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Rotation of Aromatic Hydrocarbons in Viscous Alkanes. 2. Hindered Rotation in Squalane

Brian Brocklehurst* and Ronald N. Young
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Time-resolved single-photon counting and the synchrotron radiation source at the CCLRC's Daresbury
Laboratory have been used to measure the decay of fluorescence anisotropy of solutions in squalane of the
aromatic hydrocarbons triphenylene, coronene, benzoperylene, perylene, anthracene, and tetracene. For the
last four, extra information was obtained by exciting both parallel and perpendicular to the fluorescence
transition. The results differ markedly from those obtained in methylcyclohexane (part 1 of the study) probably
because the solute molecules are smaller than those of the solvent. Contrary to the predictions of hydrodynamic
theory, decay rates appeared to change with excitation wavelength, and three decays were observed in some
cases. Temperature effectsd0 to—70 °C) provided evidence for bifurcation of the molecular rotations into

two stages: slow overall motion and faster rotation over a restricted angular range. This resembles the split
into oo and 5 processes observed in many relaxation studies of highly viscous liquids.

Introduction previous work has been restrictedrt@lkane$~13 Our aim is

to study a wide range of temperatures and viscosities that are
accessible for solvents that do not readily crystallize. In
preliminary studied? we used methylcyclohexane (MCH) and
squalane (2,6,10,15,19,23-hexamethyltetracosane). Temperatures
ranging from—60 to —130 and+20 to —80 °C, respectively,

gave decay times in the range 8500 ns, which is readily

Hydrodynamic theory has been widely used to describe the
decay of fluorescence anisotropy, which results from molecular
rotation in solutior:~8 It is implied that the solvent can be
treated as a continuum. This description breaks down when the
solute molecule is smaller than those of the solveht. This

has been demonstrated in studies of series-alkanes where accessible. Paraffin oil has been used by other workefs

plots of rotation time against viscosity, show a change in is more viscous, but squalane has the advantage that its nature
slope when the solvent chain length exceeds the longest. ' d 9

dimension of the solute. There are also indications of changesIS better defined. It hgs been regarded as a .model lubffeant
. . ) . and has been the subject of molecular dynamics calculations.
in the nature of the rotation, i.e., of the relative rates around

: 214 Changing the temperature gave striking results for perylene
different axes: lutionsl? T tial ded 1o fit the d
Relaxation processes in very viscous liquids are described SO'HtONS:" TWO €xponentials were needed fo fit the decays,

differently. Hydrodynamic theory predicts that rotational cor- but their relat_lve (_:ontr|but|ons were found to change W'th.

relation times should be proportional 1@T. This relation is temperature, in disagreement with standa_rd hydrodynamic
widely observed for individual systems, though the proportion- behavior. This work has now peen extended in two wa.ys. Most
ality constant varies. However, this relation breaks down at high of the solutes have heen excited at two wavelengths: parallel

viscosities; as the glass transition temperaflyes approached, ;?drgei?eﬁdgul?igo :hf t?l’T:]lS|SIC;n axg.é;gs prr?glde\iligurrther
the bulk viscosity rises rapidly. Some relaxations, ea., ormation about In€ rotational processes. second, a wide

processes, follow the viscosity and disappear at or fgar range of solutes has been used; triphenylene, bghigrylene,

Others, e.g.f-processes, show an Arrhenius dependence on and coronene are disk-shaped like perylene, tetracene is closer
temper,ature with no disc’ontinuity @, 1° Kivelson and Kivel- to rod_—shape, and anthracene lies between those two shapes.
sort® have proposed that there are three rotational processes inThS S|zes| of the ZOIUte Irtno]JecuIesla:g betlwe'v?(r;:['hose of MEZ‘
viscous liquids: torsional oscillation, i.e., libration over a small and squalane, and resutts from soiutions in are reporte

range, and th¢g and . processes; diffusion over a restricted in part 1 of the stud (referred to here as part 1). They can be

but reasonably large range; very infrequent, or very slow, jumps understood if the ratios of the diffusion coefficients around

from onef range to anothéﬁ processes c’an be regaroied as different axes are allowed to vary with temperature. Solutions
motion controlled by the cage potentialas requiring relaxation in bs'quialint(;.exhlblt a new phenomenon, and they form the
of the cage, a process involving increasing numbers of molecules>UPIECt OF tIS paper.

