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In this work we described theoretical calculations on the electronic structure and optical prop-
erties of the dyes crystal violet and malachite green based in semiempirical methods (Parametric
Method 3 and Intermediate Neglect of Differential Overlap / Spectroscopic - Configuration Inter-
action) and the synthesis of a new hybrid material based upon the incorporation of these dyes in an
aluminum polyphosphate gel network. The samples are nearly transparent, free-standing thick
films. The optical properties of the entrapped dyes are sensitive to chemical changes within the
matrix caused either by gel aging or external stimulli such as exposition to acidic and basic vapors
that can percolate within the matrix. Our theoretical modeling is in good agreement with the
experimental results for the dyes.
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1. Introduction

The sol-gel process provides interesting paths to syn-
thesize organic-inorganic hybrid materials, in which one can
take advantage of the properties of each component indi-
vidually and, also, reach synergistic properties between
them. The organic and inorganic components may either
exchange weak interactions like hydrogen bonding, van de
Waals forces and electrostatic forces or be linked through
chemical bonds. The inorganic to organic relative amount
may change significantly'.

Silica-based networks are the most widely used inor-
ganic fraction because the precursors are commercially avail-
able and/or can be easily modified. Their chemical reactiv-
ity is well understood and the synthesis may be carried out
to form transparent films, fibers or monoliths with good
mechanical properties?.

Polyphosphate-based materials are also attractive as
hosts for the design of inorganic hybrid composites as they
can be synthesized as particles containing closed pores?,
nanoparticle*, transparent gels®, glasses® and hybrid net-
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works’. These materials may present a broad range of chemi-
cal compositions, with many different morphologies which
allow us to envisage the entrapment of compounds in mild
reaction conditions, thus preventing degradation of the ac-
tive species.

Polyphosphate gels can be synthesized as transparent,
flexible free-standing films. The gelation derives from the
association of the polyphosphate polyanions with metallic
cations, leading to a supramolecular ionic swollen network.
In fact, these cations (Ca, Zr, Al, Fe) act as bridges between
different polyphosphate chains and, hence, the gel cohe-
sion is a consequence of electrostatic interactions rather than
the covalent bonding which develops as a result of the
polycondensation reactions that proceed to give silica-based
networks, starting from alkoxide precursors.

We have reported, recently, the synthesis of new hybrid
materials in which a polyphosphate gel network was used as
the host structure for the incorporation of rare-earth
cryptates®, polyaniline® and the dyes methyl orange!'® and
malachite green'!, in order to develop new optical materials.
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Crystal violet (CV) and malachite green (MG) are tri-
aryl-methane dyes with similar chemical structures (Fig. 1).
They are used as acidic-base indicators, stain compounds
in histology and as flourophores in immunoassays.

CV tends to dimerize in aqueous solution depending
upon the dye concentration. The monomer and dimer give
different absorption bands in the visible spectrum. Also, two
kinds of molecular orientation were described for CV
dimerization in the literature: (i) the molecules are parallel,
and; (ii) there is a superposition of the nitrogen atom from
one dymethyl-amine group to the aromatic ring (anti-paral-
lel). MG structure is very similar to CV, but no dimerization
is reported in the literature!!3,

Alberti et al. reported the intercalation of crystal violet
both in the external surface and in the interlayer space of a-
zirconium phosphate (o-ZrP). They observed both
dimerization and protonation by the acidic P-OH groups
within the dye host structure. Also, the design of optical
sensors for ammonia and humidity detection were performed
by dispersing this dye on Nafion® films'*. Another chemi-
cal optical sensor for ammonia in which a sulfonephthalein
(also a substituted triaryl-methane) dye was immobilized
in sol-gel derived silica thin films was also reported. In the
later, a glassy film of the organically modified silicate was
deposited in optical fibers'>.

