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Abstract—The absorption spectra (30000-80000 cm~!) of naphthalene-rare
gas solids (molar ratio 1:200) are reported. The congested band system in
the region of the second =*—# transition is analysed. Observed higher 7*-=
transitions are compared with theoretical predictions. The assignments of
the lowest (n = 3) Rydberg states (with different quantum defects) to bands
observed in the free molecule spectrum at 45070 cm~! and 45390 cm~' is
supported. Intermediate and large radius impurity states of the matrix are
identified and characterized. Crystal energy parameters for the matrix are
deduced from spectroscopic data and photoemission data. Matrix shifts for
the origin bands of the first four #»*—= transitions are reported.

1. Introduction

Experimental studies of the two lowest »*-7 singlet transitions of
naphthalene (vapor,®.2.3) solution,®% solid solution®.?.8) and
crystal®,10,11,12) have tested the adequacy of quantum mechanical
descriptions of the 7 electron systems of aromatic molecules13:.14) and
increased the understanding of electronic states in aromatic
solids.5.18,17)  The results show the electronic assignments of the
first and second singlet transitions to be B,, « A,, (long axis
polarized) and B,, « A,, (short axis polarized) respectively. The
total oscillator strength of the first transition is enhanced by
‘“ intensity borrowing ”’ from the second transition.1®) The third
and fourth (singlet) transitions are predicted 12.2%.21) pear 50 000 cm ™!
with electronic assignments B,, « A,, and By, « A,, respectively.

t Present address: Department of Geology, The University, Manchester,
M139PL, England.

257



Downloaded by [Tomsk State University of Control Systems and Radio] at 08:17 23 February 2013

258 MOLECULAR CRYSTALS AND LIQUID CRYSTALS

Skanke(®?) has assigned the fourth transition to a broad absorption
band in the solution spectrum ®* between 58000 and 61000 cm™! but
George and Morris®® place this transition at 49500 cm™ in the vapor.
Although there has been little reported for the spectral region above
40000 cm™1, some firm results are known. The major features in the
free molecule absorption spectrum from 40000 to 75000 cm™ are an
extensive Rydberg system overlying inhomogeneously broadened
absorption bands(?5.28) with effects arising from interference between
resonance and potential scattering.®”)

The spectrum of the molecule trapped in low temperature-rare
gas matrices yields more detailed information about certain excited
electronic states than is available from the vapor or solution spectrum
for several reasons: (a) spectral congestion arising from hot bands
and sequence structure is removed; (b) matrix shifts help to distin-
guish vibronic bands of different electronic origins; (c) the variation
of the transition energies of the molecule in different matrices helps
to distinguish intravalence (n*-7) and extravalence (Rydberg)
transitions. Further such studies help to understand how best to
describe the energy states of impurity doped solids.

We have investigated the absorption spectrum, between 30000 and
80000 cm™1, of naphthalene (A-8 and d-8) trapped in argon, krypton
and xenon matrices. From this work we (a) analyse the congested
band system in the region of the second n*—7 transition; (b) confirm
the assignment of the fourth =*- transition suggested by George
and Morris?**; (c) support an assignment?® of the lowest (n = 3)
Rydberg states of the molecule; (d) analyse the structure of the
m*—mr transitions which are obscured in the free molecule spectrum
by the intense Rydberg system; (e) identify and characterize
intermediate and large radius impurity states of the matrix.

2. Experimental

Naphthalene was purified by sodium fusion and extensive zone
refining.®)  Spectrographically pure xenon, krypton and argon
gases (from British Oxygen Co.) were further purified over a freshly
sputtered titanium film. Matrices were prepared by codeposition
from the vapor onto a lithium fluoride disc maintained at ca. 40 °K.
The thickness of the films varied between ca. 0.5 and 5 p and the
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naphthalene-rare gas molar ratio was in the order of 1:200. After
a period of thermal annealing (ce. 30 min) the films were cooled to
20°K. This procedure minimized the site splitting effects in the
spectrum and produced films which did not scatter the incident
radiation excessively. The sample holder was maintained at selected
temperatures between 20°K and 50°K by use of an open cycle
Joule Thomson refrigerator with hydrogen gas and liquid nitrogen
as refrigerants. Spectra were recorded photoelectrically on a 0.5 m
Jarrell Ash vacuum ultraviolet spectrometer using equivalent slit
widths of 0.5 A. Light source continua were a hydrogen arc (to
51 KK) and microwave powered xenon and krypton lamps (to
80 KK). Emission lines in the source were used for calibration. The
sample holder was located between the exit slit of the spectrometer
and the photomultiplier to minimize photodecomposition. Because
of the difficulty in correcting for scatter of the incident radiation and
luminescence excitation in this experimental design only relative
absorption intensities are quoted. Matrix induced line broadening
is significant for a large guest molecule such as naphthalene and the
accuracy of the measured transition energies varies from + 20 cm™
to + 100 cm™! depending on the line width of the absorption band.

