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Vibronic Interactions in the
Naphthalene Moleculet

JOHN WESSEL}
Department of Chemistry, University of Chicago, Chicago, lllinois 60637, US.A.

and

DONALD S. McCLURE
Department of Chemistry, Princeton University, Princeton, New Jersey 08544, US.A.

The second singlet-singlet absorption system of naphthalene (' B,,) has been examined in diverse
host media at low temperature. Naphthalene substituted in durene and p-xylene crystals reveals
hundreds of narrow lines (w,,, ~ 2 cm™ ') within the first 1500 cm ™! of 'B,,. Although the same
gross band contours occur in all mixed crystal systems studied, each provided unique internal
structure; also each deuterium isotope of naphthalene has a unique internal line pattern.

This complexity is shown to derive from resonant vibronic interference between the !B,
electronic configuration and the underlying ! B,, vibronic manifold. It is a clear demonstration
of the detailed interactions responsible for radiationless processes in such systems. The structure
admits to a direct quantitative analysis by means of extended Herzberg-Teller theory and
provides coupling terms within such a framework.

INTRODUCTORY NOTE

The subject matter of the following paper is already well known to many
people. It is on the interaction between the first and second singlet states of
naphthalene from the doctoral thesis of John Wessel.! The thesis was read
and used widely, and formed the basis of papers by Langhoff and Robinson?
and by Hong® who provided additional analysis of the data. The paper pre-
pared by us had not been published for various bad reasons, but we believe
it is still of importance to do so, particularly because of the large amount of

t Supported by a grant from the National Science Foundation. Presented at the Sth Molecular
Crystal Symposium, Philadelphia, 1970.
1 Now at Aerospace Corporation, P.O. Box 92957, Los Angeles, California, 90009.
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experimental data it contains which is not generally available, and because
there are several interesting aspects of Wessel’s analysis which the other
analyses have not brought out. The occasion of a memorial to Viadimir
Broude provided us with the necessary incentive to finish this work.

D. S. McClure

I. INTRODUCTION

It is now well known that transitions to the second excited singlet state of a
large molecule produce a complex spectrum, due in part to the interactions
between the first and second excited singlet states. An early example of this
complexity was found in the spectrum of naphthalene* and is illustrated in
Figure 1, the polarized spectrum of naphthalene in an oriented single crystal
of durene at 2°K. The B,, spectrum appears only in the short axis polarization
cleanly separated from overtones of the long axis B;, spectrum. It is clearly a
much more congested spectrum than either the long or short-axis B, spec-
trum. The purpose of this paper is to investigate the interaction between the
!B,, and !B, states of naphthalene.!

SHORT AXIS (¢}

OPTICAL DENSITY —

LONG AXIS (ab}

K<1.(4)
o, ay(8)
a@ '

ORieIN "' l | l | I 1 I |
32000 33000 34000 35000

FIGURE 1 The long (ab) and short (¢') axis polarized absorption spectra of hs-naphthalene
in durene at 2.2°K. The vertical scale is linear in log intensity. No correction has been made for
instrumental sensitivity which decreases smoothly with increasing energy, nor for the host
transmission, which is uniform below 35,000 cm~!. Long axis lines above 35,500 cm ™! are
from the durene host. A large effective slitwidth in this figure obscures structure, in the sharp
(FWHH ~ 2 cm™!) weak long axis lines within the ! B,, origin region. Also numerous multiplets

are obscured. They are more apparent in Figure 3.
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This subject is of considerable significance now because of the great
current interest in the dynamics of the disposition of electronic energy in
molecules. Kasha noted that the fluorescent or phosphorescent emission from
molecules in condensed phases occurs from the lowest excited states of the
given multiplicity regardiess of the energy of excitation.> Observations that
quantum yields of fluorescence in several cases were nearly the same in the
condensed phase as in the vapor led to the suggestion that the processes
responsible for energy degradation were intramolecular, and that the nature
of the surrounding phase was only of secondary importance.® The observa-
tion of Williams and Goldsmith on naphthacene showed most clearly that
this is the case.” They showed that the fluorescence spectra of low pressure
vapor in which molecules cannot make collisions before radiating were
virtually independent of the wavelength of excitation. Even when excited
to the second singlet level, the fluorescence resembled that emitted by the first
singlet level. The excess energy remains as vibrational energy after the act of
emission. All of the above observations show that higher electronic states
interact vibronically with lower ones. The direct spectroscopic observation
of this interaction is the subject of this paper.

Il. EXPERIMENTAL

The naphthalene-hg was zone refined a minimum of 100 passes. Since the
!1B,, system is intense and allowed, additional purification for these mixed
crystal absorption studies was unnecessary. The d-8, naphthalene was ob-
tained from Merck and Company Ltd., Canada, the 1,4,5,8-d, and 2,3,6,7-d,
was kindly supplied by Professor C. A. Hutchinson. These were purified by
gas-liquid chromatography on a 5000 plate silicone oil column. Durene
transparent to 2800 A was obtained by purification of Eastman and of Baker
reagent materials. Most batches of material required treatment with 24-
diphenylhydrazine hydrochloride and subsequent zone refining. The p-xy-
lene was purified by liquid chromatography on a % in column packed with
one foot alumina followed by one foot silica gel. Toluene and n-pentane
hosts were Matheson, Coleman and Bell spectra quality reagents.

Crystals of durene and p-xylene were grown by the Bridgman technique.
Durene was grown in vacuo, p-xylene under atmospheric conditions. Spec-
tral line width in the ' B;, origin varied from 0.5 to 2.0 cm ™! among crystals
grown from identical melts. Since the molecular linewidths in the ! B,, system
were always 2 cm ™! or broader, such effects were not important to these
studies. (No variation was observed for line widths in the resonance region)
Measurements were made at 2.2°K on crystals immersed in liquid helium.
A 2200 watt compact arc DC xenon source, filtered by a NiSO, solution and
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Corning 7-54 filter provides the background source. A 3.4 meter Jarrell-Ash
spectrograph fitted with a 1200 line/mm replica grating was used in first
order. Photoelectric measurements with resolution 60,000 were recorded as
the logarithm of intensity by means of a transdiode negative feedback circuit
in the photomultiplier amplification system.

Most studies were made with crystals cut to expose the ac’ or bc’ faces.
These faces eroded rapidly after polishing, reducing the degree of polarization
and the transmitted intensity. Accurate long axis intensities were obtained
from crystals cut with ab faces exposed and with naphthalene line absorption
less than 0.3 O.D. units. The accuracy of short axis intensity measurements
was limited by imperfect crystal polarization. Attempts to improve measure-
ments by using index matching coatings were unsuccessful. The p-Xylene
space group was reported to be P2 1/m with four molecules per unit cell,®
but the complete crystal structure is not available. Mixed crystals were cut
perpendicular to the cleavage plane with the extinction direction nearest to
the fast growth axis in the exposed face. Under these conditions, the short
naphthalene transition moment lies perpendicular to the cleavage plane, the
long axis, parallel to it. No absorption occurs when the crystal is cut to expose
the orthogonal direction.

. RESULTS

In this section we will present the results which illustrate the nature of the
interaction between the !B;, and B,, states. By using different media, in-
cluding vapor and various mixed crystals, the relative positions of the origins
of these two states can be varied, and their interaction is thus altered. The
same thing can be accomplished by isotopic substitution, since the zero point
energies of the two states are different. We will also bring out evidence for the
spectral features that are independent of the interaction, and try to show what
the unperturbed spectra would be like. In a later section the data will be
analyzed in more detail.

