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Rotation of Aromatic Hydrocarbons in Viscous Alkanes. 1. Methylcyclohexane

Brian Brocklehurst* and Ronald N. Young
Department of Chemistry, The Umirsity of Sheffield, Sheffield, S3 7HF, U.K.

Receied: Nawember 5, 1998

Time-resolved single-photon counting has been used to measure the decay of fluorescence anisotropy of a
number of aromatic hydrocarbons in methylcyclohexane excited by synchrotron radiation. Changing the
temperature £60 to —140 °C) produces large changes in the viscosityMost solutes were excited both
parallel and perpendicular to the emission axis with the aim of determining all three principal rotational
diffusion coefficientsD. The results are compared to predictions from hydrodynamic theory made using the
“slip” and “stick” approximations and literature data for thealkanes and other solvents. Rotation times
should be proportional tg/T, i.e., D»/T should be constant. This is found to be approximately true for
9,10-disubstituted anthracenes; it does not hold for anthracene, perylene, and triphenylene fadihich
increases markedly on cooling. Also, against prediction, the ratios betweatues for different molecular

axes are found to change with temperature.

Introduction Theory and Background

Recent work on molecular relaxation in liquids has been  The fluorescence anisotropy, is defined by
concentrated in two areaaser studies of mobile liquids on —n _
the picosecond time scafd and the use of a variety of r= Gy =10/, +210) (1)
techniques to study the changes in behavior of viscous liquids \yhere|, and I are the fluorescence components parallel and
as the glass transition is approached (see Tén&iaa perpendicular to the exciting light (vertically and horizontally
convenient source and short review of the latter field). Decay polarized in most experiments). The decay rofis most
of fluorescence polal’ization has been Wldely used partly becaus%ommonly found to follow a Sing|e exponentiaL However,
trace quantities of probe molecules or intrinsic fluorophors can provided that the rotational diffusion coefficients;, around
be used to measure microscopic viscostlitishas the disad-  the three principal axes differ substantially, it is quite easy to
vantages of limited time range (about 6100 ns depending  see biexponential decay:
on the system) and of low precision. There is also the general
problem of perturbation of its surroundings by the probe. On r(t) =ryexp-t/ty) + r, exp(-tiz,) 2)
the other hand, anisotropy decay unambiguously measures solute S ) )
rotation and, in principle, it is possible to separate the three This condition is fulfilled I_oyanumber of aromatic comp_ounds,
principal components of the rotation tensor in suitable cases. "0t@bly perylene, for which Weber demonstrated that in-plane

In practice, the latter aim has seldom been achieved. The presenfOtation is usually much faster than the out-of-plane motfon.
paper describes a partly successful attempt to do so Equation 2 is used to describe the experimental results in this

. paper.
Early work on the, decay ,Of ﬂuorescence anisotropy com- = 14 fajjitate the description, the convention is adopted
monly made use of viscous liquids such as glycerol to slow the throughout this paper that theaxis is perpendicular to the

rotation rate to times of some tens of nanoseconds. The use Ofmolecular plane and that the emission dipole is parallel to the

lasers has made possible measurements on the picosecond timg x5 Chart 1 shows some of the molecules studied and the
scale and so of solutions in simple liquids sucinaskanes: 7 alignment of these axes. Other molecules used were coronene,
However, the liquid range, and therefore the viscosity range, tetracene, and the 9,10-disubstituted anthracenes (dichloro-,
in any onen-alkane is quite small; less symmetrical alkanes gimethyl-, and diphenylanthracenes are abbreviated DCA, DMA,
give a much wider range, and some form glasses rather thangnd ppA, respectively). Coronene Hag symmetry; the others
crystallize, on cooling. Our aim in this and the following pafer  resemble anthracene. (Benzoperylene is included here and in
has been to explore the opportunities afforded by two less Tables1 and 2 though it has been studied only in squafne.
symmetrical alkanes, methylcyclohexane (MCH) and squalane In most anisotropy experiments, the solute has been excited in
(2,6,10,15,19,23-hexamethyltetracosane). The melting point of the first absorption band so that transition axes for absorption
MCH is —126.6°C, and it is cf.+6 °C for cyclohexane. The  and emission are parallet éxcitation). When two decays are
methyl groups, which make crystallization more difficult, may present, analysis of the data is facilitated and more information
also reduce the occurrence of specific interactions. These twocan be obtained by comparing such results to those from
papers form a considerable extension of the earlier work. excitation in a higher absorption band with its dipole oriented
at an angle, usually a right angle, to the fitgly excitation).
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CHART 1: Structures of Some of the Solutes Used

z z
i ;

A= D/ +D}?+D;/-D,D,~DD,—-DDY" (5)

ﬂ = qxzyx2 + qusz + C]zzyz2 —1/3 (6)

