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An X-ray crystal structure determination for 2,3-dimethylnaphthalene (2,3-DMN) at
300 K was carried out. The two noncentrosymmetric molecules in the unit cell, space
group P2,/a, (a = 7.916(10) A, b = 6.052(8) A, ¢ = 10.017(8) A, B = 105.43(1)°)
are statistically dipolarly disordered. Perfect cleavage along (001) is examined in terms
of the disordered structure. There are two phase transitions, one of higher order from
monoclinic to triclinic, occuring at ~210K, and another one at ~100K. The phase
diagram of 2,3-DMN/anthracene exhibits a peritectic at 377.4K (104.2°C) with con-
tinuous mixed crystal formation from 0 to ~23% anthracene (confirmed by X-ray
Guinier technique). From normal freezing experiments a concentration-dependent
distribution coefficient k of anthracene (A) in 2,3-DMN is derived with k(c, — 0) =
2.16. Packing of the mixed crystals is analyzed in terms of lattice gecometry and packing
coefficients. Lig. He fluorescence and absorption spectra of anthracene in 2,3-DMN
display a fairly large residual line width, A ~ 300 cm~! which is attributed to the
statistical disorder of the host lattice. Spectral changes of the anthracene guest fluo-
rescence emission observed with increasing anthracene concentration are taken to be
indicative of guest-guest interactions.

I. INTRODUCTION

This work was initiated by the need for mixed crystal systems with a
wide range of miscibility, suitable for fundamental investigations of
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energy and charge transport in van der Waals-bonded organic mo-
lecular crystals. In these systems either scattering or localization of
mobile (excited) states at guest sites, or ‘‘band amalgamation™ of host
and guest levels can occur. Interesting problems arise from the pos-
sibility of guest-guest interactions, dimer and aggregate formation,
and possible impurity band conduction at the higher guest concen-
trations.

In the search for useful systems our attention was drawn to 2,3-
dimethylnaphthalene/anthracene, (2,3-DMN/A), a system which on
the one hand was found to display mixed crystal formation (or “‘sub-
stitutional disorder’’) for anthracene concentrations from 0 to 23%,
and on the other hand displayed an additional interesting aspect, that
of orientational disorder (of one degree of freedom) in the 2,3-DMN
host lattice.

Energy and charge transport in organic molecular crystals have
been studied intensively for many years.!? Considerable knowledge
has been gained about excitonic energy transport and (electron and
hole) charge transport in ordered one-component crystals, see e.g.
refs.,>~¢ and,?7 respectively. Nevertheless, several important basic
questions such as that of coherence or incoherence of the transport
states have remained essentially unanswered. Transport in orienta-
tionally disordered one-component crystals has not yet received very
much attention.

For two-component systems research has been concentrating on a
few isotopically mixed crystals such as benzene-h,/benzene-d¢,* 1,2,4,5-
tetrachlorobenzene-h,/1,2,4,5-tetrachlorobenzene-d,,® naphthalene-
hg/naphthalene-dg,®® 1,4-dibromonophthalene-h,/1,4-dibromonaph-
thalene-d¢,8¢ anthracene-h,y/anthracene-d,y,% and phenazine-hg/
phenazine-dg,® because this special class of materials exhibits the
exceptional property of forming a continuous series of ideal mixed
crystals all across the binary phase diagram. The physical properties
of the isotopic components, however are very similar. Nonetheless a
number of basic questions on interactions and energy transfer could
be clarified, but others remained open.

The search for suitable non-isotopic mixed crystals (i.e. crystals
composed of chemically different molecules), with miscibility over a
wide concentration range, is basically an old problem (cf.
Kitaigorodsky®). But to date only a few systems with a miscibility
greater than 0.1 . . . 1% have been found. There exist only a few
investigations which were devoted to partial aspects of energy transfer
see e.g.,'%712 exciton—exciton interactions*® and charge transport!3
in non-isotopically mixed crystals.

A wide range of miscibility is not the only criterion for a desirable
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model system. Favourable optical properties such as absorption in
the visible or near UV, fluorescence emission from both, host and
guest molecules, and the possibility of growing large, perfect (mixed)
single crystals, are other criteria. Last, but not least, ultrapurity, as
is well known, is the prime condition for obtaining meaningful trans-
port results. Transport in less pure material is usually governed by
trapping and detrapping kinetics; the intrinsic transport propertites
of the neat crystal are then obscured by (“extrinsic”) influences from
impurities (of mostly unknown nature). Therefore there was clearly
a primary need for further model systems combining the property of
a wide range of miscibility of the chemically different components
with the possibilities of ultrapurification and the growth of large per-
fect (mixed) single crystals, as well as with the presence of favourable
optical properties.

SEARCH FOR SUITABLE SYSTEMS AND OUTLINE OF THE
PAPER

The key to understanding the poor miscibility in the crystalline state
exhibited by most organic molecular systems is recognition of the
great variety (of size, shape and symmetry) of organic molecular
structures. Since van der Waals forces are rather unspecific, the dom-
inant mechanism to minimize lattice free energy is the tendency to
fill space by establishing as many atom-atom contacts as possible.® If
this tendency is hindered in binary systems because of steric incom-
patibility of the components, the coexistence of the component lat-
tices is very often energetically favoured over the formation of a mixed
crystal lattice. It is characteristic of the simplest kind of such systems
that a melting point depression occurs at both ends of the phase
diagram, with the formation of a eutectic somewhere in between,
and that the distribution (or “segregation”) coefficient k, defined as
the ratio of the dopant concentrations in the solidifying material c,
and the melt ¢, k = c,/c,, are smaller than unity everywhere in the
phase diagram.

