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Effect of Solute—Solvent Compatibility on Total Luminescence Spectra of Perylene in
Shpol’skii Matrixes at Liquid Helium Temperature

Krystyna Palewska,* Jozef Lipiriski, Tomasz Misiaszek, and Juliusz Sworakowski

Institute of Physical and Theoretical Chemistry, TechnicalJ@rsity of Wroctaw, WybrzezWyspiaskiego 27,
PL-50-370 Wroctaw, Poland

Receied: February 21, 2002

Fluorescence excitation and emission spectra of perylenealkane Shpol'skii matrixes have been studied

at liquid helium temperature. The presence of a dominant Shpol'skii site has been detected in all matrixes
and attributed to perylene molecules substitutionally entering the host lattice. The character of the highest-
energy site observed in all matrixes was found to be strongly dependent on the nature of solvent. Three
matrixes were selected for a comparative studyhexane, forming a “good” matrix, anag-decane and
n-undecane, forming “poor” matrixes. A vibrational analysis of all Shpol'skii sites was performed, and an
additional low-frequency out-of-plane vibration at ca. 190 émvas observed for the highest energy site in
n-decane and-undecane matrixes in highly resolved two-dimensional spectra. Vibrational frequencies detected
in “conventional” emission and excitation spectra and in two-dimensional spectra, as well as data from infrared
and Raman spectra, are in a good agreement with recalculated vibrational frequencies obtained by MNDO
and ab initio quantum-chemical methods.

1. Introduction obtained inn-hexane. We employed the technique of total
luminescence spectroscopy (TLS) described in detail in refs 28
31. TLS was earlier used for a detailed study of properties of
aromatic hydrocarbof%2%-3! and of fullerene® and is of
outstanding value if the emission spectra are excitation-
wavelength-dependeft:2%-31

For the purpose of this paper, we shall first summarize basic

Photophysical properties of perylene have been extensively
studied in many laboratories. In particular, low-temperature
luminescence spectra of perylene in polycrystalline Shpol'skii
matrixes!~7 luminescence narrowing and hole-burning spec-
troscopy of perylen&;1* jet-cooled fluorescence spectra of

molecules excited to the;Sstate’®> 8 and IR and Raman . o .
5 22 features of TLS spectra of molecules in Shpol'skii matrixes.
spectrd® 22 were reported. Perylene became a model molecule ; . . g
Peak frequencies associated with the presence of afsilfdl

after it had been established that its solutions can be studied bythe relation

the modern technique of single-molecule spectroscopy (SMS).

The technique of SMS requires that the solute molecules be P

fixed in a well-defined and geometrically and energetically stable Vex = Vem T Vin(So) T nin(Sy)
environment to minimize the spectral diffusion and enhance the
reproducibility of spectral features. For this reason, crystal
lattices of Shpol'skii matrixes come as an obvious choice.

In earlier works on SMS of perylene, the molecule was placed
in polyethylene and im-nonane?®24 Recently, calculations of
properties of the Shpol'skii system perylenenialkanes were
performed using a combination of quantum mechanics an
molecular mechanic®. The study has recently been extended

to a series of othem-alkane matrixes, froon-hexane to ) . .
n-decane® plane along a diagonal line with the slopgdiext/{ ven})

Earlier research into Shpol'skii spectra of peryl&nand amounting. ol I(see ref 29). Th,,is energy shift bgt\_/veen two
terrylen@” in severaln-alkane matrixes clearly pointed to an SuPspectra andj amounts to 4+%)/ («/é),__whereAv'J is the
important role of the geometrical compatibility of the solute €SPective site splitting. The site splittidg" between the sites
and solvent molecules. In the previous papers reporting on' andj for a given electronic-vibrational transition is
perylene spectr#;26the matrixes were chosen so as to ensure i i . i j
a good compatibility of the shapes. Experimental results AV =V, = Vey = Vem ™ Vem
provided in this paper extend the series of solvents to higher ) . .
n-alkanes in which the solutesolvent compatibility can hardly ~ NOte that, because of strong Rayleigh scattering, observation
be expected: low-temperature fluorescence and fluorescence?f resonant 60 transitions (i.e., of the origin of the multiplet)
excitation spectra of perylene molecule firdecane andh is possible only if time-resolved techniques are appifed.

undecane matrixes are reported and compared with the spectra |" Some cases, TLS spectra cannot be regarded as a
superposition of identical single-site patterns and contain

