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Light-controlled molecular switches based on carbon clusters.
Synthesis, properties and application prospects
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The review integrates and analyzes the experimental and theoretical studies published in the last 15 years dealing with the
synthesis and physicochemical and photochromic properties of the hybrid molecules based on carbon clusters (fullerenes,
nanotubes and graphene) and photochromic molecules (diarylethenes, spiropyrans, spirooxazines and azobenzene). The
state-of-the-art trends of the application of photochromic compounds as light-controlled electronic devices, sensors and
optical memory elements are considered. The main types of optical molecular switches derived from carbon clusters are
described. The synthetic approaches to these hybrid molecules and the relationships between their structure and

photochromic properties are discussed.
The bibliography includes 199 references.
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1. Introduction

Molecular switches are molecules able to exist in two or
more stable isomeric states that can be reversibly intercon-
verted in response to an external action, such as irradiation,
heating and electrical or chemical impact. Depending on the
nature of action, molecular switches are classified into
optical, electrical and chemical ones.

The enhanced interest in molecular switches is caused by
the possibility of using them for the design of fundamentally
new devices not only for molecular electronics and pho-
tonics, but also for controlling the dynamic properties of
materials, targeted transport of biochemical information
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and signal transmission through biological membranes and
also for the development of photochemically and electro-
chemically switchable catalytic, enzymatic and bio- and
chemosensory systems.! ~1¢ Nanoelectronics is an especially
interesting and promising area of application of molecular
switches, since nowadays the technological potential for the
manufacture of traditional materials for modern computers
has virtually reached its maximum.

Photochromic molecules (dihetarylethenes, spiropyrans,
spirooxazines, fulgides and azobenzene), which undergo
cis— trans isomerization, pericyclic transformations or pro-
ton phototransfer upon transitions to higher electronically
excited states, can be considered as the most studied and
popular types of molecular switches.®7-17-25 The topolog-
ical isomers of supramolecules or supramolecular associates
are also quite promising as switches.?®~32 Despite the fact
that supramolecular associates are thermodynamically less
stable than single molecules due to van der Waals forces or
hydrogen bonds between molecules, they are kinetically
more labile and dynamically more flexible. Quite a
number of review articles?3-5-9-18-27.29-39 and mono-
graphs -4 17-28 covering various aspects of synthesis, prop-
erties and applications of classical molecular switches have
been published to date.

The discovery of fullerenes in 198540 and later the
discovery of carbon nanotubes and graphene markedly
extended the range of existing molecular switches of various
types and made it possible to improve them.*!'-43 For
example, components of organic solar cells,**4> nanoma-
chines#® and holographic recording media“’-4¢ have been

© 2017 Russian Academy of Sciences and Turpion Ltd.



A.R.Tuktarov, A.A.Khuzin, U.M.Dzhemilev

Russ. Chem. Rev., 2017, 86 (6) 474—509 475

developed on the basis of fullerene-containing molecular
switches and the possibility of using them as memory
devices for molecular computers of the future has been
studied.*® Despite numerous publications and the achieve-
ments made in the synthesis and investigations of molecular
switches based on carbon clusters and their derivatives,
unfortunately, the investigation results have not been sys-
tematically described, only scattered papers and patents
being available.

The authors of this review have attempted to integrate
and analyze the available published data on the synthesis,
structure and properties of molecular photoswitches based
on carbon clusters such as fullerenes, nanotubes and gra-
phene. Particular attention is paid to the prospects of their
application.

The following abbreviations are used:

acac — acetylacetonate,

AZO — azobenzene,

AzoM — azobenzene monomer,

B-Ala — 3-aminopropionic acid,

BPhen — 4,7-diphenyl-1,10-phenanthroline,

Boc — tert-butyloxycarbonyl,

CLSM — confocal laser scanning microscope,

DAE — diarylethene,

DAE-F — fluorinated diarylethene,

DAE-FN — fluorinated dihetarylethene containing a
nitrogen atom in the heterocycle,

DBU — 1,8-diazabicyclo[5,4.0Jlundec-7-ene,

DHI — dihydroindolizine,

DMAP — 4-dimethylaminopyridine,

DOX — doxorubicin,

DTEo —dithienylethene open-ring form,

DTEc —dithienylethene closed-ring form,

EDC — [1-(3-dimethylaminopropyl)-3-ethylcarbodii-
mide hydrochoride,

FE-SEM — field emission scanning electron micro-
scopy,

FF — fill factor,

FWCNT and MWNT — few/multiwalled carbon nano-
tube,

GO —graphene oxide,

HDI — hexane-1,6-diisocyanate,

HOMO — highest occupied molecular orbital,

ICBA — indole Cgo bisadduct,

ITO —indium —tin oxide,

Jsc — short circuit current,

LUMO — lowest unoccupied molecular orbital,

LbL — layer-by-layer,

OPE — oligo(phenylene-ethynylene),

PC — photochromic compound,

PCBM — phenyl-Cg;-butyric acid methyl ester,

PC-FSNP — photochrome-conjugated fullerene silicon
nanoparticles,

PEDOT — poly(3,4-ethylenedioxythiophene),

PSS — poly(styrene sulfonate),

P3HT — poly(3-hexylthiophene),

rGO — reduced graphene oxide,

SWNT — single-walled carbon nanotube,

TD-DFT — time-dependent density functional theory,

TDI — toluylene-2,4-diisocyanate,

TEOS — tetraethyl orthosilicate,

UV — ultraviolet radiation,

Vis — visible radiation,

V, — gate voltage,

Voc — open-circuit voltage,
Vsa — source-to-drain voltage.

I1. Dihetarylethene-based carbon hybrids

Optical molecular switches are subject to electronic recom-
binations under photochemical reaction conditions. The
interest in optical molecular switches was initiated in 1989
by the fabrication of a high-capacity 3D molecular data
storage prototype based on photochromic compounds,
which induced vigorous development of the research in
this area?? and consequently extended not only the range
of known photochromic structures, but also the scope of
their possible applications.

A highly promising class of photochromic bi-stable
compounds (owing to their high thermal stability) are
diaryl- and dihetarylethenes, which implement the electro-
cyclic [2n + 27 + 2x]-rearrangement mechanism (Scheme 1).

Scheme 1
o
I\ _r )N Vis / \
R3 X R! X R? R3 X R R X R2

Colourless (open-ring) form Coloured (closed-ring) form

X =S8S,0, NH or NMe

Currently, a number of 1,2-di(het)arylethene derivatives
have been synthesized,!® 2224 which differ in the nature of
the ethene moiety,*® 33 the presence of electron-donating or
electron-withdrawing groups in the aryl or hetaryl moi-
ety =32 or in the length of the alkyl chain at the active
carbon atom of the aryl substituent.®%-6! This variety was
used to determine the effect of the nature and structure of
these substituents in a photochromic molecule on the
spectral and luminescence properties and thermal stability
of the two isomeric forms that undergo reversible photo-
isomerization, the quantum yields of the reversible photo-
isomerization, phototransformation cyclability and photo-
degradation efficiency.

Despite the progress in the synthesis of photochromic
diarylethenes, there is still no large-scale production of
molecular optical memory systems and optical switches for
various purposes based on them. Therefore, in recent years
vigorous research has been in progress for investigation and
practical implementation of nano-sized photochromic mol-
ecules® such as fullerenes, nanotubes, graphene and its
derivatives. This area is relatively new and has not been
adequately explored; therefore, works aimed at chemical
modification of these classes of carbon clusters to endow
them with specified properties and operating characteristics
are of high practical value.

The first examples of spacerless linking of carbon
clusters to dihetarylethenes are monomeric (1) and dumb-
bell-type dimeric (2) Ceo adducts synthesized by 1,3-dipolar
cycloaddition reaction of fullerene Cgp with the appropriate
azomethine ylide that are generated in situ from dithienyl-
ethene dialdehyde (Prato reaction,®> Scheme 2).%3 The
ab initio HF-3/21G and PBE/3z calculations of the geo-
metric parameters of adducts 1 and 2 have shown ¢3-¢* that
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Scheme 2
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the thiophene rings strongly deviate from the plane of the
photochromic cyclopentene moiety (Fig. 1). The dihedral
angles between the two thiophene rings in compound 1 are
67.12(7) and 61.84(9)° for the antiparallel and parallel
conformers, respectively.

In a study of the fluorescence of dyads 1 and 2, the
fullerene core in the singlet excited state has been found to
undergo a fast intramolecular electron transfer to give the
short-lived radical ion pair [Ceo]" " [DTE] *; this has been
attributed ®* to the short distance between the carbon
molecule and the photochromic moiety.

Later 36 it has been shown that linking carbon clusters
to dithienylethenes without a spacer leads to almost com-
plete loss of photochromism of the new hybrid molecule.
This is consistent with published data®’ for dithienylethe-
ne—porphyrin dyads without a fullerene.