A binary system with complete miscibility in the solid state is usually
distinguished by the fact that a distribution coefficient k > 1 occurs
at the lower melting point end of the phase diagram. Therefore, in
searching for mixed crystals with a large miscibility range, we took
into consideration systems with small lattice misfit factorst and ex-

+The lattice misfit factor is defined as the ratio of non overlapping to overlapping
molecular volume fractions of the two different species under consideration when they
are geometrically superimposed.!*
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amined (by multipass zone refining of binary mixtures at both ends
of the phase diagram) if a k > 1 situation occurred in which the
dopant concentrates at the zone entrance of the zone refining bar.

In fact in 2,3-dimethylnaphthalene, DMN, the “natural” impurity
anthracene, A, displayed such behaviour; similar properties were also
predicted and indeed found for the next higher homologous system
tetracene in 2,3-dimethylanthracene, DMA 5% and for tetracene in
p-terphenyl and brazany,!®* respectively, compounds which also re-
semble the tetracene molecule geometrically.

This report describes our study of the 2,3-DMN (anthracene) sys-
tem, i.e. the 2,3-DMN-rich part of the 2,3-DMN/anthracene phase
diagram.

There are several favourable features displayed by this system: The
optical and electrical properties of anthracene have been widely stud-
ied.?'? Charge carrier mobility results for purified 2,3-DMN crystals
have been reported.!® Weakly anthracene-doped crystals were in-
vestigated spectroscopically,'® and room temperature laser emission
was obtained from cleaved platelets of such (doped) samples.?®

High purity can be obtained for both components, see e.g.,?! and
2,3-DMN Bridgman crystals exhibit extremely good (001) cleavage
giving rise to optical qualtiy surfaces; Fabry-Perot interferences can
be obtained from cleaved platelets.* In contrast to many other or-
ganic crystals, 2,3-DMN is rather stiff and shows no propensity to-
wards physical deformation by lattice slippage. Mosaic width, deter-
mined by X-ray rocking curves,?? was smaller than the experimental
angular resolution (0.06°). The existence of dislocation-free sections
(1 cm?) has been demonstrated by X-ray topography. 244

Because the crystal structure of 2,3-DMN was unknown, we present
an X-ray structure determination, followed by a description of the
2,3-DMN-rich side of the phase diagram established by thermal anal-
ysis and further characterized by precise determination of the gradual
changes of the lattice parameters in a series of mixed crystals. The
structural data, which include dipolar disorder in the 2,3-DMN lattice,
help to understand the observed wide range of miscibility (up to
~23% anthracene). Finally, preliminary results of concentration-de-
pendent fluorescence spectra indicate that increasing guest-guest in-
teractions with increasing anthracene concentration lead to anthra-
cene-crystal like spectra when the anthracene concentration exceeds
~4%.

Il. EXPERIMENTAL

2,3-Dimethylnaphthalene was purified by vacuum sublimation and
subsequent multipass zone refining.?! In some cases a chemical pre-
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purification by Diels Alder reaction with maleic anhydride was carried
out.2! Anthracene, scintillation grade, was vacuum sublimed and zone-
refined.?

Single crystals of 2,3-DMN were grown either by unidirectional
cooling from the melt after Bridgman-Stockbarger?! (under vacuum
and at a rate of 0.4 — 0.65 mm/h), by “Plate Sublimation” (also
under vacuum),?! or from solution by slow evaporation of the solvent.
Normal Freezing was performed on a separate apparatus,? using
samples of 3 g of material, sealed under 500 torr N, into glass tubes,
20 cm long and with a bore of 6.5 mm. The molten part was held a
few degrees above the melting point; unidirectional solidification was
achieved by moving a cooling jacket (held at 50°C) across the length
of the ampoule with a speed of 3 mm/h. Thorough mixing of the melt
was accomplished by inertial stirring: the ampoule, fixed in space,
was rotated clockwise for 30 sec at 250 revolutions per minute, stopped
for 2 sec, rotated counterclockwise, etc. .

Crystals prepared by two different methods were used for the X-
ray structure determination: One of size ~0.5 x 0.5 x 0.5 mm?® ob-
tained from a large Bridgman crystal by cutting with a solvent saw,
using a very thin thread and xylene as a solvent; the other, obtained
from solution, was used untreated and had dimensions ~0.2 x 0.3 x
0.5 mm?3, The results obtained with both samples were essentially the
same; so0 we confine ourselves to describing the analysis of the so-
lution-grown crystal.

Intensity data were measured with a Syntex P1 autodiffractometer
using MoK (monochromatized, A = 0.71069 A) radiation and op-
erating in a variable speed (2.0 — 24.0 deg s~!) w-scan mode; the
scan range was 1.0 deg. Background radiation was measure on each
side (Aw = 1.0 deg) of a reflection for one half the scan time. A
total of 1032 unique reflections (Sin(8/A) . = 0.647 A ~1) were meas-
ured of which only 264 reflections had I = 3a(I); the latter were
classified as objectively observed.i

A number of 2,3-DMN (anthracene) mixed crystals were obtained
from the melt with different amounts of anthracene added (Bridgman
method). These crystals were approximately 3.5-4 cm long. They
were cut with a thread saw into 5 mm thick slices. The average
distribution function of the anthracene dopant was obtained by gas
chromatographic (GC) analysis; the components were separated on

1The list of calculated and observed structure factors can be obtained under the full
reference of this article plus CSD - number 51510 from: Fachinformationszentrum
Energie, Physik, Mathematik GMBH, Fachabteilung III Daten und Fakten, D 7514
Eggenstein-Leopoldshafen 2, Fed. Rep. of Germany.
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1 m x 1/8" stainless steel columns filled with 5% XE 60 on Chro-
mosorb W and detected with a flame ionization detector. For the
analysis of cross sections of the normal freezing ingots, the samples
were prepared by dissolution in benzene (after removal of an outer
jacket of the slices). Using this method, the statistical error between
subsequent injections amounted to a few percent. The carrier gas
was nitrogen, SN, at a flow rate of 25 ml/min.

