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Completely resolved Doppler-free rotational line spectra of six vibronic two-photon bands in
benzene C,H¢ and C,D, are presented. The excited final states possess different excess
energies in S; (1567 to 2727 cm ~') and are embedded in dense manifolds of background
states with differing densities of states (1 <p <60 1/cm~'). The bands are analyzed by a
statistical procedure. The intensity distribution of several hundreds of lines of each band is
investigated. It is found that all weakly perturbed bands display a similar, peaked intensity
distribution while in strongly perturbed bands the number of lines decreases monotonically
with increasing intensity. The origin of this difference is discussed in terms of coupling to the

many background states.

I. INTRODUCTION

For the understanding of the fundamental processes
leading to an intramolecular energy redistribution in large
molecules’ it is necessary to excite single defined quantum
states of the molecule under investigation. After preparation
of the molecular system in a defined rovibronic quantum
state, selective coupling processes and the redistribution of
energy can be observed.

Recently, it has been shown that the rotational band
contour of large polyatomic molecules can be completely
resolved by Doppler-free techniques.>* Elimination of the
Doppler broadening by Doppler-free two-photon spectros-
copy of gaseous benzene at room temperature leads to rota-
tional line spectra containing several thousands of lines.*

The analysis of the line spectrum of the 14§ band in
C,H, has shown that perturbations occur at several posi-
tions in the line spectrum.’ Rotational perturbations are due
to a coupling of the “light” 14’ zero order state to a “dark”
vibrational background state in .S;. This background state
has recently been identified by frequency-resolved emission
spectroscopy.® In benzene Coriolis coupling rather than an-
harmonic coupling appears to be responsible for the pertur-
bations. The coupling of the two states results in a splitting of
several 100 MHz of the two quasieigenstates.” For the ex-
tremely small coherence width of our high resolution cw
laser measurements both quasieigenstates are well resolved.
In the 14} band at low excess energy, perturbations are
scarce, so that 909% of all the rotational lines in the spectrum
can be assigned by a symmetric rotor approximation includ-
ing quartic centrifugal distortion. Perturbed lines are then
readily identified by deviations from the theoretically pre-
dicted positions.

In a polyatomic molecule the size of benzene, the den-
sity of vibrational background states increases rapidly with
vibrational excess energy. For increasing excess energy, per-
turbations are expected to become more frequent and ulti-
mately many states might be located within the range of the
coupling matrix element. This would lead to a strongly per-
turbed spectrum whose analysis and assignment is extremely
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difficult or even impossible. Even though conventional spec-
troscopy might no longer be possible, this energy range is of
particular interest in reaction dynamics’ and it might display
the transition from a regular to an irregular spectrum.® The
understanding of this transition is a basic question in the
physical description of large systems with many degrees of
freedom. Studies can, in principal, both be performed for
highly excited vibrational levels of the electronic ground
state or an excited electronic state.

In small molecules the resolution of individual quantum
states is possible by Doppler-limited techniques. However,
direct access to vibrational states in regimes with the neces-
sary density of states is hardly possible for the electronic
ground state due to the low probability of such high overtone
transitions and for the electronically excited states due to the
small Franck—-Condon factor. The necessary high excess en-
ergy (in S;) could only be reached so far by special tech-
niques like stimulated emission pumping (SEP). Experi-
ments have been performed on formaldehyde in the excess
energy range from 7400 to 8600 cm ~ ! and a density of states
of 0.15 1/cm ~ ! ? and for acetylene at =26 500 cm ! '° and
27900 cm ~* ! and a density of ~100 1/cm~'. !

Irregular behavior might also be expected for interstate
coupling to other electronic states. Experimental results are
now available for NO,,'>'? glyoxal,'* formaldehyde,'® and
pyrazine.'® Indications of irregular behavior were found in
these investigations by statistical analysis like nearest-neigh-
bor evaluation,'''? Fourier-transform techniques,'®!” and
distribution of coupling elements'* and line intensities.”'>'®
This information pertains so far only to small polyatomic
molecules. It is, however, not clear whether the results can
also be applied to larger polyatomic molecules. It is therefore
desirable to study this situation for larger polyatomic sys-
tems, where the critical energy range is still within the
Franck~Condon range of the electronic spectrum.

In this work we would like to present rotational line
spectra of transitions in benzene, C¢Hy and Cz Dy, leading
to an excess energy range between 2000 and 3000 cm ~ ' in
S, , where the density of states is so high that rotational line
spectra are expected to be strongly perturbed. All bands pre-
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sented in this work are well below the “channel three” re-
gion,'® where a coupling to strongly broadened background
states and strong line broadening occurs.>'*° Since for sev-
eral of the bands an assignment of rotational lines is no long-
er possible, an alternative method will be presented which is
supposed to characterize the degree of perturbance. This in-
cludes the statistical analysis of line intensities. The theoreti-
cal background is presented in part II of this work.”!

