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We report on the rotational diffusion and vibrational population relaxation dynamics of the probe molecules
perylene and 1-methylperylene in selected aliphatic aldehyde and ketone solvents. The reorientation data
demonstrate that, for both solvent systems, there is a change in the nature of the-sagntinteractions

with both probe molecules as the hydrodynamic volume of the solvent molecules approaches that of the
probes. The solvent-dependent change in behavior occurs for different solvent aliphatic chain lengths in the
two systems. Vibrational population relaxation measurements for two probe molecule vibrational modes reveal
efficient intermolecular coupling in all cases. The data point to the role of the solvent aldehyde proton in
mediating solventsolvent and solventsolute interactions, leading to chromophore dynamics reminiscent

of those seen in the-alcohols. Reorientation of the two probes in the ketones yields results that are more
consistent with those seen in the alkanes, suggesting the relative weakness efidihated dipole interactions
relative to hydrogen-bonding interactions in the solvation of perylene and 1-methylperylene.

Introduction over characteristically shorter distances than are sensed by the

Over the past three decades, the scientific community hasrec())rlfentatlonl measurements. . d di f
made enormous strides in understanding intermolecular inter-. central importance to gaining an understanding o
actions in the liquid phase. Despite these gains, our understand-'mermOIecul"jlr Interactions is the appropriate choice of Pmb‘?
ing of liquids lags behind that of solids and gases because omeIECl"tled_ThergtEi\r’]e bee_n Tan¥ t(;]hromk:)phoreslexaml_neq in
the associative and dynamic nature of the liquid phase. Indeed,SUch studies, with thé majority ot thém being polar or ionic
for a given solvent solute system, there are many solvent cage dye.molecules. The mformatpn gained from such work is useful
configurations that lie within a very narrow energetic window, bult in man?/ cases Iess.than |tjeal because of the stren?.th.of(;[he
capable of interconversion on a fast time scale. Because of this>© vebnt—sclz Ut? tl_ntelracno”nsh n atn _attzm;;]t to ushe a limite
intrinsic complexity, gaining an understanding of the average lnum der OI relatively well-c arﬁc erized c rgmop or:es n S?\'
environment that a solute molecule experiences in a given ected solvent systems, we have reported recently on the
solvent system is not a simple matter. reorientation and vibrational popqlaﬂon rglaxatlon dynamics of

With the advent of picosecond lasers, the study of liquids perylgne_ gnd 1-methylperylene in a variety of nonpolar and
expanded greatly because many of the dynamics relevant toamphlphlhc solv_ents. We hqve used these_ two probe molecules
solvation processes proceed on the picosecond or longer timebecause_ of their symmetries. Perylene istoh symmetry, .
scale, especially in polar, strongly associative systems. Many possessing a center Of. Inversion. It thus.has no permanent dipole
methods have been devised for studying intermolecular inter- moment and, for the vibrational population relaxation measure-

actions in solution, and among the most successful has beer{"eNts we report here, the go_upling between solvent and s_olute
the measurement of probe molecule rotational motion. The studyIS (:pre?ed t? tﬁcali as IP? theb a?hsenc? g lsl\ljlb?;a?“al

of molecular reorientation has been aided by the existence of aPer lljr ation o E ¢ rolmor? OtLet y te S?V I ; Z yi- ‘
well-established theoretical framework for the interpretation of perylene Is a probe molecule that 1S structurally and Spectro-
experimental data, and much insight into solvestlute inter- scopically similar to perylene,. t.)Ut because of th? presence of
actions has been gained through such stidéne limitation the methyl group at the 1-position, the center of inversion has
of rotational diffusion measurements lies in the amount of been lifted and all vibrational modes in this molecule are
information that is available from typical experimental data and both Il_nfrared- and Raman-actlvet. gotnsequtlently_, Fm;errr:ﬁ_lecular
also that the probe molecules used in such studies are invariabeOUp Ing processes are expected to scale or this

e ; L
larger than the length scale over which any solvent organization molegule? Using both .rnolecu'les allows us, in principle, to
persists. As a result of these limitations we have shown that by examine intermolecular interactions over a range of length scales

comparing the results of reorientation and vibrational population Wh'le the reorientation dynamics of the two remains very similar

relaxation measurements, we can gain additional insight into In most solvent systems. .

the details of intermolecular interactiofs3* This is because, . AS part of our ongoing effort to understand intermolecular

for many systems, dipolar and/or hydrogen-bonding interactions interactions in _the liquid phase, we report here on the reorienta-
dominate both the reorientation and vibrational population tion and vibrational population relaxation dynamics of perylene

relaxation events, but vibrational population relaxation operates @1d 1-methylperylene in a series of aliphatic aldehydes and
ketones. These two probe molecules exhibit relaxation dynamics

* Author to whom correspondence should be addressed. E-mail: that are the same for a given solvent system, but their behavior
blanchard@photon.cem.msu.edu. in the different families of solvents provides substantial insight
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into the dominant forces responsible for solvation of these a
molecules. The reorientation of these probes in the aldehydes
is reminiscent of their behavior in the-alcohols while the
ketones data offer qualitative similarities to that seen in the
n-alkanes. From these findings, in conjunction with the vibra-
tional population relaxation measurements, we consider that
longer-lived associative interactions between solvent molecules
(e.g., hydrogen-bonding) play a greater role than solvent dipole
moment in determining the dynamics of these probes.

