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Abstract: Rotational diffusion of organic ions in electrolyte solution is studied via optically heterodyned
polarization spectroscopy and molecular dynamics (MD) simulations. Significant differences between the
behavior of organic cation and anion species were observed in the experiments. While the rotational relaxation
time of the anion normalized by the viscosity of the solution increases with the electrolyte concentration, the
normalized relaxation time of the cation decreases with increasing electrolyte concentration. The experimental
data are analyzed by using a continuum theory approach and MD simulations. It is demonstrated that one
must include ion pairs to describe the dynamics of the anion, but the analysis of the relaxation of the cation
does not require ion pairing. MD simulations show that the difference in the dynamics of the anion and
cation in electrolyte solution is caused by the different ability of free anion, free cation, and ion paired species
to associate with the solvent (DMSO).

I. Introduction was found that the rotation time) of resorufin increased
. L . substantially as the electrolyte concentration rose and that
Understanding mol_ecular dyr_lamlcs in I|qU|ds_ IS an important i, crease was correlated to the charge-to-size ratio of the cation.
goal of modern physical chemistry. The rotational relaxation ¢ expain the experimental observations it was proposed that
of a solute molecule is influenced by its environment, especially 5., ion pair was formed between the resorufin and the metal
for the case of ionic and polar solute species embedded in¢aion " |n turn, the cation was also coordinated with several
electrolyte solutiond=3 In such cases solutssolvent electro- DMSO molecules. Because such a solvent ion-pair complex

s;atlc Imteractlons qanh3|gn|f|cqntli)1/ |r|1flue|nCt=i the behavior of g gignificantly bigger in size than the bare resorufin molecule,
the solute. Dramatic changes in the local solvent structure andy; gyperiences a larger mechanical friction that increases the

the solute dyrl10am|cs occur_for_lanlc solute molecules. BOth gheerved rotational relaxation time of the resorufin in the
experimentdi 1% and theoreticat™'“ attempts have been made  gjocirolyte solution. This paper presents resuilts which support
to describe the dynamics of systems in which the solute may i, previous work's conclusions about ion-pair formation
associate with a counterion. Nevertheless, the current under-ypeqyeen resorufin and the metal cation. Conductivity measure-
standing of these systems is far from complete. The purposeanig and ab initio electronic structure calculations are used to
of the present work is to characterize and compare the rotational yomonstrate the high probability for resorufin to form an ion
re]axgtion properties_of two orga_nic.solute molecules, t.he cation pair with Li* in DMSO solution. Furthermore, a molecular
th'O”'T‘e "_’md the anion resorufm,_ in ele(_:trqute soluﬂpns. A dynamics simulation of the rotational relaxation of the resoru-
combination of experimental studies, ab initio electronic struc- & _|iion pair in DMSO solution is compared to a simulation
ture, and molecular dynamics (MD) simulation is used 10t the rotational relaxation of the free resorufin in pure DMSO.
provide a realistic molecular description of these systems.  1piq comparison shows that the relaxation time of the reserufin

Recently, the rotation of the resorufin anion in DMSO and | jon pair is longer than that of the free anion. These results
aqueous electrolyte solutions was studied experimerftally.  sypport the contention that ion-pair formation is important under
these conditions.

(1) Wolynes, P. GAnnu. Re. Phys. Chem198Q 31, 345.

(2) Rips, |.; Klafter, J.; Jortner, J. Chem. Phys1088 88, 3246. Itis natural to ask, “To what extent is the observed behavior
(3) Hubbard, J.; Onsager, . Chem. Phys1977, 67, 4850. specific to the anionic nature of the solute?” The present study
(4) Chapman, C. F.; Maroncelli, M. Phys. Cheml991, 95, 909S. addresses this question. To identify general trends in the
Chf%gggg%ggég!;cfég A.; Paone, S.; KalpouzosF@raday DisCuss.  fictional mechanisms in solution and estimate how much
(6) Philips, L. A.; Webb, S. P.; Clark, J. H. Chem. Phys1985 83, structurally specific interactions change the general picture, two
5811. organic cations, thionine and cresyl violet, are studied. These

19_%) ?fétrgggé R.'S.; Konitsky, W.; Waldeck, D. H. Am. Chem. Soc.  ¢ations are similar to resorufin in shape and size (see Figure