* To whom correspondence should be addressed.F48:71 320 3364. additional (“off-diagonal”) features. Such features can be
E-mail: palewska@kchf.ch.pwr.wroc.pl. attributed either to the presence of impurities (e.g., products of
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where v, and v,,, denote wavenumbers of excitation and
emission transitions and,i,(Sp) andwip(S;) are the wavenum-
bers corresponding to vibration frequencies of the ground and
excited states, respectively. It is important to note tha{So)

and wp(S;) do not depend strongly on the specific site.

d Therefore, multiplet TLS spectra can be described by a weighted
superposition of identical single-site vibronic patterns, each
subspectrumi) shifted relative to another ong (n the Vex,Vem
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TABLE 1: Calculated Bond Lengths (A) of Perylene in Ground and the First Singlet States (Results of MNDO and ab Initio
6-31G* Calculations Compared to Mean Measured Values)

distance observed calculated (MNDO method) distance calculated (ab initio method) distance
type? distancé S state $ state A(S1—S) S state $ state A(S—S)
a 1.371 1.379 1.392 +0.013 1.356 1.382 +0.026
b 1.418 1.424 1.408 —0.016 1.407 1.379 —0.028
c 1.397 1.397 1.424 +0.027 1.370 1.416 +0.046
d 1.425 1.453 1.446 —0.007 1.430 1.419 —0.011
e 1.424 1.436 1.447 +0.011 1.414 1.431 +0.017
f 1.400 1.437 1.430 —0.007 1.416 1.406 —0.010
g 1471 1.481 1.460 —0.021 1.485 1.441 —0.044

2 Symbols corresponding to those used in Figure?Xaeraged values taken from ref 38.

photochemical reactiofd or to differences in geometry of the
guest molecules in their ground and excited stess finally,

to the presence of molecules incorporated into highly disordered
(“pseudoliquid”) regions of the matrix@s’ The TLS spectra
immediately point to the existence of such features.

2. Experimental Methods and Quantum-Chemical
Calculations

Spectroscopic measurements were carried out on a computer-
controlled system consisting of two double-grating SPEX 1402
monochromatoré® The excitation monochromator was equipped
with an Osram XBO 2500 W xenon arc as light source. A
Hamamatsu R2949 photomultiplier in photon-counting mode
was mounted to the emission monochromator to detect the
dispersed fluorescence. The two-dimensional spectra were
measured by sequentially recording emission spectra at various
excitation frequencies. The spectral resolution for TLS measure-
ments was greater thahl5 cntl.

High-quality zone-refined perylene was obtained from Prof.
Norbert Karl (3. Physikalisches Institut, UniversitGtuttgart).

The solvents employed in the present study were purchased from
Fluka in purum or puriss grade quality; their purities were
checked chromatographically. The concentrations of perylene
in the solutions under study ranged from 18107 M in Figure 1. Perspective drawing of a perylene molecule (a) in ¢he
n-hexane to 4x 107 M in n-dodecane. Degassed perylene modification of the crystal (after rgf 39). The bending of the mole_cule
solutions were placed in an Oxford CF204 cryostat, which was was grossly exaggerated for 'clarl'ty. Panel b shows an |IIustraF|on of

: . the lowest butterfly skeletal vibration at 184 ch(Byg Ssymmetry) in
precooled to 25 K, and p0|yc,ry5ta”'ne samples thus obtained peryelne; panel ¢c shows the out-of-plane skeletal vibrational mode at
were then cooled slowly to a final temperature between 4.2 and 455 cnt! (B,, symmetry). Vibrational modes were calculated using
5.0 K, at which the spectra were recorded. the ab initio method.

IR spectra of perylene in KBr pellets and in Nujol (below
400 cn1?l), as well as a Raman spectrum (witk, = 632.8
nm), were recorded with Perkin-Elmer System 2000 FTIR and
Jobin Yvon T64000 spectrometers, respectively.