In examining the data we report here, it is important to place
the interpretation in the context of other data that exist for these
molecules. Our prior work on perylene and 1-methylperylene \
in n-alcohols showed that both molecules yielded the same ! ! ! -
dynamics to within the experimental uncertainty ifgpropanol 350 400 450 500 550
throughn-decanol, characterized by a double exponential decay wavelength (nm)
of the induced orientational anisotropy. Perylene and 1-methyl-
perylene behaved differently in thealkanes. For 1-methyl-
perylene we observed a change in dynamical behavior between
Cg and G, as we see here for the ketones. We also report here
that the aldehydes and ketones exhibit a break in their dynamical
response at £ whereas for th@-alcohols, the analogous break
is seen either between,@nd G (perylene) or is not seen (1-
methylperylene). We view these data as indicating that the
ketones and alkanes behave similarly, as do the aldehydes and
n-alcohols. Taken collectively, the data point to the importance
of labile protons in mediating solvation. The aldehydes and
n-alcohols both possess a relatively labile proton capable of
substantial intermolecular interaction, although the aldehyde . L L
proton is less labile than thealcohol proton. The presence of 350 400 450 300 350
the labile protons in these solvents provides the opportunity for wavelength (nm)
significant intermolecular interactions and thus more persistent rigure 1. (a) Absorption and emission spectra of perylene in
solvent local organization. Because the ketones and alkanes d@-octanone. (b) Absorption and emission spectra of 1-methylperylene
not possess analogous protons, the interactions between solverit 3-octanone. Intensities have been normalized for presentation.
molecules are weaker, thereby providing less confinement of .
the solute. A key finding of this work is that the solvent dipole State to the 8~ state of interest. The same wavelengths were
of labile protons for the solvation of essentially nonpolar species. Meéasurements. Our previous work has demonstrated that the
This finding is consistent with the known difference in ground state and excited-state reorientation behavior of perylene
characteristic longitudinal relaxation times for these two types are identical® and we take this to be the case for 1-methyl-

linear response (normalized)

linear response (normalized)

of solvents. perylene as well. The probe-laser polarization was set alternately
to 0° and 90 relative to the pump laser polarization for the
Experimental Section reorientation measurements, and to 84far the vibrational

population relaxation measurements. The time resolution of this

Laser System.The picosecond pumiprobe laser spectrom-  system~10 ps, is determined by the cross-correlation between
eter used for both the reorientation and vibrational population the pump and probe laser pulse trains. Detection of the transient
relaxation measurements has been described in detail previsignals was accomplished using a radio and audio frequency
ously3® and we present only a brief outline of its properties triple-modulation scheme, with synchronous demodulation
here. A mode-locked CW Nd:YAG laser (Coherent Antares 76- detection’’~3% Each reported time constant is the average of at
S) produces 30 W of average power (1064 nm, 100 ps pulses,least five individual determinations that are themselves the
76 MHz repetition rate). The output of this laser is frequency- average of 10 to 25 time-scans.
tripled to produce~1.2 W of average power at 355 nm. The Steady-State SpectroscopyThe steady-state absorption
third harmonic light is used to excite two cavity-dumped dye spectra of both chromophores in the aldehydes and ketones were
lasers (Coherent 702-3) synchronously. Both lasers operate withrecorded with 1 nm resolution using a Hitachi U-4001 spec-
Stilbene 420 laser dye (Exciton). The output of each laser is trometer. The spontaneous emission spectra for the same
~60 mW average power at 8 MHz repetition rate with a pulse solutions were obtained with 1 nm resolution using a Hitachi
that produce a 7 psiwhm autocorrelation trace using a three- F-4500 spectrometer. These data were used to determine the
plate birefringent filter. The pump laser wavelength was set appropriate laser wavelengths for each chromophore/solvent
between 433.0 and 440.1 nm, depending on the chromophorepair. The absorption and emission spectra for perylene and
and solvent, while the probe laser was set in the range of 460.81-methylperylene in 3-octanone are shown in Figure 1.
nm to 468.4 nm for vibrational population relaxation measure-  Chemicals and Sample Handling.Perylene (99.5%, sub-
ments of the solute~1375 cnt! ring breathing modes, and limed) was obtained from Aldrich Chemical Co. and used as
468.5 nm to 476.5 nm for measurements that examined thereceived. 1-Methylperylene was synthesized using the procedure
solute~1733 cnT! combination modes. The pump wavelength of Peake et al¢ which is more than 95% selective for
was chosen to access the-@ transition of the chromophore  methylation at the 1-position. In this reaction scheme, perylene
and the probe wavelength to stimulate emission from thg’S is reacted with ClLI/LiBr (e in dry THF at—78 °C, followed
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by quenching with solidz and reduction with Ng&,0s. All a
chemicals used in the synthesis were purchased from Aldrich
in the highest purity grade available. THF was dried oveg)Na
and distilled prior to use. Initial purification of the product was
accomplished with column chromatography (gt©lumn, 95:5
hexane/ethyl acetate). The product fraction was re-crystallized
according to the procedure specified by Zieger et?alhe
recrystallized product was pure bAH NMR, UV-—visible
absorption spectroscopy and mass spectrometry.