3. Results and Discussion

3.1. SPECTRAL REGION 320 nm—_250 nm

The absorption spectra between 250 nm and 320 nm of naphtha-
lene—argon, naphthalene-krypton and naphthalene—xenon matrices .
(molar ratio 1:200) are shown in Fig. 1. The region between 272
and 290 nm in the spectra of krypton and xenon matrices is expanded
to illustrate some features more clearly. Transition energies and
suggested assignments are given in Table 1. In Table 2 the vibra-
tional intervals measured in this work are compared with correspond-
ing values from the vapor spectrum.® Included in this table are the
ground state fundamentals identified in the Raman spectrum of the
single crystals.(@8)

Polarized absorption and fluorescence spectra of naphthalene in
low temperature solid solutions®.7) have shown the first and second
7*—7 transitions to be long axis (B,, « A,,) and short axis (B;, « A,,)
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Figure 1. (a) The absorption spectra from 320 nm to 250 nm of naphthalene
doped argon (Curve a), krypton (Curve b) and xenon (Curve c) solids at 20 °K.
Deposition temperature 40 £+ 2°K, molar ratios (naphthalene-rare gas)
1:200. (B) The absorption spectra (272nm to 290 nm) of naphthalene
doped krypton (Curve a) and xenon (Curve b) solids at 20 °K.

polarized respectively. The vibronic structure of the first transition
may be divided into three major series.

Series I: A series of low intensity corresponding to progressions of
totally symmetric (a,,) vibrations built upon the electronic
origin (B,, «— A,,).
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TaBLe 1 Transition KEnergies {(em-1) and Suggested Assignments in the
Absorption Spectra of Naphthalene Doped Argon, Krypton and Xenon Solids

Argon Krypton Xenon Suggested assignments
318004 50 31770+ 30 31750440 (0—-0)5(Bay, ¢— Ay4,) : (O1)
32230440 32200420 32200420 (0—0)4 +440 : (Og1)

32470430 32470430 (0—0)4 +700
32700450 32670420 32670420 (0—O0)4 +910 : (O1m)
32900420 329004 20 O11 +700
33250450 33200420 33190+ 20 O11 +990
33350420 33350420 Og11 + 700,
33600440 33600440 Oq1 +1390
33670430 33700+ 30 O +990
33900450 33900+ 50 Og1 +700 +990
34100450 O1z + 1390
34180440 34180440 O11 +(990 x 2)
34350440 34350 140 Oxy1 + 700 + 990
34680+ 40 34670440  Oppp +(990 x 2)
349504100 34720450 34540+ 50 (0—0)gB,, < A,,
34770430 347704 30 Oqr1 + 700 + 1390
34900440 34870440 34870440 Og11 + 700 + (990 x 2)
34950430 34950 4-30 Ogr + (1390 x 2)
351004 40 35070+ 40 35050440  Oppp +990 + 1390
35450450 35220450 35050470 (0—O0)g + 500
35160450 35150430 O11 +(990 x 3)
35290430 35290430 Or1 + 700 + 990 + 1390
35460450 35450450 354504 50 Orr + (1390 x 2)
360004100 358004100 35590470 (0—O0)p +990
35650440 35650+ 40 Orr1 + (990 % 3)
358004 40 35800440 Oy +700 +990 + 1390
35920430 35920430 O11 + 700 + (990 x 3)
364504100 36120450 35970+ 50 (0—0)s +1390
36160430 36140430 O1qp1 +700 + (1390 x 2)
370004-100 36650450 364504 50 (O—O0)B + (990 x 2)
36670430 Or11 +(990 x 4)
37090440 O11 + (990 x 3) +1390
372504100 370004+ 50 (0—O0)p + 500 + (990 x 2)
37320440 37310440 Or1 +990 + (1390 x 3)
378004100  37600+50 37400 £ 50 (0—O0)g + (1390 x 2)
37700450 (0—0)B + (990 x 3)
38070440 O + (990 x 4) +1390
383004100 381004100 37900470 (0—O)g +(990 x 2) +1380
38350450 - O11 +(990 % 2) + (1390 x 3)
389004 100 387004100 38550470 (0—O0)B +(990 x 4)
39140 (0—O0)p + (990 x 3) + 1380