In this work we investigated theoretically the CV, MG
and CV-MG dimerization in order to optimize the dimer
geometry and understanding its spectroscopic properties.
We also synthesized new hybrid materials by the incorpo-
ration of these dyes within polyphosphate gels in order to
get new optical sensors.

2. Methodology

2.1 CV-MG/Polyphosphate Hybrids Synthesis

Crystal violet + malachite green/aluminum
polyphosphate (CV-MG/APP) composites were synthesized
starting from sodium polyphosphate (2.0 mol/l, in P) and
aluminum nitrate (1.0 mol/l) aqueous solutions. The MG to
CV ratio in the dye aqueous solution was [MGJ/[CV]=5.0,
which was adjusted in order to give similar absorbances
from the two dye solutions. The total CV and MG concen-
tration were, respectively, 2.0 x 10 and 1.0 x 10 mol/I.
The average polyphosphate chain length was 10.6, deter-
mined by*' P NMR.

In a typical synthesis, the MG-CV (1 ml) solution was
previously added to 10 ml of the polyphosphate solution,
followed by the addition 10 ml of the Al** solution under
strong stirring. In some cases, sodium hydroxide solution
was also added to raise the pH. The phosphorus to aluminum
ratio (P/Al) ranged from 2.0 to 2.8.

Gelation occurs under ambient atmosphere at room tem-
perature within 1 min. The gel was stirred for 30 min and
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centrifuged for 1 h at 10,000 x g. Transparent greenish-
blue samples form after 1 to 3 days. Free-standing films
were prepared spreading the gel samples on a flat surface
and letting them dry at room temperature in a moisture-
controlled environment (50% relative humidity) for one
week.

The samples were exposed to HCl and NH, vapors, from
6 mol/l solutions heated at 60 °C, in a closed environment
order to investigate their sensitivity to acidic and basic
vapors.

The MG-CV/PP free-standing thick film samples were
characterized by absorption spectra using a using an
UV-visible spectrophotometer Perkin-Elmer LAMBDA 6
model 2688-002, within the 200-800 nm range.

2.2 Theoretical Calculations

Semiempirical calculations at the PM3!¢ levels were
performed for the guest molecules CV and MG and the cor-
responding fully optimized geometry could be determined.
Standard MOPAC!" parameters were used, except for the
convergence criterion, for which a maximum step size of
0.005 was adopted. For these molecules, a planar configu-
ration was assumed as the starting point for the geometry
optimization calculations. A RHF criterion was adopted
because the compounds investigated have a positive ion in
the second phenyl ring, which corresponds to a closed shell
system.

Absorption spectrum calculations of the structures pre-
sented in Fig. 1 were performed using the ZINDO pack-
age'®2! with geometries fully optimized at the PM3 level
and the absorption spectra were calculated at the Interme-
diate Neglect of Differential Overlap/Spectroscopic - Con-
figuration Interaction (INDO/S-CI) level, and the param-
eters chosen to give the best description of the UV-visible-
NIR optical transitions for those molecules??. In this case,
the level of approximation was utilized within a restricted
closed-shell Hartree-Fock approach to determine the ground
state. Approximately 280 configurations were investigated
for each molecule, including singlet and doublet states.

oo, oo,

Figure 1. (a) Crystal violet (CV); (b) malachite green (MG) chemi-
cal structures.
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For molecule dimerization, we started from the
geometries optimized with semiempirical calculations at the
PM3 level and separated by 2.6 angstroms according with
our previous calculations!!.

3. Results And Discussions

Figure 2 presents the absorption spectra of CV, MG and
the MG-CV aqueous solutions. The spectrum of the CV
solution shows two maxima near 544 and 584 nm. The first
one is attributed to CV dimerization. The spectrum of the
MG-CV mixture is the sum of the individual solutions.