Solvents used in this work were obtained from Aldrich in
the highest purity grade available. Solutiongl(—* M) were
made fresh before each set of experimertsl cm quartz
cuvette with a magnetic stir bar was used to contain and mix
the sample during analysis, to eliminate the effects of thermal
lensing. A jacketed brass cuvette holder connected to a
re-circulating water bath (3004 0.1K), fabricated in house,
was used to maintain the sample temperature. Results from
previous experiments in our laboratory show no discernible
difference between this sample handling method and the use of
a flowing sample cell.
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Results and Discussion

R(t)

The focus of this work is on understanding the solvestiute
interactions of perylene and 1-methylperylene in selected
aldehydes and ketones, and to place these results in context with
respect to the behavior of these same probe molecules in other
solvent systems. In this work, it is the functionality of the 0
induced orientational anisotropy decay functi®ft), and in
partl_cular_, h.OV\R(t) varies with the |dent_|ty of th_e solvent,_that Figure 2. (a) Experimental,(t) andln(t) scans for 1-methylperylene
provides insight into the intermolecular interactions experienced ;| 2-nonanone, along with the instrumental response function. These
by these probe molecules. Vibrational population relaxation data gata are typical of those recorded for reorientation measurements. (b)
indicate strong solventsolute interactions for both probe  Anisotropy function,R(t), generated from the raw data shown in (a).
molecules. Before considering the dynamical data, we review The decay is fit to the functioR(t) = Ry(0) exp(-t/r1) + Rx(0) exp-
the linear responses of the probe molecules. (_tlfz), with the results of the fit giVen in Table 2.

Steady-State Linear Spectroscopy.Perylene is of Dy

100

300

scan time (ps)

200

! ; > framework for the interpretation of the experimental d'4tat
symmetry with the ground electronic state being ‘@, The modified Debye Stokes-Einstein (DSE) equation is the

symmetry and the first excited singlet state being'Bf. usual starting point for relating reorientation data to solvent and
symmetry?? 1-Methylperylene, by virtue of the presence of the gq|yte propertieds47.49-51

methyl group, is ofC; symmetry, with all states having A
character. These molecules exhibit qualitatively similar linear
responses; the quasi-mirror image absorption and emission
spectra (Figure 1) indicate that vibronic coupling plays a minor
role in determining their linear respons€sl-Methylperylene wherey is the solvent viscosity, V the solute hydrodynamic
exhibits a slightly larger Stokes shift than perylene, reflecting volume (225 & for perylene and 243 A for 1-methyl-

the presence of a small permanent dipole moment. Semi-perylene)2 f is a boundary condition term to account for
empirical calculations indicate that~ 0.2 D in the $ and frictional contributions to solvertsolute interactioné?*0kg is

~ 0.5 D in the $ for 1-methylperylené” The absorption the Boltzmann constart, is the temperature, arfllis a shape
maximum of perylene is red-shifted from 1-methylperylene in factor to account for the nonspherical shape of the séfute.

a given solvent, and the individual features in the 1-methyl- this model, a single exponential decay of the induced orienta-
perylene spectra are less well defined. These differences resultional anisotropy,R(t), is expected. For cases where a more
from the presence of the methyl group on 1-methylperylene, complicated functionality is seen iR(t), it is clear that this
which causes the two naphthalene moieties to be cocked@it simplistic but remarkably useful model cannot describe the data
with respect to one anoth&> The resulting slight break in  adequately.

conjugation causes the blue shift and the reduction in symmetry The experimental stimulated gain signal transients, polarized
causes additional vibrational resonances to become allowed,parallel ((t)) and perpendicularn{(t)) to the pump beam, are
adding to the greater width of the absorption and emission related to the functiorR(t) through eq 2, and representative
features. To within the experimental resolution (1 nm), the experimental(t), Io(t), andR(t) data are shown in Figure 2.
absorption responses of both perylene and 1-methylperylene are

