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Molecular dynamics simulations and fluorescence anisotropy decay measurements are used to
investigate the rotational diffusion of anthracene in two organic solvents—cyclohexane and
2-propanol—at several temperatures. Molecular dynamics simulations of 1 ns length were
performed for anthracene in cyclohexaga€280, 296, and 310 )¥and in 2-propanolat 296 K. The
calculated time constants for reorientation of the short in-plane axis were 7—9 and 11-16 ps at 296
K in cyclohexane and 2-propanol, respectively, in excellent agreement with corresponding
fluorescence depolarization measurements of 8 and 14 ps. The measured rotational reorientation
times and the calculated average rotational diffusion coefficients varied in accord with Debye—
Stokes—Einstein theory. Their magnitudes were close to values predicted for an ellipsoid of shape
and size equivalent to an anthracene molecule, and exhibited predictable variation with external
conditions—increasing with temperature and decreasing with solvent viscosity. However, analysis
of the calculated rotational diffusion coefficients for the individual molecular axes gave a more
complex picture. The diffusion was highly anisotropic and changes in temperature and solvent type
led to nonuniform variation of the diffusion coefficients. The nature of these changes was
rationalized based on analysis of variation of solvation patterns with temperature and solvent.
© 1997 American Institute of Physids$0021-960807)51945-3

I. INTRODUCTION resonancéNMR) spectral parametePs®—*8Finally, the ad-
vent of computer simulations has opened the door to direct
valuable information on molecular motions in liquids, prob- simglations of diﬁusign,_whigh enable.both validation of the-
ing mobility, interactions, structural transitions and chemical©retical models and insight into atomic-level phenomena re-
reactions:® The rotational relaxation of fluorescent and spin SPOnsible for experimentally observed effects.
probes is also an important tool in studying structure and Numerous simulations of translational and rotational dif-
dynamics of macromolecular systems, such as proteins dgsion in molecular systems have been performed, on sys-
membrane&-12 For these reasons molecular diffusion hastems ranging from pure liquid® *'to proteins?? The major-
attracted significant scientific interest, and has been the ofity of the previous simulations focus on pure liquid systems,
ject of numerous theoretical, experimental and simulatiordvantageous for their relative simplicity and enhanced sam-
studies. pling. Only a small number of studies, using relatively short
Investigations of molecular diffusion follow several simulations, have been performed for solutiéfig?

paths. One path involves use of hydrodynamic theory and the In this article we present a systematic study of the rota-
relationship between diffusion and frictidf:'” Rotational  tional diffusion of anthracene in organic solvents. In the
diffusion coefficients for molecules modeled as regular geocomputational part of the study we calculate the rotational
metric shapes moving through a continuous viscous mediumgiffusion coefficients from 1 ns length molecular dynamics
were given analytically for spherésand triaxial ellipsoids  simulations of anthracene in cyclohexata 280, 296, and
under stick condition$>*° Numerical results were obtained 310 k) and isopropanalat 296 K. Cyclohexane and isopro-
for .t.)IaXIa3|221"‘22 and triaxial ellipsoids under slip pangl have been chosen as examples of an alkane and an
conq|t|onsz. " Translational diffusion coefficients were de- 5iconol solvent, differing not only in room temperature vis-
ter_mm_edg zgmalytlcal_ly for a sphefe and a triaxial cosity but also in shape, size and self-interactions. Our study
ellipsoid> ‘”?der stick conditions. Mare recently Pumencal is designed to uncover the role of these different properties
results for grbltrary shape; haV(_e als_o been qb_ta%ﬁéaAn- on the details of anthracene rotational diffusion. We use sev-
other path involves extracting diffusion coefficients from ex- . . :

eral different calculation methods to obtain both the average

perimental observables, such as quorescenc%. . e
. 3031 1 a0 a3 - iffusion constants and diffusion rates around each of the
depolarizationt®3! light scattering®*® forced Rayleigh ) . .
molecular axes. In each simulation we also determine the

scattering®* electric birefringenc® and nuclear magnetic . : o
g g g average three-dimensional solvent distribution around the

anthracene molecule. In the spectroscopic part of the paper

dCurrent address: NIH, NIDDK, Bldg. 5, 9000 Rockville Pike, Bethesda, we present fluorescence anisotropy decay measurements for
Maryland 20892. . .

PAuthor to whom correspondence should be addressed; electronic maiﬁ"mhrac.ene 'n. the same solvents as Wer'e em_ployefj in the
kuczera@tedybr.chem.ukans.edu simulations. Finally, we compare the detailed simulation re-

Translational and rotational diffusion studies provide
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sults with hydrodynamic theory predictions and with fluores-fluorescence photons and the stop pulse from the a laser ref-
cence anisotropy decay measurements. erence pulse. The instrumental response was characterized
The simulated decay times for reorientation of the tran-by a full width at half-maximumFWHM) of about 20 ps.
sition dipole axis are in good agreement with experimental Zone-refined99% anthracene was purchased from Al-
data in previou®*>*®and in the present work. Also, the drich and used as received. Spectral grade solvents 2-
calculated variation of average diffusion coefficients withpropanol (99.9%9 and cyclohexan€99%) were purchased
solvent viscosity and temperature is in accord with simplefrom Aldrich and showed no evidence of significant fluores-
hydrodynamic theory. Additionally, our simulations indicate cence under our experimental conditions. These solvents
that changes in temperature and solvent type lead to nonunivere bubbled with nitrogen gas for 40 min prior to use.
form variations of the diffusion coefficients along the indi- Concentrations of anthracene solutions were kept below 1
vidual molecular axes. The nature of these changes is ratio< 10 > M to reduce the possibility of self-quenching.
nalized based on analysis of variations of microscopic  The initial anisotropy of anthracene with 365 nm excita-
solvation patterns. tion was found to be 0.198 in propylene glycol-atl5 °C.
Anthracene is a chromophoric model compound whichPolarized fluorescence decay curves were collected sepa-
has been extensively studied. Numerous spectroscopic amdtely and tail-matched by collecting until the same signal
theoretical investigations of the ground and excited statevas acquired over a time range in the tail of each decay
have been carried out in order to understand the photophysvhere the fluorescence depolarization was essentially com-
ics of anthracen&~%°The rotational motion of anthracene in plete. The parallel and perpendicular curves were then de-
organic solvents has previously been studied with IR/UVconvoluted simultaneously by nonlinear least squares with
double resonanc®, depolarized light scattering and fluores- the Levenberg—Marquardt algoriththAll data were fit with
cence anisotropy decdy. one fluorescence lifetime~4.7 ns) and one rotational cor-
Our study, by providing new microscopic details, theo-relation time, with the initial anisotropy fixed at a value of
retical analysis and experimental data, is aimed at improvin@.198. Two or three fluorescence depolarization scans were
the basic understanding of molecular diffusion of anthraceneollected for each solvent and temperature, yielding indepen-
in particular and also of related probe molecules. Our resultdent measurements of the correlation time. Uncertainties in
suggest that the simple behavior of the average rotationdhe rotational correlation times, as estimated from the vari-
correlation time, often observed for probe molecules such aance of the data with the Studentcorrection at the 90%
anthracen® may disguise interesting and informative varia- confidence limit, weret 6 ps or less. The rotational correla-
tions in the rotational diffusion coefficients for specific mo- tion times determined in this way also depend on the value of
lecular axes. These variations may reflect specific solutethe initial anisotropy. An uncertainty of 0.01 in the initial
solvent interactions and the microscopic effects of solvenanisotropy value introduces an additional uncertainty of
structure. Our results should be a helpful reference for anaabout+5 ps in the rotational correlation times, resulting in a
lyzing experimental and simulation results of tethered chronet uncertainty of+8 ps or less. However, the rotational
mophoric probes. Our study of the relatively rigid anthracenecorrelation time determined for each solvent and temperature
system is also a good starting point on the way to simulatings affected in the same direction by variations in the value at
diffusion of more complex, flexible systems of biological which the initial anisotropy is fixed. Consequently, the un-