After the centrifugation of the samples a supernatant
solution is expelled from the solid gel, which is called
synerisis liquid. A spectrum is also presented in Fig. 2e. As
gelation proceeds in acidic medium (0.5 to 2.0), the
supernatant solution spectrum is compared to MG and CV
solutions spectra in the same conditions, which are very
similar (Fig. 2c and 2d). This was done in order to investi-
gate if one of the dyes is preferentially incorporated to the
gel matrix, which is not the case as the supernatant spec-
trum showed contributions from both dyes.

The spectrum of the MG-CV/PP hybrid is presented in
Fig. 3. The spectrum is similar to the MG-CV solution,
which is greenish-blue. Both dyes were incorporated to the
gel matrix. When these samples were exposed to HCI vapors,
the films turned to green as presented in Fig. 3b. This sam-
ple presented two absorptions: (i) the first one has two
maxima at 416 and 438 nm, ascribed to CV and MG in
acidic media; (ii) 640 nm, due to CV protonation to give
CV-H. The absorption at 640 nm has an asymmetry, which

Experimental Absorption (a.u.)
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Figure 2. Absorption spectra. (a) MG (solid line) and CV (dashed
line) aqueous solutions; (b) MG-CV aqueous solution; (¢) MG in
acidic medium; (d) CV in acidic medium; (e) supernatant liquid
expelled from the gel after centrifugation (synerisis liquid).
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may result also from MG in acidic medium?®. Hence, both
dyes can be protonated by sample exposition to acidic
vapors. Exposition to basic ammonia vapors leads to
deprotonation of those dyes and the original color is re-
stored.

MG-CV/PP samples presented the same color change if
dried at 50% humidity (green samples). The spectrum of a
dried MG-CV gels is presented in Fig. 3c. The maximum is
centered at 630 nm and the band is broader than in the former
case, in which the sample was exposed to acidic vapors. The
original greenish-blue color is restored if the samples were
exposed to moisture-rich (> 80%) environment.

The gel tends absorb and desorb water in reversible way.
Fresh samples presents higher water content than samples
dried under 50% relative humidity. As the sample dries, the
water amount within the gel liquid phase decreases, which
should increase the acidity of this phase. The color will de-
velop if the pH change related to this process is enough to
protonate/deprotonate the dye which is incorporated in the
gel matrix.

CV presents a violet-blue to green color change when
the pH decreases from 2.0 to 1.0. MG turns to yellow if the
pH is lower than 1.0. This means that the dyes acted as in-
ternal sensors for the aqueous phase of the gel, which is
within the 1.0 to 2.0 range.

Once CV and MG are cationic species, they should have
affinity with polyphosphate polyanion chains. This interac-
tion leads to a phenomenon called metachromasy in which
the absorption bands of the dye is dislocated in relation to
aqueous solution. In aqueous solution, the maximum ab-
sorption for CV is located at 590 nm'!. A shift to 603 nm is

(c)

(b)
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Figure 3. Absorption spectra. (a) MG-CV/APP gel (as-prepared);
(b) sample (a) after exposition to HCI vapors for 30 min; (c) sam-
ple (a) dried at 47% relative humidity for 48 h.
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observed (not shown) if CV is added to a 2.0 mol/l
polyphosphate solution, used to synthesize the gel,. This
means that the guest molecule interacts with these chains
even before its incorporation within the gel. After dye in-
corporation in the maximum shifts further to 611 (Fig. 3).

The interactions between host and guest molecules are
electrostatic and contribute to stabilize the hybrid, but the
optical properties of the guest molecule is not significantly
altered upon its incorporation within the matrix, which is
desirable if one is interested in a solid state chemical sensor
based on CV and MG dyes.

Figure 4 presents the main transitions contributing to
the optical spectra of dye molecules. The corresponding
theoretical absorption spectra were obtained by broadening
each of these principal transitions by a suitably weighted
Gaussian function normalized to the calculated oscillator
strengths?’.

