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ABSTRACT

The monomer-dimer equilibrium of Nile blue (NB) dye has been investi-
gated by UV-Vis spectroscopy. The dimerization constants of Nile blue
have been determined by studying of the dependence of their absorption
spectraon thetemperaturein the range 20-80°C at different total concentra-
tionsof dye(8.5x10°to 3x10*M). Theequilibrium parameters of thedimer-
ization of Nile blue have been determined by chemometrics refinement of
the absorption spectra obtained from thermometric titrations at different
concentrations. The quantitative analysis of the data of undefined mix-
tures, was carried out by simultaneous resolution of the overlapping spec-
tral bands in the whole set of absorption spectra. Utilizing the van’t Hoff
relation, which describes the dependence of the equilibrium constant on
temperature, as constraint, we determine the spectral responses of the mono-
mer and dimer speciesaswell asthe enthal py and entropy of the dimeriza-
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INTRODUCTION

The cationic mono- and diaminophenoxazine
dyesarewiddy used to dye acid-modified synthetic
fibers, especially polyacrylonitrileand polyester fibers,
containing acid group. Aminophenoxazinedyesarea so
suggested for dyeing polyolefin materials. Theearlier
areas of application, the dyeing of tanninmordanted
cotton, of silk, of leather, and of lacquers, arenow only
of minor importance. Diaminophenoxazinedyeshave
found gpplicationinlaser technology. They complement
the emi ssion spectrum of rhodamineonthelong wave-
length s de. Phenoxazinedyesfunction asdesenstizers.

L euco phenoxazinedyesare used in acylated form as
choromogenic substancesin pressure-sensitive copy-
ing paper. In aphotochemical oxidation step, bluedyes
areformed, an acyl group being cleavage. The benzoyl
derivativesarepreferably used. Aminophenoxazinedyes
area so suitableintheform of their leuco compounds
ashighly sensitive oxygen detectors. Thedyesarea so
used for theanaytical determination of ascorbic acid
[1-4]

Nileblueis produced by reaction of 4-nitroso-3-
hydroxydiethylanilinewith a-naphthylamine and deriva:
tive of the oxazine dyes class, which used in micros-
copy andin laser technology. It isalso suitablefor the
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prevention of deposits during the polymerization of
vinylchloridehomo-, co-, or graft polymerg>9.,

Itiswel known that solutions of dyesin polar or-
ganic solventsat room temperaturefollow Beer’s law
over an extended concentration range, but in water we
observed a large deviation from the law. For many
classesof dyein aqueous solutions, theband of highest
intensity indilute solution becomeswesker asthe con-
centrationisincreased, and new bands gppear at shorter
wavelengths. These spectral changes havelong been
attributed to aggregation of the dyemoleculesin water
to form dimersand higher order polymersunder the
influence of thestrong dispersion forcesassociated with
the high polarizability of thechromophoric chain. The
dominant roleof water asthe solvent most favorableto
aggregation at room temperature isno doubt associ-
ated withtheeffect of itshigh dielectric constant inre-
ducingtherepulsveforce betweenthesmilarly charged
dyecationsor anionsin the aggregate; the absence of
aggregation in organic solventsof high dielectric con-
stant at room temperature suggeststhat solvationinter-
fereswith the aggregation, and in such solventsaggre-
gatesarestableonly at |low temperatures under condi-
tionsof high viscosity!™.

Aggregationisoneof thefeaturesof dyesin solu-
tionl®1¢, gffecting their colouristic and photophysical
propertiesand therefore being of special interest. Itis
well known that theionic dyestend to aggregateindi-
luted solutions, leading to dimer formation, and some-
timeseven higher order aggregates. In such acasethe
molecular nature of dyeisstrongly affected by, andthere-
forerelated to such parameters as dye concentration,
structure, ionic strengths, temperature and presence of
organic solvents*d, Although dyesarevery individuad-
isticasstructure and, of coursebehavior, certain broad
rulesarewel| established regarding theaggregationin
general. It may increase with anincrease of dye con-
centration or ionic strengths; it will decreasewithtem-
peraturerising or organic solventsadding; additionto
the dyestructure of ionic solubilizing groupswill de-
crease aggregation, whereastheincluson of long akyl
chainsincrease aggregation because of higher hydro-
phobicinteractionin solution.

The UV-Visabsorption spectroscopy isoneof the
most suitablemethodsfor quantitative studying theag-
gregation propertiesof dyesasfunction of concentra-

tion. Inthe commonly used concentration range (10
to 10 M) themain equilibrium ismonomer-dimer re-
action.

