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SOLVATOCHROMIC REICHARDT’S DYE IN MICELLES OF SODIUM CETYL SULFATE:
MD MODELING OF LOCATION CHARACTER AND HYDRATION

V.S. Farafonov, A.V. Lebed, N.O. Mchedlov-Petrossyan

Properties of the standard solvatochromic Reichardt’s dye in micelles of sodium cetyl sulfate at 50°C were
investigated by means of molecular dynamics simulations. The characteristics of the localization and orien-
tation of the dye molecule as well as its microenvironment were obtained. The calculated characteristics
were compared with those in micelles of sodium dodecyl sulfate at 50°C and 25°C as well as with those in
micelles of cetyltrimethylammonium bromide at 25°C. The localization, orientation and hydration of the dye
in both anionic micelles at both temperatures were found similar and moderately different from those in the
cationic micelles. The impact of the hydrocarbon tail length and headgroup nature on these characteristics is
discussed.
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nium bromide, localization, orientation, hydration, molecular dynamics simulation.

Introduction

Solvatochromic dyes are successfully employed for examining various media ranging from pure
and mixed solvents to colloid solutions. One of the most suitable and commonly used dyes is
4-(2,4,6-triphenylpyridinium-1-yl)-2,6-diphenylphenolate, known as the standard solvatochromic
Reichardt’s dye (RD). The information about the polarity of the medium is obtained from the spectrum
of the dye dissolved in it, because this spectrum strongly depends on the dielectric constant and hy-
drogen bonds donating ability of the microenvironment of the dye molecule and, especially, its O atom
that is a single hydrogen bonds acceptor in the molecule [1-3]. Consequently, the polarity parameter
of the medium, which is denoted E1(30), is calculated from the wavelength of the maximum in the

visible portion of the spectrum, 4__ :
E.(30)=hcN /A,
The more convenient normalized polarity parameter, E%\I , 1s also often used. It equals 1.000 for

highly polar water and 0.000 for nonpolar tetramethylsilane:
E} =[E.(30)-30.7]/32.4

However, the treatment of polarity parameters of colloid solutions is complicated by the highly in-
homogeneous character of the dye molecule microenvironment. In general outline, the dye is situated
in the surface layers of micelles, which are quite thin (<1 nm). Thus, in various micelles, the RD
molecule can sense different areas of the surface layer that would make obtained E7(30) values in-
comparable. Therefore, this application requires deeper understanding of the microscopic structures of
the described dye—micelle systems [4,5].

In this study, we employ the method of molecular dynamics (MD), which would give an insight
into the properties of these systems on the molecular level. Previously, we have studied the character
of location of RD in micelles of sodium n-dodecyl sulfate (or lauryl sulfate), SDS, and
n-hexadecyltrimethylammonium (cetyltrimethylammonium) bromide, CTAB, dispersed in water [6].
These surfactants were selected as the most popular ones both in academic research and applied sci-
ence. Interestingly, sodium cetyl sulfate, SCS, having the same length of the hydrocarbon tail as
CTAB, is not widely used. The reason is just its high Krafft temperature [4]. It means that in water,
micelles of this surfactant are formed only at temperature around 50°C or higher.

In Table 1, the experimental data are set out demonstrating the peculiar of the behavior of RD in

the aforesaid micellar systems [4]. The “apparent” pK ™ values refer to the dissociation of the color-
less cationic form of the dye to the colored zwitterion and H' ion.
Now, it is important to understand if the previously revealed differences in the location and hydra-

tion of the dye on SDS and CTAB micelles are caused only by the different charge of the amphiphile
ion, or the length of the tail also plays some role. Therefore, we continued our MD modelling by ex-
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amining Reichardt’s dye in SCS micelles at 50°C. We will compare our findings with the properties of
the dye in micelles of CTAB and SDS, which will allow us to separate the influences of the
headgroups nature and the tail length on the microenvironment of the adsorbed dye. To improve the
reliability of the comparison and gain an additional insight, we repeated the simulation of the RD in
SDS micelles at the same temperature, as in SCS micelles (50°C). Running ahead, we considered
simulating RD in CTAB micelles at 50°C as unneeded after examination of the obtained results.

