found to be spin contaminated, and using spin
projection technique one can overcome this problem. Depending
on the extent of magnetic interaction between two magnetic sites,
many researchers have developed diverse formalisms to assess J
using unrestricted spin polarized BS solution [19–25]. The equation
for evaluating J proposed by Ginsberg [20], Noodleman [21] and
Davidson [22] is applicable when interaction between two mag-
netic sites is small. On the other hand, the expression given by
Bencini [23] and co workers and Ruiz et al. [24], is applicable for
large interaction. Nevertheless, the eminent expression given by
Yamaguchi [25] is relevant for both strong and weak overlap limits.
Following the well established and widely applied method [13,26],
we use the Yamaguchi [25] formula for evaluation of J value in this
work, which is given by:

J = EBS − EHS

〈S2〉HS − 〈S2〉BS
(3)

where, EBS, EHS and 〈S2〉BS, 〈S2〉HS are the energy and average spin
square values for corresponding BS and high spin states.

It is necessary to say that, in this work, we have used a sim-
ple and widely employed approximation to estimate the spin state
preference. An estimate of the open shell singlet energy is obtained
by broken symmetry wave functions using unrestricted formalism.
It is widely accepted that this produces an equal mixture of singlet
and triplet states. However, Neese [27] has advocated over the fact
that these states are not equally mixed as it thought to be. Moreover,
projection of the triplet leaves a singlet component. For diradicals,
〈S2 〉 = 1 represents pure BS state. The singlet states are spin con-
taminated in DFT formalism, and the MOs are not optimized for

an open shell singlet. The MOs are optimized for the triplet and
these are used to estimate the BS state, as a result, this calculation
tends to be biased in favor of the triplet. Here, we estimate the sin-
glet and triplet weightage in the computed BS solutions for each
diradical. Another point needs to be noted here that, in molecular
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cheme 1. Photoinduced conversion of diradicals from trans isomer to cis isomer,
tereochemically relevant dihedral angles.

evel a quantitative calculation of first and second energy deriva-
ives, which are influenced by spin contamination is of significant
nterest. Recently Yamaguchi and co-workers [28] have used a new

ethod to avoid such spin contamination from geometry opti-
ization using approximate spin projection (AP) procedure, but

his procedure is resource intensive and not being employed in the
ork.

Generally, in any photoinduced process it is necessary to know

he excitation energy. In GFP chromophores and its variants,
he excitation would take place from bonding to antibonding �
rbitals. Here, we calculate electronic excitation energies with
ime-dependent density functional theory (TDDFT) which is essen-
ially a DFT analogue of time dependent Hartee–Fock (TDHF)
GFP chromophore and its variants are used as couplers. Here, � and ϕ are the two

approach using B3LYP functional with 6-31G(d,p) basis set. In
TDDFT the fundamental variable is time dependent density and
exchange correlation potential describes many body interactions
[29]. TDDFT in early days is considered only for the closed shell
molecules by describing singlet–singlet or singlet–triplet excita-
tion dominated by single electron excitation. Recently it has been
shown that TDDFT is also useful to estimate excitation energies of
open shell molecules [30]. However, in any photoinduced process,

� → �* transition energy can be calculated through time depen-
dent perturbative technique. It is known that there arise inherent
errors due to “near triplet instability” in prediction of transition
energy through time dependent Hartree–Fock method (TDHF) [31].
Hartee–Fock (HF) based single excitation theories, configuration
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Table 1
UB3LYP level absolute energies in a.u., 〈S2 〉, and exchange coupling constants (J in
cm−1), using 6-31G(d,p) basis set for trans and cis forms of all diradicals.

Diradicals At UB3LYP/6-31G(d,p) level

Energy (a.u.) 〈S2 〉 J (cm−1)

