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a b s t r a c t

The absorption spectra of novel dye/amphiphile systems, in which the dye is a 1,5-bis-(R-phenylamino)
anthraquinone [R¼ o-methoxy, o-ethoxy, H] and the solvents are either organic or H2O/organic solvent
mixtures, have been investigated. It was found that an abrupt lmax shift of more than 80 nm occurred for
the system containing dye having R¼ o-methoxy and the amphiphile (poly-bis-(2,20-dimethyl-5,50-
disulphonate)naphthylmethane disodium salt) in pure solvents with a specific ET(30) value or in H2O/
DMF (N,N-dimethylformamide) mixtures containing at least 38% water. This type lmax shift was not
observed when solvent mixtures containing the other two dyes were studied. The origin of the
pronounced lmax shift is discussed in detail. It is believed that this shift arises mainly from changes in the
solvation state of hydrophobic dye having R¼ o-methoxy when water is introduced in the presence of
a dispersing agent. In this regard, dye is converted from the monomolecular state to dispersed particles.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Studies involving solvatochromism and solvatochromic dyes
continue to attract attention not only due to academic interest but
also because of current and potential utility of such dyes as probes of
complex biological systems [1,2] and in chemical sensing [3,4]. The
solvatochromic properties of dyes in mixed solvent systems, espe-
cially inaqueousbinarysolutions [5,6], isparticularly important since
aqueous solvent systems are widely used in reverse phase liquid
chromatography and capillary electrophoresis [7]. To date, many
papers have been published that outline the spectral band shifts
associated with solvatochromic dyes in H2O containing amphiphiles
[8,9], in binary solventmixtures [10,11], and inmixtures ofwater and
organic solvents [12]. Interestingly, however, the basis for the various
spectral band shifts is still a matter of debate [8,12e17].

Regarding amphiphiles themselves, it has long been known that
they form aggregates at levels above the critical micelle concen-
tration (cmc) [18]. More recently, experimental evidence for
aggregate formation far below the cmc has been demonstrated
[19,20]. This phenomenon is known as premicellar aggregation. The
ang).
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resultant metastable aggregates have been investigated using
thermodynamic models, to characterize micelles of variable sizes
and to calculate their lifetimes [21].

In the present study, the solvatochromic behavior of three novel
anthraquinone dye/amphiphile systems (Fig. 1) was examined in
a series of pure solvents and binary aqueous solvent mixtures. The
present dyes are of interest because it was found during the early
stages of this work that an abrupt change in lmax occurredwhen the
proportion of H2O was varied in H2O/DMF (N,N-dimethylforma-
mide) solutions of dye 1 (cf. Fig. 2). Results from experiments
undertaken to account for these observations are presented, which
include data from scanning electron microscopy and x-ray diffrac-
tion studies. Also, using a series of H2O/organic solventmixtures, we
investigated the relationship between the ET(30) values of organic
solvents and the H2O content at which there was an abrupt shift in
lmax of dye 1/amphiphile combinations.

2. Experimental section

The dyes used in this study were synthesized according to
a published procedure [22]. Before use, the dyes were purified by
recrystallization fromHOAc. Theirmelting pointswere 236e238 �C,
206e208 �C, 199e201 �C, respectively, and are consistent with
previous work [23e25]. The amphiphile, poly-bis-(2,20-dimethyl-
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Fig. 1. Molecular structures of the dyes 1e3 (left) and amphiphile MF (right).

a

b

L. He et al. / Dyes and Pigments 91 (2011) 389e395390
5,50-disulphonate)naphthylmethane disodium salt (MF), was
purchased from Zhejiang Longsheng Co. (P. R. China) and used
without further purification. All solvents were analytical grade and
deionized H2O was used in this study. Filtrations were carried out
using a Waters PTFE/silicone syringe filter. The water content was
the volumetric ratio. The equilibrium constant was calculated from
the ratio of the absorbances, which were proportional to dye
concentration.