asTy is approached. . Theory and Background
Experimental observations of these three rotational processes _ . .
The definition of fluorescence anisotropy and the basic

are few, and to our knowledge, no probe studies of the . : s Siatns
bifurcation involving fluorescence anisotropy have been re- theory*relating the decay parameters to the rotational diffusion
are set out in part 1. As before, it will be

ported. Most workers requiring high viscosities near ambient Co€fficients, D, _ _

temperature have used hydrogen-bonded liquids such as glycolsCOnvenient to label the molecular axes according to the orien-
Alkanes might be expected to behave more simply, but most tation .of thg ab_sorptlon and emission Q|poles; used for the

emission direction (also that of absorption at long wavelengths),

*To whom correspondence should be addressed. E-mail: b.brockle- X IS perpendicular to the molecular plane, and assignments for

hurst@sheffield.ac.uk. Fax: (0)-114-273-8673. the molecules studied are given in Chart 1 of part 1. The symbols
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for the corresponding diffusion coefficiernds, Dy, andDy will 0.4+
also be used loosely to represent the corresponding rotational
motion, e.g.Dy for rotation in the molecular plane. The symbols
Lx Ly, and L, will be used similarly to denote the limited range 0.2
rotation described above. Measured preexponential factors are
labeledr,, ray, etc. for the first or second process observed for
excitation along the or y axis. The subscripts are numbered 1,

2, ... in order of increasing. To describe the experimental
results, numbers are used empirically. They may not correspond 0.2
to the theoretical components.

In part 1, the analysis of the results for MCH solutions in
terms of three rotational diffusion processes was attempted
despite the difficulty that the theoretical limits ©0.4 and—0.2
for parallel and perpendicular excitation are not observed. The
slip approximation gave a qualitatively correct description at
least at low viscosities. In the case of squalane, the breakdown
of the theoretical description is much more serious; in particular,

=

0.04

the decay rates appear to depend on wavelength and, even at L L

one wavelength, three decay processes were observed in some 02 ARSI k.

cases in contradiction to prediction. o o A 90
Effect of Restricted Rotation. One explanation for the loss 0.4

of initial polarization is the occurrence of libration, i.e., free

rotation over a limited range of anglésThough this is not - zZ
accepted as a general explanafid#,the increase irpr with U
viscosity observed for perylene in paraffin’8it°is difficult to

explain in other ways. For most of the molecules studied here

the Sr values are essentially constant over a considerable range O o o wm e KRR
of temperature and viscosity. However, the results lead us to

propose that limited range rotation (called L; see above), PYRMAAASAAASSaaTT TN
essentially equivalent to slow libration, is occurring with rates 0 p 6w

of ~1 nsL. At such a rate, this must be a diffusional process, _ ) o
not free rotation. Figure 1. Calculated effect on anisotropy at zero time of libration or
restricted rotation around the y, andz axes, wherex is the half-

Zinsli'® showed that the effect of libration is equivalent to angle of the libration range:m) ri; () rz; (¥) ry (x) .

absorption and emission with axes chosen from a range of

angle_s. The same formalism can be used for _regtricted rangegyperimental Section

diffusion. For example, to describe the effect of limited rotation

around thex axis, Ly, the emission vector was replaced by (0, The purification of squalane and the measurement of aniso-
sin 6, cosb), the excitation vector by (0, sify, cos) for z-axis tropy decays have been described previot&stj?8Data analysis
absorption or by (0, co8, sin#) for y-axis absorption. These has been described in part 1. The problems were greater for
were inserted into eqs 6 and 7 of part 1, which were then squalane. First, anisotropy decay times often appear to be
integrated over the range® to +6. The results depend of different at the two exciting wavelengths. The fact that they
course on the initial choice dd values. For the illustration in ~ were the same in most cases for MCH suggests that the effect
Figure 1,Dy, Dy, andD, are in the ratios of 0.80:1:0.225. These s real. Attempts to transfer parameters or to use global analysis
are the values calculated for tetracene using the slip approxima-(Simultaneous fitting of two data sets with common decay rates)
tion (see part 1). Note that these calculations are for the were unsuccessful. Changes in wavelength cannot change decay
individual axes taken in turn; simultaneous limited rotations rates, so the significance of the results must be that the decays
around two or three axes present a much more difficult problem. are complex, i.e., consist of decays with lifetimes too close to
Quantitative calculation has not been attempted. be resolved, and that different components are emphasized at

