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Abstract: Since 1987, high-luminance low-voltage driven devices based on tris(8-hydroxyquinoline)alumi-
num(lll) (Algs) opened the route to design low-cost large area displays and illuminators. Despite the large
number of studies devoted to this material, very little is known about its basic structural and optical properties
in the solid state. Therefore, we have investigated the structure(s) and the correlation beteresyiecular
interactions and optical properties in various Akystems, including solution, amorphous thin films, and
different crystalline forms. Two novel unsolvated polymorphs of;Algamely,o-Algs andS-Algs, have been
synthesized and their crystalline structures determined from X-ray diffraction data on powjylargi(single
crystals (). Crystals ofa-Algs are triclinic, space group-1, a = 6.2586(8) A,b = 12.914(2) A;c =
14.743(2) A,o. = 109.66(1}; 5 = 89.66(1}, andy = 97.68(1}; crystals of-Algs are triclinic, space group

P-1, a = 8.4433(6) A,b = 10.2522(8) A;c = 13.1711(10) A = 108.578(19, f = 97.064(13, andy =
89.743(1). Both these crystal structures consist of a racemic mixture afgr@somer, but are characterized

by different molecular packings involving well-defined short contacts between quinoxaline ligands belonging
to symmetry-related Algmolecules with interligand spacings in the-3%9 A range. A third “high-temperature”
phase;-Algs, was found to contain orientationally disordemérAlgs molecules, lying about 82 position

of the trigonalP-31c space group, witla = 14.41(1) A ancc = 6.22(1) A. In addition, a hemichlorobenzene
adduct of Alg was also prepared and structurally characterized (monoclinic, space §&Qlp a =
10.786(1) Ab = 13.808(2) Ac = 16.928(2) A8 = 97.90(2)). Investigations of the different crystal phases,

as well as of amorphous thin films and solutions by absorption, fluorescence excitation, fluorescence, and
Raman spectroscopy, allowed the effect of the molecular packing on the emission properties to be elucidated,
the nature of the photoexcitations to be clarified, and the vibrational fingerprints af #vel 5 crystalline

forms to be highlighted. The spectral position of fluorescence is found to be correlated with both the molecular
density of the packing and the length of interligand contacts between neigborinméliecules as a consequence

of different dispersive and dipolar interactions as well as different orbital overlaps (the shorter the contacts,

i.e., the denser the crystal, the more the fluorescence is red-shifted). The low-temperature (4.2 K) vibronic
structure of the fluorescence spectrum of Aig resolved for the first time. It is assigned to the Franck
Condon activity of an in-plane bending mode at ca. 525%mand it is symptomatic of the ligand-centered
nature of the optical transitions. From the analysis of the vibronic progression the existence of a strong-electron
phonon coupling involving the 525 crh mode with a HuangRhys factor of ca. 2.6 0.4 is inferred. The

origin of the amorphous nature of the vacuum-sublimed thin films is here explained on the basis of the
accessibility of many different— links between homo- and heterochiral Alepolecules.

Introduction nescent diodes (OLED3)Alqs is a stable metal chelate that
can be sublimed to yield amorphous thin films and stands as
. : h . one of the most successful organic materials used in OLEDs.
demonstrated the possibility to design high-luminance low- The typical OLED structure reported initially by Tang et al.

\éoltaé;e drg/eorr_ detvgfs tt;]asgd OT Ala Iatr g? amount Olf V\{Oﬂl( . consists of two layers, a hole transport layer involving a diamine-
as been dedicated to the development of organic €lecrolumr-jy e molecule and an electron-transport layer based on,Alg
t Consiglio Nazionale delle Ricerche. which are sandwiched between two charge-injecting electrbdes.
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tuned by means of the applied voltage have been reported
opening some interesting perspectives for the design of low-
cost large-area LED displaysVost of the recent studies have
been devoted to the optimization of the device characteristics,
to the improvement of the morphological stabifitytp the
understanding of the charge-transport mechanfsams] to the
tuning of the OLED emission spectruff.However, there are
only a few systematic investigations of the correlations existing
between the molecular packing, the morphological properties
in thin films, and the corresponding optical/electronic properties
in conjugated molecular materidén particular, changes in the

Brinkmann et al.

,Structures, namely, AlgMeOH) and Alg(ethyl acetata),, have

been determined so f&k22 and no crystal structure of the
unsolvated forms of Alg has ever been reported. Also still
unclear is the possibility of thermal interconversion between
themerandfacisomers of Alg when sublimed in high vacuum.
Such an isomeric transformation was first inferred from NMR
measurements in deuterated chloroform when the temperature
was increased to ca. 17&.23

From the theoretical point of view ab initio calculations of
the ground-state properties of the isolatedAttplecules have
been performed quite recently for the twonerandfacisomers.

molecular packing are expected to influence the characteristics|t was found that the HOMO of theerisomer, which is present
of the excited electronic states as evidenced in the case ofin the crystalline state (see Schmidbaur éiglis split in three

aromatic hydrocarboA%and secondary dicarboxamides where

nearly degenerate molecular orbitals. The tmer and fac

various arenearene geometries can be obtained and lead to aisomers are characterized by permanent dipoles of ca. 4 and 7

large variety of fluorescence behavidts!®
Concerning the optical properties of Aldew studies have

D, respectively. More recent computational calculations based
on density functional theory (DFT) have investigated the effect

been dedicated to the fluorescence in solution and sublimed thinof charge addition and metallqs interactions on the electronic

films,%16.17 focusing mainly on the high quantum yield of
fluorescence, a value of ca. 0.30 being recently reported for
vacuum-deposited film$ However, it must be stressed that the
optical properties of thin films are those of an amorphous-like
material consisting, as postulated recently by several authdts,

of a mixture of the two geometrical isomers of Algalled
meridianal (ner) and facial fac), i.e., disordered media without
any controlled and well-defined molecular organization which

structure and molecular geometry of AR{-2*Nevertheless, no
assignment of the lowest allowed optical transition and no
theoretical investigations of the electronic excited states have
so far been reported.

This paper contains crystallographic results which are mostly
based on the newly emerging technigue of ab initio X-ray
powder diffraction (XRPD) methods, recently promoted by us
in the field of coordination chemistry using conventional, but

give rise to inhomogeneously broadened spectra. It appearsyell conditioned, laboratory equipmeRitThe structures reported
therefore as a major requirement to synthesize controlled andin the following sections, inter alia, represent some of the most

well-defined Alg-based molecular architectures to investigate
the effect of molecular packing on the optical properties.
Surprisingly, in the case of Algonly two isostructural solvated
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(19) Chen, C. H.; Shi, loord Chem Rev. 1998 171, 161.
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complex species characterized by this method and, accordingly,
show that, even when it is unable to provide atomic resolution,
XRPD can afford very valuable information in the field of
molecular compounds, such as crystal packing and the nature
of the intermolecular contacts. We have been able to isolate
three novel unsolvated polymorphs of Algnd to determine
their crystal structures, which show the presence of close
contacts between adjacent 8-hydroxyquinoline ligands belonging
to symmetry-related Algmolecules. Given the different pol-
ymorphs of Alg, the correlations existing between the observed
molecular architectures and the corresponding optical properties,
probed by absorption, fluorescence emission, and excitation as
well as Raman spectroscopies, are highlighted. The effects of
intermolecular interactions have been investigated forzAlq
systems ranging from solutions of increasing concentration to
amorphous thin films and ultimately to ordered crystalline
systems, including a hemichlorobenzene-solvated form of. Alq
The optical properties and the amorphous nature of the thin films
are accordingly analyzed on the basis of the intrinsic polymor-
phism of Algs.