Inthiswork, we used somephysica constraintsto
determine the dimeric constants of Nile blue dye
(SCHEME 1) in purewater and at different concentra-
tion. Dataanalysiswas carried out by DATAN pack-
agethat developed by Kubistagroups’2l,

Theory

Spectrarecorded at different temperatureare ar-
ranged as rowsin an nxm matrix A, where nisthe
number of temperatureinterva sand misthe number of
datapointsin each spectrum. A isdecomposed into an
orthogonal basis set using, for example, NIPALS 41

r
A=TPT+E~TP" = tpp] )
i=1
where t(nx1) is orthogonal target vectors and p(1xm) are or-
thogonal projection vectors. These are mathematical constructs
and do not correspond to any physical property of the sys-
tem. r isthe number of spectroscopically distinguishable com-
ponents, and E istheerror matrix containing experimental noise,
if theright value of r is selected. For a well-designed experi-

ment, E issmall compared to TP™ and can be discarded.

Assuming linear responsetherecorded spectraare
asolinear combinations of the spectral responses, V,
(1xm), of the components:

r
A=CV+EzCV=ZciVi @
i=1

where ¢,(nx1) are vectors containing the component concen-
trations at the different temperatures. The two equations are

related by a rotation(*:
c=TR™* (€)

V=RP' 4)
where Risan rxr rotation matrix. For atwo-component system:

N re - 1 fp =TI
R=[ } and R = [ } )
Fa1 T2z

- Mafe2 =Tof21|=f21 1
Sinceasinglesampleisstudied, thetota concen-

‘O :N

‘ \\/ ::

NH O+/ N(C,H
2 cr (Cz

SCHEME1

5)2
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tration must be constant, constraining matrix R#7. For
monomer-dimer equilibrium, thetota concentration of
monomersiscongtant:

Cx(T)+ ZCX(T) = Ctot or Cx + 2Cx2 = Ctot (6)
2X X2 5 X,
Combining Eq. (6) with Eq. (3), weobtain:
1

———————(tarop — torpy — 2yrp + 2torp5) = Ciy )
Mal22 —Tr12l21

which canbewritten as:

fraty +fiots = Cit ®
where

f13 = (rap — 2rioNraarze —raofon) ™ (84)
and

f1o=(2r11 — 10 Nraar o — riafon) ©)

These can be determined, for example, by fitting
thetarget vectorsto avector with al elementsequal to
C,- Eds. (8) and (9) providetworel ations between the
elementsof matrix R, hence making two of thenredun-
dant. In most cases, the spectraof someof the compo-
nents can be determined i n separate measurements. For
example, monomer-dimer equilibrium can, ingenerd,
bediluted sufficiently to makethedimer concentration
negligible. Thismakesit possibleto record the mono-
mer spectrum, which, of course, should beused asa
constraint intheanaysis. Normalizing the monomer
spectrum to the sametotal concentration asthe ana-
lyzed sample. Weobtain from Eq. (4):

Vmonomer = rl]p-lr + rlng = fZJPI + fzng (10)
wheref, =r, andf,, =r, are determined by fitting the two
proj ection vectorsto the monomer spectrum. Eq. (9) also pro-
videstwo relations between the elements of matrix R.

These are not independent of Eq. (7), and thetwo
equations cannot be combined to solvefor al theee-
mentsof matrix R, but they can beusedtoexpressRin
asingleelement, below arbitrarily chosentober,,.

Defined thisway, matrix R produces C and V matri-
cesthat are consistent with thetotal sample concentra-
tion and the spectral response of the monomer. The
vaueofr,

(1)

fo1 f2n f
rog 2+ (25 - r21)f£
12

determinesthedimer spectrum and themonomer con-

—— Fyll Peper

centration profiles. Although al valuesof r,, produce
meathematicaly acceptabl e solutions, reasonablereaults,
intermsof spectral intensities and non-negative con-
centrations and spectral responses, areobtainedina
relatively narrow rangeof r,, values. Still, therangeis,
ingeneral, too largefor aquantitativeanalysis.
Thefinal constraint, which producesaunique solu-
tion, isthethermodynamic rel ation between tempera-
tureand theequilibrium congtant. Thecomponents’ con-
centrations arerel ated by thelaw of massaction?:

K D(T)= sz(T)/ c®

c(T)/c®
where ¢>= 1 mol dnr3. Assuming that the dimerization
constant K ,(T) depends ontemperature according to
thevan’t Hoff equation!?,

