Vibronic Selection Rules., The dominant fluorescence
structure from every emitting level appears to be predicted
simply. It will be that for which the e;; mode v changes
quantum number by +1 while Av = 0 for all other modes
except »1. Changes in v, establish long progressions on the
ve transition. We have observed no exceptions to this pat-
tern.

The remaining fluorescence transitions are generally at
least an order of magnitude weaker. They derive intensity
from first-order Herzberg-Teller transitions involving e,y
modes other than vg, or more commonly they represent a
limited selection of second-order transitions. These are sum-
marized in the section Vibronic Activity in the 'Byy-'A
Transition.

Franck-Condon Factors, The fluorescence spectra offer
an extended view of polyatomic Franck-Condon factors.
Numerous spectra display the relative intensities in », pro-
gressions of the types 1J and 1}, and one spectrum shows
the progressions 12. These three types are qualitatively dif-
ferent, and each matches the general expectations of ap-
proximate Franck-Condon calculations. The
(¢1”(1)|¢1’(1)) overlap integral “cancellation” described
b?' Smith is clearly seen. The great differences between 15,
1, and 12 progression envelopes is a principal contributor to
the unique appearance of individual SVL fluorescence spec-
tra.
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An Extended View of the Benzene 260-nm Transition via
Single Vibronic Level Fluorescence. II. Single Vibronic
Level Fluorescence as a Probe in the Assignment of the
Absorption Spectrum!:2
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Abstract: Twelve regions of the benzene 260-nm transition have been probed with narrow-band excitation to produce fluores-
cence spectra from single vibronic levels or small groups of levels of the !B, state. The fluorescence analyses identify many
of the emjtting levels and confirm or establish 28 !By, < !A,, absorption assignments. Four new excited state fundamentals

are located: vy’ = 365cm™}, v

s’ = 749 cm™!, py’ 1148 cm™!, and »17” = 712 cm™ . A set of 12 vibrations encompassing six of

the the ten symmetry species initiates most of the structure in the !B,,~!A, transition. Each vibration in these six species is

“active”.

Fluorescence spectra from a representative set of single
vibronic levels (SVL) in the !B,, state of benzene vapor
have been analyzed in the preceding report.? Each spectrum
was obtained by pumping an absorption band with a well

established assignment so that the fluorescence analyses
were based on secure knowledge of the emitting levels.
Every spectrum followed a consistent pattern of vibronic ac-
tivity which matched that seen in absorption. In this paper,

Knight, Parmenter, Schuyler | Benzene Absorption Assignments via Fluorescence
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Figure 1, Analysis of a fluorescence spectrum from rhultiple levels by
comparison with fluorescence from a single level. (1) Fluorescence
from the state 6!16' (taken from part I). (2) Fluorescence from the
states 11, 61161, and 6216! after excitation into the 6513(B?) absorption
band (maximum b in the absorption insert). The absorption 6}16}(A})
is at c and absorption 6}16!(C}) is near a. Fluorescence band intensities
from 6216! should be similar to those from 6'16! emission shown in
(1), (3) Assessment of the fluorescence contributions in the lower
spectrum to the various emitting levels. The intensity ratios
of 651611%:6116{1%_, emission from the top spectrum are used to esti-
mate the intensity expected at 993 cm~! in the bottom spectrum due
to the states 6!16' and 6216!. The excess intensity at #1993 cm™' must
be due to emission from 1!. The open bar graph shows the normalized
combined intensities due to the states 6!16! and 6216! and the shaded
bar graph shows the emission from 11, The projected relative intensities
of the progression members in each case approximately match the ex-
pected Franck-Condon envelopes. For the BY spectrum the excitation is
centered at 38385 cm™! with a bandpass of 45 cm™!. The fluorescence
bandpass is 35 cm™!. The spectra are linear in wavelength Absorption
bands: a, region C§(6}16!); b, 38,406 cm™! (B}:631)); ¢, 38,452 cm™!
(A('):él’)léh

we extend these fluorescence studies to comment on less
certain absorption assignments and to characterize emission
from levels with excitation in vibrations additional to the
modes »1, ve, and rye.

The fluorescence assignments in part I together with pre-
vious absorption analyses*~? suggested that modes in six of
the ten symmetry classes of benzene are active in the 1B;,-
1A, transition. Accordingly, absorptions have been sought
which reach levels containing excitation in these modes.
The emitting levels are recognized by an SVL fluorescence
analysis which is based on the pattern of vibrational activity
established in part I.

The spectra in this paper generally originate from levels
reached by pumping weak bands lying in crowded absorp-
tion regions. Hence conflicting requirements are placed on
the excitation. It must be sufficiently intense to pump weak
absorption but simultaneously its bandwidth must be nar-
row enough to bias a single absorption band in a crowded
spectrum. Thus some of the following fluorescence spectra
have been obtained with excitation bandpasses too broad to
pump a single absorption band, and one must loosen the
definition of SVL fluorescence in applying the term to these
spectra. However, tuned excitation has succeeded in se-
lecting upper state distributions with populations sufficient-
ly biased so that the principal fluorescence transitions from
a desired level can be readily seen.

Before discussing the individual spectra, it is useful to set
forth the simple expectations of fluorescence structure
which derive from past absorption assignments and from
the SVL fluorescence spectra described in part I. (1) If ¢ is
among the modes excited in an emitting state such as

Table I, Strong Progressions Expected in IFluorescence after
Pumping the B? Absorption Region

Fluorescence Displacement for

Emitting level progressions n=0,1,2,...
1! 601y
616! 6516117 0, 993, 1986, . ..
616! 61161,
6'16! 611615
6216 6216115 1219, 2212, 3205, ...

6/X°Y?, the dominant fluorescence structure is expected to
be the pair of progressions 6/, . X2¥319, 6/ . X2¥21% (2) If
the excited state does not contain quanta of g, then a single
progression 69x2Y21% will dominate fluorescence.

An exception to these would occur only if a transition
with intensity comparable to Avg = %1 transitions could be
induced by other vibrational changes, or if the vibrational
overlap integral (X"fXaiz) was large. Neither of these ex-
ceptions are known from existing absorption assignments,
and neither have been recognized in any of the fluorescence
spectra described in part I.