39480470

)
(0—O0)g + (990 x 5)
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TABLE 2 Vibrational Frequencies (cm-!) and Suggested Assignments frorn
the Absorption Spectra in the Vapor and in Doped Rare Gas Solids

3rd and 4th Assigned

1st transition 2nd transition  transition ground state
Vapor(a) Krypton Krypton Krypton fundamental(®’
437.7 440430 509 b,
500.7 500450 514 a,,
702.0 700430 700450 7004100 765 a,,
911.0 910430 953 b,,
987.4 990430 990 450 9904100 1021 ay,
1389.5 1380 a,,
1390430 13904-50 13904100
1434.7 1465 a,,

(a) From Ref. 1: (b) From Ref. 28.

Series II: Progressions in totally symmetric vibrations built upon
the * false origin ’ O—Os,, + 438 cm™! (b,,).

Series ITI: Progressions in totally symmetric vibrations built upon
the false origin O—Os,, + 911 ecm™ (bg,).

Series II and III make the major contribution to the total
oscillator strength (f~0.002)! of this transition. There is strong
evidence that these series borrow intensity(12.19.30 from the second
excited state (oscillator strength of transition ~0.1%%) by the mixing
of vibronic states with the same symmetry (B,,) but different
electronic parentage.®l)

3.1.1. Line Widths

For the naphthalene-rare gas matrices, the line widths of the
bands of the first transition (100 em~!, Kr; 200 em~1, Xe; 300 cm™3,
Ar) are much greater than in the vapor spectrum (1 cm™). In the
latter the line widths are of the order predicted®® for rotational and
sequential broadening. Contributions to the line broadening in the
matrix could come from the (1) rapid electronic relaxation induced by
the matrix; (2) coupling of states with the lattice vibrations of the
host; (3) non-uniformity of the site environment.

The contribution from (1) is expected to be negligible. Although
the rate of intersystem crossing from the first excited singlet state of
naphthalene increases when the molecule is substituted in rare gas
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matrices, ®® this should not lead to appreciable lifetime broadening of
the singlet B,, state. The radiative and non-radiative lifetimes are
still of comparable order in the matrix (Q»/@p ~0.05 (Ar)).

Coupling of the excited state with lattice vibrations of the host
leads to broadening of the order of kT3. This cannot explain the
magnitude of the line broadening observed, although the shading to
the blue of the absorption bands in the krypton spectrum could
result in part from this effect.

Non-uniform site environment appears to be the major source of
line broadening. It is interesting to compare the band structure
discussed here with that observed in the spectrum of the first 7*—m
(singlet) transition of benzene in the same matrices. 4.3 Ag in the
first naphthalene transition, the line broadening due to non-radiative
electronic relaxation is negligible. Each member of the principal
progression (0—O(B,, « A,,) + €,, + » x a,,) i8 a doublet with a
splitting of 70-100 cm™! in the different matrices. It is generally
agreed that this splitting arises from the occupation by benzene
molecules of inequivalent substitutional sites.®43) The line widths
{at half intensity) of the doublet components are—15 em™!, Argon;
30 cm !, Krypton®®; and 130 cm™!, Xenon.®® In benzene doped
argon and krypton solids the two major impurity sites seem well
defined, although the line widths are still an order of magnitude
greater than the corresponding ““ Shpolskii ” lines®”) in a cyclohexane
solid solution. ©®)

X-ray and electron diffraction data on vapor deposited argon and
krypton films(9,40,41,42) show that the metastable hep phase as well
as the usual fec phase can be formed at low deposition temperatures
(below 40°K) and that impurity molecules can stabilize the hcp
phase. Considering the well defined nature of the benzene impurity
sites it is probable that they are substitutional sites, possibly in fcc
and hep phases. The line broadening in the naphthalene-rare gas
matrix spectra suggests that the molecule may not occupy well
defined substitutional sites in the rare gas lattices. A comparison of
the * effective size ”’ of the naphthalene molecule (7 A x 5 A x 2 A)
with ¢ nearest neighbour ” distances for substitutional sites in fec
rare gas lattices {3.75 A, Ar; 3.99A, Kr; 4.33 A, Xe)®®) seems to
support this suggestion. It was noted that line widths in an argon
matrix decrease to 100 cm™! at 55 °K (just prior to the host ** boiling
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off ’), This observation is consistent with line broadening arising
from a varying site environment. Unfortunately films could not be
annealed at 55 °K because of technical difficulties.