For obtaining new photochromic molecules based on
Ce0, a number of fulleropyrrolidines 1 and 3—7 with various
substituents in the second thiophene ring have been pre-
pared (Scheme 3).6¢ Considering the variation of the differ-
ential absorption spectra on exposure to UV and visible
light, it has been found that these hybrid compounds have
poor photochromic properties. Furthermore, the positions
of absorption bands of the ring-closed forms of the dithie-
nylethene moieties incorporated in fulleropyrrolidines 1 and
3—7 and the efficiency of their photochromic transforma-
tions depend on the nature of substituent in the second
thiophene ring. However, no persistent structure — property
relationships have been established for this series of com-
pounds.

Analogous results have been obtained for a cyclopro-
pane fullerene derivative 8 (Scheme 4), which also shows
lower photochromic properties than the initial dithienyle-
thene.%8

Despite the decrease in the photochromism of the
dithienylethene moiety after binding to fullerene, the hybrid
compounds thus formed are of certain interest, as they are
thermally stable ®® and also stable against photodegrada-
tion.%%- 68 This suggests good prospects for further research
aimed at the synthesis of new dithienylethene —fullerene Cep
derivatives in which the photochromic moiety is remote
from the fullerene core.

This hypothesis is supported by a publication 5 in which
the covalent binding of electron-donating tetrathiafulva-
lenes with electron-withdrawing pyrrolidine Cgo derivatives
occurs via a dithienylethene spacer (Scheme 5). Triads
9-12, in which the pyrrolidine moiety is linked to dithieny-
lethene via a phenylethynyl spacer, exhibit photochromic
properties, whereas the absence of such a spacer in com-
pound 13 leads to complete loss of photochromism. The
presence of electron-withdrawing fluorine atoms in the
cyclopentene ring of triads 9 and 11 affects the absorption
spectra of only closed-ring forms, which show a pronounced
bathochromic shift of the absorption peaks with respect to
those of analogues 10 and 12. Meanwhile, the latter are
characterized by higher quantum yields of phototransfor-
mations of open forms to closed ones (95% and 91%,

Figure 1.
PRIRODA program (b).%*

Structures of compounds 1 and 2 optimized by the HF-3/21G method ()¢ and the PBE/3z method implemented in the




A.R.Tuktarov, A.A.Khuzin, U.M.Dzhemilev  Russ. Chem. Rev., 2017, 86 (6) 474—509

471

Scheme 3
aorb
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Product R Preparation conditions Yield (%)
1 CHO a: MeNHCH»CO,H, PhCl, A ~60
3 Cl b: MeNHCH»CO,H, PhCl, A ~62
4 CN ¢: NH,OH -HCI, FeCl3, DMF, A, 5 h ~95
5 CH=C(CN), d: CH,(CN),, B-Ala, PhMe, A, 2 h ~88
6 CH=NPh e: PhNH», Na,SO4, PhH, A, 10 h ~95
7 CH=NPhNH; f: 4-NH>PhNH», Na,SO4, PhH, A, 10 h ~97

Scheme 4

MnOy, [Pd]
— =

S Cl

8(50%)

[Pd] = Pd(acac), 2 PPhs— 4 Et;Al

respectively) than fluorine-containing triads 9 and 11 (37%
and 43%, respectively). The efficient charge separation in
triads 9—12 and the possibility to change the lifetime of
these states by two orders of magnitude by varying the
irradiation wavelength make the approach proposed by
Castellanos er al.%5 promising for the development of
improved solar energy conversion systems.

One more example of the synthesis of hybrid molecules
based on fullerenes and hetarylethenes is the formation of
photoswitchable photoluminescent nanoparticles from Ceo,
tetraethyl orthosilicate and a dithienylethene amino deriva-
tive using the reverse microemulsion method (Scheme 6,
Fig. 2).%° It has been shown that photoluminescence of the
resulting PC-FSNP nanoparticles can be reversibly and
repeatedly switched by exposure to UV (4 = 365 nm) and
visible (A = 512 nm) light as a result of energy transfer in
the intermolecular photoinduced transformations of PC and
Cé0— O —Si. The nanosystem thus obtained, which com-
prises a photochrome molecule and a rigid biocompatible
and photostable photoluminescent moiety, can be used to

s O ;
R= [Ss ] X = F (9, 47% yield), H (10, 40%): Ri:
W, S

PhMe, A

=

Scheme 5

S
:( X = F (11, 39%), H (12, 44%)
S
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Structure 13

analyze photoswitching processes and to detect the target
molecules in a complex biological system with a high signal-
to-noise ratio.

The use of dithienylethenes in the switchable supra-
molecular systems not only considerably extends the range
of possible chemical transformations of photochromic mol-
ecules, but may also lead to the development of new
thermally stable systems. Indeed, as a continuation of
studies 707! aimed at the design of electron transfer switches
by linking porphyrin or anthracene to photochromic mole-
cules (spiropyran and dithienylethenepyridinium, respec-
tively), Liddell et al.’> synthesized dithienylethene—por-
phyrin—fullerene triad 14 in 79% yield by the Prato
reaction (Scheme 7).

This research demonstrated that in triad 14 with the
open-ring photochrome, the porphyrin moiety (P) in the
excited state transfers one electron to the fullerene core on
exposure to visible light (4 &~ 600 nm); this gives rise to the
radical ion pair [DTEo-P] *[Ceo]"~ with a charge separa-
tion quantum yield close to unity, as evidenced by the
absorption band appearing at about 1000 nm. Ultraviolet

OEt
4+ FEtO—Si —OEt
OFEt

TEOS

NH4OH

PC-FSNP

Figure 2. FE-SEM image of nanoparticles.®
The inset shows the images of solutions of PC-FSNP before and
after UV irradiation.

irradiation (1 & 360 nm) of triad 14 gives rise to the closed
form of the photochrome without generation of the full-
erene radical ion. The absence of electron transfer from the
porphyrin addend to the fullerene core means that the first
excited singlet state of porphyrin in the DTEc-'P—Cgo
system is quenched via energy transfer to dithienylethene.
The photonic switching of the photoinduced single-electron
transfer in triad 14 can be repeated many times; this makes
the system suitable for the design of optoelectronic compo-
nents for digital logic and memory storage nano-devices.
Currently, along with the chemical binding of photo-
chromic molecules to various organic semiconductors,
methods based on combining photochromic systems and
organic semiconductors in either blends or layers are also
widely used for the design of organic transistors.”>~8! This
is done, most often, using p-type semiconductors.3?~84
However, Borjesson er al.®3 fabricated and characterized

Scheme 6

O
o) |
0/<V %/j\g/ NH.
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the photoswitchable thin-film transistors based on dihetar-
ylethenes 15, 16 and n-type organic semiconductors, in
particular, fullerenes 17 and 18.86-89

The conduction of the transistor channel was found to
be due to the lateral electric field created by the voltage
applied to the gate or to photochromic transitions induced
by UV light. The best efficiency of switching of the open to
closed form (55%) was observed upon UV irradiation
(320 nm) of a mixture of compounds 16 and 18; however,
this mixture was more susceptible to fatigue.

In recent years, various types of carbon nanotubes and
graphene derivatives have been often employed, apart from
fullerenes, to prepare new hybrid photochromic compounds
based on nano-sized carbon clusters and diarylethenes.

For example, Whalley et al.”® reported the results of
conductivity measurements for molecular electronic devices
composed of dihetarylethenes and single-walled carbon
nanotubes, which act as electrodes. On exposure to light,
device 19 with pyrrole groups in the photochromic moiety
can be reversibly switched from the insulating (diarylethene

CF; 15 (DAE-F)

FiC

16 (DAE-FN)

MCNHCH2C02H
Tt

Scheme 7

PhMe, A

open form) to conducting state 19’ (diarylethene closed
form). Meanwhile, molecule 20 with thienyl groups under-
goes irreversible light-induced rearrangement of the photo-
chrome (Scheme 8). Similar irreversible transformations of
dithienylethenes were observed when gold rather than
SWNT electrodes were used;®! this was apparently related
to quenching of the first excited state of the photochrome
open form by gold. If SWNTSs chemically bound to dithie-
nylethene are used as the electrodes, carbon nanotubes
dissipate the energy generated in the excited closed form,
as has been confirmed by experiments.!®°2 An increase in
the m-conjugation length at the ends of these switches leads
to a decrease in the quantum yield of phototransformation
of the closed to open form.