Experimental Section

Experimental details with comments on the presentation of fluo-
rescence spectra and notation have been given in part I, They apply
equally to this work with one exception. To enable some of the
weaker transitions to be studied with adequate fluorescence resolu-
tion, improvements were made to the existing apparatus to boost
detection sensitivity. These modifications included changes in the
optics used to focus excitation into the fluorescence cell and in the
optics used for the collection of fluorescence, The 1.7-m Czerny-
Turner scanning spectrometer was fitted with a stepper motor
drive system which enables slow and accurate scanning when long
counting periods were required because of low fluorescence intensi-
ty. A more sensitive photomultiplier (EMI 9789QA) was incorpo-
rated in a housing shielded from stray rf signals. Together, these
modifications yielded at least an order of magnitude improvement
in detection sensitivity and in signal-to-noise ratio. With the excep-
tion of Figure 1, spectra are linear in wave number.

Fluorescence Spectra

The following sections describe fluorescence after nar-
row-band excitation into 12 regions in the 'By, < 'Aj, ab-
sorption spectrum. Several new absorption assignments are
confirmed. A table containing all absorption assignments
established from SVL fluorescence spectra is given in the
summary at the conclusion of this discussion.

1! Emission After 6{1}(BY) Absorption. The BY absorption
bands leading to selective excitation of v’ typify the condi-
tions encountered in studies of the weaker absorption bands.
Figure 1 shows that the 6314(B?) band (absorption maxi-
mum b) lies within the rotational envelope of the much
stronger absorption 65161(A}) at c. Since the latter is essen-
tially a continuum of congestion, it is unlikely that any light
source, however monochromatic, could pump the state 1!
without also pumping 6161,

Fluorescence after pumping the B region with excitation
overlapping not only the 6)16] band but also the neigh-
boring 6716! absorption maxima near “a” is shown in Fig-
ure 1. The fluorescence is a superposition of emissions from
three states 11, 6116', and 62161, and it is an instructive ex-
cercise to untangle the principal structure of 1! fluores-
cence.

The expected displacements of the dominant progressions
from each state are summarized in Table I, It is seen that
the emissions from these states are coincident at low resolu-
tion so that only two dominant progressions will appear.
Such is the case in Figure 1 and, for convenience, these will
be called the 993- and the 1219-cm~! progressions.

Journal of the American Chemical Society | 97:8 | April 16, 1975
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Figure 2. Fluorescence produced by excitation in the region near Too +
2520 cm™!. The spectrum is linear in wave number. The progression
632119 with origin at —3070 cm™! characterizes emission from 2!, Ex-
citation is centered at 40,603 cm™! with a bandpass of 60 cm™}. Fluo-
rescence bandpass is 25 cm™!. Absorption in this region was too weak
to provide sufficient contrast for photoelectric measurement with our
apparatus. Maxima and relative intensities in this region taken from
Atkinson’s compilation® are: 40,704.2 cm™! (335) and 40,686.1 cm™!
(170) (09:6510318); 40,648.8 cm™! (18); 40,636.3 cm™! (25); 40,616.8
em~! (25); 40,603.6 cm™! (25); 40,558.8 cm™! (250) (KD:6511315).

Spectra comparing emission from states 6!, 62, and 6'16!
(part 1) indicated that 6116! and 6216! emissions should be
qualitatively similar. Thus it is proper to treat these emis-
sions together as being from a single state, say 6'16!. Their
contributions can then be judged from the 616! spectrum
aligned for reference above the By spectrum in Figure 1. By
comparing these spectra, it is apparent that additiona! in-
tensity is supplied to the 993-cm~! progression in the B}
spectrum, and this is the emission from the state 11.

The relative intensities of the 993- and 1219-cm~! pro-
gressions in 6!16! and 6216! emission are known from the
upper spectrum in Figure 8, part I, and they can be used to
estimate how much of the 993-cm~! progression in the BY
spectrum comes from those levels. The residual intensity in
the 993-cm™! progression is 11 emission. The dissection is
shown in the bar graph of intensities below the B spectrum.
The 1! intensity emerges as it should with the characteristic
profile of a progression from an upper level with v\’ = 1.
(The strong . . .1} member is obscured at the exciting posi-
tion but the low ...1} intensity and the rise to a second
maximum at . ..1} are unmistakable. It is this maximum at
large n, where the .. .19 progressions from other levels be-
come weak, which inverts the 993- and 1219-cm™! progres-
sion intensities at large displacements.) In total, the 1!
emission accounts for about 35% of the intensity in the
993-cm ™! progression.

2! Emission after 612} Absorption. Of the two totally
symmetric fundamentals of benzene, y; is substantially
more active in forming intense progressions built on false
origins. In fact, v, (C-H stretch, »,” = 3073 cm~1) does not
play an important role in the absorption spectrum and tran-
sitions involving »,” are also difficult to observe in fluores-
cence. For example, in zero-point fluorescence (see part I),
the transition 6929 (—=3073 cm~!) would be the most intense
progression origin involving »,”. The transition 10319 at
—3070 cm~! is nearly coincident and no obvious increase in
intensity over that expected from Franck-Condon consider-
ations for the 10919 progression is observed at this displace-
ment. Moreover, 692919 would be expected to be a factor of
~1.3 stronger than 6929 while 10319 would be considerably
weaker than its preceding progression member, yet there is
nooacgditional intensity at the displacement corresponding to
10919,

The S§ absorption band at 41,741.4 cm~!69 was as-
signed® as 6§2. Our attempts to excite fluorescence by
pumping SJ have not proven successful. Not only is S§ ab-
sorption relatively weak, but the level 612! lies well above
the previously established “threshold” for observation of
fluorescence from benzene vapor.'®

The hot band 692} offers an alternative opportunity to see
emission from a state containing excitation in ;. Although
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Figure 3. Fluorescence from the state 6'52. Spectra are linear in wave
number. The dominant emission occurs as the progressions 6} ,53. Exci-
tation is centered at 40,108 cm~! with a bandpass of 20 cm~!; fluores-
cence bandpass is 25 cm~!. Absorption bands: a, 40,090.8 c¢cm™!
(BL:6%216113); e, 40,108.9 cm™! (6553); w, 40,131.9 (A3:6116313).