Because only several micrograms of substance are required, solid
sample injection?> was superior for assessing the homogeneity of the
normal freezing distribution or the local concentration at spots where
fluorescence was probed. However, the statistical fluctuations (~10%)
were greater with this method. Column temperature was 130°C for
liquid injection and 160° for solid sample injection.

Distribution coefficients were calculated?® using the average con-
centration function obtained as described above. However, the de-
termination of the phase diagram by DTA, and of the relationship
between composition and precise lattice constants of the mixed crys-
tals required individual analysis of small samples (1-10 mg); solid
sample injection-GC technique was also used in these cases.

One important advantage of GC-analysis is the fact that the even-
tual presence of other impurities (such as a very persistent fluorene
impurity) is detected simultaneously. A sensitivity of 10~¢ mol/mol
can be achieved.

Thermal analysis was performed by differential thermal analysis,
DTA, (Linseie L 62), generally with a heating rate of 1°/min. The
temperature scale was calibrated with In and Sn. Because of high
vapour pressure, samples had to be sealed into small glass tubes.
ALO; was used as an inert reference substance.

The evaluation of DTA curves is somewhat ambiguous because the
theoretical curve shape can only be given approximately. For sharp
transitions we used the intersection point of the tangent to the rising
part of the melt peak with the base line, whereas in a melting interval
situation the beginning of the rise was used. The end-temperature
was considered to be indicated by the intersection of the rising and
the falling tangent, both drawn through the corresponding inflection
point.?’

The range of miscibility was probed by checking the continuity of
lattice parameter variations by using the Guinier X-ray diffraction
powder pattern technique (Irdab XDC-700 camera; monochroma-
tized Cu-K,; radiation). In view of the ambiguity of several results
in the literature concerning the actual miscibility ranges of other
systems, this independent determination was deemed very important.
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Optical fluorescence spectra were registered with a 1 m spectro-
graph in Czerny Turner mount (Jarrell Ash) at temperatures below
the A-point of liquid helium (T < 2.2 K). The fluorescence was excited
with A = 280 nm, FWHM = 40 nm from a mercury arc (HBO 200,
Osram) in combination with interference reflection filters (Schott).
Absorption spectra were measured on a UV/VIS spectrophotometer
(Sp 8-250, Pye Unicam) equipped with a variable temperature He
cryostat.

lil. RESULTS OF THE X-RAY STRUCTURE DETERMINATION

Monoclinic symmetry was inferred from polarization-optical inter-
ference patterns obtained with white and monochromatic convergent
light through the cleavage plane and confirmed by X-ray diffraction
pattern symmetry. By refinement?® of 26 selected automatically cen-
tered X-ray reflections the following lattice parameters of 2,3-DMN
were obtained (T = 297 K):

a= 7.916(10) A
b= 6.0528) A
c = 10.017(8) A
B = 105.43(10)°
V, = 462.6 A3

The cleavage plane is (001) from crystal optics.?® Systematic ab-
sences of the X-ray reflections (h0¢) for h odd and (0k0) for k odd
uniquely inferred space group P2,/a with Z = 2, pe,.. = 1.15 g/em?,
which requires that the molecules sit on a center of symmetry. Be-
cause the 2,3-DMN molecule is acentric, the presence of ‘““dipolar
disorder,” i.e. statistical up and down orientation of the dipolar mol-
ecule, was assumed and subsequently confirmed during the structure
determination.

Analysis of redundant, intramolecular vectors in an origin-removed
sharpened Patterson map revealed both the orientation and position
of the DMN molecules in the unit cell.

Refinement of individual atomic positions yielded an R = 0.124
(unit weighted) but produced a chemically unreasonable model mo-
lecular structure, which is not uncommon with disordered structures.
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1.41

FIGURE 1 Bonding geometry of the 2,3-dimethylnaphthalene molecule, based on
the naphthalene framework, taken from the literature;* the two methyl groups were
calculated from known geometrical considerations.

Consequently, rigid body refinement was used, based on the known
naphthalene molecular structure,3® on which CH; -groups were placed
1.510 A from the appropriate ring C-atoms (C, and C; in Figure 2)
with exocyclic angles of 120° (Figure 1). Subsequent least squares
refinement of the position and orientation of the rigid body, followed
by the refinement of anisotropic temperature factors with fixed co-
ordinates, resulted in an R-value of 0.153.

A subsequent free refinement of the coordinates once again re-
sulted in gross distortion of the molecular geometry.

Finally, we tried to ascertain if the refinement, yielding a relative
displacement of 1.45 A of the naphthalene frameworks of the two
symmetry-related molecules, did not result from a local minimum.
The shift was increased and decreased in steps of 0.1 A but no lower
R value was found.

The fractional atomic coordinates and the anistropic temperature
factors of the room temperature monoclinic phase are reproduced in
Table 1.

The molecules lie on the plane

0,886x — 0,460y + 0,058z = 0

where xfla, y||b|| and z|c*. Their average long axis is nearly perpen-
dicular to the (001) cleavage plane, which confirms the conclusions
drawn from analysis of IR spectra and of anisotropy of the diamag-
netic susceptibility and refractive index.*® The (average) electron den-
sity in the molecular plane is plotted in Figure 2 together with the
frameworks of the two disordered molecules.