1a Triplet −1657.61021 2.032 −20
BS −1657.61030 1.034

1b Triplet −1657.61180 2.032 9
BS −1657.61176 1.032

2a Triplet −1438.97996 2.050 −2
BS −1438.97997 1.046

2b Triplet −1438.98505 2.052 35
BS −1438.98489 1.046

3a Triplet −1817.99078 2.025 −15
BS −1817.99085 1.025
D. Bhattacharya et al. / Journal of Photochemistr

nteraction singles (CIS) method, have many similarities with TDHF
ethod. CIS avoids the problem of “near triplet instability” error as

t is not a response theory method, even though its results are not
recise enough as evident in numerous applications. Many post
artree Fock ab initio methods are free from such errors; how-
ver, being computationally expensive not been employed in this
ork. On the other hand, TDDFT is more robust than TDHF and
IS, and known to produce minimal “near triplet instability” error
32], hence, the TDDFT method is used in this work to calculate
xcitation energies. The TDDFT method is based on the dynamic
olarizibility ¯̨ (ω) of a system which has poles at frequencies anal-
gous to its transition energies. Obtaining the frequency dependent
olarizibility from TDDFT calculations and substituting it in the
elation

¯ (ω) =
∑

I

fI
ω2
I −ω2

(4)

ne can get oscillator strength (fI) and excitation frequency (ωI),
espectively [31]. In this work, we calculate � → �* transition ener-
ies for all substituted trans fluorescent protein chromophores
ollowing the method mentioned above.

. Results and discussion

In this work, the molecular geometries of all six molecules have
een fully optimized by hybrid exchange-correlation functional
3LYP using 6-31G(d,p) basis set within the unrestricted formalism.
he optimized geometries are shown in Fig. 1A in Supplemen-
ary data. Based on these molecular geometries the corresponding
values for each molecule have been estimated from the energies
f the triplet and BS states at same level of theory. To obtain open
hell BS singlet solution “guess = mix” keyword is used within unre-
tricted formalism. The BS states for all six diradicals are stable. To
onfirm the stability of BS solution, we follow the procedure devel-
ped by Bauernschmitt and Ahlrichs [33], which is an extension
f the SCF stability analysis given by Čížek and Paldus [34]. This
as been implemented in this work by using “stable” keyword. All
he calculations have been carried out using GAUSSIAN 03W [35]
uantum chemical package.

The cis isomers of these chromophores are known to possess
ower energy than corresponding trans isomers or zwitterionic
pecies either in gas phase or in solution [4,15]. In the optimized
tructures (Fig. 1A in Supplementary data) of the trans diradicals
1a, 2a, 3a), the atoms containing the unpaired spins and the cou-
lers are in the same plane. The trans diradicals have singlet ground
tate, so the polarization of spin in the high spin state of these
olecules through the fluoro protein couplers is blocked and hence

ntiferromagnetic behaviour is observed in such cases (Fig. 1), this
s also in good agreement with spin alternation rule [36]. On the
ther hand, in cis diradicals (1b, 2b, 3b), the radical centres are
lightly out of plane with a very low dihedral angle (ϕ = 1.07◦,
2.76◦ and −2.71◦ and � = 0.27◦, −0.74◦, −0.63◦ for diradicals 1b,
b, 3b correspondingly). The dihedral angles ϕ and � are shown

n Scheme 1. Moreover, in the cis forms radical centres are also
loser in space compared to that in the trans diradicals. Proxim-
ty of the radical centres in cis isomers facilitates direct exchange,

hich usually favours the ferromagnetic coupling [14]. As a result,
is diradicals show ferromagnetic behaviour with the triplet ground
tate. The spin alternation rule is less pronounced in these cases
here the radical sites are close to each other [14], which is also
bvious from spin density plots (Fig. 1).
We have calculated the value of J for all three systems in the

is and trans forms. The energy and 〈S2 〉 values for both triplet and
S states are reported in Table 1. Here, the J values of all three
pecies in the trans forms are negative, but in the case of cis forms,
3b Triplet −1817.99461 2.027 13
BS −1817.99455 1.028