The absorption spectra of the vapor of three deuterium substituted naph-
thalenes in the region of the B,, state are compared with that of the un-
substituted molecule in Figure 2. There are obvious similarities and a crude
vibrational analysis shows that frequencies of 500, 1000 and 1380 cm ™! are
present. These are close to known A4, modes in the ground and in the !B,
states. The zero point energy shift can be noticed in these spectra with the
origin bands of the two d, species lying between those of d, and d; (see Table
I). The details of the band shapes for the four species differ from one to the
other; we suppose that the different zero point shifts have caused differences
to appear in the interaction between the B,, state and B,, overtones. Not
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FIGURE 2 Gas phase absorption of the naphthalene ' B,, « '4, system for the isotopes kg,
1,4,5,8-d,, 2,3,6,7-d,, and dg at 298°K. The vertical scale is linear in log intensity. The 1009,
transmission baseline is recorded for the dg spectrum, all others are offset. Weak features below

37,500 cm ™! are reproducible.

The insert in the lower right hand corner is the 5, ,(8) line of the !B, system at 2.5 times the

dispersion and 4 times the gain of the ! B,, spectra.

TABLE 1

Solvent shifts, naphthalene-Ag

'Baui Fvapor — A B, A" Zvapor — £ Aip,, — Aip,°
Vapor 32,020.2 0.0cm™! 35,892 0 3872
n-pentane 31,747.4 272.8 34,550 1342cm ™! 2803
Toluene (high energy) 31,733 287 34,600 1292 2867
Toluene (low energy) 31,505 515 34,400 1492 2895
Durene 31,556.2 464 34,550 1342 2994
p-xylene 31.285.9 7343 33,730 2162 2474
Isotope Shifts
Durene ) A= Jns 1By, 2" fip,, — Aip,”

h-8 31,556.2 00cm™! 34,550 2994 cm !

1,4,5,8-d-4 31,596.5 40.3 34,560 2963

2,3,6,7-d-4 31,6299 73.7 34,580 2950

d-8 31,671.0 114.8 34,640 2969

“ Visual estimate of band center rather than the actual (0, 0) intensity centroid. Centroid

estimates are about 250 cm ™! lower.
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much more can be done with such spectra, however, and we turn to the low
temperature solid solution spectra.

Figure 3 shows a photoelectric tracing of the ¢’-polarized spectrum of naph-
thalene in durene at 2°K in the * B,, origin region. The contrast with the vapor
spectra is striking. It can now be seen that the fine structure suggested by the
vapor spectra is actually resolved into bands having widths of only 2 cm ™!,
The repetition of the origin band at 500 cm ™! (the a (9) frequency) is seen in
this figure. Notice also the repetition of the pattern from 34,350-34,460 in
the region 34,850—34,960. The lower frequency set nominally belongs to the
! B,, state. The band width shown for the O, O region in Figure 3 is chosen
to correspond to the bandwidth in the vapor, about 300 cm ™. This width is
what we have estimated to be the magnitude of the vibronic interaction be-
tween the two states.

The isotope shifts in the durene host crystal are the same as in the vapor.
Figure 4, however, shows that the detailed structure of the bands is not at all
similar from one isotopic molecule to another, a result suggested by the vapor
spectra, but not shown as clearly there as in these crystal spectra. Such a
complete change of structure cannot be ascribed to changes in low frequency

H-8

OPTICAL,

A

L s l

J 1 'y
34500 35000

FIGURE 4 Comparison of the equivalent 'B,, « ‘4, origin region absorption systems for
hg. 2.3.6,7-d,, and dg-naphthalene in durene at 2.2°K. The vertical scale is linear in log trans-
mitted intensity. No baseline correction has been made. Crystals were about 10~ mole fraction
naphthalene and about 3 mm thick, oriented for ¢ axis polarization.

The 0,0 systems peak in the region 34,400--34,700 cm ™' ; the a,(9) additions peak in the region
34,900 to 35,200 cm ™. The large deuteration shift is evident. Also, the ds spectrum has more
strongly coupled lines than the others,
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modes of the different isotopically substituted molecules, but is most easily
explained by the changed coincidences between the B,,—B,, energy differ-
ences and the B,, vibrational overtones.

Other crystalline hosts produce a differential shift of the 'B,, and !B,,
origins similar to the isotope shifts. All of the origin shifts we have investi-
gated are shown in Table 1.

Although solid solutions of naphthalene in n-pentane and toluene showed
fine structure, there were several sites for the naphthalene molecules; single
crystals were not obtained either, so most of our work was done with durene
and p-xylene as crystalline hosts. There is only one site for naphthalene in
p-xylene and good single crystals were obtained. It was possible to separate
cleanly the long axis spectrum from the short axis spectrum of naphthalene
in p-xylene. This host transmits 300 cm ™! farther to the blue than durene,
and shifts 'B,, 500 cm ™! closer to !B,,. Thus, we see a totally new set of
coincidences in p-xylene.

The spectra of naphthalene in durene and in p-xylene in the interference
region are shown together in Figure 5, and the corresponding spectra of d-8
are shown in Figure 6. In these figures the overtones of the !Bs, region in
durene provide a first approximation to the unperturbed levels. The spectra
in xylene are shifted (note different scales above and below) so that the !B,
origins coincide. Thus the interaction region spectrum lies directly over the

33500 34000 34500
T

OPTICAL  DENSITY ——

DURENE

e
34000 34500 35000

FIGURE 5 The short axis (¢')polarized absorption spectrum of hg-naphthalene in p-xylene
above the corresponding spectrum in durene, presented so that !B, origins are coincident.
Dispersions are equivalent in wavelength, but not strictly comparable in energy. The vertical
coordinate is linear in log intensity but is without correction. The areas of the origin systems
attributed to the lattice excitation are enclosed by dotted contours.
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FIGURE 6 Logarithmic photoelectric tracing of the ! B,, « '4, absorption system of naph-
thalene-ds in p-xylene above the corresponding tracing for durene, presented so that 'Bs,
origins are coincident. The dotted lines indicate the areas of phonon absorption in the origin
bands. Discrete structure in p-xylene directly above the origin in durene is attributed to 'B,,
+ a,(9). The absence of correlation between these spectra indicates that those vibrational addi-
tions to !B;, which interact strongly with the !B,, origin in durene do not interact with 'B,,
+ a,(9) which is nearly isoenergetic with them in p-xylene.

In p-xylene the phononless components of the !B,, origin have intensity 0.24, the phonons
0.76. Assignments for lines in durene are indicated by the b;, mode number followed by the g,
excitations.

‘“unperturbed” spectrum in these figures. Certain resemblances can be
found between the two when one realizes that a new state (the ' B,, origin)
and some shifting of levels are present in the p-xylene spectra. A more careful
analysis of these spectra will be presented in a later section.

It is clear that in order to understand the interaction between the !B,
and !B,, states, we will need to look at the spectra not just in the region of
strong interaction shown in Figures 5 and 6, but will have to know the 'B;,
spectra in detail in both host crystals. This will be necessary in order to esti-
mate the unperturbed overtones lying in the region of strong interaction. In
addition it is clear that the short-axis intensity in the ! B;, region comes from
the same source as the complex structure of the ' B,, region and a complete
theory of the coupling between the two states must explain both. Additional
information on the nature of the interaction comes from the overtone region
of the !B,, state, as already seen in Figure 3.