(8) Balabai, N.; Waldeck, D. HJ. Phys. Chem1997, 101, 2339. 1). The rotational relaxation times of these cations in DMSO
(9) Turg, P.; Blum, L.; Bernard, O.; Kun, W.. Phys. Chem1995 99, and methanol have been measured in concentrated electrolyte
822i0 Muhuri, P K.: Das, B.: Hazra. D. KL Phys. Chem. B997 101 solutions, ranging from 0.0 to 1.0 M. Conductivity measure-
33§9_) oo PO TS ’ ’ ments as well as structural and energetic ab initio analysis of
(11) Biswas, R.; Bagchi, BJ. Chem. Phys1997 106, 5587. the possible ion-paired species are used to corroborate the
(12) Klassen, B.; Aroca, R.; Nazri, @. Chem. Phys1994 100, 8385. rotational relaxation studies. MD simulations of thionine
(13) Chandra, A.; Patey, G. N. Phys. Chem1996 100, 9334.
(14) Das, A. K.; Madhusoodanan, M.; Tembe, B.J..Phys. Chem. A (15) Kurnikova, M. G.; Balabai, N.; Waldeck, D. H.; Coalson, R.DD.
1997, 101, 2862. Am. Chem. Sod 99§ 120, 6121.
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Figure 1. Molecular structures of resorufin, thionine, and cresyl violet
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wherert; is the decay time constant of the excited state apés the
relaxation time constant of the anisotropy. Under the conditions used
here the anisotropy decays by rotational relaxatfofihe fluorescence
lifetime v was measured in a separate experiment with the time
correlated single photon counting method. Equation 2 was used to
extract the rotational relaxation time from the data.

The time-resolved polarization spectrometer has been described
previously!”8 The instrument consists of a picosecond laser system
[cw modelocked Nd:YAG laser (Spectra Physics Series 3000) and a
home-built dye laser], Michelson interferometer for performing pump/
probe experiments, and a data acquisition system. The dye laser was
tuned to 596-600 nm. All experiments were performed at room
temperature (296 K). The data were measured® times and the
average value was calculated.

A conductivity meter with a glass electrode (YSI Model No. 35)
was used to measure the equivalent conductance of thionine chloride
salt in DMSO solution and to determine the association constant and
therefore the fraction of ion pairs.

The viscosity and density values of each solution were measured.
Density measurements were done with a pycnometer of capacity 10
mL (Thomas Scientific). Viscosity was measured in a water bath at
298 K with a calibrated Ubbelohde bulb viscometer (Thomas Scientific)
and had an accuracy of3%. Dielectric parameters for each solution
were taken from the literaturé:®

Thionine (acetate salt) and cresyl violet (perchlorate salt) were used
as received (from Aldrich). LiCl salt was dried for 24 h before use.
DMSO (Aldrich, 99%) was treated with molecular sieves.

are shown here. The number scheme on the carbon atoms is shown for B. Molecular Dynamics andab Initio Calculations. Electronic

the resorufin molecule (as an example).

structure calculations were performed with Gaussiai®.94The
geometry optimization and electron density calculations were performed

chloride ion pairs in DMSO solution are performed to compare at the HartreeFock level with a 3-21G basis set. The Tomasi
the rotational relaxation properties of the ion pair to that of the algorithn?® was used for the calculation of the electronic density in a

free cation. The comparison of the cation studies with thos
of the anion reveal two qualitatively different behaviors.
The outline of the manuscript is as follows. In the next

section the experimental methods, the MD, and the electronic

e continuum dielectric with a van der Waals cavity around the molecule.

The atomic radii were taken from the OPLS force fiéldPartial
charges on the molecules in the DMSO were fitted by using the Merz
Singh—Kollman methodf?23

Molecular dynamics (MD) simulations of the resorufin-Li and

structure calculations are described. In section Il the experi- thionine-Cl ion pairs in a model DMSO solvent were performed with
mental results and a discussion of a continuum model descriptionAMBERA4.124. The simulation used an artificial ion pair (resorufin

of the frictional coupling are presented. The analysis of the

ion-pair formation for different systems is given in section IlIC.

The results of the MD simulations are discussed in section V.

Il. Methods

A. Experiment Procedures. The time-resolved optical heterodyned

polarization spectroscopy technique (OHPS) was used to study the

rotational diffusion of thionine and cresyl violet in solution. This
technique has been described in detail previotfsly.Briefly, a linearly

(18) Barthel, J.; Behret, H.; Schmithals,Ber. Bunsen-Ges. Phys. Chem
1971, 75, 305.

(19) Kaatze, U.; Adolph, D.; Gottlob, D.; Potte, Ber. Bunsen-Ges.
Phys. Chem198Q 84, 1198.

