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The naphthalene phosphorescence spectra in Ar, Kr and Xe show a multiplet structure
with two groups of the subspectra separated by 172,246 and 254 cm™, respectively. Various
insertion modes of the naphthalene molecule in the rare gases were analysed by constructing
the intermolecular potential enecrgy functions for naphthalene in the substitutional sites
obtained by displacement of six or seven rare gas atoms. The multiplet structures of the
naphthalene phosphorescence spectra in these matrices were preliminary assigned. Assuming
a twofold increase in the polarizability of the naphthalene molecule in the triplet state rela-
tive to the ground state and by adjusting the parameters of the repulsive part of the carbon
atom — rare gas atom potentials, reasonable agreement between the calculated and observed
spectral shifts and the site splittings for argon and krypton were obtained.

1. Introduction

The resolution of the electronic spectra of the organic molecules dissolved in molecular
crystals, rare gases and Shpolsky type matrices at low temperatures are dependent on
the geometrical fit in various insertion modes and couplings between the matrix and the
solute apart from the intramolecular factors [1-9]. The specific influence of the matrix
on the luminescence and absorption spectra of the aromatic molecules involves several
effects such as: shifts in transition energies [10], changes in the frequencies. of internal
vibrational modes [5], modifications of librations and internal rotations, the crystal field
induced geometry changes and perturbations in the intensity distributions in the eiectronic
spectra of the matrix isolated molecules [7-9].

The influences -of the matrix may be described by taking into account the potential
energy functions for the solute molecule in the substitutional sites [11]. The structures
of the electronic spectra and diffuseness of these spectra may be correlated with the distor-
tions and the displacements of the potential energy functions during electronic transi-
tion [2].

For the ground electronic states the intermolecular potential energy functions are
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used extensively in various crystallographic problems and in the vibrational spectroscopy
of the solids. The approach developed by Kitaigorodsky [12, 13] is usually used for con-
structing the potential energy functions for the molecular crystals of organic molecules.
The matrix isolated molecules may have different orientations in the substitutional sites.
Recently, Merle et al. [11] calculated the intermolecular potential functions for the ground
state of pyrene, triphenylene and coronene in the n-heptane matrix. They were able to
interpret different orientations of the solute molecules in the matrices, responsible for the
multiplet structure of their phosphorescence and MIDP spectra of the triplet state [9, 11,
14-16].

In this paper the naphthalene molecules in various substitutional sites in rare gas
matrices are considered. The intermolecular potential energy functions were constructed
for naphthalene molecules in matrices for the ground and excited electronic states, taking
into account atom-atom interactions. This approach seems to be justified for the lowest
excited states, especially for the lowest triplet state of organic molecules [I7]. The results
of calculations for the potential functions suggest a possible interpretation for the multiplet
structure of the naphthalene phosphorescence spectra in Ar, Kr and Xe. The shifts in the
electronic energy levels of the solute molecule appear to be dependent on the exact geometry
of the substitutional site and are very sensitive to short range repulsive intermolecular
interactions.

2. Experimental

The vacuum UV equipment was described by Pantos et al. [18, 19]. Zone refined
naphthalene was used. The mixture used consisted of saturated naphthalene vapour and
rare gases (Air Products research grade) was deposited on a liquid-He cooled LiF disc.
Excitation light from a Xe—Hg high pressure lamp was dispersed by a McPherson 225 mo-
nochromator. The emission was observed at 90° to the exciting beam through a Hilger
and Watt 0.3 m analysing monochromator and an EMI 6256QB cooled photomultiplier.
The naphthalene phosphofescence‘ was excited with a strong line of 2537 A from a high
pressure Xe—Hg lamp. The spectra were plotted on a Bryans 2700 chart recorder. After
deposition of the mixtures of the rare gas and naphthalene on the LiF window the phos-
phorescence spectra were recorded without any annealing. The deposition temperature
was lower than 10 K and the deposition rate was about 1 atomic layer per second.