Il. EXPERIMENTAL PROCEDURE
A. Scan of the spectra

The experimental setup for Doppler-free two-photon
spectroscopy of polyatomic molecules has been described in
detail in previous work.’ Briefly, the ultrahigh resolution is
provided by the narrow bandwidth (=1 MHz) light of a
Kr* laser-pumped ring dye laser (Coherent CR 699). The
light is coupled into an external cavity which contains the
fluorescence cell with benzene vapor under a pressure of
about 1 Torr. Two-photon excitation to the S, state is moni-
tored by the UV emission from the excited state. In this way
a two-photon excitation spectrum is obtained. Doppler-free
two-photon absorption is feasible within the standing wave
field in the external cavity by simultaneous absorption of two
photons with opposite direction of propagation.?” Differing
from the original setup® the length of the cavity is now
locked to the frequency of the laser light by the method of
Hinsch and Couillaud®® and synchronously varied with the
dye laser frequency. A finesse of 30 is achieved with an input
mirror of 90% reflectivity. This finesse leads to a light power
of 3 W within the cavity. As the two-photon absorption effi-
ciency depends quadratically on the laser intensity the in-
crease of the light power within the cavity leads to a two-
photon signal nearly three orders of magnitude higher than
without external resonator. The resulting good signal to
noise ratio is of particular importance for the line intensity
statistics performed in this work. The typical dynamic range
in our measurements is three orders of magnitude. A high
dynamic range is a crucial precondition for line intensity
investigations and for the analysis of spectral perturbations
as transitions to quasieigenstates with small contribution of
the light zero-order state will only result in small intensity
lines.

The width of the rotational lines of about 15 MHz is
mainly given by the pressure broadening of 15 MHz/Torr.’
The average distance of rotational lines in the Q branch of
the observed totally symmetric two-photon bands is 250
MHz so that the resolution of nearly every line is guaranteed
for the observed linewidth.

Relative frequency calibration of the Doppler-free spec-
tra is obtained from the simultaneous recording of the trans-
mission of a highly stable 150 MHz Fabry-Perot Interfer-
ometer. For absolute calibration of frequency a commercial
wavemeter (Burleigh WA 20) with an accuracy of + 0.02
cm ~ ! in the visible is used or a comparison with the simulta-
neously scanned iodine absorption spectrum?*? is per-
formed.

Experiments were performed with linearly polarized
light. For this reason the absorption of two photons with
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equal direction of propagation is half as probable as that of
two photons with opposite direction and produces a
Doppler-broadened background with a frequency width of
1.7 GHz. Due to its broadness the intensity of the back-
ground is only less than 1% of the height of the high intensity
sharp Doppler-free lines. However, for bunches of lines the
Doppler-broadened background might become larger than
small lines which may be located within this bunch. The
small lines are then small peaks on top of the Doppler-broad-
ened background (see, e.g., the bunch of lines at — 145 GHz
in Fig. 2). This causes some difficulties for the computer-
assisted determination of the small line intensities since there
exists no flat base line. Particularly, the small lines are im-
portant for the physical interpretation of the line intensity
statistics.”

B. Data analysis

Even with the external cavity the UV emission of the
excited benzene molecules is not sufficient to produce an
analog signal. Therefore, single photon counting is em-
ployed and photons are counted for intervals of 20 ms, corre-
sponding to a change in two-photon energy of typically 1.5
MHz during the laser frequency scan. The raw data x, are
stored in a minicomputer for consequent evaluation of the
spectra. Small statistical fluctuations of the count rate would
complicate the determination of the maxima in the observed
spectrum, i.e., the position and the height of the lines. There-
fore, the raw data are smoothed by convolution with a nor-
malized Gaussian function G(k) of five points FWHM

=3 x,Gli—j). (1)
J

This convolution does not seriously increase the width
of the lines but is sufficient to allow reliable determination of
lines by computer search for points p; that satisfy the condi-
tion

Vica<YVis<Vi_2<Vi_1 < Y;
>Vie12 Viv2>2Viv3>Viga- )

The exact height of the maximum is then determined by
fitting a parabola to the five values y; centered around the
position of the maximum y; and the maximal value of this
parabola is consequently used for the height of the maxi-
mum. To find the intensity of the line, the contribution of the
varying Doppler-broadened background to the signal has to
be taken into account. For this purpose the two minimal
values of y, in the range of 2.5 FWHM to each side of the
maximum are searched and their average value is subtracted
from the height of the maximum. The intensity of each line is
stored together with its frequency position.

For the statistical analysis of the line intensities, the ro-
tational lines are sorted according to their height and the
number of lines per intensity interval is counted. The size of
each intensity interval is chosen according to the following
considerations in a way that allows us to compare the statis-
tics of all presented spectra. The couplings responsible for
the deviation of the rotational structure from a regular sym-
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metric top model are known to produce only relatively small
splittings of the lines.’ The sum of the intensities of all transi-
tions to quasieigenstates with contribution from one light
zero-order state is equal to the expected intensity of the tran-
sition to the light state and there is no additional contribu-
tion from the coupled dark states. Since frequency intervals
much larger than the splittings are analyzed, the sum of all
intensities should therefore not be changed by the perturba-
tions. However, differing experimental conditions and vi-
bronic transition strengths for the various bands under in-
vestigation do cause changes of the total intensity. For this
reason we decided to normalize the intensity intervals ac-
cording to the sum of the intensities of all lines in the fre-
quency interval from 0 to — 120 GHz from the rotationless
origin. For comparison of spectra of C,Hg and C¢ Dy, the
sum of the intensities is in addition weighted by the ratio of
AB for the two isotopes, as AB is known to determine the
density of lines in the analyzed Q branch spectra. The aver-
age intensity of the rotational lines in a regular spectrum was
chosen as unit intensity [see Figs. 4(a) and 4(b)]. The size
of the intensity intervals is 0.05 of this intensity.

lli. RESULTS AND DISCUSSION
A. Purity of the spectra

Before starting a line intensity analysis it is important to
select suitable parts of the spectrum. It has to be checked
whether contributions from accidentally overlapping bands
can be excluded. Contributions from isotopic impurities will
be discussed in common below, while overlapping bands
originating from the molecule itself will be discussed for each
band separately. If these checks have been performed, the
vibrational quantum of the light zero order state can be un-
ambiguously defined and other vibronic states can only in-
fluence the intensity distribution via an intramolecular cou-
pling process.

