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Abstract Hybrid materials based on organically modi-
fied silica with immobilized boron-dipyrrins (BODIPY)
dyes were obtained. Spectral characteristics of the dyes
were measured during the matrix formation and in obtained
materials. It was stated, that immobilization does not affect
the character of the absorption and fluorescence spectra of
the dye, but due to the effect of fluorescent molecular rotor
observed for meso-substituted BODIPY, the fluorescent
quantum yields were found to increase during the matrix
sealing. Quantum yield increase is linear for all of the inves-
tigated matrices except phenyl-substituted one, where the
n-n interactions of the dye molecule with matrix could be
observed. This effect could be used for fine control of the
matrix formation process and leads to increase of the dye
emission in the final material for further practical applica-
tions. All obtained hybrid materials were found to be stable
upon UV light irradiation, hence immobilization enhance
the stability of the dye in comparison with the BODIPY in
organic solvents.
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Introduction

Boron-dipyrrin (BODIPY, 4,4-difluoro-4-bora-3a,4a-diazas-
indacene) based compounds are one of the most commonly
used fluorescent sensors and labels due to their high photo-
stability and fluorescence quantum yields. BODIPY-based
fluorescent sensors may be used for selective detection of
cations [1, 2], anions [3, 4], molecules [5] and for accurate
measurement of the solvent characteristics (polarity, pH,
viscosity etc.) [6-8]. These sensors also effectively serve
the purposes of biochemistry and molecular biology [9-11].
Another BODIPY application is covalent binding of lumino-
phores to various biomolecules as labels [12].

The obtainment of fluorescent molecular rotors is one
of the newest directions in BODIPY chemistry [13, 14].
While being exited one part of this molecule is able to rotate
towards the other, causing the intramolecular charge trans-
fer (this effect is called twisted intramolecular charge trans-
fer state, or TICT state) [15, 16]. The main feature of such
molecular rotors is a strong dependence between quantum
yield and solvent dynamic viscosity. In this case, low viscos-
ity mixtures may cause low fluorescence quantum yields due
to high probability of non-radiative relaxation [17]. Fluores-
cent molecular sensors gain much popularity in molecular
biology, analytical and biochemical studies nowadays [18],
their precise analytical feedback and high selectivity being
the reason for that.

Scope of BODIPY practical applications in analytical
chemistry and optical devices is limited by dye stability to
aggressive factors of the medium (irradiation, chemicals,
temperature). Thus studies of the materials obtained by
the sol—gel process with the inclusion of BODIPY is still
of current interest, since properties of luminophores are
retained in the hybrid materials and, at the same time,
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active component becomes more resistant to high tempera-
tures and intense ultraviolet irradiation.

Examples of such an improvement could be found in
the literature stated: In the study of Chateau D. mate-
rials with MTEOS (methyltriethoxysilane) and VTEOS
(vinyltriethoxylsilane) as a precursors with inclusion of
BODIPY were synthesized for use as an optical limiter
operating in the NIR (near infrared) region [19]. In study
of Hong, X.,BODIPY was immobilized into VTEOS
matrix for cellular imaging [20]. In research of Hunger-
ford, G., sol-to-gel transition was monitored by dint of
the changes in the fluorescence of the dye in the reaction
mixture [21].

The use of sol-gel precursors of different nature allows
one to initiate various interactions between the matrix and
the dye from the simple intermolecular interactions, to the
donor—acceptor or covalent binding.

In this article, we contribute to the variety of the opti-
cally active hybrid materials, investigate the spectral
properties of the obtained hybrid materials and explore
principal possibility and nature of matrix binding with
the dye. The dyes used in this study are presented in
Fig. 1. These dyes and precursors have been chosen due
to the assumption of their ability to form various interac-
tions between the dye and the organomodified part of the
matrix, namely the hydrogen bonding (in case of BODIPY
1, BODIPY 2 and APTMOS,, CITEOS silica precursors)
and zn-x stacking (via phenyl substituent in BODIPY core
and PhTEOS).

0OC,H;s

|
@—sli—oczl{.;

OC2H5

PhTEOS

HsC

BODIPY 1

OCH;

H,N— (CH,);—Si—OCH3
OCHs

APTMOS

Experimental
Reagents and Apparatus

Triethoxyphenylsilane 98% (PhTEOS/PhSiO,),
(3-Aminopropyl)trimethoxysilane 97% (APTMOS/
NH,SiO,(precursor/ in material)) and (3-Chloropropyl)
triethoxysilane 95% (CITEOS/CISiO,) were purchased on
Sigma—Aldrich.. Tetraethoxysilane (TEOS/SiO,), hydro-
chloric acid, ethanol were purchased on Chimmed, Russia
and used as is, without further purification. BODIPY dyes
were synthesized by the authors previously [22].