Absorption spectra were recorded on an HP 8453 UVevisible
spectrophotometer, with a wavelength precision of �0.5 nm.
Scanning electron micrographs were obtained using a KYKY-2800B
scanning electronmicroscope (KYKY TECHNOLOGY DEVELOPMENT
LTD., P. R. China) operating at 30 kV. Milling of dye and amphiphile
MF was carried out with the aid of a mechanical stirrer (60 W) at
the desired weight ratio for 6 h. Variation in the ratio of dye to MF
was achieved by changing the amount of MF in dye/MF system.

Single crystal formation was achieved by dissolving dye (0.5 g)
in acetone (50 mL) at 23 �C (room temperature) and the resulting
solutionwas covered with Parafilm plastic containing pin holes and
kept for 1 week, allowing slow evaporation of solvent. A single
crystal of dyes 1 and 3 was mounted on a nylon loop using a small
amount of Paratone N oil. All X-ray measurements were made on
a Bruker-Nonius X8 Apex2 diffractometer at a temperature of 110 K.
The unit cell dimensions were determined from a symmetry con-
strained fit of 9371 (dye 1) or 6987 (dye 3) reflections with
4.74� < 2< 54.37� (dye 1) and 4.94� < 2< 61.02� (dye 3). The data
collection strategy was a number of and scans which collected data
up to 72.6� (2).

3. Results and discussion

3.1. Absorption spectra

The absorption spectral changes for dyes 1e3/amphiphile MF
combinations were studied in pure organic solvents and in aqueous
solvent mixtures such as H2O/DMF, H2O/ethanol, and H2O/acetone.
It was found that the color of dye 1/MF (1/3) solutions was red in
Fig. 2. Effect of water content on lmax (nm) of dye 1/MF (1/3) in H2O/DMF mixtures.
the less polar pure organic solvents (e.g. THF, acetone) and in the
organic solvent-rich binary combinations of H2O/DMF, but blue in
the most polar pure solvents (e.g. ethylene glycol) and in the H2O-
rich binary combinations of H2O/DMF. Changes in the lmax of dye 1/
MF (1/3) in H2O/DMF are presented in Fig. 3a. Increasing the
proportion of H2O from 0% to 38% led to an 84 nm lmax increase and
a color shift from red to blue. Further increases in H2O content gave
no changes in lmax and the final lmax was essentially the same as
that observed in 100% H2O. With increasing the H2O content, the
absorption spectrum showed a new band as a shoulder at 575 nm.
As the proportion of water was increased, the intensity of the
shorter-wavelength band decreased and the intensity of the
absorption band at 625 nm increased. Also, when the proportion of
H2O was less than 38%, the intensity of the band at 575 nm was
higher than the one at 625 nm, but the reverse was the case when
the water content was slightly higher than 38%. At 38% water
content, the equilibrium constant (Keq) was w1. Similar results
have been reported for a series of 1,4-bis-(alkylamino)anthraqui-
nones in pure solvents, and their short-wavelength bands were
attributed to the vibrational overtones of the main peak [26]. The
c

Fig. 3. Absorption spectra of dye 1/MF (1/3) in H2O/DMF mixtures, where (a)¼ dye 1/
MF before filtration with HPLC syringe filter, (b)¼ dye 1/MF after filtration, and (c)¼
MF solutions.



Fig. 4. Influence of dye 1/MF ratio (1/1e1/5) on lmax in H2O/DMF mixtures.

Table 1
Change in lmax for dye/MF (1/3) as a function of relative solvent polarity.