Experimental Section

(a) Synthesis of the Different Alg Polymorphs. a-Algs is
quantitatively obtained by the entrainer sublimation technique by
loading Algs powder (Aldrich, 99.9% purity) in a ceramic boat placed
in a quartz tube (diameter ca. 5 cm and length ca. 80 cm), which is
heated at the sublimation temperature of ;Aldnder a constant flux
of nitrogen (99.99%), crystalline needles of Algre formed on the

(21) Schmidbaur, H.; Lettenbauer, J.; Wilkinson, D. L.;'IMy G.;
Kumberger, OZ. Naturforsch 1991, B46, 901.
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153.

(23) Baker, B. C.; Sawyer, D. TAnal. Chem 1968 40, 1945.

(24) (a) Johansson, N.; Osada, T.; Stastr8.; Salaneck, W. R.; Parente,
V.; Dos Santos, D. A.; Crispin, X.; Bdas, J.-L.J. Phys Chem 1999
111, 2157. (b) Curioni, A.; Andreoni, WJ. Am Chem Soc 1999 121,
8592.

(25) Masciocchi, N.; Sironi, AJ. Chem Soc, Dalton Trans 1997, 4643.
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colder part of the quartz tube. Alternatively;Algs is obtained by A3+ 050
recrystallization from spectroscopic grade acetone or by heating, above
180 °C, the solvated phase AIEsHsCl)y, obtained from GHsCI o
solutions. Single-crystal growth by recrystallization was performed in
the dark under an inert environmentyNo avoid degradation of Alg
by oxidative condensation of the ligand which occurs in the presence 15
of O, and HO.26-28

The largest needles of-Alg; obtained by sublimation have typical
dimensions of ca. 2 20 x 400um?. Under diffraction conditions, 10
these needles proved to be polycrystalline in agreement with their
morphology showing parallel bundles of thin threads. Among the -
multitude ofa-Algs needles obtained by recrystallization from acetone,
a few larger and flat crystals could be found, and attributed to a distinct
polymorph, heraftefs. The pseudbexagonally shaped-Alqs single | gif‘ W .
crystals of typical size 5& 500 x 500um?® proved to be suitable for R
conventional diffraction methods. The nonsolvated character ofithe ? 1.0' NL 3_0' 4‘0' 5_0' 6_(,'
andp polymorphs was originally ascertained by IR and Raman analyses 2Thets, deg I0E 1

which did not reveal any trace of acetone. Figure 1. Rietveld refinement plot of the AMCeHsCl)1» phase.

Powders of the-Algs phase have been prepared by heatirdlgs Measured (bottom) and calculated (top) profiles and peak markers are
or Algs(CeHsCl)12 under a nitrogen atmosphere above the (irreversible) shown.

o — y phase transition temperature located at ca. 35Annealing
temperatures higher than 41Q are found to result in sublimation to

SRR ba ot

R
-
-

- i . Although visual comparison of the X-ray powder pattern with those
a-Algs (AH = ca. 49 kJ mat’).* The presence of contaminants (brown ¢ jted from the already published coordinates for the methanol and
material), probably due to polycondensation of the ligands, prevented ethyl acetate solvat¥s? did not grant structure similarity with the
the isolation of pure,-Alqs, which has therefore not been submitted 5y phases, the derived lattice parameters and the determined space
to further optical characterization. group strongly suggested that Alaolecules are arranged in a similar
Thin films of Algs were obtained by vacuum sublimation at a base manner. Therefore, as the initial model, a complete;Algs included
pressure of ca. I0 mbar. Substrates consist of either quartz slides or i an “ideal” position and refined by the Rietveld method as a rigid
passivated Si(100). Passivation of the Si(100) substrates was performethody (adding external observations to the normal least-squares proce-
by dipping into 10% HF solution for 1 min and rinsing with deionized  qure in the form of restraints). Subsequent difference Fourier clearly
water. The starting Algmaterial (Aldrich, 98%) was purified by the  reyealed a gHsCl moiety (disordered about an inversion center), which
usual entrainer sublimation technique as described above. The deposiyas then also included in the final refinement, performed using GBAS,
tion rate was kept at a constant value of ca. 1 nm/min, and the substrat@yhich allows bond parameters to be restrained to known values. One
temperatureTs was regulated in the range 36850 K. As described  jsotropic thermal parameter was refined (0.05(3). Ahe contribution
elsewheré? the films of Algs deposited onto passivated Si(100) consist  of the H atoms to the scattering factors was neglected. The background
of a loose or tight network of noncoalescing amorphous droplets, \as refined using a six-term cosine series. The angular dependence of
depending on the deposited thickness. the peak widths (of pseudo-Voigt shape) was modeled using the Caglioti
Differential scanning calorimetry (DSC) and thermogravimetric et al. formulad* with the V and Z parameters set to zero. Final Rp,
analysis (TGA) were performed with the aid of a Perkin-Elmer DSC7/ Rwp, andRr values were 0.17, 0.13, and 0.094, respectively. Figure 1

TGA7 modular instrument. shows the final Rietveld refinement plot. A summary of crystal data
(b) Crystallography. X-ray Powder Diffraction Analysis of and refinement parameters can be found in Table 1.
Algs(CeHsCl)12. X-ray powder diffraction data were obtained with X-ray Powder Diffraction Analysis of Alq 3 (a-Phase).The yellow

graphite-monochromated Cuoktadiation ¢ = 1.5418 A) on a Philips  needle-shaped crystals afforded very weak diffraction spots. Repeated
PW1820 vertical-scan powder diffractometer, equipped with parallel Jong (10 min/frame) exposures on a Siemens SMART three-circle
(Soller) slits. HV setting: 40 kV and 40 mA. Slits used: DS (},0 diffractometer equipped with a CCD area detector allowed as many as
AS (1.0), RS (0.2 mm). Gently ground Adgpowder was cautiously 150 well-defined [withl > 100s(l)] reflections per crystal to be
deposited in the hollow (ca. 0.5 mm deep) of a glass specimen holder detected, which, however, did not lead to any unambiguously deter-
by the top-loading technique. Data were collected at room temperaturemined unit cell, indicating the probable polycrystalline nature of the
in the 5-95° range, in they—260 mode, step scan with26 = 0.02 needles. Therefore, we resorted again to XRPD measurements, per-
and a fixed time of 10 s/step. The lowest 21) peaks (located by  formed (on thoroughly ground Adqmeedles and on sublimed powders)
standard peak search methods) were fed in the trial and error indexingvery much as described above for theHgC! solvated phase.
routines of TREOR! Reasonable agreement within the monoclinic  Preliminary XRPD data on what we have found to bedhglqs phase
system leads to the following unit cell parametars: 10.81 A,b = have been recently reporté but their modest quality, together with
13.79 A,c=16.91 A, = 97.9; F(21)*2 = 23(0.016, 57). No rational the limited observed range, could not afford any useful structural
transformations of this unit cell into high symmetries could be found. information. Interestingly, the powder diffraction pattern in our hands
Systematic absences indicaté@i/n as the probable space group. was of very good quality, but rather complex, as indicated by the
presence of three intense, well resolved peaks within the 89 < 8°

(26) () Papadimitrakopoulos, F.; Zhang, X.-M.; Thomsen D. L., range, completely missed in the original regé#On using the 15 well-

Higginson, K. A.Chem Mater. 1996 8, 1363. (b) Higginson, K. A.; Zhang, e f
X.-M.. Papadimitrakopoulos, FChem Mater. 1998 10, 1017. resolved peak positions, TREGRndicated, among others, a probable

(27) Schmidt, A.; Anderson, M. L.; Aromstrong, R. N. Appl. Phys. triclinic cell consistent withz = 2 [a = 6.27 A b = 12.92 A c =

1995 78, 56109. 14.73 A,a. = 109.6, = 89.7, y = 97.7; F(16) = 57 (0.011, 24)].