Vibrational analyses of h-8 and d-8 in durene and in p-xylene were made
for the ! B, short and long axis spectra (8 tables in all).! Figures 7 and 8 show
the short axis spectra and the major identifications for the two host crystals
and isotopic molecules. The vibrational assignments are based on the ground
state assignments of Freeman and Ross® and the work of McClure.*



J. WESSEL AND D. S. McCLURE

130 / [442]

‘uoneurweiuod uoijezuejod o} anp readde yoiym sapow °v oY) 01 19501 wnnoads sudjAx-d Ay} mo[daq SIUSW

-udissy “sapow v ay) 0} ‘Suimoyjoj 950y} ‘Joquunu spow °1g sy} 01 19§01 JoqUINY 18Iy 2y | ‘Wnayoads SUAINP 21 Ul saul] mojaq Jeadde syuswusissy
"ausfeyjydeu uondeyy 30w ,_(] X ¢ INOQE 3IoMm S[BISAIO Y |,
"palWI] JUSWNIISU aIE 219y SYIpLMaUlT "wnioads x-d ay) ut (8)°v jo aduasaid sy1 £q paoudpias se 2)9jdwod J0uU st uoleZIIB[og A315Ud Jo uoLlOUNy B
s AJIAT)ISUDS [RIUSINIISUL JOJ OPRL U33Q SBY UOI1021102 ON "3[eds A31aud ay) ur sesuij-uou Inq ‘YI3ud]aaem ur Jeaul] aie suoiszadsiy "Ansusjul Sof ur
Je3ul] ST S[ROS [BONIOA Y] "N .Z'T 1® SIsoy duainp pue sudjAx-d ul audjeyiydeu-8y jo enosads uondiosqe pozuejod (,2) sixe woys syl £ JANDIA

Ln T T T T Oooqlnn Y T T T OOD_ 2€ T T T T OowNm

3INIUNG

€06
334

ey

3INITAX -d

000€E 00%2¢ 0002¢

€T0¢ Afeniged €2 Gi7:€0 e [o1pey pue sweisAS [04u0D Jo AisleAlun amels yswo 1 ] Aq papeojumoq



[443] / 131

VIBRONIC INTERACTIONS IN NAPHTHALENE

“JUIPIOUIOD a1 suidLio "t g, 1ey) os pajuasaid ‘ouainp 1oj Suden
Zuipuodsaiiod ay) anoqe sud|Ax-d w1 suafeyydeu-8p jo waisks uondiosqe pazirejod sixe 110ys ayj Jo Jude) suoapotoyd srwuyiiesot § YNNI

-
H

oosee 000g€e 00s2¢ 0002¢
T

T T T T T

T T T

T

Bl —

ANIUNG

8iv

ar

INFIAX-d

»ocH

€T0¢ Afeniged €2 Gi7:€0 e [o1pey pue sweisAS [04u0D Jo AisleAlun amels yswo 1 ] Aq papeojumoq



J. WESSEL AND D. S. McCLURE

132 / [444]

“ex199ds 0M] ay) Ul uONIPpPE spowr °p sures oy} JO SSIISUIIUT SY) UIIMIS] SIOUIAYLP JuedyIuSis ay3 SjoN ‘pazuejod
sixe Suof ‘uoidar "€g, ayy ur H,z 1B duaInp ul pue susjAx-d ul audjeyiydeu jo endads srydesdoroyd jo sSuwesy rewoloydodty 6 YN OIA

sueinp

8-y

euojAx.-d

8-y

€T0¢ Afeniged €2 Gi7:€0 e [o1pey pue sweisAS [04u0D Jo AisleAlun amels yswo 1 ] Aq papeojumoq



Downloaded by [Tomsk State University of Control Systems and Radio] at 03:45 23 February 2013

VIBRONIC INTERACTIONS IN NAPHTHALENE [445]) / 133

TABLE Ii

Assignments of vibrations in the ' B;, state of naphthalene in durene®

a, by
h-8 d-8 h-8 d-§
1 (2272) 1 2276(2302)
2262

2 (2257) 2 2262(2257)
3 1516°(1579) (1553) 3 1611(1624) 1579(1575)
4 1429(1460) 1400(1381) 4 1377(1389) (1330)
5 1385(1379) 1239(1293) 5 1232(1240) 1008(1030)
6 1143(1144) 845(866) 6 852(881)
7 987(1025) 836(835) 7 905(936) 816(784)
8 701(761) 642(692) 8 432(506) 418(490)
9 501(516) 482(493)

“ Most of these assignments are made by comparison with the ground state assignments.”
Those for a,(5) in d-8 and for b, ,(3), (4), and (5) in h-8 and d-8 are particularly speculative. They
serve primarily to identify some recurring frequencies.

® This mode is unusually weak in absorption but must be important in the vibronic spectrum
of ! B;, because of its prominence in combination with b1,(8).

The long axis spectrum gives the values of the a, modes in the !B, state.
There are nine such modes, and at least six can be ass1gned in h-8 and d-8, as
shown in Table II for naphthalene in durene. Figure 9 compares the long
axis spectra.

The long axis polarized spectrum is very weak, with oscillator strength
f =4 x 107* in durene and vapor absorption. The origin in durene and
p-xylene is very sharp, and its true intensity measurement may be somewhat
in error. From Figure 9 one can make estimates of the intensity of the a,
fundamentals relative to the origin. These values, of course, are the Franck—
Condon factors from which geometry changes from the ground state might
be inferred. There are some problems with this, however, as is seen by com-
paring the spectra in durene, xylene and in the vapor. The latter two have a
similar intensity distribution of 4, modes in the long-axis spectrum, but this
distribution is quite different in durene. It may be that coupling to the strongly
allowed '4, — 'Bs, transition of durene near 50,000 cm~! via dipole-
dipole or other means can explain the intensity perturbations. The dipole
moments of the naphthalene transitions are parallel to those of translation-
ally equivalent durenes; however, although we do not know the p-xylene
crystal structure, the shape of the p-xylene molecule is such that its 'B;, —
!4, transition should always be perpendicular to the long axis transition of
naphthalene In this case the transitions on the two molecules would remain
uncoupled, and the spectrum in p-xylene would be less perturbed. This
appears to agree with the observations. A calculation of this coupling sup-
ports this conclusion.*



Downloaded by [Tomsk State University of Control Systems and Radio] at 03:45 23 February 2013

134 / [446] J. WESSEL AND D. S. McCLURE
— -

FIGURE 10 Direct comparison of band systems of the 'B,, « 14, origin (top) and the
!B, + A4,(9) « '4, transitions in the durene host at 2°K. One-to-one correspondence of
features is indicated by the vertical lines. The lower trace is offset by 500 cm ™! to lower energy.
Both are taken from a photoelectric tracing that is linear in log intensity. This spectrum is a
good example of the complexity in this region and shows the optical resolution available in
these systems.

If it were not for the vibronic interference between 'B,, and !B,,, the
spectrum due to the !B,, state would apparently be quite simple. This is
shown in Figures 10 and 11, where it is seen that the complex origin structure
is repeated almost exactly at frequency intervals corresponding to the a,
modes. Figure 10 shows the correlation for naphthalene in durene, and it can
be compared with Figure 3 in which the resolution is somewhat greater.
Figure 11 compares three overtones of naphthalene in p-xylene with the
B,, origin region. Here again, many similarities are evident.

