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Abstract Structural and mechanical-dynamical information

on a micelle formed by 72 monomers of N-dodecyl-N,N-

dimethyl-3-ammonio-1-propanesulfonate (SB 3–12) in

water solution have been obtained through Molecular

Dynamics simulations. Additional simulations have been

carried out to evaluate whether and to what extent the

structural features of the micelle are affected by the pres-

ence of a spin probe, typically utilized for the experimental

characterization of these, rather complex, systems. Results

indicate that the micelle shows a spherical shape not

heavily influenced by the presence of the probe which only

produces a slight volume increase. Further analysis also

indicates that the probe, although inducing scarce altera-

tions at the micelle-solvent interface, heavily influences the

micelle core which appears less stable (more fluctuating)

and less hydrated. Finally, analysis of residence times of

water indicate—in line with many previous studies—the

presence of a dual population characterized by different

interactions with micelle interior.

Keywords Soft matter � Micelles structure � Molecular

Dynamics simulations

Introduction

N-dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate

(Fig. 1), also termed as sulfobetaine 3–12 (SB 3–12) is a

zwitterionic detergent extensively utilized for solubilizing

membrane proteins in their native state.

SB 3–12 tends to form micelles which, although for-

mally neutral, are able to incorporate anions [1–3] and

because of the absence of a net charge, have been recog-

nized as especially stable against external variations par-

ticularly high electrolyte formulations and temperature [4].

Furthermore, these micelles have demonstrated excellent

compatibility with other surfactants, mixtures of which

show interesting synergistic effects [5–8]. They are also

characterized for having chemical stability both in acids

and alkalis [9]. These surfactants have recently attracted

increasing attention owing to their wide applicability and

their increased commercial uses.1 Among water-soluble

surfactants, zwitterionics, as surfactant class, are charac-

terized by having excellent dermatological properties and

low eye irritation, therefore well suited for use in shampoos

and other personal care products [10, 11]; in addition, they

are also used as antistatic agents, textile softeners, corro-

sion inhibitors, and foam depressants.

Similarly to any other aggregate of amphiphilic mole-

cules in solution, there is a huge interest in determining the

actual size and structure of these micelles, which may

sometimes represent a rather difficult task. As a matter of

fact the structures of these aggregates are the result of a
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subtle equilibrium between forces of different nature and

are sensitive to internal and environmental variations much

more than medium-large sized molecules and even pep-

tides and proteins. For example, it is well known that

hydrophobic forces increase the aggregation number,

whereas the electrostatic forces tend to decrease it [12–14].

From a geometrical point of view, an increase in the

aggregation number leads to a decrease in the area

available for each polar headgroup, thus decreasing the

hydrocarbon-water contacts and hence, modifications in the

ionic strength are known to induce changes in the aggre-

gate shape and size [15–17].

Several experimental techniques have been utilized for

determining the structure of SB micelles. Fluorescence

spectroscopy has previously been used to determine the

aggregation number of SB surfactants in aqueous media [18].

Particularly useful is the use of electron paramagnetic

resonance (EPR) spin probes such as methyl 5-doxylstea-

rate (5-DSE, Fig. 2) which allows the simultaneous study

of structural and dynamic properties of amphiphilic

aggregates [19, 20]. The spectra obtained from stable free

radicals inserted into molecular assemblies are sensitive to

changes in shape, local polarity, and mobility of the

neighbor molecules [21–23].

In fact, the carbonyl group of the spin probe 5-DSE is

supposed to be associated with the polar head groups of the

lipid bilayer while its hydrophobic tail is supposed to reside

in the hydrophobic core of the membrane [24]. 5-DSE can

act as an indicator of the molecular motions in the region of

the lipid bilayer close to the polar headgroup.

Clearly any spin probe is structurally informative, and

hence useful, as long as its presence does not significantly

alter the shape and the solvation properties of the micelle

under study. In many cases, this is implicitly assumed.