Some generalizations about the effects are illustrated in Figure€ach wavelength (see further below). Second, three decay
1. (i) For z excitation, all orientations arourzihave an equal components could be distinguished in some cases. The longest
probability of excitation, so Lhas no effect. (i) kis equivalent of these was often too long to measure, with the advantage that
to mixing y and z excitation. For either excitation it changes ©N€ Parameter could be used in the fit rather than two.
>r so that it approaches a limit of 0.1, the average ofzhad

y values of 0.4 and-0.2. (iii) L, also reduce§ r for z excitation, Results

ultimately to 0.1. (iv) Neither L nor L, has any effect oryr The temperature dependences of the initial anisotropjes,

for y excitation, butr; andr, change. and decay timeg, are presented in Figures 2 and 7 together
Restricted rotation should be directly observable in some with the values ofy/T. Decay times became long enough to

cases. For example, considgrfbr the case in Figure 1. Fdr measure betweeh20 and (°C, depending on the solute. Some

= 0° r is nearly equal to 0.4 and a single decay is observed. decay was still observable at the lowest temperatures used, about

For 0 = 30°, ryi; is reduced from~0.4 to 0.3 and a new faster —70°C; below that either the extent of the decay was too small

process withr ~ 0.1 appears. Foy excitation, Ly reduces the or the rate too low to study. Because of the complicated nature
magnitude ofry, and increases that @b, but is not directly of the results, it is easiest to present them in the order of the
observable itself because thea, does not change; i.e., the increasing complexity of their behavior rather than in the logical

positive and negative contributions cancel out. order of the change of shape, e.g., disk toward rod.
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Figure 2. Triphenylene in squalane plots of temperature dependence Figure 4. Tetracene, as in Figure 2: (filled symbols)excitation;
of (a) anisotropy decay times and (b) anisotropy & 0: (- - -) #/T; (open symbolsy excitation.
(m) 71 andry; (A) 72 andra.
could only be made betweeh20 and—20 °C because of the
wrap-around problem (see part 1).
204 - Tetracene The alignment of the axes is the same as for
) anthracene (see part 1, Chart 1). Results are shown in Figure 4.
o 7oy becomes too long to measure belev20 °C, and over a
- limited range it is proportional tg/T. This is not true of any
25 | . - .
: - other process. In direct contradiction to hydrodynamic theory,
] the two processes observed at each exciting wavelength are not
l - the samez,y is essentially equal to;, at the highest temper-
20 atures and is probably indistinguishable fram around—30
T — T T °C. Elsewhere, the differences are very large, much greater than
60 40 20 0 T/C the experimental uncertainty.
Figure 3. Triphenylene in squalane: temperature dependence of the  Such behavior cannot be explained in terms of rotation alone.
range of limited diffusion. In part, it can be in terms of restricted rotation. It appears likely

that this is occurring over the whole temperature range in this

Triphenylene. In MCH, the decay of the fluorescence case. First, suppose that the rates of overall rotation,lxthe
anisotropy of this molecule fitted a single exponential. As processes, are such thatis too small to be easily measured.
explained in part 1, this is consistent with the molecular This requiresD, < Dy ~ Dy, in fair agreement with the slip
symmetry. The first electronic transition becomes weakly calculations. Second, suppose that restricted rotation occurs only
allowed by coupling with unsymmetrical in-plane vibrations. around the longy axis (plausible given the shape of the
Since these are degenerate, there is no correlation in themolecule) to an extent that decreases with temperature. Then,
molecular {2) plane between the directions of absorption and as Figure 1 shows, the relative importance of the ywexcited
emission. The decay corresponds to rotation out of plane. In decays changes with the extent gf Bs is observed. Litself
squalane, a single exponential is observed down16 °C but is not observable witly excitation, but it can be seen with
the decay changes to biexponential as the temperature is reduceexcitation; i.e., we ascribe; to restricted, not overall, rotation,
further. Figure 2 shows the temperature dependence of the valueshe change in relative magnitudesref andr,, paralleling the
of r andz. We propose that at low temperatures the slow process changes seen for triphenylene (Figure 2).
is overall rotation, the fast one a diffusive process taking place  The description is incomplete of course, andzi, should
over a fairly well-defined angular range that decreases with be identical, which is certainly not true at the lower temperatures.
temperature, leading to a corresponding decrease in this Also, attempts at quantitative fitting were unsuccessful. How-
case it is easy to estimate the angular range using the calculationgver, it should be recalled that the relative values of Bhe
described abovey and z are indistinguishable andylhas no probably change with temperatue as they do for MCH (part 1).
effect. The results are shown in Figure 3. This new process is Also, the limitation of restricted rotation to a single axis must
distinct from libration, which is very much fasteyr remains be too simple; the occurrence of &nd L, will introduce further
constant within the experimental error. Presumably at higher decay processes. The presence of these may account for some
temperatures the range becomes less well-defined and the ratesf the apparent changes with wavelength of the decay rates.
of the two processes converge so that the distinction betweenFurther, ther values are much less than the maximum values
them disappears, leading to a single exponential. and less than found for other solvents, including MCH,