The MNDO methoéf and ab initio Hartree Fock/6-31 G*6
calculations using the Gaussian9@ackage were employed
to calculate the optimized ground-state geometry (see Table 1),

the force constants, and the harmonic vibrational frequenmesStructure of the 60 region of the $< S, transition was found

of the perylene molecule. The optimized first excited singlet to be sensitive to the nature of the matrix: the best-resolved

state geometry has been obtained via the CIS procedu.remultiplet spectra have been observed rishexane. In the

implemented in Gaussian. The molecule was assumed to lie iNgLorescence spectrum (Figure 2a), the components of the

e e e T ey oL apber 1 22 415 T,  very strong ne)and

095 22 474 and 22 538 cm (weaker components labeled and
e Op, respectively). Additionally, a fourth very weak component

at 22 757 cm? (0p) was found (see insert in Figure 2a). In the

fluorescence excitation spectrum, we observed only a very strong
The fluorescence and fluorescence excitation spectra inline at 22 418 cm?, corresponding to thegOcomponent (the

n-hexane,n-decane, and-undecane shown in Figure 2 are other ones are hidden under the phonon wing following the 0

representative of fluorescence and fluorescence excitationline).

spectra of perylene in “good” and “poon“alkane matrixes used The fluorescence spectrum of perylene inrtkeiecane matrix

in this study. All spectra exhibit multiplet structures; within an  consists of two lines at 22 525 crh(0g) and 22 740 cm! (0a)

experimental error, we observed a resonance agreement betweeand of a broad band peaking at about 22 625 tassociated

the most intense excitation and emission lines. The mirror
symmetry between the vibronic patterns in the emission and
excitation spectra over the spectral region covered by our
experiment is excellent im-hexane and a little worse in
n-decane andn-undecane matrixes (in the latter case, the
differences appeared in the intensities of the vibronic lines in
the fluorescence and fluorescence excitation spectra). The

3. Results
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TABLE 2: Multiplets of the 0 —0 Transitions in the
@) } Fluorescence and Fluorescence Excitation Spectra of the
Perylene Molecule in Various Hydrocarbon Matrixes at 5 K
(in cm™1)
0 transition$
{
matrix S—S S—S
22500 22000 n-hexane 2243 v s (G) 22418vs
} 22 474 w (@)
4 22538 w (@)
| i 22757 vw (Q)
n-decane 22 Rvs (G) 22518vs
} 22 740 w (Q)
LL n-undecane 22 v s (@) 22508 m
L . 226355 (Q) 22640's
®) 0 0s 22 762 w (Q)
\ a Abbreviations: w= weak; m= medium; s= strong; v= very.
| o,: voo — 1500 cntt region in fluorescence. Maxima associated
with vibrational frequencies of the solute molecule occupying

a few sites are visible on the maps and isometric plots. In the
following, the discussion will be focused on features associated
| with the lowest-frequency skeletal vibrations, in which the effect

| of the matrix in best visible.

f In all solvents, perylene molecules occupy one strongly
dominant and well-defined site (labeled B, see Table 2 and
Figure 3). The inhomogeneous broadening of the line in
n-hexane is relatively small (fwhes 25 cn1?), as are the widths
of the cross sections of the phonon wing, both in emission and
excitation. Inn-decane andrundecane, the inhomogeneous
] broadening is considerably bigger, and the lines located on the

b ¥ diagonals-vex = vem + 349 cnTl, vex = vem + 432 cnT! and
; 2500 22000 Vex = Vem + 347 ¢, vey = vem + 430 cnrt in n-decane and
i n-undecane, respectivehare hard to resolve (contrary to
perylene in then-hexane matrix). The second component
24000 23000 22000
WAVENUMBERS [CM]