interest, such as peptides. certainty in the initial anisotropy does not affect the relative
variations in rotational correlation times with solvent and
1. METHODS temperature.

A. Fluorescence anisotropy decay measurements

In the fluorescence depolarization experiments reporteg' Force field parameterization

here, pulses at 730 nm were generated by a cavity-dumped The cHARMM program (Version 22 was used in the
rhodamine 700 dye laser, which was synchronously pumpesimulations® with the version 22 all-hydrogen topology and
by the second harmonic from a Nd:YAG las@@oherent parametef¥ in which all atoms are treated explicitly. For
Antares. Cavity-dumped pulses at a repetition rate of 3.975anthracene all carbons were assigned to the existing
MHz were frequency-doubled in a BBO crystal to provide ancHARMM aromatic carbon type CA, and all hydrogens to the
excitation wavelength of 365 nm. The excitation beam wasxisting type HP? This assignment defined all force field
focused near the front face of a 1.0xh.0cm quartz parameters for internal strain and van der Waals potential
sample cell by a 10-cm lens. Emission photons collected agnergy terms. Atomic charges were obtained from the Mul-
90° were passed through a polarizer and a polarizatiotiken population analysis of the HF/6-31@ptimized D,
scrambler, focused into a subtractive-dispersion doublstructure of anthracerescaled down by 0.9 to correct for
monochromator(American Holographic DB-10 and de- systematic errott®? With these parameters, theHARMM
tected by a microchannel-plate photomultiplier tubeoptimized geometry of anthracene is found to be in good
(Hamamatsu R3809UFIluorescence decay profiles were ac-agreement with the crystal structure, with bond length devia-
quired by time-correlated single photon countiiignnelek,  tions below 0.02 A and bond angle deviations below 2°. This
with the time-to-amplitude convertéTAC) operated in re- structure and our convention for labeling anthracene molecu-
verse mode, i.e., the TAC start pulse was derived from théar axes are described in Fig. 1.
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FIG. 1. Geometry of anthracene and molecular axis system. Bond lengths in angstrom, angles in degrees.

For cyclohexane the existingHARMM aliphatic carbons the bonds involving hydrogen atoms, allowing usea@® fs
(CT2) and hydrogen$HA) were used with the standard ali- time step®’ In energy calculations a 12.0 A atom based non-
phatic charges-0.18 of on methylene carbons and 0.09 onbonded cutoff distance was used, with a switching function
hydrogens(all atomic charges are in atomic unit$or 2-  between 10.0 and 12.0 A for van der Waals terms and a shift
propanol thecHARMM topology, parameters and atomic function at 12.0 A for electrostatics in order to eliminate
charges from the threonine sidechain were used; with atordiscontinuities due to the cutoff. Each simulation system was
types CT1 for the CH carbon, CT3 for the methyl group prepared by energy minimization, 10 ps of heating by ran-
carbons, OH1 for the hydroxyl oxygen, HA for the aliphatic dom velocity assignments at stepwise increasing tempera-
hydrogens and H for the hydroxyl hydrog&hThe atomic tures and 10 ps equilibration at the target tempera28e,
charges were 0.14 on CTL 0.66 on OH1, 0.43 on H, 296, and 310 K in cyclohexah@nd 296 K in 2-propanol,
—0.27 on CT3, and 0.09 on HR. The properties of pure followed by 1 ns trajectory generation. The Verlet algorithm
liquid cyclohexane and isopropanol modeled by these paranwas used for integration of equations of motion in all
eters are in good agreement with with experimental ffata. simulations®® Periodic boundary conditions were applied

and the simulation conditions corresponded to the microca-
C. Molecular dynamics simulations protocol nonical ensemble. The average temperature fluctuations were

E 1 ns traiectori ted di t4 K'in all four 1 ns trajectories. Coordinates and velocities of
our 1 ns trajectories were generated, corresponding 8y ooms were saved every 0.05 ps for analysis.

anthracene in cyclohexane at 280, 296, and 310 K, and an-
thracene in 2-propanol at 296 K. The initial structure of an-

thracene was t_aken from_ tleHARMM optimized geometry. D. Rotational diffusion analysis

Truncated cubic cells with 108 cyclohexanes and 153 2-

propanols were equilibrated at 296 K and constant volume, Rotational diffusion coefficients of anthraceig,, were
with densities corresponding to 1 atm press(densities calculated using four methods, based on reorientation of the
used: 0.7785 g/ct for cyclohexané? 0.7855 g/cmi for ~ molecule as a whole, reorientation of the individual molecu-
2-propandi®). After replacing one solvent molecule with an- lar axes and angular velocity correlation functi¢AYACF)
thracene and correcting for the difference in molecular volin the laboratoryLAB) and moleculatMOL ) frames. In the
ume between solute and solvent at 296 K, the cyclohexanst method the expressihD,=(A 6?(t))/6t was used,
solution system thus contained one anthracene and 107 cjthereA6(t) is the angle of rotation of the molecule-fixed
clohexane molecules in a truncated cubic cell based on #ame during timet and(...) is an average over initial posi-
cube of side 33.8366 A, while the isopropanol system contions. The reorientation angle between two anthracene struc-
tained one anthracene and 152 isopropanol molecules in tdres was calculated by overlaying them in the root-mean-
cell based on a cube of side 33.8966 A. ThearMM van  Square sense using tiiARMM program:® We calculated
der Waals volume of anthracene (228)Awas used in the D; from the slope of A 6%(t)) in its region of linear behav-
correction. An analogous procedure was performed for théor, 5—40 ps.