Coronene This molecule should behave like triphenylene. suggesting that extensive libration is also occurring.
Some evidence of biexponential decay was found at lower Perylene Results are shown in Figure 5. The behavior is
temperatures, but it was not clear-cut. Useful measurementsquite similar to that of tetracene, notably in the crossoves.of
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Figure 5. Perylene, as in Figures 2 and 4x)(y excitation, third Figure 6. Anthracene, as in Figures 2 and 4x)(y excitation; () z

process. excitation, third process. Dotted lines are for guidance only.
andr,; however, three decays are seen inytlexcitation data, overall rotation processes are observable foexcitation,
the lifetime of the slowest becoming too long to measure below together with the L processes. Slip calculations gye> Dy
—20°C. At short timesr(t) is negative, and it rises to become > D, and a somewhat largeg,. A value of 0.03 in place of
positive and then decays toward zero at long times. This reversal0.007 for tetracene is predicted. Possibly the ratios ofDhe
of direction of the decay helps considerably in providing values change on cooling (cf. part 1) in such a way as to increase
evidence that the three processes are real, not artifacts of thehe theoreticat;,.
analysis. The-excitation data can be fit with two exponentials. Benzo[ghilperylene. The fluorescence anisotropy of this
When the anisotropy is all positive, it might well be possible molecule does not appear to have been studied previously. It
to fit three decays with two exponentials, so an attempt was was chosen of course because of its similarity in shape to
made to fit thez data using three values derived frony perylene. However, it differs in its photophysics. In perylene
excitation held fixed. An acceptable, though less good, fit was the first absorption is the fairly strorid , absorption polarized
obtained for the early fast decay, but this was not true at longer parallel to the long axis. For benzoperylene, the wiaklies
times. The slowest decays at the two wavelengths are clearlysome 12751400 cnt?® below !L,2° The former probably has
distinct, i.e., there appear to be four, possibly five, distinct decay mixed polarization due to coupling with unsymmetrical vibra-
processes, not two. tions, but we observe differences in the fluorescence anisotropy
Again, the results can be qualitatively understood in terms between 303 and 365 nm, suggesting the main polarizations of
of restricted rotation, in this casg,ltaking place over the whole  the two transitions are at right angles.’¢kel calculations
range of temperatures, its angular range decreasing withsuggest thatl,is polarized along the long axis as in perylene,
temperature. As Figure 1 shows, this makes gjhandryy so we assigrilLy as short-axis-polarized (see part 1, Chart 1).
less negative, soy, can be ascribed tentatively tg,lthe two These excitation wavelengths were chosen to give adequate
others to overall rotations. The predicted valuesefandry, signals. In fact, both could be exciting the, state according
are~0.3 and 0.1, respectively, so one would expect three decaysto Dawson and Kropp® assignment, but the observed behavior
with z excitation. In fact, perylene appears to behave like (Figure 7) is consistent witli andz excitation, respectively.
tetracene where th® processes are concerned. This is in At high temperatures; 0 °C, only one decay was seen (the
agreement with other work on alkan¥g3 The real situation faster decay seen at lower temperatures is probably too fast for
must be complex, of course. The concept of restricted rotation measurement) and the results were the same for both wave-
does not immediately explain the differences in decay rates lengths. This is to be expected because most of the emission
betweeny andz excitation. comes from théL, state, which is thermally excited from the
Anthracene. This molecule is intermediate in shape between first excited staté? At low temperatures, in addition to the two
tetracene and perylene. Figure 6 shows effects that can bedecays on the nanosecond time scale there is a very fast decay;
ascribed to the occurrence of both &nd L. The data are its lifetime is probably~0.1 ns and appears to be independent
somewhat scattered, probably owing to the need to fit to three of temperature. Satisfactory fits could not be obtained, not
exponentials, for botly and z excitation in this case. Thg surprising given the instrumental fwhm of 0.3 ns and the small
excitation appears to give larger lifetime values as in the casenumber of points involved. This does appear to be a real
of tetracene. The behavior between 0 an80 °C resembles phenomenon rather than an artifact. Scattered incident light
that of tetracene; there are crossings gfandrz, and ofry, passing through the filters would give similar results, but tests
andry,. At lower temperatures, a third process appears (lifetime with different filters showed no change. Also, scattered light
too long to measure). This suggests a role fpa& in the case  can have a much larger anisotropy than fluorescence. In the
of perylene. raw data before deconvolution, the largest values were fairly
One difference is that three processes are observed at botttonstant;-0.14+ 0.02 and 0.33 0.03 fory andz, respectively,
wavelengths. This suggests that Devalues are such that two  and in no case were they larger than the theoretical limits of
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TABLE 2: Energies of Activation (kJ mol —1) for the