DISCUSSION

The remarkable interpretation given by Langhoff and Robinson? (LR) to
the spectra we have just described would seem to make any further discussion
superfluous. They were able to reduce these complex perturbed spectra to
zero order unperturbed spectra, and thereby to interpret them in detail.
Their results amounted to the removal of the perturbation between !B,, and
the ! B3, + by, + na, overtones in the strongly interacting region. Once this
perturbation is removed, the unperturbed level positions can be analyzed by
the traditional spectroscopic methods of adding up vibrational quanta, and
the levels are then assigned. These allow the continuation of the spectra shown
in Figures 7 and 8 on through the beginning of the !B,, spectrum. Further-



Downloaded by [Tomsk State University of Control Systems and Radio] at 03:45 23 February 2013

VIBRONIC INTERACTIONS IN NAPHTHALENE [447]/ 135
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FIGURE 11 Direct comparison of band systems of the 'B,, « '4, origin (top), the !8,,
+ A,9) « 'A4,, the 'By, + A7) « '4,, and the 'B,, + A4,(4) « 'A, transitions in the p-
xylene host at 2.2°K. More features of the ' B,, are observable in p-xylene than in durene be-
cause the electronic transition is at lower energy. Correlation between features of the appro-
priately offset transitions are indicated by the vertical lines. Energy dispersion decreases in the
higher energy systems so the correlating lines tend to converge. The intense feature in the 4,(4)
band seems to correspond to a prominent feature of the durene spectrum and has no counter-
part in the lower energy p-xylene spectrum.

more, the unperturbed origin of 'B,, is located and the interaction param-
eters are found.

The work of LR is based on the use of a single perturbing level and its
mixing with secondary levels. This treatment takes account of the real line-
widths associated with continua. Their method would apply to any spectrum.
Yet there are aspects of this work as it has been applied to naphthalene which
make it incomplete. First, the coupling parameters for each intensified line
are left unexplained. A component of each such coupling parameter must be a
Franck-Condon factor of the type <x}|Q,,|x3> multiplied by Franck-
Condon overlap factors for the other modes. Here Qj, , is a displacement in
the ith type of b;, mode; x3 is a one quantum wave-function of a b, (i) mode
in !Bs,, and x3 is the zero quantum b,, wavefunction in '4,,. These factors
depend upon the molecular geometry and force field. Second, since the
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transition moment to the 'B, , state is distributed over several of its vibrational
substates, the intensity borrowing in the region of the !B,, state cannot be
obtained correctly by assuming only one intensity source. A complete theory
would be able to handle the entire vibronic coupling problem. Thirdly, the
treatment of L.R. neglects the relatively strong interactions between 'B,,
and the low energy vibronic levels of !Bj,,.

These objections are not fundamental to the L.R. treatment; however,
they were met in the original treatment of this problem by Wessel' which
was based on Herzberg-Teller theory. This treatment was partially des-
cribed by L. R,, but a fuller description and the results will be given here.

The problem is very complex, and therefore some approximations were
made and the calculations were done in several stages. First the intensity of
the short axis B, spectrum was worked out. This could be done using per-
turbation theory, and it was possible to include not only the 'B,, O, O
intensity source, but also the g, additions to it. An important complication in
doing this is that the '4, - 'B,, transition moments have definite phase
relations with the a, vibrational displacements which are needed to map the
B,, geometry onto that of B,,. These interference effects are clearly evident
in the 'B,, spectrum. The results give the correct coupling constants to all
the levels of the B, spectrum in durene up to 2500 cm ™! from the origin in
terms of the vibronic coupling parameters for the active b,, modes.

In the second stage, the resonance region is treated, but only one intensity
source is used, the 'B,, origin level. This is justified because the intensified
lines all lie within 200 cm ™! of the !B,, level, while other intensity sources
are relatively much farther away.

a. Calculation of the intensity of the "A,-'B_, short-axis spectrum

Intensities of the short axis lines of less than resonant energy are of great
importance to calculation of resonance interactions because their strengths
are derived from the 'B,, « '4, transition by vibronic coupling. Energy
perturbations are less useful as a source of coupling information because the
zero order energies are unknown and shifts far from the resonance region are
slight: whereas all zero order intensities are zero, except that of the 'B,,
donor state, and intensification is often appreciable. First order perturbation
theory allows coupling strengths to be derived from the intensity of the lines
when their distance from the 'B,, origin is large relative to the interaction
energy.

Intensities of lines in progressions built upon single by, excitations should
be related to the coupling strength of the b;, mode and to the overlap factors
appearing in terms connecting the !B, levels with the !B,, transition mo-
ment sources. The conventional first order Herzberg—Teller treatment gives
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the following vibronic transition intensity

I('By,, 1 x byy,n x a?)
0H

-[ 2 {(ma

x {n' x adPln x My x (D x M(*B,,,n" x dai¥)

1B_,,,,><O x b3)0Qs,, |1 x 1

2
x [E(*Byu,1 x by, n x a;) — E('By, 0 x by, n' x a”)]_ﬂ M

where {])' is the overlap for the modes that do not change excitation. This
equation specifies that the a, additions to by, excitation in the ' B,, spectrum
obtain intensity from a sum over all borrowed !B,, transition moments,
denoted by M. Each contribution from first order theory consists of a product
of factors giving the electronic coupling provided by the b,, vibration, the
vibrational displacement of this mode between the ' B,, and ' B,, states, the
overlap of the a, mode that changes excitation, the overlaps of all the modes
retaining original excitation, and the signed vector transition moment M
for the donor a, excitation of the !B,, state. Each term must be divided by
the appropriate energy denominator. Intensity is obtained from the square
of the signed vector sum over all 'B,, intensity sources. The moments M
have phases determined by the direction of nuclear displacement between
ground and excited states along the mode excited. The a, overlap factors have
phases appropriate to 'B,, — 'B,, equilibrium displacement.'® Phasing
options are illustrated in Figure 12 and enumerated in Table I1I.

This treatment assumes the normal coordinate space does not change
greatly between the 'Bs, and !B,, states. The same a, modes are important
in both states. The moderate intensity of a, additions to the vibronic false
origins indicate that Franck-Condon displacement factorst between the
two states must be about 1.5 or less.

b. Phasing options and movement interference

The line strengths of a, additions relative to the pure b, , false origins will be
given by Eq. 1 for the low energy region. If the displacement coordinates
were near zero, the diagonal coupling would cause the induced spectrum to
reflect the ' B,, + a, addition spectrum. In calculations that have been made
for intensity ratios, assuming various displacement coordinates along a,(9)
and a,(4), severe intensity reductions occur at displacements of order 0.5,

t The displacement factor ¢ is related to the intensity ratio by §*/(2"a1)''? = (I,,/1,,)*'> when
the mode frequency does not change appreciably.
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ENERGY ——

FIGURE 12 Phasing options for 'B,, — !Bs, coupling. Vibronically induced levels of the
! B4, system appear on the left with lines connecting along paths of vibronic interaction to the
!B,, intensity sources that appear on the right. The strong coupling diagonal in g, excitation is
indicated by the solid diagonal lines. The intensities of the moment sources are entered along
the moment transitions.

indicating that phase cancellation is important at small equilibrium dis-
placement if moment sources of appropriate phase are present. Nearly com-
plete cancellation is achieved in a,(9) plus b, ,(8) for displacements 0.6 and
1.05 according to moment calculations that have been recorded in Figure 13.
The behavior for out-of-phase coupling in a,(4), shown in Figure 14, indicates
displacement 0.5 or 0.95 must occur along this mode. Two displacement
values are consistent with each observed intensity because intensity is quad-
ratic in the displacement. A decision as to which value is to be chosen was
made on the basis of mode displacement calculations using bond order
changes between ground and excited states.!