':;( o= (Dx/ A)(qyz‘yy2 + qzzyz2 - 2qx2Vx2 + qx2 + yxz) +
(OJAYG, Y, + 07, = 207, +6 + 7)) +
anthracene (DZ/A)(qXZyXZ + qy2yy2 _ 2q22V22 + qZZ + 7/22) — 2D/A (7)

where y and q are vectors describing the direction of the
absorption and emission dipoles. If both are parallel tozhe
axis (both vectors (0,0,1)8 = %5 and

(8)

o= (D — D)/A

benzo[ghilperylene

triphenylene

For emission parallel taand absorption parallel tg 8 = —%3
@ Fluorescence is polarized along thexis (in the molecular plane and

for triphenylene).

o= (D - D,)/A 9)

TABLE 1: Molecular Dimensions, Fluorescence Lifetimes at
Ambient Temperature (from Refs 36 and 37), and Excitation
Wavelengths It follows that the maximum initial polarizations are g,8.e.,
+0.4 and—0.2 at time zero.

The same two decay rates should be observed regardless of

wavelength/nm

d XA yiA  ZA o .

- compotin Y weins z y excitation wavelength, but the relative values péndr, vary
g(')ﬁgﬁg%'g”e g-i 5-84 112-%440036-6 34%60 widely, depending on the relative values of tBe Simpler
anthracene 34 1162 746 49 356 258 re§ults are .obta.uned if two of thg; are assumed to be equal;
9,10-dichloroanthracene 3.4 11.62 10.0 85 382 265 thisapproximation has frequently been applied to perylene, for
9,10-dimethylanthracene 3.4 11.62 957 17.5 377 265 examplel?14 There are some useful limiting cases, disks
9,10-diphenylanthracene 6.71 11.62 17.02 94 355 270 (approximated by perylene, cf. Table 1) for whibh > Dy =
pefylemh% | 34 9131168 64 430 255 p, rods withy as the long axis (approximated by tetracene)
benzohilperylene 34 1166 1039 180 365 303 ¢4 \whichD, > D, = D, and rods withz as the long axis for
tetracene 3.4 1406 7.46 6.0 438 276 . . : ?

which D, > Dy = Dy. This last case is approximated by
TABLE 2: Predicted Values of the Quantity, Dg/T, diphenylhexatriene, which is widely used to probe viscosity on
Calculated Lising ttlle §§ick_§md Slip Approximations, in the molecular scale; is zero in the extreme case; i.e., single-
Units of 104 kg m™* s72 K™ as in the Figures exponential decay is observed and no new information results
stick slip from changing the excitation wavelength.
compound Dy Dy D, D, D, D, Even whgn bothi; ar}drz can be measuredl, interpretation of
triphenylene 0284 0361 0361 0.652 0652 the results is _not straightforward b_ecguse it is almost always
coronene 0226 028 028 0.459 0.459 found thatyr =r; + r2 < 0.4 (z excitation). The reasons for
anthracene 0.408 0.742 0.416 3.921 2.245 0.737 this are not easy to fint:16 A plausible explanation is the

9,10-Sichlor:o;amtr;1racene 0.302 0.421 0.344 3297 0.815 0.596 occurrence of libration (unhindered rotation over a limited

9,10-dimethylanthracene 0.315 0.460 0.354 16.76 0.943 0.801 . : : ; e

910-diphenylanthracene 01092 01157 0.1823 1.133 0.138 0.3235 2NJ€); while there is good evidence for this in some caises,
it does not provide a complete explanatidrThe assumption

perylene 0.332 0.361 0.503 9.99 0.627 1.089 c
tetracene 0.282 0.636 0272 1457 1.831 0413 thatthe solutes are planar wily, or higher symmetry may be
benzofhilperylene 0.287 0.389 0.332 34.34 0.729 0571 invalid; this has been demonstrated for peryl&nglany other

aromatics (coronene, triphenylene) have been shown to be

axes. For example, rotation round thaxis alone has no effect  nonplanar in the crystal; nothing is known of their structures in

in the case of excitation, but it does foy excitation. However,
rotations around, y, andz are not alternatives; all take place
together. Mathematical analystdeads to the following results.
While in principle the decay af may involve five components,

solution. In triphenylene and perylene, distortion may well result

from steric interaction between hydrogen atoms. This will not

occur for anthracene and tetracene. For them nonplanarity in
solution is unlikely.

only two are expected when the absorption and emission dipoles  Though the transition dipoles of strong transitions in aromatics
lie parallel to principal molecular rotation axes, which is the are parallel to the molecular axes for reasons of symmetry,
case for these molecules. Combination of eq 1 and the relevantweaker transitions may involve mixing with other excited states
terms of Chuang and Eisenthal's eq*4gives induced by coupling with unsymmetrical vibrations leading to
mixed polarizations. If this happens for fluorescence alone,
excitation at various wavelengths will be affected equally. More
generally, absorption to the first and higher states will be
affected to different extents, which alters the factor-e2
between the total initial polarizations.