The line widths of the absorption bands of the naphthalene-rare
gas matrices broaden in the region of the second transition (800 em™,
Ar (20°K); 600 em™, Ar (55°K); 600 cmm~!, Kr, Xe (20°K). We
associate part of these line widths (1-200 cm™) with the environ-
mental effect discussed for the first transition. However, a major
contribution to the line widths of the bands of the second transition
is the lifetime broadening due to the radiationless electronic relaxa-
tion of the excited state.®445.46) We estimate that in Kr and Xe
matrices at 20 °K the radiationless relaxation time is about 10712 sec.

3.1.2. Vibronic Analysis

The vapor absorption spectrum is highly congested in the region
of the second transition and Sponer and Cooper®) were unable to
assign many of these bands. In the spectra of naphthalene doped
argon, krypton and xenon solids (Fig. 1) some narrower bands are
superimposed on the broader vibronic bands of the second transition.
These bands correspond to progressions in a,, fundamentals built
upon the false origins of the first transition (i.e. series IT and III).
(See Table 1.)

The spectra also reveal that the intensity enhancement of these
bands depends strongly on the host and hence the separation between
the first and second excited states. For example the overall intensity
enhancement is smallest in the argon matrix (see Curve a) where the
separation between the first and second excited states is greatest.
In addition, the intensity patterns vary as the host solid is altered
from argon (separation of states 2720 x 140 em™!) to krypton
(separation of states 2520 = 70 cm™?) or xenon (separation of states
2340 + 70 em~1), The most intense (narrow) band in the argon
spectrum (Curve a) is at O(B,, + 910) + 990 + 1390 cm ™! (shown
by a vertical broken line). However in the krypton (Curve b) and
xenon spectra (Curve c¢) this band is weak compared with the
neighbouring members of series II and 111, (e.g. Oy + 700 + 1390
em™l, Op(0O—O0sz,, + 440) + 700 + 990 + 1390 cm™!, see vertical
broken lines in Fig. 1B). Unless this effect is due to differences in the
geometry of the excited state in the different matrices, it is reasonable
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to assume that the intensity patterns are determined by the separa-
tion between excited vibronic states of series II and IIT
(O, 11 + 7 x ay,) and the B,, states with which they interact. The
position of the B,, « A,, electronic origin and vibronic levels are
shown by vertical unbroken lines in Fig. 1B. If the enhanced
intensity between 280 and 290 nm in individual members of series 11
and IIT is due mainly to interaction with the B,, electronic state, the
greater relative enhancement of the Oy + (990 + 1390) em™! band
in the argon spectrum may be explained by the smaller separation
between the excited vibronic state and the B,, electronic state. The
separation between the B,, state and the vibronic state giving rise
to the band Oy + 990 + 1390 em™! is 150 em™! argon, 350 cm™*
krypton, 510 cm™ xenon. The greater intensity enhancement in
some members of series IT and III in the krypton spectrum compared
with the xenon spectrum (e.g. Opy + 700 + 1390 cm ™2, Oy + 990 +
1390 em™1) may also be explained by the smaller separation between
the excited states of series II and III and the B,, electronic or
vibronic states with which they interact (e.g. separation between the
bands Opp + 700 + 1390 cm™! and (0—O)B,, < A;,:50 + 80 cm™!
krypton; 230 + 80 cm™! xenon).. In the krypton spectrum near
degeneracy between many members of series IT and III and vibronic
levels of the second excited state more than offsets the larger separa-
tion between the first and second excited states when comparing
enhancement effects in krypton and xenon host solids (see Fig. 1B).

The most prominent progressions in series IT and IIT involve the
totally symmetric frequencies of 990 cm™! (““ breathing ’, 1021 cm™?
ground state?) and 1390 ecm~! (central C-C stretch, 1380 cm™
ground state?). The longest progressions identified involve four
quanta of the 990 ¢cm ™! vibration and three quanta of the 1390 cm™
vibration (see Table 1). Because of varying intensity enhancement
in members of these progressions it is not possible to deduce anything
meaningful about the Franck-Condon envelope.

In the second transition the most prominent progressions again
involve the 990 cmn~! and 1390 cm™* frequencies, the longest pro-
gression involving four quanta of the 990 cm™! frequency. The most
intense band in this transition is at (0—O0)sy, + (1 x 1390) em™
(see Table 1).