j X Rotational Processes
i N AL
10mO A S [r1000 compound E1, (= Exy =9
= \ ~
Fla A £ coronene 455 8.0
101 m-m = 100 triphenylene 32226 44.0f21
" . benzoperylene 285 7.5 43.1+15 38.2+2.6 53.4+4.6
N YO perylene 14277 26.9+22 21.1+7.9 36.8+3.¢7
14 10 anthracene 258441 262422 29.4+3.8 17.0+£3.2
(a) | tetracene 21.#+2.6 40.1+:04 39.8+-24 47.2+4.7

T T i T a2 And 60.7+ 10.7 for the slowest decay in perylene.
-60 40 20 0 20T/ C

all the decays can be fitted to Arrhenius equations within the

0.107 4 A A s a experimental error. The activation energies obtained, Re.,
- _}_,A.A.A___A d(In 7)/d(1/T), are collected in Table 2. Their precision varies
0.05- ot mu g considerably; only a few points could be measured for the
slowest processes, and in some other cases, there is considerable
scatter; the results for anthracene are suspect (cf. Figure 6).
0009 (b However, the table shows clear trends, the slower processes
_ giving larger activation energies than fast, grekcitation larger
B thanz
‘0.05 T T T T T
6 40 20 0 2T/C ) _
Figure 7. Benzoperylene, as in Figures 2 and 4. dotted lines are for Discussion
guidance only. The bifurcation on cooling of relaxation processes in viscous
liquids is well-known!516:3031For o processes the rates are
TABLE 1: Quantity Dy/T (Units of 100 ns* cP K™Y): proportional ton/T and approach zero at the glass transition
Comparison of Theory and Experiment temperatureTg. In contrast,3 processes follow the Arrhenius
fast decay slow decay law. This was first observed for polymers where fhgrocesses
squalane squalane  Wwere ascribed to segmental motions, but it was later found in

glass-forming small molecules and appears to be a characteristic,

d th MCH th MCH .
compoun eoy z y heory zZ Y though not a universal, property of the glassy stafhe nature

triphenylene 0.65 085 2.3 of the 8 relaxation has been much discussed. Given the wide
Egrnozré%rgylene 23 18.1 06425 0.66 11'1421 variety of materials, there may be a number of such processes.
perylene 70 54 181 25 086 130 3.3 21 [The association of the bifurcation with viscous flow suggests
anthracene 32 51 37 20 138 0512 52 2.8 thatthe occurrence of the process reflects inhomogeneities,
tetracene 17 30 114 94 081 25 3.6 086 i.e., the formation of regions of different mobility This seems
BTBP 0.20 0.20 unlikely at temperatures well aboWg, and recent work suggests
aD is the mean rotational diffusion coefficient(1/6)r). ® Only one it is not a general explanatidf:3°-32Kivelson and Kivelsotf
exponential was observed for tetracene in MCH (see part 1). Theseexplained thes process in molecular liquids as limited range
are the values at short and long wavelengths, respectively. diffusional rotation, but actual measurements are few. Hinze