Additional theoretical and experimental studies have
been performed?? to gain a better understanding of this
phenomenon. The lifetime of the photoexcited open isomer
20 was found to be ~ 40 fs. This is quite sufficient for the
ring in the dithienylethene moiety to close. The lifetime of
the excited state for system 20’ is only 7—10 fs; hence, the

Structures 15-18

18 (ICBA)

CF3
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A =365 nm

X = NMe (19), S (20)

A > 500 nm

Scheme 8

reverse photochemical isomerization does not take place.
The lack of photoswitching of the closed dithienylethene
photochrome in 20’ to the open form is due to strong
overlap of the closed-form LUMO with the SWNT con-
duction band. According to calculations, binding of the
nanotube to dithienylethene by an amide bond in the meta-
position of the phenyl substituent should increase the life-
time of the photoexcited closed form of the dithienylethene
moiety from 7 to 130— 140 fs, which, in turn, would enhance
the efficiency of switching on exposure to visible light.

It has been shown ®* that the electrical conductivity of
molecular devices composed of nanotubes and diarylethenes
can be tuned by choosing chiral SWNTs.

The replacement of carbon nanotubes by graphene
electrodes chemically bound to dithienylethenes enables
the reversible photoisomerization of the photochromic
addend.” It has been found that pericyclic transformations
in the dithienylethene moiety of such a molecular device
(Fig. 3) can be induced by short electric pulses, with a
2—-4 'V voltage bias being sufficient for electrons to rear-
range. In the opinion of Motta et al.,’> graphene electrodes

R = CH,, 4-PhCH,, C(O)NH, 4-C(O)NHPh

Figure 3. New hybrid photochromic molecules based on graphene
and dithienylethene.®?

differ from gold or SWNT electrodes in less pronounced
quenching of the photoexcited closed form of the dithienyl-
ethene moiety and in the possibility of tuning the resonance
hybridization of the HOMO and LUMO by changing the
orientation of the photochromic molecule relative to the
graphene plane.
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I11. Spiropyran- and spirooxazine-containing
carbon clusters

The most popular and extensively studied photochromic
spiro compounds are spiropyrans and spirooxazines. These
compounds have lower thermal stability than dihetaryl-
ethenes; however, the ability to undergo reversible intra-
molecular transformations (Scheme 9), accompanied by
changes in the electronic absorption spectrum, with femto-
and picosecond times of photoprocesses, made the photo-
chromic spiro compounds highly promising for the design
of information storage and processing devices, in particular,
3D optical memory devices. The phototransformations of
spiropyran and spirooxazine molecules have high quantum
yields for the forward and reverse reactions and, unlike the
photochromic molecules mentioned above, have high two-
photon absorption coefficients for both isomers.?3

Scheme 9
—X
I\‘I O Vis 1‘\1 X=

g

n=1,2; X = CH (spiropyrans), N (spirooxazines)

The photochromic properties of spiropyrans with rever-
sible transformations of the spirocyclic moiety were discov-
ered in 1952.9¢ This stimulated active search for new types
of photochromic molecular switches. The results of these
studies formed the grounds for numerous reviews and
monographs ! =3.7.9,17-23,34,97-100 deyoted to targeted syn-
thesis, chemical reactivity and photochemistry of spiropyr-
ans and spirooxazines and mechanisms of thermal and
photochemical rearrangements in the photochromic spiro-
cyclic molecules.

Published data on the modification of photochromic
spiro compounds with fullerenes are virtually missing.
There are only a few exceptions describing the preparation
of a chemically bound Cgo adduct with spiropyran,!01-103
hybrid Cgo derivatives containing simultaneously dihy-
droindolizine and dithienylethene moieties '°4 and optical
memory elements based on photoswitchable organic field
effect transistors in which a layer of photochromic spiro-
oxazine adjoins a fullerene Cgo layer.!05

The first example of the synthesis of a photochromic
spiro compound covalently bound to a carbon cluster has
been reported by Xu er al.'°l-192 The authors synthesized
fulleropyrrolidine 21 by the Prato reaction (Scheme 10).
The proximity of the fullerene core to the spiropyran moiety
results in considerable decline of the photochromic proper-
ties of compound 21. The compound has been found to
exhibit allochromatic properties in polar solvents (methanol
or DMF) (Fig. 4a) and in acidic and alkaline media
(Fig. 4b).

An alternative approach to the synthesis of hybrid
molecules composed of fullerenes and photochromic spiro
compounds is the reaction of Cgp with spiropyrans contain-
ing aldehyde groups. Tuktarov et al.'93 prepared a series of
pyrrolidinofullerenes 22a—c¢ in ~60% yields (Scheme 11).

Photochromic properties were found only for compound
22a, which has the NO;> group in the spiropyran moiety.
Hybrid compounds 22b,c obtained using chlorine- and
fluorine-containing spiropyrans do not undergo photochro-
mic transformations, no matter whether the photoexcitation
is continuous or pulsed. A possible cause of this phenom-
enon is re-absorption of the activating radiation by the
fullerene moiety, because the absorption bands of chlorine-
and fluorine-substituted spirans considerably overlap with
the absorption spectrum of Cgo. For nitro-substituted spi-
ropyrans, the spectral bands overlap only partly; therefore,
photochromic transformations can be observed for hybrid
molecule 22a.

One more approach to the synthesis of hybrid fullerene
derivatives with photochromic spiro compounds is to sepa-
rate the parts by an electron-donating porphyrin moiety.!%4
Consecutive transformations of functionally substituted
porphyrins, photochromic spiro compounds and dithienyl-
ethenes give rise to new Cgo pyrrolidine derivatives contain-
ing two photochromic groups, either simultaneously (com-
pound 23) or separately (compounds 24 and 25), that can
isomerize independently of each other (Scheme 12, Fig. 5).
An unusual photochemical behaviour was found for com-
pound 23. Initially, the porphyrin moiety of hybrid com-
pound 23 undergoes photoinduced electron transfer to the
fullerene core to give the photostationary charge distribu-
tion, P°* —C’¢,. Under these conditions, the quantum yield

OHC N
Maes
S

Scheme 10

MeNHCH,COH
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Absorbance

1 1 1
200 300 400 500 600 700  A/nm

Absorbance

Figure 4. UV spectra of compound 21.101,102

(a) In chloroform (7), with DMF added (2) or with methanol added
(3); (b) in a chloroform—methanol mixture (5:1) (/), with acetic
acid added (2) or with EtONa added (3).

of P*'—Cygy is modulated by the two photochromic moi-
eties, each of them independently quenching the porphyrin
excited state, thus decreasing the quantum yield of electron
transfer almost to zero. On irradiation of molecule 23 with
white light (1 > 360 nm), the quantum yield of electron
transfer decreases and white light intensity increases,
whereas additional UV irradiation (4 ~ 312 nm) induces
phase reversal, in particular, the quantum yield increases

as N
g S

LMeNHCHZCOZH

Scheme 11

X

X = NO, (a), Cl (b), F (¢)

20 |

Absorbance

300 400 500 600 700  A/nm

Figure 5. Variation of the absorption spectrum of compound 23
in 2-methyltetrahydrofuran enriched in isomers:
DHI-DTEo—-P-Cg (), BT-DTEo-P-Cg ),
DHI-DTEc—P-Ce (3) and BT-DTEc—P—Ceo (4).'%

with increasing white light intensity. These effects, which
arise in a relatively simple system, attest to similarity of
molecule 23 with electronic signal converters. This opens up
prospects for using this molecule as molecular memory and
also for photochemical labelling and targeted drug delivery.

In compounds 21-25 described above,'?1~104 the pho-
tochromic spiro molecule is chemically bound to the full-
erene core. Frolova et al.'%° have shown that the insertion of
a photosensitive spirooxazine film at the interface between
semiconductor (fullerene) and dielectric layers may give rise
to a low-voltage photoswitchable organic field effect tran-
sistor (Fig. 6). The photo- and electroisomerization
processes of spirooxazine are depicted in Scheme 13. This
transistor has a switching coefficient of > 1000, which is
2-3 orders of magnitude higher than the known values
of this coefficient for photoswitchable optical field
effect  transistors containing  photochromic com-
pounds.76-79,106,107 The results indicate that the proposed

Scheme 12

uv
DHI-DTEo—-P—-Csg ﬁ' DHI-DTEc—-P-Cg

Vi
Vis Hheating

Vis Uheating
uv
BT-DTEo—-P-Cego BT-DTEc—P—-Ceo

P —
-~

Vis
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Structures 2325
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Scheme 13

532 nm,4| 405 nm,
-3V 3V

9
s Ve
e
Light

Semiconductor

Spirooxazine
AlO,

Glass

Figure 6. Architecture of a photoswitchable optical field effect
transistor.10°

approach is promising for the design of multi-bit optical
memory elements with good stability and reliability and
improved electrical characteristics.