In the absorption spectra of naphthalene vapor®’ and naphthalene
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doped durene™ the longest progressions identified in the first
transition involve two quantum intervals in the 990 em™! and
1390 cm ™! frequencies. The conclusions were®?) that the molecular
geometry changed little upon excitation, the only appreciable change
probably involving a slight increase in ring size and a lengthening of
the central C—C link. The identification of longer progressions in
the 990 cm~! and 1390 em™! frequencies in the naphthalene-rare gas
matrix spectra might indicate larger changes in the excited state
geometry of the molecule in such matrices than in the isolated
molecule. But the intensity enhancement and redistribution which
arise in the rare gas matrices because of the smaller separation of the
excited states makes any definite conclusion difficult.

3.2. SpECTRAL REGION 250 nm—125 nm

Figure 2 shows the absorption spectrum of a naphthalene-krypton
matrix (molar ratio 1:200) between 125 and 250 nm (40000 to
80000 crm™!). Transition energies and assignments are given in
Table 3.

The free molecule spectrum above 40000 cm™! exhibits extra
valence (Rydberg) transitions.®" There is a higher density of
electronic states (both =* and Rydberg) carrying oscillator strength
from the ground state and the density of background vibronic levels
provided by the lower n* states approaches that of a * quasi con-
tinuum ”.“4.43) Rapid radiationless decay into this quasi continuum
leads to extensive level broadening in these higher electronic states.
One also sees features due to configuration interaction between the
Rydberg states and the quasi continuum of the inhomogeneously
broadened w*—m states.®?)

In the matrix one expects the Rydberg states of the guest molecule
to be strongly perturbed by the host.“?.48,49) Even in the gas at high
pressures of an inert perturbing gas (100 atms of N, or He) the
Rydberg bands become asymmetrically broadened.® In the con-
densed state, the medium would severely perturb the overlapping
Rydberg orbital and the impurity state can no longer be treated
adequately within a “ Frenkel ”’ tight binding description.

3.2.1. Large Radius Impurity States of the Matrix

The assignment of absorption bands around 55000 cm™ to



267

NAPHTHALENE—RARE GAS SOLIDS

i 180y £q 003 F000SL
é uorpdiosqy 00% F001L9 00S F 00589
i(r—2) Py g 002 F 00319 003 F 00319 002 00039
00L + #Q—0) 001 F 00989
i{e—y2) V"M gE(O0—0) 001 F0089¢ 001 F008LS 00% F 00085
a3e3s Ljumdull JoTUUBM € = U 001 F006%S 001 F 00999 00T F00¥sg
91e9s Aqunduwir sotuuep § = % 001F008¢€¢ 001 F009%¢ 00T FOPLTS
(@ * 0681+ 00L + L(O—O) oo1 Fogtig
€% 066+ L(O—O0) ‘g x 0681+ HO—0) oot Foogog
$00L + (N—s) 00L + T0(0—0) 001 F0016% 0s F00¥6¥ 0996%
IN—eY @'2(g—0) 001 F00%8% 0e Fo0LSY 0068%
06€1+ 066 + V(0O—0) 0¢ FogsLy
(£—4 ) Ty —"Mgd(0—0) 001 F001L¥ og Foo9Ly 001 Fo00e8¥
0681+ Y(0—0) 05 F00£9¥ 0e F0069% oS FoswLy
066+ Y(0—0) 0¢ F00c9¥
00L+ Y(0—O0) 0¢ F099s% 0¢ T 0939% 0SF0089%
(2= )" gV (0—0) 08 F006%% 0g Foogsy 08 F0019%
syuowrudissy pegseddng uouay uordAryy uodry

winijoeds UOYB[OST X1IVe

(wu gg1—wu 0gg) sprog sexn) exey pedo(
wr euspepyden jo eioodg uondiosqy oy wr sjuswrulissy poyseddng pus (;_tuo) seidieus uonisuBL], § ALV,

€T0c Areniged €2 £T:80 e [olpey pue sweisAS [04u0D Jo AisleAiun amels yswo 1 ] Aq papeojumoq



Downloaded by [Tomsk State University of Control Systems and Radio] at 08:17 23 February 2013

268 MOLECULAR CRYSTALS AND LIQUID CRYSTALS

n =2 and n = 3 Wannier impurity states has been discussed
elsewhere.®) In most solids, such large radius states are not
amenable to experimental observation because of the rapid electronic
relaxation (and accompanying line broadening) which arises from
efficient scattering of the excited electron by the medium. However
as predicted by Rice and Jortner,®2) the electron mobility in rare gas
solids is such that large radius excited states are observable®® with
line widths of the order of 100 em™.