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-

polarized picosecond pulse excites molecules of a particular orientation Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94, Resion C.2newblock;
and creates an anisotropy in the solution. Relaxation of the anisotropy Gaussian, Inc.: Pittsburgh, PA, 1995.

as a function of time is detected by a second polarized light pulse that

(21) Jorgensen, W. L.; Maxwell, D.; Tirado-RivesJJAm. Chem. Soc.
1996 118 11236.

senses the sample dichroism. The measured relaxation represents the (2 singh, U. C.; Kollman, P. AJ. Comput. Chem984 5, 129.

superposition of two processes, the anisotropy deggyand the
population decay of the excited sta{¢t), such that measured signal
T(t) has a time dependence

(1) O r(t) K1) 1)

For the solutes studied here, the sigii@t) and the excited-state

populationK(t) are both well approximated as exponential decays.

(23) Besler, B. H.; Merz, K. M.; Kollman, P. 8. Comput. Chen99Q
11, 431.

(24) Pearlman, D. A.; Case, D. A.; Caldwell, J. C.; Seibel, G. L.; Singh,
U. C.; Weiner, P.; Kollman, P. AAMBER 4.1newblock; University of
California, San Francisco, 1991.

(25) Allen, M. P.; Tildesley, D. JComputer Simulation of Liquigs
Clarendon Press: Oxford, UK, 1987.

(26) Fox, T.; Kollman, PJ. Phys. ChemSubmitted for publication.

(27) Nee, T.-W.; Zwanzig, RJ. Chem. Phys197Q 52, 6353.

(28) Alavi, D. S.; Hartman, R. S.; Waldeck, D. Bl. Chem. Phys1 991,

Hence the anisotropy decay is well described by a single exponential. 95 6770.

In this case the measured decay timeis given by

(16) Alavi, D. S.; Hartman, R. S.; Waldeck, D. Bl. Chem. Phys1991
94, 4509.

(17) Alavi, D. S.; Hartman, R. S.; Waldeck, D. Bl. Chem. Phys199Q
92, 4055.

(29) Alavi, D. S.; Waldeck, D. HJ. Chem. Physl991, 94, 6196-6202.

(30) Atkins, P. WPhysical ChemistyW. H. Freeman: New York, 1990.

(31) Hynes, J. TTheory of Chemical ReactionSRC: New York, 1985.

(32) Nicholls, A.; Sharp, K. A.; Honig, BDelPhi V3.0 Columbia
University, New York, 1990.

(33) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys1981, 55, 117.
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Table 2. lon Pair FractionY;, for Lithium Resorufin and Thionine
Chloride DMSO Solutions

¢ (mol/L)
0.1 0.25 0.5 0.75 1

thionine chloride 0.05 0.09 0.13 0.17 0.25
resorufin lithium 0.58 0.72 0.79 0.82 0.86
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Figure 3. The rotational relaxation times are shown for thionine (solid
triangles) and cresyl violet (open triangles) in LICI/DMSO and thionine
(solid squares) and cresyl violet (open squares) in LiCl/methanol.

m}
a
thionine - Cl 8,160 A " g
Figure 2. Molecular structures are shown for the ion paired species g . a o
(thionine-CI and resorufinli), excluding solvent. = . § 3
saonl n
Table 1. Viscosity and Rotational Relaxation Time of Resorufin w120 A
and Thionine in LICI/DMSO and LiCl/Methanol Solutions A
Tor (PS) Todn (PSICP)  Tor (PS) Tod 1 (PS/CP) 0.0 0.4 0.8
DMSO (7 = 1.99 cP) methanok (= 0.55 cP) cv)
resorufin - 91+ 7 46+ 4 70+ 6 127+ 11 Figure 4. Dependence of the viscosity normalized relaxation time is
thionine 302t 46  152+23  84+4 152+ 8 plotted versus electrolyte concentration. The code for the symbols is
DMSO/1.0M LiCl Methanol/1.0M LiCl given in the caption for Figure 3.
(n=4.9cP) (n = 0.94 cP)
resorufin 397+ 15 81+ 3 160+ 14 170+ 15 . . . . .
thionine 502+ 8 124+ 2 115+ 13 122+ 14 on salt concentration. The rotational relaxation time increases

as the concentration of the salt increases for all the systems
studied. This effect is qualitatively similar in both DMSO and