3. The phosphorescence spectra of naphthalene in Ar, Kr and Xe

The phosphorescence spectra of naphthalene in Ar, Kr and Xe matrices are shown
in Fig. 1 a, b and c. The resolution of the naphthalene phosphorescence specira in rare gas
matrices is much inferior to the benzene phosphorescence in the same matrices [7, 8].
In Fig. 1 the assignment of the naphthalene phosphorescence spectrum in Ar is shown.
The phosphorescence spectra shown in Fig. 1 have complicated multiplet structures and
large splittings between two groups of the subspectra. The subspectra are indicated as o
(high energy subspe‘ctrum) and f (low energy subspectrum). The shapes of the the 0—-0
bands show that they comsist of closely lying transitions. The band positions of 0—0
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Fig. 1. The phosphorescence spectra of naphthalene in argon (a), krypton (b) and xenon (¢) matrices

transitions which could be identified in the spectra are given in Table I. The analysis was
done according to Gattermann et al. [20] assignment of the naphthalene phosphorescence
in the vapour phase. The fundamental frequencies identified in the Ar phosphorescence
spectrum are: 9 (512 cm™1), 7 (1020 cm—?!) and 5 (1383 cm~') in both subspectra « and f.
The splittings of the T, — S, transitions are 172, 246 and 254 cm~* for Ar, Kr and Xe,
respectively (Table I).
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TABLE 1
The 0-0 transition energies
0-0 bands positions -
Rl Subspectrum o Subspectrum Difference
[cm™] [em™?]
= = ‘ ; = S
Ar 21321 21 149 l 172
Kr | 21370 21.124 1 246
Xe | 21336 21082 254

4. The system
In the presence of impurities of ~19% the noble gases crystallize at 4.2 K with an
h.c.p. structure [6-8]. The naphthalene molecules isolated in the h.c.p. or c.c.p. phases,
due to geometric restrictions take place in the hexagonal planes replacing 6 or 7 rar¢ gas
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Fig. 2. The model for the substitutional sites created by the displacement of six ((6)Cs, Cy(6) and (6)C¥,
C,(6)) and seven ((7)Dsy, D3g(7)) atoms in the hexagonal plane, (X, O — indicate the centres of the atoms
in adjacent top and bottom atomic layers for h.c.p. and c.c.p. structures)
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atoms. The traps obtained in this way (Fig. 2) are the smallest ones to accomodate naphtha-
lene molecules with negative interaction energies.

In the system considered here, the naphthalene crystailographic data of Cruishank
[21] were used. The values of bond lengths were: AB = 1.363 A, BC = 1.421 A, CC’
= 1.418 A and AE’ = 1.415 A. For these data we fitted the pertained values of angles:
o = 31°10’, B = 29°43’ and also modified the angles centered on carbon atoms to the
“C, symmetry” relative to the C—H bond (Fig. 2).

5. The interaction energy parameters

_ The interaction energy calculations based on the assumption of pair additivity of
the intermolecular atomic interactions [12, 13, 22-33]. The Lennard-Jones atom-atom
interaction potential has been incorporated throughout this work.

w--o[(3)-(2))

The choice of this potential should be justified by its reliability in the description of
the interactions between rare gas atoms [32]. We assumed this type of potential for all
atom-atom interactions. The parameters for C and H atoms were recalculated from Williams

TABLE 11
The van der Waals radii and parameters of the interaction potential ‘
ro [A] o[A] | &(kcal/mole) | U [eV] a[A% | ox,_c [A] jex,_c [kcal/mole]
- -
H 1.170 2.796 - 0.04016
C 1.800 3.794 0.04287 27.3 1.028
Ar 1.878 3.405 0.23780 34.2 1.630 3.5889 0.2079
Kr 1.996 3.600 0.33960 314 2.480 3.7407 0.2516
Xe 2.168 4.070 0.44740 29.0 4.010 4.0421 0.2836

[30, 31] for the exp-6 p/otential used in the hydrocarbon systems. The values of these param-
eters are similar to those given by Kitaigorodsky [12, 13, 22] for the hydrocarbons,
Table II. Values of parameters ¢;; and o;; for two types of atom interactions have been
calculated using the Lorentz and Berthelot rules, respectively

&+&; .
&y = ——, 2
j 7 ()

i=Cor H, j= Ar, Kr or Xe.
For the ground electronic state the attractive part of the Lennard-Jones potential
in our system can be expressed by the London formula [29]
_ 3a4 U,
2R® U4U;’

E = )
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where U;, U; are the effective ionisation potentials, o> o; are the atomic polarizabilities,
and i = C or H, j = Ar, Kr or Xe.