weaker than SJ due to the Boltzmann factor, 692} lies below
the threshold and indeed, Figure 2 indicates that we have
been successful in observing 2! emission. Excitation has
been tuned to the predicted 692} region (assuming vy =
3130 cm~!, as derived from S), but due to the overwhelm-
ing intensity of neighboring absorption, the stronger fluo-
rescence structure does not originate from 2!. The bulk of
assigned absorption transitions in this region are to levels
with at least one quantum of »,".° In Figure 2, progression
markers show emission from the levels 6111211, 631! (after
631} excitation; see K emission below), and 6!1021!. Each
reflects the characteristic Franck-Condon envelope for a v;’
= 1 progression. In contrast, the progression matching the
expected displacements of 692119 has a Franck-Condon en-
velope consistent with v’ = 0. The progression origin
(—3070 cm~! observed) appears at the correct position
(—3073 cm™! calculated).

Further evidence for the assignment is given by the ob-
servation that 692 rather than 692§ is the dominant fluores-
cence transition from 21, This is consistent with the general
absence of v, progressions from fluorescence and absorp-
tion. Both fulfill:the expectation that the Franck-Condon
integrals (¢,'(n)|¢2"(m)) are small for n 5 m because of a
small coordinate displacement, AQ,, upon electronic exci-
tation.

Thus, although the evidence is by no means unambig-
uous, it suggests that 692} does lie in this absorption region,
it may be the band so assigned by Atkinson® at 40,603.6
cm~! giving vy’ = 3122 cm™! or the band at 40,616.8 cm™!
giving »,’ = 3135 cm™1. vy’ derived from S is 3130 cm™1.

A strong progression labeled T in Figure 2 has not been
assigned. The intensity profile is suggestive of an upper
state with v’ = 2 and v¢’ = 1. The origin for the Avg = —1
progression underlies 611131} at a displacement of ~2600
cm™!,

Emission from 6!52 after 6,53 Absorption. Whereas »4
(byg) is known both in absorption (see below) and emis-
sion,? activity in the other by, mode of benzene, vs, has not
held a sustained assignment. (An early absorption assign-
ment® has been shown by Atkinson® to be incorrect.}) An
unassigned absorption band, thought by Atkinson® to be a
progression origin, was probed with tuned excitation in an
attempt to identify the transition. Figure 3 shows the spec-
trum obtained after selective excitation of this absorption
band at 40,108.9 cm~!. Although absorption in this region
is congested, the fluorescence spectrum is dominated by two
progressions, readily identified as Avs = %1 transitions,
with progression origins at —1982 and —3202 cm™'. The
former displacement corresponds almost exactly to 2ws”
(calculated —1980 cm™!) while the latter is clearly 2vs” +
2v6” .

Absorption e in Figure 3 is thus assigned as 6)53 where v
is Franck-Condon active only. Assuming no anharmonic
contributions, the frequency for vs in the 'B,, state is de-
rived as 749 cm~ 1,

Knight, Parmenter, Schuyler / Benzene Absorprion Assignments via Fluorescence
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Figure 4, Fluorescence from 7 after 75(Q3) excitation. Both absorption
and fluorescence spectra are linear in wave number. The strongest
emission is seen as the progression 63711%. Excitation is centered at
41,156 cm™! with 52 cm™! bandpass; fluorescence bandpass is 16
cm™!. Absorption bands: r, 41,125.5 cm™!; s, 41,128.3 em™!; 75(QY),
41,1653 cm™1;t,41,168.4 cm™'; u, 41,173.5cm™1.
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Figure 5, Fluorescence from the states 9! and 102. Both absorption and
fluorescence spectra are linear in wave number. In spectrum A, the
progression 699119 is dominant. Excitation has been tuned to maximize
absorption in the transition whose band maximum is marked t. In spec-
trum B, excitation has been moved away from t toward v and the result
is to enhance the intensity of the progression 6910312 while 639!19 di-
minishes. A third progression marked K contains both Avs = +1 and
Avg = —1 transitions, shown on the same line as closed and open semi-
circles, respectively. Spectrum A: excitation is centered at 39,235 cm™!
with 12 cm~! bandpass; fluorescence bandpass is 13 cm™!. Spectrum
B: excitation is centered at 39,238 cm™! with 8 cm™! bandpass; the flu-
orescence bandpass is 19 cm™!. Absorption bands: q, 39,206.3 em™1; r,
39,215.7 ecm™Y; s, 39,231.3 em™!; t, 39,235.8 ecm™! (9); u, 39,239.0
cm~Y; v, 39,255.0 cm™! (103).

By way of corollary, the previously unidentified absorp-
tion band at 39,422.8 cm™! is assigned as the second-order
Herzberg-Teller transition, 5510). This can be seen as fol-
lows. The known transition 4910} is analogous and has a
maximum-origin separation® of ~2 cm~!. This places the
54104 band origin at 39,420.8 cm~!. Hence

39,420.8 cm™! = 38,086.1 cm-(T,;) + 1334.7 cm"!
= Ty + 585 cm-' + 749,7 cm™!
Too + vyo’ + vy

Il

Congestion hides the analogous transition, 59109, in zero-
point fluorescence.? Similarly, the transition 6{59 would lie
in a region overlapped by strong fluorescence and cannot be
discerned from other structure. However, higher resolution
studies of 6!1! fluorescence!! suggest that 6!51091} is pres-
ent with appropriate intensity.

7! Emission after 7§(Q8) Absorption, The Qf absorption
band at 0,0 + 3077 cm~! was assigned originally* as 62
However, the rotational analysis of Callomon, Dunn, and
Mills® shows, in agreement with Garforth and Ingold,® that
74 is the preferred assignment. The fluorescence spectrum
obtained by pumping QY (Figure 4) offers confirmation.
The dominant intensity appears as the progression 697}19,
whose first member lies at a displacement of —3668 cm™!
(cf. —3664 calculated). The Franck-Condon envelope is
consistent with a vy’ = 0 upper state.