_ nVf

Tor = i TS 1)

solvent-independent for the solvents studied here.
Rotational Diffusion Measurements.Rotational diffusion

has been used extensively as a tool for understanding inter-

molecular interactions in solutio® One reason for our use

R(H) = 1,(® — 1)

~10 2100 @)

The typical result for reorientation measurements is to recover

of this technique is that it is supported by a sound theoretical an experimentdR(t) function that decays as a single exponential.
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There are a number of experiments, however, wHtg is 180

found to decay with a multiple exponential functionafiy?53.54 Lol

or the measured decay is found to depend on the pump and/or I
probe wavelengths%55|n these cases, a more thorough study 140 b
of the anisotropy decay dynamics is required. Chuang and .
Eisenthal have derived expressionslfgt) andlq(t) that depend 120
on the angle between the excited and probed transition dipole 100 i
moments and the Cartesian components of the rotational g i %
diffusion constanf® R(t) can decay with as many as five . 80F

. . @)
exponential components, and in cases where more than one *

decay component is resolved, it is possible to interpret the 60__
reorientation dynamics in substantial detail. 40 k-

To facilitate the treatment of our experimental data using 20 i i i g % % é %
Chuang and Eisenthal’s formulation, we assign the Cartesian I %
axes as follows: The chromophore-systems are in the oL— v e 1
(approximatexy-plane andz is perpendicular to thay-plane. 3 4 5 6 7 8 9 10
The x-axis coincides with the absorption transition dipole solvent carbon chain length (no. of C's)

moment. For perylene this assignment is coincident with specific _. . o .
pery 9 P Figure 3. Reorientation time constants plotted as a function of carbon

bond axes, cons!stent W.ith_ B2n symmetry. For 1.-methyll- chain length for perylene®,O) and 1-methylperylenel,0) in the
perylene, the assignegaxis is not necessarily coincident with aldehydes.

any bonds because the-system for this chromophore is . . .
nonplanar and the presence of the methyl group at the 1-position For the reorientation of perylene and 1-methylperylene in the
will affect the orientation of the transition dipole moment n-alcohols, we observed a two-component decal(ffor all
relative to the molecular framework. Using these approximations CaSes except for perylene in methanol and ethanol. We argued
with Chuang and Eisenthal's equaticfiswe can relate the that the observation of a single component decay for these two
experimental reorientation times to the shape of the volume solutions is the result of limited time resolution achievable with
swept out by the rotating molecule. Because the experimentalUr system rather than an explicit change in effective rotor shape.
data do not possess sufficient information to separate the threeVith this assertion, the results for probe reorientation in the
Cartesian components of the rotational diffusion constant N-@lcohols suggest an oblate rotor shape in all cases and thus
unambiguously, we describe this volume in terms of prolate or substantial solvent confinement of the probe. This interpretation
oblate ellipsoids. For a prolate ellipsoid, characterized by rotation IS consistent with the known strong solvesblvent interactions
primarily about its long in-plane axi&y > Dy = D,. An oblate present in these solvents. As with the alkanes, for long chain

ellipsoid is characterized by rotation about the axis perpendicular "-@lcohols we observe a saturation in the rddi¢Dx at ~8.5,
to the chromophorer-system,D, > D, = D,. Using these  @rguing for substantial solute confinement. Our results for the

geometric approximations, we obtain expressionsRidy that reorientation of perylene ar}d l-methylperylgne in aldehydes and
can be used directly in the interpretation of our experimental ketones are consistent with our findings in the alkanes and
data. n-alcohols and, when these bodies of information are viewed
as a whole, it is clear that the role of labile solvent protons

Oblate: R(t) = 0.3 exp{(2D, + 4D,)t) + plays a more significant role in solvation processes than does

X solvent permanent dipole moment.

0.1 expt-6D,t) (3) We present the reorientation time constants for perylene and

1-methylperylene in the aldehydes in Figure 3. The data show

Prolate: R(t) = 0.4 exp{-6Dt) 4 that the reorientation dynamics of the two probe molecules are