] and Sillesc# made NMR measurements on thgrocess in
—0.2 and+0.4. Given the Shape of the molecule and the Supercooled toluene below the glass transitrﬁé’lc(f 117 K),
perylene results, it is plausible to ascribe this very fast processyhich they interpreted as rotation, over & 75 K and 13 at
to Lx. Over the limited range accessibleZ0 to —60 °C), its 115 K.

extent does not change significantly, but it appears to be large.  The only work on excited probes in highly viscous hydro-

As Figure 1 shows, this gives a positiyey as is observed. carbons appears to be that of Ediger et al., who studied
Temperature Dependence of Decay Timesiydrodynamic  polyisoprené* and o-terpheny#235 as matrices. Though biex-
theory predicts that rotation times will be proportionabtd. ponential decays were observed, details are not given. There

For MCH?? it was found that the quantitie®;/T were notin  appears to be no evidence of restricted rotation in the data, but

fact constant. For the unsubstituted aromatics, they increasedg processes are said to be weak in polyisoprene while

very rapidly in some cases, with falling temperature. The plots terphenyl is a smaller molecule than the probes used.

of #/T in Figures 2 and 47 show that the same s true here.  Measurements of the viscosity of squalane have only been

Viscosity measurements on squalane only extene20 °C; reported for temperatures above20 °C36-38 The data are

therefore, direct Compal’isons between the two solvents and W|thp|otted in Figure 8 together with a curve put forward previously,

theoretical predictions (Table 1) have been limited to the rotation hased partly on the glass transition temperature, whicHLB0

rates at the upper ends of the temperature ranges. Temperaturgg 17

selected were-60 °C for MCH and 0°C for squalane. The

latter value required short extrapolations in some cases, using 312

the relations described below. This procedure necessarily alters log(y/cP)= —1.071+ T/K — 175 (1)

relative values derived fromy andz, slightly, but the interest

here is in the orders of magnitude of the data. Since analysisThe intermolecular forces in alkanes are weak, so one may

into x, y, andz components was not feasible in this case, mean expect squalane to form a “fragile glas8*® however, the

values ofD (=(1/6)r), both calculated and experimental, are expected curvature in Figure 8 is not very marked. Recently,

used in Table 1. Kivelson et ali% extending their earlier work, have been able
As the figures show, below about45 °C the shorter decay  to reduce viscosity data for a wide variety of glass formers to

times tend to level off or even decrease; at higher temperatues.a single curve. An attempt to apply their equation to the viscosity
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of squalane was unsatisfactory possibly because the available

data are too far abové,.

Thea process should correlate with viscous flow. The slowest
rotations observed here do indeed run parallej/fbdown to
—40 to —50 °C, below which they are usually too slow to
measure. Differentiation of eq 1 gives apparent activation
energies of 46, 65, and 101 kJ mbhkt 0, —20, and—40 °C,
comparable with the highest values in Table 2. The idea that
translational diffusion may depend on/T)?, where 0< a <
1, has long been familiar and is readily explained by free volume
theory?® The same relation is found for internal rotation
(photoisomerizatior$4243 and for overall rotatiort* In an
attempt to extend the curve fits to lower temperatures,rjog(
was plotted against logj. As expected, values od were
obtained ranging from 0.2 to 1; however, the precision of the
data is not adequate to distinguish these fits from the simple
Arrhenius plots and the extension of the range of fit was not
significant. This confirms that there is a change in the nature
of the process at lower temperatures. One can only speculat
that this is connected with the range of angles involved. In the
description above (Figure 1) it was assumed that all rotation
angles were equally probable up to a limit. It is more likely

that diffusion over a small range requires less energy than a

larger one. This may account for the triphenylene data (Figure
2) where, at first sight, the lack of dependence of the rate on

temperature appears to be inconsistent with the proposed

hindered motion.

J. Phys. Chem. A, Vol. 103, No. 20, 1993823

McLure et al*8 find thatt, for BTBP in squalane is only 54%

of the stick value and in fact happens to coincide with the slip
prediction. Table 1 shows that the smaller aromatics studied
here rotate much faster than predicted and faster than they do
in MCH.