Additional structure, not attributable to emission from
7!, is marked as the progressions L and A. The progression
origins occur at displacements —2636 and —3853 cm™!,
corresponding to Avg = —1 and Avg = +1 transitions, re-
spectively. The intensity distribution among progression
members is indicative of an upper state for which v’ = 0,
but further identification has not been pursued. The assign-

L =
b U 'y
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Figure 6, Fluorescence from 61112 excited by pumping absorption
651 13(K3). Emission from other states is also present. The fluorescence
spectrum is linear in wave number. Fluorescence bandpass is 28 cm™!,
Excitation is centered at 39,633 cm™! with a 56 cm™! bandpass. Ab-
sorption bands: a, 39,561 cm~1: b, 39,638 cm™! (K3); ¢, 39,656 cm™!.

ments proposed® for the absorption bands marked t and u in
Figure 4, namely 11}17}12 and 6918, respectively, offer no
comfort since neither transition would lead to the observed
fluorescence structure.

Observation of fluorescence from 7! is of further interest
since it is so far the highest level above the !By, origin from
which fluorescence has been characterized. Callomon, Par-
kin, and Lopez-Delgado!© have observed that many of the
absorption bands involving vibrational levels more than
3000 cm~! above the 1B,, zero-point level are diffuse,
implying fast nonradiative decay.!? The absorption 7§ is an
exceptlon It is sharp and moreover its two higher progres-
sion members, 75142(Q?,Q9), also show no detectable line
broadening. The fluorescence quantum yield of 7! is, how-
ever, considerably less than yields measured for lower lev-
els. By comparison with fluorescence from 61, whose quan-
tum yield!? is 0.27, we find ¢y ~ 0.04 for 7. This corre-
sponds to a decay time of about 18 nsec which fits an esti-
mate by Spears and Rice.!4

9! Emission After 9} Absorption. The identification of yg’
emerges most convincingly from the fluorescence spectra
shown in Figure 5. Excitation tuned to maximize absorption
in the transition t results in an emission spectrum (A)
whose dominant structure is the progression 699}1% with ori-
gin at a displacement of —1787 cm™! (cf. —1786 calculat-
ed). Strong emission from 102 is apparent also as the pro-
gression 6910319 As excitation is moved away from t
towards v, the intensity of emission from 10? increases while
that from 9! decreases (spectrum B). The progressions la-
beled K must arise as a result of excitation to some other
level since the Franck-Condon envelope has the unmistak-
able character of emission from a vi’ = 1 upper state.

These spectra support assignment of the absorption band
t (39,235.8 cm™!) as 9{. The band is best described as hav-
ing a type II rotational contour® for which the maximum-
origin separation is in the vicinity of 2 cm~1, whence vy’ =
1148 cm~!.

6'112 Emission after 6)113(K}) Absorption, The K§ band
shown as absorption maximum b in Figure 6 is assigned as
the absorption progression origin 65113. The SVL fluores-
cence spectrum is consistent with this assignment. The
strongest fluorescence progression matches the positions
and Franck-Condon envelope of the dominant structure ex-
pected from 6!'112, namely the progressmn 6211210 Fur-
thermore the weaker Avg = —1 progression 6)11319 also ap-
pears in fluorescence with the proper relative intensity.

The five additional progressions prominent in Figure 6
probably arise from other excited states. The sequence ab-
sorption band 6510316} must lie near 39,622 cm~! which is
just 11 cm~! from the excitation maximum. Two fluores-
cence progressions can be identified from this absorption.
They are the expected Avs = £1 fluorescence progressions
displaying the correct displacements, the appropriate
Franck-Condon intensity profiles, and the correct intensity
relationships to each other.

The strongest progressions not attributable to 61112 sup-
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Figure 7. Fluorescence generated by pumping the G§ absorption band
group. The most prominent fluorescence progressions are from the
level 6'162 excited by the absorption 63163. Fluorescence bandpass is

15 cm™!. Excitation is centered at 39,080 cm™! with a 28 cm™! band-.

pass. Absorption bands: Y§, 39,038.5 cm™'; G§ 39,082.1 and 39,087.5
em~Yit, 39,134 cm !,

port an absorption assignment 63 suggested to us by Atkin-
son.® This absorption is symmetry allowed but weak (third-
order Herzberg-Teller) with a calculated position 39,655
cm~! near bands just to higher energy from the KJ maxi-
mum. It should have only one observable angular momen-
tum component 63/5. The emission progressions 631° and
6319 are expected to dominate 62 fluorescence with relative
intensities roughly 2:1 and both should have v;’ = O pro-
gression profiles. The markers on Figure 6 show the calcu-
lated displacements 2438 and 1219 cm™! for the progres-
sion origins. Both the band positions and intensity relation-
ships are consistent with the expectations.

The fluorescence progression marked C whose origin is
near 2990 cm~! from the excitation maximum is clearly
emission from an upper state with vy’ = 0, but it remains
unassigned.

61162 Emission after 6)163GJ) Absorption, A level with
v16’ = 2 can be reached via the GJ absorption bands which
have long held the assignment 65163.® Figure 7 shows this
absorption region and the fluorescence produced by selec-
tive excitation of the G§ band group.

The excitation pumps several absorption transitions
which lie near the two prominent band maxima in the G§
group. However, emission from the level 6116 is dominant
among the fluorescence structure. As expected, the stron-
gest progressions are 6316319 and 6116312, Their relative in-
tensities and Franck-Condon envelopes are wholly consis-
tent with these assignments.

All other 61162 fluorescence transitions are weak. While
they contribute to some of the minor structure, there are
many other weak bands present in the spectrum which can-
not be accounted for in terms of 61162 fluorescence. Some
of the latter can be readily identified as emisssion from
other fluorescing levels.

Assignments in other absorption regions suggest five ab-
sorption bands which may lie in the region spanned by exci-
tation.

103161 91161
651011611} 651631}
671651}

It is by no means clear that all would be sufficiently intense
to be among the distinct absorption structure. Emission can
be recognized only from the three levels reached by absorp-
tions in the left column.