U.v.—vis. electronic absorption spectra (EAS) were
recorded on an SF-104 spectrophotometer (Aquilon,
Russia) controlled with a PC using the software pack-
age UVWin 5.1.0. Absorption spectra of the thin films
of hybrid materials were registered using solid samples
holder, providing strictly perpendicular position of the test
sample to the light beam. The accuracy of the measure-
ments was +0.03 on the scale of optical density; wave-
length accuracy was +0.05 nm. The fluorescence spectra
for film materials was obtained using solid samples holder,
providing angle of 45 degrees of the test sample to the
light beam, with Cary Eclipse fluorescence spectrometer
(Agilent technologies, USA). The slit widths for excita-
tion beam and detector were ranged 2.5 to 10 nm. The
accuracy of the wavelength measurements was +0.3 nm
in the wavelength range 500-700 nm. Excitation wave-
length was 480 nm. FTIR spectra were recorded on a

0C,H;s
Cl— (CH,);— Si—O0C,H;
OC2H5

CITEOS

OC,H;

H5C,0—Si—OC,H;s
OCsHs

TEOS

S At N

N

N
N,/
F F

BODIPY 2

CHj;

CH;

BODIPY 3

Fig. 1 Structural formulas of precursors and investigated BODIPY dyes. Abbreviations are used further in the text
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spectrometer Avatar 360 (“Thermo Nicolet”, USA). Spec-
tra were recorded in the range of 400—4000 cm™! at room
temperature.

Irradiation of the samples was carried out by the u.v.-
irradiator OUFB-04 (Russia) with the integral light of
180-270 nm range (u.v. C range). Effective irradiance in the
stated spectral range was 11.4 W/m?. Degradation constant
was calculated by the formula K = %, where K — photodeg-
radation rate constant, A/ — change in fluorescence intensity
during irradiation, Az — time period.

Preparation of Materials

The materials were prepared by acid hydrolysis of the precur-
sors. Molar ratios of reagents was n(precursor): n(C,HsOH) :
n(H,0) : n(HCl)=1:4:2:0.001. The reaction temperature was
25 °C. Appropriate BODIPY was added to the reaction mixture
in concentration 10~* M. Obtained system was stirred for one
hour, and then, after addition of the dye, material was deposited
to a glass substrate by spin-coating. The glass substrates were
rotated at 3500 rpm for 15 s. The slides had previously been
treated with concentrated KOH for cleaning and degreasing
purposes. After coating, the films were aged for 24 h at 25 °C.

For verification of molecular rotary properties, sol-gel
process was carried out in 3.5 ml quartz cuvette with addi-
tion of the BODIPY. Cuvette was sealed, absorption and
fluorescence spectra were measured with the fixed time
interval.

Results and Discussion
Spectral Characteristics

Typical electronic absorption spectra of the sol of the hybrid
materials are presented on the Fig. 2. Spectra of the films
are identical to the sol-gel mixture in cuvette. Spectral char-
acteristics of materials were compared with appropriate
BODIPY in ethanol solution [22, 23].

Spectral characteristics of the obtained materials and dyes
in ethanol are shown in Tables 1 and 1 of supplementary
materials. SiO, based hybrids are shown for comparison to
demonstrate the influence of organic moiety on dye mol-
ecules and hybrid films morphology.

Spectral characteristics of all dyes differ from the ones
in ethanolic solutions. 8—9 nm bathochromic shifts and
decrease in quantum yields were observed in absorption
spectra of SiO, hybrids in comparison to solutions. Intense
dye—dye interaction in the matrix is confirmed by the fact,
that spectral characteristics of the hybrid materials are closer
to the ones of the individual dyes films [24], than to etha-
nolic solutions. Simultaneously, taking into account negative
solvatochromic effect of the BODIPY dyes [25], peak shifts
could be attributed to lesser polarity of the polymeric matrix
in comparison with ethanol.

Photophysical characteristics of the dyes vary depending
on the matrix nature thereby confirming the specificity of the
dye interaction with organic part of the polymeric matrix.