These are the only a, modes with important 'B,, moment sources other
than the 0, 0. Moment interference will be impossible for the remaining modes
which obtain intensity primarily by off-diagonal coupling to the origin.

c. The resonance region 'B,, « 'A, Transition
energies and intensities

The interaction patterns should follow from diagonalization of the full vi-
bronic Hamiltonian in a basis consisting of the zero order Born-Oppenheimer
product states for the ! B,, totally symmetric vibrational levels, including the
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TABLE 111

Phasing options

a, Excitation M('Bs,. 1 x by,,n' x a;« '4,,0 x b1,.0 x a,)

By, = (B HVibronio) [ Byd x <O X biy|6@n, |1 X big)
| x M°('B,, « '4,) x a, Excitation in ! B,, -
n =0 <OBzu|OB,\u><OBzu[OAy> + <leu1085u><leuloAg> + <282u 053u><232u OAg)
AE('By, — 'By) — E(by,)  AE — E(by,) + E(a,)  AE — E(by,) + 2E(4,)
n' =1 €02]13><0,]0,> . A2 [155¢15[0,> . (2:]155¢2:]0,>
AE — Eby,) - Eay | AE — Elby,)  AE — Ebry) + Elay)
no=2 02[255€0,]0,> (12]237<1,]0,> 22]23)€22{0,>

AE = E(by,) — 2E(a,) = AE — E(b,,) — E(a,) = AE — E(by,)

(12]05> = =<0} 1501 150> = —(0,]1,>
Four phase choices ‘are possible:
<12103> = +{1;]0,> = + (1303 = +<12i0q> = -

Moment borrowing terms

n =0 + o+ o+ + - o+

-1 - + + - —  +

2 + - + + o+ o+
(1303 = =<14{0,) = + UAz]05> = =<12[0,) = —

n =0 + - + + o+ o+

1 + o+ - -+ - -

2 + o+ o+ + - o+

The arrow denotes phase choices consistent with a,(9) and a,(4) additions to b, (8).

“ The relative signs of the term in Eq. 1. shown at the top of the table, have to be determined.
The moment sources are M('B,, + '4,) x a, excitations in 'B,,, whose F. C. overlap is
(nB,,10,,,) and can be positive or negative. The perturbed state has an a, overlap factor
(nB,,|n'By,). The possible relative signs of the products of these factors for different values of
nand n’ are shown in the boxes. The important a,(9) and a,(4) modes probably have the phase
relations shown, as determined by the experimental intensities and mode displacement calcula-
tions.

zero point level, and the vibronic additions to the !B, level of B,, overall
symmetry. If the coupling matrix elements for interaction between the !B,,
and ' B,, states and the zero order energy levels could be estimated, the
diagonalization would lead to the observed spectrum. This calculation would
prove that the complex resonance structure derived from vibronic level inter-
ference and it would supply the correct !B, (1) wave-functions. Complica-
tions such as the distribution of interaction between phononless and phonon
(lattice) lines and estimation of coupling pathways complicate application of
such techniques but certain approximations and observations about coupling
matrix elements have made the interaction calculation possible.
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FIGURE 13 Intensity of the a,(9) addition to the b,,(8) relative to the pure b,,(8) in the ! B3,
spectrum predicted by first order perturbation theory as a function of the nuclear displacement
coordinate along a,(9) connecting ' B,, and ' B;, states. Moment sources 2740, 3240 and 4140
cm ™! above the 'B,, origin with moments in the ratio 1.0, 0.8 and 1.2 were assumed. The solid
upper curve is for additive phasing between the borrowed ' B,, origin moment and the borrowed
'B,, + a,(9) moment. The solid lower curve is for destructive moment phasing. Dashed curves are
for two-quantum excitations in a,(9). Calculations for naphthalene-dg are nearly identical.

The arrows along the abscissa indicate the two displacements consistent with the observed
intensity ratio, 0.05 {which implies out-of-phase interaction).

In the region of resonance, it may be justified to take only one intensity
source, the !B,, origin and ignore the a, additions. The Hamiltonian would
then have the simple form:

[ H(1, 1) H(1,2) H(1, 3) H(1, n)]
H(1,2) H(2,2)
H =] H(1,3) H(3, 3) O
| H(1, n) O H(n, n)] 2

where H(1, 1) is the zero order !B,, origin energy. H(n, n) are the zero order
!B,, levels of 'B,, vibronic symmetry, and H(1, n) are the off-diagonal vi-
bronic interaction terms.



Downloaded by [Tomsk State University of Control Systems and Radio] at 03:45 23 February 2013

VIBRONIC INTERACTIONS IN NAPHTHALENE [453]/ 141

biy®) + ag (4)
/ |
4 /
w /
g /
&N
2.01 5’ /c/ °\ /’
/ \ |
I s y
° /g A
o |9 A
q |15 15 \
>3 /
! o
e I\ l \
2 B | \
a 3 \
Woot \® I
Z 2 \v | \
(S "v- I \
Lo \& o \
N \
051132 | \
\g I )
\\ ) \
\ N, °
o+— / " /
0 05 1.0
DISPLACEMENT

FIGURE 14 Intensity of the a,(4) addition to the b, ,(8) relative to the pure b, ,(8) in the ' B;,
spectrum predicted by first order perturbation theory. The observed intensity is 0.09.

Calculation of the intensities and positions of the lines in the region assumed
to be the !B,, origin requires estimation of the intensity and position of the
!B,, zero order origin (H(1, 1) in Eq. 2). Fortunately this level bears all the
short axis intensity in the resonance region so that interaction with the
!'B,, manifold merely redistributes 'B,, origin intensity, preserving the
center of gravity. Visual estimation of the centroid for the first band system
of h-8 naphthalene in durene placed this level 3000 cm™! above the !Bj,
origin. The actual transition energy must be estimated from the centroid of
intensity of all lines that derive from the origin. Line intensities have to be
obtained for this calculation. The 300 cm ™! band width of the origin system
causes considerable overlap with the 'B,, + a,(9) band 500 cm ™! to higher
energy. Arbitrary assignments of parentage for lines occurring between these
bands were necessary.

It was not clear initially whether the lattice modes would have to be in-
cluded in the centroid calculation. The lattice structure in the resonance region
is not distinct from the phononless line structure because the lattice intensity
associated with each interacting vibrational level starts about 20 cm ™! above
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the phononless line, extending 50 cm ™! to higher energy with a smooth con-
tour. Therefore severe overlapping of lattice bands occurs in the resonance
region. The proportion of zero order ' B,,0, 0 intensity associated with lattice
excitation was estimated first for the p-xylene spectra (in which phononless
line overlap is minimal : most sharp lines are separated by several linewidths).
It appears reasonable to attribute the intensity underlying the sharp structure
to the composite overlapping lattice components. A baseline was constructed
in order to separate sharp lines from the composite lattice absorption band.
The resultant separation shown in Figure 5 gives the phononless structure an
intensity of 0.22 and the lattice intensity 0.78, close to the intensity distribu-
tion in the low energy short axis spectrum: 0.35 for the 424 cm line, and 0.65 in
the associated lattice shown in Figure 15, The similarity of intensity distribu-
tion in ! B,, and B, regions supports the assumed separation into line and
lattice sources of vibronic intensity.