(28) Sano, K.; Kawata, Y.; Urano, T.l.; Mori, Y. Mater. Chem 1992 No rational transformations of this unit cell into high symmetry could
2, 767. ] ) be found. The space group-1 was initially assumed, and later
_(29)In contrast with our observations, these two endotherms were ¢qnfirmed by successful solution and refinement. Patterson maps and
interpreted asdenaturatiofi of the “normal’ fac- andmerisomers of Alg, direct methods (EXP®) based on the LeBail fit in the’5< 260 < 65°

leading to ‘a new type of Algl (from ref 28). . : . .
(30)E]Brinkmann,ylli)/l.; Biscgrfm, = Ghec)iini, M.: Aiello, I.: Taliani, C. range did not afford any reliable solution; however, using the real-

Phys. Re. B., Rapid Communin press.

(31) Werner, P. E.; Eriksson, L.; Westdahl, B1Appl. Crystallogr. 1985 (33) Larson, A. C.; Von Dreele, R. B. LANSCE, MS-H805, Los Alamos
18, 367. National Laboratory, New Mexico, 1990.
(32) De Wolff, P. M.J. Appl. Crystallogr. 1968 1, 108. Smith, G. S.; (34) Caglioti, G.; Paoletti, A.; Ricci, F. ANucl. Instrum Methods1958

Snyder, R. LJ. Appl. Crystallogr. 1979 12, 60. 3, 223.
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Table 1. Summary of Crystal Data for AlCsHsCl)1> and Alg; (3-Phase), Including Data Collection and Refinement Details

empirical formula GonoﬁlCl 0A5N3O3 C27H13A|N 303 C27H18A|N 303
fw 515.72 409.43 409.43
cryst syst monoclinic triclinic triclinic
space group P2i/n (no. 14) P-1 (no. 2) P-1 (No.2)
a A 10.786(1) 6.2586(8) 8.4433(6)
b, A 13.808(2) 12.914(2) 10.2522(8)
c, A 16.928(2) 14.743(2) 13.1711(10)
o, deg 90 109.66(1) 108.578(1)
B, deg 97.90(2) 89.66(1) 97.064(1)
y, deg 90 97.68(1) 89.743(1)
vV, A3 2497.3(5) 1111.1(2) 1071.7(2)
z 4 2 2
F(000) 1150 476 476
D(calcd), g cm® 1.372 1.373 1424
w, mmt 0.15 0.11 0.13
temp, K 293(2) 293(2) 293(2)
technique powder diffraction powder diffraction single-crystal diffraction
diffractometer Philips PW1820 Philips PW1820 Siemens SMART/CCD
A A 1.5418 1.5418 0.71073
26 range, deg 865 5-65 4-58
agreement indices R =0.09 R-=10.10 R1=0.059, wR2= 0.103
profile agreement indices Rp 0.14, Rwp=0.18 Rp=0.11, Rwp=0.14 na
A3 Alpha Phase HV setting: 45 kV and 40 mA. Initial unit cell parameters and an

‘ ' orientation matrix were obtained from least-squares refinement on 44

— reflections measured in three different sets of 15 frames each in the
range 2 < 260 < 23°. Approximately a full sphere of data within the
limits 1° < 26 < 58 was collected by the scan technique with the
r 7 frame width set to 0.3and the sampledetector distance fixed at 4.96
40 cm with a beam exposure of 30 s/frame. The collected frames were
then processed by the software SAINT for integration; an absorption

Counts |
XI0E 3

80

rot 7 correction was applied (SADABS,in = 0.850) on the 10 186 collected
40 i reflections R, = X[o(Fd)]/=F? = 0.079), 4790 of which are unique,
L ! % with Ryt = Z[Fe?2 — Fead]]l/ZF,2 = 0.038. The structure was solved
;* : 29 $ * by direct methods (SIR9%) and difference Fourier methods and
20 ﬁ% 1 subsequently refined by full-matrix least squares agdigstising all
> o At omm— the reflections and the program SHELXL®7All non-hydrogen atoms
v 1 e ""'"I""'"'""""' ‘ ‘ ‘ _|_ were given anisotropic displacement parameters, while H atoms were
3 0 20 0 ) 50 60 included in calculated positions and refined riding on their parent carbon

2Thet, deg XIQE 1 atoms with isotropic displacement parameters 1.2 times that of the
Figure 2. Rietveld refinement plot of the Alga-phase. Measured pertinent carbon atom. Table 1 contains details of the crystal data and

(bottom) and calculated (top) profiles and peak markers are shown. data collection and refinement procedures. Full lists of fractional atomic
coordinates and bond distances and angles have been deposited as

Supporting Information.

X-ray Powder Diffraction Analysis of Alg s (y-Phase).Powders
of a mixture of rapidly quencheg-Algs and of dark-brown polycon-
densed ligands (vide supra) were measured at room temperature as for
the a-phase. All intense peaks could be successfully indexed by a

(restrained) Rietveld refinement (Figure 2), performed using GSAS trigonal l_Jnit cell (_see Table_ 2). Dgnsity and symmetry considerati_ons,
(Usso = 0.07(5) &). Instrumental parameters (background, peak shape, geometric modeling, and simulation of the XRPD pattern and lattice-

and their angular dependence) were treated as described above. Findionstrained molecular mechanics Riri)*’ clearly indicate the presence
Rp, Rwp, ancR: values were 0.11, 0.14, and 0.10, respectively. of Algs molecules lying about th82 symmetry position (at 0, 0, 1/4)

On heating Alg(CsHsCl).2 in a vacuum at ca. 208C for 15 min, of the centrosymmetri®-31c space group. Thus, this phase contains

solvent evolution drives the complete transformation of the monoclinic orlr:e_n;atlonally d|sordered1(:]r-AIq3 molecules, pSSS'b'% derived frqm
crystals into the triclinic Algo-phase, which, however, shows a slightly & high-temperature rotor phase present above’89svhere dynamic

modified XRPD pattern; the latter could be fully indexed and completely €dualization of the quinoxaline ligands, without any bond breaking,
described by a slightly inflated-phase, with lattice parameters of ~ can occur. However, the low(er) quality of the observed XRPD pattern,
6.299(1), 12.997(2), and 14.822(3) A, and 109.5%(89.45(2}, and due to the presence of contaminant materials, did not allow a
97.99(2Y, leading to a unit cell volume of about 1138 Ae., 1.8% quantitative Rietveld fit. _
larger than that of the sublimed powders. (c) Spectroscopy.Fluorescence measu_rements_m the temperature
X-ray Single-Crystal Analysis of Algs (3-Phase).Single-crystal range 4.2-300 K have_ been performed in a_hellum bath cryostat.
X-ray diffraction data were collected at room temperature on a Siemens Fluorescence was excited by the 365.5 nm line of an UV extended
SMART three-circle diffractometer equipped with a CCD area detector, /90N ion laser and detected by an optical multichannel analyzer coupled
using graphite-monochromated Mookradiation ¢ = 0.710 73 A). to a CCD array. For the fluorescence excitation (FLE) measurements
the excitation source was a 300 W xenon lamp coupled to a
(35) Altomare, A.; Burla, M. C.; Cascarano, G.; Giacovazzo, C.; monochromator interfaced to a PC. The monochromators used for the
Guagliardi, A.; Moliterni, A. G. G.; Polidori, GJ. Appl. Crystallogr. 1995

space scavenger technique recently developed in this laboratory
(PRISCON®), a 34-atom Alg fragment could be approximately located
and oriented in the unit cell. Further optimization was performed, after
including H atoms in ideal positions, by lattice-constrained molecular
mechanics$! which afforded a very good starting point for final