Li in one case and thionireCl in the other) as the solute. The structure  methanol solutions. The rotation time of both cation solutes
of the ion pair and the atomic partial charges were taken from an ab jhcreases by 70% between pure DMSO and 1.0 M LiCI/DMSO
initio ge%met%fpt@gaﬂé’" Cli"‘:”'at;‘on' The fresorgﬁiﬂ fon p?}" solution, and by 36% between pure methanol and 1.0 M LiCl/
contained an Lit bond to keep the resorufin and thetlin the ' : S - e .
paired configuration during the course of the simulation. Similarly, .methanOI solution. However, this increase in r.elaxatlon time
thionine and Ci were connected by an artificia-€CI~ bond as shown 1S Smaller than that observed for the resordfinhere the

in Figure 2. Nonbonded interactions were calculated by using a r€laxation time increased by_over 300% between pure DMSO
pairwise potential consisting of a Lennard-Jones term, Coulombic term, @nd 1.0 M LiCl/DMSO solution and by over 115% between
and reaction potential term within a 10-A cutoff radius (to account for pure methanol and 1.0 M LiCl/methanol solution.

the long-range electrostatic interactié®s The partial charges on the For many solutes in a wide range of solvents the rotational
atoms of the solute molecules are provided in Table 1 of the Supporting relaxation time is observed to be proportional to the viscosity
Information. The solvent consisted of 324 DMSO molecules contained 5, of the solution. Such dependence is predicted by the

in a cubic box, 35 A on a side. Parameters used to model the DMSO hydrodynamic Debye Stokes-Einstein (DSE) modét:35
molecule were taken from ref 26.

MD simulations were carried out as follows. First, an energy cVv
minimization of 10 000 steps was performed. Then a 10 ps constant Tor = w €))
pressure MD trajectory with a gradual rise of temperature up to 298 K
was performed. Third, a 40 ps constant pressure, constant temperature,
equilibration MD was computed. Last, equilibrium MD trajectories WhereC is the appropriate boundary condition coefficient and
were collected af = 300 K and a constant volume, for about 2 ns. V is the hydrodynamic volume of the solute. A linear correlation
between the relaxation time and the solution viscosity is often
Ill. Results and Discussion observed, even in a size regime (i.e. relative solute to solvent
) ) . o size) where the DSE model might be expected to*faikigure
A. Rotational Relaxation of Cations and Its Analysis in 4 shows the concentration dependence of the viscosity normal-
Continuum Representation. The rotational relaxation of the  jzed relaxation time versus concentration of electrolyte for
cations in DMSO and methanol electrolyte solutions was pMsO and methanol solution. If the relaxation time were

measured for concentrations from 0.0 t01.0 M. A complete set controlled only by the viscosity, then no concentration depen-
of data is provided in Table 2 of the Supporting Information.

In all cases the observed signal was well characterized by a,, (ﬁ“)lg";é?uame' D. A.Statistical MechanicsHarper and Row: New
\ i . ork, .
single exponential decay law. Figure 3 shows the dependence " (35) Fleming, G. RChemical Applications of Ultrafast Spectroscopy

of the rotational relaxation time of thionine and cresyl violet Oxford, New York, 1986.
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40 ‘ N tion,” hence the anion requires a more complicated analysis to
508 A S describe its rotational dynamics.
» B. Comparison of the Resorufin Anion and the Thionine
E 20 Cation. The difference in the rotational relaxation behavior of
resorufin and thionine must lie with their different intermolecular
101 ] interaction with the solvent. Because the size, shape, and
0 Q ] 0. o0 magnitude of the charge on the molecules is similar one would
0.0 0.4 0.8 expect, based on continuum models, similar rotational relaxation

cm) behavior in the electrolyte solution. The difference in the
Figure 5. The relaxation times normalized by the dielectric parameters behavior of the two solutes indicates that molecular consider-
are plotted against the electrolyte concentration for thionine (solid ations are needed. The solutes differ by the sign of the charge

triangles) and cresyl violet (open triangles) in LiCI/DMSO and thionine  and the nature of the functionalities on the chromophore; NH
(solid squares) and cresyl violet (open squares) in LiCl/methanol. (Note for thionine and O for resorufin.
that the solid squares are nearly hidden by, i.e., indistinguishable from,

the open squares.) For comparison, the rotational relaxation times of resorufin

and thionine are presented in Table 1 for the case of pure solvent
and 1.0 M LiCl electrolyte solutions. The thionine ion exhibits

' R St (e i
2.0r A A a longer relaxation time than resorufin ion in pure DMSO. A
= / recent extensive MD and experimental study of resorufin and
S5 K 1 thionine in pure DMSO solvefft reveals that the slower
l; //.:, g———0 dynamics of the thionine can be explained by the stronger local
100y —g——® o coupling with DMSO molecules. By contrast, resorufin does
A, not show any DMSO association features in that sé3dyable
0.555 04 08 1 shows that the rotational relaxation timg increases as the
cMm concentration of salt increases for both the cation and the anion