(12)

dinKp(T)  AHC
d(1/DT() ) R (13)

where AH isthe molar enthalpy change, R =8.31J
mol* K- theuniversal gasconstant, and T the Kelvin
temperature. r,, can now be determined by requiring
that matrix R should rotate thetarget vectorsto give
concentration vectors (Eq. (3)) that producean equi-
librium constant whoselogarithmisalinear function of
UT. Inpractice, thesolutionisfound by asmplesearch
procedure. r,, isgiven an arbitrary value, for whicha
trid rotation matrix iscaculated (Eq. (9)). Thisisused
tocaculatetria concentration profiles(Eg. (3)), which
arecombinedtoatrial equilibrium constant (Eq. (12)).
A linear regression of equilibrium congtantswith respect
to U/T isthen performed (Eq. (13)), which determines
atria entha py change of thereaction. Eachtria rota-
tion matrix a so determinestria spectra responses(Eq.
(4)). Theprocedureisrepeated for various val ues of
r,, tofind arangethat produces reasonabl e concentra-
tion profilesand spectra responses. Thisisdonerather
arbitrarily sincethereisno simpleway to estimater,,,.
Oncearangehasbeenfound, r,, isvaried gradually in
thisrange, and ay?(aregression coefficient) iscalcu-
|ated for each regression of In K (T) withrespectto 1/
T. Ther,, that producesthe best fit determines matrix
R. Theanaysisisreadily performed withthe DATAN
program®!, Severd studiesbased on the application
of thisalgorithm and program using spectrophotomet-
ric data have been reportedi*t1217-27,
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EXPERIMENTAL

Materials

All the chemical sused were of anaytical reagent
grade. Subboiling, ditilled water was used throughout.
Nileblue (for microscopy grade) was purchased from
Flukaand wasused without additional purification. A
stock solution (5x10°M) was prepared by dissolving
solid Nilebluein water.

Apparatus

Absorption spectrawere measured on UV S-2100
(Scinco) Spectrophotometer using 0.1nm bandwidth
and temperature controller and weredigitized with ten
datapointsper nanometer. Quartz cell (10 mmx2 mm)
were used throughout. The cuvettesweretreated with
repelsilaneprior to measurementsto avoid dyeadsorp-
tion.

Computer hardwar eand software

All absorbance spectrawhere digitized at ten data
pointsper nanometer in thewavelength range 500-750
nmand transferred (inASCII format) to anAthlon 2000
computer for analysisby MATLAB (Mathworks, Ver-
sion 6.1) or for processing by using DATAN pack-
age’®. Thedimerization constantsfor MGwereevau-
ated from DATAN program of the absorbance-tem-
perature datato the desired equationg**21,

RESULTSAND DISCUSSION

The absorption spectraof Nileblue, at different
total dye concentrations, were recorded inthe wave-
length 500-750 nm and temperature 20-80°C at 5°C
intervals. The sampleabsorption spectraareshownin
figure 1. Asitisexpected, by increasing thetempera-
ture and decreasing the concentration, the monomer
formwould be predominant over thedimmer form. So
itiswiseto choosethe spectrum of thedye at the high-
est temperatureand at lowest concentrationasaninitid
estimate for the monomer in the subsequent calcula-
tions. Then accordingto Egs. (1) - (13), the DATAN
program start with atrial valueof r,, a predefinedin-
terval, anditerateall the ca culation steps. Theiteration
stopswhenadll r, vauesinthepresstinterva aretested.
The K, dimer spectrum, ASand AH, correspond to

Absorbance
r
—

?llilll 75D

T
Wavelength

Absorbance

500 550 8l 2] oo T50
Wavelength
Figurel: Absor ption spectraof NB dye(a: 8.85x10°M, b:
3x10“*M) in water recorded at 5°C intervalsbetween 20

and 80°C

TABLE 1. Dimericcongtant (K ) valuesof NB dyein various
concentr ations
Concentrations

M)/ Si%?g‘ 1.2x10%1.62x10%2x10%2.6x103x10™
Temperature(°C)
20 451 412 415 423 436 418
25 442 405 406 409 430 4.02
30 429 38 396 39 412 386
35 414 374 386 38 392 371
40 401 356 376 370 380 359
45 385 342 368 358 366 345
50 372 331 359 348 350 332
55 359 315 349 337 3338 316
60 350 309 341 326 324 304
65 336 298 334 313 312 293
70 325 286 323 302 300 280
75 316 261 315 292 288 265
80 304 259 307 282 278 253

TABLE 2: Thermodynamic parameter for NB dyein various
concentrations

Concentration(mol 1) -AH® (KJ mol™ -AS’(J mol*K ™)

8.85x10° 51.20 87.04
1.2x10* 41.25 63.45
1.62x10* 43.87 36.30
2x10™ 46.32 76.98
2.6x10* 55.20 103.50
3x10™ 58.25 116.50

minimum value of they? statistics, are selected asthe

Hnalytical CHEMISTRY o
A Tndéan W



ACAIJ, 7(9) October 2008

M.Mazloum Ardakani et al.