However, a definitive answer is obviously very difficult to

be obtained. In this study, we utilize Molecular Dynamics

(MD) simulations for determining the shape, the structure

and the solvation features of a micelle constituted by 72

monomers of SB [18] also focussing our attention on the

effects produced by the 5-DSE probe on the above struc-

tural properties. MD simulations have been repeatedly

proven to provide a reliable tool of structural investigation

for soft-matter problems and, in particular, for studying

similar amphiphilic systems and addressing not only

equilibrium properties but also dynamical features con-

cerning micelle-formation [25–35].

Computational details

Two atomistic MD simulations were performed with the

GROMACS [36] software package, putting the micelle

formed by 72 SB 3–12 monomers at the center of a

dodecahedral box of water at its typical density at 300 K

and 1.0 bar. A further simulation was also performed with

the micelle at the same initial position and also one mol-

ecule of 5-DSE initially located at 2.5 nm from the micelle

surface. The initial micelle geometry, built with a home-

made program, was considered as perfectly spherical. We

utilized the force-field recently developed for sulfobetaine

[37] adapted to GROMOS96 library [38]. For 5-DSE, the

charges were recalculated by standard quantum-chemistry

fitting procedures [39] using Density Functional Theory

calculations with the Becke3LYP functional [40] as

implemented in the Gaussian03 package [41]. Details of

the force-field are reported in the Supplementary Infor-

mation. Single Point Charge (SPC) [42] water model was

also employed in all the simulations. The trajectories were

extended up to 40 ns in the NVT (300 K) ensemble, using

an integration step of 2.0 fs, and keeping the temperature

constant by the isothermal [43] temperature coupling, all

bonds were constrained using the LINCS [44] algorithm.

The particle mesh Ewald [45] method was used to compute

the long range interaction with a grid search of 0.12 nm,

while a cut-off radius of 0.9 nm was employed for short

range interaction. Hydrogen bond (H-bond) analyses were

carried out utilizing the corresponding tool present in the

Gromacs package adopting the default parameters. Note

that in all the analyses the first 1.0 ns of simulation was

systematically disregarded. All the errors reported in this

study are standard errors.

Results and discussion

Morphological and mechanical analysis of the micelle

in the presence and in the absence of the spin probe

First of all, we have analyzed the internal mobility of the

monomers in the presence and in the absence of the probe.Fig. 2 Chemical structure of methyl 5-doxylstearate

Fig. 1 Chemical structure of N-dodecyl-N,N-dimethyl-3-ammonio-1-

propanesulfonate
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In Fig. 3, the average value of Root Mean Sqare Fluctua-

tion (\RMSF[) of each atom of the monomers is reported

with the corresponding standard error (inset a) and com-

pared to the RMSF of an aqueous monomer at infinite

dilution (inset b).

If one considers the relatively low values of \RMSF[
(systematically below 0.3 nm) it is evident that, in general,

aggregation suppresses monomers internal mobility in

particular in correspondence of -SO3 moiety and hydro-

phobic chain. Moreover, it is also clear (inset b) that the

presence of the probe does not produce relevant effects.

The low \RMSF[ value suggests that the investigated

monomers, when aggregated, can be roughly considered as

rigid sticks. This observation will be taken up again along

the discussion. The second important aspect concerns the

shape adopted by the micelle and the effect of the presence

of the spin probe. In Fig. 4, we first report the Principal

Moments of Inertia obtained by diagonalizing the inertia

tensor at each MD frame.

The figure apparently shows that, at least within the sim-

ulated time, the micelle reaches a morphological stability

characterized by a sharp, although not dramatic, anisotropy

essentially maintaining, as a whole, a spherical-like shape.

The presence of the probe, although not significantly affecting

the micelle shape, produces a slight increase in the micelle

volume as witnessed by the average values of the radius of

gyration in the presence (1.64 ± 0.01 nm) and in the absence

(1.62 ± 0.01 nm) of the probe. Additional and more quanti-

tative indication about the micelle shape was obtained by

calculating, at each MD frame, the orientational order

parameter [46] (Eq. 1).

pi ¼
3 cos2 hi � 1

2

� �
ð1Þ

where i = x,y,z and hi is the angle between the vector

along the monomer molecular axis and the inertia principal

axis, Ii. Note that the choice of the axes is such that

Ix [ Iy [ Iz.