A similar method for the fabrication of light-sensitive
components was implemented by Frolova et al.'°® As
photochromes, the authors used quaternary salts of spiro-
pyrans 26 and 27 (Scheme 14). The transistors thus obtained
exhibited impressive electrical characteristics — wide mem-
ory windows, low operating voltages, switching coefficients
exceeding 10* and high switching speeds (programming time
of 0.5—20 ms). It was shown that even minor differences in
the structures of spiropyran salts change the behaviour of
the transistors. Indeed, the structure containing spiropyran
26 operates like an energy-independent flash memory ele-
ment owing to the reversible photoelectric switching of the
photochrome and shows good electrical performance and
also high stability and reproducibility of the write—read
cycle. Meanwhile, the device based on spiropyran 27
showed irreversible switching resembling the operation of
read only memory elements. Thus, with performance of
optical field effect transistors being dependent on the

Scheme 14

X = H (26), NO, (27)
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photochrome structure, it becomes possible to tune the
electrical parameters and design stable and reliable multi-
bit optical memory elements with enhanced performance
characteristics.

Later, it has been shown 19° that even minor changes in
the structure of the photochromic spiro compound have a
strong influence on the electrical behavior of photoswitch-
able optical field effect transistors and programming time of
the device.

Apart from fullerenes, carbon nanotubes can also be
used as the semiconductor layer in field effect transistors.
Guo et al9 fabricated field effect transistors based on
SWCTs and spiropyrans. The associates of photochromes
non-covalently bound to the surface of a carbon material
were obtained using spiropyrans 28 and 29, which contain a
long alkyl (or pyrenyl) substituent. By chemical transfor-
mations, it is possible to change the wavelengths of the
forward and reverse photoisomerization, which allows for
fabrication of different devices that respond to light of a
particular wavelength. At a primitive level, these devices
accomplish functions analogous to biological ones such as
vision and photosynthesis.

Structures 28, 29

n-C2H»50.

The obtained 103-108. 110 data on various combinations of
photochromic and semiconductor materials based on car-
bon clusters are of great practical value for the development
of potential industrial processes for the manufacture of new
types of memory devices and light sensors based on organic
materials.

In order to find new photochromic materials that could
be considered as negative photochromic data storage media
suitable for direct holographic recording in the visible
spectral region without preliminary UV irradiation, Cia-
purin et al.'''-112 developed a new photochromic polymeric

Structures 30, 31
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Figure 7. Possible diagrams of the organic solar cells. The active
layer contains a spirophotochrome as a donor and PC[60]BM as the
acceptor component.!'!3

composite consisting of poly(N-epoxypropylcarbazole) 30,
6-bromo-1',3',3'-trimethyl-8-nitrospiro[2 H-1-benzopyran-2,2 -
indoline] (31) and a mixture of fullerenes Cgo and Cr taken in a
10:1:0.001 ratio. The resulting composite allows for recording
holograms with diffraction efficiency of up to 23% at
1600 mm—! under laser irradiation (1 = 532 nm).

One more possible trend is the use of interfacial films of
merocyanine compounds and fullerenes or their derivatives
for the design of bulk heterojunction organic solar cell
components (Fig. 7). The active layer in these solar cells
can be represented by either mixtures or interfacial films of
fullerene or fullerene derivatives with a merocyanine com-
pound. The key characteristics of organic solar cells based
on fullerenes and merocyanines are summarized in Table 1.

Other analogous studies have also been reported.!18-127
Characteristics of some types of solar cells based on
merocyanines are comparable with characteristics of devices
in which the active layer is represented by poly(3-hexyl-
thiophene), a polymeric p-type semiconductor with good
charge carrier mobility. The redox and film-forming proper-
ties as well as the packing of merocyanines can be easily
tuned by varying the structure of substituents in their

Table 1. Characteristics of solar cells fabricated on the basis of fullerenes and merocyanines.

Formulae of active layer compounds Voc |V Jsc /mA cm~—? FF PCE (%) Ref.
\\ A Ph
S N + PCBM 0.57 2.08 0.28 0.44 114
Bu“fl‘\] 0 0/
Bul'l
+ PCBM 0.63 2.9 0.27 0.49 114
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Table 1 (continued).
Formulae of active layer compounds Voe |V Jsc /mA cm—2 FF PCE (%) Ref.
X
MCN 0.73 40 032 091 114
2 + PCBM . : . .
Bu'—N 07 NN
| O
Bun 5/\/\
X
\ J N \,—CN
Yz
Bu'—N 07 N7 + PCBM 0.49 3.1 0.29 0.43 114
+ PCBM 0.77 4.0 0.29 0.87 114
CN
NC
N
©\)§_ﬁ + PCBM 0.90 5.3 0.32 1.54 114
0.76 6.3 0.36 1.74 114
0.52 4.8 0.28 0.8 113
Bul'l
CN
NC
N
©\)§_ﬁ ) + Ce 0.65 8.9 0.41 2.6 113
1‘\1 O
Bun
CN
NC
N
©\)§—ﬁ + Ce 1.00 7.5 0.55 4.1 115
+ Ca 0.83 5.8 0.55 2.6 116
o Cw 0.71 8.8 0.42 2.7 116
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Table 1 (continued).

Formulae of active layer compounds Voe |V Jsc /mA cm—2 FF PCE (%) Ref.
+  Ceo 0.56 6 0.41 1.5 113
CN
NC
\
e +  Ceo 0.79 10.8 0.46 4.5 113
2
N O
CN
NC
N
e + Coo 0.96 12.6 0.47 6.1 117
N O/
CN
NC
N\
= + Co 0.50 6.8 0.33 1.8 117
7/
N [0)

molecules. In the near future, substantial progress can be
expected in the design of bulk heterojunction cells and
tandem devices.

Unlike fullerenes, carbon nanotubes chemically bound
to photochromic spiropyrans and spirooxazines are widely
represented in the literature. The first studies along this line
were accomplished in 2004.'28 Hybrid compound 32 was
synthesized according to Scheme 15. It was found that the
intensity of band-to-band electron transitions in supercon-
ducting chemically modified SWNTs can be reversibly
changed upon light-induced valence band filling/depletion
or photoinduced change in the polarity of the spiropyran
moiety of hybrid molecule 32 (Fig. 8). This is a rather

simple and convenient tool for controlling the conductivity
of these semiconductor systems.

A hybrid of a multiwalled carbon nanotube with spi-
rooxazine obtained in a similar way also exhibits a photo-
controlled conductivity (Scheme 16).12°

As a continuation of these studies, spiropyran-contain-
ing hybrid compound 33, in which the photochrome moiety
and the nanotube are separated by a triethylene glycol
spacer, has been synthesized (Scheme 17).13¢ Ultraviolet
irradiation (A = 365 nm) of the initial spiropyran during
30 s leads to increasing intensity of the absorption band of
the merocyanine form (4 = 594 nm), which is converted
back to spiropyran after a 8 min storage in the dark. In
turn, the absorption spectrum of hybrid compound 33 has a

Scheme 15
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Figure 8. Variation of the absorption spectrum of the initial spiropyran in DMF after UV irradiation for 30 s (a¢)* and differential
absorption spectra (b) of a solution of compound 32 in DMF after UV irradiation (/) and after irradiation at A > 520 nm for 30 s (2).'28
(a) The arrows mark the spectral changes following increase in the spiropyran storage time in the dark from 0 to oo (the infinity sign means
that no spectral changes were observed after 30 or 40 s, I min and so on; the time limit was not indicated by the authors); (b) the inset shows
the change in the absorption spectrum before (lower curve) and after (upper curve) UV irradiation.

maximum at 417 nm corresponding to the spiropyran moi-
Scheme 16  ety. The shift of the absorption band of the photochromic
addend in 33 with respect to its position in the spectrum of
the initial spiropyran is caused by the m—m-interaction

uv between spiropyran and carbon atoms of the nanotube
Vs surface. Exposure of the hybrid molecule to the UV light

for 30 s gives rise to the merocyanine form, which has an
absorption maximum at 556 nm (Fig. 9).

It is noteworthy that Malic et al.!3! predicted a batho-
chromic shift in the absorption spectra of hybrid materials
based on carbon nanotubes and spiropyrans caused by

T Here and in other absorption spectra, the arrows mark the changes that
occur upon successive modification of particular conditions (time of
irradiation or storage in the dark, concentration and so on). The arrows
pointing up and down correspond to an increase and a decrease in the
absorption peak intensity, respectively.

Scheme 17
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Figure 9. Changes in the absorption spectra of a spiropyran solution in DMF (a) and compound 33 (b).!3°
(a) (1) Spiran, (2) after UV irradiation (4 = 365 nm) for 30 s, (3) after storage of the solution in the dark for 8 min; (») (/) compound 33,
(2) after UV irradiation (4 = 365 nm), (3) after irradiation with visible light (1 = 560—900 nm) for 30 s.

efficient coupling between the charge carrier and the switch-
able dipole molecule. Depending on the conformation of the
attached molecule, the transition energy corresponding to
the bathochromic shift can reach 100 meV.