28, 842. (38) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.;
(36) Masciocchi, N.; Bianchi, R.; Cairati, P.; Pilati, T.; Sironi, AAppl. Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna,
Crystallogr. 1994 27, 426. R. J. Appl Crystallogr. 1999 32, 115.
(37) Mercandelli, P. L.; Moret, M.; Sironi, Alnorg. Chem 199§ 37, (39) Sheldrick, G. M. SHELXL-97: Program for structure refinement,

2563. University of Gdtingen, Germany, 1997.
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Table 2. Synoptic Collection of Crystal Data for Various Crystal Phases ContainingAvagments

solvent space ref or

phase (clathrated) system goup aA bA c¢A odeg B,deg y,deg V,A> Z CCDCcode
Algs (@) none triclinic P-1 6.26 1291 14.74 109.7 89.7 97.7 1111 2 thiswork
Algs (8) none triclinic P-1 8.44 10.25 13.17 108.6 97.1 89.7 1072 2 thiswork
Algs (y) none trigonal P-31c 1441 1441 6.22 90 90 120 1118 2  this work
Algs CH;OH monoclinic P2:/n 10.78 13.21 16.79 97.8 2370 4 HQUALAO1
Algs? 0.5 CHHOCOGHs monoclinic P2:/n 10.97 13.32 16.85 98.6 2434 4 22
Algs 0.5 CHCOCH; monoclinic P2,/n 1094 13.19 16.87 98.4 2407 4 JIWLAC
Algs 0.5 GHsCl monoclinic P2:/n 10.79 13.81 16.93 97.9 2497 4  this work
GagP none “amorphous” 54
Gag CHZOH monoclinic P2:/n 10.84 13.27 16.79 98.0 2392 4 VIYZUY
Gag C;HsOH monoclinic P2;/n 11.23 13.32 16.72 94.2 2496 4 YINRIW
Gag® 0.5 GHsOC;Hs monoclinic P2:/n 11.02 13.28 16.92 98.0 2452 4 54
Ings C;HsOH monoclinic P2:/n 11.31 1355 16.82 94.9 2568 4 YINRESO1
Tlgs H,O monoclinic C2/c 23.90 1548 13.84 118.5 4500 8 YINROC
Shg none orthorhombic P2;2,2; 8.16 9.40 28.66 2199 4 YINRUI
Cros CH;OH monoclinic P2i/n 1096 13.21 16.90 97.4 2427 4 QUICRM
Mngs CH;OH monoclinic P2:/n 10.85 13.20 17.28 97.6 2453 4 MNQOLM10
Mnqs C,HsOH monoclinic P2:/n 11.10 13.22 17.08 95.3 2497 4 ZEMZEW
Mngs 0.5n-CgH130H monoclinic P2:/n 11.20 13.34 17.20 97.1 2550 4 MNQOLH10
Feg C;HsOH monoclinic P2,/n 11.19 13.42 16.73 94.3 2504 4 RESDOI
Cogs C,HsOH monoclinic P2:/n 11.39 12.77 16.67 92.6 2424 4 YINRAO
Rugs CHCl; monoclinic P2:/n 1092 13.20 16.92 98.4 2412 4 ZULTAB
Rhgs CHClz monoclinic P2:/n 10.99 13.07 16.89 97.7 2405 4 ZULTEF
Osg CHCl; monoclinic P2:/n 1096 13.11 16.99 98.3 2416 4 ZULSUV

2 Originally formulated as Algt0.25(CHCOCH).. ® It is very possible that the Gagamorphous) needles and the Alg-phase), for which PD
data clearly show high crystallinity arsiandardsingle-crystal techniques fail to afford suitable Bragg reflections (see the text), belong to the same
structural classt This phase was erroneously presented as purg, @acjear disagreement with its chemical preparation, observed lattice metrics,
and space group analogies with the above-mentioned monoclinic phases.

selection of both the excitation and detection wavelengths are character-
ized by a spectral resolution of about 10 nm. The exciting source and
the FLE signal from the sample were simultaneously detected by two
photomultipliers with the lock-in technique to normalize the FLE spectra
with respect to the excitation intensity. FLE low temperature measure-
ments were performed with the samples placed in the sample holder
of a helium coldfinger cryostat. For the crystalline phases, measurements
have been performed both on smoothly powdered polycrystalline
samples fixed on a quartz plate and on isolated single crystals. Single
crystals were carefully mounted in a homemade sample holder, which
could be fit alternatively into the bath or the coldfinger cryostat. The
samples were initially flushed with He gas and slowly cooled to 4.2 K
to avoid mechanical damage of the very brittle crystals. The near-
infrared excited Raman scattering measurements were performed with
a RFS 100 Bruker Raman interferometer in a backscattering configu-
ration with a resolution of 2 cri. A diode pumped cw Nd:YAG laser
was used for excitation dtx. = 1064 nm, with a laser spot of ca. 0.3
mm diameter.

Figure 3. ORTEP drawing of the Algmolecule (from the3-phase),
with partial labeling scheme. Hydrogen atoms are omitted for clarity.
ture of Alqs(CeHsCl)1. This species crystallizes in the labeling for the three hydroxyquinoline ligandsrmerAlqgs described

L . : in the text is also schematically drawn. Selected geometrical param-
monoclinic space group2:/n and consists of a host lattice of eters: A-Olla 1.850(2) A, AFO1lb 1.860(2) A, AFO1lc

Algs molecules occluding chlorobenzene molecules disordered 1.857(2) A, AFNla 2.050(2) A, AFN1b 2.087(2) A, AFN1c
about an (statistical) inversion center. This supramolecular ; 517(2) A: ’(trans angles) O1al—N1b 171.46(8), O11b-AI-O11c
arrangement is far from being unusual, since all the solvated 168.22(8}, N1a—Al—N1c 173.82(8); (cis chelate angles) 014l —
Mz crystal phases (M= a trivalent metal; see Table 2) are  N1a 83.63(8), O11b-Al—N1b 81.36(79, O11c-Al—N1c 83.43(7);
strictly isomorphous, with the notable exception of the hydrated other cis angles in the 89.36(897.52(7) range.

Tlgs phase, which displays C-centered monoclinic symmtry.