Fig. 3 (Inset a): Average value of Root Mean Square Fluctuation for

each atom of the monomer in the micelle in the absence and in the

presence (black curve) of the probe. (Inset b) RMSF of a single

monomer in pure water (curve indicated with **). The same curves

previously shown in inset (a) have been reported also in inset (b) for a

better comparison. Error bars have not been repeated in the inset
(b) for the sake of clarity
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The time course of pi, as well as their corresponding

average values both reported in Fig. 5, definitely confirms

the spherical shape of the micelle, corresponding to the

interval -0.25/0.5 in the pi domain, [46] scarcely effect

produced by the presence of the probe.

Analysis of micelle internal composition

in the presence and in the absence of the spin probe

In spite of the spherical shape, the investigated micelle has

revealed a radial (internal) composition far from being regular.

This conclusion has been reached by a number of observables.

First, taking advantage of the just reported internal

rigidity of the single monomers (Fig. 3), we have examined

the angle H formed by the vector connecting each mono-

mer headgroup with the corresponding terminal group, and

the vector connecting the same headgroup and the micelle

center of mass. Obviously, when this angle is zero, the

chain is pointing directly to the micelle center of mass. The

distribution of such an angle, reported in Fig. 6, inset (a),

and absolutely in line with previous studies on cationic

micelles [30] suggests that the monomers orientations are

very variegated and only a fraction of them, essentially

concentrated in the micelle intermediate radial layer

Fig. 4 Time course of the

principal moments of inertia: Ix,

Iy and Iz

Fig. 5 Time course of the

orientational order parameters

(Eq. 1)
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between 0.75 and 1.5 nm as inferred from inset (b) of the

same Figure, are able to adopt the canonical (and some-

what iconographic when spherical micelles are pictorially

reported) configuration with H & 0�.

Additional clues about the internal composition of the

micelle can be obtained by water radial distribution func-

tion and micelle radial density profile reported in Fig. 7,

Table 1 and Fig. 8.

The water g(r) obtained in the two simulations, reported

in Fig. 7, is perfectly in line with many of the previously

cited simulation studies. On the other hand, the density

profiles of the micelle chemical composition, shown in

Fig. 8 and consistent with the orientational disorder already

emerged from Fig. 6, are characterized by distributions

somewhat larger than ionic micelles [25–35].

In the light of the above results, we can roughly identify

four radial regions: the external bulk at distances from the

micelle center of mass larger than 2.5 nm, the hydrophobic

core which extends from the micelle center of mass up to

1.6 nm and two intermediate interfacial layers which

might be approximately defined from the water g(r) slope

of Fig. 7: the first one, roughly corresponding to the con-

stant slope interval between 2.05 nm to 2.50, and the

second one from 1.60 to 2.05 nm. Obviously, the extensive

overlap between the density profiles observed in the Fig. 8

stands for the lack of a sharp confinement of the chemical

groups and the consequent lack of a clean separation

between the above regions, inspection of which has pro-

vided the following morphological indications:

1. reappraisal of water molecules concentration in the non-

hydrophobic layers of the micelle, collected in Table 1,

confirms that the presence of the probe reduces the degree

of hydration in the micelle. Note that in such a Table, the

most internal layer has been disregarded as basically

dehydrated (less than 1 molecule present on average). The

observed dehydration approximately fits the observed

morphological features. As a matter of fact, as already

remarked, the micelle volume is not significantly affected

by the probe: the inclusion of the probe induces a

variation of radius of gyration of only 0.02 nm. This

approximately means that the inclusion of the probe is

accompanied by the extrusion of a number of water

molecules necessary for the maintenance of the micelle

overall volume.