J values are positive. Thereby from the point of view of basic prin-
ciples of magnetism one may note that all trans forms have spins
with opposite orientations in two spin sites and similarly all cis
forms have spins with same alignments in two radical centres, i.e.,
anriferromagnetic and ferromagnetic situations in respective cases
being observed. This is also obvious from spin density maps in Fig. 1.
As a result, a magnetic crossover from antiferro to ferro would be
noted in all three cases when the trans isomers are subjected to
photoisomerization. It is also to be noted that, potential energy of
a diradical system has two wells corresponding to the two stable
orientations of the magnetism. In case of conventional magnetic
reversal by applying magnetic field one of the two wells become
metastable when small field is applied. At a particular field, whose
frequency matches the precision frequency of the magnetization
called the switching field, the energy can be pumped into the sys-
tem and the energy barrier between the two wells vanishes, as a
result magnetization reverses. This magnetic field induced magne-
tization reversal in magnetically active materials is a fundamental
issue in many applications and it is difficult to implement as it
requires very high field gradient [37]. On the other hand, photoin-
duced magnetic crossover is easy to implement and expected to
find wide applications. The cis and trans forms of GFP chromophore
and its variants have different absorption spectra and these two
forms can be converted to each other i.e., their structures and physi-
cal properties can change when exposed to proper electromagnetic
radiation. Since the trans form of all the diradicals are dark, upon
irradiation of light of suitable wavelength on the dark trans iso-
mers corresponding bright fluorescing cis forms (cyan, blue and
green colors for diradicals 1b, 2b and 3b, respectively) are obtained
[2,15]. As a result, here we observe different states of magnetism
with different colors, that is, it is easy to understand the magnetic
property of these six diradicals by visual inspection even without
evaluating coupling constants.

The photoisomerization from diradical (a) to diradical (b) [in
every case (1–3)] is initiated by � → �* transition energy, hence, we
calculate the transition energies for trans isomers of each diradical.
The experimentally observed excitation peaks for neutral bare cou-
plers in 1a, 2a and 3a diradicals are 436 nm, 360 nm, and 399 nm,
respectively [2]. Transition energies obtained by TDDFT method
are known to be less dependable due to spin contamination [38].
However, many authors have found good agreement between cal-
culated transition energies and experimental values using TDDFT
methods [39,40]. Thus, it has been prudently surmised that TDDFT
calculations for open shell molecules are very reliable to explain

experimental results even it lacks a solid theoretical background
[39]. In our TDDFT calculations for diradicals 1–3 (Table 2), we get
reasonable agreement with previous experimental results for the
respective chromophores [2]. Hence, upon irradiation with light of
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ig. 1. Spin–density plots for the diradicals in their triplet states; green color indi
olor in this figure legend, the reader is referred to the web version of the article.)

60–390 nm wavelengths the trans isomers would be converted

nto their corresponding cis forms, as a consequence structural
somerization with magnetization reversal from antiferro to ferro
ssociated with change in colors would be observed. It is appar-
nt from other works [2,4] that electronic transition in the GFP
ike chromophores leads to fluorescence decay. Therefore, it may
p spin and red color indicates down spin. (For interpretation of the references to

be argued that in the present case even if a part of the excited

molecules fluoresce through S1 → S0 transition, a sizable amount
may undergo intersystem crossing (ISC) to the triplet T1 state
which eventually decays energy via nonradiative pathways. A gen-
eral schematic representation of the photoresponse for all of our
designed diradicals is given in Supplementary data Fig. 3A.
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Fig. 2. DOS vs energy plots for ferromagnetic cis isomers (1b, 2b and 3b), corresponding Fermi levels are indicated as EF.
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Table 2
The � → �* transition energy values, estimated wave length a�exc in trans diradicals at UB3LYP (TDDFT) level using 6-31G(d,p) basis set, b�exc is the experimental value for
bare coupler from Ref. [2].

Diradicals E� in a.u. E�* in a.u. Transition energy in eV Estimated a�exc for
diradicals in nm

Experimental b�exc for
bare couplers in nm

1a −0.19374 −0.07620 3.1985 387 436
2a −0.21580 −0.09002 3.4227 361 360
3a −0.21349 −0.08939 3.3770 366 399

Table 3
Percent net weight of singlet and triplet components in the computed BS solution,
using 50 〈S2〉BS and singlet weightage = 100 − triplet weightage.

Diradicals Singlet % weightage (100m2) Triplet % weightage (100n2)

1a 48.30 51.70
1b 48.40 51.60
2a 47.70 52.30
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Table 4
Ground state energies of six diradicals from single point UB3LYP/6-31G(d,p)
calculations.

Diradicals Estimated ES in a.u. Diradicals ET in a.u.