No. Solvent Dye 1 Dye 2 Dye 3 Relative
polarity [36]

Dielectric
constants [37]

1 Tetrahydrofuran 535 537 529 0.207 7.6b

2 Acetone 536 535 527 0.355 20.7b

3 DMF 541 542 532 0.404 36.7b

4 DMSO 545 544 534 0.444 48.9a

5 Acetonitrile 534 534 524 0.460 37.5a

6 2-Propanol 538 535 526 0.546 18.3b

7 HOAc 538 535 529 0.648 6.2a

8 Ethanol 534 534 527 0.654 25.7a

9 Ethylene glycol 618 555 537 0.790 38.7a

10 H2O 625 557 538 1.000 80.1a

Dlmax (nm) 90 20 9

a Values at 20 �C.
b Values at 25 �C.
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present results suggest that the observed color shift arise from
changes in the aggregation state of dye 1 when H2O is added. The
addition of H2O reduced the solubility of hydrophobic dye 1,
increased the solubility of amphiphile MF, and led to the formation
of dye 1 dispersed in H2O in MF micelles. This is best observed in
Fig. 3a, where the formation of the band at 575 nm reflects changes
in the aggregation state of dye and MF. With this in mind, the
solutions were filtered and the spectra recorded again, to give
the results shown in Fig. 3b. It can be seen that filtration led to the
removal of dispersed dye particles responsible for the absorptions
>570 nm and that the intensity of the band at 541 nm reduced
significantly when the water content in the solvent mixture
increased. Further, the rising baseline in the 700e900 nm region at
H2O levels >30% goes away when dispersed dye particles are
removed, as shown in Fig. 3a and b. Using the same concentrations
reported in Fig. 3a, the absorption spectra of amphiphileMF in H2O/
DMF mixtures were also recorded (cf. Fig. 3c). The results showed
that the amphiphile MF had little effect on the visible absorption
spectra of dye 1 but is responsible for absorptions in the
300e350 nm region.

The spectral results from dye 1 are similar to those reported for
the absorption properties of medium to long alkyl chain substituted
porphyrins in solutions containing surfactant levels below the cmc.
The red-shifted Soret bandmaxima in aqueous-organic mediawere
attributed to porphyrin aggregation and were characterized by
band broadening [27]. From studies involving changes in the
absorption/emission spectra of Rhodamine 3B perchlorate in
toluene/water mixtures, it has been shown that this toluene
insoluble ionic dye solubilizes in toluene upon the addition of small
Fig. 5. H2O content associated with the abrupt lmax shift in H2O/cosolvent mixtures
versus ET(30) value of the cosolvent, where dye 1/MF¼ 1/3 and cosolvents were HOAc
(1), ethanol (2), 2-propanol (3), acetonitrile (4), DMSO (5), DMF (6), acetone (7), and
tetrahydrofuran (8). Line for protic solvent: ET(30)¼�0.66Fþ 71; line for aprotic
solvent: ET(30)¼�0.21Fþ 51.
amounts of water. In this case, dye dissolution occurs when the ion
pair dissociates into the cationic form with the assistance of
diffusing water molecules [28]. These results are consistent with
preferential solvation, indicating that local phase separation occurs
in the solvation shell.
3.2. Influence of dye 1/MF ratio on lmax

Fig. 4 shows the influence of dye 1/MF ratio on lmax. It can be
seen that changing the ratio from 1/5 to 1/1 decreased the
proportion of H2O in the H2O/DMF mixture required for an abrupt
increase in lmax of the dye solution. When there is �H2O in the
solvent medium, dye molecules are largely solvated by organic
solvent molecules. For water soluble dyes, the addition of H2O
would lead to displacement of some organic solvent molecules [29]
and H-bond formation between dye and H2O molecules, an
important interaction in the first solvation shell [30]. In the present
case, it is believed that increasing the MF to dye ratio led to more
rapid dispersion of hydrophobic dye 1 in H2O. This is also consistent
with dye aggregation [8,31].
3.3. Relationship between solvent polarity and H2O content on
abrupt lmax change

Absorption spectra for the dye 1/MF system were measured in
a variety of H2O/organic solvent mixtures, which included protic
organic solvents such as ethanol and aprotic organic solvents such
as tetrahydrofuran. The results showed that the % H2O content
associated with the abrupt lmax change was influenced by the
organic solvent employed, as illustrated in Fig. 5. In this regard, %
H2O content is plotted against ET(30) values. Since the Reichardt’s
Fig. 6. lmax (nm) changes for dye 2/MF and dye 3/MF (1/3) in H2O/DMF mixtures.