In these doped solids, the binding energies of large radius impurity
states are small compared with the band gap and the Wannier weak
coupling model is applicable. The predicted impurity energy levels
assuming the impurity potential can be replaced by a hydrogenic
potential in a uniform dielectric are given by

E, =1, - Gn?

where I, is the ionization potential of the impurity in the solid and
G = Bm*/X? (R is the Rydberg constant, m* is an appropriate
effective mass, X is the static dielectric constant of the solid).

I, is related to the threshold energy for photoemission (F) in the
solid by the expression

Is=F+V0=(Iﬂ+P+)+VU

where [, is the ionization potential of the isolated guest molecule,
P, is the polarization energy of the host solid by the positive
impurity hole, V, is the energy of the quasi-free excess electron in
the medium. We have previously reported the value of F in these
matrices. %0 Treating the photoemission yield curves by the recent
analytic method of Marchetti and Kearns®% a more reliable value of
the threshold energy F is obtained. In Table 4 we summarize the
observed photoemission thresholds and energies of Wannier impurity
states and the deduced crystal energy parameters. Such parameters
compare favourably with the values calculated from spectroscopic(®s)
and photoelectric®®®) studies of benzene-rare gas matrices and
spectroscopic studies of pure rare gas solids. (47-5859)

To check our experimental value of F, which might have been
affected by surface impurities and crystalline disorder possible in low
temperature vapor deposited films, we have performed photo-
emission experiments on naphthalene films, These films were
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TaBLE ¢ Observed Photoemission Thresholds and FEnergies (in eV) of
Wannier States with Deduced Crystal Energy Parameters for Naphthalene—
Rare Gas Solids

Argon matrix Krypton matrix Xenon matrix
(20°K) (20 °K) (20 °K)
n=2 6.5440.01 6.774+0.01 6.6740.01
n = 6.8740.01 7.014£0.01 6.814-0.01
I 7.144£0.05 7.2040.05 6.934-0.05
G 2.4040.04 1.7240.04 1.0440.04
F 7.454£0.10 7.45+0.10 7.284C.10
P+ -0.694-0.10 -0.694£0.10 -0.8640.10
Vo -0.3140.15 -0.2540.15 ~0.354-0.15

deposited under identical conditions (40 °K) and the threshold for
electron photoemission determined. The value of F determined
using a similar analytic method is 6.7 @ 0.1 eV which may be
compared to the single crystal value 6.8 eV reported by Lyons and
Morris.®9t We deduce that surface contamination should not be
affecting our values of F for naphthalene-rare gas solids.

Finally we note that the lines we assign to the n = 2 and» = 3
Wannier impurity states might conceivably be related to the lowest
free molecule Rydberg transitions identified ?8) in the vapor spectrum
at 45070 em ™! and 45390 cm~!. However, the medium shifts do not
increase systematically, Xe < Kr < Ar and the blue shifts necessary
to support this explanation (0.3-0.6 eV) are much smaller than
observed (0.95eV, Ar; 1.2eV, Kr; 1.1eV, Xe).

3.2.2. Intermediate Radius Impurity States of the Mairix

When the radius of the excited impurity state is comparable with
the lattice spacing, overlap of the excited electron with the medium
is still too large to justify use of a simple tight binding description.
On the other hand the radius of the excited state is not large enough
to justify the simple effective mass approximation. In this case the
description chosen is often a matter of convenience. A modified
tight binding description may be used which allows for non-
orthogonality effects(®1.62,63) and for charge delocalization.® Al-
ternatively, a Wannier description may be used and central cell

T We note that the photemission threshold for a single crystal differs little
from that of a polycrystalline film.
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corrections introduced.(®%.66) Impurity states arising from the lowest
Rydberg state of an impurity molecule in a rare gas solid fall within
the above category. Modified tight binding descriptions®2.%9 predict
medium blue shifts of 0-1 eV for transitions to the lowest Rydberg
states of small atoms in rare gas solids. These predictions agree well
with the blue shifts 0.3-0.6 eV reported for the lowest Rydberg
transitions of small atoms and molecules in these solids.7:4%,67)
The lowest free molecule Rydberg transitions of naphthalene have
been reported ®6) at 45090 em ! and 45390 cm~. In the spectrum of
a naphthalene-kepton matrix (see Fig. 2) two lines are observed in

cm x 10
T T T 1 1 7 T
P 50 60 70
6...
»
b
551
wi
>
P
a4
[*Y)
[
>
-
» 3
2
W
o
I
O 2
o
[+ %
S
T T T T T T T T T T T ¥
220 200 180 160 140 130
nm