Fiqure 6. The renormalized relaxation times of thionine and resorufi solutes. However, this increase is smaller for the thionine cation
1gure . renormaiized refaxation imes loni 1A TeSOTuNin 42 for the resorufin anion. While thg; of resorufin increases
are plotted versus the concentration of LiCl electrolyte solution (thionine

(solid triangles) and resorufin (open triangles) in DMSO; thionine (solid four times f_ron_1 pu_re DMSO to 1.0 M LICI/DMSO _SOIUtlon’
squares) and resorufin (open squares) in methanol. the 7o, of thionine increases only one and a half times from

pure DMSO to 1.0 M LiCI/DMSO solution. The same but less

_ pronounced trend was observed for thionine and resorufin in
dence would be found. Itis clear from the data, however, that | ijcl/methanol solution.

an increase in the electrolyte concentration causes a decrease
in the normalized relaxation time of the cation. This result
stands in contrast to the case of the resorufin where the
relaxation time normalized to the solution viscosity increases
in DMSO and methanol solutions (see Figure 6).

These results show that the change in the rotation time is not
controlled by the viscosity of the solution alone. Other factors
contribute to the observed dependence tgf on the salt
concentration. In electrolyte solution electrostatic interactions
can play an important role. The dielectric properties of the
solution (Debye relaxation times and the dielectric constant
€s) and local structureg(r)) depend on the salt concentration
and so the solute dynamics will be affected by their change.
One approach to describing the dependence of the solute
dynamics on the dielectric properties of the solvent is to use a
dielectric continuum model for Fhe f.”C“O”a' coupling. Sl.JC.h & structural features of electrolyte and/or solvent is required.
model for the rotational relaxation timg, leads to an explicit . . . .
dependence of the relaxation time on the dielectric parameters, An earlier study for resorufin in salt solution attributed the

of the solution. This dependence is approximately givedt By increase |n_t_he rotat|onal_relaxat_|o_n time to the formatlo_n of
resorufin-Li ion pairs, which exhibit much longer relaxation

times than the free solufé. By choosing a cavity radius that

———7 = S (4) accounted for the size of the ion palDMSO complex, the

(2e,+1) continuum model provided reasonable agreement with the
experimental observations. Because of the importance of ion

A continuum model is expected to be reasonable when the localPairing in the resorufin system, and its possible importance for

solute-solvent interactions are weak compareckioand the the thionine studies, the role of ion pairs was investigated for

solvent does not have long-range structure. Figure 5 plots thethe thionine.

rotational relaxation times normalized I3/(see eq 4). It can C. Characterizing the lon Pair. The conductivity of

be seen from this plot that the relaxation time of cations thionine chloride solution and its dependence on salt concentra-

correlates well with the dielectric parameters. This observation tion were measured to determine the association constant of

suggests that electrostatic interactions dominate the dynamicsthe salt. Using the Ostwald Dilution law and Kolrausch’s 3aw

of the cationic solute in electrolyte systems. On the contrary, one can estimate the association congtarfor the association

the rotational relaxation time of resorufin normalized by the reaction thi + ClI- =thnCl. Both these models are appropriate

dielectric parameters increases with the electrolyte concentra-over the concentration range of #8-10~4 M. The fraction of

Figure 6 plots a renormalized rotational relaxation time versus
electrolyte concentration. In this graph the viscosity normalized
relaxation timez/n is divided by the viscosity normalized
relaxation time in the pure solvenry/no. This renormalization
scales the data so that resorufin and thionine may be directly
compared. The renormalized relaxation titnereasesby a
factor of 2 for the resorufin anion ardkcreasesdy over 40%

for thionine cation. Thus, the trends for the normalized
relaxation times of the cation and the anion are in opposite
directions. This trend is similar for all the DMSO electrolyte
solutions studied. These trends are smaller for the data in the
methanol solvent, but still evident. The same trends can also
be identified in the data obtained in earlier wérk.Clearly, a
continuum based model will not be able to account for this
qualitative difference in behavior. Rather, a model that includes

e,—1
Tor
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free thionine,Yy, and ion-paired thionineY;, were estimated

assuming coupled equilibria for Cln the solution (Li + CI~

= LiCl and thn" + CI~ = thnCl, see Table 2). By using an

association constant for LiCl of 10 M, the conductivity data

show that the association constant for the thiori@&ion pair

is 5 M~L. This equilibrium constant predicts about 25% ion

pairs at a 1.0 M concentration of LiCl. A lower limit on the

lifetime of the ion-paired thionine was evaluated by using the

Smoluchowski model, which assumes that the ion pair forms

without any activation barrier when ions encounter each dtHer.