A packing diagram, viewed along [010] of the unit cell, is repro-
duced in Figure 3. For clarity only one of the two statistically occurring
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FIGURE 2 Electron density contoured at 1e/A* levels™ in the plane of the 2,3-DMN
molecule.

molecular orientations on the lattice sites is shown. The other ori-
entation (for which the atomic coordinates are given in Table 7) is
obtained by inversion of the molecule at [000] etc.

Collecting a low temperature data set, which could provide more
information, was attempted, but not pursued, because upon cooling
a single crystal many reflections showed splitting. This precluded
measurement of meaningful intensity data. The splitting was taken
as a probable indication of twinning, but could have resulted from
crystal strain.

A Guinier powder photograph at continuously decreasing tem-
perature?! indicated two phase transitions, one at ~210 K, the other
at ~100 K. From an analysis of the Guinier powder data it was found
that the equivalence in monoclinic symmetry of the two sets of re-
flections 26 . (i, and 26. 4z, gradually disappears at about 210 K,
leading to a splitting of the reflections 20, and 26z, for k = 1
and |h| + |€| # 0, which is indicative of a (higher order) phase
transition from monoclinic to triclinic symmetry.

The second phase transition occurring at ~100 K has also been
observed in laser emission spectroscopy;** from hysteresis a first order
transition has been inferred.*

IV. RESULTS OF THE THERMAL AND GUINIER PHASE
DIAGRAM ANALYSIS FOR THE MIXED 2,3-DMN/A SYSTEM

The temperature points obtained for the liquidus and solidus curves
by DTA are plotted in Figure 4 for the 2,3-DMN-rich side of the
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FIGURE 3 The unit cell of 2,3-DMN, viewed along the b-direction; (a is horizontal,
the origin is at the front lower left corner). For clarity the 2,3-DMN molecules are
plotied for only one of the two statistically occurring orientations and two molecules
have been omitted, one at [100] and one at [077].

phase diagram where anthracene can be considered as the dopant.
(The absolute temperature accuracy is approximately +1 deg; the
melting points of anthracene and 2,3-DMN were determined at 215.9
and 104.2° C, respectively.) There is a peritectic point at 113° C for
a concentration of ~86% 2,3-DMN in the melt. The distribution
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FIGURE 4 2,3-DMN-rich side of the phase diagram 2,3-DMN(anthracene), as ob-
tained by DTA.

temperature [°C]

coefficient k for anthracene is greater than 1; mixed crystals are
formed between 0 and ~23% anthracene.

The other end of the phase diagram was not studied in much detail.
The solid state miscibility range is from 0 to between 10 and 20%.
For 21% 2,3-DMN inhomogeneous peritectic melting at 113° C was
observed. The phase diagram resembles those of the dibenzofuran-
anthracene? and of the brazan-tetracene* systems.

Continuous miscibility was confirmed by X-ray powder methods
(Guinier technique) for mixed crystals containing between 0 and 20
mol-% anthracene. The lattice parameters changed continuously in
this concentration range, see Figure 5. The relative accuracy of the
interplanar distances, dy, is ~0.01 A (at 5 A).

The distribution coefficient of anthracene between liquid and crys-
talline 2,3-DMN in mixtures containing different anthracene concen-
trations was determined from bars prepared by unidirectional cooling
(Normal Freezing). The bars were cut into 1 cm sections from which
1 mm slices were taken for analysis by GC.

For a normal freezing situation under real conditions we must take
into account that on cooling successive parts of the solidified material
crack off from the ampoule wall as the ingot contracts, resulting in
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FIGURE 5 Selected lattice parameters in mixed crystals of 2,3-DMN (anthracene)
as a function of concentration.

voids which suck-in melt from the solid-liquid boundary layer; this
process results in part of the volume being filled for a second time
with material, the composition of which is different, in general, from
the material that had solidified first. This problem has been treated
analytically; here we follow the notation of ref.?! The accompanying
small volume change in the liquid phase is neglected. As is usually
done, equal density is assumed for the liquid and solid phases.§

§Including these effects neither principally modifies the basic concept nor substan-
tially alters the results.
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In order to be able to interpret the normal freezing results over a
wider concentration range and to thus cover a larger portion of the
phase diagram, one must take into consideration the possibility of a
concentration dependence of the distribution coefficient, k(c) which
requires modification of the normal freezing equation.

The following shows that we can derive the concentration of the
corresponding melt, c,(x), for every position x of the phase boundary,
from the experimentally determined concentration profile of the first
solidified internal main part of the ingot.

Let x’ be a fractional coordinate along the ingot of unit length.
With the phase boundary at x" = x the dopant total mass M, per unit
cross section q in the melt is

m, = MJq = c(x) - (1 - x).

After total solidification the main part of this mass is found in the
inner portion (of the ingot) which had solidified first; it amounts to

1
m! =[ c(x")dx’

where the subscript s indicates the solid phase, and c(x") is the meas-
ured distribution function in the internal part of solid ingot. The
residual part has solidified later as an outer jacket, as described above.
This process occurs rapidly after a crack has formed; consequently,
the concentration is that of the melt at the phase boundary and no
segregation takes place. Therefore,

1
me = af c(x")dx’
X

where a is the product of the (average) fractional volume which is
filled for a second time with material and the relative average con-
centration of this material with respect to the main part of the melt
(for the instant when the solid-liquid interface passes the point x).
Trivially,

m, = m + mS.

or

1

c(x)- (1~ x) = f c(x')dx' + « r ce(x')dx’

X
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FIGURE 6 Distribution of anthracene in ¢, = 13.5 mol-% doped 2,3-DMN after
normal freezing, determined by GC analysis (points), and fitted by a second order
curve (line) for further analytical evaluation. x is the position on the ingot in fractions

of the total ingot length.