Notably, the closed cavity of the monoclinic Mspecies hosts Q/S sequence. Accordingly.s3 3.6 A neatly reproduces the
either small (CHOH, GHsOH, CHCE) or large(r) noncen- parameter of 10.79 A. With reference to Figure 3, the quinoxa-

trosymmetric (thus disordered) solvents in a 1:1 or 1:0.5 jine rings involved in such interactions are those labeled with
proportion, respectively. ) A. A schematic drawing of the crystal packing can be found in
In the crystal, Alg molecules are linked by shor&@.6 A) Figure 4a.

intermolecularz—s contacts to symmetry-related-1) frag-  The antiparallel juxtaposition of the Q/@gands along the
ments and to the clathrated chlorobenzene (S) molecules, Ieadlnqloo) direction, favored by dipolar interactions, is depicted at

(40) Bankowski, Yu. A.; Bel'skii, V. K.; Pech, L. Ya.; Ashaks, Ya. V. the bottom of Figure 4. The slipped, graphitic-like arrangement
Russ. JInorg. Chem 1993 38, 1862. is characterized by Q/Q@lose contacts of ca. 3.6 A. No other

Results

to a periodic stack, along (100), of aromatic rings of thé Q
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Figure 4. Crystal packing of (a) the AlCsHsCl)12 [down (1,0,0)], (b) the Alg a-phase [down (3-1 1)], and (c) the Alg 3-phase [down (121)]

showing the shortt—z contacts between neighboring molecules (dashed lines) and in (a) the clathrated chlorobenzene molecules (in black). The

relative shifts of ther—x stacked aromatic rings are also drawn.

evidentz— interactions involve the remaining quinoxaline

(Al=X bond distances and-XAl =Y angles match within 0.02

ligands (Q/Q distance of ca. 7.5 A). In agreement with this A and 2.0, respectively). Thus, the room temperature molecular
description, in all other isomorphous phases, given the presenceonformation in the two crystals is not significantly affected

of aliphatic guest molecules, only Q/@Qimers are present, in
clear contrast with earlier reports of 1-D and even 2-D arfa¥.
Crystal Structure of Alg 3 (a-Phase).The structure of this

by the crystal packing environment, and suggestsafoAlqs
polymorphs, the presence of rather stiff molecular entities, thus
enabling the above-mentioned (though, idealized) parametriza-

phase has a triclinic symmetry and does not bear any significanttion in the data analyses from XRPD data. The crystal packing

subgroup relation or rational transformation to any pseudomon-

oclinic crystal packing. Thusy-Alqgs is a definite outlier in the
list of Table 2. Accordingly, a different packing mode is present,
with much looser intermolecular interatomic distances of ca.
3.9 A, linking the symmetry-related Q/@ings of the B type
(see Figure 3). This stacking [along 1 0 1)] occurs in a rather
different mode, as depicted in Figure 4, with pyridine rings of

in B-Algs results in short distances of ca. 3.5 A between
neighboring symmetry-related quinoxaline ligands ¥@cked

along the 321, B/B) and (0—1 1, C/C) directions. Such

multiple nature of ther—ax links generates an extended one-
dimensional chain, winding up along the (001) direction, of
closely spaced Algmolecules, which, therefore, show a higher
density (see Table 1). A schematic drawing of the crystal

antiparallel Q fragments facing each other in an almost eclipsed packing can be found in Figure 4c.

manner. Such interactions only involve adjacent quinoxaline

ligands Q/Qand therefore do not afford 1-D polyaromatic stacks
throughout the crystal lattice. A schematic drawing of the crystal
packing can be found in Figure 4b.

Crystal Structure of Alq 3 (f-Phase).The structure of the
pB-phase also has a typical triclinic unit cell and, asdeAlqs,

cannot be related to the reported monoclinic crystal packing.

Thus,3-Algs also badly fits in the rather uniform list of Table

Crystal Structure of Alg ; (y-Phase).The structure of the
high-temperaturg-phase consists of a rather symmetric trigonal
packing b = 14.41(1) A,c = 6.22(1) A M(11) = 37;F(11) =
32 (0.020, 17)] ofnerAlgsz molecules lying about 82 position
of the centrosymmetri®-31c space group. Therefore, since
these molecules lack any symmetry, they are necessarily
disordered, with statistical 2-fold axes bisecting ttieN—
Al—0O angles of the chelates. Interestingly, there is a simple

2. Since, among the studied phases, this is the only one whichrelation between the lattice metrics of theandy-phases (see
could be studied by conventional single-crystal methods, the Table 2): the high-temperature phase is reasonably obtained

complete Alg geometry could be successfully unraveled
(without the extensive modeling required for the powder
diffraction analyses) and is briefly summarized in the caption
of Figure 3, which contains an ORTEP drawing of an isolated
Algs molecule. A detailed comparison of the molecular geom-
etries in this polymorph and in the methanolic sol¢atdearly

shows that the local distortions about the Al ion are very similar

by dynamic rotation of the whole Ajgmolecule about its
pseudeC; axis (i.e.,statistically equalizingthe A, B, and C
ligands), roughly maintaining its original location. Indeed,
crystals of they-phase are simply generated by distortion (and
slight inflation; see Table 2) of the original triclinic phase,
leading to a proper supergrotpubgroup relation to the low-
temperature ) unit cell. Since all diffraction measurements
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were performed at ambient temperature, such dynamic disorder

is frozen out upon quenching. Therefore, logatr contacts
occur between statistically occurring A-, B-, and C-type ligands,
increasing the flexibility of such links. That tHac isomer of
Algs is not present in thg-phase is not obvious from diffraction
data; however, we have obtained, upon sublimation at ambient
pressure, only powders ofngr) a-Algs, and this excludes the
intermediacy of a different geometric isomer.

Structure of Sublimed Thin Films. Contrary to powders
obtained by entrainer sublimation, thin films of Al¢thickness
below 100 nm) do not exhibit any X-ray diffraction peaks even
for the films deposited at higher substrate temperatures up to
425 K (desorption becomes dominant farabove ca. 440 K).
Only upon prolongated sublimation (film thickness of several
micrometers), some characteristic diffraction peaks.@lqs
are observed. This observation suggests thatithgucture is
preferentially formed in thin films. At this point, it is worth
highlighting the polymorphism of Algas an intrinsic origin of
the amorphous nature of the sublimed thin films. Indeed, as
demonstrated above, we found that various molecular packings
involving different quinoxaline pairs of neighboring molecules
(A/A’, B/B', or C/C), are possible. Moreover, the observation
of a partially disorderegr-phase obtained after heating the
phase above 39%C demonstrates the possibility of freezing
the molecular positions in a disordered manner while cooling
the samples. Building up an extended crystalline arrangement
of Algs molecules would require a precise ordering of the two
enantiomers (present in the starting material) according to one
of the possible packings, i.e., a sufficient molecular mobility is
required. However, high molecular mobility is strongly hindered
by the existence of high energetic barriers due to strong dipole
dipole interactions between AJgmolecules (ca. 34 kgT
between two symmetry-related Algolecules in thex struc-
ture). The intrinsic polymorphism and local fluctuations in the
enantiomeric concentrations during evaporation, combined with
the existence of strong dipolar interactions betweensAlq
molecules!! constitute favorable conditions for obtaining glassy
amorphous-like films upon sublimation. Accordingly, the as-
sumption of thermal interconversion betweear andfac-Alqs
during sublimation does not appear as a prerequisite for
obtaining amorphous thin film?.