Markers showing calculated positions for the dominant
fluorescence progressions from the emitting levels 6216%1!
and 6'10'1611! each coincide with observed structure.
These progressions have Avg = +1 origins 1219 cm~! from
their respective absorption maxima. The absorption maxi-
ma, 611631} (39,115 cm™!) and 6410}16!1} (39,100 cm™1),
are separated by 15 cm™! so that their fluorescence progres-
sions would also be separated by 15 cm~!. The dominant
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Figure 8, Fluorescence from 6!172 excited by pumping the 64173(B’5)
absorption band (maximum d). The component 19 must be added to
the assignments 6},173. The fluorescence spectrum is linear in wave
number. Excitation is centered at 40,045 cm~! with a 28 cm™! band-
pass. Absorption bands: a, 40,056.4 cm~'; b, 40,050.2 cm™!
(B'8:65173); ¢, 40,010.0 cm™".

progression from the latter, 631011611}, appears stronger as
expected since the excitation is centered nearer 6510}16}1).
The observed progression intensities lie intermediate to
those expected for either v;” = 0 or vy’ = 1 progressions.
Since there is no reason to believe that either emission is ab-
sent, this suggests that a third progression from an unidenti-
fied state with v;” = 0 underlies that region.

Emission after the absorption 9§16} should appear in a
progression 699{16119 beginning at about —1785 cm~! from
excitation. This nearly coincides with the strong band
6316319 from the dominant emitting state. There is no ob-
vious burst of intensity in that band; at best, emission from
the state 9116! must be weak.

Emission from excitation of the Aj absorption band
(which lies in the deep absorption minimum between Y§
and G{ in Figure 7) cannot be observed. Its strongest fluo-
rescence band (6316314) would be at the position marked A
on Figure 7.

Position B in Figure 7 shows the expected position of the
strongest emission band from 10%16! after absorption
103161. A band is found there but there is no accompanying
evidence in support of such an assignment.

We have been unable to find an assignment for the strong
emission band seen about 200 cm~! toward lower energy
from position B.

6172 Emission after 6)17%B’3) Absorption. One of the
more successful attempts to probe an absorption assignment
and to obtain fluorescence from a level with excitation in
modes other than vy, ve, and vy has followed pumping the
absorption labeled B’ by Radle and Beck.” The original ab-
sorption assignment# 692} is known to be incorrect since the
corresponding cold absorption band 6)2), with this choice
for vy’, is absent. Furthermore, evidence presented above
suggests that 692} lies elsewhere in the absorption spectrum,
A later assignment of the B’) band by Garforth and Ingold®
as 6314 (their U? band) has been rejected on the basis of
both position and rotational contour.® Finally Atkinson® has
proposed the assignment 6417. The SVL fluorescence spec-
trum is consistent with the latter suggestion but is indicative
that 621} must also lie in this region of absorption.

The B’J band (b in Figure 8) lies in a crowded absorption
region so that fluorescence is congested. However, four
prominent progressions emerge and the most intense corre-
spond to the progressions 6317312 and 6417319 expected to
dominate fluorescence from 61172, The Avg = +1 progres-
sion intensity properly exceeds that of the Avg = —1 pro-
gression by a factor of 2-3 and the Franck-Condon enve-
lopes are clearly those of emission from a state with v;” = 0.
The transitions 64,17 and 6,173 contribute little intensity
to the fluorescence spectrum, and this is consistent with the
expectation that Av, will be zero in modes other than »
and v¢ for strong transitions.

The remaining strong fluorescence appears as two pro-
gressions whose origins lie near —608 cm~! (Avg = —1) and
—1830 cm™! (Avg = +1). In no other fluorescence spec-
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Figure 9, Fluorescence produced by pumping the band group E§ (the
region near b and ¢ in the absorption insert). Numerous absorption
transitions are expected to be excited. The assignment markers for
632164 and 64,3} include on the same line both the Avg = +1 and Avg
= —1 progressions (closed and open circles, respectively). Marker B is
calculated for an origin displaced 2207 ¢cm™! from absorption maxi-
mum b. The fluorescence spectrum is linear in wave number. The exci-
tation bandpass is 16 cm™! and the fluorescence bandpass is 19 em™!
Excitation is centered at 39,560 cm™~!. Absorption bands: a, the higher
energy edge of the 631 )(A%) band; b, 39,560 cm™!; ¢, 39,568 cm™!.

trum have we observed an origin at —608 cm~!, corre-
sponding to one quantum of »4” alone. The Avg = %1 selec-
tion rule demands that the upper state in this instance must
be 62 and hence the absorption transition can only be 631
The unmistakable v;” = 1 Franck-Condon profile for these
progressions identifies the upper state as 621!, This result
does not contradict the prediction® that 631} absorption
would have a featureless rotational band contour. Such a
contour does not preclude moderately strong absorption.
The absorption maximum “a” in Figure 8, just 6 cm™!
toward higher energy than 65173, coincides almost exactly
with the predicted position for 631

Emission after E§ Absorption. The E$ bands (maxima b,
¢, and others in that group, Figure 9) have never been as-
signed satisfactorily. The original assignments*® suggested
that the absorption 8} was responsible for structure in that
group, but the rotational analysis® indicates that the 8}
band contour would be without a distinct maximum. A re-
cent magnetic circular dichroism study!® suggests that 8}
absorption may be away from the E§ region and near
39,600 cm~L.

Two facts guide the search for additional absorption as-
signments. First, the ES bands are known to be progression
origins, and second, it has been shown by Callomon, Chris-
tie, and Jordan!® that the E§ group is comprised dominantly
of cold absorption bands. It would be unlikely, for example,
that the absorption 63113 which is calculated to lie near this
region could be a strong contributor either to the E§ absorp-
tion structure or the fluorescence in Figure 9.

With these criteria and a knowledge of the general pat-
tern of vibrational activity in the 'By,-!A1, transition, the
following p0551b111t1es for absorption in the EJ region are
considered: (a) 64168 expected to be a weak transition but
it should lie in this region;® (b) 6)16417), a combination
analogous to transitions seen elsewhere (it should occur
with moderate intensity in the EJ region);® (c) 643, Chris-
tie!” has suggested this second-order Herzberg-Teller tran-
sition; this would be the only opportunity for »; to appear
with significant intensity in absorption; it would establish v3
~ 950 cm™1; (d) 634510}, the analogous second-order tran-
sitions, 4310 and 16417} are nearly coincident in the Y ab-
sorption region (see discussion of Y§ emission below). The
fluorescence spectrum is dominated by two progressions
whose origins show maxima near displacements of 1375 and
2595 cm™! from the excitation maximum. Each of two pro-
posed EJ absorptions would excite a pair of strong fluores-
cence progressions with origins nominally at these positions.