cyclohexane simulations at 280 and 310 K; using pure cy- In the LAB AVACF method, the angular velocity time
clohexane densities of 0.7905 and 0.7625 §/€respec-  Seriesa(t) of rotation around the anthracene CM is calcu-
tively led to simulation cells based on cubes of 33.5318 A atated from the trajectory ass(t)=I(t) " '-L(t), where

280 K and 33.9387 A at 310 K. In all molecular dynamicsl(t)‘1 is thg inverse of the instantaneous moment of inertia
(MD) simulationsSHAKE constraint®® were introduced on tensor andL(t) is the angular momentum relative to the
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molecular CM. The diffusion coefficient is then calculated L(O—=1,(t) 2
; 0,71 =7 7 _Z
from the integral as follow$’ r (012,05 C(1), (4)
1 (~ . . . . .
Dr=§ J dt(&(0)- @(t)). (1) Wh_ere_l ; andl, are the intensities of emitted light with po-
0 larization parallel and perpendicular to that of the exciting

pulse andC,(t) is the correlation function of the emission
dipole axis. Similar expressions hold for methods based on
linear dichroism and transient absorption.

Assuming that anthracene reorientations have diffusional
aracter and the molecular axes are also principal axes of
ffusion tensor, for transition dipoles oriented along the
or z we expect a biexponential decay fog: ¢

The calculatedD, values exhibit some dependence on
the upper limit7, of the integral. To eliminate this depen-
dence, the average value of the integral fpbetween 5 and
15 ps was used. This choice was based on analysis of th
data: the calculated AVACF tended to fluctuate around zer§ 2@
for times above 3 ps; the AVACF evaluated separately fromthe di
the two halves of the simulation tended to become uncorreX ¥
lated for time longer than 5 ps; finally, for times longer than Czyi(t)=aie*<6Dr*2A)t+ bje (6Dr=28t  j=xy 7 (5)
5 ps the calculated integrals tended to fluctuate around stable ) ) o .
values. In the MOL AVACF approach, the anthracene anguyvhereDr is the average rotational diffusion coefficient,
lar velocity time series was transformed to the MOL frame,p = (D2 + Dr2y+ D2,-D,,D, y~D; D ,—D,,D, )12
defined by the principal axes of the instantaneous moment of ' ’ ’ B o )

inertia tensoil (t). This allowed the calculation of rotational

diffusion coefficients along individual molecular ax8<? is a measure of the anisotropy, and the fac@rsb; are

functions ofD, ,, D, y, andD, ,. The inverses of exponents

B o in the above equation are often called the rotational relax-
Dri= Jo d¥wi(0) wi(1)), i=xy.z @ ation or reorientation times
as well as their average, = (D, x+ D, y+D, ,)/3. In all the 1 1

T1 T2 (7)

calculation methods above, the statistical errors of the diffu-
sion coefficients were estimated as the standard deviation of )
the mean of values obtained by dividing the trajectory into/nterestingly, the two exponents are the same for all three
ten consecutive fragments. axes, only their c_ontrlbuuons_ to,@iffer. If one of the co-
Rotational diffusion coefficients of anthracene were alscfficientsa; or b; is small, a single-exponential decay of C
derived from correlation function€;(t) for the reorienta- Ma&Y be observed, even if both timeg and 7 fall into the

tion of molecular axesj=x,y,z. For a unit vectorn ©xperimentally accessible time range. . _
=(ny,ny,n,) rotating with the molecule we defin€(t) In order to enable direct comparison with experimental

=(n(0)-n(t)). For a molecule of high symmetry, such as data, we have calculated the correlation functi@g(t), i
anthracene, we expect that the principal axes of the moment %¥,Z for the principal axes of the instantaneous moment

of inertia and diffusion tensors will coincide. We thus evalu-©f inertial tensorl(t) of anthracene. In order to minimize
ate the time series of the principal axis directions of the@mbiguities inherent in fitting noisy data to multi-parameter

anthracene molecule (t), i=x,y,z, and evaluate their cor- functions, we used the following fitting procedure to extract
relation functionsCy;(t). In this case rotational diffusion tme constants and weights for each axis. First we deter-

"6D,+2A° 27 6D,—2A°

theory predicts th&# 73 mined the longer relaxation time, and its weight (1 a)
CabD i from the long-time part oC,;(t), t>ty; the cutoff timet,
Cyi(t)=e @Bt i=xy,z. (3 was based on the average estimate,dfom the other meth-

The calculatedC,;(t) functions were fitted to single- ods presented in Table I f_;lnd was 30 ps for cyclohexane at
exponential decays and the rotational diffusion coefficient€96 and 310 K, 60 ps for isopropanol at 296 K and 100 ps
around the individual molecular axé, ; derived from the ~for cyclohexane at 280 K. We then determinsdby fitting
exponents. The statistical errors of the exponents derivell’® WholeCz;(t) data to a two-exponential functioy(t)
from theC,,(t), correlation functions were estimateditbe =ae "+ (1-a)e "2, with a and 7, fixed at the previ-

[27, I T, Where 1#,=3D,—D, ; and T,y is the total simu- ously determined values. To check the quality of the fit, we
lation time®® The errors oD, ., D, ,, andD, , were esti- also calculated effective correlation timesby integrating

mated by error propagation. the C,;(t) functions,r=ar;+ (1—a)r,. Within each of the
simulation the shortest effective relaxatiog, was forC,, ;
the longest effective relaxation,,x was forC,, in cyclo-
hexane and foC,, in isopropanol. The times,;, and 7y,
were essentially identical to the; and =, values, respec-
Experimental methods for studying rotational diffusion tively, as obtained from fitting. Only in the 280 K cyclohex-
measure quantities related to the second order correlaticeine simulation were significant deviations between these two
function C,(t)=((3[(n(0)-n(t)]>—1)/2),’* where n  sets of data found.
=(ny,Nny,Nn;) is a vector rotating with the molecule. For ex- We also used the individual diffusion coefficieri®s
ample, the fluorescence anisotropy decay for parallel absorf®, ,, andD, , determined from fitting the€, (t) correlation
tion and emission transition dipoles is given’b{? functions and the MOL AVACF in conjunction with the

E. Calculation of rotational relaxation times
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TABLE I. Average rotational diffusion coefficients of anthracene in cyclohexah280, 296, 310 Kand in 2-propanofat 296 K). Diffusion coefficients are
in rac?/ps.