The parameters o, o, Uy and U; were taken from Pitzer [29] except for the carbon
atom parameters. The values, ac, and U, were evaluated by iteration using (1) and (4)
and U, and o values given in columns 4 and 5 in Table II. Estimations for these parameters
are based on the additivity of the isotropic atomic polarizabilities [10]. The theoretical
justification for the possibility to express the experimental polarizabilities of molecules
as a sum of bond polarizabilities or atomic polarizabilities was discussed by Claverie [17].
The atomic polarizabilities are less transferable from one molecule to another, but they
are simple in application. In the present application we used this procedure for the mean
polarizability in order to simplify the computations.

For the excited states the attractive part of the Lennard-Jones potential was also
taken in form of [4] with changed atomic polarizabilities. We assumed that for excited
states of aromatic hydrocarbons only carbon atoms contribute to the total polarizability
change. Under this assumption we used the experimental changes in the total polarizability
of anthracene molecule in the 'L, excited state for the estimation of carbon atomic polari-
zability in the excited states, (x,c = 2.075 A%). Estimated in this way the carbon atom
polarizability changes gave reasonable values of the molecular polarizabilities for the
1L, and 1L, excited states of naphthalene, anthracene, tetracene, which are close to the-
available experimental values [10, 34]. We applied this parameter for the lowest triplet
state of the naphthalene molecule. Parameters for the repulsive part of the interaction
potential in (1) for the carbon... Ar, Kr or Xe interaction, for the naphthalene molecule
in the T excited state were adjusted to reproduce a matrix shift of 0—0 transition in the
naphthalene phosphorescence spéctrum (relative to the vapour phosphorescence spectra).
The corresponding shifts of low energy transitions in our recorded spectra are: 0.71 keal
for Ar, 0.78 kcal for Kr and 0.90 kcal for Xe.

6. The calculation
]

The intermolecular energy potential function was calculated as a function of the
coordinates R, 8 and a;, where R is the translational displacement in the X or Y direction
of the molecule centre and 0 is the angle of rotation of the molecule around the axis normal
to the molecular plane. g; are cell parameters for the matrix of Ar, Kr and Xe. For
all the systems investigated the interaction energy was plotted as the function of the angle
0 between the long axis of the molecule and the axis X of the trap at a given translational
position.

Calculations were done for two types of phases, namely the h.c.p. and c.c.p. structures
for each matrix. The anisotropy of interaction mainly results from H ... X interactions
(X = Ar, Kr or Xe), the anisotropy of C... X interactions is of less importance.

When the naphthalene molecule is rotated in the geometrical -centre of the seven-
-rare-gas-atom trap (h.c.p., c.c.p.) the interaction energy is an oscillating function of the
0 angle with two types of energy wells appearing with a period of 60° at 6 = 30°+n 60°
and 0 = 0°+n 60°, respectively. In the case of argon the first well is deeper with an energy
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barrier of 0.61 kcal (Fig. 3). In krypton these wells are practically equal and in xenon the
second well becomes deeper while the first one almost disappears.

The behaviour of the interaction energy function changes when the naphthalene
molecule is translated from the centre of the trap. We considered translations along the
X and Y directions to evaluate the shape of the energy hypersurfaces and the positions
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Fig. 3. Angular dependence of the total interaction energy function of naphthalene with the argon lattice
in the centre (1) and after translation of the naphthalene molecule in the X and ¥ directions by 0.5 A (2)
and 0.75 A (3): (a) c.c.p. structure, translation in the X direction, (b) c.c.p. structure, translation in the
Y direction, (c) h.c.p. structure, translation in the X direction, (d) h.c.p. structure, translation in the ¥
direction

of the energy minima. A full search of the minima for the interaction energy involved
translations with a 0.25 A step and 1° step for rotation about the axis normal to the trap
plane. Because we were interested in the anisotropy of interaction and not in the total
energy, only the first coordination shell of rare gas atoms (36 atoms) was taken into account.
In short range domain we omitted contributions from distances lower than 2 A.