1. Selection of the spectral region

In a monochromatic light field the two-photon transi-
tion is due to two contributions with different polarization
behavior.?®?” These are the isotropic and the symmetric an-
isotropic parts of the two-photon absorption tensor. The iso-
tropic part of the two-photon tensor of benzene for parallel
linear polarization (}}) of the two absorbed photons is larg-
er by more than one order of magnitude than its anisotropic
part.? The strong isotropic contribution does only exist for
the Q branch of totally symmetric transitions, the only type
of bands investigated in this work. For this reason, the Q
branch is by far the strongest part of the observed bands.

The lines of the Q branch (AJ = 0) of a totally symmet-
ric band (with AK = 0) are found to the blue side of the
rotationless origin. Their distance from the rotationless ori-
gin is proportional to the ground state rotational energy and
no Fortrat parabola turning point occurs, which would lead
to a congestion of the rotational lines. In particular, the Q
branch lines found in the range from 0 to — 120 GHz from
the rotationless origin correspond to relatively small J and X
rotational quantum numbers. Due to the relative strength of
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the Qbranch (see above) the intensity of the lines of the O, P,
R, and S branches in this range is only less than 1.5% of the
strongest @ branch line, i.e., all strong lines observed in the
range from 0 to — 120 GHz orginate from one rotational
branch, the Q branch.

Since the range from 0 to — 120 GHz is expected to
contain only @ branch lines with low rotational quantum
numbers, it is also the one part of the spectrum, that could be
assigned most easily, if such an assignment is possible at all.
In addition, the rotational structure in this range does not
depend very strongly on small changes in the rotational con-
stants, as they are typical for various vibronic bands, and
thus the comparison of different bands is meaningful.

In summary, in the range of 0 to — 120 GHz from the
rotationless origin:

(i) All strong rotational lines belong to the Q branch
and have low rotational quantum numbers (J,
K<30).

(ii) There is no congestion due to a turning point of a

Fortrat parabola.

(iii) An assignment, if possible at all for a band, should

be easiest in this range.

(iv) The rotational structure of different vibronic bands

of the same symmetry should be very similar.

For these reasons the blue edge of the Q branch (0 to
— 120 GHz from the rotationless origin) was chosen for the
statistical analysis.

2. Isotopic impurities

Natural benzene contains about 6% of “heavy” mono-
3C-benzene due to the natural isotopic abundance of *C.
The vibronic two-photon bands of heavy benzene are shifted
by several wave numbers from the vibronic bands of light
benzene. For most of the bands of C,H, and C, Dy investi-
gated in this work, the isotopic shifts are known from
Doppler-limited measurements in a seeded supersonic beam
at low temperature.®® It was found that isotopic substitution
leads to a red shift of the vibronic bands of several wave
numbers. Due to the red shift there is no interference of the
isotopic spectra in the selected parts (Oto — 120 GHz to the
red of the rotationless origin) of the two-photon spectra.
Lines of heavy benzene isotopes which may contribute to the
spectrum can only be due to the anisotropic contributions of
the R branch and S branch and are therefore smaller than
0.1% of the strongest lines of light benzene. They are not
considered in the intensity statistics.

B. Density of background states

In a molecule the size of benzene with 30 vibrational
degrees of freedom, there are many combination states
whose density increases rapidly with excess energy in S, . In
Fig. 1 the calculated total density of background states in
harmonic approximation is plotted as a function of excess
energy for C4H¢ and C¢Dg on a half-logarithmic scale. The
harmonic frequencies of C; H, were taken from the compila-
tion of Stephenson et al.?® and supplemented by calculated
frequencies,*® where no experimental values were available.
For C¢ Dy, only calculated frequencies® were used. The irre-
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FIG. 1. Total density of vibrational states in benzene C;H, and C,D, asa
function of excess energy in S,. The excess energy of each band whose
Doppler-free spectrum is presented and investigated in this work is marked

by an arrow.
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ducible representation of each combination state was deter-
mined in an exact way>' to evaluate the degree of degener-
acy. Due to the smaller vibrational frequencies in C¢Dg the
density of states increases even faster for C,D, than for
CoHg. At 2500 cm ~ ! excess energy it is already 70 1/cm ™!
and a factor of 4 higher than the corresponding density of
states in C,H,. All bands investigated in this work are
marked by an arrow in Fig. 1.

C.Line intensity distribution of weakly perturbed bands
1. 14} band in C;H,

The blue edge of the Q branch of the 14} band with its
rotationless origin vy, at 39656.90(5) cm~! in C¢H is
shown in Fig. 2. This band was analyzed in great detail.*?
90% of all lines are unpertubed and are exactly at the posi-
tion expected for a semirigid symmetric top molecule. The
rotational and quartic centrifugal distortion constants found
from a fit to more than 3000 lines from the Q, R, and S
branch are listed in Table I. The accuracy of the constants is
determined by the statistical error in the fit and the accuracy
of the frequency calibration.