The integral equation for c,(x) can be solved approximately nu-
merically after differentation, starting from x = 0, where we have
c(0) = c,, which is the initially added concentration. For this purpose
the measured ¢ (x) distributions were fitted with a second order curve
(an example is given in Figure 6); a has to be treated as a free
parameter to be varied until conservation of mass is obtained, i.e.
until the total mass

1 1
m = f c.(x")dx" + af c(x")dx'

[s]

equals the dopant mass which was added
Once knowing c,(x) we can calculate the effective distribution coef-
ficient k4 as a function of ¢, which is by definition

e (x)

kege(ce) = c(x)
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FIGURE 7 Results of normal freezing experiments ( x ), inserted into the DTA-
phase diagram.

Our normal freezing results are drawn as crosses into the initial phase
diagram in Figure 7. It appears that the liquidus points from normal
freezing nicely parallel the liquidus-curve obtained from DTA. How-
ever, they lie systematically slightly lower. This behaviour can be
understood on the basis of the Burton-Prim-Slichter theory,3* which
states that, in the kinetically controlled non-equilibrium situation of
real crystal growth conditions, a dopant-depleted (k > 1) or dopant-
enriched (k < 1) boundary layer forms at the phase boundary. This
is due to preferential incorporation (k > 1) or to partial exclusion (k
< 1) of the dopant according to the segregation coefficient k in
conjunction with diffusional limitations of concentration equilization
in the melt. The resulting non-equilibrium distribution coefficient k4
is always closer to one than the equilibrium coefficient (k = 1 means
no segregation at all). '

Fortunately, initial supercooling (which cannot easily be avoided
completely in a normal freezing experiment) in a k > 1 situation does
not seriously affect the k-value extrapolated for low concentrations,
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¢; — 0. The results with 3 different ingots (doped with ¢, = 13.5,
2.9 and 1.5 mol-% anthracene) yielded k (¢, — o) = 2.19, 2.16 and
2.12. The corresponding o values were —0.15, —0.15 and —0.10.

V. PACKING OF THE MIXED CRYSTALS

The change of the lattice parameters of mixed crystals as a function
of the anthracene concentration, relative to those of the pure 2,3-
DMN, were obtained from the shift of the Guinier reflections, Figure
5, by a least squares fit. The lattice parameters are presented in Table
2 as a function of composition. The strongest dependence (expansion)
occurs for the c-axis as reflected by the distance of the (001) lattice
planes.

In order to be able to compare the 2,3-DMN crystal structure to
that of anthracene, A, we have calculated the projections of the
respective unit cells along the intersection line of the molecular planes
of the two symmetry-related molecules, Figure 8. The orientations
relative to a’' of the traces of the molecular planes in the so defined
a'b plane (which are approximately the intermediate molecular axes)
are 64.5° and 62.6° for A and 2,3-DMN, respectively, which differ
by only 1.9°. The corresponding cross section areas are also very
similar: g4 = a'+b = 46.2 A2 for anthracene and qpun = 47.8 A?
for 2,3-DMN. Their relative difference is

3a ~ GomN _ 359,
qa

TABLE 2

Variation of the room temperature lattice parameters with concentration for 2,3-
DMN(anthracene) mixed crystals compared with the lattice parameters of the neat
anthracene crystal.*® The error of the lattice constants is approximately
+0.01 A for a, b, ¢, =0.1° for B, and =2 A2 for the unit cel} volume, V.

mol %

2,3-DMN 100.0 94.5 39.0 80.2 0.0
a (A) 7.916 7.915 7.917 7.915 8.561
b (A) © 6.053 6.052 6.052 6.046 6.036
c (A) 10.018 10.086 10.138 10.248 11.163
B ( 105.43 105.58 105.86 106.31 124.70
v, (A3 462.6 465.3 467.3 470.7 474.2
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FIGURE 8 Projection of the unit cell of anthracene (left) and 2,3-dimethylnaph-
thalene (right) along the intersection line of the two symmetry-related molecules.

Thus, in 2,3-DMN the molecular packing in a plane approximately
perpendicular to the long molecular axis is less dense than in an-
thracene. This effect could be due at least partly to some intermo-
lecular steric hindrance caused by the methyl groups.

Orthogonal pseudo- unit cells with these a’b-basal planes require
for the perpendicular distance c'||(a’+b), c, = 10.26 A for the an-
thracene structure and cpyny = 9.68 A for that of 2,3-DMN.

The ¢’ length of the resultant pseudo cell is 5.7% greater for A
than for 2,3-DMN,

Ac' = Ca ~ Cpmn = 5.7%.

'

Ca

whereas the molecular length of A is 8.4 % greater than that of
2.3-DMN

AL = .11_____&9.@ = R.4%.
La

(taking L, = 11.3 A and Ly = 10,4 A for the van der Waals
length; these values were calculated from the nuclear separations and
reasonable hydrogen-carbon bondlengths (1.06 A for C~—H and 1.09
A for —CH,—H) and hydrogen van der Waals radii (1.2 A)).

These calculations indicate that 2,3-DMN is also less densely packed
than anthracene in the direction of the long molecular axis.

Finally we also examine the packing problem in the framework of
packing coefficients m; (introduced by reference [34]), defined as the



Downloaded by [Tomsk State University of Control Systems and Radio] at 14:29 19 February 2013

2,3-DIMETHYLNAPHTHALENE (ANTHRACENE) 181

ratio of the total volume which is occupied by Z molecules of kind i
in the unit cell, to that of the entire (empty) unit cell, V;

_ ZV;

MNi v

With V,, = 171 A% and Vpyn = 160 A3 calculated with the data of
reference [34] and V, o = 474.2 A% we obtain m, = 0.72 and Mpwm
= 0.69, and An = (M4 - Momn)/Ma = 4%, which indicates again that
anthracene is more densely packed.