Average:D, Theory
Temperature
Solvent (K) CM rot? LAB AVACF®  MOL AVACF® c,¢ sph B C D
Cyclohexane 280 0.0640.002 0.005:0.002 0.01@-0.003 0.0030.002  0.0024 0.007 0.009 0.013
296 0.012-0.002 0.01%0.003 0.0170.004 0.0180.002  0.0033 0.009 0013 0.018
310 0.014-0.004 0.016:0.003 0.01&0.003 0.013:0.002  0.0044 0.012 0.017  0.024
2-propanol 296 0.0060.002 0.00%0.002 0.01%0.002 0.0020.002  0.0014 0.004 0.006  0.008

aCM rot. Center of Mass Rotation.

PLAB AVACF angular velocity autocorrelation function in the laboratory fixed frame.

‘MOL AVACF angular velocity autocorrelation function in the molecular fixed frame.

dC, autocorrelation functions in the molecular frame; sph sphere with stick boundary conditiasymmetric ellipsoid1.0:0.6:0.3 with slip boundary
condition; C asymmetric ellipsoid1.0:0.7:0.3 with slip boundary conditionD asymmetric ellipsoid1.0:0.7:0.4 with slip boundary condition.

formulas’® to obtain separate computational estimates,of  the isopropanol simulation the molecular dimensions found
7, and the weightsa, ,b;. Finally, to correlate our results were 13.1, 9.1, and 4.6 A along the three principal axes,
with theoretical models of rotational diffusion, we used thecorresponding to an axis ratio of 1.00:0.69:0.35. In all three
predicted values ob, ,, D, ,, andD, , for a triaxial ellip-  cyclohexane trajectories the dimensions were 12.9, 9.0, and
soid under slip conditiofé?* to obtain relaxation times 4.9 A, corresponding to an 1.00:0.70:0.38 axis ratio. The
based on hydrodynamic theory. excluded volumes from the four simulations fell in the 310—
340 A® range. Due to the irregular shapes of the cavities
occupied by anthracene and the relatively low average num-
ber of counts per bin on a 0.2 A grid, more precise results are
The three-dimension&BD) distribution of the solvent difficult to obtain. However, several trends may be found.
molecules around anthracene was analyzed by repeating tiFérst, the ellipsoid models of molecular shape are qualita-
following procedure for each trajectory fram@) generating tively similar in excluded volume and van der Waals calcu-
positions of all solvent molecules within 15 A of the anthra- |ations, with the former having 10%—20% larger dimensions,
cene solute, including image molecules if needblprient-  and ~50% higher volumes. This is in agreement with ex-
ing coordinates of all the atoms to the principal axis systenperimental findings that partial molar volumes of nonpolar
of the instantaneous moment of inertia of the solute, @hd solutes are generally significantly higher than their van der
counting and accumulating the distribution of solvent atomswaals volumeg® Second, the largest, and thus most signifi-
(or alternatively: solvent centers-of-mass a 3D cubic grid  cant, shape change in the excluded volume results is the
of 1 A side within a range of- 15 A from the solute center. decrease of the cavity dimension perpendicular to the anthra-
Comparing the number of counts to that expected for a purgene plane in isopropanol relative to anthracene.
solvent with known molecular volume provides a graphical
representation of regions of enhanced or diminished solvent
density.

F. Solvent distribution analysis

Ill. RESULTS AND DISCUSSION
G. Estimates of anthracene size and shape A. Average diffusion coefficients

We used two methods to estimate anthracene size and The calculated rotational diffusion coefficients of anthra-
shape, based on the van der Waals volume and excludemne in solution are given in Tables | and II. Four different
volume. UsingcHARMM van der Waals radif we obtain  methods of calculating the average diffusion coefficibnt
molecular dimensions of 11.8, 7.8, and 4.0 A along the thresvere used(see Sec. )l Within each simulation all four
principal axes. These results indicate that the molecule mamethods yielded results that agreed within their statistical
be described as a triaxial ellipsoid with axis ratios oferrors. The mean values @, from the four calculation
1.0:0.66:0.34; for a symmetric ellipsoid model the averagemethods were 0.006, 0.015, and 0.016’p®r cyclohexane
axis ratio of 0.5 would be appropriate. The volume enclosedolutions at 280, 296, and 310 K, respectively, and
within the van der Waals radii of anthracene is 223 &  0.008 ps* for the isopropanol solution at 296 K. These re-
calculated bycHARMM.>® A separate estimate of size and sults show general trends in qualitative agreement with ex-
shape was made by calculating the average volume free glerimental observations and theoretical predictions of faster
solvent atoms in the simulations. This was done by a methodiffusion at higher temperatures and in solvents of lower
analogous to the 3D solvent distribution calculation with theviscosity®’ The simplest model of rotational diffusion is that
difference being in the use of a finer cubic grid of 0.2 A overof a sphere of volum& moving through a medium of vis-

a smaller range of coordinates and counting all solvent ateosity » with stick boundary conditions; the diffusion coef-
oms, including hydrogens. The excluded volume was calcuficient is then given by the Debye—Stokes—Einst@h$E)
lated by counting the unoccupied bins around the origin. Irformulat®
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TABLE Il. Rotational diffusion coefficients of anthracene in cyclohexéate280, 296, 310 Kand in 2-propanofat 296 K) along individual molecular axis.
Diffusion coefficients are in réps.

Cyclohexane 2-propanol
Temperature
(K) MOL AVACF? C,” A° B¢ ce D'  MOL AVACF C, A B C D
280
D, x 0.016-0.009 0.0068:0.002 0.027 0.009 0.006 0.014
D,y 0.007+0.001  0.00#0.002 0.004 0.002 0.002 0.004
D,, 0.006-0.002 0.002-0.002 0.010 0.009 0.019 0.021
296
D, x 0.033-0.005 0.0280.003 0.038 0.013 0.008 0.019 0.21@.002 0.0040.002 0.016 0.005 0.003 0.008
Dy 0.008-0.001 0.005:0.003 0.006 0.003 0.003 0.006 0.664.002 0.0030.002 0.002 0.001 0.001 0.003
D, 0.010-0.003 0.012-0.003 0.014 0.013 0.026 0.030 0.@48.002 0.0150.002 0.006 0.005 0.012 0.013
310
D, x 0.031+0.008 0.02%0.003 0.050 0.017 0.011 0.025
Dy 0.007+0.002 0.0040.003 0.007 0.004 0.004 0.008
D,, 0.016-0.004 0.01#0.003 0.019 0.017 0.035 0.039

aMOL AVACF angular velocity autocorrelation function in the molecular fixed frame.
bC, autocorrelation functions of molecular axis.