Rotation rates of solute molecules are commonly discussed
in terms of the hydrodynamic theory developed by Einstein and
Perrin for spheré§ and ellipsoidg® The rotational diffusion
coefficient around axis is given by

r(t) = 0.3 (8 + o) exp(=6D + 2At) +
(6 — o) exp(=6D — 2At)} (3)

whereD is the average rotational diffusion constant akds
related to the asymmetry of the diffusion tensor:

D = (D,+ D, + D,)/3 (4)
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particular, it is hardly realistic for the substituted anthrancenes.
The substituted anthracenes were treated as follows. The van
der Waals radii of chlorine atoms (1.8 A) and methyl groups
(2.0 A) are only slightly greater than the half-thickness of the

andf, a friction coefficient that depends on the shape of the romatics (1.7 A), so these differences have been ignored in

molecule and on the interaction between solute and solvent. Thepreference to using the larger values for the whole molequle.
corresponding rotation time is In the case of DPA, the phenyl groups were assumed to lie at

an angle of 30 to the plane of the anthracene. For the stick
approximation, friction coefficients were then calculated from
c= L4 . ;=2 N (11) Perrin’s equations for ellipsoid8. In the case of slip, the
' 6D, i T 9VkT dimensions were used to obtdimalues by interpolation in the
table given by Sension and Hochstras$axhich corrects the
wherel; is the corresponding moment of inertia and the second original work of Youngren and Acrivo¥. Relative values of
term corresponds to free (inertial) rotation. For these molecules, the diffusion coefficients are very sensitive to the dimensions,
the 7, are a few picoseconds and can be neglected here.put the differences between theory and experiment are such that
Hydrodynamic theory treats the solvent as a continuum, errors in the absolute values are not important.
implying that a thin layer rotates with the solute (“stick
approximation”). This works quite well for molecules much Experimental Section
larger than the solvent molecules, but smaller molecules rotate - ]
more rapidly2l-23 Such behavior is described as “sli#?2124.25 Purification of the solvents and the experimental procedure
In the limiting case, rotation does not depend on friction. For have been described previoudh?® In brief, ultraviolet and
but rotation about other axes is slower because of the need toCCLRC’s Daresbury Laboratory was used to excite samples
displace solvent. Hydrodynamic theory has been extended to@nd the luminescence decays recorded using single-photon
cover this behavior in the case of spheréfdmd ellipsoid€7.28 ~ counting. The pulse width is approximately 160 ps; the
At very high viscosities, saturation is obsenfde.,D rises  instrument response (fwhm of 300 ps) was determined by
more slowly than/T. Rotation faster than slip is described as Scaftering from Lud.ox. suspensions. This is I.arger than in laser
“subslip”. Such behavior in alcohol soluticias been ascribed ~ experiments and limits the short decay times that can be
to the formation of a large cavity round the solute as a result of measured. It is partly due to the jitter of the photomultiplier
hydrogen-bonding in the solvent. However, the phenomenon is transit time and partly to the pulse width of the SRS. For most
also seen in the alkan@s!72231327These studies further illustrate ~ light sources, both are wavelength-dependent; however, syn-
the importance of relative molecular size; rotation times rise chrotron radiation has the advantage that pulse shape is
less steeply with viscosity once the length of the solvent independent of wavelength so that the response function can
molecule exceeds that of the solute. Solutions of aromatic P€ determined accurately by observing the scattering from Ludox
hydrocarbons in alkanes might appear to be particularly simple Suspensions at the mean fluorescence wavelength. Determination
because of the weakness of soluselvent interactions, but ~ Of longer decay times depends on the fluorescence lifetime.

studies of vibrational relaxation in such solutions provide These were usually maximized by deoxygenating the samples.
evidence of local structure around the solute even in this Satisfactory agreement between measured and literature val-

casesd 34 ues®3 (Table 1) was obtained in all cases.