In Fig. 3 part of the experimental spectrum (lower
trace) shown in Fig. 2 is compared to a theroretical one
(upper trace), that was calculated with the constants of Ta-
ble I and a Lorentzian linewidth of 15 MHz. The calculated
spectrum represents an absorption spectrum, but it reflects
the rotational structure of the two-photon excitation spec-
trum as long as no coupling to dark background states in S,

14';, Sa CBHB
V0 = 39656.90(5) cm™?
T 1 1T T 1T 1T 71 1 1 1 1.t 1 1 17 v 1 1 11 T 1771 T 71T 1 1
-50 -40 -30 -20 -10 0
MMMM |
T 11 1T 1T T 1 7T 1 1 17 1 v 11 117 1T 71 1 T v T 11
-110 -100 -90 -80 -70 -60
T T 1 T T 1 T 1 T —r 1 v 1r 111 115 11 r— 1 1t 1T 11 71T 1
-170 -160 -150 -140 -130 [6Hz) -120

FIG. 2. Part (6 cm ™ ') of the @ branch in the Doppler-free two-photon spectrum of the 14 band in C, H, . The rotationless origin v,, is marked by an arrow.
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TABLE 1. Rotational constants and quartic centrifugal distortion con-
stants for C, H, (Ref. 32) and C, D, (Ref. 35) obtained from the analysis of
the Doppler-free Q branch spectrum of the 14§ band (cm ~'). From the @
branch only the changes in the constants due to the electronic excitation can
bedetermined. The accuracy is given by the statistical error in the fit and the
accuracy of the calibration of the spectra.

CoH, CeDs
AB=B!, — B! — 00084782 (2) — 0.006490 (6)
AC=C}, —C} —0.004 16987 (9) — 0.003 235 (5)
AD, =D}, — D% +4.64 (4)+107°

— 8.85 (7)+10°
+4.12 (4)+107°

AD;y = D14 — Dixo
AD, = D;(‘u —D%o

occurs and the fluorescence quantum yield is independent of
the molecular rotation. In our recent single quantum state
decay time measurements we have shown that decay time
and hence the fluorescence quantum yield does indeed not
change with the rotational quantum numbers J, K for unper-
turbed states.>® This has been explained by 2.5, -7, coupling
in the statistical limit. Very good agreement between the
calculated and the experimental spectrum is found for the Q
branch lines.

At higher rotational energies isolated perturbations are
found in the experimental spectrum. 10% of the lines are
perturbed due to a coupling to dark background states. The
14! state is located at 1571 cm ~! excess energy in S,. The
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11/cm ™" and rather low. For this reason the coupling is very
selective and the coupled background states were identified
by observation of dispersed emission spectra from single
quantum states.®

In Fig. 3 (lower trace), also part of the 14; band on the
blue side of the rotationless origin (marked by an arrow) is
shown and it can be seen that neither contributions from
other vibronic bands nor from the anisotropic R branch
transition of the 143 band yield lines higher than 1.5% of the
strongest Q branch lines. The 14 band of mono-'*C-ben-
zene, present with 6% abundance in the natural sample, is
shifted by 3.3 cm ' or 100 GHz to the red.?® Indeed, around

— 120 GHz an increasing number of small lines is seen in
Fig. 2 which originates from the isotropic Q branch of this
isotopic molecule.

An analysis of the distribution of line intensities was
performed for all 277 rotational lines (higher than 1.5% of
the strongest line) located between O and — 120 GHz of the
experimental spectrum in Fig. 2 and the calculated spectrum
(see Fig. 3). The result is shown in Fig. 4(b) for the calculat-
ed spectrum and in Fig. 4(d) for the experimental spectrum.
The computerized procedure described in Sec. II B was ap-
plied to both, the experimental and the theoretical spectrum.
The sum of line intensities for the observed 0to — 120 GHz
experimental range is 720 224 counts (see Table II). This
sum is used for normalization of the distribution as described
in Sec. II B to allow the comparison with the line intensity
distribution of the calculated spectrum, which represents a

total density of background vibrational states is totally unperturbed spectrum. We note that both the theo-
q 1
Q 141, CgHg
l I I ’ CALCULATED
_J L \ l lJUl RO
EXPERIMENTAL
voo = 39656.90(5) cm™?
3 U A ’ ll“._l‘ e
T T T 1 11 T T T Tt T T T T T T T T T T T
-30 —20 -10 0 [GHz] 10

FIG. 3. Lower trace: Magnified portion of the Qbranch of the 14, band shown in Fig. 2. Upper trace: same part of the spectrum calculated with the rotational

constants and quartic centrifugal distortion constants listed in Table I.
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retical and experimental line intensity distributions possess a
maximum at 1 a.u., display a decreasing probability for lines
with increasing and decreasing intensity, and have nearly
symmetric wings. In Figs. 4(a) and 4(c) the intensity range
below 0.125 a.u. is shown on a magnified scale. For this dis-
tribution even lines lower than 1.5% were considered. It is
seen that a second maximum appears at intensities below
0.04 a.u. This is due to the anisotropic contribution from the
O, P, and R branches. This can be seen from a comparison of
the experimental and theoretical line intensity distribution
in Fig. 4(c). Particularly, the well resolved peak at very
small intensities (due to the anisotropic lines) demonstrates
the large dynamic range of our experiment. The peak due to
isotropic lines in the experimental spectrum is only slightly

shifted from 1 a.u. to lower intensities. This reflects the
weakly perturbed character of this band and is in line with
the somewhat larger low intensity wing of the isotropic peak
for the experimental spectrum. Since for the selected part of
this band all lines have been identified in the detailed spec-
troscopic analysis*” we can find out which lines contribute to
different parts of the intensity distribution. It is seen that
perturbed lines are mainly responsible for the low intensity
part of the distribution in Fig. 4(d).