For both, CV+ and MG+, the first and second optical
transitions are essentially a HOMO to LUMO transition
(JH—L>) and HOMO-1 to LUMO transition (|[H-1—L>),
respectively. Those transitions appears at different regions
of the spectra, the first one for CV+ [MG+] at 427.3 [448.2]
nm with oscillator strength (o.s.) equal to 0.88 [1.06] and
the second one for CV+[MG+] at 424.8 [360.7] and o.s.
equal to 0.89 [0.48]. For this reason the band at this region
of spectrum is more pronounced for CV+ molecule and it
appears an extra band for MG+ molecule (360 nm region).
Details for the three additional bands, it is presented in Ta-
ble 1.

Figure 5 shows the theoretical absorption spectra for
parallel dimer of (a) CV+/CV+, (b) MG+/MG+ and

(b)

Theoretical Absorption (a.u.)

(@)

150 200 250 300 350 400 450 500 550
Wavelength (nm)
Figure 4. Theoretical absorption spectra. (a) CV* and (b) MG*

molecules by INDO/S-CI using the semiempirical method calcu-
lated for optimized geometries.
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Table 1. Main electronic transitions as determined from
INDO/S-CI calculations based on optimized ground-state geom-
etry by semiempirical method. (nm, o.s., / and anti-// mean the
wavelength of transition, the oscillator strength, the parallel and
anti-parallel interaction between the molecules, respectively.)

Molecule nm 0.S. Absorption
Ccv+ 427.3  0.8803 0.68H — L>
424.8 0.8911 -0.68|H-1 — L>
196.2  0.3498 0.33|H-2 — L+2>
188.7 0.6493 -0.48|H-3 — L+3>
188.2 0.5674 -0.47|H-4 — L+3>
MG+ 448.2  1.0681 0.68H — L>
360.7 0.4816 -0.63|H-1 — L>
197.1 0.3452 0.36|H-5 — L+1>
189.2  0.7573 -0.35|H-3 — L+2>
188.3  0.5606 0.35|H-2 — L+2>
/ICV*/ CV* 483.6 0.0574 0.48H — L>
449.0 0.0954 -0.33[H-1 - L>
0.44[H-2 - L>
4448 0.2217 -0.53|H — L+1>
4247 0.7681 0.37JH — L>
-0.40/H-1 — L+1>
402.1  1.6242 0.34|H-2 — L+1>
0.35|H-3 — L+1>
386.0 0.6955 -0.50/H-4 — L>
MG MG* 5579 0.1216 -0.67/H — L>
411.8  2.1972 0.46|H-1 — L+1>
0.49|H-2 — L>
232.0 0.2656 0.48|H-1 — L+2>
229.0 0.8498 -0.34|H-3 = L+2>
175.7 0.4272 0.32|H-9 — L+4>
CV*/ MG* 453.0 0.1512 0.56|H — L>
4222 0.6894 0.54/H-1 — L+1>
-0.33|[H-2 —» L+1>
407.3  1.9387 0.33JH — L>
-0.53|H-2 - L+1>
358.4  0.8088 0.62|H-3 — L>
243.6  0.2277 -0.33|H-1 — L+6>
0.33|H-2 — L+3>
Anti //CV*/ CV* 430.3  0.6808 0.35|H — L+1>
-0.59|H-1 — L>
427.2  1.3674 -0.58H — L+1>
-0.36/H-1 — L>
406.6  1.8533 0.49|H-2 — L+1>
0.46|H-3 — L>
254.0 0.3794 -0.36|H-2 — L+4>
246.6  0.4485 0.33JH — L+8>
186.5 0.4872 -0.33|H-4 — L+8>
MG+/ MG+ 4529 2.2035 0.51H — L>
0.44H-1 — L+1>
366.2 0.8883 0.44H-2 — L>
-0.41H-3 —» L+1>
257.5 0.5601 -0.42|H — L+4>
CV+/ MG+ 430.7  1.1998 -0.64|H — L+1>
4257  1.2637 0.55|H-1 — L>
398.7 0.7633 -0.38|H-1 = L+1>
0.55[H-2 - L+1>
359.0 0.4287 -0.62[H-3 — L>
251.1 0.4657 -0.39[H-1 — L+3>
1869  0.4773 0.34|H-4 — L+7>
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(c) CV+/MG+ molecules interacting. The way of interac-
tion for these molecules is following the steps discussed by
theoretical methodology. For CV+/CV+ (Fig. 5a) molecules
interacting we can see the strongest band at = 400 nm. The
most important transitions for this interaction correspond
to a mixing of the transitions |[H—L>, [H-1-L>, [H-2—L>,
[H—-L+1> and |H-1-L+1>. Note that, those transitions
came from the interaction between the two CV+ molecules
because for a single molecule the first transition is com-
posed by only a [H—L> transition.