These aspects of the crystal packing density are consistent with the
dipolar disorder in the 2,3-DMN lattice, revealed by the X-ray anal-
ysis based on the limited data obtainable from the single crystals. It
is obvious that disorder prevents molecules from optimally filling the
available space. For instance 2,3-DMN (001)-lattice planes with di-
polar disorder of the molecules exhibit nonperiodically uneven sur-
faces. Stacking of these planes necessarily leads to greater distances
dyo; since elevations and depressions are no longer arranged in a
complementary periodic sequence.

The question arises: can the loss of van der Waals lattice binding
enthalpy, caused by increased distances, be compensated by the di-
polar disorder found, so as to render the lattice free energy a minimum
and make the disordered configuration a thermodynamically stable
one. Most likely the entropy gained by disorder is sufficient to account
for the AH loss. One might speculate that in certain temperature
intervals there is also an ordered “‘antiferroelectric’” phase possible
with pairwise antiparallel dipoles whose smaller entropy is compen-
sated by closer ¢’ packing. The activation energy for a transition,
however, might be unreasonably high. An alternative “pyroelectric”
ordering with all dipoles parallel appears sterically and electrostati-
cally less favourable.

In this connection and to understand the cause for the observed
broad fluorescence lines (see below), it would be highly desirable to
learn something about the microscopic dipolar packing correlations

. . . . {xyz .
in the disordered phase. Given one molecule at site > %, =1 (with
c

. . X; Vi Z; . . .
relative coordinates [—', yg, Z) of the atoms i) with dipol moment
a

- . .ox 1
“up,” the probabilities for finding another one e.g. at site [g + > +

m, — % . % . “»3 + pl, (ma,p = 0. =1, 2. .. ), with dipol-
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moment “up” (w*) or down (w~) need notbe w* = w~ = 0.5. In
addition to nearest neighbor correlations, there may exist longer range
many-particle correlations. Application of methods which probe de-
tailed microscopic structure, such as ESR, NMR, high resolution
optical spectroscopy and diffuse X-ray scattering is required to clarify
this very interesting point.

Another question is why anthracene is so readily accepted by the
2,3-DMN-lattice. Since packing in a a’'b-plane (approximately per-
pendicular to the long molecular axes) was found to be more or less
the same in A and 2,3-DMN, the question reduces to the differences
in the ¢’ direction:- The incorporation of the longer anthracene mol-
ecule is favoured by the fact that disorder in the 2,3-DMN lattice
leads to less tight packing in this direction and hence to a larger ¢’
lattice plane distance than that expected for a hypothetical ordered
2,3-DMN structure. In addition, with respect to Figure 2, it is under-
standable that additional room needed for the ends of anthracene
molecules protruding from a molecular (001) layer can be provided
for easily by a suitable arrangement (concerning their dipolar ori-
entations) of the 2,3-DMN neighbours of the adjacent layers. Dis-
order allows this degree of freedom.

Another interesting feature of the mixed crystal formation of 2,3-
DMN with anthracene is that admixture of anthracene decreases the
average packing coefficient | of the mixed crystals even though
anthracene itself has a higher packing density than 2,3-DMN. This
feature makes the existence of an upper miscibility limit understand-
able. The 2,3-DMN-rich side of the binary system is governed by the
framework of the 2,3-DMN lattice which dominates the influence of
anthracene with respect to packing forces. The average packing coef-
ficient of a mixed crystal of relative molar concentrations x; of the
components i has been defined as | = X, x; m;, where coefficients
w; calculated for the respective true mixed crystal cell volume V(x;)
have to be inserted. These considerations are illustrated by Figure 9,
which was plotted with the data of Table 2 and the molecular volumes
given above. The ‘“ideal linear combination” curve was calculated
assuming a linear concentration dependence of V,, V (x;) = £, x; -
A%

o,i*

VI. FLUORESCENCE SPECTRA OF THE MIXED CRYSTALS

We present only briefly some initial anthracene fluorescence spectra
of the system 2,3-DMN (anthracene). Spectra obtained at ~1.7 K
for anthracene concentrations 0.3, 1.3, 1.7, and 18.5 mol% are as-
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FIGURE 9 Concentration dependence of the average packing coefficient § (as
defined in the text), for the 2,3-DMN (anthracene) mixed crystals. These data are
compared with the (hypothetical) concentration dependence of the packing coefficient
for the ideal linear combination (dotted) where the mixed crystal unit-cell volume is
assumed to increase (or decrease) linearly with the mole fraction.

sembled in Figure 10. For comparison and spectral assignment we
also measured an absorption and an emission spectrum for lower
anthracene concentration, Figure 11, (<0.1% for the emission spec-
trum, 0.12% for the absorption spectrum). The peak positions and
a vibrational analysis of the spectra Figure 11 are listed in Table 3.

The following observations were made:

1. The anthracene (guest) fluorescence appears in comparatively
broad lines (FWHM 200-300 cm '), even at liq. He temperature, a
surprising result which was (qualitatively) reported before for spectra
measured at 35 K.3¢ (In other matrices the low temperature anthra-
cene fluorescence can exhibit much sharper lines; the same holds true
for neat anthracene crystals.?”) Considering the dipolar disorder found
in the crystal structure determination, we conclude that the main part
of this considerable linewidth stems from spatial fluctuations of the
site energy (inhomogeneous broadening due to a Gauss distribution
of the solvent shift). This conclusion is supported by the fact that the
2,3-DMN host fluorescence lines also remain comparatively broad
on cooling (FWHM 100 cm~! at 4.2 K; the origin lies at 30339 cm~1.)*
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FIGURE 10 Fluorescence spectraat ~ 1.7 K of 2,3-DMN (anthracene) mixed crystals
for different anthracene concentrations.