Fig. 6 Distribution of the angle H between the monomer head-to-tail

unit vector and the monomer head-micelle center of the mass unit

vector (inset a). Correlation diagram between H and the distance

between the center of mass of each monomer and the center of mass

of the micelle (inset b) as obtained for the simulation without probe

Fig. 7 Water radial distribution function with respect to micelle

center of mass in the absence and in the presence (black curve) of the

probe

Table 1 Average number of water molecules found in the non-

hydrophobic micelle layers

Layer (nm) No probe With probe

1.6–2.05 72 ± 3 57 ± 2

2.05–2.50 601 ± 1 593 ± 1

[2.5 5805 ± 1 5824 ± 1

Error bars correspond to the standard error evaluated by dividing the

trajectory in three subportions
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2. polar (insets a and b of Fig. 8) and hydrophobic groups

prefer to occupy the solvent exposed and internal-

hydrophobic layers, respectively, although we do not

observe sharp separations between these layers. Also

in this case, we point out a non-dramatic but clean

effect produced by the presence of the probe. In this

respect, it is interesting to note that the bi-modal

distribution observed for the monomer alkyl chain

(Fig. 8b) might be somewhat related to the monomer

H distribution (Fig. 6a) reflecting their mutual orien-

tation along the micelle.

3. according to the high alkyl chain density fluctuation

(error bar in Fig. 8c), the hydrophobic core is a rather

fluctuating region and, at the same time, the density of

the alkyl chains is also sensitive to the presence of the

probe. This latter finding, although rather difficult to

rationalize, certainly deserves additional confirmations

in the future.

Radial position of the 5-DSE spin probe

In the light of the effects produced by the probe inclusion,

it might be of some interest to better understand what is the

actual localization of the spin probe within the micelle. At

this purpose, similarly to Figs. 7 and 8, we have analyzed

the density profiles for three arbitrary portions of the probe,

namely: the esteric group, the C12 chain and the para-

magnetic NO moiety (Fig. 9).

In Fig. 10, we also depict the probe RMSF which

describes the related internal fluctuation.

Results from the above figures provide us with a couple

of interesting aspects: (1) the rather similar RMSF

observed for the probe and the monomers (Fig. 3) as well

as the large density fluctuation (error bar) in all the three

insets of the Fig. 9, clearly much larger than the error bars

in Fig. 8a, b, indicates that the probe is more mobile along

the radial micelle direction, than the single monomers; (2)

the probe is essentially confined in the interfacial region

but the ester moiety can also rather easily reach the

hydrophobic region (inset a). It is rather surprising that

the ester shows a penetration ability markedly higher than

the hydrophobic chain. This might be because the local

polarity of the ester group allows a better interaction with

(and hence a better penetration ability through) the hyd-

rophylic layer.

Dynamical properties of water

The last aspect addressed in this study is the evaluation of

the residence times of water molecules with the particular

purpose of bringing out any dynamical differences in the

water molecules residing in the micelle layers and in the

presence and/or lacking of the probe.

This kind of analysis has become extremely popular in

the last years [47], and MD simulations have revealed a

very powerful and informative tool at this purpose [48–52].

We have based this last analysis on the evaluation of the

water survival probability (SP) function [53] in the

Fig. 8 Normalized radial

density profile for polar head

(-SO3
- moiety, inset (a);

ammonium moiety, inset
(b) and alkyl chains inset (c) in

the absence and in the presence

of the probe (black curve).

Error bars are standard errors

evaluated by utilizing three

equal portions of the trajectories
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different micelle layers (already described in the previous

sub-paragraphs). The obtained value of the residence time

has been then related to the corresponding degree of the

hydration experienced by water.

The SP curves, reported in the Supplementary Material

have been fitted with double exponential functions indicating,

also in the present case as in many others, [47–53] the presence

of (at least) two dynamical subpopulations of water molecules

characterized by different residence times, hereafter termed as

s1 and s2). This might be better appreciated by Table 2 where

we have correlated the obtained s1 and s2 values with the

average number of H-bond experienced by each water mol-

ecule with the micelle and the other water molecules. Note that

the spin probe is able of undertaking, on average, less than one

H-bond with the solvent within the micelle as revealed by the

same analysis.