An earlier papéf described studies of solutions in two glass- ~ Care was taken to ensure that no scattered incident light
forming liquids: MCH and squalane. Changing the temperature reached the photomultiplier. It could be detected by its short
gave striking results for perylene solutions; two exponentials apparent lifetime and its high polarization (greater than the
were needed to fit the decays but their relative contributions theoretical maxima of 0.4 and0.2 for fluorescence). To ensure
were found to change with temperature, in marked contrast to separation of fluorescence and exciting light, a variety of glass
standard hydrodynamic behavior. We have now found consider- cutoff and band-pass filters were used; a chlorine gas filter (5
able differences in behavior between the two solvents, probably cm path length, 1 atm) was very useful when exciting at short
the result of their sizes relative to the solutes. In MCH, most, wavelengths, since it absorbs near-ultraviolet wavelengths.
though not all, of the data can be described qualitatively by Excitation wavelengths are listed in Table 1.
hydrodynamic theory. These results are reported here and The light level was too low to permit spectral resolution of
compared to data for the same solutes in other solvents. Inthe fluorescence. The operation of the facility is regularly
squalane, new phenomena are found that can be described ithecked by us and other workers. We have found limiting
terms of limited range rotation and tleeand processes used  polarizations as high as 0.38, suggesting that there is no loss of
to intepret relaxation near the glass transition; these are reportedolarization in the equipment. Bias in the detection optics was
in the following papet? The earlier work has been extended checked in each experiment by looking at the long-time value
in two ways: solutes have been excited at two different of r, which decays to zero at low viscosities. Small departures
wavelengths and a wider range has been used. from zero were found in some cases, due probably to strain in

For comparison with experimental results, theoretical values Dewar vessels, and a correction was applied. The cryostat was
of the diffusion coefficients have been calculated using the stick regularly checked for condensation on the windows, which
and slip approximations for ellipsoids and are listed in Table 2. would cause depolarization and shift the zero. It did occur but
Molecular dimensions (Table 1) were taken from the crystal could be prevented by circulating dry nitrogen through the
structures. As befor®, the molecules were first regarded as apparatus.
rectangular blocks and then the dimensions rescaled to obtain Solutes were used as received. Fluorescence spectra and
ellipsoids with the same volume and the same axial ratios. lifetime measurements were used to check purity. In some cases,
Alternative procedures can be ugdaljt in any case the ellipsoid ~ weak emission from an impurity was observed; except in the
approximation is likely to introduce considerable errors. In case of coronene, these could be avoided by choosing excitation

(10)

wherey, is the viscosityV the volume of the solute molecule,
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Figure 1. Temperature dependence of anisotropy decay of 9,10- Figure 2. Temperature dependence of anisotropy decay of anthracene
dimethylanthracene in MCH: (a) (b) r; (, #) fast and slow decays, in MCH. Symbols are as in Figure 1.

respectively, wittz excitation; 0, ©) fast and slow decays, respectively,
with y excitation. Lines are for guidance only. and after each series of experiments; it was not feasible to
emove the sample from the cold cryostat. Drifts (in the range
0—100 ps) between response function and data could be

substrates with fluorescence lifetimes©40 ns are most easily obtaingd from the fitti.ng procedure. Constant values or values
changing smoothly with time were regarded as acceptable, and

studied; triphenylene is ideal in this respect. Pyrene (450 ns) . . - . ;
was not studied for this reason, but coronene is of special interestOlata with large or erratic __¢,h|ft§ were c_hscarded. This pfOCGd”Te
ntroduces some uncertainty in the time zero and therefore in

because of its shape. In this case, the lifetime was reduced b>) . . .
bubbling oxygen through the samples; despite this, seriousther values, especially in, whenz, is short.
“wraparound” problems were encountered at low temperatures.
Photooxidation of this or other solutes is not likely to have Results
caused any problems because of the low light levels. It is
estimated that the number of photons on the sample was of the Temperatures below abot60 °C were found to give decay
order of 1@ in an experiment while the number of molecules times long enough for convenient measurement. Rapid cooling
in the exposed volume was *0 Further, there would be  with liquid nitrogen converts MCH to a glass, but attempts to
diffusion out of this region{0.3 mL into the bulk of the cell supercool the liquid below its melting point 6f126.6 °C
whose volume is 34 mL). usually led to crystallization, easily recognized by the apparent
The decay of the anisotropy was fitted to one or two loss of anisotropy and formation of a white solid. Occasionally,
exponentials using standard nonlinear least-squares procedurest was possible to make observations on the supercooled liquid,
the reduceg? (usually in the range 0.951.05) and the residuals  and a few results are reported down-t®40°C. This behavior
being used to judge the fit. In the case of two exponentials, it was erratic; some samples could not be supercooled.
is difficult to estimate the errors because the parameters are Ther andz data shown in Figure 1 for dimethylanthracene
strongly linked. If the decay times are very different, it is a are fairly typical. The anisotropy decay is easy to represent by
simple matter to measure the longer one separately by selectingwo exponentials; at short wavelengths the net polarization is
an appropriate range of times. Then it can be held constant whilenegative, as expected. The observed values siiow some
the whole range is used. Closer decay rates are more difficult; differences between the wavelengths, but we believe this to be
a considerable range of pairs of values can give quite satisfactoryan artifact, since satisfactory though slightly less good fits can
fits. Here, the use of two excitation wavelengths is very useful, be obtained using common values. These have been used to
especially wheny-axis excitation gives a positive, and a calculate individuaD; (below). Similar data for anthracene itself
negativersy. In principle, ther values are independent of are shown in Figure 2. In this case measurements below the
wavelength, so in Figuresl and 2 results for two wavelengths melting point of MCH were possible. They show striking
are shown to give a measure of the errors. Calculations weredifferences from those at higher temperatures. In particular, at
then repeated, linking the two sets of data measured at the samshort wavelengthg, changes sign. Around-120 °C, the
temperature, i.e., forcing thés to agree. These data were used behavior changed very rapidly and attempts at fitting the data
to calculate the three individu&lli. These calculations usually at both wavelengths with common decay constants were
gave equally satisfactory fits; i.e., the change/drwas small. unsuccessful using just two exponentials. There was some
Exceptions are detailed below. evidence of a third decay process, but the precision of the data
Small drifts of the electronic timing system were unavoidable was not adequate to characterize it. Such behavior has been
because the instrument response could only be measured beforebserved for anthracene and a number of other solutes in