(b)

Theoretical Absorption (a.u.)

(a)

150 200 250 300 350 400 450 500 550

Wavelength (nm)
Figure 5. Theoretical absorption spectra. (a) CV*/ CV*, (b) MG*/
MG" and (c) CV*/MG*dimers in parallel structure by INDO/S-CI

(absorption spectra) using the semiempirical method calculated
for optimized geometries.

(c)
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Figure 6. Theoretical absorption spectra . (a) CV*/ CV*, (b) MG*/
MG" and (¢) CV*/MG*dimers in anti-parallel structure by INDO/
S-CI (absorption spectra) using the semiempirical method calcu-
lated for optimized geometries.
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For the parallel MG+/MG+ (Fig. 5b) interaction the most
important absorption line corresponds to the [H—L> transi-
tion (coefficient —0.67 and o.s.= 0.12), while the band at =
232 nm has contributions from the |H-1—L+2> transition
(with coefficients of 0.48) and o.s.= 0.27 and the first two
bands are composed by only lower transitions.

For the parallel CV+/MG+ (Fig. 5¢) interaction there are
five main bands centered respectively in: (i) 453 nm region,
composed by a [H —L > transition with o.s. = 0.15, (ii) 422
nm, with 0.s.= 0.68 (0.5|H-1 — L+1> and-0.3[H-2 — L+1>
transitions), (iii) 407 nm, with o.s. = 1.93 (the most impor-
tant and corresponding to 0.3JH—L> and -0.5|H-2—L+1>
transitions), (iv and v) 358 nm and 243 corresponding by a
[H-3 — L> and an overlapping of -0.33|H-1 — L+6> and
0.33|H-2 — L+3> with o.s. = 0.80 and 0.22, respectively.

Figure 6 represents the theoretical absorption spectra
for anti-parallel dimer of (a) CV+/CV+, (b) MG+/MG+ and
(c) CV+/MG+ molecules interacting following the propose
of Coon et al.®. A different behavior is followed by anti-
parallel structures. There is a pronounced red shift for all
species proportioned by strong charge interaction between
the rings?®. For CV+/CV+ (Fig. 6a) the band at = 430 nm
has an o.s. equal to 0.68 and corresponds to a mixing of the
transitions [H—L+1> and |[H-1-L> (with coefficients of
0.35 and -0.59, respectively). In Table 1, note that the in the
main transitions shows the importance of deeper and lower
orbitals. For MG+/MG+ (Fig. 6b) appears a more pro-
nounced red shift than the others two spectra and this
behavior is according to the appearance of only lower or-
bitals. Similar analysis for CV+/MG+ (Fig. 6¢) is done and
it can see with Table 1.

4. Conclusions

The organic dyes crystal violet and malachite green were
successfully incorporated within the aluminum
polyphosphate gel inorganic matrix. The dyes are sensitive
to changes in the chemical environment such as drying and
exposure to acidic and basic vapors, which led optical re-
sponses (color changes) on the samples.

Theoretical investigation for the ground state and first
excited states of MG and CV molecules, and examined the
corresponding absorption spectra.
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