Figure 2. The absorption spectrum from 250 nm to 125 nm of naphthalene
doped krypton solid at 20°K. Deposition temperature 40 + 2°K, molar
ratio (naphthalene—krypton) 1 : 200.

the region of 204 nm (48 000-49 000 cm—') which do not appear to have
counterparts in the n*-z absorption spectrum of the vapor and
cannot be assigned as vibrational bands of the third and fourth
m¥*—m transitions (see Table 3). The lower energy line has been
assigned to the free molecule Rydberg transition R}« N and
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R? — N (not resolved in the matrix spectrum because of line broaden-
ing) from the following evidence.

(i) Isotope Shifts. This line shifts 20 + 100 cm™! to the blue on
complete deuteration of the molecule (¢f. isotope shifts in Rydberg
transitions of the free molecule).

(i) Medium Shifts. The calculated medium shifts (vso1ia ~ Vyapo)r
of this line and corresponding lines in Ar and Xe matrices are:
3780 + 80 cm™! (Ar); 3630 + 80 cm™ (Kr); 3350 + 80 cm™1 (Xe).
These blue shifts are similar to those reported for the lowest Rydberg
transitions of small molecules in rare gas matrices. However it is
noted that dependences of the medium shift on the host are not as
marked as those reported by Katz et al. for benzene doped
matrices. %5

(iii) Vibromic Analysis. The spacing between the two bands is
700 + 100 cm™ in all matrices. In the naphthalene vapor spec-
trum@%) one of the vibronic bands assigned to the lowest Rydberg
transitions was at (O—QO)gg3 + 750 = 50 cm™!. Failure to identify
further vibronic bands in the matrix spectrum may be due to line
broadening and spectral congestion.

3.2.3. #* States (250 nm—200 nm)

Two =*-7 transitions are predicted in this region 47900 cm™!
(f =21; By, < Ay,) and 50900 cm™! (f = 0.7; By, « A,,) from a
Pariser-Parr semi-empirical treatment with limited configuration
interaction.®) However Allinger and Stuart,®’ using a self-
consistent field modification of the Pariser-Parr treatment and
invoking extensive configuration interaction predict these two
transitions to be quasi degenerate (see Table 5). The origin of the
third transition has been reported in the vapor spectrum at
47500 cm™! (f ~ 1.0) and a shoulder at 49500 ecm™! (f &~ 0.3) tenta-
tively assigned to the fourth transition.®* These assignments are
confirmed in the present work by: (i) analysis of the vibronic
structure which is better resolved in the matrix spectrum; (ii)
measurement of the matrix shifts of different bands; (iii) measure-
ment of deuterium isotope shifts.

(1) Vibronic Structure. The vibronic structure is best resolved in
the krypton matrix spectra. There is still, of course, line broadening
due to rapid intramolecular relaxation but the invariance of the line
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TABLE 5 The Experimental and Predicted Transition Energies of the n*-x
Transitions of Naphthalene.

Hummel and Allinger and

Pariser(1?) Ruedenberg2°) Stuart (D Experimental
32400 (f~0.0) 33700 (f~0.03) 33500 32020(a) (f~0.02)
36200 (f~0.26) 36500 (f~0.21) 39000 35910() (f~0.1)(
47900 (f~2.1) 48900 (f~2.4) 52300 47370() (f~1.0)
51000 (f~0.7) 49200 (f~0.7) 52300 494004 (f~0.3)
64200 (f~90.04) 62000 (f~0.1) 57800(e) (f~0.1)
66000 (f~1.01) 66500 (f~1.01) 61200(e) (f~1)

(a) Vapor value, Ref.1; (b) Vapor value, Ref.2; (c) Vapor value,
Ref. 24; (d) Vapor value, this work; (e) Value in krypton matrix 20 °K,

<

widths from vapor to matrix (600 cm™?) indicates that “ matrix
broadening >’ is not important in these higher transitions. The
transition energies and assignments have been given in Table 3.
All absorption features above 45000 cm™! in the matrix spectra
(exeluding the intermediate and large radius impurity states dis-
cussed earlier) may be related to origin bands at 45500 cm—! and
47600 cm™ (in a krypton matrix) and vibronic bands (700, 990 and
1390 em™!) built on these origins. The vibrational intervals are
summarized in Table 2.