It is important to stress the fact that this analysis is

strongly dependent on the definition of the considered

layer. Hence any information in this respect, should not be

considered as fully quantitative.

Fig. 9 Probe normalized radial

density profile for esteric group

(inset a), C12 chain (inset
b) and NO moiety (inset c).

Error bars are standard errors

evaluated utilizing three equal

portions of the trajectories

Fig. 10 5-DSE probe RMSF. The regions marked with different colors refer to the chemical groups highlighted with boxes of the same color
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Anyhow, the resulting picture is in pretty good agreement

with the available literature data. In particular, the short resi-

dence times (order of the picosecond) can be related to the

dynamics of escape, from one layer to the other, of the mol-

ecules weakly interacting with the environment, e.g., char-

acterized by a low number of H-bonds). The obtained s1

values are basically identical to the ones measured even in

micelles chemically different from the present one [53].

It is interesting to note that, as expected from the scarce

number of contacts experienced by 5-DSE, the presence of

the probe does not appreciably influence this observable.

As far as the longer residence times are concerned (s2),

i.e., the times related to the more closely interacting water

molecules, the obtained values are slightly lower than the

ones obtained for more polar and charged micelles [47–53]

and proteins [54]. Also in this case, the result is not

physically inconsistent with the relatively low value of

average number of H-bonds experienced by the water

molecules within the micelle. Also for this quantity, we do

not observe appreciable effects induced by the probe.

Conclusive remarks

The main results obtained by this study can be summarized

as follows:

• the presently investigated micelle formed by 72-mono-

mers of SB 3–12 in water adopts a spherical-like shape

scarcely affected by the presence of the 5-DSE probe

• the presence of the probe produces a slight but marked

increase in the micelle average radius of gyration, i.e.,

micelle volume.

• the internal composition of the micelle and the mutual

disposition of the monomers is, on the other hand,

rather irregular. Only in the vicinity of the hydrophobic

core, we observe alkyl chain somewhat parallel to

micelle radius. As soon as we consider more external

layers, the monomers longitudinal axes are oriented in

an almost random fashion (preferentially orthogonal

with respect to the micelle radius). Interestingly, the

presence of the probe, produces an increase in the

absolute value and fluctuation of the alkyl chains

density.

• the solvent molecules permeate the aggregate from a

distance of about 1.5–1.6 nm from the micelle center of

mass up to the interface approximately located between

2.0 and 2.5 nm. The large thickness of the interfacial

zone is essentially due to the irregularity found for the

distribution of the monomer headgroups (see previous

point).

• the probe mainly resides in the interfacial micelle

region but also reaches more hydrophobic regions in

particular with the esteric moiety which is able to

almost completely span the micelle radius.

• the presence of the probe does not introduce dramatic

changes in the micelle morphological equilibrium

properties. Its influence on the dynamical properties

of the solvent is even minor.

• two dynamical populations of the incorporated water

have been found with residence times in line with

previously reported systems both micelle and proteins.

Weakly and more strongly interacting water molecules

are characterized by low (order of one ps) and relatively

higher (order of tens of ps) residence times,

respectively.

Acknowledgments Authors wish to thank CASPUR (Roma) for the

use of Gaussian 03 package.

References

1. Bunton CA, Mhala MM, Moffatt R (1989) J Phys Chem 93:854

2. Da Silva Baptista M, Cuccovia IM, Chaimovich H, Politi MJ,

Reed WF (1992) J Phys Chem 96:6442

3. Kamenka N, Chorro M, Chevalier Y, Levy H, Zana R (1995)

Langmuir 11:4234

4. Lomax EG (ed) (1996) Amphoteric surfactants. Surfactant sci-

ence series, vol 59. Marcel Dekker Inc., New York

5. Shiloah A, Blankschtein D (1997) Langmuir 13:3968

6. Li F, Li G-Z, Chen J-B (1998) Colloid Surf A 145:167

7. Mulqueen M, Blankschtein D (2000) Langmuir 16:7640

8. Misselyn-Bauduin A-M, Thibaut A, Grandjean J, Broze G,
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(2006) Personal care formulations in handbook of detergents part