wavelengths corresponding to strong solute absorptions. Becaus
the spacing of the synchrotron pulses is fixed at 320 ns,
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TABLE 3: Experimental Total Anisotropies

compound >r2 >ry? solvent ref
triphenylene 0.0 0.01 MCH b
coronene ~0.07 MCH b
anthracene 0.200.12 —0.03,t0 —0.09, MCH b
0.340+ 0.003 —0.179+ 0.002 glycerol 40
9,10-dichloroanthracene 0.26.22 —0.13,t0 —0.1G MCH b
9,10-dimethylanthracene 0.2D0.23 —0.18t0—0.12 MCH b
0.19-0.28 tripropionin 39
0.345+ 0.002 —0.183+ 0.002 glycerol 40
9,10-diphenylanthracene 0.2470.006 —0.101+ 0.004 MCH b
perylene 0.203: 0.03 —0.061+ 0.025 MCH b
0.370 various 41
—0.157 glycerot-water 33¢
0.3264+ 0.005 MTHF 37
tetracene 0.134 0.005 —0.084+ 0.003 MCH b
0.26 1-octanol 24
0.31 1-dodecanol 24
0.219+ 0.13 MTHF 37

aWhere}r is constant within the experimental error, the mean value and standard deviation are quoted. Where it changes with temperature, the
range of values is given (high temperatures firsfhis work. ¢ Averaged over three glycerelvater mixtures.

squalane and will be discussed in more detail in the following
paperl® As there, we tentatively ascribe it to a bifurcation of d a
the rotation process into a slow overall rotation and a faster
diffusion over a limited angular range, which decreases with
temperature. Similar behavior, but less marked, was observed
for perylene but in no other cases.

Values of the total anisotropy at zero time are given in Table
3 together with selected values from the literatupa. is o A-
invariably less in MCH than in the polar solvents, and this
suggests that extensive libration is occurring. Other effects, such A °
as vibronic mixing or molecular distortion, are unlikely to be A
solvent-dependent. The effects of libration are described in more
detail in part 2 of this study. They are very complicated unless 01— T T i T
one assumes that it only occurs about one axis, which is unlikely. -120 -110 -100 90 -80T/C
It produces partia| averaging of the diffusion processes, SO Figure 3. Variation of Di]/T with temperature for 9,10-substituted

reducing their differences, for example, libration arowryus gf‘tﬁlracenﬁs in ’\’('jCIH: (ffi_lled symbols) dimethyl; (O,penlsyl’)“bo's)
. P . ichloro. Here and later figures, squares represanttrianglesDy,
rotation arour_l(y, mimics rotation around._ . __circlesD,. Units are 16 ns'? cP K™! (10* kg m* s2 K1), Lines
Thus, the discrepancies between experimental and theoretlcany) are for guidance only.

>r values probably arise from several causes simultaneously.
This poses a serious problem. Two procedures for calculating

Dn/T o
O
O
| ]

oS

the individual D; values were tested. Firsh and A were Hydrodynamic theory predicts proportionality between rota-
calculated from the mean experimental decay times and eq 3,tional diffusion constants arily; i.e., Dy/T should be constant.
ando values were calculated frol and ¢, — r») at the two To demonstrate departures from the theory and to facilitate

wavelengthsD, andDy were then calculated from eqs 6 and 7,  comparisons, this quantity is plotted in the remaining figures.
and Dy was calculated from eq 4. This implies that the Where analysis into three components was not possible, mean
polarization “losses” only affect the quantifiy The values of D values equal to @' were used. These of course are