From Fig. 4 it is evident that anisotropic parts and iso-
tropic parts of the totally symmetric two-photon bands are
well separated in the line intensity distribution. It is easy to
suppress the anisotrapic contributions when only lines are
taken into account in the intensity statistics whose intensity

TABLE II. Summary of all data from the statistical analysis of Doppler-free two-photon bands. For each band the total number of lines found in the interval
0to — 120GHz, the highest line intensity, and the sum of all intensities is given. In addition, the total density of background states in S, for the excess energy
of the final state of each vibronic transition and, if applicable, the assignment of the averlapping band is shown. The type of line intensity distribution found is
denoted by m for one maximum, 2m for two maxima, and p for perturbed. “Calculated”’ refers to a synthetic spectrum obtained from the rotational constants
of the 14} band of C,H, (see also Table I and Fig. 3).

Number Excess Density of Highest Sum of
of energy states Overlapping line line

Band lines (cm™") (I/ecm™1) band intensity intensity Distriution
CH,:
14} 277 1571 1 6 645 720 224 m
14416} 805 1806 3 14511} 9773 1 467 830 2m
1401} 531 2492 18 14116517} 35771 4935 639 2m
141} 16] 827 2727 32 3761 494 090 p
calculated 282 163 17 780 m
CiDy:
14, 471 1567 4 23 664 3270483 m
14,1} 740 2445 60 14,102 9234 1284 645 P
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is larger than 0.04 a.u. This lower threshold is used for all
line intensity distributions in this work and marked by an
arrow in Fig. 4(c).

As noted before, all intensity scales used in the line in-
tensity distribution of this work are normalized to the sum of
all line intensities in the frequency range 0 to — 120 GHz
and can therefore directly be compared with the distribu-
tions shown in Figs. 4(b) and 4(d) which are typical for an
unperturbed or weakly perturbed band. Deviations from this
type of distribution can then be interpreted as due to pertur-
bations of the band.

2. 143167 and 14,11} band in CeHg

In Fig. 5 the line spectrum of the 14; 16; sequence band
in C,H, is shown. The rotationless origin v, is located at
39 493.25(5) cm ™! two-photon energy. The 14'16' state of
this transition is at 1806 cm ~' excess energy with a total
density of states of 3 1/cm ~'. Due to the congested sequence
structure in this spectral region sequence bands begin to
overlap. This is clearly seen in Fig. 5. The series of rotational
lines of constant but smaller intensity clearly seen to the blue
of the 14} 16} sequence band and extending into the band
belongs to another vibronic band. This is the 14511} band
with the rotationless origin at 7.5 cm ™' to the blue of the
14, 16; band.?® This overlap of bands leads to a strongly
increased total number of lines in the observed frequency
interval O to — 120 GHz of the 14} 16} band. The 14} 16}
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sequence band was recently analyzed by Somers et a/.>* and
it was found to be weakly perturbed. However, /-type dou-
bling occurs which leads to a splitting of lines (see insert in
Fig. 5). Both, the overlapping 14} 11} band and the /-type
doubling results in a three times larger total number of lines
(805) as compared to the unperturbed 143 band (277, see
Table II) in the same frequency range. For a weakly per-
turbed band a line intensity distribution similar to that of the
14} band in C¢H, [see Fig. 4(d) ] is expected. However, the
question arises whether the interfering 14511} band leads to
a strong distortion of the intensity distribution and may sim-
ulate a higher degree of perturbance.
The distribution of line intensities in the interval 0 to
— 120 GHz to the red of the rotationless origin of the
14} 16] band is plotted in Fig. 6 (upper part}. The sum of all
line intensities used for the normalization of the intensity
scale was corrected for the contribution from the 14} 11]
band under the assumption that the line structure of the
14511} band is identical to both sides of the origin of the
14) 16} band. Therefore, the resulting intensity distribution
can be directly compared with those of Fig. 4. It displays two
peaks. The one located at line intensity 0.5 a.u. is very similar
to the peak of the intensity distribution of the 14) band in
Fig. 4(d). The intensity of 0.5 a.u. is half of the intensity
expected for a completely unperturbed band. The maximum
is readily ascribed to the stronger 14{ 16} band and its shape
agrees well with the weakly perturbed character found from
the spectral analysis of this band.*® The shift of the peak

1 1 veo = 39493.25(5) cm™? CBHB
—14%,16%,
1 441
/14 oty
T T T T 7T T I T T T T T [ T T T T T T I T T [ T I T T [ T T T T T T T T T [T T TT7T
-10 10 20 [GHz] 30
14ty —
\ 144,114,
|
i “1 “ | i I
: i TRER ‘[ —— —
LA WAL
LA BN S RLUNL A A I A RL AL U (LALLM N R Y N N R A Y O B A B O R D B I A
-60 -50 40 -30 [6Hz] -20

FIG. 5. Part of the Doppler-free two-photon spectrum of the Q branch of the 14} 16! band in C, H, . The rotationless origin v, is marked by an arrow. To its
blue side lines from an additional band, 14,11}, are seen which overlaps with the Q branch of the 14} 16] band. The magnified portion of the spectrum
between 43 and 44.5 GHz demonstrates the /-type doubling of all lines in the 14} 16] band.