identical in each aldehyde studied, to within our experimental
where the excited and probed transition dipole moments areuncertainty. We do not view this finding as surprising given
assumed to be parallel and lie along thaxis (vide infra). In the structural similarity of the two probes. Of perhaps greater
our previous work on the reorientation dynamics of perylene significance is the clear change in behavior from single
and 1l-methylperylene in alkanes amdalcohols, we have  exponential to double exponential decay in going from pentanal
interpreted much of the data in the context of eqs 3 and 4. We to hexanal. The determination of change in functionality was
found that, for reorientation of perylene in alkanes, we always made based on an examination of the residuals of the fit to the
recovered a single-exponential anisotropy decay, but the mag-data and the minimization of the associatgtl value. As
nitude of the frictional contributions to the reorientation of the discussed above, these data indicate a change in the shape of
chromophore f(in eq 1) decreased with increasing solvent the volume swept out by the probe molecule(s) from prolate to
aliphatic chain length? The reorientation of 1-methylperylene oblate. In contrast to our previous measurements, we observe
in the alkanes appears to be significantly differ@ntve that theD,/D ratio does not change substantially in going from
observed a single-exponential anisotropy decay in pentane,hexanal to decanal, and its limiting value in the aldehydes is
hexane, heptane, and octane. For nonane, we observed a two~5.5. These two findings, a change in effective rotor shape
componenR(t) decay, and interpreted these results in terms of between @ and G, and aD,/Dy ratio of ~5.5, suggests (but
a solvent-dependent change in the effective rotor shape of thedoes not prove) the existence of substantial solventvent
chromophores. As the solvent aliphatic chain length increased,interactions in the aldehydes. We will return to a discussion of
we quantitated the aspect ratio of the ellipsoid of rotation, this point later.
D.Dy, saturated at a value 0f8.5, suggesting that, as the The reorientation dynamics of perylene and 1-methylperylene
solvent increases in length, the confinement of the 1-methyl- in selected ketones are shown in Figure 4. These data are for
perylene chromophore within an anisotropic solvent cage ketones of three different lengths;7,CCs. and G, and the
becomes more pronounced. chemical variable in this series of data is the location of the



Perylene and 1-Methylperylene in Aldehydes and Ketones

120 F
110}
100 F
90 f
80
70 F
60 |
sof
40
30|
20 F
10}

Tor(PS)

Pt

2 3 4 2 3 2 3 4

Heptanone Octanone Nonanone

carbonyl position (carbon number)

Figure 4. Reorientation time constants plotted as a function of solvent
viscosity for perylene®,0) and 1-methylperylend®,0) in the ketones.
The boxed regions indicate specific solvent lengths.

carbonyl functionality. As with the aldehydes, the reorientation
behavior of both probe molecules is identical to within the
experimental uncertainty for a given solvent. We note that, for

the ketones, the reorientation behavior exhibits a change betwee

Cg and G total solvent length, and this finding is reminiscent
of the experimental reorientation data for 1-methylperylene in
the n-alkanes. For the &ketones, we find that the ratio @f/

Dy does depend on the location of the carbonyl functionality,
with 2-nonanone exhibiting B/Dy ratio of ~4.5, substantially
less than th®,/Dy ~ 5.5 ratio seen for 3-, 4-, and 5-nonanone

J. Phys. Chem. A, Vol. 105, No. 28, 2004789

explanation is consistent with the known excited-state absorption
response of perylerf8.Unfortunately, we do not have experi-
mental data on the excited-state absorption spectra of perylene
or 1-methylperylene in the solvents we report on here and thus
cannot infer the relative contribution of this effect.

We have touched upon the issue of diffusion constant ratio
above, but a more detailed discussion of these data is in order.
We present the calculated values for perylene and 1-methyl-
perylene in Table 3 for the aldehydes and Table 4 for the
ketones. It is useful to compare these results to our earlier data.
For 1-methylperylene im-alkanes octane and shorter, we
recovered ratid,/Dyx < 1, and aD,/Dx approaching~8.5 in
the longer chain solvents, and found that this ellipsoid aspect
ratio saturates at8.5 for sufficiently long alkane® For both
perylene and 1-methylperylene in thalcohols, we recovered
D./Dy ranges from~4 in methanol to~8.5 inn-decanof? It is
not clear thaD,/Dy ~ 8.5 is a saturation value because we are
limited in the length of the-alcohols we can use-Dodecanol
has been shown to form a mesophase betweetC24nd 30
°C %% and we must therefore expect similar phenomena for even
longer chainn-alcohols near their freezing point. In the work
we present here, we recoM@y/Dy < 1 for 1-methylperylene in
aldehydes pentanal and smaller, and in thea@ G ketones,
regardless of carbonyl functionality position. In the longer chain
ﬁa\Idehydes and ketones, the ratiolfDy does not reach the
same level seen for 1-methylperylene ralkanes andn-
alcohols, but does appear to saturate (Tables 3 and 4).

We note that the solvent-dependence in the rati® gDy
can be interpreted in the context of a change in the sotvent
solute boundary conditioff. This dependence arises from the
shape-dependence of the frictional ter(eq 1) in the slip limit,

(Table 4). While the ketones possess significant permanenta”d while it is tempting to draw conclusions about the solvent

dipole moments at their carbonyl functionality (calculatee

2.5 D)7 and this interaction appears to play a role in the
carbonyl position-dependeit,/Dy ratio seen for the ketones,
we do not see evidence for strong solvesoblute interactions

solute boundary condition from our data, we refrain from doing
so. The reason that we do not press this interpretation is that
the functionality ofR(t) depends on the identity of the solvent
and thus there is no uniform means by which to treat the

between the probe molecules and these solvents with the€Xxperimental data in the context of this interpretation. For

reorientation measurements.