Fig. 7. SEM images of dye 1/MF (1/3), where C (dye 1)¼ 1.33�10�4 mol/L in DMF (a), 30/70 H2O/DMF (b), 38/62 H2O/DMF (c), 50/50 H2O/DMF (d), and H2O (e).
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ET(30) scale is widely used as an empirical description of solvent
polarity [32], it was used to assess the solvatochromic properties of
the dye 1/MF system. The correlation coefficients for the straight
lines obtained were R2¼ 0.986 for the series of protic organic
solvents and R2¼ 0.989 for the aprotic solvents. In these experi-
ments, acetonitrile was treated as a protogenic cosolvent since
a strongly basic solute induces the formation of H-bonds [33]. The
results obtained in H2O/acetonitrile fit well with the correlation
line derived from the protic solvents. Also, it is clear from the two
correlation lines that the H2O content level at which the abrupt
lmax shift occurs decreasedwith increasing organic solvent polarity.
The correlation line for protic solvents had a slope of �0.66, while
the slope of the correlation line for aprotic solvents was only�0.21.
The slope difference indicates that the solvation of dye 1/MF in
H2O/protic solvent mixtures was distinct from that in H2O/aprotic
solvent mixtures, which is consistent with the ease of micelle
formation in the former type mixtures.

It is well known that absorption band positions can vary with
solvent polarity [2,34,35]. Thus, investigation of the absorption
spectra of the three dye/MF systems was carried out in solvent
media of different polarities, the results of which are shown in
Fig. 8. Single crystal x-ray stru
Table 1. It is clear from these results that solvents with relative
polarity values in the 0.2e0.7 range afforded little change in lmax of
each dye/MF system. When relative solvent polarity reached the
0.79 level, however, a small (9 nm) to large (90 nm) solvatochromic
effect was observed, with dye 1/MF giving the most pronounced
Dlmax.

3.4. SEM studies

It is clear that the spectral changes associatedwith dye 2/MF and
dye 3/MF systems (Fig. 6) were quite different from that for dye 1/
MF under the same conditions. The lmax shifts for dye 2/MF and dye
3/MF systems in H2O/DMF were 16 nm and 6 nm, respectively
(Fig. 6), whereas the dye 1/MF shift was 84 nm. Furthermore, the
abrupt lmax shift and the shoulder peaks observed in the absorption
spectra of dye 1/MF did not appear in the absorption spectra from
dye 2/MF and dye 3/MF. Therefore, to obtain more information
about the nature of dye aggregates obtained, combinations of dye
1/MF containing various H2O levels were studied using scanning
electron microscopy (SEM) (Fig. 7). In Fig. 7aed dye aggregate sizes
were about 300e400 nm but in 100% H2O (Fig. 7e) they were
cture measured for dye 1.



Fig. 9. Single crystal x-ray structure measured for dye 3.

Table 3
Summary of crystal data for dye 1.

Formula C21H15NO3

Formula weight (g/mol) 329.34
Crystal dimensions (mm) 0.40� 0.30� 0.14
Crystal color and habit Red prism
Crystal system Monoclinic
Space group P 21/c
Temperature, K 110
a, Å 11.4222(3)
b, Å 7.9878(2)
c, Å 16.9332(4)
a,� 90.00
b,� 100.9851(12)
g,� 90.00
V, Å3 1516.65(7)
Number of reflections to

determine final unit cell
8857

Min and Max 2q for cell
determination, �

5.66, 63.44

Z 4
F(000) 688
r (g/cm) 1.442
l, Å, (MoKa) 0.71070
m, (cm�1) 0.097
Diffractometer type BrukereNonius X8 Apex2
Scan type(s) phi scans
Max 2q for data collection, � 69.8
Measured fraction of data 0.847
Number of reflections measured 32405
Unique reflections measured 5620
Rmerge 0.0308
Number of reflections included

in refinement
5620

Cut off threshold expression >2sigma(I)
Structure refined using Full matrix least-squares using F2