Subsequently, it has been shown in relation to chemi-
cally non-bonded carbon nanotubes and spiropyrans !32- 133
that the merocyanine absorption band at 570 nm shifts
bathochromically in the case of a shorter spacer separating
the photochrome moiety and the SWNT. Also, in hybrid
compounds with a short spacer, the merocyanine form is
stabilized by a carbon nanotube, which retards the reverse
merocyanine — spiropyran switching.

In continuation of research aimed at the synthesis of
new hybrid materials composed of various carbon clusters
and photochromic compounds, Perry et al.'3* developed
cationic receptors based on spiropyran 34 non-covalently
linked to the surface of carbon materials (nanotubes,
graphene) via a pyrene anchor (Scheme 18). The receptors
showed high selectivity and sensitivity to Zn?* cations,
which induce isomerization of spiropyran to highly col-
oured merocyanine form. Therefore, it is possible to deter-
mine the Zn?" concentration by recording the absorption
or emission spectra. Studies of the electronic properties of
new materials are in progress.

While the hybrid composed of graphene oxide and
spiropyran 34 obtained in the study cited above 13* did not
respond to Zn?" ions, Li e al.!3% succeeded in the prepara-
tion of a highly sensitive colorimetric sensor for fluoride
anions on the basis of GO and silicon-containing spiro-
pyran 35 (Scheme 19, Fig. 10). As can be seen in Fig. 10,

Scheme 18

9
&

Carbon cluster

Carbon cluster

the sensor based on graphene oxide and spiropyran was
much more sensitive to F~ ions than the initial photo-
chrome without a carbon material. The use of graphene
oxide markedly reduced the spiropyran response time (from
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180 to 30 min) to fluoride anions and decreased the limit of
their detection by more than an order of magnitude; this
allowed for the successful use of the obtained nanocompo-
site to monitor F~ ions in biological fluids.

Scheme 19

colourless yellow-orange

|
1S —But
35 I

(a) pH > 7.0, polar solvent (acetonitrile)

Unlike researchers cited above, other authors !36-137
tested the hybrid compound based on graphene oxide and
spiropyran 36 as a material for optical field effect transis-
tors. The enormous interest in the application of graphene
derivatives as two-dimensional semiconductors for transis-
tors or other electronic devices is due to the possibility to
obtain one- or two-atom-thick layers. In such a two-dimen-

Absorbance

Figure 10. Change in the absorption spectrum of compound 35.!35
(a) 10—3 mmol litre ! of compound 35 in a 10% MeCN — tris-HCl
solution; (b) solution a + 10~* mmol litre=! of F—; (¢) MeCN—
tris-HCI solution containing 40 ug ml—! of GO; (d) solution
¢ + 35; (e) solution d + 5.0 x 10—* mmol litre—! of F—.

sional material, an electron can move within only one layer,
that is, much faster than in conventional semiconductors.
The currently existing transistors are mainly made of
silicon; they comprise several layers, the electrons within
the layers are not rigidly fixed and can move in any
direction, which leads to substantial energy loss via scatter-
ing.

Structure 36

) .

However, the electronics application of graphene
requires solution of a number of problems. In the initial
state, graphene has no band gap for free charge carriers.
However, by doping or functionalization, graphene can be
converted to n- or p-type semiconductors. For example, it
has been found that the LbL-assembled graphene field
effect transistor (Fig. 11) devoid of the spiropyran moiety
behaves as a p-type semiconductor with a Dirac point of
3.6 V.136.137 The insertion of molecule 36 into graphene

Merocyanine form (MC form)

Spiropyran form (SP form)

Figure 11. Schematic view of the photoswitchable organic field
effect transistor manufactured from a hybrid material based on
graphene oxide doped with spiropyran 36.!3¢

gives rise to an n-type semiconductor behaviour with a
Dirac point of —1.7 V. This is attributable to the overall
negative charge transfer from the attached spiropyran to
graphene layers, which is consistent with the data obtained
for SWNTSs modified with spiropyran 36.!1° Also, the shift
of the Dirac voltage depends on the light irradiation time.
Indeed, the initial Dirac voltage of —17 V changed to —4.7
and —10.2 V after UV irradiation for 1 and 5 min, respec-
tively. This shift is fully reversible upon visible light irradi-
ation, which induces the transformation of the transistor
merocyanine moiety back to spiropyran with subsequent
restoration of the initial Dirac voltage. A control experi-
ment without spiropyrans did not reveal any photorespon-
sive behaviour. This provided the conclusion that graphene
modification with photochromic spiropyrans may serve for
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Figure 12. Schematic diagram of fabrication of the rGO/HA —SP
carrier able to deliver the hydrophobic DOX drug to cancer cells.
The drug is released from the carrier in the lysosome and cell
cytoplasm.!40

TBS is a complex buffer solution.

light-induced fine tuning of the Dirac point of graphene
layers.

One more application area of photochromic spiro com-
pounds is medical biology. Spiropyrans are the most popu-
lar and well-investigated compounds for cell imag-
ing.20-138.139 Using reduced graphene oxide, hyaluronic
acid (HA) and photochromic spiropyran (SP), a fluorescent
carrier for the doxorubicin antitumour drug has been
developed '40- 141 (Fig. 12).

A in vivo fluorescence image of a cancer tumour was
obtained for the first time using the merocyanine form of
the photochrome-modified graphene (Fig. 13 a); this was
confirmed by in vitro fluorescence data for A549 cells, which
were chosen as the CD44 receptor (Fig. 13 5).

Intensity (NC)
3.980+003

2.990+003

1.99e+003

996

Figure 13. Fluorescence of rGO/HA —SP in vivo after injection into
the mouse tail vein (a); CLSM image of rGO/HA —SP in the A549
cell after 2 h incubation (b).!40

(/) Control, (2) rGO/HA-SP (SP form), (3) rGO/HA-SP
(MC form).

IV. Azobenzene-containing hybrid compounds
based on carbon clusters

Azobenzene derivatives are typical photochromic com-
pounds promising as optical switches, holographic memory,
long-term energy storage devices and non-linear optical
materials.!42 143 The unique photochromic properties of
azobenzene derivatives account for their active use as
photoswitchable parts that control the structure and func-
tion of supramolecular systems.!44-147
The reversible transformations of azobenzene (cis—
trans-isomerism) induced by irradiation or an electric field
are reflected in Scheme 20, which shows that the initially
coloured, thermodynamically more stable trans-isomer is
converted to the colourless cis-isomer on exposure to UV
radiation.
Scheme 20

Uv
-
Vis [ l /[ }
N=N

trans-Isomer cis-Isomer

Covalent binding of fullerenes to azobenzene and its
derivatives may afford new materials with accessible redox
states and low excitation energy, which are required for
fabricating optical data storage devices.

The first example of covalent binding of fullerenes to
azobenzene is the synthesis of amphiphilic Ceo derivative 37
(Scheme 21) for the formation of stable monolayers.!*®
Unfortunately, the authors did not intend to study the
photochromic transformations of the adducts they pre-
pared.

Kay et al.'* have used the azide method to prepare
azobenzene- and fullerene-containing dendrimers 38—40
with two, four and eight photochromic moieties (in 42%,
67% and 39% yields, respectively); these compounds
exhibit photochromic properties. The absorption spectra
of compounds 38 —40 in solutions show a band with a peak
at 357 nm characteristic of the trans-configuration of the
azobenzene chromophore. Irradiation of these solutions for
150 s with UV light (1 = 365 nm) induces isomerization of
trans-azobenzene to the cis-isomer accompanied by a
decrease in the peak at 357 nm and an increase in the
437 nm peak (Fig. 14). On storage in the dark, the cis-
isomer is completely converted to the trams-isomer within
6 h, while the reverse isomerization under the action of
solar light takes only a few seconds.