J. Chem. Phys., Vol. 89, No. 8, 15 October 1988

Downloaded 09 Oct 2008 to 129.187.254.47. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



Sieber, Riedle, and Neusser: Rotational line spectra. | 4627

maximum to smaller intensities is due to the -type doubling.
This leads to a doubling of each line with two lines of half the
intensity (see insert of Fig. 5). At low line intensities, where
contributions from perturbed lines are expected a strong
peak occurs. This peak is ascribed to the contribution of the
overlapping weaker 14 11] band. This is proved by the line
intensity distribution of lines to the blue of the origin of the
14} 16} band shown in the lower part of Fig. 6. These lines
can be due only to the overlapping 1411} band. The size of
the intensity interval in this distribution was chosen identi-
cal to the intervals for the distribution of the Oto — 120GHz
range and the number of lines per intensity interval was cor-
rected for the fact that only a range of 43.45 GHz containing
106 lines was evaluated. Therefore both the number of lines
and the intensity of the distribution of the blue part can be
directly compared with the distribution shown in the upper
part of Fig. 6. It is seen that the positions and the height of
the maxima under consideration are the same. From this we
conclude that also the low intensity peak in the upper part of
Fig. 6 orginates from the overlapping 1411} band. It is in-
teresting to see that the contributions of both overlapping
bands can be well separated in the line intensity distribution
and that the weakly perturbed character of the stronger
14} 16} band is still apparent.

3. 1411} and 14316117, band in CeHy

The rotationless origin vy, of the 14} 15 band in C¢Hg
is located at the two-photon excitation energy of
40 578.22(5) cm ~ !. The final 14'1? state has an excess ener-
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FIG. 6. Intensity distribution of lines between 0 and — 120 GHz: Upper
trace: in the Q branch of the 14;16! band in C,H;. The two peaks result
from the lines of the two overlapping bands which are indicated in the fig-
ure. Lower trace: Of lines located to the blue of the rotationless origin of the
14} 16} band. Only lines of the 145 11} band contribute to this distribution.
Note the change in the scale of the vertical axis. For explanation of the
intensity scale (horizontal axis) see the text.
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FIG. 7. Part of the Doppler-free two-photon spectrum of the Q branch of the 14} 1} band in C, H,. The rotationless origin v,, is marked by an arrow.
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gy of 2492 cm ~ . The total density of background states is 18
1/cm ~ . The rotational line structure of this band has been
investigated in great detail and only few perturbed lines were
found in the blue part of the Q branch.> However, this band
has a “shadow” band shifted 28.8 cm ™~ to the blue. It was
assigned as the 145 16} 17} band and gains its intensity from a
long-range Fermi resonance with the 14'1' state.?® This
long-range Fermi resonance does not affect the relative posi-
tions of the rotational lines within the band contour, but
there is an overlap of both bands similar to that described
above. Part of the spectrum is shown in Fig. 7. To the blue of
the rotationless origin the weaker rotational line structure of
the 14} 16517} band is seen which continues into the 14} 1}
band and causes a stack of additional low intensity lines. Due
to this additional band the total number of lines in the select-
ed frequency range (0 to — 120 GHz) is about twice (531)
that of the 14, fundamental band (277) (see Table II).

The line intensity distribution for the range 0 to — 120
GHz is shown in the upper part of Fig. 8. There is again a
symmetric peak with maximum at the intensity 1 a.u. which
was found to be typical for an unperturbed band [see Figs.
4(b), 4(d)]. This is in excellent agreement with the weakly
perturbed character of this band found from a detailed spec-
troscopic analysis.®> At very low intensities a strong increase
of line numbers occurs. The origin of this peak is readily
explained by the overlapping red wing of the 14)16117;
band. In the lower part of Fig. 8 the intensity distribution of
lines located to the blue of the rotationless origin is shown.
There, only lines from the 14} 16} 173 band are present. The
position of the maximum agrees very well with the low inten-
sity maximum in the upper part of Fig. 8.
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FIG. 8. Intensity distribution of lines between 0 and — 120 GHz: Upper
trace: In the Qbranch of the 143 15 band in C,H,. The two peaks result from
the lines of the two overlapping bands which are indicated in the figure.
Lower trace: Of lines located to the blue of the rotationless origin of the
14515 band. Only lines of the 14{ 16} 17} band contribute. Note the change
in scale for the vertical axis. For explanation of the intensity scale (horizon-
tal axis) see the text.
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FIG. 9. Part of the Doppler-free two-photon spectrum of the Q branch of the 14, band in C,D,. The rotationless origin vy, is marked by an arrow.
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4. 14}, band In C4D,

The line spectrum of the blue edge of the @ branch of the
14} band in C¢ Dy is shown in Fig. 9. The rotationless origin
Voo is located at 39 855.893 (8) cm ! two-photon energy
and the final 14’ state is at an excess energy of 1567 cm !
There the density of states is 4 1/cm ~'. In the investigated
spectral range (0 to — 120 GHz) nearly no perturbations
were found and every line was assigned.>® The analysis leads
to the rotational constants shown in Table I. No remarkable
interfering contributions from another neighbored band are
present, as can be seen by inspection of the range to the blue
of the rotationless origin.