Dy and D, may be expected to be too small abgdtoo large. independent of the uncertainties in the analysis discussed above.
Therefore, for comparison, it was asumed tbatnd 3 are Note that a linear scale is used for Figure 3 where the variations
affected equally and thevalues were scaled up so tha (- are small. A log scale is needed in Figure$tbecause of the

rz) = 0.4 or—0.2. In terms of the relative magnitudes of fBe  very large changes in some of the diffusion coefficients with

values, the results were qualitatively similar. However, it was temperature.

clear thatDx and D, were now too largeDy was often very The viscosity of MCH is known accurately down to the

small and sometimes negative, so the first procedure wasmelting point38

adopted. Though the results must be regarded as semiquantitative

at best, it appears reasonable to attempt to separai® thith 7 (in cP)=0.01084 exp(1226.04T) + (1.377x

the proviso that the differences between them may be too small 10°%) exp(2742.3K/T) (12)

because of the effects of libration. However, we believe the

analysis to be worthwhile; at the very least, it provides a To facilitate comparison with other solvents, it is convenient

framework for rationalizing the striking effects of temperature, to list some numerical values, 3.9, 8.2, 23, and 115 cP&4,

which is not possible from studying the original data. —80, —100 and—120 °C, respectively. Use of eq 12 at lower
An alternative approach is to fit the data using the angle temperatures is likely to give values that are too low. The glass

between absorption and emission as a variable. This may betransition temperaturdyg, of MCH is ~90 K, and by use of

useful in some cases, but it is not valid when several factors = 10'3 P as a criterion of glass formation, eq 12 givies=

contribute to the difference between experimental and theoretical~57 K, which is much too low. The extrapolation might be

>r values. improved by fitting values from eq 12 betweeeB0 and—120
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-0 -120 -100 80 T/C alcohols calculated from data in ref 30. Notation is as in Figure 3. Full
Figure 4. Variation of Dy/T with temperature for anthracene (filled ~ Symbols represent results for 1-octanol, and open symbols represent
symbols) and perylene (open symbols). Notation and units as in Figure results for 1-dodecanol.
3. The symbolx is for out-of-plane motion of triphenylene, ardis The longest dimension snoty as in the other anthracenes, so
for out-of-plane motion of coronene. this result is not surprising. The mean valueldf/T, 0.59+
0.02, appears to be independent of temperature dowtl2D
= °C, in contrast to the behavior of the other two substituted
| anthracenes. It then rises slightly to 0.7-&t30°C. (Samples
containing the other substituted anthracenes crystallized and
could not be studied at this temperature.)
- In the case of anthracene, values of tbg)/T could be
100 ) calculated only for the extremes of temperature. These are shown
] ° in Figure 4. It is clear that major changes occur in the relative
s - value§ of theD;. Though all increase on cooling, unlike t.he
substituted anthracenes, there are common changes in the
L4 relative values, e.gD; increasing relative tdy andDy. The
whole range could be used for perylene (Figure 4) except for
the data arouné-120°C, which were not easily fitted with the
A same exponents for the two excitation wavelengths. Original
A data forr andz are given in the earlier papé&rAgain, there is
A a change in the nature of the rotation on cooling, rotation around
.A . S : the z axis being favored at low temperatures and aroxrad
50 40 30 20 -10 OT/C high temperatures.
Figure 5. Variation of Dy/T with temperature for dimethylanthracene Given its behavior in squalatfeand in alcohols? it is
in tripropionin calculated from data in ref 41. Notation is as in Figure surprising that tetracene only showed single-exponent decays
3. in MCH. MeanD#/T values increased smoothly by some 30%
between—60 and—130 °C. However, the decay rates could
not be fitted to common values; they differed by about 25%, a

Dn/T
]

1.0

°C to a Williams-LandelFerry equatiof?

7 =1n,expB/(T — Ty)) (13) very significant difference for single exponentials. It would be
possible to take; andr; as zero at long and short wavelengths,
A very good fit was obtained witfip = 78.5 K andTy = 94 K; respectively, implyingDy = D, > D,. This seems unlikely. It

however, the difference at140 °C was only a factor of 1.5, may be that there are two close decay times that cannot be
so eq 12 was retained for Figures-8, since the observed distinguished in our data.