The estimated lifetime of the ion-paired thionine is about 300

ps, which is comparable to the rotational relaxation time of the o o

free thionine. Hence conductivity measurements show that a t (ps)

noticeable ion pairing occurs for the thionine case and could

play a role in the rotational relaxation. Figgre 7 Rotationgl c_orrelation_fuqctior@g(t) are s_hown for t_hionine
The ion pairs were also studied via electronic structure ab (solid trlang!es)z thlonlne'CI (solid circles), resorufin (open triangles),

initio calculations. To find the possible ion-pair configuration, and resorufirrLi (open circles).

the potential energy landscape for the thiori@ complex was Table 3. Rotational Relaxation Times Calculated from MD

explored invacua These calculations revealed the existence Simulations in DMSO Solvent

of a global energy minimum. The geometry of the correspond- solute Zor (PS)

ing complex was further refined by standard geometry optimiza-

. . L . resorufin 6
tion. The association energy pf the thlomr@ and resorufir- resorufin lithium 40
Li complexes in DMSO solution were estimated as thionine 50
_ vac DMSO DMSO DMSO thionine chloride 20
AGass_ AGcmplx + AGcmplx - AGsolute - AGion (5)
whereAGgq,, (with cmplx being the complex thionireCl or possible geometries and stoichiometries of the solute molecule
resorufin-Li) is the free energy change for the creation of the with the salt ions and the solvent molecules may exist
ion pair in a vacuum and simultaneously in the solution. Each of these species can have
AGPMSO A GDMSO oy A GDMSO different relaxation times. While the OHPS experiment probes
cmplx + A Osolute s &N ion an effective rotational relaxation that is averaged over all the
are the corresponding solvation energies for the complex, the SPECies, the MD method may be exploited to study relaxation
vac properties of the free and ion-paired molecules in DMSO

solute, and the ion. The ion pairs free enelyB;y,, was
estimated by an ab initio electronic structure calculation in a
vacuum at the HartreeFock level with a 6-311G basis set. The
solvation energies were calculated with the DelPhi progfam.
This program uses a continuum dielectric and numerically solves
the Poisson equation for the electrostatic potential. The solvent
was modeled as a continuum dielectric medium with the = (1)1
dielectric constant = 47. The other parameters in the model C,(t) = Py(u(t)-a(0))

were the radius of a solvent molecute € 2.4 A) and the van  cajculated from the MD data on free and ion-paired solutes.

solution separately from each other.

The MD simulations of the ion-paired resorufin and ion-paired
thionine in DMSO are compared with MD data on the free
resorufin and thionine which are reported in detail in ref 15.
Figure 7 shows the rotational correlation functions

der Waals radii of the solute’s constituent atorRs € 2.3 A, P,(X) denotes the second rank Legendre function At is
Ri=125AR,=17AR=19AR=19AR; =125 the solute’s dipole moment vector. The analysis of the
A R =24 A). o correlation functions revealed that the resorufin correlation
The free energhGasswas found to be 7 kT for the thionire  function decays exponentially with time, while the rest of the
Cl and was found to be-17 KT for the resorufirLi ion. solutes exhibit multiexponential relaxation. It was shown in

Despite the low level of the computational methods and the ref 15 that free resorufin does not experience prolonged solvent

poor quantitative agreement with experiment, these calculationsattachment in DMSO solution but free thionine attracts several

agree qualitatively with the experimental observation. Namely, pmMSO molecules by its Nkigroups. The thionineDMSO

the association constant measured for the lithiusorufinion  complex had a lifetime comparable with the characteristic time

pair is larger than that measured for the thiortegloride ion of the thionine relaxation in the MD simulation.

pair. Therefore the fraction of ion pairs formed by resorufinis  The relaxation times of the four species were calculated from

greater than the fraction of ion pairs formed by thionine at the the MD trajectories as

same electrolyte concentration. For comparison, the measured

association constants predict that the fractions of the ion pairs . = fC (t) dt

formed by thionine and resorufin in 1.0 M LiCI/DMSO solution or 2

are 25% and 88%, respectively. Thus, the dynamics of the The calculated values of, are provided in Table 3. The

solute is determined largely by the rotation of the ion pairs in relaxation times obtained from the simulations are several times

the resorufin case, while it is less clear how important ion pairing smaller than those measured experimentally. The reasons for

is for the rotational relaxation of the thionine. this difference in absolute value and a discussion of the MD

method’s deficiency in the quantitative description of the

collective dynamical properties of the system are discussed

elsewherd® A comparison of the,, values from the MD with
Molecular dynamics simulations provide a means to explore the experimental values demonstrates that the simulation

the molecular details of the solutsolvent interactions. Several reproduces the correct trend in the rotational relaxation times