The only comparable work on long-chain alkanes is that of
Zinsli’® and Johanssdfwho studied perylene in paraffin oil.
Whereas is approximately constant;0.1,r; falls quite rapidly
with increasing temperature. They propose that this is the result
of fast libration in the molecular plane; the extent was calculated
as 13 at —20°C increasing to 42at 50°C'8 and as 40at —8
°C, 90 at 52°C.*° The precise composition of paraffin oil is
not known; its high viscosity suggests the alkane chains are
considerably longer than alkane chains of squalane. The
difference between the two solvents is considerable; diffusive
limited range rotation, if present in paraffin oil, must be very
fast. A plot of Johansson’s, values against I/ shows that
they fit the Arrhenius law with an activation energy of 420
1.8 kJ mot?, in excellent agreement with that of the viscosity,
45.3 kJ mot1.1% 71 may be less steeply dependent on temper-
ature, but the difference, if any, is small.

A complete quantitative description of the data is not feasible;
it would require 15 parametersange and rate of libration about
each axis, the same for restricted rotation, and three rates of
overall rotation. Further, restricted rotation may occur in several
stages. However, a qualitative description has been given that
appears plausible in terms of the shapes of the molecules. The
differences in decay rates betwegrand z excitation are a
particular problem. The precision of the data is such that two
or three exponentials suffice to represent the decays. In fact,
the decays may well be more complicated; i.e., each decay may
contain components of both restricted and overall rotation. As

eFigure 1 shows, overall rotation will predominate jogxcitation

because only Lwill introduce a faster decay. Bothland L,

do this forz excitation. This view is supported by data in Table
2; the derived Arrhenius parameters are always largeryfor
excitation.

The differences between MCH and squalane are very striking,
though it should be noted that the results are not directly
comparable. The highest viscosities in MCH correspond ap-

roximately to the lowest ones in squalane. While restricted

Literature measurements on these molecules were discussegl ;ation may occur in MCH, we found no clear-cut evidence
in part 1 together with the data for MCH. There is considerable (o i except over a limited range of temperatures for anthracene
variation with both solute and solvent, but some generalizations 5,4 possibly perylene. The effect of relative molecular sizes of
were possible. Some molecules, such as substituted anthraceneg,ent and solute is well-known. The differences may result

in MCH, are found to behave simply. In other cases, usually o gifferences in geometry, but relative rates of translation
for the unsubstituted compounds, rotation times rose less rapidly ;4 rotation must also be important. Small solvent molecules

than#/T on cooling and the ratios of thHg; changed consider-
ably. Rotation inn-alkanes has been studied extensively, more
than in branched ones, but their liquid range is limited. Beyond

Ci6 they are solid at ambient temperature. It has been demon-

strated for a number of molecufes? that their rotation time is
proportional to viscosity in smati-alkanes, but the times shorten
relatively when the length of the alkane exceeds that of the

probe. Measurements of fluorescence anisotropy in squalane ar
few, but 9,10-diphenylanthracene rotates almost twice as fast

in squalane as in the-alkanes if the viscosities are scaféd.
The relative sizes of solute and solvent arex711.6 A for
DPA and 33 A for squalane in the all-trans conformations of
the main chain. Ben-Amotz and DrdRénave made use of an
exceptionally large fluorescent molecule BTBR,N'-bis(2,5-
di-tert-butylphenyl)-3,4,9,10-perylenedicarboximide, whose over-
all length is~26 A). In the n-alkanes (G—Cise), its rotation
time increased in proportion to viscosity and was 85% of the
value calculated from the “stick” approximation. However,

rotate faster than the solutes, but the overall rotation of squalane
will be considerably slower. Limited rotation of the solute may
require movement of sections of the solvent molecule, overall
rotation of the solute, and larger-scale movements, which require
cooperative motions of other molecules. This distinction does
not arise for small solvent molecules.

%oncluding Remarks

In his pioneering work om andf processes, Johatifound
evidence only for a singlg process. Our results provide clear
evidence for the role of rotation, and most strikingly, the
bifurcation is found to differ among the molecular axes.
However, it should be recalled that most relaxation studies are
made on pure materials, not solutions. Quantitative studies of
restricted-range rotation are few. At one extreme are the NMR
studies of toluer® mentioned above; at the other, in picosecond
laser studied’ aniline in alkanes was found to rotate in times
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only about double that expected for inertial rotation and (7) Wirth, M. J.; Chou, S.-HJ. Phys. Chem1991, 95, 1786.

modeling suggested libration over3&he faster times found 122(2)2551”0””5" S.; Schmid, A. A.; Wild, U. Bhem. Phys. Let0.985
here are~100-1000 times the inertial value of a few ©) |_'ee’M.;Bam,A.J_;Mccanhy’ A. J.: Han, C. H.: Haseltine, J. N.:

picoseconds. While the triphenylene data can be treated simplyHochstrasser, R. Ml. Chem. Phys1986 85, 4341.

because of its symmetry, attempts at a quantitative description (10) Ben-Amotz, D.; Scott, T. WJ. Chem. Phys1987 87, 3739.