1a −1657.61039 1b −1657.61180
2a −1438.97998 2b −1438.98505

T
E

2b 47.70 52.30
3a 48.75 51.25
3b 48.60 51.40

The up-spin density on both radical sites is intense as obvi-
us from spin density plots (Fig. 1), hence spin-up electrons will
o through the molecules from one magnetic sites to another
hen bias is applied, whereas the propagation of spin-down elec-

rons are blocked [41]. Using GaussSum v. 2.1 software [42], the
ensity of states (DOS) plots (Fig. 2) are evaluated from the out-
ut file of population analysis obtained using Gaussian 03W [35].
rom DOS plots one can find very easily that the spins are highly
olarized at Fermi level in bright ferromagnetic cis diradicals,
hereas in case of dark trans diradicals no such polarization is

bserved. Thus ferromagnetic cis diradicals can show spin valve
ffect, that is, the majority spins are conveyed only in one direction
hen bias is applied [41]. It is also noted that in case of dirad-

cals 1b and 3b, the �-HOMO is located above the Fermi level.
his observation is due to non-Aufbau occupation of molecular
rbitals (MOs) in these cases. Non-Aufbau behaviour is exper-
mentally and theoretically supported by Westcott et al. [43].
ufbau principle can also be violated due to delicate balance
etween promotion energies, coulomb repulsions and exchange

nteractions [44].
A discussion on estimated singlet and triplet weightage for each

iradicals is due here. These estimated values are given in Table 3.
or this calculations, in pure state, we take the broken symmetry
ave function, BS = m BS

S + n BS
T , where BS

S and BS
T singlet and

riplet component functions, and m2 ≈ n2 = 1/2, that is, m2 + n2 = 1.
lso n2 = 1/2〈S2〉BS , so that, m2 = 1 − 1/2〈S2〉BS. It is obvious from
able 3 that for both ferromagnetic and antiferromagnetic species
he triplet weightage is greater in every case as also obvious from
he work of Datta and co-workers [45].
We have compared the ground state stability of the cis
nd trans forms of these fluoro proteins coupled diradicals.
ommonly, ferromagnetic diradicals show greater stability than
heir antiferromagnetic counterparts [45], as also apparent

able 5
nergy of HOMO and LUMO in au and their differences in eV and molecular hardness (�)

Diradicals EHOMO in a.u. ELUMO in a.u.

1a −0.19503 −0.07942
1b −0.19318 −0.08107
2a −0.21286 −0.09474
2b −0.21256 −0.10218
3a −0.18638 −0.09803
3b −0.18323 −0.09983
3a −1817.99092 3b −1817.99461

from Table 4. Nonetheless, the estimated singlet state energy
(ES) values for trans diradicals are lower than the respec-
tive computed triplet state energy values (ET) (Table 1 and
Table 4), i.e., singlet ground states for trans diradicals are
confirmed.

The energy differences between the �-highest occupied molec-
ular orbital (�-HOMO) and �-lowest unoccupied molecular orbital
(�-LUMO) for all 6 molecules (Table 5) have been evaluated.
The energy gap also corresponds to the chemical hardness of
the molecule. Chemical hardness is calculated from the formula,
�= (ELUMO − EHOMO)/2, where � is the molecular hardness, ELUMO
and EHOMO are the energy of the LUMO and HOMO, respectively.
From Table 5, it is evident that all the cis diradicals have lower
HOMO–LUMO energy gap than the corresponding antiferromag-
netic trans isomer, which implies that lower molecular hardness
and higher molecular polarizability is observed for ferromagnetic
cis diradicals. However, Chattaraj and co-workers [46] have advo-
cated over the fact that for open shell spin polarized triplet state
the relationship between HOMO–LUMO gap and the stability of
the molecules is not as simple as widely assumed. This is because
LUMO may come below the HOMO giving a negative contribu-
tion to the hardness, as in some cases LUMO is not well defined.
It is also known that the molecules having HOMO–LUMO energy
gap of the order of 1.59–3.18 eV can be used in optoelectronic
devices, and in non-linear optical (NLO) imaging [47]. On the other
hand, the fluorophores similar to GFP have their uses as optoelec-
tronic devices [48]. In this case all the diradicals have HOMO–LUMO
energy gap 2.44–3.14 eV (Table 5) and can be used for preparing
organic light emitting diode (OLED), and in the development of
high-density optical memories and switches [49]. The acidic –OH
group in GFP makes it less useful as OLED material; nevertheless,

efforts are being put to develop oxazolone and imidazolidi-
none derivatives related to GFP chromophore to overcome this
problem [48].

at the UB3LYP/6-31G(d,p) level for diradicals.