Therefore the 'B,, origin band centroid calculation was obtained by
summing the products of line intensity times line energy over all the lines
attributed to the ! B,, origin system. There are few levels built upon the 'B;,
origin occurring in the region 2600 to 3000 cm ™! above the !B, origin that
have strong coupling to the !B,, origin. Most of the !B,, vibrational addi-
tions in this region share intensity from the !B,, origin and a,9) addition.
Therefore an arbitrary cut-off was imposed at 2640 cm ~! for -8 naphthalene

DENSITY ——s

OPTICAL

FIGURE 15 The 'B,, origin in p-xylene at 2°K with 2 cm ™! resolution. Scattered intensity
was negligible so the tracing should be logarithmic.
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in p-xylene and at 3200c¢m ~ ! for h-8 in durene. The former choice seems moder-
ately compelling because the last line in the origin band group is clearly out
of the a,(9) addition region. The low energy lines of the ! Bs, short axis spec-
trum are very intense so they contribute substantially to the centroid position.
In fact, although the origin band center appears near 2400 cm ™! in p-xylene
and 3000 cm~! in durene, the calculations place the centroids at 2220 and
2740 cm ™! above the ! B,, origin, respectively. The low energy lines shift the
calculated centroid downward because they are far below the apparent
resonance. The ideal centroid calculation would be the diagonalization itself.
When the zero order ! B,, position is estimated correctly, the intensity distri-
bution among the resonant levels should match the observed spectrum. The
!B,, position in p-xylene that yields the best diagonalization is 2190 cm™!
above the !B, origin. This is in satisfactory agreement with the value 2220.
Estimates for the d-8 centroids are within 20 cm™?! of the k-8 values. For d-8
in p-xylene, the diagonalization best fits the spectrum with ! B,, 0, 0 again at
2190 cm ™', These large shifts of the centroid from the apparent band center
are partly artificial because the low energy lines get part of this intensity from
B,, + a, additions. But the centroid position calculated without these
additions is a check on the diagonalization which includes only the B,,
origin source.

d. The spectrum in durene as a guide to resonance in p-xylene

At this point, we could extrapolate the !B,, short-axis spectrum into the
resonance region, to provide the diagonal elements of Eq. 2, including the
centroid of *B,, which we have just located. The off-diagonal elements are
not known accurately enough, however, because we do not have good
information on the a, overlap factors. Therefore we tried another approach.

Lines of naphthalene in durene near the ! B,, resonance energy in the p-
xylene host have energy denominators favoring coupling to the !B,, origin
system. Only those with very strong diagonal coupling to other moment
sources will have interference contributions. The origin in durene is 550 cm ™!
higher relative to the ! Bs, than in p-xylene so first order perturbation theory
will apply to lines in durene that are in the region of resonance in p-xylene.

Therefore the durene spectrum has been used as a guide in estimating
coupling for the 1B,, levels of B,, vibronic symmetry at resonance with the
!1B,. in p-xylene. The resonance region absorption of the *B,, 0,0 in p-xylene
is compared with the iso-energetic region in durene in Figures 16 and 17. If
several intensity sources were important in this region, it would not be pos-
sible to transfer the coupling matrix elements directly to the xylene spectrum
unless the importance of each path in terms of the off-diagonal overlap fac-
tors involved were known beforehand.
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FIGURE 16 Naphthalene-ay *B,, origin in p-xylene and the isoenergetic region in durene.
The naphthalene-hy 'B,, origin in p-xylene appears above the region in durene which has
equivalent separation from the ®Bs, origin. The optical density scale in durene is expanded by
a factor of 12 so that the structure in this region which is far from ! B, resonance will be clear.

The intent of the diagonalization calculation is to take the weakly perturbed lines in the
durene spectrum, interact them with a single !B,, origin level positioned at the center of the
! B,, origin band in p-xylene, and thereby generate the p-xylene spectrum.

Before going into specific detail we outline the steps of this treatment:

1) Apparent vibronic interaction matrix elements are estimated from the
durene spectrum assuming all intensity is from the ' B,, origin. The first order
perturbation theory gives the result

H(1, n) = I(n)'?AE 3)
where AE is the separation between the 'B,, level and the 'B,, origin.

2) The zero order !B, energies are obtained by correcting the durene
frequencies to zero order by subtracting the first order perturbation energy.
Thus,

H(1, n)?

H(n, n) = E(D —
(n, n) (Durene) + AE

(4)

3} The resultant interaction matrix is diagonalized. The energies and in-
tensities differ seriously from the observed spectrum.
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FIGURE 17 Naphthalene-dg ' B,, origin in p-xylene and the isoenergetic region in durene.
The naphthalene-dy 'B,, origin in p-xylene appears above the region in durene which has
equivalent separation from !B;, origin. The optical density scale in durene is expanded by a
factor of 4.

4) The 'B,, zero order component H(1, 1) is moved until diagonalization
yields a reasonable intensity distribution.

5) Energy and intensity Jacobians are used to adjust each matrix element
and the diagonalization is repeated. The process is iterated until the observed
spectrum is fitted.

6) The diagonal elements of the matrix before the last diagonalization give
the zero order energies, the off-diagonal elements give the vibronic coupling
interactions.

Before showing the results of this program, several special topics related
to the matrix, Eq. 2, will be discussed.

1. Contributions from a, additions to the ' B,, origin Estimates by equation
3 are frequently unsatisfactory. In the early stages of this work coupling
between !B, short axis lines and the 'B,, levels was assumed to be nearly
diagonal in the a, vibrations. Lines well below the origin would then have
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intensity contributions from levels above the !B,, origin and use of Eq. 3
would overestimate coupling. It became apparent that these estimates were
too small to generate the observed spectrum. This problem was not resolved
until the moment interference model, equation 1, had been developed. It was
then apparent that most intense excitations have predominate coupling to
the origin. Therefore Eq. 3 remains useful provided that allowance is made
for several lines which have unusually low intensity due to moment inter-
ference.

2. Off-diagonal coupling to 'B,, lattice intensity Coupling to 'B,, lattice
transition moment sources remains as an unsolved problem. The interaction
estimates by equation 3 in durene are relatively insensitive to off-diagonal
interaction between the phononless !B, lines and the !B,, origin lattice
states because the energy denominator, AE, for this interaction is only 50
cm ™! larger than that for the diagonal phononless interaction. In the p-xylene
resonance region these same !B, levels are embedded in the !B,, origin
lattice “ continuum”. The energy denominators for off-diagonal coupling from
the !B;, phononless levels to the !By, lattice states relative to the diagonal
coupling to the phononless * B,, origin will be very sensitive to the line posi-
tions, Whenever a ! B,, phononless component occurs 50 to 150 cm ™! above
the zero order 'B,, phononless component, it should interact far more
with the lattice than otherwise. This effect may be responsible for the pro-
nounced decrease in density of sharp strong features 50 to 150 cm ™! above the
strongest components of the h-8 origin resonance spectra (at 2482 and 2455
cm ™! respectively). They may in fact be affected by antiresonance with the
phonon continuum.*!