45
fa)
44
o 35
=
[
o 3
25 4
2 T r T
27 20 a1 3.3 35
(TV1000
45
)
44
o a5
=
[
2 R
25 4
] v . ;
3 BT~ R § - T- 1]
(UTo00

Figure2: Thevan’t Hoff equation plot at different concentrations of NB dye: (a) 85x10°M;

logikd)

logiKd)

707

—— Fuyl] Paper

45 45
o " . o ® e
35 = 35 agyfﬁf,?’
x
3] g 5]
a5 | 25 |
2 T T T 2
27 28 31 33 35 T B
(1TV1000 (1TV1000
45 45
S
>
44 e L 4 - if
3L 2 fﬂj{x o 3.5 4
Fﬁ}f s
p=ci]
3 o S5
o P
Sk 2.5 |
" a ’ .
LT T K. T 1 27 28 a1 33 a5
(1/TV000 {1

10“M; (d) 2x10“M ; (€) 2.6x10“M; (f) 3x10“M

1

(a)

05 4
=]
= 06 ’\3\

-

o
= 04 ;
=]
=

nz

o

Tempearatura

1

02 4

05 4

04 -

Malar Ratio

024

[d)

a —

230 300 310 320 330 340 38D 360

Tempearatura
Figure3: Molar ratioof NB dyemonomer (O) and dimer (A), compared tomolar ratiospredicted by thetemperature

dependenceof theequilibrium constant (shown asline) at different concentr ationsof Nilebluedye: (a) 8.85x10°M; (b)
1.2x10“*M; (c) 1.62x10* M ; (d) 2x10* M; () 2.6x10*M; (f) 3x10* M

final results. The y?isthe sum of squared residual §*8
and generdly used asagoodness of fit criterion and its
valueindicatethe predictability of themode, i.e. how
well the monomer spectrum andr,,, are determined.
Withincreasing temperature the absorption peak
635 nm growsand theabsorption shoulder around 570
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nm decreased (Figure 1). We analyzed the tempera-
turetitrations assuming monomer-dimer, monomer-
dimer-trimer and even somemodelsincluding higher
order aggregates, and it was found that amonomer-
dimer modd most adequately describesthedatainthese
ranges of dyes concentrations. Thepresenceof exactly
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Figure4: Calculated absor ption spectra of the NB dye
dimer (—) and monomer (- - -) in concentration of 1.62x
10*M

two species is also evidenced by appearing of the
isobestic pointsat 597 nm.

Thedimerization constant (K ) was calcul ated at
different temperaturesfor the six total dye concentra-
tions(TABLE 1). Asexpected K | decreased within-
creasing temperature, whileitisvirtually independent
of total dye concentration. From thedependenceof log
K, on1/T (Figure2), AH’ and AS’ val ues were deter-
mined (TABLE 2). The AH® va uesrangesfrom-41.25
to -55.20 kJ mol-* with mean -48.58 kJ mol%, while
AS ranges from -36.30 to -103.50 J mol-* K-* with
mean -78.38 Jmol* K1 for Nile blue. As described
abovedimerizationispresumedto bethedominant form
of aggregationin applied concentration rangesin aque-
ous Nile blue solutions. Thisis corroborated by the
constancy of the apparent enthal py of association. In
generd, theextent of aggregation dependsreciproca ly
onthetemperature of the solution andisfully revers-
ible. The observed relationship between entropy and
entha py reflectsan e ectrogtatic nature of thedimeriza-
tion phenomenon of Nilebluedye. Therdative depen-
denceof the concentrations of themonomer and dimer
of Nileblueonthetemperaturein different concentra-
tionsareshowndiagranmaticaly infigure3. Theseplots
reveal that the concentrations of monomer and dimer
aresimilar inanarrow range around 50°C. Thissup-
portsthe assumption of dominating monomer-dimmer
equilibrium.

Cal cul ated absorption spectraof NB monomer and
dimer areshowninfigure4. The spectrum of themono-
mer hasmaximumintensity at 630 nm. Itisvery smilar
to the spectrum measured in dilute sol ution at high tem-
peraturethat wasused asinitial estimate. The dimer
spectrum hasmaximum at 570 nm.

CONCLUSION

Inthispaper wereport amethod for characteriza-
tion of themonomer-dimer equilibrium of theNB dye.
Dimerization constants, concentration profilesfor the
monomer and dimer, and spectral responsesof mono-
mer and dimer obtained by computer refinement of tem-
perature photometric titrations. The thermodynamic
parameters, enthal py and entropy of dimerization reac-
tion were cal cul ated from the dependence of dimeric
constant on thetemperature (van’tHoff equation). To
obtain morereliable estimates of thethermodynamics
parameterswe performed all experimentsat four dif-
ferent total concentrationsand different ionic strengths
of thedye. The presented va ues are meansof thefour
independent determinations.
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