Previous studies of the rotational dynamics of 1-methyl-
perylene inn-alkanes exhibited similar behavior to what we
have observed hef8.The intermolecular interactions charac-

solvent-solute systems where the anisotropy function decays
as a single exponential in all cases, it is possible to evaluate
changes in the boundary condition from stick to $fip.

It is important to note that long-chain solvents are not the

teristic of the alkanes exert a substantial influence on the solventonly ones that exhibit double exponential4 anisotropy decay
cage that accommodates the chromophore molecules. The breaRehavior. In a recent study by Jas et “Al.perylene in

in behavior in going from gto Cg in both the alkanes and the

cyclohexane and 2-propanol were shown to exhibit double

ketones reflects the balance between the strength of selvent €xponential decay anisotropy decays, and the authors concluded
solvent and solventsolute interactions. The change in behavior that the fast reorientation about treaxis resulted from
from prolate rotor to oblate rotor is consistent with confinement confinement of the perylene molecule. Their conclusions are
of the probe molecules in a layered or quasi-lamellar environ- in full agreement with ours. The phenomenon of (planar or
ment. quasi-planar) solute confinement within solvent lamellar-like
The experimental anisotropy data provide information on both SUCtures appears to be reasonably general and it will be
the reorientation and spectroscopic properties of the probeMPortant to elucidate the nature of the solvesolvent
molecules. Equations 3 and 4 were derived with the assumption/ntermolecular forces that give rise to this sort of solute
that the transition moments of the excited and probed transitionsconfinement.
are parallel and lie along theaxis. For these conditions, we Despite the wealth of information available from reorientation
expect a zero time anisotropy of 0.4 for an oblate rotor and measurements, we would like to achieve an understanding of
zero-time components of 0.1 and 0.3 for an oblate rotor. Solvent-solute interactions that these measurements alone
Experimentally, we observe values close to the theoretical cannot provide. In an attempt to garner further insight into
predictions (Tables 1 and 2), but there are noticeable deviationssolvation processes in these systems, we consider the vibrational
in the zero-time anisotropies in all cases. The Johnson groupPopulation relaxation dynamics of perylene and 1-methyl-
has noted similar results for the reorientation of perylene in Perylene in the aldehydes and ketones next.
2-propanol and cyclohexaffeand these data are consistent with Vibrational Population Relaxation Measurements.Vibra-
our earlier report3?-3259Jas et al. argue that at least a portion tional population relaxation measurements provide information
of the experimental deviation of the R(0) values stems from that is complementary to reorientation measurements. While
contributions to the data from excited-state absorption. This reorientation and vibrational population relaxation sense fun-
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TABLE 1: Reorientation Times and Zero-Time Anisotropies for Perylene and 1-Methylperylene in then-Aldehydes

perylene 1-methylperylene

solvent R.(0) 71 (pS) Rx(0) 72 (PpS) Ri(0) 71 (pS) R2(0) 72 (PS)
C,HsCHO 0.23+ 0.04 18+ 5 0.26+0.14 25+ 10
C3H,CHO 0.28+0.01 24+ 4 0.25+ 0.04 20+ 3
C;HyCHO 0.30+ 0.05 21+ 4 0.23+ 0.04 34+ 6
CsH1.CHO 0.24+0.10 21+ 8 0.20+0.10 86+ 4 0.25+0.11 17+5 0.12+ 0.05 102+ 28
CsH1:CHO 0.21+0.10 21+ 6 0.12+ 0.05 79+ 13 0.26+ 0.08 21+ 8 0.10+ 0.06 98+ 19
C7H1sCHO 0.19+ 0.05 24+ 7 0.11+ 0.04 116+ 36 0.15+ 0.04 21+ 4 0.12+ 0.04 84+ 2
CgH17CHO 0.15+ 0.05 17+ 7 0.19+ 0.02 92+ 15 0.16+ 0.07 17+ 7 0.20+ 0.02 97+ 10

CoH1CHO 0.234+0.06 22+ 4 0.14+ 0.02 104+ 16 0.23+0.04 24+ 12 0.174+0.06 138+ 27

2 The data are the best fit results of the data to the fund®gn= Ry(0) exp(t/r1) or R(t) = Ry(0) exp(-t/t1) + Rx(0) exp(t/zz). Times are
given in ps and the uncertainties listed are standard deviatibhs) (for at least six determinations of each quantity.