22500 22000

LUMINESCENCE INTENSITY

observed in the 80 of the § < S transition (labeled A)
appears clearly in the two-dimensional spectra (the location of
the site A is marked in Figure 3). It should be noted that the
e ‘ energy of the purely electronic, $> S transition for this site
21000 is over 200 cm? higher than the respective energy for the most
prominent B site. Moreover, as can be verified upon inspection
of the spectra displayed in Figure 3, the shapes of the lines
Figure 2. Fluorescence emission and excitation spectra of perylene at 355ociated with the site A are strongly dependent on the nature
5 Kin (a) -hexane ¢ = 1.8 x 107" M), (b) n-decane¢ =3 x 10°” of the solvent: the best Shpol'skii effect is observed-imexane.
M), and (c) n-undecane d = 4 x 1077 M). Full lines represent C fi f the 2D t f | de d
fluorescence spectra excited at 23 81@5 cn! in all matrixes; dashed ross sections of the Spectra of peryleneéxaecane an
lines represent excitation spectra monitoredihexane at 21 106 n-undecane taken at constant emission wavenumbers corre-
35 cnT?, in n-decane at 22 15@ 35 cnt?, and inn-undecane at 21 050  sponding to the site Avkm = 22 740 cmi* andvem = 22 762
+ 35 cntl. All lines corresponding to fundamental frequencies of the cm™?1, respectively) allow one to identify additional lines
B s_ite (cf. Table 3) are marked with arrows. Inserts show th® 0 belonging to the site A and located on the diagonals= vem
regions of the fluorescence spectra. + 193+ 7 cnT ! andvex = ven+ 186+ 7 cnrl, respectively.
Simultaneously, two other lines detected for the remaining sites
(at ca. 348 and 431 cm, see above) have not been observed
among the lines belonging to the site A. The peak at ca. 190
cm~1 should also be observed in cross sections of the 2D spectra
taken at constant excitation wavenumbers. Unfortunately, this
feature has not been observed, being probably hidden under a
undecane matrix at 22 503 c(0g) and at 22 635 cm' (Oc). very intense phonon wing of the-®@ transition of the site B.
Additionally, a very weak third component at 22 762 ¢nf0a) Apart from the main doublet (A and B), a third component
was found (see insert in Figure 2c). In the excitation spectrum, of the Shpol'skii multiplet (labeled C) is observedimundecane,
we observed a strong line at 22 640 chrcorresponding to the  as well as in all matrixes used in ref 26 excepdecane (see
Oc component and a second component at 22508'cm Table 2). Inn-decane, features associated with this site spread
corresponding to the g0site. The 6-0 fluorescence and into a distribution that additionally overlaps with features due
fluorescence excitation lines detected in spectra of perylene into the inhomogeneous broadening of the line belonging to the
all matrixes used in this study are listed in Table 2. site B. A fourth component, weak but distinct (labeled D), is
The TLS spectra of perylene in altalkane matrixes used in  clearly visible only in then-hexane matrix, in other matrixes
this study are shown in Figure 3&. These figures cover being probably hidden under the tails of B and C sites.
approximately thevgy + 1300 cnt? region in excitation and Moreover, there exists a distribution of red-shifted sites (labeled

R L

with the 0-0 of the § — S transitions. In the fluorescence
excitation spectrum, only a strong line at 22 518 éimelonging
to the @ component has been observed.

Two dominant lines, associated with the @transition, were
found in the fluorescence spectrum of perylene in the
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Figure 3. Contour and isometric plots of TLS high-resolved Shpol’skii spectra of perylenelkane matrixes at 5 K. The capital letters indicate

sites as described in the text. The solvents and concentrations (at room temperature-hexéme at = 1.8 x 10~ M, (b) n-decane at = 3
x 1077 M, and (c)n-undecane at = 4 x 1077 M. All spectra have been cut at the 1% intensity level to show weaker sites.

TABLE 3: Fundamental Vibrational Frequencies (in cm~1) of Perylene Identified in the Fluorescence and Fluorescence
Excitation Spectra in Somen-Alkane Matrixes? at 5 K and IR and Raman Frequencies Identified at Room Temperature

Compared with Results of Quantum-Chemical Calculations

excitatior? fluorescence description of vibration
n-hexane n-decane n-hexane n-decane IR Raman ref 39 present calculations (ab initio)
193 ¢ 184 m 189 w 17@,, (out-of-plane) 1844 (out-of-plane)
359s 356s 358s 349s 361 m 384(in-plane) 3604 (in-plane)
426 m 432w 432w 423 w 446 w 434 (out-of-plane) 458, (out-of-plane)
547 m 552 550 m. 544 m 540 m 547 m 548, (in-plane) 5537, (in-plane)
1294 s 1294 m 1302 s 1292 m 1288 m 1296 s 129@n-plane) 1279 (in-plane)
1372s 1369 m 1370vs 1389 (in-plane) 1370 (in-plane)
1407 s 1403 m 1382s 1380 m 1396 vw 13Yqin-plane) 1387, (in-plane)
1614 s 1615m 1574 s 1569 m H6s 1577w 1568\ (in-plane) 15437 1607 Aq4 (in-plane)

aThe values given in the table were determined from the analysis of the lines belonging to the “B’Afibeeviations: w= weak; m=
medium; s= strong; v= very. ¢ The frequency observed in 2D spectra belonging only to the “A” éifne frequency observed in 2D spectra