IV. Molecular Dynamics Analysis of the Resorufin and
Thionine Rotational Relaxation
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Figure 8. Distributions of the DMS®-solute complexes with different ~ molecules are indicated on the corresponding plots.
solute atoms: (A) for resorufiaLi, (B) for thionine, and (C) for

thionine=ClI. ion pair serves as an association site. It is this feature of the

resorufin ion pair that causes the large increase in its rotational

of the dyes in pure DMSO. Resorufin has the smallest rotational relaxation time over that for resorufin in DMSO. A charac-
relaxation time. Thionine rotates much more slowly than teristic geometry of the resorufifithium/DMSO complex is
resorufin. Furthermore, the relaxation time of the resordfin ~ shown in Figure 9. Three DMSO molecules arrange themselves
Li ion pair is significantly longer than that of free resorufin. In  into the indicated geometry during the MD run. For any
contrast, the relaxation time of the thionine chloride ion pair is particular DMSO molecule the residence lifetime in the complex
smaller than that of free thionine. ranged from 200 to 1000 ps. The time evolution of the distance

The origin of these trends in the normalized relaxation time between the O atom of the associated DMSO molecules and
becomes evident upon performing a detailed analysis of the the Li* ion is shown over an 800 ps time span in Figure 10.
solute-solvent interactions. In each case pronounced differ- The typical distance between the oxygen atom of an associated
ences in the ability of the solute molecules to associate with DMSO molecule and L was about 2 A. Two sites in the
DMSO are revealed. To perform a detailed analysis it is complex were continuously occupied by the same DMSO
necessary to define a soluteolvent complex. The criterion  molecules throughout the trajectory. The third site in the ion
chosen to define a solutesolvent complex is that the oxygen pair—solvent complex was occupied by three DMSO molecules
atom of a DMSO molecule must reside in close proximity (less interchangeably (see Figure 10). The dramatic increase in
than 4 A) to an atom of the solute for a time longer than 20 ps rotation time of resorufin in the presence of the LiCl salt was
during the course of the MD trajectory. Figure 8 shows a explained earli€f® in terms of the ion pairing of resorufin and
histogram of the number of such solvent association events asLi™ in Rf/LiCI/DMSO solution. The MD results support the
a function of the solute atom site. idea that the complexation of DMSO around the resorufin

Itis clear from Figure 8A that the resorufitithium ion pair ion pair results in a dramatic increase in the rotational relax-
attracts DMSO molecules via the'Lion; i.e., the Li" of the ation time (40 ps for the ion pair vs 6 ps for the free resorufin
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solvent does not dramatically change the rotational relaxation

0 T 73 T
% | tn7NH2-ODMSO & gop M7NH2-ODMSO time. First, it is clear that fewer ion pairs are formed as
%‘ 60 A Eg-’- 60 B compared to resorufin at similar electrolyte concentrations.
° 8 ( Second, the association of Glith thionine occurs at a DMSO
s 40 = 4 association site. For this reason (the ion pair displaces a DMSO
2 20 { £ 20 molecule), the rotational relaxation of the ion pair is not that
g _~ 2 “lll—-mn. different from the thionine associated with DMSO. A change

0 20 40 60 0 20 40 60 in the longer range solutesolvent interaction with electrolyte

v (po) % (Ps) concentration also occurs, but the change in dielectric parameters

Figure 11. Plots of the distribution of lifetimes of the DMS&solute s able to mimic this effect reasonably well. The resorufin case
complexes: (a) for thionine and (b) for thionine-Cl. is qualitatively different. The free resorufin in the pure DMSO

. ) . ) does not associate with the DMSO. When LiCl is added to the

in the MD solvent). This static regime for the effect of solvent | tion, the resorufin strongly associates with theioh. The

association is consistent with ideas concerning the use _of asubsequent strong attachment of several DMSO molecules to

hydrodynamic volume to account for the size of the rotating e jon pair creates a long-lived structure in the solution. The

body and hence its enhanced friction in associating systms. 5qgition of the salt into the solvent causes a qualitative change
In the case of the thionine and thionin€l ion pair, the effect iy the character of the solutesolvent interactions. To suc-

of the thionine and Cl association is opposite to the resorufin cessfully apply a continuum model formalism to resorufin in