Table 1. The absorption maxima and indices of apparent dissociation constant of the solvatochromic RD indica-
tor in water and micellar solutions.

surfactant (0.01 M) t,°C Amax » M EY pK:™ (0.05 M NaCl)
none (water) 25 453 1.000 8.64

none (water) [7] 50 460 0.969 -

SDS 25 497 0.828 10.70 £ 0.01
SDS 50 502 0.810 10.61 + 0.04
SCS 50 510 0.783 10.47 =0.07
CTAB 25 540 0.687 7.42 +0.02

Potential models

The models for surfactants were taken from our previous works [8,9]. They were developed in the
framework of the widely used and well-validated OPLS-AA force field [10]. The dye was pa-
rametrized in accordance to the recommended OPLS-AA methodology in order to ensure the mutual
compatibility of all used potential models. Because of the complex electronic structure of the dye
molecule, we computed atomic point charges anew instead of using the standard force field ones. The
first stage was the quantum chemical geometry optimization on RHF level of theory using the
6-31G(d) basis set. On the second stage, the distribution of the electrostatic potential around the mole-
cule was fitted by means of a system of atom-centered point charges using the CHELPG algorithm. In
order to obtain reliable values, we employed the RED server to automate the process [11]. The pa-
rameters for phenyl-phenyl bonds were taken from the paper by Dahlgren et al. [12].

Simulation methodology

All simulations were carried out using GROMACS 5 [13] software package. The following pa-
rameters were used: temperature of 323 K and pressure of 1 bar, which were maintained by means of
Berendsen couplings with the thermostat time constant of 1 ps and the barostat time constant of 1.5 ps,
the time step of 2 fs for SDS or 1.6 fs for SCS and CTAB, the 3D periodic boundary conditions, the
PME method for electrostatics, the cut-off of the van der Waals interactions with the radius of 1 nm,
constraints on all covalent bonds.

The initial structure was a water box containing a micelle with a solubilized dye molecule. The ag-
gregation numbers were chosen 60 for SDS and 80 for SCS to correspond the ones of SDS and CTAB
micelles examined in our previous work. For each system, three different initial configurations were
prepared, and for each, a 90 ns simulation was performed. The first 10 ns of the trajectories were not
accounted for in computations because of the relocation of the molecule from the micelle interior to
the surface during this time interval.

Results and discussion

The basic characteristics of the system structure are radial distribution functions (RDFs) between
its components. We calculated RDFs between micelle center of mass (COM) and O and N atoms of
the dye molecule, which show the preferable location of the dye, and compared them with RDFs mi-
celle COM — surfactant headgroup S (N) atoms, which indicate the ranges of the surface layer, Fig. 1.

It could be seen that in SCS micelles, the dye is located significantly closer to the water phase than
in CTAB ones. At the same time, the distances between the O peak and the headgroups peak in SCS
and SDS micelles at 50 °C are close, which is also true for the N peak. This indicates that in both alkyl
sulfate micelles, the dye is localized in the same region of the surface layer. Therefore we can con-
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clude that the length of the hydrocarbon tail does not affect the localization of the dye molecule, while
the headgroup nature is of main importance.
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Figure 1. Left: Radial distribution functions in SCS solution (solid curves), compared to RDFs in CTAB solu-
tion (dashed curves, underlined numbers). Right: RDFs in SDS solution at 50°C (solid curves) and at 25°C
(dashed curves, underlined numbers). RDFs micelle COM — N, micelle COM — O, micelle COM — surfactant
S (N) are numbered 1, 2, 3, respectively.

In all cases, the N peak is located behind the O peak. This corresponds to the inclined orientation of
the dye molecule, having the pyridinium part immersed into micelle notably deeper than the phenolate
part. Interestingly, in the SDS solution at 50 °C, the N peak is widened and shifted to the micelle cen-
ter, compared to the same solution at 25 °C. This shows the increased probability of deep penetration
of the pyridinium part of the molecule in the micelle. The O peak is changed to a much lesser extent,
which means that the phenolate part remains located on the micelle surface.

We make a note that the studied micelles have not a spherical but an ellipsoidal shape. This intro-
duces some ambiguity in the presented RDFs because the surface of a micelle is actually located on a
range of distances from its COM, which causes moderate widening of the peaks.

For description of the orientation of the dye molecule, we plotted the probability distribution of the
angle # defined as the angle between vectors micelle COM — RD N and RD N atom — RD O, Fig. 2.
The right angle corresponds to the orientation parallel to the micelle surface, while deviations show
some inclination of the molecule. The values around 0° or 180° correspond to the molecule alignment
along the micelle radius.

All solutions of alkyl sulfates have the same position of the main peak (~74°) and close curves,
while in the CTAB solution, the distribution is distinctly shifted on ~8° towards higher 8 values. This
shows the similarity of the dye molecule orientations in the alkyl sulfate micelles regardless the hy-
drocarbon tail length, and that the orientation in CTAB micelles is moderately different. For the SDS
50°C solution, the deeper penetration of the pyridinium part in the micelle expresses in the increased
appearance of the strongly inclined orientation that corresponds to the minor maximum at ~26°.
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Figure 2. Left: definition of the angle 6, right: probability distribution of 6. 1 — SDS 50°C solution,
2 — SDS 25°C solution, 3 — SCS 50°C solution, 4 — CTAB 25°C solution.