Weighting scheme calc w¼ 1/[sigma2(Fo2)þ (0.0934P)2

þ 0.1215P] where P¼ (Fo2þ 2Fc2)/3
Number of parameters in

least-squares
286

R1 0.0517
wR2 0.1431
R1 (all data) 0.0803
wR2 (all data) 0.1608
GOF 1.050
Maximum shift/error 0.001
Min and max peak heights on

final DF Map (e�/Å)
�0.204, 0.488

Where: R1¼S(jFoj � jFcj)/S Fo.
wR2¼ [S(w(Fo2� Fc

2)2)/S(wFo
4) ]½.

GOF¼ [S(w(Fo2� Fc
2)2)/(No. of reflns.�No. of params.)]½.
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significantly larger (600e1000 nm). Similarly, there was a bath-
ochromic shift in lmax associated with the changes in aggregate
sizes when comparing the sample giving Fig. 7a versus Fig. 7c,
while no lmax shift was associated with aggregate formation
affording Fig. 7d and e samples.

3.5. X-ray studies

It is interesting to note that the presence of an alkoxy group in
the ortho-position of the anilino groups of the title dyes afforded
a more pronounced solvatochromic affect than when an H-atom
occupied that position. Further, the methoxy group had a signifi-
cantly greater affect than ethoxy. The latter observation led to
examination of the x-ray crystal structures of dyes 1 and 3. It was
anticipated that the presence of an ortho-methoxy group could
produce a bifurcated H-atom, having H-bonding with the O-atoms
of the adjacent carbonyl and methoxy groups, promoting a more
planar structure. Results obtained for the crystal structure of dye 1
(Fig. 8) showed that the inter-atomic distances for O(1)eN(1) and
O(2)eN(1) are 2.477 Å and 1.960 Å, respectively, indicating that
both units were within the typical H-bonding distance. The
resultant structure would promote co-planarity and aggregation.
For dye 3 (Fig. 9), the O(2)eN(1) distance is 1.829 Å. Key bond
lengths, bond angles, torsion angles, and detailed crystal data for
the two dyes are listed in Tables 2e4, where it can be seen, for
instance, that atoms comprising the N(1)eC(7)eC(2)eO(1) moiety
of dye 1 lie essentially in the same plane, and there are little
differences between bond lengths and angles in the two dye
structures.

While the x-ray crystal structure of dye 2 was not solved, it is
believed that the observed Dlmax was influenced by the
Table 2
Key bond lengths and angles for dyes 1 and 3.a

Bond lengths (Å) Bond angles (�)

Dye 1 Dye 3 Dye

O1eC2 1.364 e O1eC2eC7 115.3
C2eC7 (C8eC9) 1.401 1.379 C6eC7eN1 (C13eC8eN1) 123.1
C7eN1 (C8eN1) 1.410 1.427 C2eC7eN1 (C9eC8eN1) 118.0
N1eC8 (N1eC3) 1.366 1.362 N1eC8eC10 (N1eC3eC2) 120.8
C8eC10 (C3eC2) 1.424 1.426 N1eC8eC9 (N1eC3eC4) 120.8
C10eC11 (C2eC1) 1.457 1.463 C10eC11eO2 (C2eC1eO1) 122.2
C11eO2 (C1eO1) 1.236 1.234 C2eO1eC1 117.8

a Information in ($) is for corresponding bonds and angles in dye structure for dye 3.
increased size of the alkoxy group, which adversely affects
intramolecular H-bonding and aggregation. On the other hand,
dye 3 lacks an alkoxy group altogether, which suggests that the
formation of intramolecular H-bonds between the alkoxy groups
and the NeH group plays an important role in the magnitude of
the spectral band shift of the anthraquinone dye/amphiphile
system.
Torsion angles (�)