It is noteworthy that, as in the case of dihetarylethenes
and spiropyrans, azobenzene located close to the fullerene
core in the final product leads to the loss of photoisomeri-
zation behaviour of the photochrome. Shirai er al.'>°
studied the photochemical properties of compounds
41-43 — acyclic adducts of fullerene Cgo and azobenzene
connected by various spacers. It has been found that full-
erenes and oligo(phenylene ethynylenes) strongly affect the
photoisomerization of the azobenzene moiety. Direct prox-
imity of the fullerene core to azobenzene markedly reduces
the yield of the cis-isomer; OPEs attached to azobenzene
also have an adverse effect on the photoisomerization of the
trans-isomer, but this effect is weaker (Table 2). However,
the presence of fullerenes on both sides of oligo(phenylene
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Figure 14. Change in the absorption spectrum of dendrimer 40 with
increase in the UV irradiation time from 0 to 150 s.!4°

Table 2. Photoisomerization yields in the photostationary state for
compounds 37, 38, 41 -43.150

Compound Photoisomeri- A
zation yield (%) /nm
4.4'-Diiodoazobenzene > 904 365
Fullerene —azobenzene mixture (1: 1) 192 365
Fullerene —azobenzene hybrid
41 < 10° 365
37 (without fullerene core) > 900 365
42 ~ 350 334
38 (without fullerene core) >90ab 334
43 ~ 0P 365

2The photoisomerization yield was determined by NMR spectros-
copy. ® The photoisomerization yield was determined from absorption
spectra.
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ethynylene) chains, as in compound 43, leads to the com-
plete loss of photochromism of the azobenzene moiety.

This approach was used for the synthesis of hybrid
compounds of fullerene Cgp and azobenzene, analogous to
compound 43, with the goal to construct nanoma-
chines. #6151

The 1,3-dipolar cycloaddition of azomethine ylides,
generated in situ from the aldehyde derivatives of a photo-
chrome, to the fullerene carbon cage (Prato reaction) is
among the most promising methods for the preparation of
hybrid materials based on fullerenes and azobenzene. This
method provides the target functionally substituted full-
erenes in rather high yields. This procedure was used to
prepare dimeric fullerene derivatives 44 and 45, in which the
spherical Cgp or N@Cgp molecules are connected by an
azobenzene bridge (Scheme 22).152 The magnetic properties
of two isomers of 45 were studied by ESR spectroscopy. The
electron spin relaxation times of the two endohedral full-
erene isomers, 77 and 7>, show an exponential decay.
Although the zero-field splitting parameter was the same
for both isomers in solution (~ 13.0 MHz), the rotational
correlation times for the trans- and cis-isomer molecules
were 37.2£1.6 and 34.8 £2.7 ps, respectively.

=
o gggo

Despite the fact that azobenzene is most often consid-
ered as a photo- and electrochromic moiety, it has also been
used 131157 as a bridge between electron-donating (N,N-
dimethylaniline) and electron-withdrawing (N-methylfuller-
opyrrolidine) moieties. The character of charge transfer was
established for dyad 46 considering the experimental and
theoretical data obtained by time-dependent density func-
tional theory.!53-156 According to TD-DFT calculations,
the charge transfer in compound 46 is induced by irradi-
ation at 750—600 nm; this is fully confirmed by experimen-
tal data: charge transfer is observed in the UV/Vis spectrum
at 721 nm. Kumar and Patnaik !5 have suggested a prob-
able charge transfer pathway in hybrid 46, starting with the
electron transfer from the electron-donating dimethylani-
line moiety to the electron-withdrawing phenylazo group in
the azobenzene moiety (Scheme 23). The next stage is the
charge transfer from the azobenzene (HOMO) to fullero-
pyrrolidine moiety (LUMO), which is confirmed by the
0.15 V anodic shift of the first reduction potential of the
azo group in compound 46, as opposed to the initial
azobenzene.

It has been found !33 that the addition of trifluoroacetic
acid to a solution of dyad 46 leads to a sharp colour change
from yellow to pink accompanied by the disappearance of

43
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the absorption band at 409 nm in the spectrum and the
appearance of new bands at 520 and 540 nm attributable to
protonated azo-group nitrogen atoms (Fig. 15). The proto-
nation of the azo groups allows for a rational control over
the energy and distribution of the frontier molecular orbi-
tals, which affect the photo- and electrochromic properties
of hybrid 46. These results are of great value for the design

of molecular devices, in view of the considerable role of the
frontier molecular orbitals for the electron transport.

Data on the crystal structure of hybrid molecule 46 and
the possibility for its self-assembly in binary solutions,
illustrating the donor-acceptor, t—=n- and van der Waals
interactions during the self-assembly, have been
reported.!36. 157

Dyads 47 and 48 with a similar architecture have been
synthesized.!’® In these molecules, porphyrin is linked to
fullerene Cgo via an azobenzene spacer (Scheme 24). A study
of the photophysical properties of dyads 47 and 48 demon-
strated that the azobenzene bridge between porphyrin and
fullerene substantially facilitates the forward and back
electron transfer, but charge recombination is 3—4 orders
of magnitude slower than charge separation, which is
indicative of the inverted Marcus region for back electron
transfer. As was to be expected, no photoinduced cis-to-
trans isomerization takes place in dyads 47 and 48 because
of the proximate positions of the azobenzene moiety and the
fullerene. Nevertheless, fast energy and electron transfer via
the azo bridge creates real prerequisites for the preparation
of optically controlled hybrids by using this aproach.!>®
More comprehensive data about the synthesis and proper-
ties of fullerene-based donor-acceptor dyads can be found
in the review.!60

El-Khouly er al.'®! further explored this area by synthe-
sizing an original dimeric fullerene adduct 49 (Scheme 25),
which is not aggregated in solution even upon irradiation at
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Figure 15. Change in the absorption spectrum of dyad 46 after the
addition of trifluoroacetic acid (a) and molecular structures of the
products (b).!33
Concentration  of  the
9 x 10~ mmol litre— .

acid increased from 10-% to

688 nm, but is capable of efficient photoinduced intra-
molecular electron transfer to give a charge-separated state
with a lifetime of ~2.50 ns. Charge separation and recom-
bination inherent in the hybrid molecules such as 49 make
them quite promising photoactive materials in the solar
energy harvesting system.

Another approach to the chemical linking of fullerenes
to azobenzene makes use of nucleophilic cyclopropanation
of Cgo with a-halo carbanions generated in situ. This
method affords functionally substituted carbon clusters in
preparative yields. Han 12 reported a five-step synthesis of
phthalocyanine-based fullerene derivative 50 with a light-

Ar Scheme 24
H>N
Ar NH> +
(0]
(0]
Ar
LMHOZ
Ar

Ar O N/

Ar Cs0,
MeN HCHzCOzH
Ar
7/
N
Ar

47:M =2H
Zn(OAc)>
—>48: M = Zn>"

Ar = 4-tolyl

sensitive azo group (Scheme 26). Like adduct 37, compound
50 possesses amphiphilic properties and can form stable
monolayers. Ultraviolet irradiation (4 = 365 nm) of com-
pound 50 dissolved in chloroform induces trans-to-cis
photoisomerization of the azobenzene moiety, as indicated
by decreasing absorption at 351 nm and increasing absorp-
tion at 450 nm (Fig. 16). The photostationary state was
achieved in ~ 150 s. The reverse cis-to-trans isomerization
of azobenzene takes place as the sample is stored in the dark
at room temperature for 6 h. However, a five-second
exposure to a bright solar light induces a more efficient
reverse isomerization, indicating the absence of a steric
effect on the reversible trans-to-cis isomerization of com-
pound 50.

In order to prepare new acceptor materials for poly-
meric solar cells, Ma et al.'%? performed chemical modifica-
tion of PCBM (widely used for this type of research) with
azobenzene (Scheme 27). Mere mixing of methanofullerene
51 and the polymer P3HT (1:1) yielded the active layer of a
solar cell able to switch between the active and sleep states
on exposure to UV and visible light. In the active mode, the
device has a power conversion efficiency (PCE) of 2.0%;
whereas after UV irradiation it switches to the sleep state
with a lower PCE as well as lower Jy., Voc and FF values
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Figure 16. Change in the absorption spectrum of compound 50
with increase in the UV irradiation (4 = 365 nm) time from 0 to
150 s.162
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(Table 3). On exposure to visible light, the initial character-
istics of the solar cell are partly restored, indicating the
system switching to the active state. The switching mecha-
nism implies a difference in the electron mobility of the
active layer as a result of cis-to-frans isomerization of the
azobenzene moiety of methanofullerene 51. The partial
restoration of the initial characteristics of the solar cell
after irradiation with visible light is apparently caused by
changes in the active layer thin film morphology, which
deteriorate the electron transport, as evidenced, in partic-
ular, by a change in the current density — voltage curve and
the fill factor.