Absorption 6516317} Absorption 613}

6116!17! (calcd 1366 cm™') 6)3! (calcd 1350 cm=')
6516117! (calcd 2585 cm™) 633} (calcd 2569 cm-!)
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Figure 10. Fluorescence from 4'10' and 16117 produced by pumping
the Y§ band. The fluorescence spectrum is linear in wave number. Ex-
citation is centered at 39,030 cm™! with a 28 cm™! bandpass. The fluo-
rescence bandpass is 16 cm~!. Absorption maxima are Y (39,038.5
em™!) and G§ (39,082.1 cm™!, 39,087.5 cm™!).

It is safe to assume that the observed fluorescence progres-
sions arise from the absorption whose maximum is at “b”,
and the progression markers in Figure 9 are calculated
upon this premise.

The fluorescence resolution is sufficient to discriminate
between the emissions from the two levels since the progres-
sion origin bands are narrow and seem free of overlapping
transitions. On this basis, the assignment of 6}16517} ab-
sorption at maximum “b”’ seems well supported. Each band
fits the expectations for 6116117! emission closely whereas
the fit to 6!3! emission is, at best, unlikely. Further support
to the assignment derives from the combined v, »,7 activi-
ty seen elsewhere in absorption. For example, the Y ab-
sorption region has been shown by SVL fluorescence study
to contain the absorption 16§17} (see below), and in fact the
Y{ band itself at 38038.6 cm™! seems directly related to the
maximum “b” in the E§ regions. Their maxima differ by
522.0 em~! which is clearly »¢’. This is consistent with the
assignments

39560.6(6516117L(E)) — 39038.6(16)17H(Y)) = vy’

No such relationship could be accounted for if the E§ band
was assigned 6)3} since the transition 3} by itself is symme-
try forbidden. If one assumes the rotational origin of ab-
sorption bands is 3 cm™! below the band maxima,® the as-
signments 6)16417) and 16317} give »17’ = 712.5 and 712.3
cm™!, respectively.

Activity in »; has not been recognized anywhere in fluo-
rescence, but as a fluorescence component . . . 3} it would be
everywhere obscured by the known fluorescence component
... 113 because both lead to similar displacements (1350 vs.
1348 cm™1).

Emission from the level 614110! appears as two progres-
sions, 654110} and 634110}, with origins at —1553 and
—2772 em™ 1 respectively. The Y§ absorptlon region has
been shown to contain the absorption 40100 (see below), and
an argument analogous to that offered in support of the as-
signment 6516417} leads one to conclude that the EJ region
must also contain the absorption 644104,

Fluorescence excited by 6416¢ absorption appears to be
present as marked in Figure 9. Two weak progressions of
appropriate relative intensities and Franck-Condon profiles
match the calculated positions of the two strong progres-
sions expected from 61164,

The original g assignment of EJ structure (absorption

8) predicts an upper level whose emission spectrum would
be analogous to that seen from 7! and 9! (see above) and
thus dominated by the single strong progression 698{1%. The
progression origin will be about 2200 cm™~! from the maxi-
mum of 8} excitation when ground state Fermi resonance is
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Figure 11, The relative fluorescence intensity of the transition 694}10]
as a function of excitation wavelength. The excitation position and pro-
file for each successive measurement of intensity is shown superim-
posed on the absorption spectrum of the Y§ region. The corresponding
fluorescence intensity is represented schematically by the bar graph di-
rectly below. In every case, the excitation bandpass was 8 cm™!.

considered. This nearly coincides with a weak »,” = 0 pro-
gression marked B on the schematic of Figure 9, but except
for the fact that this progression is otherwise without as-
signment, there is no supporting evidence.

16'17! and 410! Emission after Y) Absorption. The ab-
sorption profile in Figure 10 contains the two prominent G§
and Y band groups of Ingold.® As discussed earlier, the G}
assignment is secure as 63163. The Y§ assignment, however,
has never been settled. Proposals include 45109, 16417}, and
9).869 Y fluorescence is consistent with the first two but
not the last.

The spectrum shown in Figure 10 has been obtained with
excitation tuned to excite the Y3 region selectively. As dem-
onstrated above, v’ = 1148 cm™' so that 9} absorption
could not occur near the Y3 bands.

The strongest progression in Y$ fluorescence fits precise-
ly the expectations for 16117! emission after 16417} absorp-
tion. It matches the position calculated for the single strong
progression form 16!171, it has the correct Franck-Condon
envelope for a v;” = 0 progression, and it seems unrelated to
other prominent structure in the spectrum. Discussion in
the previous section argues that the Y§ maximum at
39,038.6 cm™! is itself 16}17} absorption.

The evidence for 4110! emission after 410} absorption is
equally convincing. As in the previous case, the most intense
progression, 694110]19, expected from this level fits a strong
progression and has the proper Franck-Condon envelope.

As discussed in part I, the transition 169177 is exceeding-
ly weak in zero-point fluorescence whereas 49107 is among
the more prominent minor structure. Figure 11 shows the
results of an attempt to locate 4)10{ absorption more se-
curely. Narrow band excitation has been scanned across the
Y § absorption region and at each position of excitation, the
relative intensity of the 6%4]10] fluorescence transition has
been measured. Maximum fluorescence occurs for excita-
tion near the Y8 maximum itself, suggesting that the Y}
maximum corresponds to 4104. This would be consistent
with the evidence from fluorescence that 47109 is considera-
bly stronger than 16%17{ and therefore 16517} would be ex-
pected to be one of the weaker bands near Y§. However, in
Figure 10, 16!17! fluorescence is stronger than 4!10! fluo-
rescence. No entirely satisfactory explanation has been
found for this apparent inconsistency. However, it is feasi-
ble that emission from other levels contributes toward part
of the intensity of the 6916}17119 progression. The progres-
sion labeled C with origin at ~790 cm~! may correspond to
residual 6'162 emission after absorption into the tail of G3.
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Figure 12, Fluorescence produced by pumping the Of bands. Upper
spectrum: fluorescence after selectively pumping the absorption “a”
whose band maximum is at 39,783.1 cm~!. Lower spectrum: fluores-
cence after pumping the absorption band "b”, maximum 39,765.0
cm~!. Both absorption and emission spectra are linear in wave number.
(a) Excitation is centered at 39,782 cm~! with a bandpass of 24 cm™!.
(b) Excitation is centered at 39,757 cm™! with a 18 cm™! bandpass.
The fluorescence bandpass is 15 cm~! in each case.