Summarizingthe different crystal phases of pure or gated
Algs mainly differ in the way asymmetr{e-)-merAlgs stereo-
isomers share interatomic contacts with neighboring molegules
i.e., depend on which of the chemically unegléent A B, and
C rings are used as hinges in building supramolecular entities
and further on the whole crystal

Spectroscopy Optical Absorption and Fluorescence Ex-
citation (FLE) Spectroscopy.The room-temperature absorption
spectra of various Algsystems including solution, thin films,
and polycrystalline samples are depicted in Figure 5, the main
absorption bands being listed in Table 3. As a general trend,
we observe a progressive red shift of the most intense absorptio
bands when going from the diluted solution to the solid state.
The first absorption band shifts from 26 800 thin solution
(MeOH, [Algz] = 1074 M) to 25 600 cntt in thin films (Ts =
300 K, thickness of ca. 50 nm) and ca. 24 400 érin the
crystalline forms. The most intense absorption band at 39 00
cm! (Algs in CHyCl,, 1074 M) behaves similarly and is
progressively red-shifted to 36 900 ciin the crystalline
a-Algs while broadening slightly.

In the case of Alg in solution, no obvious band shifts are
observed with increasing concentration {16102 M), but

0

(41) Kim, S.-J.; Karis, T. EJ. Mater. Res 1995 10, 2128.

J. Am. Chem. Soc., Vol. 122, No. 21, 20153
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Figure 5. Comparison of the optical absorption spectra of various Alg
systems: (A) solution in CKCl, (1074 M), (B) thin film on quartz
(Ts = 300 K, thickness of 50 nm), (G)-Algs, and (D)S-Algs. The
absorption spectra af- andj-Alqs have been measured on smoothly
powdered polycrystalline samples fixed onto a quartz plate.
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Figure 6. Comparison of the fluorescence excitation (FLE) spectra of
Algs in solution at various concentrations and thin films deposited onto
passivated Si(100) &t = 300 K andTs = 395 K and of thickness in

the range 5680 nm. All spectra were obtained at the detection
wavelength corresponding to the maximum of fluorescence as listed
in Table 4.

solvents of different polarizabilities and dipolar characters lead

fo changes of the absorption maxima of up to 1000tm

comparable to those reported for Zri§ The absorption
spectrum of Alg is also found to be quite similar to that of
8-hydroxyquinoline in aqueous solution with pH lower that? 6.

As shown in Figure 6, the FLE spectra of the diluted solution
(1074 M in CHCl,) are very similar to the absorption spectrum.
The peculiar characteristics of the excitation spectrum are the
appearance of a relatively narrow band at 24 400%cftabeled
A) corresponding to the onset of absorption, and the decreased
intensity of the band at 38 900 cth The additional A band is

(42) (a) Popovych, O.; Rogers, L. B. Am Chem Soc 1959 81, 446.

(b) McRae, E. GJ. Phys Chem 1957, 61, 562.
(43) Ewing, G. W.; Steck, E. AJ. Am Chem Soc 1946 68, 2181.
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Table 3. Main Absorption UV-Vis Band Positions for Alg Systems: Solutions, Thin Films and Crystalline Structures {fm

system | (A band) I [} v \% VI
Solution
8-hydroxyquinoline in hydrochloric acid (N/100) 24000 26 500 28 200 40 000
MeOH (104 M) 26 800 30 000 31750 39 200 43100 48 400
CH.Cl, (1074 M) 26 100 30 050 31400 38900 42 750
Solid State (Amorphous and Polycrystalline)
thin film/quartz (Ts= 300 K) 25800 30 050 31250 37 300 42 900
o-Algs 24 450 29 000 36 900 42 900
[-Algs 24 400 29 000 37 450 43 000
Algs(MeOH) 24 600 29 800 37 300 42 900
Alg3(CeHsCl)1s2 24 500 37 100 42 300
Table 4. Positions of the Fluorescence Spectral Maxima for the 700 600 400

Various Alg Systems Including Solution in GEl,, Thin Films,
and the Crystalline Polymorphs (Solvated and Unsolvated) of Alg
at 300 and 4.2 K

Vmax fwhm- Vmax fwhm-
system (300K) (300K) (4.2K) (4.2K)
Solution
1074 M CHCl, 19 090 3970 20 700 3870
5 x 103 M CH.Cl, 18 800 3980
Thin Film
Ts~=300 K 18 500 4080 19 200 3860
T—=375K 19 000 3630 19 380 3470
Crystalline State
o-Algs 19 850 3730 19 850 3510
p-Algs 19 400 3760 19 600 3610
Algs(MeOH) 19 900 3600 20 250 3560
Alq3(CsHsCl) 12 20 300 3580 20 250 3530

observed for various solvents regardless of a preliminary
degassing of the solution. The FLE spectrum is invariant by

scanning the detection wavelength over the whole fluorescence

spectrum. We thus infer the existence of a unique electronic
origin and accordingly exclude the possibility that the A band
originates from chemical impurities. The FLE spectra of the
amorphous sublimed thin films are found similar to those of

the solutions, reproducing the main features of the absorption ) AN
spectrum. The reduced intensity of the band located at ca. 37 000 ! ; oo

cm~1is most likely a consequence of the high absorption of
the UV excitation, i.e., of the limited penetration depth at shorter
wavelengths. However, as for the solutions, the A band is
present and tends to increase in intensity with increasing
substrate temperatuig. The presence of a similar additional

red-shifted band, with respect to absorption, has been reported®

in the FLE spectrum of polyquinolifitas well as in crystalline
aromatic rodlike arenedicarboxamidég.o highlight the effect

of the intermolecular interactions on the optical properties of
Algs, we have followed the evolution of the FLE spectrum as
a function of the concentration of AJgn CH,ClI, solution (in
the range 10* to 2 x 1072 M). We observe that the A band
tends to increase in intensity while shifting slightly to the red

with increasing concentration. Whereas the absorption spectra

are unaffected by the change of concentration, a red-shift of
fluorescence between 19 100 chfor [Algs] =5 x 104 M
and 18 800 cmt! for [Algs] = 5 x 1073 M is observed (see
Table 4). The position of the A band in solution and amorphous
thin films is found to coincide with the 24 450 crhabsorption
band of the crystalline--Algs. From these observations, we infer
that the A band is related to Adgnicrocrystallites formed upon
recrystallization in both solution and amorphous thin films stored
in ambient conditiong®

Fluorescence. At 300 K.The fluorescence spectra of the
unsolvated and solvated crystalline structures, of a sublimed

(44) Jenekhe, S. A.; Chen, X. ISciencel998 279, 1903.
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Figure 7. Fluorescence spectra at 300 and 4.2 K for various; Alq
systems including solution (I® M in CH,CL,), a thin film onto
assivated Si(100)T¢ = 300 K, thickness 50 nm), and different
polycrystalline samples of the- and §-Alqs and clathrated Alg
(CsHsCl)12 and Alcg(MeOH) (excitation energy 27 400 cr).

thin film and solution at 300 and 4.2 K, are depicted in Figure
7. The spectroscopic data are collected in Table 4. We first
observe that the overall shape of the fluorescence spectra is
unaffected by the crystalline packing with a typical full width
at half-maximum (fwhm) at 300 K in the range 3588780
cm 1. However, the spectral position of fluorescence shows a
significant dependence on the crystalline structure. The fluo-
rescence of the densgiphase is substantially red-shifted (about
450 cntl) with respect to thex-phase, while both solvated
structures show a blue-shifted fluorescence. The different
spectral positions of fluorescence observed for the various crystal
structures are not attributed to effects of reabsorption since the
absorption spectra do not show any significant shifts with crystal
structure.