FTIR spectra of hybrid materials were taken in order
to figure out specific interactions taking place between

Fig. 2 The spectra (a- absorp- a 3 b 500 - 1
tion, b- fluorescence) of the 15k
hybrid material gel obtained A 2
from different precursors with 1-BODIPY 1@NH.SiO 400¢
BODIPY 1. Dye concentration ) @NHSI0,
1074 M 1,0 2-BODIPY 1@CISiO, 300
< 3-BODIPY1@PhSiO,
200
0,5
100+
0.0 h/n-\.& 0 L 1 )
400 50 600 500 550 600 650 700
nm nm
Table 1 .Spectral cha.racteristics Matrix Sio, PhSIO, NH,SiO, CISiO,
of the thin film materials
BODIPY 1 2 3 1 2 3 1 2 3 1 2 3
Agpss DM 537 533 530 537 526 526 531 534 530 520 534 535
Ag nm 538 538 534 539 531 531 552 539 538 542 538 538
@ 0,50 006 008 039 003 005 045 015 022 034 005 051
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the matrix and the dyes (Fig. 3 and Fig. S1-S8 of supple-
mentary materials). The intermolecular interactions of the
BODIPY with the matrix were determined by the changes
in position and intensity of the peaks in FTIR spectra of
dyes (Table 2).

In case of the hybrids obtained from the PhATEOS, for-
mation of a n-n stacking between phenyl ring of the matrix
and phenyl moiety of the dye could be noticed for all of
the studied BODIPYs.

Hydrogen bond formation between the lone pair of
the nitrogen of the dye and hydroxyl groups hydrogens,
situated on the surface of the matrix, was shown to occur
in materials with BODIPY 2. A similar interaction was
noticed for the BODIPY1@NH,SiO, hybrid, in this case
the hydrogen bond is formed between the nitrogen of the
amino group of the matrix and the hydrogen in the car-
boxyl group of the dye.

Rotary Effect

Sensory properties of BODIPY 3 for dynamic viscos-
ity of the sol-gel systems (molecular rotary properties)
were studied. Several systems with different silica precur-
sors were marked with rotor dye. Absorption and fluo-
rescence spectra were measured at regular time intervals
during 14 days at room temperature (Fig. 4). Increase in
both absorbance and fluorescence intensity was stated for
all of the systems. This fact could be explained by dye
concentration increase caused by gel compression and

Fig. 3 FTIR spectra: a hybrid
material BODIPY1@PhSiO,
solid line, pure BODIPY 1
dotted line, b hybrid material
BODIPY2@PhSiO, solid line,
pure BODIPY 2 dotted line, ¢
hybrid material BODIPY3 @
PhSiO, solid line, pure

Table 2 Changes in the IR spectra of pure dye and hybrid material

Hybrid Group In pure In hybrid, cm™!
BODIPY,cm™'

BODIPY1@PhSiO, C=0 1594 1606

Ce¢H, 1384 1378

OH 3380 3438
BODIPY2@PhSiO, C-N 2846 2919

CeH, 1594 1633
BODIPY3@PhSiO, C¢H, 1587 1600

Si-CcHs 1384 1398

solvent evaporation within system aging. Decline in the
fluorescence and 7 nm batochromic shift in EAS noticed
after 480 h of PhSiO, system aging could be explained
by specific matrix-dye interactions and rotary response of
the BODIPY. The ability of the dye to act as rotor was
determined from the changes in the fluorescence quantum
yield, the calculation of which takes into account changes
in absorption and fluorescence.

Gelation time for the pure SiO, is 312 h while for
PhSiO, and NH,Si0, it was measured to be 576 and 504 h
respectively.

Based on the data we have plot the dependence between
the fluorescence quantum yield of the gel aging time,
data obtained was processed to establish the depend-
ence between fluorescence quantum yield and gel aging
time (Fig. 5). For SiO, dependence between fluorescence
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Fig. 4 Absorption and fluorescence spectra of sol-gel systems of BODIPY 3 measured with aging of the gel

quantum yield and aging time of the gel has a linear shape,
confirming the hypothesis of the dye rotary properties.
This result coincides with the work of Graham Hunger-
ford [21].