The interaction energy function for argon matrix with a seven-atom trap is shown in
Fig. 3 (a, b, ¢, d). Here it is shown that when the molecule of naphthalene in h.c.p. Ar
matrix is translated along the X direction, the wells at § = 30°+7r 60° decrease their
energies. For translation in this direction only a minimum at § = 90° corresponds to the
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true bottom of the potential energy valley. The minima at § = 30° and 150° in Fig. 3 are
connected with two other potential energy valleys corresponding to translations in direc-
tions 120° and 240° relative to X direction.. We can derive some information concerning
the properties of the potential function from Fig. 3b, where the potential energies as func-
tions of # are drawn for displacements in the Y direction. For the c.c.p. matrix the minima
in Fig. 3b correlate directly with the minima in Fig. 3a. Fig. 3a and Fig. 3b show that
after the displacement of the naphthalene molecule from the trap centre, the fusion of
minima at 8 = 30°+# 60° and 0 = 0°+#n 60° occurs except for the translational minimum
in the X direction at 0 = 0°. In Fig. 3c, d the intermolecular potential energy for the
naphthalene molecule in the h.c.p. Ar matrix is shown as a function of the 6 and XorY
displacement. These functions in the h.c.p. matrices are similar to those in c.c.p. matrices.
The main difference in the interaction energies of the naphthalene molecule in the c.c.p.
and h.c.p. phases are rotation and splittings of the energy valleys of the potential function
for the naphthalene molecule translated in the X direction for the h.c.p. phase compared
to the potential function for the c.c.p. structure. Due to this rotation there is a breakdown
of the symmetry of the potential function for the naphthalene molecule translated in the
X direction (Fig. 3¢) and a difference in potential functions (translations in the +Yand —Y
directions).
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Fig. 4. Translational dependence of the total interaction energy function of naphthalene for 8 = 0° (1)
and 6 = 90° (2) with argon (I, 2), krypton (I”, 2”’) and xenon (I"”/, 2’) matrices, for the c.c.p. structure
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Thus when the naphthalene molecule is placed in the symmetrical site created by the
displacement of seven rare gas atoms it can occupy a small minimum in the centre of the
trap or one of three equivalent broad minima with low energy (c.c.p.) or six such minima
(h.c.p. phase). ‘

The changes in the intermolecular potential energies of the naphthalene molecule
along the potential valley (in the X direction) for the c.c.p. structure of Ar, Kr and Xe
are shown in Fig. 4. In this figure, curves I’, I/, I'"" correspond to the intermolecular
energies for the translations of the naphthalene molecule at § = 0°, in the X direction,
for Ar, Kr and Xe matrices, respectively. For this particular translation the minima occur
at the centre of the trap and are common for both h.c.p. and c.c.p. structures. Curves
2, 2" and 2'"" correspond to intermolecular potentials as functions of translations of the
naphthalene molecule in the X direction at § = 90° for the site in the c.c.p. structure.

TABLE III

Values for the energy minima for ‘naphthalene in Ar, Kr.and Xe matrices

Minim. Value\ Minim. value Minim. value | Minim. value
Trap I (kcal/mole) | (kcal/mole) Trap (kcal/mole) | (kcal/mole)
h.c.p. symmetry | in ground in excited | & symmetry in ground in excited
state state state state