Finally, benefiting from the opportunities of the MD method, we supplement the provided statisti-
cal characteristics with easy to understand pictures of the dye location in micelles, extracted from MD
trajectories (Appendix, Fig. 1).

Next, in order to establish the connection between the localization of RD and the polarity parameter
of the corresponding micellar solution, we revealed the microenvironment of the dye molecule on
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considered micelles. The atoms located within 0.4 nm of any dye atom were counted up and classified
into 4 categories (micelle hydrocarbon core, surfactant headgroups, water, counterions). The obtained
numbers are listed in Table 2 and depicted in Fig. 3. In pure water solutions,
there are 215.39 £+ 0.08 and 207.0 + 0.16 atoms around the dye molecule at 25°C and 50°C, respec-
tively. It could be seen that predictably, the total number of atoms in dye microenvironment is roughly
similar in various media.

In order to elucidate the connection between the hydration of the O atom with its spectrum, in Ta-
ble 3 we also collected the E%\I parameters of the studied solutions together with the numbers of water

atoms around the RD O atom, N, which is a direct measure of the hydration of the dye O atom in the
medium.

Table 2. Average numbers of various atoms in microenvironments of the whole dye molecule
and its O atom on different micelles.

surfactant | micelle core | water headgroups | counterions | total
the dye molecule
SDS, 25°C 120+ 5 89+5 84+0.7 0.37+0.03 218 +11
SDS, 50°C 123 +3 79+4 7.2+0.3 0.38+0.011 210+ 7
SCS, 50°C 119+2 812 6.7+0.2 0.347 +0.008 207 + 4
CTAB, 25°C 13243 65+4 17.0+0.3 0.34+0.016 214+ 7
the O atom
SDS, 25°C 2.6+0.17 10.30 + 0.04 0.032 + 0.007 0.10+0.02 13.0+0.3
SDS, 50°C 2.27+0.03 9.97 £0.09 0.034 = 0.006 0.10£0.013 12.4+0.14
SCS, 50°C 2.1+£0.06 9.94£0.11 0.024 + 0.003 0.101 + 0.004 12.1+0.18
CTAB, 25°C 3.9+0.10 5.06 £0.06 4.5+0.16 <0.01 13.5+0.3
Table 3. Hydrations of the dye O atom, N, and EF parameters in micellar solutions.
surfactant Ny Ny/Ny, (water, 25°C) E f
none (water), 25°C 12.72 1.000 1.000
none (water), 50°C 12.44 0.978 0.969
SDS, 25°C 10.30 0.810 0.828
SDS, 50°C 9.97 0.784 0.810
SCS, 50°C 9.94 0.781 0.783
CTAB, 25°C 5.06 0.398 0.687
SDS, 25°C
5DS, 50°C
5CS, 50°C
CTAB, 25°C
0 20 40 60 80 100 120 140 160 180 200 220 O 2 4 6 8 1 12 14
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Figure 3. Average numbers of various atoms in microenvironments of the whole dye molecule (left) and the O
atom (right). The sections of bars correspond to (left to right): the micelle core atoms (gray), the water atoms

(cyan), the headgroup atoms (orange).

The microenvironment of the dye molecule and especially its O atom in CTAB micelles appears
drastically different from that in SCS micelles. This allowed us suppose that this difference will be
preserved at 50°C and, thus, omit the corresponding time-demanding simulation. On the contrary, in
all sulfate micelles, the microenvironment is very similar, despite the peculiarity of the dye orientation
in SDS micelle at 50°C. The notable feature is the significant (~10%) decreasing of the overall dye
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hydration when the temperature increases from 25°C to 50°C. The hydration of the O atom also falls
but to the less extent (on 3—4%). This trend is observed for both pure water and SDS dye solutions.

Conclusions

MD simulations of the standard solvatochromic Reichardt’s dye in micelles of anionic surfactants
sodium cetyl sulfate and sodium dodecyl sulfate at 50°C were performed. The results show similar
localizations and orientations of the dye molecule on surfaces of SDS and SCS micelles, which mod-
erately differ from those on surfaces of CTAB micelles. This fact emphasizes the effect of surfactant
headgroups on the localization of the RD molecule and shows that the hydrocarbon tail length and,
thus, the properties determined by it (micelle size, surface charge density) have rather small influence.

The amount of water around the dye molecule and its O atom were found decreasing with tempera-
ture in both SDS and pure water solutions. This fact together with the satisfactory correlation between
the NV, value of the dye O atom and the E}‘I value of the solution allow suppose that the difference
between the polarity parameters of studied anionic surfactants solutions is to some extent caused by
different hydrations of the dye O atom. However, the SCS solution stays somewhat out of this correla-
tion because the hydrations of the whole dye molecule and its O atom in SCS micelle are very close to
those in SDS micelle at the same temperature, but the polarity parameter is considerably lower. This
could be explained by the significant uncertainties of the N,, values (~0.1) obtained in corresponding

simulations despite their considerable length, and by the inaccuracies of the measured E%\I values.