changes irDy/T are much larger. While perylene is oftened studied as a typical disk-shaped
Results for the substituted anthracenes are described first molecule, coronene and triphenylene are closer to a true disk.
Figure 3 shows data for DMA and DCA. That the quaniity/T Unfortunately, the first transition in these molecules is sym-

is not constant is shown unambiguously by considering the meanmetry-forbidden and becomes allowed by coupling with unsym-
D values derived directly from the decay times. For example, metrical in-plane vibrations. Regardless of excitation wave-
for DMA, the fast process decreases by some 20%, which alonelength, emission can take place in any direction inythplane;
would not be very significant, but for the longer decay time only the out-of-plane rotatiorDy = D, is detectable. On the
the decrease is45%. The results for DCA are similar to those other hand, in this simple situtation, there is no ambiguity in
for DMA, though the changes are less striking. Agdim/T interpretation. Results for triphenylene are shown in Figure 4.
values decrease slightly with temperature by some Z8%. Again, Dy/T increases with falling temperature. Coronene should
The change in ratios of the; are well-defined for DMA. For behave in the same way. Despite the use of oxygen to reduce
DCA, they are smaller and may not be real, but they do parallel the fluorescence lifetime, we were unable to make satisfactory
those for DMA. measurements at low temperatures where the effective lifetime
For DPA, single-exponential decay of the anisotropy was lengthened rapidly. One data point is shown in Figure 4. As
observed at both wavelengths. This implies that Dy ~ Dy, expectedDn/T is slightly smaller than for triphenylene.
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For perylene we recorded the excitation spectrum of the Dyx/T values of 0.66 fom-decane, 0.74 fon-dodecane, 0.65
anisotropy. As expected from previous wafK?C the sign for n-tetradecane, 0.77 forhexadecane, 0.90 for heptameth-
changed from positive to negative below 280 nm. The possibility ylnonane, and 1.56 for squalane. drterphenyl it is 0.633
that local heating, much larger of course at short wavelengths, Surprisingly, there appear to be no other observations of
by excess excitation energy leads to fast initial rotation is often biexponential decays for anthracene itself in normal liquids. In
discussed, but we could find no difference between MCH and polyisoprene, remarkable changes with temperature in relative
ethanol solutions, which suggests that this can be ruled out. values of the diffusion coefficients have been repoffeat:+40

°C, log(D) values are 9.0, 8.0, and 8.1 fery, andz at —40
Discussion °C, the values are 4.1, 4.6, and 0.8. The relative falDjris in
the opposite direction to our finding.

Our results for perylene are somewhat scattered (the similarity
of Dy andD; is one reason), but this appears to the first report
of all three diffusion constants. This molecule has been studied
$y a number of authors, but it has been invariably treated as a
spheroid, i.e.Dy = D,. For example, Christensen et'afound
values ofDy/T (units of 100 ns® cP K1, as in Figures 36)
of 9—12 for rotation in plane and 1-41.8 out of plane in watef
glycerol mixtures. Paraffin oil gives more spectacular results.
From Zinsli's datd” one can estimate corresponding values of
~240 and 24 at-20 °C (wheren = 4370 cP), both a factor of
approach equalityDy rises toward the inertial value regardless almoi;[ o0 smaller' a%50 c (.’7 " 32 cP). Later work by Kalman .
of the actual shape of the molecule. Numerical calculations et al: gave qu_ahtz_atwely §|m|lar resuls for the same solvent:
based on the actual molecular shape would be a considerablé:’xnl.T falling with Increasing temperature me(DZ)’?/T ap-

proximately constant. There is evidence for extensive libration

improvement on the ellipsoid approximation, but this appears ™ . . . . .
to have been done only for benzefe. in this solvent, which complicates the interpretation.

More interesting is the finding that the experimerialfor ::rolm Jiang ad/_l?lar;chard’zgshuﬂs f?r pe;ylefne, one can
perylene is below the “slip” value over most of the temperature cagté?te sver?jgn Varl:IJES,W IIC rse rqmll S orr-]pent?ne c
range. The ellipsoid approximation should be better in this case, 10 3-8 for hexadecane. These values are similar to those for MCH

but it is not surprising that it exaggerates the effect of slip. (E'gu“?kél)’ but the comparison mvol(;/es a Iong exérar?olatlon;
ElsewhereDy for anthracene is close to the slip value at high then-alkane measurements were made at 300 K and the rotation
temperatures and so I, for DMA at low temperatures. More ~ Mes Were a few tens of picosecondsDK/T continues to fall
puzzling is that the slip approximation predicts an observable with rising temperature in MCH, then rotation will be slower

biexponential decay for both DPA and tetracene. This is not in MCH than in then-alkanes. This might be simply a function
observed in either case in MCH:; it is for tetracene in alcotfols

of density (compare MCH, 0.769 g cif) with n-heptane, 0.684
and squalane (part 2). In MCH the mean tetracene values areY

Comparison to Predicted Values (Table 2) The “stick”
approximation not only gives values that are much too small,
but it predicts the wrong order f®,, Dy, andD, in almost all
cases. The “slip” approximation performs better. It gives the
correct order at higher temperatures in most cases. Exception
are DMA in tripropionin, anthracene in MCH, and tetracene in
n-octanol. The predicted values are again generally too low,
though the discrepancies are less than for “stick” and the
exceptions are worth considering. Theory gives very high values
for Dy for DCA and DMA. This reflects the shortcomings of
treating the molecule as an ellipsoid; as yrendz dimensions

cnT3, at 20°C).

higher than the slip prediction, but Wirth and Chou fibg Both perylene and tetracene show only a single-exponential
less than slip over most of their range. decay in methyltetrahydrofuran (MTHE);the meanD#y/T
In general the predicted differences among, andz are values are 1.53 and 1.68, respectively. This could be an

much too large, but the discrepancies may well be exaggerated.i”dicatior_‘ of the formation of weak con_nplexes_, bu_t a sufficient
As noted above, libration is likely to reduce the apparent €Xplanation may be that solutsolvent interaction is stronger
differences. relative to the solventsolvent forces than in alkanes or alcohols.