(i) Matrixz Shifts. The matrix shifts (Vpayrix — Vvapor) Of the
origin bands are given in Table 6. The origin bands for the first
three transitions both in the vapor and solid are readily located but
there is difficulty in locating the electronic origin accurately for the
fourth transition in the vapor. The consistency of the matrix shift
with the transition energy (49400 cm™!) and oscillator strength
(f~0.3) of the transition may be checked using Longuet-Higgins
and Pople’s formulation.®) They express the dispersive red shift
(4v) of the electronic transition of a non-polar molecule in a non-polar
solvent as

4v = - j0pZR[}Eoa + M3}
where «p is the average electric polarizability of the solvent
molecule.
Z is the effective number of nearest neighbour solvent

molecules.
R is the mean solute-solvent separation.
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E; is the transition energy of the solute.
o4 I3 the average electric polarizability of the solute
molecule.
M, ,; isthe transition dipole moment for the solute transition.

The expression assumes (a) there is a random angular distribution of
isotropic solvent molecules about the isotropic guest; (b) the average
polarizability of the solute («4) is the same in the ground and excited
states; (c) E; < E (the average excitation energy of the solute) ~ F
(the average excitation energy of the solvent).

These assumptions are not valid for the higher #*—7 transitions of
naphthalene in rare gas solids and Eq. (1) is expected to be very
approximate. As Z and R are not known and the guest molecule is
highly anisotropic, only the ratio of the shifts was calculated for
transitions of the same polarization in the same host, The ratio of
the matrix shifts for the second and fourth transitions (both assumed
to be short axis polarized (B,, < A,,) was predicted from the follow-
ing data,

x4 = 175 x 10725 ¢m—3 (69)
E, = 36000 cm™2; f, = 0.14()
E, = 49500 cm™?; f, = 0.32%

The predicted shift ratio (4v,:4v,) is 1.41:1 while the measured
ratiosare 1.7 £ 0.2;1 (Xenon); 1.5 £ 0.2:1 (Krypton); 1.1 = 0.2:1
(Argon). Considering the approximations made the agreement
appears reasonable.

(iii) Deuterium Isotope Shifts. The electronic origins of the first
and second 7*-m transitions shift 118 cm~ and 130 cm ™ respectively
to the blue on complete deuteration.®:®> The deuterium isotope
shifts of the bands at 47370 and 49380 cm™! in the vapor spectrum
are 130 + 100 em™! and 200 + 100 cm™! respectively.

3.2.4, 7* States (200 nm-125 nm)

The absorption spectrum of a naphthalene-krypton matrix
between 125 nm and 250 nm is included in Fig. 2. The spectral
features are:

(i) Two bands near 55000 cm~! (line widths ~500 cm™!) which
have been previously discussed as transitions to Wannier impurity
states of the solid. '
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(ii) Two shoulders (separated by ~700 cm™!) near 58000 cm™!
which we suggest arise from a =*— transition.

The bands shift 130 + 100 cm™! to the blue on complete deutera-
tion which supports this suggestion. Further, the vibration interval
of 700 cm~! between these shoulders is identical to that between the
origin band of the third »*-» transition and the most intense
vibronic band built on this origin. Hence, we assign the band-
58000 cm™! to a m*—r transition and the band 58700 cm™! as a
vibronic band built on this. It is not possible to measure a matrix
shift because this #*-= transition is obscured by the intense Rydberg
bands in the vapor spectrum.

(iii) Three broad bands near 61000, 67000 and 75000 cm™, the
lowest and most intense of which probably marks the =*—= transition
seen near 62000 cm~! in the vapor. The matrix shift of this band
increases as the host matrix is altered from Ar to Xr to Xe.

Above 50000 cm™!, the predicted energies and intensities of 7*-mx
transitions become unreliable. In Table 5 the predicted energies of
the higher #* states are compared with the positions of the absorp-
tion peaks identified in the matrix spectrum. The shoulder in the
Kr matrix spectrum at 57800 cm™! is assigned to the B,, «A;,
transition predicted near 63000cm=:. The strong absorption
maximum at 61000 cm™! is assigned to the B, « A,, transition
predicted near 66 000 cm 1.

For the bands near 67000 cm~! and 75000 cm™! an assignment to
m* states is difficult. Bond dissociation processes and other open
photochemical channels as well as transitions to states of the positive
ion must contribute to the intensity in this region. In the absence
of adequate data on such processes it seems unrealistic to assign the
spectral features above 65000 e ! to any specific transitions.
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