(45) (a) Toffolo, F.; Brinkmann, M.; Biscarini, F.; Taliani, C.; Gomes,
H.-L.; Aiello, I.; Ghedini, M. Synth Met 1999 101, 140. (b) Aziz, H.;
Popovic, Z.; Hor, A.; Hu, N.-X.; Tripp, C.; Xu, GAppl. Phys Lett 1998
72, 756.
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Figure 8. Comparison between the absorption spectrum at 300 K and
the fluorescence spectrum at 4.2 K of polycrystallmeilgs. The
positions and intensities of the various components of the vibronic
structure of fluorescence are collected in Table 5.

Table 5. Spectral Positions and Relative Intensitiggloo of the
Vibrational Components of the Fluorescence Spedir l& for the
o and Polymorphs of Unsolvated Alg

0-0 0-1 0-2 0-3 0—4
structure cm?) (em?l) (em?) (em?l) (cm?
a-Algs 21930 21420 20890 20370 19940
B-Algs 21570 21150 20640 20120 19690

relative intenlgn/loo 1 2.5 3.7 2.8

2 The estimated error on the positions of the vibronic components
deduced from the fitting of the fluorescence spectra is ca. 3¢t.cm

The fluorescence of sublimed thin films deposited onto
passivated Si(100) (thickness 5000 nm) has also been
investigated. From scanning force microscopy stuéflesis

J. Am. Chem. Soc., Vol. 122, No. 21, 20155
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Figure 9. Raman spectra of powdered samples.@indj polymorphs

of Algs at 300 K in the 106-600 cnt? range fexc = 1064 nm).

of fluorescence in thet and 3 polymorphs, respectively (see
Table 5).

The Raman spectra of the and g polymorphs of Alg,
reported in Figure 9, clearly reveal three peaks located at 504,
526, and 541 cmt for both unsolvated structures. These modes
were previously attributed, by comparison with the spectra of
naphthalene and quinoxaline, to skeletal in-plane bending of
the ligand*648 Preliminary ab initio calculations performed on
the hydroxyquinoline ligand and theerisomer of Alg (using
the equilibrium molecular geometry obtained from tffe
structure) confirm the in-plane bending nature of these modes
despite the non-strictly-planar geometry of the ligatfdac-
cordingly, since a typical ligand mode is mainly involved in
the vibronic structure, we can state the ligand-centered nature

found that these films consist of a close packing of amorphous of the optically active electronic and vibronic transitions in Alg

hemispherical droplets characterized by a narrow size distribu-

tion and an increasing mean size with substrate temperagure
(mean radius of ca. 50100 nm afTs = 300 K and ca. 500 nm

in agreement with the characteristic fluorogenic character of
8-hydroxyquinoline’®4° The contribution of other vibrational
modes to the vibronic structure cannot be ruled out. However,

atTs= 425 K). We observe that the corresponding fluorescence the close similarity with the single-mode progression (of about
at room temperature tends clearly to shift to the blue and to 500 cn1?l) observed in the crystalline forms of 9,10-diaza-
narrow slightly upon increasing the substrate temperature from phenanthren& a heterocyclic and dipolar system, supports our

Ts = 300 KtoTs = 375 K (see Table 4).
At 4.2 K. Lowering the temperature to 4.2 K results in a

progressive decrease of the fwhm, which is most pronounced
for a-Algs, and results in the appearance of a vibronic structure

which is identical for single crystals and polycrystalline samples.
The vibronic structures of the fluorescence of the unsolvated

andp polymorphs as well as the clathrated forms are similar in
both intensity progression and energetical spacings betwee

o andp forms at 4.2 K with 6 Gaussians centered at the most
apparent spectral features, andg2ladditional Gaussian(s) were

n
successive vibronic components (see Figure 8). To analyze this5
vibronic structure, we have fit the fluorescence spectra of the

assignment.

From the intensity ratios of the successive components of
the vibronic progression relative to the-0 transition, we can
derive the values of the FranelCondon factorg-,, which are
given by a Poisson distributiorF{ = e"S3Vn!) in the Born-
Oppenheimer approximatidA.The results obtained from vari-
ous fits show that th&, progression is well described using a
value of the HuangRhys factorS of ca. 2.6+ 0.4, which
evidences the strong electrephonon coupling involving the
25 cn! bending mode.

As a matter of fact, the vibronic structure is not observed at
low temperature neither in liquid solutions (¥8-107* M in
CH,ClIy) nor in sublimed thin films (see Figure 7). In solution,

used for the structureless tail of the spectra. The peak positionsyhjs js ascribed to the inhomogeneous broadening resulting from

obtained from the fitting procedure are listed in Table 5. The
relative intensities of the different components should only be

the conformational distribution of Ajgmolecules, whereas in
thin films it reflects the large distribution of molecular environ-

considered as rough approximations of the real progression.ments probed by the Ajgmolecules.

According to these results, the different vibronic components
are found to all be separated from each other by ca.-52%
cmtin both theae andf structures. From this result it is inferred
that one intramolecular phonon mode is dominantly involved
in the observed vibronic structure, independently of the crystal
structure. Accordingly, the four main components of this

vibronic progression are attributed to the corresponding transi-

tions to the vibronic levels of the ground state, while the higher
energy components are assigned to the @lectronic origin

Raman Spectroscopy (1086300 cnT?l). As depicted in
Figure 9, the spectra of the Alpolymorphs differ significantly
in the 100-300 cnT! range. Marked differences betweerand

(46) Rane, A. T.; Ravi, V. VSpectrochimActa 1982 38, 937.

(47) Srivastava, S. L.; Prasad, M.; Rohitash&ectrochim. Acta984
40, 681.

(48) Degli Esposti, A.; Brinkmann, M.; Zamboni, R.; Taliani, C.;
Muccini, M. J. Phys Chem, manuscript in preparation.

(49) Bardez, E.; Deval, |.; Larrey, B.; Valeur, B.Phys Chem B 1997,
101, 7786.
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p polymorphs concern mainly the 109, 117, 156, 167, and 183 to anysz—a orbital overlaps with the ligands and simply act as
cm~! modes. The 117 and 155 cfand 109 and 183 cm spacer molecules, reducing the direct intermolecular interactions
modes can be considered as the characteristic Raman fingerprinteetween quinoxaline moieties. In the case of #4QgHsCl)1/2,
of the . and 8 polymorphs, respectively. As expected, these however, specific S/Q overlaps with a distance of ca. 3.6 A are
low-energy modes are highly sensitive to the molecular packing. involved in the Q/S/Qsequences. Nevertheless, the large energy
Recently ab initio calculations on th&ac isomer Cs, difference between the electronic states ofzAlgd GHsCI (first
symmetry) have been performed and the low-energy modesabsorption band at ca. 37 000 chimplies that the guestdEls-
assigned® However, since only thenerisomer is evidenced  Cl molecules act as spacer molecules, in the same way as
in the various polymorphs of Alg theoretical calculations of  MeOH. Accordingly, it comes out that the emission of solid
the vibrational modes of themerisomer in the different crystal ~ Algs can be blue-shifted by introducing optically inactive spacer
structures are currently in progress and will be reported molecules in the crystalline network. A similar effect can be
elsewhere. In particular, we expect significant differences in expected in thin films if such spacer molecules are introduced
the degeneracy of the vibrational modes due to the different by coevaporation.
molecular symmetries of thmerandfac isomers C; vs Cz,), The optical properties in thin films are strictly related to their
and to the nonplanar geometry of the ligands. We stress thatamorphous nature. Unlike the crystal structures in which the
the low-energy modes are very sensitive to the molecular relative orientations of molecules are strictly defined, a large
packing, which explains the observed differences in the-100 distribution of molecular packings is possible in the amorphous