Comparison to Literature Data. Viovy4! made a detailed This is consistent with the observation that the decay rate

study of the motion of dimethylanthracene over a range of aPPears to follow the viscosity in MTHF.
temperatures in the ester, tripropionin (glycery! tripropanoate). ~ Wirth and Chot® observed biexponential decay for tetracene
Values of Di/T have been calculated from his data and are in bothn-octanol and-dodecanol over a range of temperatures.
shown in Figure 5. The viscosity range covered is 2789cP ~ Their data have been plotted@s;/T in Figure 6, and theoretical
(cf. ~120 to 8 cP for MCH). Mean values for= x andy are slip values are 1.46, 1.83, and 0.41 %oy, andz The viscosities
comparable with theory (slip]p, values are much higher. Hyde ~range from 5 to 13 cP for octanol and 8 to 17 cP for dodecanol.
and Edigef? report measurements in polyisoprene at@gwell The pattern of results shows some resemblance to that for
above the glass transition) with values of IDgg2) of 8.9, 8.0, anthrgcene in MCH (Figure 4); hovyever, the spectacular fall in
and 7.4 forx, y, andz (this is our notation; theirs reversas ~ Dz7/T in octanol should be note®; itself appears to decrease
andz). This order agrees with our findings at higher tempera- With temperature, an unlikely result.
tures. The extent of the change in the relative valueByadind For triphenylene, only its total limiting anisotropy0.08,,
D, in MCH may be exaggerated by the approximations made measured in a rigid solution, appears to have been reported
in the calculation, but it appears to be real and the low- previously* (cf. our value in Table 3). As is usual, it lies a
temperature order in MCH is the same as in tripropionin. Closer little below the theoretical limiting anisotropy, which in the case
comparison shows good agreement betwBem'T values in of molecules ofCs, or higher symmetry is-0.1. For coronene,
the two solvents at the same viscosity where the ranges overlapa value of 0.29 was found, and vibrational distortion of the
This is probably an accidental result; it is not truef and molecule was put forward to explain the high vaftiean
D.. alternative is the presence of less symmetrical impurities, such
There appears to be no previous work on dichloroanthracene,as benzajhilperylene, which absorb more strongly in the near-
but the rotation of diphenylanthracene in a number of alkanes ultraviolet.
at 22°C has been studied by Ben-Amotz and Sédiven the General Remarks The data reported here show once again
difference in time scale, agreement is good. Their results give that molecular rotation in solution is very sensitive to the
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properties of both solvent and solute. Hydrodynamic theory doesis much the fastest process in alcohols, this is less true, or untrue,
not account for this, but it has been widely used because of itsin the alkanes.

simplicity. In particular, it explains the proportionality often In conclusion, we have found a clear-cut differenceyim
found between rotational diffusion times amdT (Dxn/T is dependence between the various unsubstituted aromatics and
constant), which is obeyed surprisingly well given that viscosity the substituted anthracenes. The analysis of the data to give
is a bulk property! However, in MCH, the substituted individualD;is uncertain, but the results are fairly self-consistent
anthracenes show a small decreas®iiiT on cooling. One  and consistent with the behavior found by other authors.
might regard them as becoming more sticky, the substituents Hydrodynamic theory and its extensions appear to be inadequate
engaging the solvent molecules increasingly as the densityto explain the results. At present, it seems that more detailed
increases, though the rotation rates are still very fast. In contrast,study does not lead to generalizations but uncovers more
anthracene itself, triphenylene, and perylene rotate much morecomplex phenomena. Computer simulation may eventually lead
rapidly than expected at low temperatur&sy/T rising by a to deeper understandin.g. We hope the data reported in this and
factor of 10 or more over the accessible range. In particular the i part 2 of the study will prove useful for the development of
spectacular increase found for anthracene is very remarkabled€tailed molecular dynamics models.

and deserves more work. Explanation of this “subslip” behavior
in terms of a solvent cavi#) is not easy to accept for alkane
solvents.

The changes with temperature in relative rates of rotation
around different axes are particularly interesting. Comparisons
with other solvents where available show some measure of
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