. (11) Kim, Y.-R.; Fleming, G. RJ. Phys. Cheml988 92, 2168.
of the results for other molecules in the same way were (12) Jiang, Y.; Blanchard, G. J. Phys. Cheml994,98, 6436.

unsuccessful. More sophisticated modeling techniges are re- (13) Benzler, J.; Luther, KChem. Phys. Lett1997 279, 333.

quired, and we hope the present results will be the subject of (14) Jiang, Y.; Blanchard, G. J. Phys. Chem1995 99, 7904. _
such studies (15) Johari, G. P.; Goldstein, M. Chem. Physl97Q 53, 2372. Johari,

. . G.P,;Ann. N.Y. Acad. Scll976 279, 117.
Fluorescence anisotropy has the advantage that rotations (1) Kivelson, D.; Kivelson, S. AJ. Chem. Phys1989,90, 4464.

around different axes are readily distinguished; squalane is useful (17) Brocklehurst, B.; Young, R. Nl. Phys. Chem1995 99, 40.
in this respect (compared to, for exampdeterphenyl) because (18) Zinsli, P. E.Chem. Phys1977, 20, 299.

it is transparent to the short wavelengths needed to excite highergs(i%)og alman, B.; Clarke, N.; Johansson, L. B.JA.Phys. Chent.989

electronic states. The time range available here is very limited, (20) Reiter, G.; Demirel, A. L.; Peanasky, J.; Cai, L. L.; Granick)S.
but shorter times are accessible using laser excitation. EdigerChem. Phys1994 101, 2606.

32,34,35 . (21) Mondello, M.; Grest, G. SI. Chem. Phys1995 103 7156.
et al: have been able to extend it by many orders of 55 g ey M. D.: Kowalczyk, A, A.: Brand, LJ. Chem. Physl981,

magnitude by studying excited triplet states of anthracenes. Theirzs, 3581.
method has the potential to give results for different axes. The (23) Brocklehurst, B.; Young, R. Nl. Phys. Chem. A999 103 3809.

i _ayie. ; ; (24) Chuang, T. J.; Eisenthal, K. B. Chem. Phys1972,57, 5094.
fluorescence of anthracene is short-axis-polarized, while the (25) Jablonski, AActa Phys. Pol1950 10, 193,

triplet—trip_let absorption they used is oriented along the Iong_ (26) Christensen, R. L.; Drake, R. C.; Phillips, D .Phys. Chenm986,
axis. Studies of phosphorescence would add to this, since it is90, 5960.
polarized out of plane for aromatic hydrocarbons. (27) Johansson, L. B-A_; Karolin, J.; Langhals, H.; Reichherzer, S.; von

. . - P Finer, N.; Polborn, KJ. Chem. Soc., Faraday Trank993 89, 49.
Our overall aim was to use alkanes with a wide liquid range (28) Brocklehurst, B.: Young, R. N.. Chem. Soc., Faraday Trarko94,

to fill a gap between studies of mobile liquids on one hand and 9o, 271, 2001.
highly viscous liquids on the other. The former has now reached  (29) Dawson, W. R.; Kropp, J. L. Phys. Cheml969 73, 1752.

; : ; (30) Tanaka, HJ. Chem. Phys1996 105, 9375.
very short rotation times thanks to the use of picosecond lasers, (31) Wiliams, G. InMolecular Liquids Barnes, A. J., Orville-Thomas,

but the choice of liquids has been rather limited; for the latter, w. 3. varwood, J., Eds.: NATO ASI Series C, 135 Reidel: Dordrecht,
fluorescence anisotropy, which has the potential to give detailed 1984; p 239.

information about rotation, has hardly been used previously. lgéséz)loczicggnﬁ M. T.; Blackburn, F. R.; Ediger, M. D. Chem. Phys.

(33) Hinze, G.; Sillescu, HJ. Chem. Phys1996 104, 314.
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