300 cnt! range of the Raman spectra of the and fj films. Within the broad distribution of molecular packings,

polymorphs. favorable 7—x overlaps between facing ligands may occur,
) ) which are responsible for the strongly red shifted fluorescence

Discussion observed for the films obtained @t = 300 K. Moreover, the

In this section we discuss the effect of the different molecular large distribution of molecular environments results in the
packings on the optical properties of solid Al@nd highlight broadenl_ng of_the fluorescence spectra, and in the smearing out
the intrinsic nature of the solid-state photoexcitations. From Of any vibronic structure. ASfs is increased, the molecular
Table 1, it stems that the two clathrated forms A&sHsCl)1/2 mobility promotes a preferentlallregrranggment of the molecules
and Algg(MeOH) show molar volume\(Z) values of ca. 623  toward theo crystalline form, which is obtained upon prolonged
and 593 &, i.e., a significantly reducecholeculardensity with ~ Sublimation (vide supra). We accordingly ascribe the observed
respect to the nonsolvatedand3 forms characterized by/Z blue shift and narrowing of the thin film fluorescence with
values of 548 and 536%respectively. The comparison between mcreasmgTs.to a more gleﬂned molecular packing arjd environ-
the observed values of the density of the different packings Ment. A similar scenario may be proposed to explain the origin
(Table 1) and the position of the maximum of the fluorescence ©f the biue shift of fluorescence (ca. 36800 cnt?) observed
reveals a clear correlation: the denser the packing, the morein multiple quantum wells involving Alglayers of decreasing
the fluorescence shifts to the red according to the sequencethickness:

Algs(CeHsCl)1/2, Algs(MeOH), a-Algs, and3-Algs. A similar )

effect of the density of the molecular packing on the position Conclusions

of the fluorescence maximum has been reported in various
crystalline forms otransstilbene derivatives with typical shifts

of up to 2000 cmt.1t

A closer insight into the various crystalline structures reveals
the existence of close contacts between pairs of quinoxaline
ligands Q/Q belonging to neighboring Algmolecules with
interligand spacings in the range 3.8.5 A. By comparison
between the fluorescence and the geometrical characteristics o
the Q/Q moieties, we find that thg structure where the—x
overlaps are most favorable (two quinoxaline ligands pegAlg
molecule are involved in 3.5 A contacts) is also the one showing
the most red-shifted fluorescence. However, contrary to stilbene
derivatives where a clear dimer emission band is observed in
fluorescencé! no such dimer emission is observed in any of ~ (51) Hy, A.; Chen, B. J.; Hou, J. Y.; Liu, S. Y. Phys. D Appl. Phys.
the crystalline forms of Alg In fact, the fluorescence emission §998 k31, _l$431- (bJ) PMhori,lg-E;) 703%&?,23*;-; Miyachi, K.; Mizutani, T.;
is_ nea_rly a mirror image of absorption, and it shows a clear agg)qrnﬁ:é fo'rtﬁgaté oczﬁrrenc’e of singlé crystals offhghase and of a
vibronic structure at low temperature. These fluorescence number of solvated Algforms allowed the easy formulation of itsolecular
characteristics, together with the in-plane nature of the dominant geometry, which has been successfully used in modeling the rather complex
vibrational mode involved in the vibronic coupling, rule out diffraction pattern ofa-Algs (34 crystallographically independent non-

L . o . . hydrogen atoms). The very same approach led recently to the structural
any significant dimer emission. Moreover, solid-state excimer characterization of [Pd(Hdmpslimpz}]> (y-phase, 58 non-H atoms;
emission can also be discarded by several experimental factsMasciocchi, N.; Ardizzoia, G. A.; La Monica, G.; Moret, M.; Sironi, A.
Excimer states are dissociative in their ground state and their'(g?{&rll]-0 ghﬁgtﬁ@g ?(%r‘i‘jlz) gﬂd F?gllﬁggéslsin?ﬁ;?ﬁisoﬁt% aMCQT(EJrl]%tSOIﬁngd
strongly_ red-shifted emission is structureless, in clear dlsagree-L_; Lancaster, R. W.: Staniforth, S. E.: Cooper, S. ®hem Commun_
ment with our observations. 1999 1677).

In the clathrated forms, most of the ligands are involved in  (53) See, for example, the chemically implausibleCdistances (1.62
Q/S/Q sequences, and pairs of quinoxaline dimers with short L6, ) ecenty prorosed for ey good aually spmanvotcn e of
contacts of ca. 3.6 A are only observed along the (100) direction. berg, H.; Hasse, B.; Schwarz, K.; Epple, Kcta Crystallogr 1999 B55,

In the case of Alg(MeOH), the methanol molecules cannot lead 517).
(54) Wang, Y.; Zhang, W.; Li, Y.; Ye, L.; Yang, GChem Mater. 1999
(50) Halls, M. D.; Aroca, RCan J. Chem 1998 76, 1730. 11, 530.

Three novel crystal structures of unsolvated fhqve been
synthesized, and their crystal structure has been refined from
powders and single-crystals, evidencing the intrinsic polymor-
phism of Algs. These structures consist of a racemic mixture
of merAlqs and are characterized by different molecular
densities andr—mr short contacts between adjacent quinoxaline
igands. The structural results of this study highlight the power

f the newly emerging ab initio X-ray powder diffraction
technique on conventional laboratory equipnf@ibviously,
the major output of XRPD studies frequently cannot lie in the
precise description of thatramolecular geometry since heavy
idealization of the structural fragments is often neces%ary.
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However, relevant packing features, such as those discussed irnalysis of the low-energy range (£0800 cnt?) of the Raman
this paper are satisfactorily refined from X-ray powder diffrac- spectra. The amorphous nature of the sublimed thin films is
tion data. explained in terms of (i) the intrinsic polymorphism of Alq
Given the different solvated and unsolvated molecular (ii) the racemic nature of the source material used for sublima-
structures, we have analyzed the effect of molecular packingtion, and (iii) the strong dipolar interactions between Alq
on the optical properties by using absorption, fluorescence molecules.
excitation, fluorescence, and Raman spectroscopies. Despite the
existence of short contacts between quinoxaline ligands of ~Acknowledgment. We acknowledge support by the Euro-
adjacent Alg molecules (3.53.9 A), neither excimer nor ~ Pean Union-Training and Mobility for Researchers program on
typical dimer emissions are observed in the crystalline phasesSynthetic Electroactive Organic Architectures (SELOA) FRX-
of Algs. The vibronic structure of the fluorescence is observed C-T.900096 and PF MSTA Il progetto coordinato DEMO.
for the first time at low temperature (4.2 K) in the solvated and Fruitful discussion with R. Zamboni and the technical support
unsolvated polymorphs of Alglt supports the ligand-centered ~ ©f Mr. G. Mezza are also gratefully acknowledged.
nature of the optically active electronic transitions in Aéopd
is analyzed in terms of a FranelCondon coupling involving a
skeletal in-plane bending mode of the ligand at ca. 525%cm
A Huang—Rhys factor of ca. 2.6 is derived from the Franck
Condon factor progression, highlighting the strong electron
phonon coupling of the active vibronic transition. A clear
identification of thea. and 8 polymorphs is derived from the  JA993608K
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