Appendix

Figure 1. Snapshots from MD trajectories showing typical dye localizations in SCS (A, B) or SDS (C, D) mi-
celles at 50°C. In B, the molecule is immersed into the micelle with two ortho- phenyl substituents located at the
same side of the molecule’s symmetry axis, while two other ortho- phenyl substituents are situated in the surface
layer. In D, the pyridinium part is completely immersed into micelle, and the phenolate part resides in the surface
layer. For the SDS solution at 25°C, the orientation shown at D is not typical.
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B.C. ®apacoHos, A.B. Nlebeab, H.O. Muegnos-lNetpocsaH. ConbBaTOXpPOMHbIN KpacuTenb Paiixapata B Mu-
uennax uetuncynbgara Hatpusi: M, MofgenvpoBaHue xapaktepa fiokanusauum u rmgpataumm.

CBoicTBa CTaHAapTHOTO COMNbBAaTOXPOMHOTO kpacuTens PaiixapfaTa Ha Myuennax uetuncynbgara HaTpusi npu
50°C wuccrnefoBaHbl C MOMOLLLID MOSIEKYNAPHO-AMHAMUYECKOTO MoAenpoBaHus. MonyyeHbl XapakTepucTuku
fioKanu3auun 1 opueHTaumMy MOMEKYIbl KpacuTenNs U ee MUKPOOKPYXeHUsi. OHM COMoCTaBneHbl C XapakTEPUCTU-
KaMW MOMeKyrbl KpacuTens Ha Myuennax gogeuuncynbgarta HaTpus npu 50°C n 25°C 1 6pommnaa LeTUnTpumMe-
TnammoHwus npu 25°C. JNokanusauusl, OpueHTaums v ruapataumus Kpacutensi Ha 06enx aHVOHHBIX MULENTIax npw
obeunx TemnepaTtypax HaigeHbl GnM3KMMU U YMEPEHHO OTIIMYHBLIMM OT TakOBbIX Ha KaTUOHHbIX MuLennax. O6cy-
XX[EHO BRUsIHWE ANMHbI YINeBOAOPOLHOTO paaukarna v Npupoabl FOMOBHLIX TPYMN HA pacCMOTPEHHbIE XapakTepu-
CTUKU.

KnioueBble crioBa: cOnbBaTOXPOMU3M, MOMNSIPHOCTL, LETUICYNbgaTt HaTpus, Aodeuuncynbgar HaTpus, 6po-
MUA LEeTUNTPUMETUNAaMMOHUS, NoKanu3auns, opueHTauunsi, ruapaTaumsi, MonekynsipHO-ANHaMUYeckoe MOAEN-
poBaHue.
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B.C. dapadoHos, O.B. leGigb, M.O. Myeanogs-lNMeTpocsiH. ConbBaToxpoMHuii 6apBHMK PaiixapaTa B milenax
uetuncynedary Hatpito: Ml moaentoBaHHA xapakTepy nokanisadii Ta rigpaTauii.

BnactuBocTi cTaHaapTHOro conbBaTOXpOMHOro 6apBHuka Paixapara Ha miuenax uetuncynbdary HaTpilo npu
50°C pocnimpkeHi 3a 4ONOMOroK MOMEKYNAPHO-ANHAMIYHOTO MoaentoBaHHs. OTprMMaHi XxapakTepucTUKK Nokani-
3auii Ta opieHTauii Mmonekynu G6apBHMKa Ta ii MIKPOOTOYEHHS. BOHM MOPIBHSIHI i3 XapaKTepucTukamm MONeKynm
GapBHKKa Ha Milenax gogeumncynbgaty HaTpito npyu 50°C i 25°C Ta 6pomigy LueTUnTpumeTunamoHio npu 25°C.
Jlokanisauis, opieHTauisa Ta rigpaTauis 6apBHMka Ha 060X aHiIOHHUX Miuenax npu obox TemnepaTypax 3HanaeHi
ONM3bKMMK Ta NOMIPHO BIAMIHHUMMU Bif, TaKMX Ha KaTioOHHUX Miuenax. OGroBopeHui BNINB OOBXUHN BYrNeBoAHe-
BOro pagwvkany Ta npupoau rofioBHUX rpyn Ha PO3rMsHYTi XapakTePUCTUKN.

KnrouoBi cnoBa: conbBaTtoxpomiam, MOMSIPHICTb, LeTuncynbgaT HaTtpito, gogeumncynbdart HaTpito, Gpomig
LeTUNTpMMETUNaMOHIto, nokanisadis, opieHTauis, rigpatauig, MonekynspHo-gnHaMiyHe MoaentoBaHHS.
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