If this were the case, the 6316319 progression would merge,
at our resolution, with 6916/17}1%. Taking Y{ to be 44104
and assuming a maximume-origin separation® of ~2 cm™!,
we derive the result »4” ~ 365 cm™!.

The origin of progression P coincides with that of the ex-
pected progression 631631} after exciting the nearby A{ ab-
sorption, 616313, However, the intensity profile is not ap-
propriate for a vy’ = 1 progression. The transition 16§ is cal-
culated to lie very close to the excitation maximum shown
in Figure 10. The strongest fluorescence from 164 would be
the vy” = 0 progression 6916312 whose origin (—2204 cm™1)
coincides roughly with the weak 1} member of 641631}, This
satisfactorily explains the incorrect intensity profile ob-
served for A} emission. Evidence from zero-point fluores-
cence? supports the validity of the assignment 163,

The progression labeled S (origin —890 cm™!) most like-
ly originates from an upper state with v;” = 1 but no assign-
ment has been found.

Emission after O) Absorption, The pair of bands a and b
in Figure 12 comprise the absorption region labeled Of (let-
ter O; not to be confused with a 0,0 transition) by Garforth
and Ingold® who assigned these bands as 6,103. They repre-
sent an opportunity to excite molecules with activity in »o
but a complication arises. Callomon, Dunn, and Mills have
shown that only one of these bands can be 6)103. and that
furthermore, both bands are perturbed by an interaction be-
tween their terminating levels.®

The fluorescence spectra in Figure 12 have been obtained
with excitation tuned to maximize selective pumping of the
transitions a (upper spectrum) and b (lower spectrum). The
spectra are aligned so that displacements of fluorescence
bands from their respective absorption maxima, a or b, can
be compared. It is readily apparent that excitation of either
“a” or “‘b” gives rise to almost identical spectra. Measure-
ments of fluorescence band positions at higher resolution
show displacements from the respective absorption maxima
which are identical within the £2 ecm™! accuracy of our
measurements. The two prominent progressions seen in
both spectra in Figure 12 are thus labeled 6} ,103 where the
upper state in each case carries the signature of the state
6'10°, although one lies ~18 cm™"! higher in energy.

In a previous report,!8 it was suggested that the higher
energy absorption was 6}10% whereas band “b” was the ab-
sorption 649). That analysis, which now requires revision,
relied on lower resolution spectra. The fluorescence in Fig-
ure 12 shows that structure attributable to 6'9' is always
relatively weak; it does not become prominent when band
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Figure 13. Fluorescence produced by exciting the absorption band at
Too + 264 cm~!. Both fluorescence and absorption are linear in wave
number. Excitation is centered at 38,349 cm™! with a 12 cm™! band-
pass. The fluorescence bandpass is 15 cm™!. Absorption bands: a,
38,366.3 cm™!, 38,364.7 cm™1; b, 38,359.7 cm™!, 38,354.4 cin~?; both
a and b are assigned as components of Ch:6}16}; x, 38,350.2 cm™!; c,
38,343.3 cm™! (M§:65101): d, 38,316.8 cm™* (DP:631).

“b” is pumped (lower spectrum). The transition 69} must
lie in this region since vo’ has been established as 1148 cm™!
(see above), but it is not responsible for strong absorption.
This conclusion is not surprising since although both the
first-order transitions, 7§ and 9§, are reasonably strong, no
band of comparable intensity is found near the calculated
position for 647}, and one would therefore not expect a prio-
ri that the analogous second-order transition 69§ was
strong.

The Of bands both seem induced by the absorption 6510
However, the existence of a pair of bands is not readily ex-
plained in terms of a Fermi resonance between 6!10% and
another level. If, for example, a level X" was nearly degen-
erate with the unperturbed level 61102, Fermi resonance
would cause the upper states to have mixed character and
excitation into either “a” or “b” would produce appropriate
proportions of X" fluorescence and 6'102 fluorescence, de-
pending on the mixing coefficients. Experience suggests
that the strongest fluorescence from X" would manifest it-
self as the single progression, 69X71%. Since the Of bands
are of similar intensity, either the states are mixed in rough-
ly equal proportions or the absorption terminating at X" it-
self carries some oscillator strength. In either case, X emis-
sion should appear with intensity comparable to 6!102 emis-
sion. If ny,’ ~ 1688 cm~! (the mean frequency of bands a
and bis 0,0 + 1688 cm™!) then nv,” + vg”” would be in the
vicinity of 2300-2400 cm~!. No prominent vs’ = 0 progres-
sion origin is seen at these or any other displacements. Simi-
lar arguments apply for a level X”Y™.

The proposal that the interacting level in the upper state
is 6! X7Y" and that its dominant fluorescence 6)-X7Y7 coin-
cides with 61102 fluorescence is also difficult to reconcile. In
the first place. the symmetry restrictions imposed on the
combination X”¥”, if resonance is to occur, require that the
combination contains ajg, ag, Or 2. Second, the observed
Franck-Condon envelope for 6},105 in Figure 12 is consis-
tent with v;” = 0 and hence any additional intensity due to a
second coincident progression must be present in such a way
that the intensity profile is not disturbed. This demands
that the 6.X7"Y7 progression origin coincides with 65103
from which nvy” + nv,”” = 2v10” = 1692 cm~!. The only
combination which would satisfy these requirements is
X,Y, = 4,5,. However, v’ and vs” are known (see previous
discussion above) and the calculated position for 61415! (0,0
+ 1640 cm™!) is not sufficiently close to either of the Of
bands (0,0 + 1679 ecm~! and 0,0 + 1697 cm~!) to be con-
sidered a candidate.