Table 2 Average number of hydrogen bonds per water molecule (HB) and water residence times (s1 and s2) in the presence and in the lack of

the spin probe, in the two layers of the micelle (note that the hydrophobic core, virtually dehydrated has been disregarded)

Layer (nm) HB no probe s1 (ps) no probe s2 (ps) no probe HB with probe s1 (ps) with probe s2 (ps) with probe

1.6–2.05 1 ± 1 0.81 ± 0.02 4.0 ± 0.1 1 ± 1 0.83 ± 0.03 3.9 ± 0.1

2.05–2.50 2 ± 1 0.90 ± 0.02 7.8 ± 0.1 2 ± 1 0.90 ± 0.02 7.7 ± 0.1

Standard errors are obtained by repeating the analyses in three subportions of the trajectory

952 Struct Chem (2013) 24:945–953

123



D: formulation. In: Showell MS (ed) Surfactant science serie, vol

128. CRC press, New York, pp 207–260

12. Tanford C (1980) The hydrophobic effects. Wiley, New York

13. Israelachvili JN, Mitchell DJ, Ninham BW (1976) J Chem Soc,

Faraday Trans 72:1525

14. Israelachvili JN (1985) Intermolecular and surface forces. Aca-

demic Press, New York

15. Baglioni P, Ferroni E, Martini G, Ottaviani MF (1984) J Phys

Chem 88:5107

16. Lindman B, Wennerstrom H (1980) Top Curr Chem 87:1

17. Rosen MJ (1978) Surfactants and interfacial phenomena. Wiley,

New York

18. Di Profio P, Germani R, Savelli G, Cerichelli G, Chiarini M,

Mancini G, Bunton CA, Gillitt ND (1998) Langmuir 14:2662

19. Zana R (1987) Surfactant solution: new methods of investigation.

Marcell Dekker Inc., New York

20. Berliner LJ (1976) Spin labelling: theory and applications. In:

Berliner LJ (ed) Academic Press, New York

21. Freed JH (2002) EPR in the twenty first century. Elsevier Sci-

ence, Amsterdam, pp 719–730

22. Cassera MB, Silber AM, Gennaro AM (2002) Biophys Chem

99:117

23. Deo N, Somasundaran P (2002) Colloid Surf B 25:225

24. Hubbell WL, McConnell HM (1969) Proc Natl Acad Sci USA

64:20

25. Jonsson B, Edholm O, Teleman O (1986) J Chem Phys 85:2259

26. Smit B, Hilbers PAJ, Esselink K, Rupert LAM, van Os NM,

Schlijper AG (1990) Nature (London) 348:624

27. Nelson PH, Rutledge GC, Hatton TA (1997) J Chem Phys

107:10777

28. Goetz R, Lipowsky RJ (1998) Chem Phys 108:7397

29. Marrink SJ, Tieleman DP, Mark A (2000) J Phys Chem B

104:12165

30. Bruce CD, Berkowitz ML, Perera L, Forbes MED (2002) J Phys

Chem 106:3788

31. Sterpone F, Briganti G, Pierleoni C (2009) Langmuir 26:8960

32. Srinivas G, Disher DE, Klein ML (2004) Nature Mater. 3:368

33. Bockmann RA, Caflish A (2005) Biophys J 88:3191

34. Pomata MHH, Laria D, Skaf MS, Elola MD (2008) J Chem Phys

129:244503

35. Fujiwara S, Itoh T, Hashimoto M, Horiuchi R (2009) J Chem

Phys. 130:144901

36. Berendsen HJC, Van der Spoel D, Van Drunen R (1995) Comput

Phys Commun 91:43

37. Shao Q, He Y, White AD, Jiang S (2010) J Phys Chem B 114:49

38. Van Gunsteren WF, Billeter S, Eising A, Hunenberger P, Kruger

P, Mark AE, Scott W, Tironi I (1996) Biomolecular simulations:

the GROMOS96 Manual and User Guide. Biomos b. v.,

Groningen

39. Breneman CM, Wiberg KB (1990) J Comput Chem 11:361

40. Parr RG, Yang W (1989) Density-functional theory of atoms and

molecules. Oxford University Press, Oxford

41. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,

Cheeseman JR, Montgomery JA Jr, Vreven T, Kudin KN, Burant

JC, Millam JM, Iyengar SS, Tomasi J, Barone V, Mennucci B,

Cossi M, Scalmani G, Rega N, Petersson GA, Nakatsuji H, Hada

M, Ehara M, Toyota K, Fukuda R, Hasegawa J, Ishida M,

Nakajima T, Honda Y, Kitao O, Nakai H, Klene M, Li X, Knox

JE, Hratchian HP, Cross JB, Adamo C, Jaramillo J, Gomperts R,

Stratmann RE, Yazyev O, Austin AJ, Cammi R, Pomelli C,

Ochterski WJ, Ayala PY, Morokuma K, Voth GA, Salvador PJ,

Dannenberg J, Zakrzewski VG, Dapprich S, Daniels AD, Strain

MC, Farkas O, Malick DK, Rabuck AD, Raghavachari K,

Foresman JB, Ortiz JV, Cui Q, Baboul AG, Clifford S,

Cioslowski J, Stefanov BB, Liu G, Liashenko A, Piskorz P,

Komaromi I, Martin RL, Fox DJ, Keith T, Al-Laham MA, Peng

CY, Nanayakkara A, Challacombe M, Gill PMW, Johnson B,

Chen W, Wong MW, Gonzalez C, Pople JA (2003) Gaussian 03,

revision B.05. Gaussian Inc., Pittsburgh PA

42. Berendsen HJC, Postma JP, Van Gunsteren WF (1981) Inter-

molecular forces. In: Pullman B (ed), D. Reidel Publishing,

Dordrecht

43. Evans DJ, Morriss GP (1990) Statistical mechanics of nonequi-

librium liquids. Academic Press, London

44. Hess B, Bekker H, Berendsen HJC, Fraaije JGE (1997) J Comput

Chem 18:1463

45. Essmann U, Perera L, Berkowitz ML, Darden T, Lee H, Pedersen

LG (1995) J Chem Phys 103:8577

46. Fujiwara S, Itoh T, Hashimoto M, Tamura Y (2007) Mol Simul

33:115

47. Pal SK, Peon J, Bagchi B, Zewail AH (2002) J Phys Chem B

106:12376

48. Faeder J, Landanyi B (2000) J. Phys. Chem. B 104:1033

49. Chong TT, Hashim R, Bryce RA (2006) J. Phys. Chem. B

110:4978

50. Kuramochi H, Andoh Y, Yoshii N, Okazaki S (2009) J. Phys.

Chem. B 113:15181

51. Abel S, Dupradeau FY, Raman EP, MacKerell AD Jr, Marchi M

(2011) J. Phys. Chem. B 115:487

52. Marchi M, Sterpone F, Ceccarelli M (2002) J Am Chem Soc

124:6787

53. Sterpone F, Marchetti G, Pierleoni C, Marchi M (2006) J. Phys.

Chem. B 110:11504

54. Sterpone F, Marchi M, Ceccarelli M (2001) J Mol Biol 311:409

Struct Chem (2013) 24:945–953 953

123


	Structure and solvation properties of aqueous sulfobetaine micelles in the presence of organic spin probes: a Molecular Dynamics simulation study
	Abstract
	Introduction
	Computational details
	Results and discussion
	Morphological and mechanical analysis of the micelle in the presence and in the absence of the spin probe
	Analysis of micelle internal composition in the presence and in the absence of the spin probe
	Radial position of the 5-DSE spin probe
	Dynamical properties of water

	Conclusive remarks
	Acknowledgments
	References