�EHOMO–LUMO in eV Molecular hardness (�)

3.1459 1.5730
3.0507 1.5254
3.2142 1.6071
3.0036 1.5018
2.4042 1.2021
2.2695 1.1347
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. Conclusions

Magnetic nano- and micro-particles are judiciously used in var-
ous biomedical applications [50]. On the other hand, GFP and its
ifferent variants also earned substantial attention in the field of
olecular biology [9]. The reversible photochromic cis/trans iso-
erization, which is independent of the nature of the solvents, is

isplayed by GFP and its different analogous chromophores [15].
n this work, six GFP based photoswitchable diradicals are the-
retically designed and characterized. These molecules undergo
agnetization reversal associated with change in color, which

re likely to receive attention in the field of biomedical applica-
ions. The extent of magnetic interactions in all six molecules have
een quantified in terms of the coupling constant through unre-
tricted broken symmetry approach in the framework of density
unctional theory. In our investigated systems, antiferromagnetic
ark trans isomers turn into bright fluorescing ferromagnetic cis
orms when exposed to light in the wavelength range 360–390 nm.
hus, one can observe cyan, blue and green colors for systems
, 2 and 3, respectively, when magnetic crossover takes place.
rom DOS plots it is clear that at Fermi level the spins are highly
olarized for ferromagnetic cis diradicals, which indicates such
olecules will show a spin valve effect. We have also com-

ared the ground state stabilities of these diradicals and find
hat the ferromagnetic cis isomer is more stable than respective
ntiferromagnetic one. The HOMO–LUMO energy gap indicates
hat the diradicals can be used in NLO imaging. It can also be
sed to prepare OLED devices, high-density optical memories and
witches [48,49].

Recently, in an interesting work, Weber et al. have addressed
he use of magnet guided transduction of enhanced GFP encoded
entiviral particles coupled with three layers carbon coated cobalt
ased nanoparticle in targeted delivery of therapeutic transgene
o the pathologic tissue [51]. The capacity of magnetic folate con-
ugate nanoparticle towards its tagging ability in the cancerous
ell with the reduction of unwanted side effects and toxicity has
een shown by Pramanik and co-workers [52]. However, GFP func-
ions as magnetic drug carrier without any biocompatible coating;

oreover, GFP based multifunctional magnetic drug carrier can
lso act as a biological magnetic tagger which can be traced with
he change in color associated with magnetization reversal. In the
rst step, GFP based magnetic drug carriers can label the living
ells in vivo and then magnetic separation of desired biological
ntity is possible. GFP based diradicals attached with multifunc-
ional drugs can congregate at the required pathological site by
ocal or external control. In the next step, it can discharge the
pecific drug at precise target or one can treat it by hyperther-
ia. GFP based fluorescent magnetic particles can be utilized as
multidimensional tool to molecular biologists; i.e., it can assist

o test drug effectiveness or can help to act as a drug carrier in
ontrolled drug delivery in vivo. Contrast agents, such as nitrox-
ls or aminoxyls, are used in magnetic resonance imaging (MRI)
o enhance the image quality [53]. Here we have imino nitroxide

oieties in the diradicals; hence, such multifunctional diradicals
ight also be used as a contrast agent in MRI. Last but not the

east; it is needless to say photocontrol of magnetic crossover in GFP
ased diradicals make them suitable for next generation biomedical
esearch.
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34] J. Čížek, J. Paldus, Stability conditions for the solutions of the Hartee–Fock equa-
tions for atomic and molecular systems. Application to the Pi–electron model
of cyclic polyenes, J. Chem. Phys. 47 (1967) 3976–3985.

35] M.J. Frisch, et al., Gaussian 03W (Revision D.01), Gaussian, Inc., Wallingford, CT,
2004.

36] C. Trindle, S.N. Datta, Molecular orbital studies on the spin states of nitrox-
ide species: bis- and trisnitroxymetaphenylene, 1,1-bisnitroxyphenylethylene,
and 4,6-dimethoxy-1,3-dialkylnitroxy-benzenes, Int. J. Quantum Chem. 57
(1996) 781–799.

37] C. Thirion, W. Wernsdorfer, D. Mailly, Switching of magnetization by nonlinear

resonance studied in single nanoparticles, Nat. Mater. 2 (2003) 524–527.