TABLE 2: Reorientation Times and Zero-Time Anisotropies for Perylene and 1-Methylperylene in the Ketones

perylene 1-methylperylene

solvent R.(0) 71 (PS) R:(0) 72 (pS) Ri(0) 71 (pS) R»(0) 72 (pS)
2-heptanone 0.24 0.05 31+ 5 0.27+ 0.05 11+ 2
3-heptanone 0.34 0.03 25+ 3 0.26+ 0.05 17+ 2
4-heptanone 0.26 0.01 26+ 3 0.24+ 0.03 18+ 2
2-octanone 0.12-0.03 27+ 2 0.27+0.05 17+ 3
3-octanone 0.2 0.02 33+ 3 0.34+ 0.06 21+ 7
2-nonanone 0.23 0.03 17+ 2 0.12+0.01 57+ 10 0.25+ 0.04 14+ 7 0.12+ 0.07 54+ 9
3-nonanone 0.29- 0.09 19+ 5 0.09+ 0.04 88+ 10 0.314+0.03 17+ 8 0.14+ 0.05 71+ 17
4-nonanone 0.38:0.17 18+ 6 0.12+ 0.06 74+ 21 0.32+0.10 20+ 8 0.11+ 0.05 98+ 15
5-nonanone 0.3:0.12 25+ 5 0.09+ 0.05 93+ 23 0.37+0.20 17+ 6 0.13+ 0.05 94+ 22

a2 The data are the best fit results of the data to the fund®gn= Ry(0) exp(t/r1) or R(t) = Ry(0) exp(t/t1) + Rx(0) exp(t/z;). Times are
given in ps and the uncertainties listed are standard deviatibhs) (for at least six determinations of each quantity.

TABLE 3: Cartesian Components of the Rotational Diffusion Constant,D, for Perylene and 1-Methylperylene in the
Aldehydeg

perylene 1-methylperylene
solvent Dy (GHz) D, (GHz) D//Dy° Dy (GHz) D, (GHz) D./D?
C,HsCHO 9.0+ 2.6 <1 6.6+ 2.6 <1
CsH/,CHO 7.0+ 1.1 <1 8.3+1.2 <1
C4HoCHO 79+ 1.4 <1 49+ 1.0 <1
CsH1,CHO 19+0.1 10.7£ 4.2 55+ 04 1.6+0.4 13.6+ 3.9 8.4+ 04
CsH1sCHO 2.1+ 0.3 10.9+ 3.2 5.2+ 0.3 1.7+ 0.3 11.2+ 4.5 6.6+ 0.4
C7H1sCHO 1.4+ 0.5 9.8+ 2.8 6.8+ 0.4 2.0+ 0.1 11.0+ 2.0 5.6+ 0.2
CgH17/CHO 1.8+ 0.3 13.9+55 7.6+0.4 1.7+ 0.2 13.5+5.1 7.9+ 04
CoH1CHO 1.6+0.2 10.8+ 2.0 6.4 0.2 1.24+0.2 9.8+ 4.9 8.1+ 0.5

2 These quantities and their uncertainties are derived from the fitted time constants shown in Palile Lincertainties in the quantiti&s/Dy
were calculated from the standard deviations inEhend theDy data according to the formulas,p, = (D/Dy) 4/(0DX/DX)2+(UDZ/DZ)'

TABLE 4: Cartesian Components of the Rotational Diffusion Constant,D, for Perylene and 1-Methylperylene in the Ketone3

perylene 1-methylperylene
solvent Dy (GHz) D, (GHz) D./D Dy (GHz) D, (GHz) DD
2-heptanone 530.9 <1 54+ 1.1 <1
3-heptanone 6.2 0.7 <1 55+ 14 <1
4-heptanone 6.3 0.6 <1 6.7+ 1.0 <1
2-octanone 6. 0.5 <1 50+ 11 <1
3-octanone 5% 05 <1 57+0.6 <1
2-nonanone 3.605 134+ 1.4 4.5+ 0.2 3.1+ 0.5 16.0+ 7.7 5.2+ 0.5
3-nonanone 1.20.2 12.0+ 3.4 6.4+ 0.3 2.3+ 0.6 13.6+£ 6.5 5.8+ 0.5
4-nonanone 2.3 0.7 124+ 4.4 55+ 0.5 1.8+0.3 12.7£ 6.5 7.2+ 0.5
5-nonanone 1.8 05 9.2+ 2.0 5.1+ 0.3 1.8+ 04 14.0+£ 5.2 7.8£0.4