An unusual approach to fullerene- and azobenzene-
based hybrids has been demonstrated in a theoretical
work 194 describing the development of light-sensitive
host—guest complexes 52 and 53 (Fig. 17). The proposed
host molecule is composed of four azobenzene groups and
has a nearly cylindrical shape (1.01 A height and 13.38 A

Table 3. Photoelectric characteristics of the device based on methano-
fullerene 51 after UV and visible light irradiation.!®3

Irradiation time Jse Voc/V PCE (%) FF
/min /mA cm—?2
Before irradiation 7.0 0.58 1.99 0.49
UV irradiation
1 5.6 0.51 1.11 0.39
2 4.8 0.50 0.89 0.37
3 39 0.48 0.72 0.38
6 2.3 0.45 0.42 0.40
Visible light irradiation
1 2.4 0.46 0.44 0.41
2 2.5 0.47 0.48 0.41
6 2.6 0.47 0.50 0.42
Storage in the dark 33 0.51 0.72 0.43

inner diameter), which is suited for encapsulation of full-
erenes Ceo and Cro. In view of high binding energy, com-
plexes 52 and 53 are expected to be stable, and thermody-
namic calculations have shown the possibility of their
spontaneous formation. Due to photoisomerization of
trans-azobenzene to the cis-isomer on irradiation at 474
and 506 nm for complexes 52 and 53, respectively (Fig. 17),
the fullerene molecules are easily released.

Carbon nanotubes possess unique electrical and photo-
conductive properties and represent perfect building blocks
for the design of optical nano-devices.!®> Therefore, recent
research has been focused on the synthesis of hybrid
materials based on carbon nanotubes and azobenzene for
modulating their conductivity, electrostatic and non-linear
optical properties and quantum effects on exposure to light.

‘/L—‘.‘ 474 nm (for Ceo) ""C% i

o \
(& I
.9

4 ; A
trans-Form
Co0 (52), C70 (53)

506 nm (for C79)

cis-Form

Figure 17. Schematic view of new light-sensitive host—guest com-
plexes 52 and 53.104

The ball is fullerene, the ring are four azobenzene molecules closed
to form a circle.

One of the first publications '°¢ in this area describes the
synthesis of two types of photosensitive azobenzene polyur-
ethane multiwalled carbon nanotubes 54 and 55
(Scheme 28). The synthesis was carried out by polyconden-
sation of the azobenzene monomer with diisocyanates
[aliphatic diisocyanate (HDI) as a soft monomer or aro-
matic one (TDI) as a hard monomer] in the presence of
hydroxylated MWNTs. Study of the photochemical proper-
ties of 54 and 55 has shown that azobenzene binding to the
carbon nanotube decreases the rate of photoisomerization
of the new hybrid molecules because of steric factors
(Fig. 18). Nevertheless, the isomerization rate constant can
be effectively controlled by adjusting the flexibility of the
backbone of MWNT-grafted polyurethanes. In the opinion
of the researchers cited,!®® this could play a key role in the
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Scheme 28
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Figure 18. Change in the absorption spectra of the initial azoben-
zene containing polyurethane (a) and hybrid molecules 54 and 55
(b) in DMF on exposure to UV light (A = 365 nm).1%¢

7 is irradiation time.

development of new high-performance optical and photonic
nano-devices.

Virtually at the same time, Feng e al.'®” reported the
synthesis of photosensitive MWNTSs 56 containing azoben-
zene monomeric units (Fig. 19). Unlike fullerene hybrids 41,
43, 47 and 48, the azo-modified nanotube 56 with a closely
located azobenzene group is subject to cis-to-trans isomer-
ization of the photochromic moiety. As can be seen in

1.6

._.
~

Absorbance
-
io

1.0

0.8

300 350 400 A/nm

Figure 19. Change in the absorption spectrum of 56 with increase
in the UV irradiation (A = 365 nm) time from 0 s to 120 min (b).'%”

Fig. 19, a change in the absorption spectrum of hybrid 56
induced by UV irradiation includes a decrease in the
intensity of the absorption peak at 410 nm and an increase
in the intensity of the 300 nm peak. The bathochromic shift
in the m—7w* transition region of trans-azobenzene is due to
overlapping of electron conjugation and enhanced =m-plas-
mon transition along the nanotube.

Structure 56

H-C12H25HN

Feng et al.'®® have shown that moving the azobenzene
moiety farther from the nanotube leads to more efficient cis-
to-trans isomerization and, as a consequence, better elec-
trical conductivity (Fig. 20). Indeed, the rate constant for
isomerization of the hybrid with a spacer (6.7 x 10~ s~ 1) is
fourfold higher than that for the hybrid without a spacer
(1.4x10-1s— 1),
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Figure 20. Change in the current—voltage curves for the systems FWCNT—-AZO (a) and FWCNT —spacer—AZO (b) with increase in the

UV irradiation time from 0 to 300 s.!8

Subsequently, Hu et al.'%° have prepared hybrid adduct
57 based on an MWNT and azobenzene-functionalized
poly(methyl methacrylate) (Scheme 29); the hybrid is of
interest for the manufacture of new electrically switchable
materials.

It has been shown 179 that azobenzene-modified SWNT
58 can significantly (by ~200%) increase not only solar
energy storage capacity but also the storage time; further-
more, the material retains the degradation stability under
repeated cycling. Upon the excitation with UV light, the

thermodynamically stable trans-isomer 58 is photochemi-
cally isomerized into the metastable cis-isomer (Scheme 30),
which returns to the initial frans-configuration and releases
the accumulated energy as heat. The half-life period or the
reverse cis-to-trans isomerization time allows for solar
energy storage for the peak bias power over a period of a
day.

It is noteworthy that the possibility of solar energy
storage has also been investigated for graphene!7!.172
modified with azobenzene. The intermolecular hydrogen

Scheme 29
Br
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Br

(0]
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bonds and the solid-state interplanar packing of the novel
materials based on graphene and azobenzene improve the
storage capacity and extend the service life of solar energy
storage materials. It was shown that new solar heat fuels
have an energy storage capacity of up to 138 W h kg—!
(Ref. 172). In addition, azobenzene-containing graphene
showed an excellent stability in 50 isomerization cycles
upon irradiation with visible light, thus indicating a service
life of more than 4.5 years.!7!

Not only chemically azobenzene-modified carbon nano-
tubes, but also their non-covalently bound analogues are of
great practical value.!'’3-17¢ Ultraviolet irradiation of a
hybrid material of this type induces the cis-to-zrans isomer-
ization of the conjugated chromophore, which results in
charge redistribution in the vicinity of the nanotube. This
changes the local electrostatic field, shifts the threshold
voltage and increases the conductivity of a transistor based
on this hybrid material.!”’3-17¢ The conductivity change is
reversible and can be repeated for a long time, indicating
that the azobenzene-modified nanotubes could be applica-
ble for the design of integrated nano-photodetectors.!74 173

Scheme 30
N W
\/ [
H
(0]
H
N\[/
\
(0]
trans-58
thermal
heat
energy
release
SN

In recent years, graphene has received a lot of attention
owing to its unique mechanical, optical and electronic
properties. The results of studies of new hybrid materials
based on fullerenes and carbon nanotubes have stimulated
the research aimed at the preparation of similar hybrids
using graphene and its derivatives. The encapsulation of
azobenzene chromophores into the graphene sheets may
lead to optically controlled changes in their electronic
properties. Therefore, it is relevant to study the effect of
azobenzene photoisomerization on the graphene properties.

Cao et al.,'”7 who investigated the charge transfer in
system 59 in which the azobenzene block is covalently
attached to two graphene sheets (Fig. 21), have found that
the electrical conductivity of the new hybrid can be varied
by exposure to light or by changing the acidity of the
medium (Fig. 22, Schemes 31 and 32).

One of the first examples of covalent binding between
graphene and azobenzene is the synthesis of adduct 60, in
which the carbon cluster is linked to the chromophore via
an amide group (Scheme 33).!78 Irradiation with UV light
induces the trans-to-cis isomerization of the azobenzene
moiety, as evidenced by changes in the absorption spectrum

Py-HOsS SOs;H Py

7 7 e e //O Q amh

e ' _ e —e_ \

S . A L » N\ /}\I — 1\{\ \V*. . YA

o P ad el N N N. N e % U
L . N = H H % L' % AR
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- e e e 59 b e |

Figure 21. Schematic view of the graphene — azobenzene hybrid 59.
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Figure 22. Photoswitching (a) and sensing (b) properties of hybrid
molecule 59.177

(a) (1) After UV irradiation, (2) storage in the dark for 60 h, (3)
irradiation with visible light, (4) after connection (Vsg = —50 mV).
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(Fig. 23 a), in particular, a decrease in the absorption peak
corresponding to the m—=n* electron transitions in the trans-
benzene group. As the hybrid is stored in the dark, the
metastable cis-form isomerizes back to the thermodynami-
cally stable trans-form. The photoinduced conformational
changes in hybrid 60 can be used to control the electrical
conductivity. The pronounced increase in the current
observed after UV irradiation (Fig. 23 ) attests to better
conductivity of cis-isomer 60. Moreover, slow restoration of
the film resistance is also observed.
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Figure 23. Change in the absorption spectrum of hybrid 60 («) and
the current — voltage curve for a device based on 60 (b).!78

(a) The UV irradiation time was increased from 0 to 60 min; (b) the
IV characteristics were measured in the 0—20 min range; the inset
shows the time dependence of the resistance.