belonging to both “A” and “B” sites.
E) manifesting itself as a tail on the diagonals, = vem + excitation spectra, are given in Table 3. The table also contains
3494 7 cnr ! andvex = vem + 347 £ 7 cm L in n-decane and corresponding vibrational frequencies observed in IR and Raman
n-undecane, respectively (cf. Figure 3b,c). The pattern corre- spectra, compared with frequencies determined by Cyvin3t al.
sponding to the distribution is quite intense in these two The frequencies are also in a good agreement with those
matrixes, being almost absent in shontelnexane. identified in highly resolved electronievibronic spectra by
Fundamental vibration frequencies of perylene in thargi Personov et aB# as well as with the frequencies observed in
S, states, determined from the analysis of the emission andIR and Raman spectra by Cyvin et®lt should also be noted
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that the low-frequency out-of-plane vibration identified in our principle of the best geometric compatibility between the
2D spectra of perylene (193 crhin n-decane and 186 criin dimensions on the solute and solvent molecéles.straight-
n-undecane) has also been found in the IR and Raman spectrdorward comparison of the molecular dimensions of perylene
(cf. Table 3). The existence of an intense out-of-plane butterfly and of then-alkanes used allows one to predict that the solute
(Big symmetry) vibronic transition at 184 crh both in the molecules will best fit into the-hexane omn-octane matrixes.
ground and in the excited states, has also been confirmed bylndeed, the results presented in this paper confirmriftegxane
the quantum-chemical calculations (cf. Figure 1b). Apart from forms a “good” matrix for perylene. The conclusion is also
the 184 cm! vibration, there exists another out-of-plane confirmed by results obtained for perylene in otmealkane
vibration Bg sSymmetry) at 455 cmt (Figure 1c), the presence  matrixes?®

of which has been confirmed in all excitation and emission  The fundamental frequencies are given in Table 3 and are
spectra (cf. Table 3). indicated by the arrows in Figure 2. Furthermore, overtones of

The structure of the perylene molecule as determined from the strongest vibronic frequencies, as well as combinations with
X-ray experiments performed on single crystals is shown in all other vibrations, are also visible in the spectra. The most
Figure la. Quantum-chemical calculations performed for the intense line in the fluorescence spectra of the B site appearing
isolated perylene molecule showed that in the ground state thein all solvents at 352 7 cnm ! below the 6-0 transition is in
molecule is planar whereas its shape slightly deviates from a very good agreement with the results of other authors (e.g.,
planarity in the $ state (the deviation amounts to ca. 004 refs 1-7). In the excitation spectra, the strongest line appears
The calculated peri bond lengths linking two naphthalene units at nearly the same frequency above theDQransition.

(labeled g in Figure 1a) are the longest bonds in both the ground In the TLS spectra of perylene in some matrixes, we have
and excited states of perylene molecule, and all bond lengthsobserved a feature associated with a low-frequency vibration
of the central ring of the perylene molecule become considerably (ca. 190 cm?). This frequency, previously detected in IR and
shorter in the first excited singlet state. Simultaneously, the Raman spectra of perylene (ref 41, see also Table 3) and
calculated values of the and$ angles decrease in the State attributed to out-of-plane vibration of the molectfehas not

by no less than 0°2 A small but significant deviation from a  been detected in the “conventional” excitation spectra; moreover,
completely planar arrangement also was observedperylene in 2D spectra it could only be observed in “poor” matrixes (
crystals® The dihedral angle between 1 arichaphthalene rings  decane an@-undecane). We attribute this feature to the fact
(see Figure 1a) was evaluated to be 178tfie deviation from that the low-frequency vibration is of the butterfly character,
the mean plane was found to be about38). thus being space-demanding and possible only in matrixes in
which, because of misfit, the solute molecules enjoy a consider-
able freedom of motions.

The experiments reported in the present paper demonstrate |t should be stressed that the IR and Raman experiments were
that the guest perylene molecules occupy at least four well- performed on samples containing perylene crystallites. Perylene
defined sites, differing in the geometry of the environment of molecules are known to be nonplanar in the crystashereas
the emitting molecules. The site labeled B is most well-defined poth experimert43and quantum-chemical calculations (see the
and appears in all matrixes used in the research reported heregreceding section) show that isolated perylene molecules are
The shape of the TLS line attributed to the B site is due to a p|anar_ Thus, the appearance of the low frequency in the 2D
small width of the zero-phonon line, that is, to a relatively small  spectra is likely to be related to a change of the geometry of
inhomogeneous broadening. This indicates that the guestthe solute molecules in A sites. Any more farther-reaching
molecules enter the host lattice in a well-defined manner. We conclusions concerning this point cannot, however, be drawn
can conclude, in agreement with results of earlier calculafidns, on the basis of the experiments described in this paper.
that B sites are formed by perylene substitutionally replacing
the solute molecules and have a minimal freedom. Acknowledgment. The emission spectra reported in this
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