(6)Cs —2.99 ' —4.25 C,(6) l —2.99 —4.25
6)Cs —3.93 —5.33 Ci(6) ~3.93 ~5.33
Ar (6)Ds» 2111 2063 | AT C3(6) 19.14 20.64
(7 Dsp . —5.06 —5.62 Dsy(7) —4.61 —4.90
(6)Cs ‘ —12.27 ’ —13.80 C,(6) —12.27 —13.80
(6)Cs —12.13 —13.71 C.(6) —-12.13 —13.71
Kr (6)Ds —3.85 —s560 | BT C30(6) —6.44 —9.60
(7YDsp ',—11.91 —12.62 D347 —10.76 —12.62
(6)Cs —14.40 —16.13 | C,(6) — 14,40 —16.13
% ©C | —13.93 —1877 | C:(6) —13.93 —15.77
(6)Dsn -1027 | —12.60 Csu(6) —12.88 —15.93
(DDsn 1 —1377 | —15.75 D3(7) —14.13 —14.94

The energy values for the minima of the intermolecular potential function for naphthalene
in Ar, Kr and Xe in both possible crystallographic structures are given in Table III. The
minima for the intermolecular potential for naphthalene in the h.c.p. phase occur at
X=072A, Y=019A for Ar, X =1.25A, Y= 0.0 A for Kr, X =0.0A, Y =154
for Xe and at equivalent positions which can be obtained by the symmetry operations of
the system.

We also investigated the sites obtained by displacement of five or six atoms of rare
gas in the matrix. Five atom holes were found to be small and isolation of the naphtha-
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lene molecules in such sites gave high positive energy values of the interaction energy.
From the sites obtained by displacement of six atoms the sites of (6)D5, (h.c.p.) and C3,(6)
(c.c.p.) symmetry have improper geometry and gave energy values simiilar to five atom
holes. We considered six-atom traps with low interaction energies having (6)C; (h.c.p.),
C,(6) (c.c.p.) and (6)C; (h.c.p.), C1(6) (c.c.p.) symmietries (Fig. 2). For these traps we obtained
results which show that there is no difference between the c.c.p. and h.c.p. phases. In both
kinds of traps we found only one minimum of the interaction energy. If we put one more
rare gas atom in the right side of seven-atom trap (Fig. 2) we obtain the (6)C. or C,(6) trap.
In this trap the minimum of interaction energy function always occurs at § = 90° with
the additional translation of the molecule centre along the X direction. The values of these
translations in the — X direction referring to-the seven-atom traps are: 1.27 A in Ar matrix,
1.45 A in Kr and 1.63 A in Xe. The position of the naphthalene molecule in this trap
indicates a close correlation with the results obtained for seven-rare-gas-atom trap. The
minimum values for the interaction energy function at these positions of naphthalene
molecule are: —2.99 keal for Ar, —12.27 keal for Kr, —14.40 for Xe. For the (6)C, or
C,(6) traps (Fig. 2), the interaction energy functions have their minimum values at 6 = 80°
in all matrices and with the molecule centre placed in the trap centre. Values for the interac-
tion energy function minima are: —3.93 kcal in Ar, —12.13 kcal in Kr and —13.93 kcal
in Xe.

For the T excited state of the naphthalene molecule the interaction energy was calcu-
lated in the same way. We fitted the parameters connected with the repulsive part of carbon-
rare gas atom interactions to-reproduce the matrix shifts of the low energy phosphorescence:
(B-subspectrum) relative to the gas phase. Using these parameters we could calculate -the
excited state-energy values for all matrices in different traps. The energetical distribution
of the insertion site modes is shown in Fig. 5, for the ground and the excited T, state.
When we tried to fit the parameters to the seven-atom traps, with the naphthalene molecule
in the site centre, for subspectrum o in the phosphorescence spectrum, we obtained values
which do not change the ordering of the insertion site energies in Fig. 5a, but give much
lower values for the transition energies in the simulated spectra (Fig. 5b). The minima
‘of the intermolecular potential for these traps are approximately at the same coordinates
in the ground and excited states.