°A slip hydrodynamics, axis ratio 1:0.6:0.4.

9B slip hydrodynamics, axis ratio 1.0:0.6:0.3.

€C slip hydrodynamics, axis ratio 1.0:0.7:0.3.

D slip hydrodynamics, axis ratio 1.0:0.7:0.4.

kT same solvent viscosities as described above and coefficients
DFW- (8 from Table | of (Ref. 24 for an ellipsoid with volumeV
=223 A% and axis ratios 1.0:0.6:0.3, we obtain diffusion co-

SettingV =223 A®>—the volume enclosed within the van der efficientsD, of 0.07, 0.09, 0.012 ps for anthracene in cy-
Waals surface of anthracene, and the viscositp 1.2, 0.9,  clohexane at 280, 296, and 310 K, respectively, and
0.7, and 2.1 cRRef. 76—corresponding to pure cyclohex- 0.004 ps? in isopropanol at 296 K. The corresponding val-
ane at 280, 296, and 310 K and pure isopropanol at 296 Kyes for axis ratios of 1.0:0.7:0.3 are 0.009, 0.013, 0.017 and
respectively, we obtain the respectiidg values of 0.0024, (0.006 ps?, respectively. Both these sets of values agree with

0.0033, 0.0044, and 0.0014Ps The relative values of the the corresponding simulation results within the statistical er-
computed diffusion coefficients, are approximately repro- rqrs.

duced by these results. However, the absolute values of the Our calculated average diffusion coefficients are thus

calculated diffusion coefficients are about 3-5 times higheggnsistent with hydrodynamic theory predictions under slip
than the above DSE treatment. Similar effects have beegonditions with reasonable assumptions of anthracene shape
found in experimental studi€$.” These deviations may be and size. Comparable agreement has been found for experi-
explained by two main factors—diffusion anisotropy and de-mental results for similar system$*>°¢ This suggests that
viation of boundary conditions from stick type. our results are reasonable. We may thus use the wealth of
Under stick conditions the effects of anisotropy are pre-information contained in the trajectories to calculate quanti-
dicted to be small. Using Perrin’s formule’®we obtain a  ties that are difficult to measure experimentally but provide
shape factofequal to the ratio of the rotational friction co- yaluable insight into the molecular details of the observed
efficient to that of a sphere of equal volune F=1.2 fora  processes. We will focus on three aspects—diffusion anisot-

prolate symmetric ellipsoid with axis ratio 0.5, akt=1.3  ropy, analysis of solvent structure, and details of solute and
for an asymmetric ellipsoid with ratio of axes of gglvent motions.
1.0:0.66:0.34. Applying these correction factors would de-
crease the DSE diffusion coefficients by 20%—30%, movingB Anisot
them further away from the calculated results. - ANISOtropy
A number of simulations and experimental studies sug- The molecular axes of anthracene are shown in Fig. 1.
gest that slip boundary conditions may be appropriate foirhe calculated rotational diffusion coefficients of anthracene
many organic molecules in solutié#’*~® Faster diffusion D, ,x,D,,,D,, around its three molecular axes are pre-
rates are expected under slip conditidh&e.g., a symmet- sented in Table Il. Calculations were carried out using two
ric ellipsoid should undergo free rotation around its symme-4independent approaches—nby fitting the first-order correlation
try axis, since such motion displaces no solvent. Using thdunctionsCy;(t), i =X,y,z describing the reorientation of the
results of Youngren and Acrivé5as corrected by Hoch- axes, and by integrating the correlation functions of the CM
strasser and Sensiéh,we obtain diffusion coefficients in angular velocity components in the molecular frafsee
much better agreement with the calculated results. Using th8ec. I). The corresponding rotational diffusion coefficients
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' ' l ' l ' creased, whilD, remains practically the same as in cyclo-
0.8 — Cyclohexane, 280 K | hexane, within the uncertainties. In isopropanol the pattern
: T gg:gﬂ:izzz g?gE | of rotational diffusion changes qualitatively, with motion
06 F\ _ isopropanoL’z% K aroundz becoming at least as fast ésased on AVACF or
. Y faster than(based orC;) aroundx.
= 04 b \Q\‘ For an asymmetric ellipsoid under slip conditions, we
o AN would expect similar diffusion rates aroundandz and a
0.2 \ N D, ./D,  ratio of about 4 for an axis ratio of 1.0:0.6:0.3, and
- T \7& fastest diffusion around with D, ,/D, , of about 57 for
0.0 o T TNy axis ratios of 1.0:0.7:0.3 and 1.0:0.7:@ske Table N.>* The
02 | L isopropanol simulation results fall somewhere in between the
“0.0 50.0 100.0 150.0 200.0 latter two th_eoret|ca_1l pr_edlctlons. The gyclohe_xane result of
Time, ps fastest rotational diffusion around is in qualitative dis-

agreement with hydrodynamic theory predictions for ellip-
FIG. 2. C, correlation functions for reorientation of the molecwaaxis of ~ SOIds with axis ratios consistent with the shape of the anthra-
anthracene in cyclohexane at 280, 296, and 310 K and in 2-propanol at 296ene solute. Interestingl3, , becomes the largest diffusion

K. coefficient for an axis ratio that is only slightly different—
1.0:0.6:0.4(Table Il). It thus seems that anthracene falls into

o . a boundary region between prolate- and oblatelike shapes,
calculated by these two methods agreed within their uncer; y 159 b P

Lo . : and small differences in assumed shapes lead to markedly
tainties in most cases. The only exceptions weein cy-

ifferent val D D ndD, ,. The aver iffu-
clohexane at 280 K anidy in isopropanol, for which the two gioﬁ soeffi?:iléii)? does not éihi?ait such sir?si‘taiv?t?/.e A
calculated values differed by up to twice the sum of errors.
These deviations are probably related to the relatively poot:, sopvent structure
sampling of orientations due to slow rotation in the simula- . e
tions in questior{see Sec. )l Examples of the calculate@, Some of the nonuniform changes of diffusion patterns

correlation functions for axis reorientation and of anthracend” ith temperature. an_d sglvent may be ratlonallze.d by ana lyz-
AVACFs are presented in Figs. 2 and 3. ing the solvent distributions around anthracene in the differ-

ent simulations. Due to the large size and relatively complex

structure of the solute, only limited information could be

est diffusion coefficients ranging from 6:1 to 4¢Table II). ex'tracted from atom-—atom pair cor.relatlon 'functlons. For
this reason we focus on the more informative 3D solvent