2. The peak positions of the <0.1 mol% anthracene emission
spectrum, taken at 4.2 K (Figure 11), and of the 0.3, 1.3 and 1.7 %
spectra, taken at 1.7 K (Figure 10), are the same within experimental
error. However, peak positions previously reported in the literature
for 35 K3 were found at somewhat higher energies (Av ~ 200 cm ~1);
this shift is too large to be ascribable to the temperature difference
alone. The origin of this discrepancy remains unclear, but it is worth
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FIGURE 11 Fluorescence and a-polarized absorption spectrum at 4.2 and ~5 K,
respectively, of dilute 2,3-DMN (anthracene) mixed crystals with an anthracene con-
centration of < 103 mol/mol and 1.2 - 10~ mol/mol, respectively.

mentioning that the 35 K peak positions reported in this reference
essentially agree with our room temperature fluorescence peaks; in
addition, laser emission from 0.1 mol% anthracene-doped crystals
was obtained in the maximum of the 00 + 1432 cm ~! fluorescence
band at 24400 cm~! at room temperature®® (and at 24250 cm~! at
5 K.)*

3. An analysis of the peak energies of the absorption spectrum
(Table 3) yields the well known vibrational progression of the an-
thracene molecule. The peaks of the fluorescence spectrum can be
assigned (within the experimental resolution) to the same vibrational
progression if we take into account that the highest energy peak is
partly reabsorbed, as is obvious from Figure 11. The origin inferred
from the fluorescence progression, ¥ = 25656 cm™?, is located at
lower energy than that of the absorption, ¥ = 25854 cm~?; the
difference amounts to ~ 200 cm ~!. The origin of this relaxation shift
is presently unknown. Spectral diffusion to lower lying states of an
inhomogeneous distribution (although unlikely for the concentration
used here),!® could be one possible reason, energy dissipation by
relaxation in the local excited state would be an alternative expla-
nation, while strong electron phonon coupling, transferring the main
intensity to the phonon side bands, constitutes a third possibility,
which appears very likely.

4. With increasing anthracene concentration a decrease of the rel-
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TABLE 3

Energetic postion at liq. He temperature and vibrational analysis of maxima (under-
lined) and shoulders in the absorption and fluorescence emission spectrum of ~0.1
mol-% anthracene in 2,3-dimethylnaphthalene crystals. The Av values and the assign-
ment of the emission peaks are based on the assumption that the highest energy
fluorescence peak at 25542 cm~', which is affected by reabsorption, has its true max-
imum a1 25656 cm ~'; this extrapolation was made by an average fit of the vibrational
progression with the Av progression of the absorption spectrum. The errors of the
absolute energy of the stronger peaks amount to approximately =7 cm ™', those of the
weaker peaks and shoulders to approximately =15 cm™'.
The spectral resolution for the fluorescence spectrum was 12 cm ™'

(FWHM of calibration lines).

0.12 mol-% A in 2,3-DMN, T~5 K <0.1 mol-% Ain 2.3-DMN, T = 42K
absorption emission
vlem-']  Avem~') assignment Yem~']  Avfem!]® assignment

25854 0 25542 (reabs.)* (reabs.)*

26288 434 434 25246 410 410

26653 799 799 24838 818 818

27285 1431 1431 24224 1432 1432

27709 1855 1431 + 434 23803¢ 1853 1432 + 410
(—10) (+11)

28701 2847 2 x 1431 (—15) 22825 2831 2 x 1432 (-33)

29109 3255 2 x 1431 + 434 — — —
(—41)

30163 4309 3 x 1431 (+16) 21348 4308 3 x 1432 (+12)

*differences to the 25854 cm ~' maximum
bdifferences to 25656 cm !

°peak shifted to smaller energy due to reabsorption
dshoulder

ative fluorescence intensity (with respect to the lower energy peaks)
of the highest energy fluorescence peak is observed which can be
attributed to progressively stronger reabsorption.

5. With increasing anthracene concentration a peak at 24838 cm ™!
(402.5 nm) grows relative to the other fluorescence peaks.

6. There is a broad background which increases with rising an-
thracene concentration until at about 4 mol% anthracene (not dis-
played in Figure 10) the spectral features change qualitatively in a
rather abrupt manner:

7. Above ~ 4 mol% anthracene the maximum of the previous
24838 cm~! peak (which displayed a relative increase with rising
anthracene concentration) becomes dominant. It begins to shift slightly
and finally settles at 24740 cm~! (404.1 nm) for an anthracene con-
centration of 18.5 mol%. Two further vibrational satellites, not clearly
discernible before, appear at 23540 cm~! (424.7 nm), and at 22211
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cm ! (450.1 nm). They shift with increasing anthracene concentration
and reach 23346 cm~! (427.9 nm), and 21977 cm~! (454.9 nm), re-
spectively. Their distance from v = 24740 cm ~'is 1367 and 2 x 1382
cm~!. The final 18.5 mol% anthracene guest fluorescence spectrum
resembles that of the neat anthracene crystal, except for the fact that
itis composed of much broader lines and has, therefore, less structure,
and that its peaks are red-shifted by about 300 cm~!, as can be seen
from the comparative common plot, Figure 12.