Licase. The thionineCl ion pair rotates somewhat faster than - pyiso/electrolyte solution, one must consider the resorufin
the free solute. Figure 8B shows that two DMSO association | i+/pMso complex as a whole entity because its lifetime is

sites are supplied by the thionine molecule. These sites are thqOng compared to the rotational time scale.
NH> side groups. The Clion by itself does not interact strongly .
with DMSO solvent. Moreover, when it occupies the side V. Conclusions
adjacent to one of the two Nthionine side groups to form an In this work, spectroscopic experiments, conductivity mea-
ion pair, it blocks the DMSO molecules from associating at the syrements, and MD simulations of the rotation of ionic
site. In Figure 8C the peak on the right-hand side is lower than molecules in electrolyte solutions have been used to investigate
the one on the left-hand side, which indicates thatthe §tHup  the mechanisms of solutsolvent interactions. The experi-
occupied by the Cl associates less strongly with DMSO than  mental data show that the solute rotational relaxation time
does the vacant site. Thus, the Gbn reduces the extent of  increases as the salt concentration rises, in the case of both
local solute-solvent attractive interactions. . thionine and resorufin. The increase of the relaxation tigae
The character of thionine’s interaction with the solventis very is more significant for the anions than the cations. A plot of
different from that of the resorufin ion pair. Figure 11 presents the normalized rotational relaxation time vs electrolyte concen-
the distribution of the lifetimes for DMSO molecules associated tration (Figure 6) reveals significant differences between the
with thionine and the thionineCl complex. In this case, @ pehavior of the organic cations and anion studied. While the
complex was defined as present when the O atom of the DMSOnormalized relaxation time increases dramatically with the
was withn 4 A of thesolute atom. Although the decay of the  glectrolyte concentration for resorufin anion, it decreases with
histogram is nearly exponential, several long-lived complexes glectrolyte concentration for the cations, thionine and cresyl
can be identified. Even considering these few longer lifetime yjget.
complexes, it is ewdent that the time scale for thg dissociation  Theoretical analyses of the experimental data were performed
of a solvent complex is shorter than the 50 ps time scale for with both continuum and molecular models. It was concluded
the thionine’s rotational relaxation. In short, a dynamical that the formation of an ion pair for resorufin causes a change
equilibrium exists between the solvent associated thionine andin the local structure of the solvent around the solute, in
the free thionine on the rotational time scale. particular the strong coordination of the DMSO molecules with
Another aspect of the system’s properties is that the neutral the resorufin-Li ion pair. The continuum model, appropriate
thionine-CI complex experiences weaker long-range interac- for the case when the local interactions are weak, fails to
tions with the polar solvent than does the positively charged describe the dynamics of the anion in DMSO/electrolyte
thionine. For example, the dielectric friction term calculated sgjution. The slow relaxation of the resorufiti ion pair can
by the AW formul&® is smaller for thionineCl than for  pe satisfactorily explained if the molecular complex formed in
thionine. Both effects, short-range soltMSO interactions  the solution is treated as one rotating unit of a size larger than
and the long-range collective relaxation, contribute to a faster that of the free molecule, as done in ref 8. For thionine, the
rotational relaxation for the thionireCl as compared to  sjtuation is different. In pure DMSO solution, the MD
thionine. This change in the long-range interactions also appliessimulations reveal that the DMS@hionine association is
when comparing the resorufiriithium ion pairs with resorufin. - sjgnificant and it causes an increase in friction relative to the
However, the impact of this effect on the rotational relaxation free resorufin in DMSO. This observation is consistent with
time is smaller because of the large increase in the rotationalthe longerr,, values measured for thionine. The experimentally
relaxation time that results from the high mechanical friction gpserved decrease in the normalized relaxation time with
of the large resorufirlithium/DMSO complex. electrolyte concentration reflects a correlation of the rotational
These insights from the MD studies provide an answer {0 yejaxation time on the dielectric properties of the solution. This
the question, “Why does the experimentally observed salt trend occurs despite the presence of thioniGion pairs in
dependence of the rotation relaxation time for the thionine spjution. The MD simulations show that the rotational relax-
correlate with the solution’s dielectric parameters, but that for ation of the thionine-Cl ion pair is faster than that of the free
resorufin does not?” For thionine, the change in the local thionine (Figure 7 and Table 3). Both the change in dielectric
solvent-solute interactions as salt is being added to the DMSO parameters with electrolyte concentration and ion pairing
(36) (a) Spears K. G.; Steinmetz K. M. Phys. Chem1985 89, 3623. contribute to a decreasing normalized relaxation time for the
(b) Zwanzig, R.; Harrison, A. KJ. Chem. Phys1985 83, 5861. thionine in LiCI/DMSO solution.
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