Additionally, the diffusion coefficients undergo nonuniform °. ributi lculated in th lute-fixed frafisee Sec. Il
changes with temperature and solvent type. In cyclohexan?IS ributions caicufated In the Solute-Tixed frasee Sec.

there is a systematic tendency for fastest rotation around the' detaily. The three-(_jmjensmnal soI_vent distributions pro-
x axis. Rotations aroung andz occur at similar rates in the Y'de a powerful description of ;olvgtlon and reveal several
280 K cyclohexane simulation, bu?, becomes markedly interesting features, presented in Figs. 4-11.

larger thanD, at 296 and 310 K. Comparison of the cyclo- _The pyclohexape results show the presence of a.weII
hexane and isopropanol 296 K simulations also shows gefmed first solvation shell and two additional, less defined

highly nonuniform change in diffusion coefficien®, be- shells around anthracelt€igs. 4—8. Further, a definite sol-

- - ol : vent structure appears in the solute molecular plane, with
comes significantly lower in isopropandd, is slightly in- ) . :
g y prop z ghty eight well-resolved density peaks. At 280 K the solvation

structure is more resolved than at the higher temperatures,

The rotational diffusion of anthracene found in the simu-
lations is highly anisotropic, with ratios of greatest to small-

T : | - with better separation of density peaks in the first solvation
\ ] shell, and less smearing out of the density in the second and
o 1.0 third solvation shells(Fig. 4-7. The more rigid solvent
g 0.8 structure in the solute plane would explain the significant
8 i slowing down of the rotation around tleaxis at 280 K.
7\1 0.6 I Especially interesting are the changes with temperature in
S 04 the “solvent cap” above and below the anthracene plane. At
= — the higher temperatures—296 and 310 K, the solvent density
e 02 in this region is concentrated at the center of the solute. At
@ 0.0 I 280 K we can see well resolved solvent density peaks above
. and below the anthracene molecular plane; if the anthracene
-0.2 : : : molecule were modeled as a rectangle, the increased solvent
0.0 1.0 2.0 3.0

_ density would be over the rectangle cornéfigs. 5 and 7.
Time, ps This pattern of solvation could be expected to hinder rotation

FIG. 3. Autocorrelation functions of the components of the center-of-massaround thex and y axe.s. The. SIOWIng d.own Of rOtatlo.n

angular velocity of anthracene in cyclohexane at 296 K in the molecule—aroundx at 280 K found in the simulations is consistent with

fixed axis system. this picture. However, the simulations indicate that the rota-
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" " i i " " L X " " L L " " L
-15 10 -5 0 5 10 15 -15 10 -5 0 5 10 15
FIG. 4. Distribution of cyclohexane carbons around anthracene: sli¥&'in  FIG. 6. Distribution of cyclohexane carbons around anthracene: slig&'in

plane containing solute, 280 K. Grayscale coloring proportional to gdtio  plane, 296 K. Coloring as in Fig. 4.
of local to average solvent density: whitg*<<0.5, black—* >2.0.

The solvation of anthracene by isopropanol is markedly
tion aroundy remains approximately constant, at all studiedd'ﬁeﬁn;gtzht?]n t_hat by cycI(I)hexlane.I AS. ste en lthTg mlolec_l#]ar
temperatures and in both solverit@ble 1). Thus it appears graphics,” the isopropanol molecules nteract strongly with

each other, tending to form hydrogen-bonded chains. This

that the rotation arounyg, which displaces the most solvent, . . ;
depends only weakly on the details of the solvent structureexplalns why the structure of isopropanol is less perturbed by

The solvent structure in the 310 K simulation is very similarlth,f_3 preS(Iance of ﬁ”t*‘tface”he-"'ﬁ the”296 KI |sg'prop§nfl simu-
to the 296 K results, and is not shown, ation only one solvation shell is well resolvéBigs. 9—11).

Eight solvent peaks may be seen in the solute molecular

15 ST e "

i

14
‘ < o
. 9
Bl Y'Y "l
n n L L n n n X L L L L L L L
-15 10 5 0 S 10 15 -15 10 5 0 S 10 15
FIG. 5. Distribution of cyclohexane carbons around anthracene: slice at 4.51G. 7. Distribution of cyclohexane carbons around anthracene: a slice at

A above theXY plane containing the solut®,, symmetry averaged, 280 4.5 A above theXY plane,D,, symmetry averaged, 296 K. Coloring as in
K. Coloring as in Fig. 4. Fig. 4.
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z z

15}

10

X
-15 -10 5 0 S5 10 15 -15 .10 5 0 S5 10 15

FIG. 8. Distribution of cyclohexane carbons around anthracene: sl¥&in FIG. 10. Distribution of 2-propanol carbons around anthracene: sli¥&Zin
plane perpendicular to solute, 296 K. Coloring as in Fig. 4. plane, 296 K. Coloring as in Fig. 4.

plane, which are less well defined than in cyclohexane. Thigorresponding to isopropanol molecules oriented toward and
more “loose” structure of the solvation shell in the anthra- away from the solutgFigs. 10 and 11 It is the former

cene plane may explain the faster diffusion rate aroundtomponent in which the closest contacts between isopro-
the z axis in isopropanol relative to cyclohexane. An inter- panol molecules and anthracene carbons occur. The presence
esting picture emerges when carbon and oxygen atorof this component may explain the preferential slowing
distributions above the anthracene molecular plane are andewn of the rotation around theandy axis in isopropanol
lyzed separatelyFigs. 9 and 10 While the carbon distribu- as compared to cyclohexane. Preferential interactions of hy-
tion yields a simple, relatively smeared out first solvationdroxyl oxygens with aromatic rings have been observed
shell, the oxygen distribution is split into two components, previously®®

15}

10

-15 :
0 "‘ L 2 3
X
-15 10 5 0 S 10 15 -15 .10 -5 0 S 10 15
FIG. 9. Distribution of 2-propanol carbons around anthracene: slicéYin ~ FIG. 11. Distribution of 2-propanol oxygens around anthracene: sli¥&Zin
plane, 296 K. Coloring as in Fig. 4. plane, 296 K. Coloring as in Fig. 4.
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TABLE lll. Reorientation times of anthracene in cyclohexdae280, 296, 310 Kand in 2-propano{at 296 K). Reorientation times are in ps.
Cyclohexane 2-propanol
280 K 296 K 310K 296 K
T T a? T T a? T T a? T T a?