3. Second order interaction and intensification of weakly coupled lines Several
observations about matrix diagonalization behavior for Hamiltonians with
all off-diagonal terms of the form H(1, n) and H(n, 1) simplify the interpreta-
tion. If two of the zero order levels of the vibronic spectrum, m and n, are
close together, and <{n|H’|1) is large, {m|H’|1) small, the eigenfunctions
corresponding to the terms m and n will both contain large components of
state 1, which represents the ' B, level. This is actually a case of second order
coupling between a strong and a weak line through the !B,, intermediate
state. The energy denominators for the intensity of the weak line are (E,, —
Ei,,) % (En. — E,) where the last term is very small when the lines are close
together. Therefore, weak lines can steal from nearby strong ones even
though the !B,, is distant. If lines intense after interaction fall near slightly
perturbed weak ones, the weak gain abnormal intensity. Striking examples of
this phenomena occur in the h-8 spectrum in p-xylene shown in Figure 16.
There seem to be subgroups of two and three components near 2294 and
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2267 cm™! above the origin, and at 2489 and 2641 cm™!. There are not
enough strong coupling combinations to allow a one-to-one correspondence
between strong coupling lines in durene and strong features of the 'Bj,
spectrum in xylene (see Figure 16). For example only one line, 2274, occurs in
durene (weakly) near the 2267 group of p-xylene. Therefore local intensifica-
tion follows the strongly interacting components, resulting in complex band
patterns. No attempt has been made to predict the fine structures of these
systems because the inhomogeneous solvent shifts alone must be so large as
to leave uncertainties in zero order diagonal matrix elements far greater than
the 2 cm ™! required for good fits to the data. This phenomenon makes it
possible to simplify the initial and final spectra for purposes of simplifying
the matrix diagonalization.

e. Diagonalization results and comparison of the p-xylene
resonance region with the isoenergetic region in durene

The diagonalization calculations have been made and refined. The initial
estimates to zero order energies and interactions are listed in columns 5 and
6 of Table IV. The corresponding diagonalized eigenvalues and intensities
appear in columns 7 and 8. After refinement to force a fit to the observed
spectrum the zero order energies and interactions change to the values listed
in columns 9 and 10. These yield the calculated spectrum of columns 11 and
12. They are to be compared with the observed spectrum tabulated in col-
umns 1 and 2. These three stages are also shown in Figure 18.

The fit to the observed spectrum is so satisfactory that only slight inter-
pretation is required. The general intensity distribution pattern can be ex-
plained on the basis of the !B,, origin interacting primarily with the one
strong vibronic level at 2400 cm ™!, ascribed to b, ,(8) + 2 x a,(7). The 2320
cm ™! line appears, but with far less than the required 0.02 to 0.03 fractional
intensity. It is a victim of out-of-phase intensity transfer, with 2293 and 2262
receiving the benefit of increased H(1,2320) and H(1,2322) (where the com-
ponent state is referenced by its diagonal matrix element energy). These
diagonalization phasing problems seem to be somewhat resistant to treat-
ment by Jacobian techniques, requiring intuitive or trial and error adjust-
ment. In this particular case, 2322 involves a,(4) excitation so that 'B,, +
a,(4) moment interference is expected although it is neglected in the calcula-
tion. Eigenvectors reflect the complex coupling in this region. Considerable
patience and corresponding quantities of computer time are required to test
enough coupling adjustments to balance intensities and energies properly.
Even slight adjustments of single terms can cause drastic shifts in overall
band patterns in the region 2266 to 2360 cm~!. The intense bands at
2267 and 2294 are mixtures of several zero order levels, namely the 'B,,
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TABLE IV

Diagonalization of the vibronic Hamiltonian® for naphthalene in p-xylene

Estimates to the unperturbed Spectrum and the Vibronic
Coupling from First Order Perturbation Theory with
one 'B,, Level

Observed®
Spectrum in from p-xylene from Durene
-Xylene
AX Intensity® H(n, n) H(l, ny H(n, n) H(, n)
@ ® @ ®
424 cm™! 0.039 49l em™!  350cm™! 532em™! 480 cm™
903 0.028 939 220 933 230
1130 0.022 1153 160 1156 200
1419 0.020 1434 110 1437 160
1613 0.020 1625 82 1621 110
1842 0.012 1846 39 1851 91
1897 0.023 1904 44 1895 54
1917 0.057 Complete Mixing 1943 73
2125 0.017 2123 48
2260/ 0.13 2274 22
2290¢ 0.11
2319 0.03 2320 32
2343 0.066 2342 9
2359 0.12 2363 10
2406 22
2416 21
2442 8
2441 0.014
2462 0.028 2473 7
2482 0.20
2498 0.015
2515 0.005 2513 8
2533 0.011 2519 6
2547 9
2558 0.028 2560 11
2603 0.007 2595 15
2644 0.046 2611 6
'B,,0,0 2220 2740

¢ Energies for lines above 2200 cm ™! are estimated from the intensity center of strong line
groupings. Thus, 2260 refers to the group of three components near 2260 (refer to Figure 5)
which has an intensity centroid at 2260 + 3 cm ™', The arguments used to justify grouping into
a few strong component groups are given in the text. Only the strongest of the lines below 2200
cm™! are given.

® Intensities are for the phononless lines. They have been normalized so that the integrated
' B,, 0,0 intensity is 1.0. The line intensities relative to neighboring lines should be accurate to
109 but the fractional intensity is very dependent on separation of phononless intensity from
lattice intensity. Therefore, these values could be in error by 30%.

¢ The perturbation matrix elements H(1, #) have been obtained from the intensity normalized
to 1.0 for the ! B,, origin system by use of equation (3). The diagonal elements H(1, 1) are the
observed line positions corrected for the first order vibronic energy perturbation (Eq. 4) §E
= H(1, n)*/AE, where AE is the separation between the line and the 'B,, band center. These
estimates are restricted to the region where vibronic mixing of the zero-order Born-Oppenheimer
components is small.

4 Matrix elements are taken from durene because first order estimates of H(n, n) and H(l, n)
extend into the resonance region of the p-xylene host. The ! B, origin in durene is taken as 2750
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TABLE 1V —Continued

Using the Best Matrix
Elements Obtained by
Changing from the

Using the Matrix Values of Columns
Elements from 5 & 6 Until
Durene Listed in the Observed Spectrum
Columns 5 & 6 is Matched Calculated®
AT Intensity  Assign. H(n, n) H(.n) A% Intensity

@ ® @

414 cm™! 0.045 8 0 489 318 em™! 424 cm™! 0.039
895 0.026 70 944 230 903 0.029
1128 0.019 8 8 1156 190 1130 0.018
1414 0.020 g8 7 1441 150 1419 0.020
1609 0.013 7 8 1623 50 1613 0.011
1837 0.022 8 8+38 1850 50 1843 0.017
1891 0.005 77 1900 20 1898 0.011
1936 0.010 8§ 3 1959 150 1917 0.062
2117 0.015 8 8+7 2134 55 2122 0.020
2271 0.016 8 8+6 2278 17 2262 0.16
7 848 2281 27 2293 0.071
2313 0.047 8 9+5 2320 40 2321 0.000
2341 0.004 7 4 2322 50 2345 0.028
2362 0.011 8 9+4 2350 25 2364 0.083
2394 0.17 8 7+7 2400 80
2412 0.023
2440 0.069 7 3 2441 20 2438 0.020
2454 0.416
2474 0.039 2465 15 2461 0.055
2487 6 2479 0.20
8 8+5 2504 9 2488 0.030
2514 0.007 2515 13 2505 0.010
2519 0.005
2548 0.004 7T 94+6 2546 20 2548 0.007
2561 0.006 8§ 8+4 2555 25 2560 0.030
2596 0.007 7 847 2608 30 2611 0.011
2611 0.001 8 8+3 2630 40 2638 0.036
2879 50
3000 50
'B;,0,0 2190

cm™ !, Since the durene estimate for b, ,(8) (532) appears unreliable, the p-xylene estimate has
been used instead.

¢ This estimate seems unrealistically large. It causes the zero order b,(8) frequency to exceed
the ground state value of about 516 cm ™. Overestimation of fractional intensity in the durene
spectrum is the presumed cause. The p-xylene first order estimates seem more acceptable. Were
the durene b, ,(8) intensity 0.023, it would be consistent with the p-xylene result. An intensity
0.036 would be consistent with reduction of a zero order unperturbed b,,(8) energy 516 cm™*
to the observed 432.