In Fig. 10 the corresponding line intensity distribution is
shown and the data are given in Table II. The line intensity
distribution is peaked near 1 a.u. and displays a symmetric
shape. This is in line with the nonperturbed character of this
band found from the detailed spectroscopic analysis.

&§. Summary for weakly perturbed bands

In this section we have shown that the normalized line
intensity distribution has a particular shape for nonper-
turbed or weakly perturbed bands. For the selected part of
the rotational contour (blue edge of the Q branch) it dis-
plays a symmetric peak with a maximum whose position is
the same for the various totally symmetric two-photon
bands under consideration. The number of lines is rapidly
decreasing for smaller intensities. Due to the high dynamic
range in our experiment, the statistics are good enough to
even separate the contributions from overlapping bands. For
the weakly perturbed bands studied so far, the characteristic
intensity distribution of unperturbed bands was found also
for this complex situation.

m5°— Eexc = 1567 cn™!  CgDg
% 40—
4
- LJ
Ll_30— LA
o *
20— .
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Z10d o o e,
g * o.‘o.. .
o® L J
0 — I I c::'?oﬂ‘
0 05 1 15 2 25

NORMALIZED INTENSITY [a3.u.]

FIG. 10. Intensity distribution of lines between O and — 120 GHz: in the 0
branch of the 14} band in C,D,. For explanation of the intensity scale see
the text.

D. Line intensity distribution of strongly perturbed
bands

In the preceding section bands at relatively small excess
energy with low density of background states (<18 1/
cm ') have been investigated. Now we would like to study
two bands at somewhat higher excess energy. Efforts have
been made to analyze the rotational structure of these bands
but an assignment of the rotational lines is, if at all, only
possible for a few lines. Obviously, these bands are strongly
perturbed and it is of interest to investigate whether the in-
tensity distribution of these bands differs from that of the
nonperturbed bands discussed in the preceding section.

Progression bands of two of the fundamental bands de-

ag 141,11,161, CgHg

vgo = 40414.08(10) cm™!
T r Tyt T T Ty T |IITI|1I|I|II!I#
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FIG. 11. Part of the Doppler-free two-photon spectrum of the Q branch of the 14} 1} 16} band in C,H,.
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scribed and analyzed above have been selected. In the pro-
gression band one quantum of the totally symmetric C-C
stretch vibration v, (923 cm ~') is excited in addition to the
fundamental vibration.?® Since there is no change in the se-
lection rules and only a small change in the rotational con-
stants. the rotational structure is expected to be similar to
that of the corresponding fundamental band. If no perturba-
tions were present also the line intensity distribution should
resemble that of the fundamental band.

1. 14{, 1‘1; 165 band in CeHjy

The rotationless origin v,, of the 1451316] band in
C¢Hj is at a two-photon excitation energy of 40 414.08(10)
cm ™! and the final 14'1'16' state is at an excess energy of
2727 cm ~ ! with a total density of states of 32 1/cm ~ . The
measured blue edge of the Q branch of this band is shown in
Fig. 11. To the blue of the rotationless origin there are only
tiny contributions from the neighbored 14} 1} 11} band. This
is in agreement with the low resolution results of Sur ez al.?®
who found that the ratio between the intensities of the
14} 16} and the 143 11} bands is smaller than the correspond-
ing ratio for the 141,16} and 1451, 11! bands. The band
displays a complicated rotational structure. Somers et al.**
could only analyze and assign part of the rotational lines and
they concluded that in addition to the /-type doubling which
is already present in the 14} 16] fundamental band this band
is strongly perturbed.

In the upper part of Fig. 12 the line intensity distribution
is shown. It results from the statistical analysis of 827 lines
located in the selected frequency range of 0 to — 120 GHz.
This is about the same number of lines as observed in the
14} 16} fundamental band. However, it has to be taken into
account that about 30% of the lines in that case originate
from the overlapping 14} 11} band . For the 14} 1} 16} band
no remarkable contributions from the 14, 1,11} band are
present and the lines found in excess of twice 277 lines (see
14} band) expected at most for the /-type doubling can only
be ascribed to perturbations present in this band.

This conclusion drawn from the total number of lines is
strongly supported by the intensity distribution. It complete-
ly differs from the distributions of the weakly perturbed
bands shown in the preceding section. There is no longer a
maximum but instead the number of lines increases mono-
tonically with decreasing intensity. In the lower part of Fig.
12 the normalized line intensity distribution for the frequen-
cy range 0 to + 35.75 GHz to the blue of the rotationless
origin is shown. It reflects the small contribution from the
overlapping very weak 14§ 1511} band (see above). It is seen
that these contributions may only affect the very low intensi-
ty part ( <0.2 a.u.) of the intensity distribution in the range
0 to — 120 GHz. Hence, we conclude that the many small
lines in the intensity range 0.2—1 are the result of many per-
turbations occurring in this band. This is in qualitative
agreement with the strongly perturbed character of this
band found from the detailed spectral analysis.>*
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FIG. 12. Intensity distribution of lines between 0 and — 120 GHz: Upper
trace: in the @ branch of the 14} 1} 16! band in C,H,. Lower trace: of lines
located to the blue of the rotationless origin of the 14}1}16! band. Only
lines of the 14} 1] 11} band contribute. Note the change in the scale of the
vertical axis. For explanation of the intensity scale (horizontal axis) see the
text.