2 These quantities and their uncertainties are derived from the fitted time constants shown in Palile Lincertainties in the quantiti&s/Dy
were calculated from the standard deviations inEhend theDy data according to the formulas,p, = (D/Dy) 4/(0DX/DX)2+(UDZ/DZ)'

damentally different phenomena, both depend on the propertiesdonor/acceptor pair, perylene and 1-methylperylene both possess
of the chromophore local environment. We have focused on a second ring-breathing mode, a combination mode (13753 cm
the vibrational population relaxation of the perylene 1375tm  + 358 cntl), at ~1733 cnt! and~1730 cntl, respectively,

and the 1-methylperylene 1370 chring breathing mode% that is essentially degenerate with the aldehyde and ketone
We have chosen these modes because the solvent termigal CHcarbonyl stretching modes at1727 cnt! and ~1717 cnt?,
groups exhibit a rocking motion at~1390 cm?! in the respectively. The measurementBf as a function of solvent
aldehydes, and-1375 cnt? in the ketones. In addition to this  identity for these modes can provide information on the spatial
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TABLE 5: Vibrational Population Relaxation Times, T, for Perylene and 1-Methylperylene in the Ketone3

perylene 1-methylperylene
solvent T, — 1370 cn?t T, — 1733 cn1t T, — 1375 cn1t T, — 1733 cn1?
3-pentanone 15 10 13+ 6 11+ 10 20+ 14
3-heptanone 166 40+ 21 20+ 11 2242
3-octanone 34 17 47+ 30 8+5 50+ 11
3-nonanone 2% 7 26+ 14 35+ 14 35+ 13

a Relaxation times are determined from at least six individual data sets and the uncertainties are standard deviations. Times are values from fits
of the experimental data to the functiof(t) = A; exp(—t/tsie) — Az exp(—t/T1) whererse is the stimulated emission decay time constant &nd
is the vibrational population relaxation time constant. Theimes in Table 5 are given in ps.
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Figure 5. Vibrational population relaxation data (probe polarized at f\‘; 60
54.7 with respect to the pump) and instrument response function for 3 50 .
! ; ! 2 L
perylene in 3-octanone. The data and response function are normalized & *
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measurements. S 30r
o
proximity and relative orientation of the donor and acceptor = 207
vibrational coordinates. We have chosen the series of ketones = 107
to address the proximity of the =80 and —CHs; solvent 0 : : : e'
functionalities to the selected chromophore vibrational coordi- @ \,z&o“‘b @&00@ <\q&o“
nates. The experimental details of this technique have been W xS a0 00

presented elsewhéf®? and we forego a discussion of this I : -

. igure 6. Vibrational population relaxation times for perylen®)(
matter here. We. ShO\_N a rgpresentaﬁ'yelatq Set,and InStrument and 1-methylperylendl) as a function of solvent aliphatic chain length
response function in Figure 5. The vibrational population i the ketones.
relaxation time constants we report here are similar for the two
chromophores in each of the ketones studied. We present thes@nd the 358 cmt in-plane stretching mode. The ketone terminal
T, values in Table 5 and Figure 6. For all of the aldehydes methyl groups are in close proximity to the solute in all cases,
examined, thd times were unresolvably fast, implying strong and any additional coupling between the solute (donor) com-
solvent-solute coupling. For the ketones, the similarity of the bination mode and the solvent carbonyl stretch is inefficient
T, data for the two probe molecules is unexpected becausebecause of the facile pathway for relaxation through the 1375
perylene possesses a center of inversion and 1-methylperylenem~! ring breathing mode.
does not. Molecules possessing a center of inversion couple with  The picture that emerges from the reorientation andata
their immediate environment with a distance-dependence®pf is that, for all of the ketones, the solvent terminal methyl groups
and molecules lacking a center of inversion couple with a remain in relatively close proximity to the solute; that the
distance-dependence 10.3% The fact that thd; values are so interaction between the solute and solvent is of sufficient
similar for the two probe molecules combined with the similarity strength to effect a structural distortion that lifts the perylene
in their reorientation times argues for a substantial perturbation center of inversion and that the solute is confined in a quasi-
of the chromophore symmetry by the solvent environment.  lamellar environment in solvents of sufficient length. It is

Because the theoretical framework for the interpretation of important to note here that the extent of the distortion of the
vibrational population relaxation in liquids is not well developed, perylene molecule is not related in a linear fashion to the
we do not attempt to extract information on solvesblute apparently large change in measurgdtimes relative to the
interactions from individuaTl'; values. Rather, we are interested unperturbed cas®.Any break in the symmetry of the chromo-
in the solvent-dependence of these time constants (Figure 6).phore will give rise to stronger solvensolute coupling. The
The observed trends for the ketone carbonyl acceptor modeproportionality between any such structural distortion and a
closely follow those of the terminal methyl group acceptor mode, change inT; has not been established. If the details of the
and this is an expected result since the donor moedt7g83 putative structural distortion were known and the potential
cm1) is a combination of the 1375 crhring breathing mode energy gradient for the solute along this coordinate were
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determined, then an estimate of the change in induced dipole Acknowledgment. We are grateful to the National Science
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available, such an estimate is not possible. These findings do
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