38] Z. Rinkevicius, I. Tunell, P. Salek, O. Vahtras, H. Agren, Restricted density func-
tional theory of linear time-dependent properties in open-shell molecules, J.
Chem. Phys. 119 (2003) 34–46.

39] J.G. Radziszewski, M. Gil, A. Gorski, J.S. Larsen, J. Waluk, B.J. Mroz, Electronic
states of the phenoxyl radical, J. Chem. Phys. 115 (2001) 9733–9738.

[

Photobiology A: Chemistry 217 (2011) 402–410

40] S. Hirata, T.J. Lee, M.H. Gordon, Time-dependent density functional study on
the electronic excitation energies of polycyclic aromatic hydrocarbon radical
cations of naphthalene, anthracene, pyrene, and perylene, J. Chem. Phys. 111
(1999) 8904–8912.

41] R. Liu, S.H. Ke, H.U. Baranger, W. Yang, Organometallic spintronics: dicobal-
tocene switch, Nano Lett. 5 (2005) 1959–1962.

42] N.M. O’Boyle, A.L. Tenderholt, K.M. Langner, cclib: a library for package-
independent computational chemistry algorithms, J. Comput. Chem. 29 (2008)
839–845.

43] B.L. Westcott, N.E. Gruhn, L.J. Michelsen, D.L. Lichtenberger, Experimental
observation of non-aufbau behavior: photoelectron spectra of vanadyloc-
taethylporphyrinate and vanadylphthalocyanine, J. Am. Chem. Soc. 122 (2000)
8083–8084.

44] A. Franceschetti, A. Zunger, Hund’s rule, spin blockade, and the Aufbau principle
in strongly confined semiconductor quantum dots, Europhys. Lett. 50 (2000)
243–249.

45] I.A. Latif, A. Panda, S.N. Datta, Very strongly ferromagnetically coupled diradi-
cals from mixed radical centers: nitronyl nitroxide coupled to oxoverdazyl via
polyene spacers, J. Phys. Chem. A 113 (2009) 1595–1600.

46] P. Fuentealba, Y. Simon-Manso, P.K. Chattaraj, Molecular electronic excita-
tions and the minimum polarizability principle, J. Phys. Chem. A 104 (2000)
3185–3187.

47] A. Khatchatouriants, A. Lewis, Z. Rothman, L. Loew, M. Treinin, GFP is a selective
non-linear optical sensor of electrophysiological processes in caenorhabditis
elegans, Biophys. J. 79 (2000) 2345–2352.

48] Y. You, H. Yingke, P.E. Burrows, S.R. Forrest, N.A. Petasis, M.E. Thompson, Fluo-
rophores related to the green fluorescent protein and their use in optoelectronic
devices, Adv. Mater. 12 (2000) 1678–1681.

49] R.A.G. Cinelli, V. Pellegrini, A. Ferrari, P. Faraci, R. Nifosí, M. Tyagi, M. Giacca,
F. Beltram, Green fluorescent proteins as optically controllable elements in
bioelectronics, Appl. Phys. Lett. 79 (2001) 3353–3355.

50] Q.A. Pankhurst, J. Connolly, S.K. Jones, J. Dobson, Applications of magnetic
nanoparticles in biomedicine, J. Phys. D: Appl. Phys. 36 (2003) R167–R181.

51] W. Weber, C. Lienhart, M.D. Baba, R.N. Grass, T. Kohler, R. Müller, W.J. Stark, M.
Fussenegger, Magnet-guided transduction of mammalian cells and mice using
engineered magnetic lentiviral particles, J. Biotechnol. 141 (2009) 118–122.
highly stable folic acid conjugated magnetite nanoparticles for targeting cancer
cells, Nanotechnology 18 (2007) 385102–385110.

53] G. Sosnovsky, N.U.M. Rao, S.W. Li, H.M. Swartz, Synthesis of nitroxyl (aminoxyl)
labeled probes for studies of intracellular environment by EPR and MRI, J. Org.
Chem. 54 (1989) 3667–3674.


	Photoresponsive magnetization reversal in green fluorescent protein chromophore based diradicals
	Introduction
	Theoretical background and methodology
	Results and discussion
	Conclusions
	Acknowledgments
	Supplementary data
	Supplementary data