2. 14", ’; band in C4D,

The rotationless origin v, of the 14} 1} band in C¢ Dy is
located at a two-photon energy of 40 733.84(10) cm~ ! and
the final 14'1' state has an excess energy of 2445 cm ~'. Even
though the excess energy is smaller by 47 cm ~! than that of
the corresponding 14'1' state in C,H, the total density of
background states is 60 1/cm ~' and larger by a factor of 3.
The blue edge of this band is shown in Fig. 13. To the blue of
the rotationless origin it is seen that there is no remarkable
contribution from the 14} 103 band which is located 33.2
cm ~ ' to the blue of the 14} 1) band. We have not been able to
analyze the rotational structure in Fig. 13 on the basis of a
symmetric rotor approximation. Only the J = X lines which
are the strongest lines in the isotropic @ branch seem to be in
the neighborhood of the expected positions. We therefore
concluded that this band is strongly perturbed due to cou-
plings to the many background states.

The line intensity distribution is shown in the upper part
of Fig. 14. It results from the intensity statistics of 740 lines
which is a factor of 1.57 more than the total number of lines
in the corresponding part of the fundamental band. The
shape of the intensity distribution is quite different from the
distribution of the 14, fundamental band shown in Fig. 10. It
displays no maximum at the intensity position (1 a.u.) ex-
pected for an unperturbed band. Instead, there is a monoton-
ically increasing number of smaller lines. Only the very small
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FIG. 13. Part of the Doppler-free two-photon spectrum of the Q branch in the 14413 band in C,D,.

lines with an intensity smaller than 0.1 a.u. can be ascribed to
the small contributions from the overlapping 14}, 103 band.
This can be seen from a comparison of the upper part with
the lower part in Fig. 14 which displays the intensity distri-
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FIG. 14. Intensity distribution of lines between 0 and — 120 GHz: Upper
trace: In the Q branch of the 14} 1) band in C,D,. Lower trace: Of lines
located to the blue of the rotationless origin of the 14§ 1} band. Only lines of
the 14} 102 band contribute. Note the change in the scale of the vertical axis.
For explanation of the intensity scale (horizontal axis) see the text.

bution of lines in the frequency range O to + 44.7 GHz to the
blue of the rotationless origin, where only the 14}, 102 band is
present. The large number of low intensity lines and the in-
creased total number of lines is expected for a strongly per-
turbed band.

In Table I, all experimental results and the theoretical
results are summarized. It is interesting to see that the total
counting rate varies for the different bands as they have been
measured under different experimental conditions (laser
power, etc. ). The perfect theoretical simulation of the unper-
turbed bands is demonstrated by the good agreement of line
numbers found in the frequency range under investigation
for the experimental and the theoretical 14) spectrum of
C¢Hg. The two bands 1451516} in C,H, and 14} 1} in C,Dq
with the highest density of states (32 and 60 1/cm~!) dis-
play a principally different line intensity distribution “p”.
Unperturbed bands have a peaked intensity distribution
with one maximum (“»2’’) or two maxima (*“2m”) if two
unperturbed bands are overlapping.

IV. SUMMARY AND CONCLUSION

Doppler-free two-photon spectroscopy provides com-
pletely resolved rotational line spectra of vibronic bands of
large polyatomic molecules. This makes the same precision
in spectroscopy feasible which hitherto has only been possi-
ble for much smaller systems.* More important, a complete-
ly new situation arises which is typical for large systems with
many vibrational degrees of freedom rather than for small
molecules. In a large polyatomic system optically accessible
light states with large Franck—Condon factors are embedded
in a manifold of dark background states whose number is
strongly increasing with excess energy. These background
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states are sometimes coupled to the light states by short
range higher order Coriolis and/or anharmonic couplings.
They produce perturbations in the rotational line spectrum
of the light states. The degree of perturbance is expected to
increase with the number of background states, i.e., with
increasing vibrational excess energy.

In this work we presented several completely resolved
line spectra of vibronic bands at different excess energies in
the S, state of benzene. The bands are perturbed to a differ-
ent degree and assignment of the rotational structure is not
always possible. For this reason a statistical procedure has
been applied to the line spectra and the intensity distribution
of the lines has been investigated. It is found that there is a
strong correlation between the degree of perturbation and
the shape of the line intensity distribution. Intensity distribu-
tions of weakly perturbed bands differ strongly from that of
perturbed bands. It is concluded that line intensity distribu-
tions are a powerful tool for statistical spectroscopy. In par-
ticular, on the basis of a line intensity distribution, a decision
can be made whether a complicated assignment procedure is
reasonable for a band under investigation.

Beyond that, it is interesting to discuss whether conclu-
sions on the regular or irregular character of a spectrum can
be drawn from the line intensity distributions presented in
this work. The usual way to obtain information on this prop-
erty is a statistics of line spacings. For an irregular spectrum
a Wigner distribution and for a regular spectrum a Poisson
distribution is expected.”® This type of statistical analysis
cannot be applied to the spectra of this work since the spec-
trum contains many rotational sequence bands. This is due
to the population of several thousands of ground state rota-
tional levels at room temperature. The level spacing statis-
tics would always lead to a Poisson distribution irrespective
of the regularity or irregularity of the spectrum.

A different situation is present for the line intensity sta-
tistics. For an irregular spectrum, a Porter Thomas®’ distri-
bution is expected. In order to obtain information on the
degree of irregularity, the line intensity distributions have to
be compared with the theoretically predicted distribution.
The theoretical procedure to investigate this question will be
discussed in the subsequent part II of this work.
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