The precise assignment of O bands thus remains uncer-
tain although 64103 is confirmed as being at least partly re-
sponsible for their intensity.

Emission from Tgg + 264 cm~!. An absorption assign-
ment cannot always be established by SVL fluorescence
methods and the absorption band at 38,350.2 cm™! is an il-

lustrative case. Atkinson® has shown this absorption to be a
progression origin but an assignment has not as yet been
found.

In Figure 13, the absorption *x*’ corresponds to the band
in question, and it is seen to lie in a region of congestion. Al-
though narrow band excitation has been employed to bias
this absorption, the underlying structure arising from the
rotational tails of the transitions a and b must also be
pumped. The fluorescence spectrum, nonetheless, is rela-
tively simple, and its analysis quickly reveals that the
38,350.2 cm™! absorption transition must be a sequence
band of type 60X7. As demonstrated in part I, fluorescence
after excitation of a sequence transition of this type is indis-
tinguishable from 6' fluorescence. The sequence interval,
n(vy — ».) is thus ~260 cm~! but no combination of
known upper and lower state fundamentals gives rise to this
interval. The band is probably too intense to be of type 62X"
and by comparison with the intensities of other known se-
quence transitions, we suggest that e, (A1) ~ 1000
cm~!, There are several appropriate candidates among the
“inactive” fundamentals of benzene but a unique choice
cannot be made.

Summary

SVL fluorescence has been shown to be a useful probe in
assisting with absorption assignments. New upper state fun-
damentals have been located and several ambiguities in as-
signments have been resolved. Table I1 lists all the absorp-
tion assignments established or confirmed by SVL fluores-
cence.

New Vibrational Frequencies in the !B, state, Four excit-
ed state frequencies, previously not known, now seem set-
tled. SVL fluorescence confirms or rejects earlier proposals
concerning the assignment of absorption bands. This in-
creases the number of secure 1Bz, fundamentals from seven
to eleven (see Table I, part I).

(i) v4’ = 365 cm~1, SVL fluorescence clearly identifies the
proposed® second-order Herzberg-Teller transition 44104
Accompanying evidence concerning the intensity of the
analogous transition, 4%10Y in zero-point fluorescence,?
suggests that the Y3 maximum is itself 4510},

(i) s’ = 749 em~1, SVL fluorescence positively identifies
activity in »s as the absorption 6553 and thereby locates vs'.
By deduction, a previously unassigned absorption band is
identified as 5310).

(i) »o’ = 1148 em~1, SVL fluorescence after pumping
the 9§ transition gives a secure assignment for »’. An alter-
nate suggestion that the 9} absorption may occur as the Y
band is rejected.

(iv) v17" = 712 em~!, Atkinson® has assigned numerous
absorption bands with activity in »7 (transitions 173, 65175,
164175, 114174, plus various hot-band assignments derived
from the last two). SVL fluorescence confirms each of the
first three, plus the presence of the absorption 6416417}
The absorption 173 occurs mingled with the A{ band where
it has escaped detection in the early absorption studies be-
cause of the overwhelming intensity of 6}1} absorption. The
absorptions 64164174 and 16317} give the excited state fre-
quency »;7” = 712 cm~!. The overtone 2»,-" is near 1435
cm™"'.? These assignments revise the early 65173 assignment
and »;7 frequency given by Garforth and Ingold,® but con-
firm their suggestion of 16}17{ absorption in the Y{ band.

Confirmation of Absorption Assignments. SVL fluores-
cence spectra discussed in Part I are consistent with the
long-established assignments of each of the absorption max-
ima  64(A0), 641H(AD), 6015(A3), 60l6(AL), 6}(BY),
6{161(BJ), and 6i(CJ). These bands are found among the
more prominent structure in the 'Bj, < 'A,, absorption
spectrum. Table 11 identifies 28 additional transitions in the
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Table 11. Absorption Assignments Confirmed by SVL
Fluorescence Spectra

Absorption Band maximum,?
Assignment regiond cm™! (vac)
6} D¢ 37392.5¢
37392.7
6°11? C? 38517.2d
16 Y
16417} Y
4110} ' 39038.5
61631} Y
61162 G? 39082.1
10216} G?
65101611} GJ
621631} G3
9 39235.8
102 39255.0
61112 K? 39368.0
63 X3
6510216} X3
17; A° 4
6116117} ES 39560.6
6.45104 EJ
61165 ES
6102 0! 39783.11
39765.0
65172 B2 40050.2
621, B'S
6352 40108.9
6511215 K¢
6515 g
692} h
611021} oy
7 Q5 41165.3

2 Refers to the absorption region probed with tuned excitation.
Notation after Radle and Beck.” # Maxima are listed only for
those cases where SVL fluorescence spectra can confirm an absorp-
tion assignment as applying to a specific absorption maximum.

In the remaining cases, SVL spectra show only that the absorption
transitions occur in the designated region. ¢ Band positions from
Callomon, Dunn, and Mills.2 d SVL fluorescence evidence and ab-
sorption assignments also discussed in ref 19 and 21. € The ab-
sorption maximum probably lies near 39,524 cm~! .9, 8 FThe
cause of the splitting has not been established. See text concerning
03 fluorescence. &Calculated near 40,578 cm™ . /11n the region
40,617-46,040 cm™! -

weaker absorption structure which have been confirmed by
this SVL fluorescence study. Three other absorption transi-

2013

tions (6318, 6311215, and 6516i173) have been confirmed by
fluorescence after excitation in the C{ ahsorption region.!®

“Active” Vibrations, The absorption spectrum and SVL
fluorescence spectra show consistently that a set of 12 vi-
brations is responsible for most of the structure in !Bj,-
1A\, radiative transitions. Transitions with quantum
changes in other vibrations have not yet been established.
The “active” vibrations encompass six of the ten vibrational
symmetry species, and every vibration in each of those six
species is “active”. Vibrations whose !B, fundamentals are
listed in Table I, part I, comprise, with vg, this “active’ set.
Although transitions with vg excited in the ground state are
well known both in absorption and fluorescence, an assign-
ment from which vg’ may be derived has not yet been se-
cured.?®
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