In what follows we try to give a qualitative explanation of the effects
observed at anthracene concentrations above the threshold (~4%)
below which the peak positions remain essentially unaltered.

We first present arguments which exclude the possibility that the
observed spectra reflect an emission originating from segregations or
precipitates of amorphous or crystalline anthracene: Anthracene lay-
ers deposited on purpose in an amorphous state (by fast condensation
of anthracene vapor onto an 80 K cold substrate) emit a completely
different spectrum which consists of only one very broad, unstruc-
tured band, peaking at 21000 cm~!.3® Conversely, even tiny anthra-
cene crystallites emit a spectrum which is composed of narrow lines

Iﬂuontarb.unﬂs]

g

23000

L 1 1 1 &-—r—"’
24000 25000
vIem'] —
FIGURE 12 Comparison of the ~ 1.7 K anthracene fluorescence spectrum at ¢ =

18.5 mol-%, and the 4.2 K fluorescence spectrum of neat anthracene’ (narrow spectral
lines).

22000
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and resembles the one underlaid in Figure 12 (which was obtained
for very thin (~1 pum) sublimation flakes.?’

Next, the fact shall be considered that with rising guest concentra-
tion new fluorescence lines emerge and gradually shift to lower ener-
gies. We conclude that the only explanation which seems appropriate
is that the higher concentration spectra reflect guest—guest interac-
tions. With rising guest concentration guest—guest interactions give
rise to new lines originating from pairs, trimers and higher aggregates
whose probability distribution function integrally increases and dis-
plays a maximum which gradual moves towards the higher aggregates.
The probability of finding isolated (noninteracting) monomers drops
steeply and, hence, monomeric emission dies out. It is well under-
stood that interacting molecules can emit at lower energies than their
matrix-isolated monomers, because the (resonant) interactions shift
and split their initially degenerate energy levels.

The additional possibility of transfer of the excitation energy of
residual monomers to interacting pairs, trimers etc. by a Forster
mechanism or by reabsorption can give a further contribution to the
rather sudden decline of the observed monomer emission with in-
creasing concentration and to the bathochromic shift.

In view of the broad spectral bands, however, a distinction of
separate monomer, dimer, trimer, etc. lines (observed in other sys-
tems)® seems impossible in these spectra.

There are two other interesting features which require an inter-
pretation, namely that the (low temperature) fluorescence bands re-
main broad even at the highest anthracene concentrations (e.g. at
18.5 mole%, Figure 10), and that the centers of gravity of these
vibrational bands lie at lower energies than the corresponding (sharp)
lines of the neat anthracene crystal, Figure 12.

The comparatively sharp low temperature fluorescence lines of the
neat anthracene crystal have been interpreted in terms of transitions
from near the lower band edge of an excitonic band of width 403
cm 1.4 Small, irregular clusters and disorder of the 2,3-DMN host
crystal preclude a description of the excited guest states in terms of
a band model. Emission from the entire range of split levels may
occur. Since the width of the split level distribution is essentially
caused by the nearest neighbour interactions, it is not very different
for the cluster and for the band situation. Enhanced electron—phonon
coupling in the situation of local clusters in disordered surroundings
may also contribute to an increase of the linewidth.

A bathochromic shift of the entire anthracene guest fluorescence
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spectrum—at high guest concentrations—to even lower energies than
those of the neat anthracene crystal can have several causes: I) Strong
electron-phonon coupling can transfer the main intensity of each of
the vibronic transitions to (lower energy) phonon side bands. II)
Stronger anthracene-anthracene interactions in the 2,3-DMN lattice,
resulting from the slightly smaller unit cell of the mixed crystals com-
pared to the neat anthracene crystal (Table 2), and from the more
perpendicular orientations of the long molecular axes relative to the
(001) cleavage plane in the mixed crystal (yielding closer approach
of the anthracene molecular centers of accidentally neighbouring guest
molecules in the individual 2,3-DMN (001) layers, and concomitantly,
closer interactions of the m-electrons, in the simplest way of looking
at it). A red shift of ~300 cm ™! is obviously too large to be accounted
for fully by cause I) alone.

A third possibility, a stronger site shift interaction of the anthracene
molecules with the 2,3-DMN molecules than among themselves is
ruled out by comparing the singlet S, energy of a fictive isolated
anthracene molecule in the anthracene crystal, dp,c = 25301(42)
cm~! 8 and the higher energy of the extrapolated ‘“‘origin” (maxi-
mum) of the (dilute) anthracene guest fluorescence in 2,3-DMN,
v = 25656 cm~! (Table 3)—irrespective of whatever the true nature
of this peak is (maximum of inhomogeneously broadened 0-0 tran-
sition, phonon side band, etc.).

Our present knowledge of the 2,3-DMN(A) system is insufficient
for deriving a detailed understanding of the pronounced spectral changes
of the anthracene fluorescence emission which occur with increasing
anthracene concentrations. Time-resolved spectroscopy, site selec-
tion spectroscopy, and optical hole burning experiments may help to
further elucidate the molecular interactions and the pathways of en-
ergy transfer, and to establish if it can be described as impurity band
conduction. #4142

In summary, we have studied the crystal structure of 2,3-dimeth-
ylnaphthalene and the 2,3-dimethylnapthalene-rich part of the binary
phase diagram with anthracene, where mixed crystals form with an-
thracene concentrations up to 23 mol%. The anthracene fluorescence-
emission at low concentrations occurs in a vibrational progression
consisting of fairly broad lines which are believed to reflect the dis-
ordered 2,3-dimethylnaphthalene lattice. Above ~4 mol% anthra-
cene the fluorescence spectra are dominated by emission from inter-
acting anthracene guest molecules which give rise to a considerable
red shift.
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