MOL VACF 13+4 26+8 0.0,0.7,08 #1 185 0.0,08,07 #1 15-4 0.0,09,0.6 11 22+=4 0.3,1.0,02
C, 36+12 11330 0.0,0.8,0.7 &1 20x5 0.0,09,06 &1 18+4 0.1,1.0,04 152 48+20 0.7,0.8,0.0
szyb 71.0 143.0 9.0 22.0 7.0 16.0 16.0 32.0
A° 8 25 0.9,0.2,04 6 17 0.9,0.2,04 4 14 0.9,0.2,04 14 43 0.9,0.1,04
B¢ 18 38 0.7,0.0,0.7 13 26 0.7,0.0,0.7 10 20 0.7,0.0,0.7 33 71 0.7, 0.0, 0.7
ce 12 43 0.3,0.2,0.9 9 31 0.3,0.2,0.9 6 23 0.4,0.2,0.9 19 85 0.3,0.2,0.9
D 9 21 0.5, 0.0, 0.9 7 15 0.5,0.1, 0.9 5 11 0.5,0.1, 0.9 15 33 0.5,0.1. 0.9

Calculated weights of; exponent inCyy, Cpy,, Co;.
bC,(t)=a exp(—t/)+(1—a)exp(-t/r,).

°A=slip hydrodynamics, axis ratio 1:0.6:0.4.
9B=slip hydrodynamics, axis ratio 1.0:0.6:0.3.
€C=slip hydrodynamics, axis ratio 1.0:0.7:0.3.

'D =slip hydrodynamics, axis ratio 1.0:0.7:0.4.

D. Comparison with experiment ues is for cyclohexane at 280 K, where the relaxation times

Table Il characterizes th€, correlation functions de- & longest and the statistics are poorest. Various effects con-
rived directly and indirectly from our simulations and from tribute to make reliable computations of the rotational relax-
hydrodynamic models. These results—values of the two redtion times difficult. In the indirect approaches based on Eq.
laxation timesr; and 7, as well as weights of the two expo- (6), 71 and, are obtained frond, andA, which are already
nents inC,(t)—are directly comparable to experimental dataderivative quantities in terms of the basic paramefrs,

(see Sec. )l The C,(t) decays obtained from the simula- Dr,y, Dr .. The reliability of 7, values is further limited by
tions are shown in Fig. 12. the fact that they are obtained from a difference of two posi-

Our simulation results prediet; values of 13—71, 7-9, tive quantitiesD, andA. Extracting the two relaxation times
and 7—8 ps for anthracene in cyclohexane at 280, 296, anly direct fitting of C,;(t) is also complicated by the noisi-
310 K, andr, of 26-143, 18-22, and 15-18 ps under theness of the data and the fact that the weight of one of the
same conditions. For anthracene in isopropanol at 296 K wexponentials is often small.
obtain 7, of 11-16 ps andr, of 22—48 ps. Generally, the The range covered by the simulation results overlaps
sets of different results obtained for a given system based owith the different hydrodynamic theory values obtained un-
VACF, Cyi(t) andC,;(t) are internally consistent, with re- der reasonable assumptions about anthracene shape and size.
sults obtained by different methods agreeing within their stafor the three cyclohexane simulations, the MOL AVACF
tistical errors. The agreement between results obtained byesults correlate very well with slip hydrodynamic predic-
different methods is best for cyclohexane at 296 and 310 Kiions for a triaxial ellipsoid with volume 2233Rand axis
where the relaxation times are shortest and thus the best statios of either 1:0:0.7:0.3 or 1.0:0.6:0.4, the latter being the
tistics are obtained. The widest distribution of calculated valshape which also best reproduced the calculated diffusion

anisotropies. For the isopropanol simulation the calculated

Cyy (1)

—— cyclohexane, 280 K
cyclohexane, 296 K
— — cyclohexane, 310 K 7

0.6 — - isopropanol, 296 K
04
0.2
B N e « y
0.0 “”*f»h»—\,,\_)o/:{_i’ e
02 L ]
0.0 50.0 100.0 150.0 200.0
Time, ps

FIG. 12. C, correlation functions for reorientation of the molecuweaxis of larizati f . | . . .
anthracene in cyclohexane at 280, 296, and 310 K, and in 2-propanol at 2dg0 arization measurements of rotational reorientation times

K.

reorientation times agree with slip hydrodynamic results for
axis ratios of either 1.0:0.6:0.4 or 1.0:0.7:0.4, which bracket
the shape found from excluded volume analysis
(1.00:0.69:0.35, see Sec).IDur simulation results are con-
sistent with the finding of faster rotational diffusion in alco-
hols compared to alkane solvents of similar visco2itAs
can be seen from Table Ill, both simulations and hydrody-
namic theory predict that the term with the shorter relaxation
time 7, will be a major component o, (t), with weights

in the 0.6-1.0 range. FdC,,(t) the opposite is predicted,
with major contributions from the, term.

Most available experimental data, including our mea-
surements, are for the reorientation of the short in-plane axis
of anthraceney in our notation(Fig. 1), which is the direc-
tion of the Sy— S, transition dipole®>**°®Fluorescence de-

shown in Table IV. Since it was not possible to discern more
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TABLE IV. Measured and simulated reorientation times of anthracene inrotational relaxation times agree well with S|ip predictions
cyclohexane and in 2-propanol at several different temperatures. Reorient%r axial ratios 1:0.6:0.4solid line) and 1:0.7:0.3(dashed
tional times are in ps. ) -J.0.U. V.70,

P line) and a volume of 223 A%24 Although the data shown

Temperature Measured Simulated in Fig. 12 roughly follow slip boundary conditions, a single
Solvent (K) (71) (71) parameteir(the viscosity clearly cannot account completely
Cyclohexane 280 13-71 for the observed solvent dependence. A dependence of the
283 12 apparent friction on the nature of the solvent has been noted
293 8 previously®’ Hence, a consistent viscosity dependence ob-
g;’g ;:g served for rotational relaxation in a series of like solvents
may not generalize to dissimilar solvents. For example, the
2-propanol 263 36 slight difference in the apparent viscosity dependence for
ggg ill isopropanol and cyclohexane is consistent with previous ob-
206 11-16 servations of a lower friction coefficient for nonpolar solutes

in alcohols compared to alkan&sThe relatively higher fric-
tion and longer reorientation times at a given viscosity found
] ] previously for anthracene in acetodg; benzeneadg, ethyl-
than one component in the fluorescence anisotropy decagne chioride, and carbon tetrachlofiimay also reflect spe-
these values should be regarded as weighted averages of i solute—solvent interactions or the solvent structure sur-
underlying reorientational times. The rotational correlanonrounding the solute. Such factors may affect the microscopic

times of 8 ps at 296 K and 12 ps a,t 280 K for .anthracene iITriction in ways that are not reflected in the viscosity, which
cyclohexane agree most closely with the predicted values % a property of the pure solvent