The values of the interaction energy minima in different traps for the ground and the
excited T state of the naphthalene molecule are given in Table III (and shown in Fig. 5).
In this figure the calculated positions of the 0—0 transitions for the naphthalene phospho-
rescence are also given. The parameters for the repulsive part of the carbon-rare gas atom
potential were adjusted assuming the correspondence between f subspectrum and (6)C;
or Cy(6) sites. Thus the calculated spectra suggest that-the sites of the (6)C; or C,(6) sym-
metry obtained by displacement of six rare gas atoms also contribute to the  subspectrum.
Hence, according to the calculations presented, the high energy subspectrum should be
connected with larger substitutional sites, possibly with a symmetrical site created by the
displacement of seven rare gas atoms. For the Ar matrix this situation occurs both in
the c.c.p. and h.c.p. phases, but for the Kr matrix only the h.c.p. structure gives this ordering
of the 0—0 transitions.
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The interaction energy of the naphthalene molecule with the matrixis asum of C ... X
interactions, where the main contribution gives out-of-plane rare gas atoms, and H ... X
interactions in the plane of the naphthalene molecule. The change in the carbon polariza-
bility influences the C ... X interactions. On the other hand the H ... X' interactions are
very sensitive to changes in the geomeiry of the site. The calculated splittings compare
qualitatively with the observed splittings for the naphthalene phosphorescence in Ar and
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Fig. 5. The values of the energy minima for naphthalene in argon, krypton and xenon matrices for the
ground (a) and excited states (a*), and the simulated site structures of the naphthalene phosphorescence
spectra for Ar, Kr and Xe matrices
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Kr matrices. For Xe the results are less satisfactory indicating that for this matrix the
symmetrical sites obtained by the displacement of seven rarz gas atoms are not good
models for the system.

In calculations we essentially should allow for the change in the geometcy of the
naplithalene molecule between the ground and the lowest triplet state. The geometry
change for S state of naphthalene mainly involves an expansion of the naphthalene mole-
cule along the short molecular axis. The geometry changes for the T} state of the naphtha-
lene molecule are not known. However, a comparison of the displacements of the atoms
for different totally symmetric modes of naphthalene forming the progressions in the
fluorescence and phosphorescence spectra suggests that for the 7, state of naphthalene
the geometry change probably involves an expansion in the direction of long molecular
axis. Thus, considering the geometry of the sites taken into account here, the neglection
of the geometry change for the triplet state in calculations should not introduce much
errors in our results.

7. Conclusions

In this paper we considered the simplest modes of isolation of the naphthalene mole-
cule in a rare gas matrix taking into account two possible crystallographic structures for
the solid rare gases. The smallest substitutional sites which can accomodate the naphtha-
lene molecule without deformations correspond to the displacement of six atoms. We ‘con-
sidered the naphthalene molecule in two such sites. The difference in the stabilization
energies for the ground and the excited state of the naphthalene for both sites in the-h.c.p.
and c.c.p. phases is similar and we suggest that they both contribute to one group of the
low energy subspectra of the naphthalene phosphorescence. The rare gas matrices obtained
by condensation at low temperatures (10 K) are polycrystalline and contain many defects
[35]. There are many.possibilities of introducing the defects into structures obtained by
displacement of six rare gas atoms. To simulate the corresponding structure we considered
only one symmetrical substitutional site obtained by the displacement of seven rare gas
atoms from the hexagonal plane for the h.c.p. and c.c.p. phases, In this site the naphtha-
lene molecule can freely accomodate with the main equilibrium positions out of the trap
centre. The calculated for this site stabilization energies of the ground and the excited
state of naphthalene (using the parameters based on the six-atom hole) suggest that naphtha-
lene in the seven-atom hole contributes to the broad high energy group of the phospho-
rescence subspectra in rare gas matrices. The sites considered have different properties
in the h.c.p. and c.c.p. phases of the noble gases. Our model of the seven atom trap is
a great simplification of the matrix isolation of the maphthalene molecule. Probably we
should ascribe the high energy transitions in the naphthalene molecule to -different sites
created by the displacement of the seven rare gas atoms from crystallographic plane.

The luminescence measurements were done in Schuster Laboratory, Manchester
University; UK, J.N. wishes to express his sincere thanks to Dr T.D.S. Hamilton for the
kind support of the research and for helpful comments on ‘the manuscript.
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