Contrariwise, in case of the PhSiO, system, depend-
ence has a complex nature: intense fluorescence
increase could be observed in the first time interval
with further reaching a plateau and even intensity

decrease during gel aging. Fluorescence decrease could
be caused by the phenyl substituent of dye reaction with
the phenyl from matrix causing energy transfer from
the dye molecule to the matrix. Dependence found for
NH,Si0, is also close to a linear shape, but using of
the BODIPY 3 for the dynamic viscosity control in this
matrix is difficult due to specific interactions of the dye
molecule with the matrix. From the abovementioned
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Fig. 5 BODIPY 3 fluorescence quantum yield evolution during gel
aging

it could be stated that the BODIPY 3 can be used as
the molecular rotary sensing probe in systems obtained
from TEOS and PhTEOS.
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Fig. 6 Changes in the fluorescence spectrum of the material
BODIPY3@NH,SiO, under the action of UV light

Photochemical Stability of Materials

Irradiation with intense UV light was carried out for
30 min with fluorescence intensity control in 3 min time
intervals, to test the photochemical stability of the obtained
materials. An example of the obtained spectra is shown on
the Fig. 6. Strong decrease of fluorescence in the initial
moments of irradiation could be caused by the photochemi-
cal destruction of the BODIPY dyes situated on the surface
of the hybrid material.

Degradation constants for the materials were calculated.
Results are shown in Table 3.

BODIPY1@PhSiO, was found to be the most photo-
chemically resistant material and BODIPY3 @PhSiO, is,
vice versa, the most labile one. Probably hydrogen bond-
ing and m-x stacking between dye and matrix increases
the stability of the dye molecules. Advanced resistance
of the BODIPY I to UV irradiation may be caused by
delocalization of the electron density at the carboxyl

group.

Sensory Activity

Sensory activity of BODIPY1/2@NH,SiO, and
BODIPY 1/2@Si0, hybrids towards the pH of the solu-
tion was investigated (Fig. 7).

The dependence obtained from the material derived
from SiO, has a linear shape: fluorescence intensity grows
with an increase in the alkalinity of the medium. For the
materials obtained from APTMOS dependence is reversed.
These changes in the spectra are reversible at pH decrease.
Dyes were found to destruct at a pH of less than 2 with a
non-fluorescent products formation. From the abovemen-
tioned it could be stated that obtained materials could be
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Table 3 Degradation rate

. N X Material BODIPY1@PhSiO, BODIPY1@NH,SiO, BODIPY1@CISiO,
constants for investigated thin
film hybrid materials K, sec™! 8,57-1078 2,71-107° 9,51-10°°
Material BODIPY2@PhSiO, BODIPY2@NH,SiO, BODIPY2@CISiO,
K, sec™! 6,33-107° 2,46-107% 2,30-107°
Material BODIPY3@PhSiO, BODIPY3@NH,SiO, BODIPY3@CISiO,
K, sec™! 3,73-107* 2,27-107% 1,22:1073
400 -
400 - .
. . 350+ -
n | |
350k ® 300 -
— — 250+
300t 200
150 -
250 1 1 1 1 1 ) 100 ! I L L L ! ! 1 1
2 4 6 8 10 12 2 3 4 5 6 7 8 9 10
pH pH
BODIPY1@SiO, BODIPY2@SiO,
700 = 1000
-
600 Dl 800 o
500 F - S
. 400r _ 600
300 400 |
200+
200
100
| |
0 1 1 1 1 1 0 1 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
pH pH
BODIPY1@NH,Si0, BODIPY2@NH,Si0,

Fig. 7 The changes of fluorescence intensity of hybrid materials under the pH variation. Hybrid materials were treated by NaOH solution in

water for 1 min, then fluorescence spectra were measured

used for effective medum pH measurement in the range
of 2 to 12.

Conclusions

In all of the obtained materials dyes retain their photo-
physical characteristics. The highest quantum yields were
observed for the BODIPY1@CISiO, and BODIPY3 @
CISiO, hybrids. Formation of the hydrogen bonds and n-n
stacking between the matrix and the dye was observed and

proved using FTIR method, however a covalent bond forma-
tion was not stated.

Possibility of the BODIPY usage as the molecular
rotary probe in the systems obtained from TEOS and
PhTEOS was shown. In case of the NH,SiO, matrix, the
viscosity control is hindered by possible side matrix-dye
interactions.

Obtained materials have shown good resistance to UV
irradiation compared with films made from PMMA [24]
and can be used as optical conversion devices, moreo-
ver, the material BODIPY 1 @PhSiO, was found to be the
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most resistant one due to the formation of the hydrogen
bonds and intense w-x stacking between the dye and the
matrix.

Ability for evaluation of the pH of the environment in

the range of 2 to 12 units was also shown for the obtained
materials.
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