7, in Table Ill, consistent with the high amplitude for the Dorfmuller et al3 measured both the longf and short

shorter relaxation time for reorientation of the emission axis, . . S
(y). The closest agreement is found with the correlation(y) axis reorientation times for anthracene at room tempera-

times calculated by the AVACF method. Similarly, for an- t_ure, each in a different s_olvent. The reduc_ed reor!entatmn
tlme 7,T/ 5 around they axis for anthracene in paraffin was

thracene in isopropanol at 296 K the measured rotationgl 1 e 13 1 1.85¢ 10° (ps K/cP) 2 which is nearly

correlation time(14 pg is closest to the predicted, reori- . . :

entation time. identical to the dependence observed here for anthracene in
I4’50propanol, even though the rotational time in paraffin is

The experimental results are in good agreement wit . .
DSE theory under slip boundary conditions. Figure 13 show hree orders of magnitude longer. Additionally, these authors
gund that the reduced reorientation timen of the x axis

the dependence of the measured rotational reorientation ti ) S o

on the ration/T of viscosity to temperature. For comparison, WQSNS'S times Fhat fo_ly. This is |n_qualltat|ve agreeme_nt
the slip hydrodynamic predictions for thg T dependence of with our 296 K S|mulat|on results - in cyclohexane and iso-
7, are also shown in Fig. 13. The experimentally determine(PrOp"’mo'72/T1 ratios were between 2 and 3.

E. General features of anthracene motion

40 > Some general observations about the motion of the an-
/ . thracene molecule may be made based on the simulation
35 1 // results. Thus anthracene undergoes free motion on subpico-
30 | / second time scales, its translations and rotations are random-
/ ized over a period of several picoseconds, and it performs
254 // diffusive-type motion over hundreds of picoseconds. On the
a / shortest time scales of 0.1-0.3 tg(t) andC,(t) correla-
Yé 20 4 . // tion functions for molecular axis reorientation have Gaussian
T / »  2-propanol shape, and may be fitted lsy ¥T/? with | the moment of
e o e cyclohexane inertia, as expected for a free rotor. Linear variation of CM
10 4 ‘/ o ref 56 displacement and rotation with time persists for longer
5 | /! slip, 1:0.6:0.4 times—up to several picoseconds. In our model anthracene is
y/ ——— slip, 1:0.7:0.3 flexible, with only C—H stretch vibrations eliminated by
0 : : : . SHAKE constraints. Although the data f@; andC, calcu-
000 050 1.00 150 200 2.50 lations are sampled every 0.05 ps, which is comparable with

the period of the slowest anthracene oscillation, we do not
see any vibrational effects in the correlation functions. Both
FIG. 13. Dependence of the measured rotation time of anthracene on tidie angular velocity and velocity autocorrelation functions
ratio of viscosity to temperature. Rotation times are shown for anthracene iinot shown decay essentially to zero within 2—3 ps. This is

2-propancl(M, this work and cyclohexané®, this work. Rotation times 1 ,s the period during which the translation and rotation of
are also shown for anthracene inBgO, GDg, C,Cl,, and CC} (¢ ,56). . . . .
The slip boundary condition predictions fey are shown for comparison for the solute are randomized thrOUQh multl_ple collisions with
two axial ratios: 1.0:0.6:0.4solid line) and 1.0:0.7:0.3dashed ling solvent. Except for the subpicosecond time scales,Ghe

n/T x10* (P/K)
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correlation functions for reorientations of the molecular axesolute at lower temperatures. In isopropanol, which is
of anthracene may be reasonably well fitted by single expostrongly self-interacting and forms hydrogen-bonded chains,
nential decays, especially within the first 100—200 ps. Fom close contact between the hydroxyl oxygen and the anthra-
longer times some deviations are found, especially in the&ene plane was detected, which does not occur for either
simulations with smaller mobility. However, since in theseisopropanol or cyclohexane carbons. Both these effects cor-
situations the data sampling deteriorates, reliable conclusionglate with corresponding changes in diffusion anisotropy.
cannot be drawn from this behavior. The square of the CM  Our results suggest that the general agreement of the
displacement is linear with time for up to 300—400 (pet  average rotational correlation times with simple theories, of-
shown, while the square of the angle of CM rotation is ten observed for probe molecules such as anthratemey
approximately linear with time for up to 50—100 ps. Thus,disguise interesting and informative variations in the rota-
the motion of anthracene may be described as diffusional otional diffusion coefficients for specific molecular axes.
time scales of tens to hundreds of picoseconds. The small@these variations may reflect specific solute—solvent interac-
region of diffusive behavior seen in the CM rotation may betions and the microscopic effects of solvent structure. Our
due to the limitation of the formula to small angles—the results should be a helpful reference for analyzing experi-
average will not be correct if angles aboweare encoun- mental and simulation results of tethered chromophoric
tered. probes. We hope that our findings of interesting physical
effects in the simple anthracene system will stimulate new
experimental, simulation and theoretical investigations
IV. CONCLUSIONS aimed at improved understanding of molecular diffusion.

We have employed a two-pronged approach, using bot®ur study of the relatively rigid anthracene molecule is also
fluorescence anisotropy decay measurements and molecuRrgood starting point on the way to simulating diffusion of
dynamics simulations, to investigate the rotational diffusionmore complex, flexible systems of biological interest, such
of anthracene as a function of temperature and solvent typ@s peptides.

The fluorescence measurements yielded rotational reorienta- We have used several different methods in our calcula-
tion times for theS,— S, transition dipole(short axis,y in  tions of rotational diffusion coefficients, among which using
our notation. Molecular dynamics simulations were used to angular velocity correlation functions in the molecular frame
calculate the average rotational diffusion coefficients, diffu-appears to be superior to the alternatives. This method
sion coefficients and reorientation correlation functions foryielded rotational reorientation times in best agreement with
the individual molecular axes, as well as the average distriexperimental results for the systems studied here. The angu-
bution of solvent molecules around the anthracene solutdar velocity autocorrelation approach was also technically
The calculated time constants for reorientation of the shorgimplest, as it did not involve fitting of noisy data to assumed
in-plane axis were 7-9 and 11-16 ps at 296 K in cyclohexfunctional forms.

ane and 2-propanol, respectively, in excellent agreement
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