1 Dye 3 Dye 1 Dye 3

e O2eC11eC10eC12 (O1eC1eC2eC7) 173.7 176.3
120.2 O2eC11eC10eC8 (O1eC1eC2eC2) 5.1 �2.1
119.3 C11eC10eC8eN1 (C1eC2eC3eN1) 2.0 �2.3
120.8 C7eN1eC10eC9 (C8eN1eC3eC4) �9.4 7.2
121.0 C8eN1eC7eC2 (C3eN1eC8eC9) 136.3 �120.3
122.5 C8eN1eC7eC6 (C3eN1eC8eC13) �47.2 61.8
e N1eC7eC2eO1 �2.0 e



Table 4
Summary of crystal data for dye 3.

Formula C26H18N2O2

Formula weight (g/mol) 390.42
Crystal dimensions (mm) 0.38� 0.12� 0.06
Crystal color and habit Red prism
Crystal system Monoclinic
Space group P 21/n
Temperature, K 110
a, Å 9.2227(6)
b, Å 4.8368(3)
c, Å 20.7231(14)
a, � 90.00
b, � 92.960(4)
g, � 90.00
V, Å3 923.19(10)
Number of reflections to

determine final unit cell
6987

Min and Max 2q for cell
determination, �

4.94, 61.02

Z 2
F(000) 408
r (g/cm) 1.405
l, Å, (MoKa) 0.71070
m, (cm�1) 0.090
Diffractometer type Bruker-Nonius X8 Apex2
Scan type(s) Omega and phi scans
Max 2q for data collection, � 55.02
Measured fraction of data 0.999
Number of reflections measured 2131
Unique reflections measured 2131
Rmerge 0.0000
Number of reflections included

in refinement
2131

Cut off threshold expression >2sigma(I)
Structure refined using Full matrix least-squares using F2

Weighting scheme Calc w¼ 1/[sigma2(Fo2)þ (0.1159P)2

þ 0.6103P] where P¼ (Fo2þ 2Fc2)/3
Number of parameters in

least-squares
173

R1 0.0588
wR2 0.1840
R1 (all data) 0.0687
wR2 (all data) 0.1909
GOF 1.067
Maximum shift/error 0.000
Min and Max peak heights on

final DF map (e�/Å)
�0.251, 0.325

Where: R1¼S(jFoj � jFcj)/SFo.
wR2¼ [S(w(Fo2� Fc

2)2)/S(wFo
4)]½.

GOF¼ [S(w(Fo2� Fc
2)2)/(No. of reflns.�No. of params.)]½.
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4. Conclusions

The effects of solvents on the absorption spectra of 1,5-bis-(2-
methoxyanilino)-anthraquinone/amphiphile systems were inves-
tigated, to account for the abrupt and pronounced lmax change
(Dlmax> 80 nm) when this dye was dissolved in certain solvents.
Using a series of organic solvents and binary mixtures of those
solvents with H2O, it was found that the abrupt change in lmax

occurred when the relative polarity value of the solvents reached
0.79. Also, in H2O/organic solvent mixtures, an abrupt lmax change
occurred at varying water contents, with the more polar solvents
requiring less H2O to afford a pronounced lmax shift. Similarly,
increasing the ratio of dispersing agent (amphiphile MF) to
anthraquinone dye increased the proportion of H2O required in
H2O/organic solvent mixtures to give an abrupt lmax change.
Examination of absorption spectral data in tandemwith SEM and x-
ray analyses indicated that the lmax change arises from changes in
the solvation state of the dye when H2O is introduced. In this
regard, the dye is converted from the monomolecular state in
various organic solvents to dispersed particles in aqueous media.
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