4 The component group whose most intense component is 2267 (Figure 5) has intensity
centroid at 2260.

¢ The component group whose most intense component is 2294 has intensity centroid 2290.

* Interaction is limited to the  B,, zero point level. No provision has been made for interference
from the transition moment of a, additions to the ' B,,.

! Eigenvectors appear in Table V.

[461] /149



Downloaded by [Tomsk State University of Control Systems and Radio] at 03:45 23 February 2013

150 / [462) J. WESSEL AND D. S. McCLURE

1 T ! I

OBSERVED

llll I PR SR |

REFINED CALCULATION

l |I 1 | St | .I

INTENSITY —

INITIAL CALCULATION

] N .

1 1 ! 1
2300 2400 2500 2600

FIGURE 18 !B,, origin system calculated for naphthalene-k;. Intensities of the ! B,, origin
system of naphthalene-hs in p-xylene predicted by the refined diagonalization are compared
with the “observed ” spectrum. The observed line intensities were obtained from the integrated
areas of line groupings attributed to strong coupling combinations. The baseline is defined by
the dashed line of Figure 5. Energies are relative to the ! Bs, origin. The multiple components
near 2267, 2294, and 2644 must be due to weak coupling components that are of interest in the
calculation. Therefore, intensity is summed for each of these line systems. The initial calculation
which appears at the bottom of the figure was made directly from the first order estimates to
interaction parameters. The zero order parameters and final eigenfunctions are listed in Table
IV columns 9 and 10, and Table V.

origin, 2278, 2281, 2322, 2350 and 2400. The combinations involved
are: by,(8) + a,(8) + a,(6); b1 (7) + a,(5); b1 (7) + a,(4); and b,,(8) +
a,(9) + a,(5). Table V shows the first states in terms of the zero order basis
states.

The 2320 to 2370 cm™! region is attributed to b, ,(7) + a,(4) with very
strong interaction, to b, ,(8) + a,(9) + a,(5), and to b, ,(8) + a,(9) + a,(4) with
weaker interaction. The intensity at 2360 could belong primarily to the line
at 2343 if the lattice baseline has been underestimated between 2350 and
2370 cm ™! and overestimated below 2350. If so, the coupling strength of the
b1,(7) + a,(4) combination must be stronger than assumed. The possibility
of antiresonance structure in this region might cause 10 cm™! errors in
estimation of zero order line positions. Line positions and intensities near the
intense !B,, 0, 0 component at 2482 are sensitive to zero order ! B,, position
and to all vibronic coupling strengths. They seem to be predicted accurately,
although no lines are predicted at 2502 and 2530. Those to the high energy
of the 2482 system have little mixing, therefore simple assignments. All major
lines are generated with reasonable intensities by this iterative diagonaliza-
tion procedure.
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TABLE V

Vibronic eigenvectors naphthalene-Ag in p-xylene

State
Calc. (Obs.) Zero Order B. O. Basis Components®
2262(7) 0.40|'B,,> — 0.42|2278> — 0.56]2281) — 0.33|2322>
(8,8 + 6) (7,8 + 8) (7,4)
2278(9) 0.8512278> — 0.52]2281)
2293(4) 0.31|2278) + 0.62|2281) — 0.38]2320) — 0.45|2322)
(8,9 +5)
2320(19) —0.78]2320> + 0.62(2322)
8.9 +5)
2345(5) —0.36]2322> + 0.83]|2350>
(7.4) (8,9 + 4)
2364(59) 0.29[‘Bzu> + 0.34|2322> + 0.5212350> - 0.64|2400>
@.7+7
2438(40) 0.29!2400} - 0.93‘2441)
8.9+ 3
2461(2) 0.3112400> — 0.86]2465)
2479(82) —0.44|'B,,> — 0.45|2400> — 0.47|2465) + 0.33|2487>
2488(90) —0.94|2487>
2505(98) 0.9712504)
2516(5) -0.97(2514)
8.8+5)
2548(8) 0.95]2546>
(7,9 + 6)
2560(58) 0.93]2555)
8,8+4)
2611(03) 0.96/2608)
B89+8+7)
2638(44) —0.95|2630>
8.8 + 3)

% The eigenvectors are denoted by the frequency of the zero order energies
of column 9, Table IV,

f. Comparison of the observed low energy spectrum in durene
with the zero order refined matrix elements

The zero order line energies, following refinement, seem to be related to their
durene counterparts reasonably. These are in column 9 of Table I'V. The b, ,(8)
false origin at 432 derives from a zero order vibration with energy 489 cm ™!,
only 20 cm™! below the ground state b,, frequency. The small change be-
tween ground and excited zero order frequencies indicates that the !B, force
field is remarkably similar to that of the ground state when vibronic inter-

action is absent. The same applies to the b,,(7) mode, which has an esti-
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(column 10). Values of the electronic part of the coupling constant can be
derived from these. The results in columns 9 and 10 give a detailed analysis
of the vibronic coupling involving the !B, and 'B,, states. The coupling
matrix elements could be further analyzed by partitioning them into the g,
overlap factor, the b, , displacement factor and the electronic factor.

g. Results for naphthalene d-8

The same diagonalization applied to naphthalene d-8 in p-xylene gives results
as satisfactory as for h-8, and with comparable energy shifts and interaction
matrix elements for corresponding vibrational modes.

The matrix element H(1, b;,(8)) = 355 cm™ !, somewhat larger than the
value 318 cm ™! shown for h-8 in column 10 of Table IV. The larger value in
d-8 may be caused by the mode changes expected on isotope substitution.
These changes may also account for the appearance of b, (1) and b,,(2) in
d-8, whereas, they do not appear in h-8. The larger components of carbon
motion in the d-8 modes would be the basic reason for these differences. The
diagonalization also shows why b,,(6) is more intense than b, ,(7) in d-8.

The consistency of these results with those for the -8 molecule lends strong
support to the validity of the entire analysis.

h. The a, additions to "B,

The complex line structure around the origin of the ' B,, spectrum is repeated
at intervals corresponding to the a, mode frequencies, as shown in Figures
10 and 11. The second group in durene repeats almost every feature of the
first at 499.6 + 1.7 cm~! to higher energy. In p-xylene, repetitions are ob-
served at 502 + 5, 993 + 6 and 1420 + 11. For d-8 in p-xylene we find
481 + 3, 830 + 5 and 1396 + 2. The three intervals are probably a,9),
a,(7) and a,(4) respectively.

The repetition of the patterns of the O, O region shows that for every q,
addition in 'B,, there is a similar set of secondary modes of 'B;, able to
interact with it. The intensities of the O, O group, however, are not exactly
reproduced in each higher group, as can be seen from the figures. These in-
tensity variations can be reasonably explained in terms of the phase relations
within the eigenvectors of the solutions of Eq. 2, and the relative phases of
the moment sources, *B,, 0, 0 and the 'B,, + a,(n) additions."

CONCLUSIONS

Our treatment of the naphthalene spectrum has encompassed both the
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from the strict single component Born—-Oppenheimer wavefunctions. Be-
cause of the semi-empirical adjustments made in the solution of Eq. 2, the
final wavefunctions obtained are in a mixed basis in which the !By, and 'B,,
components refer to their separate equilibrium nuclear configurations.
These two states have very similar configurations, however. The calculations
could be further refined if this were necessary for any future work where
exact eigenfunctions were needed. The calculations presented here, and in
more detail in Ref. 1 are enough to show that the entire problem of the inter-
action of the two states is tractable and in their present form they lead to the
main results of physical interest.
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