Similar results have been obtained by Zhang et al.,'”®
who used 2,3'-dimethylazobenzene 61 as the azo-chromo-
phore component.

X =H,Y = SO;H, Z = OH (62); X = SO:H, Y = Z = H (63)

Structure 61

61

The effect of the light-induced cis-to-trans isomerization
of the azobenzene moiety covalently attached to graphene
on the electrical conductivity has also been identified in
some other studies.!80: 181

Feng et al.'®? synthesized the azobenzene—graphene
conjugates 62 and 63, in which the chromophore was
directly attached to the carbon sheet (Scheme 34). The
obtained compounds could be useful for the design of
solar energy storage batteries. In relation to compounds 62
and 63, it has been shown that minor changes in the
substituent position in the azobenzene moiety may be
responsible for crucial differences in the photoisomerization
behaviour (Fig. 24).

The above-considered chemical binding between gra-
phene and azobenzene has been utilized in a number of
studies.!83- 185 Lee et al. 83 obtained nanocomposite 64 of
the azobenzene-modified graphene with trans-stilbene-4,4'-
dicarboxylic acid in the presence of Zn?™" ions; the product
showed pronounced fluorescence with a rather long lifetime
as compared with the initial ligand. In addition, this
composite can act as a chemosensor, for example, for the
detection of dinitro- and trinitrotoluene molecules.!83
Hybrid 65 served for the fabrication of a flexible rewritable
non-volatile memory device (Fig. 25).185

Graphene supported on SiO; substrate is more reactive
towards the azobenzenediazonium salts than graphene sup-
ported on octadecyltrichlorosilane.!8¢

It has been found theoretically 87 that photoisomeriza-
tion of azobenzene attached to cobalt atoms encapsulated in
the graphene carbon skeleton reversibly changes the mag-
netic properties of this system. The results open up the
prospects for the design of light-controlled molecular-scale
spintronic devices.

The electrical conductivity of graphene can be affected
by not only chemical attachment of azobenzene, but also by

Scheme 34
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Figure 24. Change in the absorption spectra of compounds 62 (a, ) and 63 (¢, d) upon UV irradiation (a, c¢) and storage in the dark (b, d)

after the irradiation.!82

The irradiation time was increased from 0 to 15 () and 25 h (¢) and the dark storage time increased from 0 to 700 (b) and to 5400 h (d).

Structure 64

Figure 25. Sketch view of the flexible non-volatile memory device
based on nanocomposite 65.18

doping with azo-chromophore such as methyl orange.!88-189
The trans-azobenzene molecule is adsorbed on the graphene
surface via ©—r interactions (Fig. 26). It has been shown 89
that the surface concentration of azobenzene decreases with
increasing number of graphene sheets, the most efficient
charge transfer being observed for the transistor fabricated
using single-sheet graphene. The calculation results indicate
that NO; and SOj3 are the best terminal functional groups in
azobenzene for p-doping.!90
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Figure 26. Schematic view of graphene doped with methyl
orange.'88

Unlike the researchers cited above, Kim et al.'®! used
the pyrene anchor for the adsorption of azobenzene on the
graphene surface (Fig. 27). The photoinitiated transforma-
tions of the azobenzene moiety in the field effect transistor
based on the hybrid material thus obtained make it possible
to detect and enhance even relatively small changes in the
electrostatic potential. This opens up broad prospects for
the use of new hybrid materials as semiconductor graphene
analogues, such as graphene nanoribbons °2-1°3 or nano-
perforated membranes;'%% 195 further increase in the sensi-
tivity and current modulation in these devices may give rise
to new bioinspired schemes for photodetection or entirely
new classes of light-gated transistors.!”!

Figure 27. Schematic view of chromophore photoisomerization for
azobenzene with pyrene groups adsorbed on the graphene sur-
face.!9!
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Figure 28. Synthesis of azobenzene-modified graphene and its photocontrolled self-assembly [plus stands for the O(CHz)4sN * Mes group in

the para-position].!®”




A.R.Tuktarov, A.A.Khuzin, U.M.Dzhemilev  Russ. Chem. Rev., 2017, 86 (6) 474—509 505

365 nm
[t —
P a—

436 nm

365 nm
—

B Sem—
436 nm

Ci2Has-n
SaG®a
Ci1Has-n

Figure 29. Photomicrographs illustrating the motion of the azobenzene coating on the graphene surface upon light irradiation.!®

In subsequent studies, it has been shown that the
azobenzene moieties are arranged at < 34° angle to the
graphene surface.!°® The terminal functional groups affect
only slightly the tilt angle of the chromophores, but have a
pronounced influence on the dipole moments of chromo-
phore molecules; this can serve for studying the dipole effect
on the charge transfer in graphene and on enhancement of
Raman scattering.

Chen et al.'®7 have demonstrated a new approach to the
preparation of graphene modified with azobenzene, namely,
the use of electrostatic interactions between the carboxy
derivative of graphene oxide and cationic azo-surfactant
(Fig. 28). This resulted in the development of a smart
reversible self-assembled system of graphene well control-
lable by irradiation.

Whereas encapsulation of azobenzene into graphene can
be used to control graphene electromagnetic properties,
graphene in turn catalyzes the cis-to-frans isomerization of
the chromophore. In particular, Shin et al.'® have reported
fast isomerization of amino-substituted azobenzene cata-
lyzed by graphene oxide. The amino group markedly
facilitates the charge transfer from azobenzene to graphene
with respect to that in the unsubstituted chromophore.

Interesting results on graphene doping with azobenzene
have been reported by Lee er al.1°® A polymer containing
azobenzene molecules was deposited on the graphene sur-
face. The irradiation of the coating resulted in chromophore
isomerization, which induced motion of the layer (Fig. 29).
In the researchers’ opinion,!®® this effect may inspire the
development of optomechanical systems.

V. Conclusion

As follows from the presented review, the chemistry of
photochromic carbon clusters based on fullerenes, carbon
nanotubes and graphene with various photochromic com-
pounds has been vigorously developed in the last decade.

This is caused by the possibility of designing fundamentally
new and efficiently photoswitchable field effect transistors,
information and solar energy storage systems, molecular
computers and other useful devices for various branches of
industry.

An important place in the review is allocated to modern
methods for functionalization of carbon clusters with pho-
tochromic molecules based on the use of well-known and
popular processes such as the Prato reaction as well as the
catalytic cycloaddition of diazo compounds and organic
azides. High yields of the target hybrid compounds com-
posed of carbon clusters and photochromic molecules, the
possibility of preparing single hybrids with high selectivity
and the ready accessibility of the initial monomers and
reagents make these methods exceptionally promising for
the practical use.

Along with the covalently linked hybrid molecules,
attention is paid to the synthesis of molecular assemblies
via t1—m or electrostatic interactions of the initial carbon
clusters with photochromes. With this approach, it is
possible to preserve as fully as possible the unique electronic
structure of the initial carbon cluster in the resulting hybrid
system. Meanwhile, the chemical binding of carbon clusters
to photochromic compounds provides the target hybrid
molecules possessing high thermal stability of photoinduced
isomers and photochemical stability against irreversible
phototransformations, which are important characteristics
for such materials. These properties largely determine the
prospective application areas for the hybrid photochromic
molecules and the durability of molecular switches without
the loss of efficiency.

The properties of the new hybrid molecules are affected
by not only the structure and nature of the initial photo-
chromes and carbon clusters, but also by intramolecular
interactions in the latter. The efficiency of the photoswitch-
ing of hybrid molecules considerably depends on the dis-
tance between the carbon cluster and the photochrome. The
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short distance leads to partial or complete loss of photo-
chromic properties, which may be associated with the trans-
fer of the excitation energy from the photochromic addend
to the carbon cluster. By varying the nature of the carbon
material and the structures of the photochromic molecule
and the connecting spacer, it is possible to control the
charge transfer and charge separation processes in the
hybrid molecules and, hence, to affect the efficiency of
their photochemical transformations.

The data covered in the review encourage the research-
ers to develop industrially promising processes for the
manufacture of materials with unique properties on the
basis of photochrome-containing carbon clusters with the
goal to design new-generation electronic technologies.

Currently, these studies are at the initial stage of devel-
opment; however, the results obtained already demonstrate
the great prospects of this research. In our opinion, further
development of the studies dealing with functionalization of
carbon clusters by known photochromic compounds may
provide unique and unexpected results. The major effort
should be directed toward the decrease in the response time,
increase in the light sensitivity and electronic modulation of
the photochromic hybrid systems. This would be of key
importance for the development of new mulifunctional
light-sensitive materials based on these systems.

This review was written with the financial support of the
Russian Science Foundation (Project No. 14-13-00296).
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